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RESUMO

A levedura Dekkera bruxellensis tem sido conhecida por sua adaptacdo aos processos
fermentativos industriais, tendo chegado a situagfiee suplanta a levedura do processo
Saccharomyces cerevisiae possuindo rendimentos equivalentes. Apesar deupogsande
adaptabilidade ao ambiente industrial, ainda séassss trabalhos que se dediquem ao estudo
de suas caracteristicas fisiologicas e bioquimécagie expliqguem seu sucesso adaptativo.
Este trabalho teve por objetivo descrever o meisthol fermentativo da levedura GDB 248
em situacbes que simulem os processos fermentatidostriais na producdo do alcool
combustivel bem como, sua tolerancia aos diferdateses de estresse presentes no ambiente
industrial. Foram realizadas fermentacdes com Ieeciglular em meios sintético e caldo de
cana. Os resultados mostraram que as célul&s deuxellensis possuem baixa eficiéncia no
consumo da sacarose (consumo maximo 30%), maidénera de conversdo de aclucar em
biomassa, mas exibem rendimentos em etanol pro>xamaieS. cerevisiae. Os experimentos
de tolerancia aos fatores de estresse adicionadssfarmentacbes mostraram gDe
bruxellensis possui, quando comparadaSacerevisiae, tanto tolerancia similar ao etanol
quanto sensibilidade a &cidos orgéanicos (acétiEZia). N&o foi detectada a producdo de
acido acético nas culturas @ bruxellensis, tendo em acido latico producdo similaSa
cerevisiae. Para avaliar a tolerancia Be bruxellensis ao estresse, foram realizadas curvas de
sobrevivéncia celular na presenca dos agentestoesss HO,, etanol, KCI, e apdés um
choque térmico, relacionando o envolvimento de préseinas de choque térmico no padréao
transcricional desta resposta. Em conjunto, oslteglkas mostraram que as células Dle
bruxellensis foram mais sensiveis aos fatores de estresseldestauando comparadosSa
cerevisaie, apesar de exibir tolerancia similar ao etanol. &seg HSP22, HSP24 e HSP82
Sao apenas responsivos ao choque térmico, masprataghas ndo conferem tolerancia as
células. Por fim, para avaliar o comportamento addsivedura em outro substrato,
frequentemente utilizado em destilarias no Brasil,assim, compararmos o melhor
desempenho desta espécie realizamos fermentacHesectclo em melagco e, desta vez,
determinamos o conteudo intracelular de trealogécegénio. No melacoD. bruxellensis
mostrou comportamento similar quanto a assimilagiieacarose, tendo tendéncia ao desvio
do agucar para biomassa e rendimento final em letgd/alente ao produzido pelas células
de S cerevisiae. Mas, neste substrato, foi detectado a producaacik acético por esta
levedura em quantidades superiores ao detectadouitasas conS. cerevisiae. Quanto ao
conteudo intracelular dos carboidratos de resed#i possivel a deteccéo de glicogénio em
quantidades inferiores @& cerevisiae, pois nenhuma producéo de trealose foi detectada e
NOSSOS ensaios.

Pavaras chaves. Dekkera bruxellensis, Fermentacdo de etanoAdaptacdo industrial,

resisténcia a estresse.

ABSTRACT



The yeasDekkera bruxellensis has been known for its adaptation to industriehntations
processes with situations which overcome the psooéthe yeasBaccharomyces cerevisiae.
Despite it having great adaptability to the indias®nvironment, there are still few researches
which deal to the study of its physiological anddhiemical characteristics that explain its
success adaptation. This study aimed at describmdermentative metabolism of the GDB
248 yeast in situations that simulate the indusfielamentations processes for the production
of fuel alcohol as well as their tolerance to difet stresses factors present in the industrial
environment. Fermentations were performed with-i@di/cle in synthetic area and sugarcane
juice. The results showed that bruxellensis cells have low efficiency in the consumption of
sucrose (maximal consumption of 30%) and a higkeddncy of converting sugar into
biomass, but showing the yields of ethanol sintitatheS. cerevisiae yeast. The experiments
of tolerance to stress factors added in fermemtatghowed thab. bruxellensis has both
similar tolerance to ethanol as sensitivity to omigaacids (acetic and lactic). Acetic acid
production was not detected . bruxellensis cultures, the production in lactic acid was
similar to S. cerevisiae. To evaluate the tolerance Df bruxellensis to stress, cell survival
curves were performed in the presence of stresstageO,, ethanol, KCI, and after heat
shock linking the involvement of three heat-shoobtgins in transcriptional standard on this
response. Together, the results showed Bhddruxellensis cells are more sensitive to stress
factors tested compared ® cerevisiae, even displaying similar tolerance to ethanol. The
genes HSP22, HSP24 and HSP82 are only responsthiertoal shock, but their proteins do
not seem to confer tolerance to the cells. Finatlyevaluate the behavior of the yeast on
another substrate, often used in distilleries irazBy and so, we compared the best
performance of that kind of specie, we made feratenis of recycle molasses and, this time,
we determined the intracellular content of trehalcand glycogen. In molassed.
bruxellensis showed a similar behavior regarding assimilatibsuxrose, with a tendency to
the diversion of sugar to biomass and final yielgeihanol equivalent to that produced®y
cerevisiae cells. However, in this substrate, was detectedperior amounts of production of
acetic acid by this yeast in relation to the amsuidtected in cultures witB cerevisiae.
Regarding the intracellular content of carbohyditeeserve, it was only possible to detect
lower amounts of glycogen i@ cerevisiae, because no production of trehalose was detected
in our tests.

Keywords: Dekkera bruxellensis, Ethanol fermentation/ndustrial adaptation, and Stress

resistance.
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INTRODUCAO

A leveduraDekkera bruxellensis tem sido reportada como bem adaptada a ambientes
de fermentacao alcodlica industrial, tanto na pcddude alcool combustivel como de vinhos.
Apesar disso, ainda séo restritos trabalhos adercaetabolismo fermentativo desta levedura
em substratos frequentemente utilizados nas indsidirasileiras. No artigo intituladbT he
physiological characteristics of the yeast Dekkera bruxellensis in fully fermentative
conditions with cell recycling and in mixed cultures with Saccharomyces cerevisiag”
foram avaliados e comparados aspectos fisiologiesta levedura conSaccharomyces
cerevisiae pela primeira vez em caldo de cana, focando emrefstcomo capacidade
fermentativa e tolerancia a diferentes agentestémibs do processo industrial tais como,

etanol e 4cidos organicos.

Em 2010, foram publicados os primeiros dados, ésala técnica de PCR em tempo
real, sobre o padrédo de expressdo de genes assesarabiental nas fermentagcdes do vinho,
sendo identificado, o gene codificante da protedeachoque térmico Hsp82p eb.
bruxellensis. Numa tentativa de melhor compreender a respostacoiar de células db.
bruxellensis aos agentes de estresse dos processos indusiskalemos o envolvimento
nestes processos de trés proteinas de choque démmi@rtigo intitulado: Response of

Dekkera buxellensis to stress conditions and involvement of heat shock proteins’.

E por fim, com o intuito de avaliar o melhor desemipo desta levedura no ambiente
de fermentagdo alcodlica, propusemos um trabalhfimade, avaliar sua capacidade
fermentativa quando se utiliza o melagco como satust® artigo intitulado Fer mentation
of sugarcane molasses by Dekkera bruxelensis and maobilization of reserve
carbohydrates’ aborda aspectos fisiologicos desta levedura benpcandeterminacéo e
mobilizagdo do conteudo intracelular dos carboidrate reserva glicogénio e trealose.

Diante do expostop objetivo geral deste trabalho foi caracterizafiseologia da
linhagem industrial GDB 248 da leveduba bruxellensis em condi¢cdes fermentativas com
substratos industriais. Estes resultados sdo agtammissores na tentativa de se conhecer
quais os reais fatores que contribuem para o sueakptativo desta espécie no ambiente de

fermentacao alcodlica industrial.
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1 REVISAO BIBLIOGRAFICA

1.1 A levedura Dekkera bruxedllensis

A levedura D. bruxellensis forma teleomoérfica (produtora de ascosporos) de
Brettanomyces bruxellensis, € um microrganismo pertencente ao grupo dos Iseomnaicetos
da familia Saccharomycetacea (MOLINA; SHEN; JONZR3). A morfologia das células da
leveduraD. bruxellensis é bastante diversificada, podendo apresentar-f@ma elipsoidal a
esférica, frequentemente ogival, ou ainda cilirdealongada (Figura 1). Frequentemente, é
observada a formacéo de pseudomicélio (VAN DER WAL9I64).

Os primeiros isolados de leveduras do gémBesitanomyces foram feitos a partir de
fermentados de cerveja inglesa. O estabelecimeng@iero foi feito em 1940 (CUSTERS et
al., 1940) e mais tarde, em 1964, foi criado o gébDekkera apos a observagéo de formacéo
de ascosporos em algumas linhagensBogtanomyces (VAN DER WALT, 1964). A
validacdo do génerbekkera foi feita a partir das analises de restricdo do Difvdssomal, a
gual estabeleceu de forma errbnea a equivaléntria @n géneroBrettanomyces (anamorfo)

e Dekkera (teleomorfo) e suas espécies (MOLINA et al., 1998palmente, apenas cinco
espécies sao reconhecidas como pertencentes g@sézesD. bruxellensis, D. anomala, B.
custersianus, B. nanus e B. naardenensis (MITRAKUL; HENICK-KLING; EGLI, 1999;
RODER; KONIG; FROHLICH, 2007).

Figura 1. Células da espécidekkera bruxelensis. (A) Linhagem CBS 74
(http://lwww.cbs.knaw.nl/); (B) Linhagem CBS 2499 ttgw//www.cbs.knaw.nl/); (C)
Linhagem industrial GDB 248 em meio YPD (Micros@ge contraste de fase).

1.2 Genoma e diversidade genética da levedura D. bruxellensis
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Apesar da grande importancia da levedirabruxellensis como contaminante de
varios processos fermentativos, pouco se sabe sabheecaracteristicas genéticas, e poucos
trabalhos relatam a diversidade genética destalleaeEntre os isolados @ bruxellensis
do processo de fermentacdo alcodlica foram ideatibs dois fendtipos muito distintos a
partir do uso de marcadores de PCR do tipo ISSEer(IBingle Sequences Repeats),
mostrando a existéncia de duas variantes dentta dsepécie (DE SOUZA LIBERAL et al.,
2007). Resultados similares mostraram a presengegslgpadroes distintos de restricdo do
DNA mitocondrial entre isolados da fermentacao iddw na Espanha (MARTORELL et al.,
2006) e dois padrdes distintos de cariotipo modcaihtre isolados da fermentacéo de vinho
na Califérnia (MITRAKUL; HENICK-KLING; EGLI, 1999).

Andlises de cariotipagem por eletroforese em galaepo pulsado (PFGE) mostrou
gue o genoma dPekkera possui um tamanho bastante variavel sendo estimnadgenoma
compreendido na faixa de 20 a 30 Mb (SIURKUS, 200Mas linhagens isoladas da
fermentacao industrial em destilarias da regidaliiste do Brasil este nimero cromossoémico
parece variar entre 4 a 6 cromossomos possuindanteos entre 0,67 Mb e 5,7 Mb
(LIBERAL, 2010).

Em 2007, foi realizado o sequenciamento do genoenand isolado de vinicolas da
leveduraD. bruxellensis mostrando que 0 genoma desta espécie deve cemntar de 7.340
genes (WOOLFIT et al., 2007). Foram identificadd@06 sequéncias completas ou parciais
de genes codificadores de proteinas ortdlogas &scdeevisiae e outros 277 nao ortdlog&s
cerevisiae, mas ortélogos a outras espécies Saccharomycetabesexemplo,Candida
albicans, Hansenula polymorpha e Pichia pastoris (WOOLFIT et al., 2007). As proteinas
ortélogas entrd. bruxellensis e S. cerevisiae apresentam cerca de 48,8% de identidade em

aminoacidos enquanf® cerevisiae e C. albicans compartilham cerca de 52,9%.

Estudos recentes de agrupamento filogenético arili@a analise multigénica
mostraram quel). bruxellensis ocupa um dos grupos dos hemiascomycetos, juntansent
Saccharomyces cerevisiae, Kluyveromyces lactis e Candida glabrata (WOOLFIT et al.,
2007). Gracas a essas informacfes genéticas etiodos ja foram desenvolvidos em busca
de genes relacionados ao metabolismo fermentatilBERAL, 2010; NARDI; REMIZE;
ALEXANDRE, 2010), via de assimilagdo do nitrato (HFARROS PITA et al.,, 2011),
resposta ao estresse ambiental e choque térmicRIENAREMIZE; ALEXANDRE, 2010).
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Recentemente, Piskur et al. (2012) realizaram oesegamento total do genoma da
linhagem Y879 (CBS2499) dB. bruxellensis isolada do vinho mostrando possuir tamanho
de 13,4 Mb. Neste estudo foi possivel também pwsaci evolutivamente as espécies do
géneroDekkera como estando mais perto do grupo de levedurasidemadas “pobres”
produtoras de etanol como, por exempichia pastoris (Komagataella). Além disso, o
resultado deste sequenciamento gerou um bancapudidados favorecendo ainda mais os
estudos sobre o0os aspectos genéticos e filogenéticdsssa  espécie
(http://genome.jgi.doe.gov/Dekbr2/Dekbr2.home.html)

1.3 FISIOLOGIA DA LEVEDURA D. BRUXELLENSIS

1.3.1 O feitoCrabtree em células d®ekkera bruxellensis

Apesar de estarem separada evolutivamente a c&c200 milhdes de anos
(WOOLFIT et al., 2007), as leveduras do génddekkera compartiiham algumas
caracteristicas coi cerevisae e uma dessas € a capacidade de produzir etarshorem
presenca de oxigénio caracterizando, assim o0 clamea@ito Crabtree positivo
(PROCHAZKA et al., 2010). EnS. cerevisiae e em outras leveduras, este comportamento
fisiologico tem sido explicado pela saturacao decalade respiratdria em reoxidar o NADH
resultante da glicdlise. Este “gargalo” formadonivel do metabolismo do piruvato faz com
que este seja direcionado ao metabolismo fermeatgpiossibilitando que o NADH seja

reoxidado via fermentacao alcéolica (PRONK et1#196).

1.3.2 Assimilacdo de acucares



17

A leveduraD. bruxellensis € capaz de assimilar uma grande variedade desfoiete
carbono tais como, glicose, frutose, galactoseareae, maltose, celobiose e trealose
(CONTERNO et al., 2006). Dentre estas fontes dd&orer, glicose, frutose e sacarose
apresentam relevancia industrial por fazer parteasaposicdo de meios industriais como o

caldo de cana e o melaco (PITA, 2009).

Ao longo dos anos o estudo de espécies do gé@bekkera tem sido focado na
deteccdo e identificagcdo por serem tratadas comtammante dos processos industriais.
Apesar dessa ideia, ainda séo escassos dadosasibobogia desta levedura principalmente
qguando se fala em metabolismo de dissacarideosjag@éidbem descrito pai@ cerevisiae
(DIJKEN; WEUSTHUIS; PRONK, 1993; BASSO; BASSO; ROSH 2011). O
conhecimento acerca das caracteristicas fermesmatieD. bruxellensis em caldo de cana
ainda é limitado, o que torna dificil avaliar ospawtos dessa espécie neste substrato. A
dindmica de crescimento desta espécie em caldalde de cana foi avaliada em diferentes
trabalhos mostrando sua capacidade de adaptacde substrato, fato este que normalmente
nao ocorre em leveduras desta espécie em meie/ncosuplementado quando comparada a
S ceevisae (ABBOTT; HYNES; INGLEDEW, 2005; CIANI; MACCARELLI
FATICHENTI, 2003).

Meneghin (2007) realizou ensaios fermentativos emdicOes de limitagcbes de
oxigénio com uma linhagem industrial @ bruxellensis (CCA 59) e, mostrou que esta
linhagem, tanto em culturas pura ou mista Qmerevisiae (PE-02) foi capaz de crescer em
meios com caldo de cana independente do in6cutiainil0*-10° células/mL). Da mesma
forma, um estudo realizado em diversas destilattasordeste do Brasil observou que em
sistemas continuos de fermentacdo, que utilizadocde cana, a subpopulacdo De
bruxellensis foi capaz de substituir a G cerevisiae, mesmo com repetidas ocasides de troca
da biomassa celular total (DE SOUZA LIBERAL et &007). Apesar de exibir capacidade
de crescimento no caldo de cana, analises fismd8gde espécies do géndbekkera
mostraram que essas leveduras possuem, nestemtms)sbaixa capacidade fermentativa
quando comparadas cerevisiae. Isto implica, em maior tempo de fermentagcdo e meno
rendimento industrial resultando em acimulo de @chas dornas industriais (ARAUJO,
2005). A baixa capacidade fermentativa de levedutasgéneroDekkera pode estar
relacionada a limitacbes na taxa de assimilacdsatarose. E conhecido que a enzima
invertase das células @cerevisiae hidrolisa a maior parte da sacarose no meio extiace

originando glicose e frutose. Por outro lado, estutecentes mostraram que culturas de
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células de uma linhagem industrial Be bruxellensis exibiram apenas 10% da atividade
dessa enzima como sendo extracelular. Isto impbcaecessidade de transporte da sacarose

para o interior das células, com provavel gasterdegia (LEITE et al., 2012).

A producéo de etanol de segunda geracdo a partiiddelisados ligno celuldsicos
tem crescido bastante ao longo dos anos. Galagassl. (2011) analisaram cerca de 50
linhagens pertencentes ao génebDekkera/Brettanomyces quanto ao seu potencial
fermentativo relativo a estas fontes de carbonoredaltados mostraram linhagens e
bruxellensis capazes de assimilar celobiose e amido, mas tdgs®»@ arabinose. Apesar de na
descricéo inicial da espécie ter sido relatado@uaruxellensis ndo era capaz de assimilar e
fermentar celobiose (VAN DER WALT, 1964RBlomqvist et al. (2010) mostraram que as
células da linhagem CBS 11269 da levedbréaruxellensis também foi capaz de assimilar e
fermentar este dissacarideo, porém, mais lentangentenos eficiente que a assimilagédo e
fermentacao de glicose. Além disso, recentementevédiada a capacidade de uma linhagem
industrial (GDB 248) em assimilar e fermentar celeb e os resultados mostraram que a
linhagem foi capaz de assimilar e fermentar a eedel) mas com consumo mais lento quando

comparado ao de sacarose (LEITE, 2012).

As leveduras que pertencentes ao gérsapmcharomyces possuem a capacidade de
assimilar e degradar acucares a compostos fornpatodois carbonos, em especial etanol,
mesmo em condi¢cdes de excesso de oxigénio. Estateadstica € chamada de efeito
Crabtree positivo o qual é a “chave” para conferir as estiapécies uma estratégia de
sobrevivéncia chamada “Make-Accumulate-Consumeta Escaracterizada por um rapido
consumo de acuUcares, alta capacidade em prodazunular etanol e excelente tolerancia a
este composto conferindo as espécies um melhomgesdo competitivo em seu ambiente
natural. Rozpedowska et al. (2011) estudaram asig§oi desta estratégia no grupo
Dekkera/Brettanomyces e observaram que apesar de individuos destesrogémerem
divergindo antes do desenvolvimento desta estegtégi dados apontam para uma teoria de
que houve uma evolucdo paralela entre esses grupws,vez que, foram submetidos a

pressoes seletivas semelhantes no mesmo nicho.

1.3.3. EfeitoCusters em células d®ekkera/Brettanomyces
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As leveduras do génerBrettanomyces e Dekkera possuem como caracteristica
bioguimica a inibicdo da fermentacdo alcoodlica evndg6es anaerdbicas evento este,
denominado de efeitGusters (WIJSMAN et al., 1984). A este efeito é atribuidteadéncia
das células de produzir acido acético a partirlt@ge com concomitante reducio de NAD
(CARRASCOSA et al., 1981).

Segundo Scheffers (1966), o efelosters poderia ser explicado pela escassez de
NAD" causada pelo seu uso para a oxidacdo do acetaldei@cetato. Em condigdes
aerdbicas, a coenzima € reoxidado pela via reépgmatNo entanto, sob condi¢cbes
anaerobicas e na auséncia de um aceptor de pedpwoducdo de acido acético ocorrera em
menor quantidade resultando numa diminuicdo da opgdp NAD/NADH e
consequentemente estagnacdo do fluxo glicoliticonivel da gliceraldeido 3-fosfato
desidrogenase (SCHEFFERS; NANNINGA, 1977). Em opgieB limitantes de oxigénio as
leveduras produzem glicerol a fim de, reoxidagddNADH produzido durante os processos
de oxidacdo (VAM DIJKEN; SCHEFFERS, 1986). Entr&tarparece que leveduras que
exibem o efeitdCusters sédo de alguma forma, incapaz de fechar o balamipx ratravés da
producao de glicerol ou outros compostos altamehezidos. De Souza Liberal et al. (2007)
mostraram qued. bruxellensis pode produzir glicerol em condicbes anaerobicass, rem
pequenas quantidades. Em célulaPdbruxellensis com essa caracteristica o efellasters
pode ser abolido pela adicdo de oxigénio ou umtacepganico de elétron, por exemplo,
acetoina ao meio, possibilitando que o NADH formai@oglicllise e formacédo de acetato
seja reoxidado via cadeia respiratoria (CARRASCO&Aal.,, 1981). Estudos recentes
mediram a atividade enzimatica da glicerol 3-fasfdésidrogenase durante o crescimento
celular e observaram que sua atividade pode senaua apenas em condi¢des limitantes de
oxigénio (GALAFASSI et al., 2011).

1.3.4 Producéo de acido acético pobruxellensis

As linhagens d®. bruxellensis tem uma importante caracteristica de produzircacid
acético como subproduto da assimilacdo de glicoseandi¢cdes aerobicas. Em leveduras, o
acido acético é produzido a partir da oxidacdoadwaddeido, que pode ser formado como um
produto da reacdo da piruvato descarboxilase (RIDE&Ynte o crescimento em glicose ou
como produto da reacdo da enzima alcool desidregeffeDH) durante o crescimento em

etanol (POSTMA et al., 1989). Ja é conhecido quénhagens deéD. bruxellensis podem
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produzir acido acético a partir glicose e etanolGUALAR USCANGA; DELIA;
STREHAIANO, 2003; BLOMQVIST et al., 2010; FREER, &) FREER,; DIEN;
MATSUDA, 2003). Por muito tempo foi proposto quaaido acético produzido pelas células
D. bruxellensis pudesse conferir uma vantagem competitiva sobcélakasS. cerevisiae (DE
MINIAC, 1989). Entretanto, em condi¢des industriaigivel de oxigénio é limitado, o que
ndo proporcionaria uma elevacdo da concentrac@eide acético que fosse capaz de inibir
ou mesmo, interferir no crescimento dascerevisae (ABBOTT; HYNES; INGLEDEW,
2005; BLOMQVIST et al., 2010; PHOWCHINDA; DELIA-DUP, STREHAIANO, 1995).
Além disso, a inibicdo do crescimento e interfei@a capacidade fermentativa das células
de D. bruxellensis sé ocorre, quando a concentracdo de acido acéliega a niveis
superiores a 2 g/L (YAHARA e et al., 2007). Blom&j\j2011), utilizando cultivos continuos
e com limitacdo de oxigénio (5% de oxigénio disgly, observou que as células De
bruxellensis produziram quantidades de acido acético inferidggk, concentracdo esta que
nao foi suficiente para afetar o crescimento erdedeimento das levedurds. bruxellensise

S cerevisiae nos processos de fermentacao industrial.

1.3.5 Assimilacao de fontes de nitrogénio

As leveduras encontram em seu ambiente natural,amma variedade de fontes de
nitrogénio que podem ser utilizadas tais como, amoprolina, arginina e nitrato
(CONTERNO et al., 2006; GODARD et al., 2007). Apediaso, a capacidade de assimilacédo
do nitrato e/ou nitrito é restrita a poucas espe(B®IVERIO, 2002). Dentre as diferencas
metabolicas entr&. cerevisiae e D. bruxdlensis destaca-se a capacidade desta ultima de
assimilar nitrato e nitrito como fontes de nitrogéncaracteristica que é utilizada na
taxonomia bioquimica do género (BARNETT et al.,20@ via de assimilacdo do nitragm
D. bruxellensis possuem muitos genes ortdlogos aos da levedarsenula polymorpha
diferindo apenas na posicao relativa e orientadd@QLFIT et al., 2007). Essa via €
composta por transportadores de alta afinidade DY e duas enzimas redutases, a nitrato
(DbYNR1) e nitrito redutase (DbYNI1). Esta dupldue&do da molécula de nitrato resulta em
amonia e reoxidacdo de 4 moléculas de NAD(P)H (RINE 2002).

O caldo de cana pode apresentar concentracbedicsiimas de nitrato oriundo do
processo de adubacdo do campo com fertilizantesea de nitrato (nitrato de célcio, nitrato
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de magnésio ou mesmo nitrato de aménia), muit@zadidb nos canaviais. Desta forma, o
nitrato poderia constituir uma fonte de nitrogégite seria assimilada pelas célulasDde
bruxellensis para seu crescimento (PITA, 2009). De Barros Pital. (2011) a partir de
estudos de competicdo enDebruxellensis e S. cerevisiae mostraram qu®. bruxellensis é
capaz de superar a populacadsdeerevisiae em meiosontendo uma maior concentracao de

nitrato.

1.4 DEKKERA BRUXELLENSISNO CONTEXTO INDUSTRIAL

A leveduraDekkera bruxellensis tem sido por muito tempo considerada como a
responsavel por contaminac¢des na producdo de vinsmsque, produz metabdlitos, sendo
0s mais significantes o 4cido acético e etilferdasno 4-etilfenol e 4-etilguaiacol. A presenca
destes compostos esta relacionada especificameatevidade deD. bruxellensis e aos
aromas desagradaveis encontrados em vinhos cori@osiiCHATONNET et al., 1995;
1997).

Um trabalho de monitoramento em destilarias deaoegbrdeste, que utilizam caldo
de cana como substrato, sugeriu a leve@urbruxellensis como principal contaminante da
producdo do alcool combustivel. Outros relatos adéstedura ja foram observados em
destilarias de alcool de alcool dos EUA e Canadde @ matéria-prima € o milho (ABBOTT;
HYNES; INGLEDEW, 2005), e ainda na Europa, ondellosgrato € beterraba (DE MINIAC,
1989; CIANI; MACCARELLI; FATICHENTI, 2003). O melhrodesempenho competitivo de
D. bruxellensis em relacdo ao d& cerevisae no ambiente industrial indica um elevado
fitness da espécie ao ambiente da fermentacéo alcoolcgricipio, a vantagem adaptativa
de D. bruxellensis nestas condi¢Ges pode estar relacionada a umrnfatocional ou a uma
maior tolerdncia a um estresse ambiental. Ja ghagas recentes mostra bruxellensis
exibindo maior adaptacdo ao ambiente industriahdoacomparada & cerevisiae e isto
pode estar relacionado a maior tolerancia a bapidse elevada resisténcia a etanol
(ROZPEDOWSKA et al., 2011). Apesar de trabalhogrémres sugerirem esta espécie como
contaminante industrial de processos de producéddad®l combustivel, dados atuais tem
mostrado queéD. bruxellensis é capaz de produzir etanol a rendimentos préxiamseS.
cerevisiae (DE SOUZA LIBERAL et al., 2007; DE BARROS PITA &k, 2011). Além disso,



22

Passoth et al. (2007) mostraram que essa espeéarda@ utilizada em consorcio com
Lactobacillus vini mostra boa contribuicdo para a producao do etanol.

1.5FATORES QUE AFETAM O METABOLISMO DE DEKKERA BRUXELLENSIS

Os estudos d®. bruxellensis no que ser relaciona a sua capacidade fermenttiva
metabolismo tem sido focado em alguns fatoresctai®, influéncia de oxigénio (AGUILAR
USCANGA; DELIA; STREHAIANO, 2003; CIANI; FERRARO, 997), agitacdo e
temperatura (CASTRO MARTINEZ et al., 2005), fodecarbono (AGUILAR USCANGA
et al.,, 2007), pH (FREER; DIEN; MATSUDA, 200ROZPEDOWSKA et al., 2011;
BLOMQUIST et al., 2010) e temperatura (BRANDAM ¢t 2008). Aguilar Uscanga et al.
(2003) observaram que a concentracdo de oxigéspouivel afeta a drenagem do substrato
para a producdo de etanol ou acido acético. Asguanto mais aerado for o sistema de
cultivo, as células dB. bruxellensis tendem a drenar mais carbono para a producéaoidi® ac

acético do que para etanol.

Em relagdo a preferéncia por fontes de carbono parducdo de &cido acético,
estudos mostram que as célulasDdebruxellensis tendem a produzir mais acido acético a
partir de glicose do que etanol (FREER, S.; DIEN,NBATSUDA, 2003).Aguilar Uscanga
et al. (2007) avaliaram o efeito de diferentes dentle carbono sobre o crescimento de
Brettanomyces bruxellensis e a influéncia das mesmas sobre a producdo de acético e
etanol e observaram que, de todas as fontes dencatliilizadas o rendimento maximo de
acido acético (0,24 g/g) e produtividade (0,14 dfl)/ foram obtidos das culturas que

continham melaco com 60g/L de sacarose como fantarbono.

Estudos mostram que, para a leveddrébruxellensis a temperatura é também um
fator de suma importancia nos processos fermeogatida foi observado que quando esta
espécie é submetida a temperatura de 35°C ocoraepanada no seu crescimento, antes
mesmo, que todo o substrato seja consumido (BRANDétMat al., 2008; BISSON;
BUTZKE, 2000). Brandam et al. (2008) avaliaram #Huéncia da temperatura sobre a
fermentacao, formacdo de metabdlitos e taxa deinresto da linhagem IHEM 6037 d&
bruxellensis e foi observado que, na faixa de temperatura drire 32°C, a formagéo de
biomassa foi muito semelhante e que a temperagi2b8C causou uma queda de 65% na
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formacao de biomassa e de 40% na viabilidade cep#lea a linhagem por eles testada.
Consequentemente, nesta mesma condi¢céo de 358¥& hma queda nas taxas de producao

de biomassa e metabodlitos como etanol e acidocacéti

A capacidade de crescimento e tolerancia a amiienta baixo pH também tem sido
investigada para linhagens @& bruxellensiss. Em um estudo recente, Blomqgvist (2011)
investigou a influéncia do pH e temperatura sobt&xa de crescimento e o rendimento em
etanol para uma linhagem industriall@ebruxellensis, e observou que a faixa de pH (3a5) e
temperatura (25° a 37° C) testados nao afetargrarémetros analisados levando a conclusao
de queD. bruxellensis € bastante resistente a mudancas nas condicOénsaugd Por fimpD.
bruxellensis tem mostrado ser mais bem adaptada ao ambientstiiiadl do queS. cerevisiae
e isto, pode esta relacionado a uma maior tend@usaestas células possuem em tolerar
baixos pH além de possuir elevada resisténcideamle(ROZPEDOWSKA et al., 2011).

1.6 INFLUENCIA DE FATORES DE ESTRESSE SOBRE OS PROCESSOS
FERMENTATIVOS

Durante os processos fermentativos as levedurdas ssijeitas a varios fatores de
estresses que afetam seu crescimento e metabofiemeentativo. Estes podem ser
ambientais ou mesmo, decorrentes do proprio mesabolda levedura (BAI et al., 2008;
BASSO et al., 2008). Os agentes de estresse irasists quais as leveduras sao expostas
estdo exibidos na figura 2. Alguns destes, podansaxgrgisticamente (DORTA et al., 2006;
BAI et al., 2008), particularmente quando ha recd® células (BASSO et al., 2008) afetando

mais ainda a viabilidade da levedura e consequemtemproducao de etanol.
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Figura 2. Fatores fisico-quimicos que induzem estresse élmas de Saccharomyces
cerevisiae durante a fermentacéo alcodlica (INGLEDEW, 19941 & al., 2008).

E conhecido que a leveduBacerevisiae exibe capacidade de tolerancia ao etanol nos
processos fermentativos (JENSEN et al., 2009).nRoaétas concentragbes de etanol quando
em sinergismo com elevadas temperaturas ou baikbsafptam até mesmo, linhagens

industriais de5. cerevisiae consideradas resistentes a altas temperaturas AQOIN2007).

Muitas das modificacBes que ocorrem nas levedyas ehoque térmico sdo idénticas
as causadas pela exposicdo ao estresse etandfiste, im sinergismo entre esses dois
fatores fazendo com que o etanol seja mais sewdraalkas temperaturas (PIPER, 1995;
ALDIGUIER et al., 2004). Outro fator que age emesgismo com o etanol é o aumento da
pressdo osmotica. Este em célulasSdeerevisiae quando associado ao etanol tende a
potencializar o efeito toxico do mesmo levando @ weducdo da viabilidade celular (JOHN
et al., 2012). O aumento da pressdo osmotica tancbésa perda rapida de agua intracelular
(HOHMANN, 1997), danos intracelulares e paradam@sa@mento na fase G1 (BELLI et al.,
2001) e G2 (ALEXANDER et al., 2001), contracdo ouugamento da célula (MORRIS at
al., 1983) e numa fase posterior, acimulo de gliceo citoplasma, como forma de
neutralizar a desidratacdo (MAGER; SIDERIUS, 2002).

O estresse osmatico torna-se preocupante em feagiest com melago de cana de
acucar visto que, este substrato mostra grandesidades de sais. Elevados niveis de célcio,
potassio e magnésio encontrados neste substratmlearcos requisitos nutricionais da
levedura. Os niveis meédios de potassio (4.000 mgfesentes nos processos fermentativos,

sao suficientes para induzir uma resposta aossst@m aumento na formacgao de glicerol,
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diminuicdo do conteddo intracelular dos carboidratie reserva e, consequentemente
diminuicdo do rendimento em etanol (ALVES, 2000psNorocessos de fermentacdo de
producdo de alcool combustivel as leveduras saarags do mosto por centrifugacéo,
seguida por uma lavagem acida de acido sulfuritesashe uma nova fermentacéo (SILVA-
FILHO et al.,, 2005). Este procedimento, embora sdjizado para tentar reduzir a
contaminagao bacteriana, provoca perturbacoes si@ofjia da levedura levando a uma
lixiviacdo de minerais (N, P, K, Mg). Essa situag@olevedures. cerevisiae provoca uma
diminuicao do conteudo intracelular de trealoseiskEgde queda de viabilidade (FERREIRA;
AMORIM; BASSO, 1999).

A presenca de acidos organicos pode ser um doeegapara a reducdo do pH
intracelular da levedura e prejudicar sua homees#asidos organicos quando em baixos pH
adquirem uma forma protonada, que facilmente assmva membrana plasmatica, e dentro do
citoplasma, onde o pH esta proximo a neutralidad®eaioria dos acidos fracos se dissocia,
liberando protons e anions, acidificando assimjtaplasma. Prétons e anions, podem ser
expelidos para o exterior celular a custo de ABR<Ultimos se associam novamente com 0s
prétons, devido ao baixo pH do meio e entdo, poddmmdir-se novamente através da
membrana, formando um ciclo que ocasiona um gaspemdioso de energia pela célula no
intuito de manter sua homeostase (ORIJ; BRUL; SMIZ811). Os acidos organicos que sao
frequentemente produzidos em ambientes de fern@an&ip o latico e acético. O acido latico
€ produzido por bactérias laticas contaminantegpdusessos industriais, e o acido acético é
sintetizado em pequenas quantidades por leveddyaasndranath, Thomas e Ingledew (2001)
observaram que a concentracdo inibitéria minimaado acético sobre o crescimento de
linhagens des. cerevisiae foi de 0,6% (p/v) ou 100 mM enquanto que, paraidddlatico foi
de 2,5% (p/v) ou 278 mM. O efeito inibitério tardo acido acético como latico torna-se
maior quanto menor for o pH do meio, devido a un@omconcentracdo da forma néo
dissociada dos mesmos (GRAVES et al., 2006).

Por fim, embora os processos fermentativos sejam em cosdd®enaerobiose, 0
estresse oxidativo pode ser causado pelo cres@namrbbico durante a propagacdo de
biomassa podendo gerar, espécies reativas de axi@8DS), levando a varios tipos de danos
celulares (GOMEZ-PASTOR; PEREZ-TORRADO; MATALLANARQ10). Para lidar com os
danos causados pelo estresse oxidativo e assintemarestado “redox”, 0s organismos
tendem a se adaptar por meio de defesas antioggdémmados por sistemas enzimaticos e
ndo enzimaticos (FOLCH-MALLOL et al., 2004).
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1.7 RESPOSTA MOLECULAR AO ESTRESSE

Células deS. cerevisiae desenvolveram uma rapida resposta molecular |egaar
danos e proteger as estruturas celulares dosstaitsados pelo estresse (ESTRUCH, 2000).
Entretanto, parece que o efeito STR deve estarmelaisonado com a adaptacdo das células,
induzindo genes e ativando mecanismos que irdegeois células de mudancas ambientais
posteriores (BERRY; GASH, 2008).

Os elementos de transcricdo de resposta a estress&§TRE (Elementos de
transcricdo de choque térmico) sdo motivos presems sequéncias promotoras dos genes
gue respondem aos estimulos induzidos pelos ageatsadores de estresse celular. Estes
medeiam a expressdao de um numero de genes dentrecknismo de resposta geral ao
estresse (MARTINEZ-PASTOR et al., 1996). Os STRasespondem a copias simples ou
multiplas da sequéncia de nucleotideos CCCCT/AG@EGB&servem como local de ligacao
dos fatores de transcricdo Msn2p ou Msn4p, ativadogstresses diversos tais como, choque
térmico, osmético, oxidativo ou mesmo, em situagdescaréncia de nutrientes (RUIS;
SCHULLER, 1995). Outro elemento de transcriciAoaalkiv pelo estresse é o elemento de
choque térmico, ou HSE (Elemento de choque térmiEsje contém pelo menos trés
repeticdes de sequéncia de nucleotideos de nGAAerve como local de ligagdo para um
outro fator de transcricdo de choque térmico o ewnsflp (BAUER; PRETORIUS, 2000;
ESTRUCH, 2000).

1.7.1 Proteinas de choque térmico

As chaperonas moleculares séo definidas como upogte proteinas interativas que
modulam, tanto a dobra e desdobramento de outrdeimsis ou mesmo, a montagem e
desmontagem de complexos proteina-proteina, pesBNA e proteina-RNA (HARTL;
HAYER-HARTL, 2002; DEUERLING, BUKAU, 2004; SAIBIL2008). Em eucariotos, 0
fator de transcricdo de choque térmico (HSF) émcimal modulador de resposta ao choque
térmico, levando a inducdo de expressdo de pratediea choque térmico (HSP) que
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geralmente servem como chaperonas molecularesjggd@rano dobramento de proteinas.
Muitas destas estdo presentes na auséncia desestreentanto, na presenca dos mesmos, 0s
genes que a codificam tem sua expressdo aument@auaneuitos casos, contribuem para a
tolerancia celular em associacdo com 0 mecanisnregposta geral ao estresse (BAUER,
PRETORIUS, 2000; ESTRUCH, 2000).

As proteinas de choque térmico sdo classificadasaa@do com suas massas
moleculares, gerando as familias Hsp100, Hsp90,7®{splsp60, e as sHSPs que sao
pequenas chaperonas ubiquas presentes nas céldagoticas (MORANO; GRANT;
MOYE-ROWLEY, 2011). As sHSPs séo proteinas de bg#eo molecular que formam
grandes estruturakomo oligoméricas. A caracteristica marcante deptateinas é a o
aumento na expressao dos genes que a codificamtel@w@ndicdes de estresse, fazendo com
que as mesmas participem dos processos de protetdlar (HASLBECK et al., 2005;
WELKER et al., 2010). Devido ainda a poucos dadisesas estruturas e propriedades das
sHSPs, muitas estdo anotadas como pertencentasniléa fllISP20 (POULAIN; GELLY;
FLATTERS, 2010). As sHSPs tém massas moleculargndg® entre 10 e 30 kDa e possuem
em sua regido “C”- terminal, uma sequéncia corgkrentre os membros de sua familia
chamada de dominio alfa cristalino (Figura 3). Esteinio possui cerca de 90 aminoacidos
sendo flanqueado por um braco “N” terminal de seqiaé divergente e variavel em
comprimento (média de 55 amino&cidos) e por umensf@b “C’- terminal com
aproximadamente menos de 20 residuos (DE JONG; LESEN; VOORTER, 1993;
POULAIN; GELLY; FLATTERS, 2010). Dentre as variamft:des das sHSPs pode-se citar 0
envolvimento da Hsp26p e Hsp42p na manutencdo diegna da levedura em estado
solavel durante o choque térmico. (HASLBECK et2004). EmS. cerevisiae a Hsp12p atua
em diversas condicdes tais como, choque térmicondiiso, oxidativo, elevadas
concentracdes de etanol, bem como, no inicio dadatcionaria (WELKER et al., 2010;
VARELA et al., 1995). Outra importante sHSPs é pHglp que além de, ser induzida por
uma variedade de estresses ambientais, possui yal gssencial na aquisicao de
termotolerancia celular e quando associada ao idaabo trealose atua no combate a
desnaturacao proteica (HOHMANN; MAGER, 19%5ANCHEZ; LINDQUIST, 1990).
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Figura 3. Arquitetura do dominio Alfa Cristalino das Protes de choque térmico adaptado
de Hilton et al. (2013). 1- Regido “N”- terminalmocerca de 55 aminoacidos. 2. Dominio
alfa cristalino com cerca de 90 aminoacidos e 3)ide“C"- terminal contendo residuos
menores que 20 aminoacidos.

1.7.2 Protecéo cruzada em células de leveduras

Um importante aspecto de resposta ao estresse lelascée levedura é o fendmeno
da resisténcia adquirida. Células de diversos wsgens podem resistir a estresses severos
guando sao previamente expostas a uma forma bdmsta estresse (SIDERIUS; MAGER,
1997). A existéncia do mecanismo de protecdo ceudadantou a hipdtese de que as
condicbes de estresse requerem um maior esforgnedanismo de resposta geral e, este,
envolve varios tipos de funcdes celular tais copmotecao celular, metabolismo de energia,
producdo de proteinas protetoras e sintese deidiaios de reserva como, por exemplo,
trealose. Estas funcdes celulares e as proteinahatpie térmico sdo as respostas mais
notaveis associadas ao mecanismo de protecdo ar&@TO et al.,, 1999; TROTT;
MORANO, 2003).

Os processos de adaptacdo celular, os efeitos alec@o cruzada e o agente de
estresse a qual as células sdo expostas parecenr segpostas celulares distintas. Jamieson
(1992) avaliou o efeito de protecdo cruzada emlaideS. cerevisaie quando expostas aos
agentes oxidantes menadiona (1ImM) ¢OH(0.7mM) durante um periodo de 1h. Os
resultados mostraram que, apesar de ser obter espasta cruzada contra @4 por
tratamento de células com menadiona, o pré-trat@nuas mesmas comy®, sensibilizou as

células a menadiona.
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1.8 METABOLITOSINDICATIVOS DE FATORES ESTRESSANTES

Nos processos de fermentacdo, ocorrem mudancas erfd @gos metabdlitos
intracelulares tais como, trealose, glicogénicerést e glicerol, o que pode estar relacionado
com mecanismos adaptativos que permitem que dsséle levedura possam lidar contra os
fatores de estresse presente nesses processos IRPERE al., 2011). A trealose e 0
glicogéniochegam a constituir 25% do peso seco da levedasaumdo funcdes de reserva
de carbono e energia cujos niveis intracelularefemovariar de acordo com diferentes
mudancas ambientais (BASSO et al, 2011; SCHULZBREEN; VILLADSEN;
FRANCOIS; PARROU, 2001). Na levedura cerevisiae, glicogénio e trealose estdo
envolvidos na tolerancia a diferentes estressesTEAHLD, 1997; PARROU; TESTE;
FRANCOIS, 1997; SINGER; LINDQUIST, 1998). Entretanbs carboidratos de reserva
trealose e glicogénio podem ser mobilizados pdoanaacdo de alcool quando sao utilizados
como fonte alternativa de carbono em processosecuds como fermentacdo enddgena
(FERREIRA; AMORIM; BASSO, 1999).

1.8.1 Trealose

A trealose é um dissacarideo nao redutor formadalyas unidades de glicose unidas
por uma ligacda—1,1 glicosidica. Este agUcar esta presente emsvarganismos tais como,
bactérias, fungos, invertebrados e plantas servndw fonte de energia e carbono (ELBEIN
et al., 2003). Na fase exponencial de crescimeati®vkeduras, sdo observados baixos niveis
intracelulares de trealose resultante da repressdiwida pela glicose sobre a expressédo dos
genes envolvidos na biossintese desse metabdl@JIBON; QUAIN, 2001). Por outro
lado, em condi¢cdes normais de crescimento, oconraaimulo deste carboidrato logo apos,
as células entrarem em fase estacionaria. Outragsituacao que pode favorecer o acumulo
de trealose € quando as células estdo expostaglg@es de estresse, donde a trealose pode
atuar como um protetor contribuindo para a sobéngia celular (ALCARDE; BASSO,
1997; THEVELEIN, 1984; VAN LAERE, 1989; WIEMKEN, 9®). Essa situacdo de
mobilizacdo do “pool” de trealose intracelular ®@apanhada de altos niveis de mRNA de
genes que codificam para as subunidades do compkadose sintasdPSL, TPS2, TPS3 e
TSL1) e também, acumulo da proteina Tpslp (PARROU; EEFRANCOIS, 1997). Esta
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mobilizagdo, embora parega um ciclo futil de sifesgradagéo, estd também relacionada
com a renovacao da reserva de fosfato dentro dakséFigura 4) (PARROU; TESTE;
FRANCOIS, 1997).

Na leveduraS cerevisiae os estresses térmicos e salinos favorecem o acUdeul
trealose. Para a recuperacdo da viabilidade cehdasas condicbes € necessério que a
trealose acumulada seja mobilizada, permitindoagueglulas retornem as condi¢cdes normais
(WERA et al., 1999; GARRE; MATALLANA, 2009). O acwio de trealose € tambéem
observado em situaces de privacado de nitrogériasfato podendo sugerir, uma reposta
comum a varios fatores nutricionais. Aranda, Salgadaillandier (2004) mostraram gem
situagbes de limitagbes de carbono e nitrogéniclonalo de trealose nas células 8e
cerevisaie pode chegar até 13% do peso em biomassa seca.

Os processos fermentativos estdo sujeitos a diterdatores de estresse (PATARO et
al., 2000; 2002) e o acumulo de trealose parecar estvolvido na capacidade de
sobrevivéncia das leveduras a esses ambientego Rataal. (2002) observaram que as
linhagens deSacharomyces de processos de producdo de cachaca que maisaraostr
acumulo de trealose, foram as submetidas a umsssttérmico numa temperatura subletal
de 40°C por um periodo de 60 min. Por outro laoidag as linhagens testadas apresentaram
gueda de viabilidade e de trealose quando tradafediretamente da temperatura de 28°C
para 50°C por um periodo de 8 min. Situacado semigliai observada por Hottiger, Schmutz
e Wiemken (1987) quando ao transferirem cultivoS.dmrevisiae previamente incubados a
27°C para uma temperatura de 40°C, observaramayve lum aumento rapido do conteudo
intracelular de trealose enquanto que, quando tovaubi retornado para a temperatura de
27°C a trealose tinha sido degradada.

O acumulo de trealose em linhagens $ecerevisiae esta relacionado com a
manutencdo da viabilidade celular e tolerancia tanot durante a fermentacédo alcoolica
(MANSURE; SOUZA; PANEK, 1997). Sharma (1997), obser que células des
cerevisiae, quando crescidas previamente sob concentrac@sentes de NaCl e, em
seguida, expostas a uma concentracéo de 16% d# @t&r), mostraram maior tolerancia ao
etanol, maior viabilidade e maior acimulo de trealdo que as células controle. Segundo
Benaroudj, Lee e Goldberg (2001) a trealose protegeélulas contra os danos induzidos
pelos radicais de oxigénio, bem como, da toxiciddmetanol. O pré-tratamento de linhagens
de S cerevisiae a 38°C proporcionou um aumento exponencial no adotele trealose além
de, aumentar a viabilidade das células quando tagas estresse oxidativo (BENAROUDJ;

LEE; GOLDBERG,; 2001). Outro papel exercido pelalvee € o de protecdo das células de
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levedura contras os danos causados a parede gebulagentes biocidas (ELSZTEIN et al.,
2008).

UDP-Glucose —— Glucose 6-phosphate

Trehalose-6-phosphate synthase
v (TPSI)

Trehalose 6-phosphate TPS Complex
with Tps3 and Tsll

Trehalose-6-phosphate phosphatase
¥ (TPS2)

Acid trehalase Neutral trehalase
(ATHI) (NTHI, NTH2)
Cell surface or vacuole Cytosol

2 X Glucose

Figura 4. Via de sintese de trealose na leved8aacharomyces cerevisiae (SHIMA,
TAKAGI, 2009). A via de sintese de trealose inisg|acom a formacéo da trealose-6-fosfato
a partir da UPD-glicose e glicose-6-fosfafis enzimas que catalisam a sintese, trealose
sintase 6-P (TPS1) e trealose 6-P fosfatase (TR&2&m parte de um complexo em que, as
proteinas Tsl1l e TPS3, participam. Por fim, a diagao da trealose é feita por duas trealases
distintas, uma acida confinada nos vacuolos c@slaroutra neutra, localizada no citossol.

1.8.2 Glicogénio

O glicogénio é uma grande reserva de polimerodelinéar constituido por subunidades
a-1,4-glicose com ligacbes1,6-glicose nos pontos de ramificacao (WILSONIgt28910). O
conteudo deste metabdlito pode variar entre 1% % @8 peso total de matéria seca da
levedura e por isso, é considerado o principalaidrato de reserva, de grande importancia
para sobrevivéncia celular durante situacdes degd#io de nutrientes (LILLIE; PRINGLE,
1980; SILLJEET et al., 1999). Entretanto, quandocélsilas estdo expostas a um estado
quiescente prolongado, o glicogénio € degradadm ipduzir a sintese de trealose a fim de,
proteger as células contra o estresse nutricidtdl et al., 2010). A sintese do glicogénio
(Figura 5) é aumentada em situagfes de limitagddsrdes de carbono, nitrogénio, fosforo e
enxofre (LILLIE; PRINGLE, 1980). O glicogénio estavolvido na tolerancia e adaptacao

celular da levedura ao estresse etanolico. Segbakle, Khetmalas e Amarapurkar (2011) o
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crescimento de células d& cerevisiae na presenca de 2-8% (v/v) de etanol resulta no
aumento do glicogénio insoltuvel, bem como, do awmftetotal de carboidratos como forma
de protecdo contra o estresse osmotico. Por catiy toncentracdes de etanol superiores a
8% v/v promovem a reducdo do teor de glicogéniolin®l. Resultados recentes mostraram
gue linhagens industriais da leved@aerevisiae apresentam aumento de seu contetdo de
glicogénio apods 12 h de fermentagcédo sendo essentmmaeentuado ao final da fermentacao.
As cepas industriais PE e CA1185 chegaram a apeesscumulo de glicogénio na faixa de
2,6 a 4,2 vezes maiores do que a linhagem de kb@oar& EN. PK113-7D (PEREIRA et al.
2011).

+1ATP
GLICOSE > GLICOSE-6-P

glicoquinase

fosfoglucomutase

GLICOSE-1P
|, —VUTP

TUDPG-pirofosforilase \‘

¥

UDP-GLICOSE (uridina diP-glicose)

Pi

Glicogénio sintetase g

GLICOGENIO (linear)

Amilo-(1,4—1,6) transglicosilase
(ramificadora)

GLICOGENIO (ramificado)

UDP + ATP=—= UTP + ADP

Figurab. Via de sintese de glicogénio. Fonte: Gutierre2/719%. 238

1.8. 3Gliceral

As células de leveduras quando expostas ao etamelizam trealose e glicerol para
serem utilizados com funcdo de protecdo (GUYOTFERRET, E.; GERVAIS, P, 2005).
Durante a fermentacao alcodlica, a formacao demglicocorre em funcdo de varios fatores
tais como, tipo de linhagem utilizada, aumento efaperatura, pH e da concentracdo de
sacarose do meio (GUTIERREZ, 1991). Nos procesosehtativos o glicerol € o principal
subproduto das células 8ecerevisiae, formados principalmente como o resultado de e=a¢d
re-oxidagcao para consumir o excesso de NADH, fommtaotante a biossintese sob condi¢des
anaerébicas (VAN DIJKEN; SCHEFFERS, 1986; BAI; ANREON; MOO-YOUNG,
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2008). A formacao do glicerol em condi¢cBes anaessbesta relacionada com a manutencao
do balango de redox intracelular. Nessa condicBADH é reoxidado a NADatravés da
formacéao do glicerol. A sintese de 1 mol de glicarpartir da glicose leva a oxidacdo de um
1 mol de NADH (ANSELL et al., 1997; WANG et al.,@). Como a sintese do glicerol
utiliza o poder redutor (NADH), a producdo do mestnaumentada quando ha excesso de
NADH na célula, que ocorre quando processos oxioste desenvolvem, sejam decorrentes
da producdo de biomassa ou formacédo de acidosicogadBASSO; ALVES; AMORIM,
1996).

2 CONSIDERACOES FINAIS

A adaptabilidade das células de leveduras aos processos de fermentacdo alcodlica
bem como, sua capacidade fermentativa € influenciada por uma série de fatores
relacionados com a disponibilidade de nutrientes ou mesmo a presenca de compostos
produzidos pela microbiota do processo. A levedura D. bruxellensis mostra-se bem
adaptada aos processos industriais para producdo de etanol, fato este que a torna um
microrganismo que vem despertando o interesse cientifico e tecnoldgico pela capacidade
de producao de etanol e de competicdo com a levedura S. cerevisiae. No Brasil, o caldo
de cana e melaco ou misturas destes, sdo os substratos mais frequentemente utilizados
nos processos fermentativos para producdo de alcool combustivel. Estes substratos
parecem bem adequados para o crescimento das células de D. bruxelensis, pois
trabalhos de monitoramento em destilarias da regido Nordeste mostraram que a
levedura D. bruxellensis pode suplantar a populacdo de células da levedura do processo.
Na tentativa de uma melhor compreensido acerca da fisologia desta espécie nestes
substratos, o presente estudo buscou em situagdes fermentativas miméticas a dos
processos industriais avaliar as caracteristicas fisiolégicas desta espécie no intuito de
compreender seus mecanismos de adaptacdo a estes ambientes. Os resultados
alcancados podem contribuir para o emprego biotecnologico desta levedura nos

processos fer mentativos de producéo de & cool combustivel.
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Abstract The yeast Dekkera bruxellensis plays an
important role in industrial fermentation processes,
either as a contaminant or as a fermenting yeast. In this
study, an analysis has been conducted of the fermen-
tation characteristics of several industrial D. bruxell-
ensiy strains collected from distilleries from the
Southeast and Northeast of Brazil, compared with
Saccharomyces cerevisiae. It was found that all the
strains of D. bruxellensis showed a lower fermentative
capacity as a result of inefficient sugar assimilation,
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especially sucrose, under anaerobiosis, which is called
the Custer effect. In addition, most of the sugar
consumed by D. bruxellensis seemed to be used for
biomass production, as was observed by the increase
of its cell population during the fermentation recycles.
In mixed populations, the surplus of D. bruxellensis
over S. cerevisiae population could not be attributed to
organic acid production by the first yeast, as previ-
ously suggested. Moreover, both yeast species showed
similar sensitivity to lactic and acetic acids and were
equally resistant to ethanol, when added exogenously
to the fermentation medium. Thus, the effects that lead
to the employment of D. bruxellensis in an industrial
process and its effects on the production of ethanol are
multivariate. The difficulty of using this yeast for
ethanol production is that it requires the elimination of
the Custer effect to allow an increase in the assimi-
lation of sugar under anaerobic conditions.

Keywords Ethanol fermentation - Industrial

adaptation - Organic acid - Stress resistance -
Sugarcane

Introduction
The yeast Dekkera bruxellensis (telomorph of Brerta-

nomyces bruxellensis) has attracted attention in recent
years because of its involvement in wine spoilage, and
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2007) during the harvesting season (2010-2011).
After appropriate dilution, the yeast cells were spread
onto a Wallerstein Lab Nutrient (WLN) agar (Hime-
dia, Mumbai, India) or WLN + actidione (WLD)
medium containing bromocresol green dye. As well as
colony morphology discrimination, the identity of the
yeast was confirmed by DNA fingerprinting analysis
with (GTG)s primer. Data for fermentation efficiency
was provided by the distilleries at the time of
sampling.

Fermentative assays

Cell pre-inoculum was prepared by inoculating
125 ml flasks containing 50 ml sugar cane at 40 g
sucrose 17! or synthetic medium containing 20 g
glucose 1 ! with fresh yeast colonies and incubated for
24 h at 30°C under orbital agitation at 160 rpm. Yeast
cells were recovered by centrifugation and suspended
in different fermentation media depending on the type
of fermentations described below. Cell density was
determined by microscopic count in Neubauer cham-
ber. Cell viability was evaluated after dyeing with
methylene blue before the microscopy analysis (Lee
et al. 1981). Fermentation conditions (FC) were
performed as below, all in biological triplicates:

(a) FCI single-batch single-cell complete fermemnta-
tions performed in 500-ml flasks containing
200 ml of sugar cane juice with sucrose at
120 g 1" inoculated with yeast cells from pre-
inoculum to 10% cells ml~'. The cultures were
incubated for 24 h at 33°C without agitation.

(b) FC2 similar to FCI by changing fermentation
medium to semi-synthetic medium.

(¢) FC3 similar to FC1 by changing fermentation
medium to synthetic medium with glucose at
120 g 17", with agitation at 150 rpm in an orbital
shaker.

(dy FC4 single-batch single-cell half-time fermen-
tations performed similar to FC1 by decreasing
incubation time to eight to 12 h at 33°C without
agitation.

(e) FC5 single-batch mixed-cell half-time fermen-
tations similar to FC4 by mixing §. cerevisiae
and D. bruxellensis cells to the indicated pro-
portions, keeping the initial cell concentration.

() FC6 successive-batch single-cell half-time cell
recycling fermentations performed in 500-ml

flasks containing 200 ml sugar cane juice with
sucrose at 140 g 17! inoculated with yeast cells
from pre-inoculum to 10® cells ml~'. The
cultures were incubated for 12 h at 33°C without
agitation. At the end of each batch, yeast cells
were recovered by centrifugation (1200 g for
5 min) and suspended in the same medium for
batch fermentation. This procedure was per-
formed for eight consecutive cycles.

(g) FC7 successive-batch mixed-cell half-time cell
recycling fermentations similar to FC6 by mix-
ing 8. cerevisiae and D. bruxellensis cells to 10°
cells ml~ ' and 107 cells ml ', respectively.

(h) FC8 similar to FC7 by adding acetic acid and
lactic acid to initial concentrations of 0.1 and
0.2 g 1" ', respectively. at the beginning of cycles
no. 3 to no. 6.

(1) FCY similar to FC7 by adding ethanol to 8% atthe
beginning of cycles no. 3 to no. 6.

At the end of each batch (single and recycled
fermentations). samples were taken for cell concen-
tration and viability by cell count in a Neubauer
chamber after methylene blue dyeing, and differenti-
ated by spreading onto WLN and WLD medium
supplemented with actidione (Basilio et al. 2008). The
remaining volume was centrifuged and the fermented
worts were used for residual sugar analysis by the
DNSA method (Basilio et al. 2008), suspended solids
('Brix) with manual refratometer and by HPLC
(Waters Co., USA) using column SHODEX Sugar
SPO810 (BioRad, USA) for carbohydrates. Measure-
ments of organic acids, glycerol and ethanol were
carried out by HLPC, using Aminex HPX-87H column
(BioRad, USA). Total acidity was measured by
titration with 50 mM NaOH solution until pH 7.0
was reached using digital pHmeter and the values were
expressed as mEq 1!, The production of CO, was
measured by the weight loss approach, as described by
Basilio et al. (2008).

Results

Effect of the presence of D. bruxellensis cells
on the industrial process

To extend our knowledge on the behavior of
D. bruxellensis in industrial processes, we conducted
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2007) during the harvesting season (2010-2011).
After appropriate dilution, the yeast cells were spread
onto a Wallerstein Lab Nutrient (WLN) agar (Hime-
dia, Mumbai, India) or WLN + actidione (WLD)
medium containing bromocresol green dye. As well as
colony morphology discrimination, the identity of the
yeast was confirmed by DNA fingerprinting analysis
with (GTG)s primer. Data for fermentation efficiency
was provided by the distilleries at the time of
sampling.

Fermentative assays

Cell pre-inoculum was prepared by inoculating
125 ml flasks containing 50 ml sugar cane at 40 g
! or synthetic medium containing 20 g
glucose 17" with fresh yeast colonies and incubated for
24 h at 30°C under orbital agitation at 160 rpm. Yeast
cells were recovered by centrifugation and suspended
in different fermentation media depending on the type
of fermentations described below. Cell density was
determined by microscopic count in Neubauer cham-
ber. Cell viability was evaluated after dyeing with
methylene blue before the microscopy analysis (Lee
et al. 1981). Fermentation conditions (FC) were
performed as below. all in biological triplicates:

sucrose 1

(a) FCI single-batch single-cell complete fermenta-
tions performed in 500-ml flasks containing
200 ml of sugar cane juice with sucrose at
120 g 17" inoculated with yeast cells from pre-
inoculum to 10° cells ml~'. The cultures were
incubated for 24 h at 33°C without agitation.

(b) FC2 similar to FCI by changing fermentation
medium to semi-synthetic medium.

(¢) FC3 similar to FC1 by changing fermentation
medium to synthetic medium with glucose at
120 g 17", with agitation at 150 rpm in an orbital
shaker.

(d) FC4 single-batch single-cell half-time fermen-
tations performed similar to FC1 by decreasing
incubation time to eight to 12 h at 33°C without
agitation.

(e) FCS5 single-batch mixed-cell half-time fermen-
tations similar to FC4 by mixing §. cerevisiae
and D. bruxellensis cells to the indicated pro-
portions, keeping the initial cell concentration.

(f) FC6 successive-batch single-cell half-time cell
recycling fermentations performed in 500-ml

flasks containing 200 ml sugar cane juice with
sucrose at 140 g 17! inoculated with yeast cells
from pre-inoculum to 10° cells ml~'. The
cultures were incubated for 12 h at 33°C without
agitation. At the end of each batch, yeast cells
were recovered by centrifugation (1200 g for
5 min) and suspended in the same medium for
batch fermentation. This procedure was per-
formed for eight consecutive cycles.

(g) FC7 successive-batch mixed-cell half-time cell
recycling fermentations similar to FC6 by mix-
ing S. cerevisiae and D. bruxellensis cells to 10°
cells ml~ " and 10° cells ml ", respectively.

(h) FC8 similar to FC7 by adding acetic acid and
lactic acid to initial concentrations of 0.1 and
0.2 g 1!, respectively, at the beginning of cycles
no. 3 to no. 6.

(i) FC9 similar to FC7 by adding ethanol to 8% at the
beginning of cycles no. 3 to no. 6.

At the end of each batch (single and recycled
fermentations), samples were taken for cell concen-
tration and viability by cell count in a Neubauer
chamber after methylene blue dyeing, and differenti-
ated by spreading onto WLN and WLD medium
supplemented with actidione ( Basilio et al. 2008). The
remaining volume was centrifuged and the fermented
worts were used for residual sugar analysis by the
DNSA method (Basilio et al. 2008), suspended solids
("Brix) with manual refratometer and by HPLC
(Waters Co., USA) using column SHODEX Sugar
SPO810 (BioRad, USA) for carbohydrates. Measure-
ments of organic acids, glycerol and ethanol were
carried out by HLPC, using Aminex HPX-87H column
(BioRad, USA). Total acidity was measured by
titration with 50 mM NaOH solution until pH 7.0
was reached using digital pHmeter and the values were
expressed as mEq 17", The production of CO, was
measured by the weight loss approach, as described by
Basilio et al. (2008).

Results

Effect of the presence of D. bruxellensis cells
on the industrial process

To extend our knowledge on the behavior of
D. bruxellensis in industrial processes, we conducted
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a survey of four distilleries in Northeast Brazil during
the harvest season (2010-2011). The results showed
that D. bruxellensis cells still constitute up to 70% of
the yeast population in the process (Fig. 1), despite the
injection of fresh batches of pure S. cerevisiae cells
(industrial data not shown). The survey corroborated
the exceptional ability of this yeast to adapt to
industrial processes, as previously reported (Liberal
et al. 2007). Different distilleries showed their own
profile of yeast dynamics and the way that they might
be dependent on particular operational practices.
Moreover, despite the huge increase in the D. brux-
ellensis population, no direct effect of this yeast was
observed when the overall efficiency of industrial
fermentation was taken into account (Fig. 1). Four
different pictures were observed: non-contaminated
periods showing high or low industrial fermenta-
tion efficiencies and periods with high counts of
D. bruxellensis showing high and low industrial
efficiencies (Fig. 1). The total titrable acidity in
industrial wort was in the range of 20 to 40 mEq 1!
and no direct relation to the presence of D. bruxell-
ensis cells was observed (data not shown).

In order to replicate this industrial profile, half-time
mixed single fermentations (FC5) were performed
by varying the proportion of S. cerevisiae and
D. bruxellensis in the medium. No effect on the cell
viability of S. cerevisiae JP1 was observed as a result
of the increasing proportion of D. bruxellensis GDB
248 cells (data not shown). However, it was observed
that the higher the D. bruxellensis population, the
lower was the fermentation efficiency (Fig. 2). The
fallin fermentation efficiency was followed by a fallin
ethanol and CO; production (Fig. 2) when there was
an increase of D. bruxellensis cells in the yeast
population. On the other hand, the sugar consumption
was higher when there was an increase in the
D. bruxellensis population (Fig. 2).

D. bruxellensis fermentation efficiency in a single
batch assay using synthetic medium

These experiments were performed to compare the
fermentation efficiency of the two yeast species
(D. bruxellensis and S. cerevisiae), and the results
were shown as the average of all the strains within a
species, with a triplicate for each isolate. The mean
ethanol yield (Y.) of 0.38 g ethanol (g sucrose) !
was obtained for D. bruxellensis while the mean
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ethanol yield (Y, of 047 g ethanol (g sucrose) =
was obtained for S. cerevisiae JP1 when the fermen-
tations were left to reach completion (FCl). A
significant difference was observed between the
isolates, with GDB 248 remarkably showing a 10%
higher fermentation efficiency (Y, =042 gg 1
within the yeast group, while TPC2-1 showed a 15%
lower fermentation capacity (Y, =032gg .
Sugar tended to accumulate in a way that corre-
sponded with the lower fermentation capacity, being
209% higher in low fermentative isolates. The average
of final pH in the fermented wort was 4.1 (£0.04) and
3.5 (£0.02) for D. bruxellensis and S. cerevisiae
cultures, respectively, suggesting a slight tendency of
D. bruxellensis cells for lower medium acidification.
In contrast, the ethanol yield dropped to 0.25 g ¢!
when D. bruxellensis cultures were left to ferment for
half the time (FC4). Similarly, yeast isolates from
Southeast distilleries were also analyzed for half-time
fermentations and showed mean ethanol yields of
0.23 g/g (£0.04) and 0.22 (£0.09) g g ' with glucose
(FC3) and sucrose (FC2), respectively, which is quite
close to their Northeast isolate counterparts.

D. bruxellensis fermentation efficiency with cell
recycling

Three isolates of D. bruxellensis from Southeast Brazil
were evaluated by recycling fermentation assays and
compared to three industrial S. cerevisiae strains.
Again, the results were shown as the average of all the
strains within a species, with triplicate for each isolate,
and comprised 12 and 9 experiments for D. bruxell-
ensis and S. cerevisiae, respectively, for each fermen-
tative cycle (FC6). During the recycling procedure
with sugar cane, the cell viability remained at 93 to
97% for both yeasts. There was also an increase in the
number of cells for both yeasts, although D. bruxell-
ensis showed a higher increase of the cell population
(Fig. 3a). The final pH of the fermented wort was
higher for D. bruxellensis (3.9 £ 0.09) than for the
8. cerevisiae (3.3 £ (0.26) fermentations. This result
was corroborated by the analysis of total titratable
acidity in the fermented wort, which was higher for
S. cerevisiae than for the D. bruxellensis fermentations
(Fig. 3b). The total acidity for D. bruxellensis varied
from 20 to 30 mEq 17!, which was close to the values
for industrial samples observed above.
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Fig. 1 Dynamics of yeast population in four ethanol distilleries
in Northern Brazil during the harvest season 2010-2011. The
percentage of S, cerevisiae cells (gray columns) and D.

Sucrose consumption increased after each fermen-
tation cycle, which suggests that the yeast cells were
adapting to the higher sugar contentof 140 g 1" at the
beginning of each cycle (Fig. 3¢). After the third
cycle, the S. cerevisiae cells consumed over 80% of
the sugar present in the medium at the end of 12 h
fermentation, while D. bruxellensis maximally con-
sumed only 30% of the total sugar available in the
sugar cane wort (Fig. 3c). Similarly. ethanol produc-
tion was three times higher in the S. cerevisiae
fermentations than in the D. bruxellensis fermenta-
tions (Fig. 3d). The average ethanol yield of 047
(40.02) g g ' for S. cerevisiae from Southern Brazil
was similar to the JP1 strain from Northeast Brazil in
single batch experiments. A low ethanol yield of 0.22
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bruxellensis cells (white columns) in different sampling periods
was related to the industrial fermentation efficiency (black lines)
provided by the distilleries on the day of the sampling

(£ 0.09) g g ' was calculated for D. bruxellensis,
which is in the same range as in the above single cycle
experiments.

The isolates CCA 077 and CCA 155 from southern
Brazil were further used in mixed cultures to test any
sort of antagonistic activity against the §. cerevisiae
cells during the recycled fermentations (FC7). It was
observed that the sugar assimilation, ethanol produc-
tion and medium acidity were similar whatever
D. bruxellensis isolate was present in the fermentation
(Fig. 4). The proportion of §. cerevisiae cells was
affected by the presence of D. bruxellensis cells,
particularly by the CCA 077 isolate (Fig. 4a). This
effect was attributed to the increase of the
D. bruxellensis cell count in the cultures (Fig. 3a)
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Fig. 2 The half-time single fermentation profile of a mixed
population of 8. cerevisize (Sc) JP1 and D. bruxellensis (Db)
GDB 248 cells and in sugar cane medium at recommended
proportions. Culture supernatants were taken to determine the
rate of sugar consumption (squares) and ethanol production
(circles) by analytical methods, while the production of CO,
was measured by the weight loss of the system (rriangles). These
data were used to calculate the efficiency of ethanol fermenta-
tion (gray columns) referring to percentage of the maximal
theoretical yield

rather than to the production of inhibitory organic
acids, since no further acidification was detected
(Figs. 3b and 4a) when there was an increase in the
D. bruxellensis population.

Metabolite in the fermentation wort with recycling

A detailed analysis of the metabolites in the fer-
mented wort was performed in the fermentations of
S. cerevisiae JP1 and D. bruxellensis GDB 248 at
different stages of the recycling experiments (FC6)
(Table 1). The sucrose tended to accumulate in
the fermentations with D. bruxellensis cells, while
S. cerevisiae was able to hydrolyze almost all the
initial sucrose. The glucose and fructose concentration
at the end of the fermentation was decreasing during
the cycles for both yeasts, although they accumulated
more in the D. bruxellensis fermentations (Table 1),
Less fructose was consumed than glucose, particularly
by the D. bruxellensis cells (Table 1). Despite the
higher cell growth (Fig. 3a), the D. bruxellensis cells
produced less glycerol than the S. cerevisiae cells,
while lactic acid accumulated to the same level at the

@ Springer

end of each fermentation cycle for both yeasts
(Table 1). No acetic or succinic acid was detected in
the fermented wort of either of the yeasts (data not
shown).

Yeast tolerance to inhibitory compounds

Given the fact that D. bruxellensis cannot produce
enough organic acids under full fermentative condi-
tions to inhibit S. cerevisiae cells (Table 1), experi-
ments were performed by adding exogenous organic
acids to the medium (FC8). Lactic and acetic acids
were added at the beginning of cycle no. 3 and the
population of both . cerevisiae and D. bruxellensis
cells began to decline to (.1% of the initial population
at the end of cycle no. 6. The remaining cells were
suspended in sugar cane juice without the stress agents
at the beginning of cycle no. 7 and the yeast population
began to recover at an equal rate in the fermentations
that followed (Fig. 5). There was a sharp fall in ethanol
production after acid treatment, which was recovered
after removal of the acid (data not shown). A similar
experiment was performed by adding ethanol (FC9). A
slight decrease was observed in yeast population inthe
presence of the stress agent, which was subsequently
recovered even in the presence of the ethanol stress
agent (Fig. 5). This suggested that both yeasts were
equally resistant to ethanol.

Discussion

Despite being regarded as a contaminant for the
ethanol fermentation process (Liberal et al. 2007;
Basilio et al. 2008), D. bruxellensis has been reported
as a potential yeast for ethanol production from
glucose (Passoth et al. 2007) and cellobiose
(Blomgvist et al. 2010). However, there is still little
information on the physiology of this yeast with regard
to its fermentative profile. Apart from its capacity for
ethanol production, this yeast shares several charac-
teristics with §. cerevisiae, such as the ability to
propagate in the absence of oxygen (anaerobic
growth) and to produce offspring without mitochon-
drial DNA (petite positivity) (Rozpedowska et al.
2011). We have previously described the astonishing
capacity of this yeast to play a dominant role in
industrial fermentation processes in Brazil (Liberal
et al. 2007).
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In the industrial fermentation of sugar cane, yeast
cells are submitted to an anaerobic environment,
sucrose as the main sugar and repeated pitching.
During this process a succession of yeast species and
strains occurs (Silva-Filho et al. 2005; Basso et al.
2008) and D. bruxellensis cells can bypass the process
(Liberal et al. 2007; Basilio et al. 2008), even as an
operational maneuver, by the continuous injection of
S. cerevisiae (Fig. 1). In this study, it is shown that
D. bruxellensis may be very efficient in converting the
available sugar to biomass during fermentation assays
(Fig. 3a). Under anaerobiosis, this physiological trait
might be aided by the capacity of this yeast to use
nitrate present in sugar cane to bypass this oxygen
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distilleries (dark gray columns). The following parameters were
evaluated at the end of each 12-h cycle: cell density (a), total
acidity of the wort (b), sucrose consumed (¢) and ethanol

produced (d)

requirement for growth and fermentation (De Barros
Pita et al. 2011). It is noteworthy that many reports
describe D. bruxellensis as a slow-growing yeast in a
laboratory medium (Abbott et al. 2005; Liberal et al.
2007; Blomgvist et al. 2010; Galafassi et al. 2010;
De Barros Pita et al. 2011), whatever the strains or
culture conditions employed. However, the higher
energy efficiency of D. bruxellensis compared to
S. cerevisiae can be calculated on the basis of its high
biomass production, while glycerol production was
hardly detected even in anaerobiosis (Uscanga et al.
2003; Blomgqvist et al. 2010; Galafassi et al. 2010). In
this study. the production of glycerol was not detected in
fermentative conditions with high sugar concentration
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Table 1 Metabolites at the end of three recycling stages of fermentation (C1, C5 and C10) of pure cultures of 5 cerevisiae and

D. bruxellensis in sugar cane wort (FC6)

Metabolite S. cerevisiae JP1 D. bruxellensis GDB 248

Cl [ 85} C10 Cl1 C5 Cl10
Sucrose consumed (%) 974 97.2 972 40.3 4.6 52.2
Residual glucose (g 17) 359 4.3 4.6 31.8 14.8 13.9
Residual fructose (g B 539 19.1 17.7 33.1 24.8 237
Glycerol produced (g =N 3.0 4.8 4.8 0.0 0.6 0.3
Lactic acid produced (g Y 1.1 1.2 1.1 1.0 1.1 1.0

(Table 1). The lack of glycerol production might be an
advantageous trait that is worth exploring for ethanol
fermentation, since less carbon and energy is deviated
for this redox sink. In fact, it is acetate and not glycerol
that is produced during the aerobic growth of
D. bruxellensis (Van Dijken and Scheffers 1984;
Uscanga et al. 2003) and little or no acetic acid is
produced in anaerobiosis (Uscanga et al. 2003; Blomg-
vist et al. 2010). In this study, we did not observe any
acetate formation during the fermentation of the sugar
cane wort (Table 1).

Given the efficient way that sugar is converted
to biomass, it is expected that the presence of
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D. bruxellensis cells at high counts may decrease the
efficiency of ethanol production. The evidence of
industrial datais not conclusive in this respect (Fig. 1),
since other parameters unrelated to the composition of
the yeast population may affect the process. Despite its
potential for ethanol production, it has long been
known that D. bruxellensis requires at least a low
oxygen supply for sugar consumption (Wijsman et al.
1984) and to stimulate the fermentation process, which
is called the Custer effect (Van Dijken and Scheffers
1984). This supply of oxygen is hard to obtain in
industrial conditions, even at low levels, due to
problems of gas transference and aeration costs. Thus,
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Fig. 5 Vanation in the yeast population of S. cerevisiae (open
symbols) and D. bruxellensis (closed symbols) cells during half-
time recycled fermentation in sugar cane juice in response to the
addition of acetic acid and lactic acid (solid lines) or ethanol
(dashed lines). Stress agents were added at the beginning of
cycles no. 3 (arrow) to no. 6. At cycle no. 7 (arrow) the yeast
cells were suspended in medium without the stress agents

the real effectiveness of D. bruxellensis for ethanol
production must be tested under controlled conditions,
even though they are close to those that apply in
industry. Thus, the fermentation experiments with
mixed populations were performed in a way that
differed from that described by De Barros Pita et al.
(2011) which was carried out in a shorter (industrial)
fermentation time. It was observed that when the
D. bruxellensis cell number increased, the fermenta-
tion capacity of the yeast population decreased
comrespondingly despite of the increasing on sugar
consumption (Fig. 2). One explanation could be that
the presence of S. cerevisiae rapidly depletes oxygen
in the medium. Thus, when D. bruxellensis population
is high the sugar consumed could be converted to
biomass, the Custer effect. In the situation that
D. bruxellensis is pure, the depletion of oxygen could
be slower, keeping ethanol fermentation for longer
time. In fact the reported high yields of ethanol were
always achieved only after a long period of fermen-
tation (Blomqgvist et al. 2010; Galafassi et al. 2010),
and took account of cell growth. Overall, in this
study we observed similar low ethanol yields (c.a.

0.23 g g ") for isolates from Northeast and Southeast
Brazilian distilleries when pure cultures were submit-
ted to high-sucrose high-biomass conditions, either in
single or successive batches. When submitting pure
cultures of D. bruxellensis to short-lerm recycling
experiments, it was observed that the sugar consump-
tion was slow (Fig. 3c; Table I). However, the sugar
consumption increased when both yeasts were present
in the medium (Figs. 2, 4). An increased rate of sugar
consumption was also observed in wine fermentation
experiments by co-cultivation of S. cerevisiae and
D. (Brettanomyces) bruxellensis compared to that
obtained through pure S. cerevisiae fermentation
(Renouf et al. 2006). One plausible explanation
for this is the inefficient hydrolysis of sucrose by
D. bruxellensis which was detected during the fermen-
tation cycles (Table 1). Thus, this sugar could be
efficiently broken down by 8. cerevisiae invertases and
then glucose and fructose could be uptake by both cells.
However, glucose and fructose were not efficiently
assimilated by D. bnuxellensis cells in sugar cane wort
(Table 1), which is similar to what has been reported
for grape wort fermentation by the pure culture of
D. (Brettanomyces) bruxellensis (Renouf et al. 2006).
It was widely believed that acetic acid production
by D. bruxellensis could affect cell viability and the
fermentation capacity of §. cerevisiae (De Miniac
1989; Ciani and Ferraro 1997; Abbott et al. 2005).
However, for a long time, it has been stated that this
compound cannot be produced in inhibitory concen-
trations (Phowchinda et al. 1995). Under fully fer-
mentative conditions, we did not observe any
correlation between acidity, which represents the total
concentration of weak organic acids in the medium,
and the proportion of D. bruxellensis in the population
(Liberal et al. 2007; Fig. 1). In fact, the production of
weak acids seemed to be higher in pure cultures of S.
cerevisiae (Fig. 3b) and showed no correlation with
the decrease of S. cerevisiae cells in a mixed
population (Fig. 4). Our data showed that no acetic
acid was produced by D. bruxellensis in fully
fermentative conditions, while lactic acid is produced
in equal amounts by both yeasts in this condition
(Table 1). In view of this, we decided to add acetic and
lactic acids to the fermentation medium and the results
showed that both yeasts were equally sensitive to this
increased acidity in anaerobic conditions (Fig. 5).
Thus, it can be postulated that the presence of acetic
acid in the medium is not the primary cause for the
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excessive growth of D. bruxellensis in industrial
processes. Moreover, it was also observed that both
yeasts were equally sensitive (or resistant) to the
increase of ethanol in the medium, which invalidates
the belief by the distilleries that if fermentation is kept
with a high ethanol content, it should eliminate
D. bruxellensis from the process. In a similar way,
Renouf et al. (2006) showed that wine isolates of
D. (Brettanomyces) bruxellensis were more resistant
to ethanol than wine §. cerevisiae strains.

In conclusion, the effects that lead to the establish-
ment of D. bruxellensis in an industrial process and its
effect regarding ethanol yield, are multivariate, but
largely dependent on the capacity of this yeast to
assimilate nutrients differentially such as mitrate. In
addition, the tendency of this yeast for biomass
production (Fig. 3a) may lead to lower ethanol yield,
although ethanol production seems to be closely
associated with biomass formation. We have recent
evidences from chemostat cultivation on the tendency
of its cells for respiration over fermentation (manu-
script in preparation). Thus, the challenges that must
be overcome before this industrially robust yeast can
be employed for ethanol production are to find a way
of eliminating the Custer effect and to increase sugar
assimilation under fully anaerobic conditions.
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Abstract

The vyeast Dekkera Dbruvellensis has been recognized as well suited to industrial
fermentation processes due to its reported vigor and adaptation. Thus, this work seeks to
contribute for the understanding of the tolerance of D. bruxellensis to stressing
conditions of the industrial environment, drawing attention to the possible involvement
of three heat shock protems in the cell protection agamnst those agents. Our results
showed that D. bruxellensis 1s more sensifive to thermal and oxidative stresses than
Saccharomyces cerevisine, and that an adaptive mechanism does exist only for
oxidative stress in this vyeast. Transcriptional response of three heat-shock genes
indicated that their corresponding proteins may not be essential for survival. However.
the transcriptional profile indicated that each of the three heat-shock protemns do
specifically participate m the molecular mechanism for cell tolerance to different forms

of stress.

Keywords: cell tolerance. ethanol fermentation. industrial adaptation, heat shock,

oxidative stress

Introduction

The processes of industrial fermentation present a series of stresses to yeasts
cells that mncludes high sugar concentration at the beginning and high concentration of
ethanol at the end. production of weak organic acids and other mhibitory compounds.
and fluctuation of temperatures and external pH [9]. These factors impose constraints on

growth and metabolism of the yeast and. when acting m synergy, further affect cell
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viability leading to reduced fermentation vield.

In S cerevisiae the General Stress Response (GSR) mechamsm consist of a
number of genetic responses that transcribe a set of genes responsive to cell mjuries [5].
This acquired stress resistance can be trigged by a different agent upon mduction of
genes whose proteins act on the cross-stress protection phenomenon, which constitutes
the Environmental Stress Response (ESR) [5]. One important part of the ESR
mechanism is the set of so-called heat shock proteins (HSPs) that allow cell survival
after wrreversible aggregation of misfolded proteins produced by stressing conditions
[15]. HSPs are groups of protemns with alpha crystalline domam at C-termunus that 1
view their heterogeneous composition are annotated as belonging to HSP families [15].

The veast Defkera bruxellensis has been reported as very adapted to industrial
ethanol fermentation process and its adaptive success may be related to some
physiological characteristics such as tolerance to ethanol [10] and robustness to
variations m pH and temperature [3]. However, whether tlus adaptation 15 regarded to
tolerance to industrial stress remains to be elucidated. The first announcement of D.
bruxellensis genome was done 1n 2007 [17] and so far only one gene encoding HSP was
described for tlus yeast [13]. According to the expression profile during wine
fermentation. 1t seems that Hsp82 protein could be associated with mecreased tolerance
to ethanol 1n D. bruvellensis [13]. Nevertheless, thers are still few data to elucidate the
protective mechanisms used by this yeast cell that allow survival in environments
subject to various stress conditions as present i industrial fermentation. In the present
study. we evaluated the tolerance of an industrial strain of D. bruvellensis to different
stressing agents and the putative involvement of three heat shock protens m this
response: Hsp82p and two newly described Hsp22p and Hsp24p. The results showed

that, despite they do not seem to be essential for cell survival, these protemns may play
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roles in response to different stresses.

Material and Methods

Yeast strains and growth conditions

Defkkera bruxellensis imndustrial strain GDB 248 and Saccharomyces cerevisiae
industrial stramn JP1. used as reference, were used in the present work [14]. Cells were
mainfained i YPD medim (1% yeast extract. 2% peptone, 2% glucose and 2% agar).
For liqud cultivation, both YPD and YPG (2% glycerol mstead of glucose) without

agar were us ed.

Cytotoxicity assays

Yeast cultivation was performed in 125 ml flasks contaimning YPD medium for 24 h
at 30°C and 150 rpm 1in rotatory shaker. Yeast cells were used to inoculate the same
medium to 0.1 DOgpopy 1nitial concentration and cultivated to around 1 DOggoym that
represents the exponential growth phase. Cell suspensions were diluted to 2x10
cells/ml 1n 50 ml YPD and submutted to different treatments. For heat shock treatment
cell suspensions were incubated for 60 min in different temperatures. By using chemical
agents, cell suspensions were mncubated for 30 mun at 30°C m the presence of different
concentrations of hydrogen peroxide (oxidative stress), KC1 (osmotic stress) and ethanol
(ethanolic stress). After the treatments, cell suspensions were diluted to 1:10* n 0.85%
sterile saline and aliquots of 100 pL were plated onto YPD medium. The number of
CFUs were scored after two (for S. cerevisiae) or four (for D. bruxellensis) days of
incubation at 30°C. Cell viability was calculated as the number of viable cells after each
treatment by the number of viable cells before treatments. The LDsp. lethal dose that

inactivate 50% of the cells, was calculated from the slope of the dose-response curves.
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In order to evaluate the capacity of D. bruvellensis to adapt to stress agents, veast cells

were submitted to sub-lethal doses (<LDyg) prior to cytotoxic treatments (Table 1).

Identification of HSP genes in D. bruxellensis genome and primer design
Search for chaperonmnes as keyword was performed in the Dekkera Genome Project

database (www.lge 1bi unicamp br/deklkera’) and the nucleotide sequences of the contigs

were downloaded for BLASTX analysis (http://www.nebinlm nih gov/projects/gorf/).

Deternmunation of the ORFs for each gene was performed by the ORF FINDER tool

hitp://www ncbinlm mih gov/projects/gorf/).

Gene expression analysis

Cells were pre-grown for 24 hours with shakimg at 30°C m YPD (for respiro-
fermentative metabolism) or YPG (for respiratory metabolism) and cultivated to
exponential growth phase as above. After washing with sterile saline. veast cells were
re-suspended 1in YPD medium and treated for 15 nmun with sub-lethal doses of different
stressing agents. In order to establish the reference condition. the cells were incubated m
temperatures ranging from 30°C to °34C, which did not affect cell viability.

Primer design. total yeast RINA extraction, ¢cDNA synthesis and RT-qPCR
assays were performed according to De Barros Pita et al [7]. All parameters of quality
and validations were applied and the statistical analysis and data normalization was

performed by GeNorm applet (http://medgen ugent.be/genorm). The samples were mun

in technical triplicates for each biological duplicates of cell cultivation.
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Results and Discussion

Sensitivity of yeast cells 1o stressing agenfts

In the course of the fermentative processes the yeast cells are submitted to several
stressing conditions produced by exposure to physical and chemical agents [9]. It has
been recently shown that D. bruxellensis maintain the same fermentative capacity in
medium pH and temperature ranging from 3 to 5 and 25°C and 37°C, respectively [3].
However. a decrease of c.a. 30% in 1ts growth rate can be observed in that work when
the temperature increased from 25° to 37°C. This 1s 1n accordance to the high sensitivity
reported for this yeast to 35°C during wine fermentation. with 40% loss of cell viabilify
[4]. Overall, the results of the present study confirmed that D. bruxellensis cells are less
tolerant to thermal treatments than S. cerevisice, with loss of cell viability at 42°C after
30 munutes of exposure (Fig. 1). After 30 minutes of incubation at 42°C and 44°C the
percentage of viable cells of D. bruxellensis fall to 50% and 10%., respectively (Fig.
14). while practically no killing effect was observed for S. cerevisiae cells in those
conditions (Fig. 1B). Cultivation 1n glycerol promoted tolerance of D. bruvellensis cells
to treatment at 44°C. indicating that induction of respiratory metabolism does protect
the cells against the killing effect of high temperature.

Regarding to other stress treatments. D. bruxellensis cells was only shghtly
sensitive to osmotic stress by KC1 (1 M) and to ethanol (10%) sumilar to S. cerevisiae
(Fig. 2A. B). Previous results showed that D. bruxellensis display tolerance to ethanol
up to 13% [2]. which is higher than the average ethanol concentration (7 to 10%) in
industrial fermentation processes. On the other hand. this veast was more sensitive than

S. cerevisige to oxidative stress caused by hydrogen peroxide (Fig. 2C). However, this
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sensifivity was suppressed when the cells were pre-grown in glycerol, so under
respiratory metabolism. The cell viability of D. bruvellensis grown in glycerol was
sumilar that found for S. cerevisiae grown in glucose (Fig. 2C). This result indicated that
resprratory metabolism mduced resistance to oxidative stress i D. bruvellensis.
Afterwards. the adaptive response was tested by exposing the cells to sub-lethal
doses of different stress agents (Table 1). The results showed that pre-treatmg the cells
with HxOn or ethanol resulted mn almost 3-times increase of cell survival to killing dose
of HyOn. This indicates the adaptive mechanism to oxidative stress in D. bruxellensis.
On the other hand. no pre-treatment recovered cell survival from heat shock treatment.
Thus. 1t 1s suggestive of lack of cellular adaptation to heat shock by the induction of the
oxidative stress response. different to what 1s observed for S. cerevisige [6]. Thus. the
results mdicate that from the industrial point of view the mcreasing of the temperature
of fermentation seems very adequate operational management if the decision 15 to

prevent the settlement of D. bruxellensis in the process.

Identification and analysis of bve novel chaperonines in D. bruxellensis

Short-Term: Response (STR) enables the cells to protect against the damages
caused by a variety of environmental stressimg conditions and to repair the damages
caused by such conditions [5.8]. It 15 an evolutionary conserved mechanism that
involves the production of. for example, small heat shock proteins (sHsp). BLASTx
analysis in the present work recovered two contigs from the D. bruxellensis genome that
corresponded to Hsp22 (Genebank access EIF 49321.1) and Hsp24 (Genebank access
EIF 45496.1), both presenting the alpha-crystallin domam (ACD) typical of sHsp
proteins called chaperonines that belong to Hsp23 super-family. The biological

mnvolvement of these two sHsp proteins and the previously reported large heat shock
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protemr Hsp82p of D. bruxellensis [13] were evaluated by quantifying the expression of
their corresponding genes under stress condition.

All three HSP genes were up-regulated after 15 minutes of exposure to 44°C.
especially HSP22 and HSP24 that showed 100-fold increase in transcripts (Figure 3A).
However. that high level of induction did not seem to protect the yeast cells for longer
exposure to that temperature as observed from the cytotoxicity assay (Fig. 1A), neither
induced any adaptive response to heat shock (Table 1). Considering that these genes
were induced durng the pre-treatment with heat shock (Table 1), the sHsp did not seem
to protect the cells against the killing effect of HyO5 either. On the other hand. all three
genes were down-regulated after cell treatment with HyO» (Fig. 3A). This decrease 1
genes transcripts could account for the higher sensitivity of D. bruxellensis cells to
H>O» (Fig. 2A). The HSP24 gene was down-regulated under ethanolic stress and up-
regulated under osmotic stress (Fig. 3A). In contrast, its orthologous gene i S.
cerevisiae was induced after exposure to 7% ethanol [1]. Over-expression of HSP2¢
gene by strong gene promoter seems to increase S. cerevisice cell viability after
ethanolic (10% ethanol) and osmotic (25% glucose) stresses [11]. The results suggest
that Hsp24p may be mvolved m response and tolerance to osmotic stress in D.
bruxellensis. On the other hand, HSPS2 gene was slightly up-regulated under ethanolic
stress and very much down-regulated under osmotic stress (Fig. 3A). This gene was also
induced at ethanol concentration of 11% during wine fermentation [13]. Its orthologous
HSPS2 1n S, cerevisine showed induction by ethanol at 6% [13] or 7% [1] and under
osmotic stress [16]. In S. cerevisiae large HS protems such as Hsp82. Hsp90, Hspl04
and Hspl50 were shown to be connected to cell resistance to ethanol [12]. Thus, 1t
suggests that Hsp82p could take part of the mechanism of tolerance to ethanolic stress

in both yeasts. The HSP22 gene was very much down-regulated under ethanolic stress
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and slightly down-regulated under osmotic stress compared to HSP24 gene (Fig. 3A).
Together. those results poimted that HSP22 gene may take part in the mechamism of cell
resistance to osmotic stress (Fig. 2A) in D, bruxellensis.

When the cells were grown aerobically in YPG medium. glycerol imposed strict
respiratory metabolism that lead to induction of adaptive response to oxidative stress
(Fig. 2C). In such condition. HSP2?4 gene showed up-regulation under all stressing
conditions tested (Fig. 3B). while HSP22 and HSPS2? displayed siumilar regulation
profile of that observed for glucose medmm. It indicates that Hsp24p may be more
produced when the yeast cells are grown under respiratory conditions, which leads to
increased tolerance to thermal and oxidative stresses (Figs. 1A and 2C).

Taking together the results on cell survival and genes expression, it 1s clear that
HSP22, HSP24 and HSPS?2 are only responsive to heat shock, and that thewr proteins are
not mmvolved m cell tolerance mechamism. Moreover, Hsp24p should participate
somehow 1n cell tolerance to oxidative stress, but it 1s not essential. while Hsp82p may
be mvolved m cell response and tolerance to ethanol linked to mamntenance of the

ntegrity of yeast cell wall m D. bruxellensis.
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Legend to figures

Figure 1. Cell survival of Dekkera bruxellensis (panel A) and Saccharomyces
cerevisiae (panel B) after 30 min exposure to 42°C (O), 44°C (O)and 46°C (). Cells

were grown 11 YP medium containing glucose (straight lines) or glycerol (dashed limes).

Figure 2. Cell swvival of Dekkera bruxellensis (®) and Saccharomyces cerevisiae (Q)
to 30 munutes treatments with different doses of KC1 (panel A). ethanol (panel B) or
hydrogen peroxide (panel C). Cells were pre-grown in YP medium confaining glucose

(straight lines) or glycerol (dashed lines).

Figure 3. Relative quantification of Dekkera bruvellensis genes HSP24 (open columns),
HSP22 (closed colummns) and HSPS2 (dotted colunms) after 15 nunutes exposure to heat
shock (44°C). HyO, (0.05 mM). ethanol (8%) or KC1 (0.4 M). Cells were pre-grown in

YP medium contaming glucose (panel A) or glycerol (panel B).

Table 1. Cell survivor to thermal and oxidative stresses after pre-treatments with sub-

lethal doses (LD»s) of heat. hydrogen peroxide or ethanol.

Pre-treatment Treatment
Agent Dose Tune 46°C for 15min 0.5 mM H>O» for 30 min
None 2.7% (=0.7) 29% (£3.3)
Heat 44°C 15 min <0.1% 35.8% (x0.25)
H,On 01mM 30 min 2.1% (=0.17) 94% (£3.6)
Ethanol 8% 30 min 3.9% (=0.25) 86% (=0.7)
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Table S1. Primers used for RT-qPCR of Dekkera bruxellensis genes.

Gene Primers
HSP24 HSP24-F
HSP24-R
HSP22 HSP22-F
HSP22-R
HSP82 HSPS2-BB-F

(5-3") Reference
GGCGCTGCCAAGGATAACT This work
CGTGCTTGGAATTTCACCTIC
AAATGGTCCTTTGCAGCACCT This work
CCAGCATTAGATGTGCACGAA
GAGGTTTTGTTCCTTIGTTGATCCTA Nardi et al (2010)

HSPS2-BB-R CCTTGGTCAATGGCTCAAACTC

¥N41  YNAIL-Db-F
YNAIL-Db-R
EFA4 EFA-Db-F
EFA-Db-R
EFB EFB-Db-F
EFB-Db-R
ACT1I  ACTI1-BB-F
ACTI-BB-R

TTTATATGGCGGGCATTGTA De Barros Pita et al
CCGTGAGCATTCAAGACATC (2011)
GGATGGTCAGACCAGACAGCA De Barros Pita et al
TGACGGCAACAATAAGCTGC (2011)
CATGGGATGACGAGACCGAT De Barros Pita et al
CACCAAACCGTCCATCTTGAT (2011)

GGTTATTGATAACGGTTCTGGTATGTG Nardi et al (2010)
TGACCCATACCGACCATGATAC

Table S2. Optunization of the reference temperature for

the analysis of the expression of heat shock genes HSP24

and HSP22 of Dekkera

bruxellensis.

Temperature (°C) Cq
HSP 24 HSP22
30 379 28.7
32 353 29.7
33 314 28.75
34 296 27.15
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Abstract

The yeastD. bruxellensis is considered very well adapted to the environmennhdustrial
alcoholic fermentation using different substratesBrazil, USA, Canada and Europe. Our
previous study described its fermentative profilesugarcane juice substrate. In the present
study, we extended its physiological evaluatiorsitmations fermentation using sugarcane
molasses as substrate. It confirmed the ineffigiewfcD. bruxellensis cells in assimilating
sucrose, which seems to be the main bottleneditsfoise as fermentative yeast. Furthermore,
cells of D. bruxellensis showed greatest deviation of sugar for biomass agdnic acids
compared toSaccharomyces cerevisiae. This is a particular concern in molasses by the
induction of acetate production, which was not obsg¢ when sugarcane juice was
fermented. It is noteworthy that this yeast do motumulate trehalose while glycogen
intracellular content was smaller th& cerevisiae. Therefore, the adaptive successDof
bruxellensis under industrial fermentation conditions seemselated to the production of
those reserve carbohydrates, which suggests tisasfghcies has another type of mechanism

that favors this success adaptive to the industnaironment.

Keywords. molasses, adaptation industrial, organic acidshoteydrate reserves, ethanol

fermentation
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I ntroduction

The alcoholic fermentation environment is endowedth wstressors, sometimes
environmental or resulting from the yeast metabolihat when they act synergistically,
particularly when there are cell recycle, causeatgre effect on cell viability and,
consequently, on fermentation yield (Dorta et &8l0& Bai et al. 2008; Basso et al. 2008).
The yeastD. bruxellensis has proven to be well suited to industrial ferraéoh processes
coming to ethanol yield similar to that &f cerevisiae in laboratory media and sugarcane
juice (De Souza Liberal et al. 2007; Pereira eR@lL2) and to higher biomass yield tHan
cerevisiae in these media (Pereira et al. 2012; Leite eR@1.2). The ability of this yeast to
adapt to industrial processes has been attribotéd tesistance to weak organic acids (Ciani
et al. 2003), the advantage in nutritional substentaining nitrate as nitrogen source (De
Barros Pita et al. 2011), tolerance to ethanolgderet al. 2009) and robustness to variation of
pH and temperature (Blomqvist et al. 2010). Thespilggical and metabolic causes of such
adaptation remain unclear. Despite its robustressdustrial conditionD. bruxellensis cells
are very sensitive to long periods of storage botatory medium (unpublished data) and its
growth rate is lower in laboratory medium thanndustrial medium such as sugarcane juice,
for example (De Barros Pita et al. 2011; Leitele2@12; Pereira et al 2012). In a recent study
we observed that cells Bf. bruxellensis GDB 248 industrial strain are less tolerant torrined
and oxidative stresses th&ncerevisiaie JP1 industrial strain (manuscript submitted). Thus
deeper metabolic analyses of this yeast are ratjunrerder to figure out the mechanisms
beyond such adaptation.

Yeast cells are subjected to stressful conditidnfenentation showed low levels of
glycogen reserve carbohydrates and trehalose. Way affect their survival in the

environment as elevated levels of these carbomgslrate important for yeast withstand the
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stress present in the industrial processes (Basab 8011). It is well established that the
intracellular content of glycogen and trehalosgeast cells varies significantly depending on
the growth conditions, the availability of nutrisnih the media and with the presence of
stress-inducing factors (Francois and Parrou 20@byeover, studies show the relationship
between the ethanolic stress and the mobilizatidhese carbohydrates, since situations may
occur during fermentation that decrease trehalasdgeat up to 60% (Pataro et al. 2002).
Likewise, increasing the intracellular content bfcggen during fermentation is related to the
adaptation and tolerance to ethanol (Mansure e19897; Dake et al. 2010). We recently
showed that in fermentation of sugarcane juice wehycle cellsD. bruxellensis low
efficiency have lower consumption of sucrose, lagg®iation biomass, same tolerance to
ethanol and same sensitivity to organic acids aspemed toS. cerevisiae (Pereira et al.
2012). In the present study, we evaluated the fetatien profile of D. bruxellensis in
fermentation assays with cell recycle using sugacaolasses as substrate, with an emphasis
on the analysis of intracellular content and mahtion of trehalose and glycogen, weaving a

parallel with this biochemical trait with yeastIcatiaptability to the industrial environment.

Material and Methods

Strains and growth conditions

Dekkera bruxellensis industrial strain GDB 248 an8accharomyces cerevisiae industrial

strain JP1, used as reference, were used in tisergravork (Pereira et al 2012). Cells were

maintained in YPD medium (1% yeast extract, 2% q@eptand 2% glucose). Solid medium

contained 2% agar.
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Fer mentative assays

Yeast cells were pre-grown in 5 mL YPD medium &Cor 48 h in rotatory shaker at 140
rpm, recovered by centrifugation (800 g for 20 ratrroom temperature) and suspended in
propagation molasses medium containing initial sugal0 g T (sucrose, glucose and
fructose expressed as hexose content) for propagafi the biomass at 30°C. Cells were
collected by centrifugation, the supernatant wasored at most and the wet sediment was
weighed. Cell suspensions were prepared in ferrtientmolasses medium containing initial
sugar at 86.7 g'to initial biomass concentration of 10% (wet weilgbl) in a total volume

of 40 ml. The cultures were transferred to 50 @kl for incubation for 24 h at 32°C without
agitation (first cycle). Afterwards, cells were leated by centrifugation, washed with sulfuric
acid solution at 1.56 mM (pH 2.5) for one hour aaesuspended as above in fermentation
molasses medium for a new batch of fermentatiocofs# cycle). This procedure was
repeated for three times for a total of five cyclasthe end of each cycle, yeast cells were
collected for viability determination after dyingtiv eosine by microscope inspection and the
supernantant was used for measurement of metababi@sumption and production. Single
batches experiments for 24 h were performed asegbaith the modification of initial

volume of 100 ml in order to allow sampling at gvevo hours.

M etabolite measur ements

Residual sugars, lactate, acetate and glycerol wdgtermined by ion Exchange
chromatography in Dionex DX-300 device equippedhwitarboPac PA-1 (4 x 250 mm)
column and pulse amperometric detector. Mobile @heas 100 mM NaOH at a constant flux

of 0.9 ml min* (Basso et al. 2008). Fermentation yields wereutaled as the metabolite
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produced by consumed sugar. Production of @& measured by the weight loss procedure
(Basilio et al. 2008)The intracellular content of glycogen and trehalasee determined at the
end of each fermentative cycle, as well along timetics experiments. After being collected,
yeast cells were submitted to 0.5M trichloroacatic treatment at 0°C for 20 min for extraction
of reserve carbohydrates. Trehalose was quantifi&onex DX-300 device (Basso et al. 2008)
while glycogen was determined according to Roch@elet al. (1984)All experiments were
performed in biological triplicates with two techal replicate. The results of each were
submitted to analysis of variance (ANOVA) and tiverages were compared by Tukey test
(p<0.05). Only averages were plotted in graphics avetame + standad deviation were

presented in Tables.

Resaults

Sugar cane molasses fer mentation with cell recycling

Cell viability over the recycles fermentation waalctlated to be 96% and 98% for.
bruxellensis andS. cerevisiae, respectively (Fig. 1a) and the cell populatiors\weapt constant
at the end of each fermentation cycle for both tgedBig. 1b). The final pH of the
fermentation was higher in cultures®fcerevisiae (5.06 + <0.01) tharD. bruxellensis (4.8 =
0.02). The mass balance over the recycles waslasduas 99% (+ 0.03) and 94% (£ <0.01)
for D. bruxellensis and S. cerevisiae, respectively, distributed as follows accordingthe
consumption of sugars and production of metabo#tes biomass. Biomass yield 4y of D.
bruxellensis cultures (0.05 + <0.01) was greater tHarcerevisiae cultures (0.02 = <0.01)
(Fig. 2a), whereas the yield of organic acids deetacetate) was similar for the two yeasts

(0.04 = <0.01) foD. bruxellensis and 0.05 +> 0.01 fo®. cerevisiae). For the production of
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those acids, no difference in the final concerdratf lactic acid between the two yeasts,
while the cultures obD. bruxellensis showed almost three times higher acetate produttian
S cerevisiae (Table 1). The residual concentration of glucase fauctose were low for both
yeasts (Table 1). In contrast, only 36% of theiahucrose was consumed on average over
the recycles fermentation I bruxellensis cells, whereas the cells Sfcerevisiae consumed
almost all of sucrose at the end of each fermemntatycle (Table 1). As consequence, both
production of ethanol and G@vere lower in cultures dd. bruxellensis than in cultures o8
cerevisiae (Table 1). Nevertheless, ethanol yield (Fig. 2bwyas similar for both yeasts (0.45
997

Regarding reserve carbohydrates, trehalose coutd beodetected in cells obD.
bruxellensis after each recycle fermentation, while cellsSo€erevisiae showed values up to
17% of this metabolite corresponding to cell dryigh€ with average 13.34% (+ 0.26) over
the cycles. The average intracellular glycogen eminivas lower inD. bruxellensis cells
(0.24% + 3.6) than is. cerevisise (5.11% = 0.48) over the recycles (Table 1). Theseilts
show the difference in the intracellular contenttlod carbohydrate reserves between both
yeasts. Under aerobic cultivation in YPD mediumnmeasureable trehalose was observed in
D. bruxellensis cells, while lower glycogen content was measuneithis yeast compared &

cerevisiae (unpublished data). Therefore, this seems torbetabolic trait of this yeast.
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Figure 1. Cell viability (A) and cell count (B) ofaccharomyces cerevisiae JP1 strain (gray
columns) andDekkera bruxellensis GDB248 (black columns) at the end of fermentation

cycles in molasses medium.

Table 1. Metabolites at the end of three recycling stagjdermentation (C1, C3 and C5) of

pure cultures o8 cerevisiae andD. bruxellensis in molasses

M etabolite S. cerevisiae JP1 D. bruxellensis

€1 Cc3 G5 (O A O I &

(Sucrose consumed (@)I 86,3 86,6 86,1 43,82 31,43 32,35

Residual glucose (g 019 045 0.43 0.29 0.1 0,29
Residual fructose (g' 0,1 0.15 0.14 0.3 0.49 0.31
Glycerol (g 1” 33 35 39 1.4 1.2 1.2

Acetate (g1 042 058 05 1.4 1.4 1.5

Lactic acid (g 0.61 064 0.68 0.97 0.83 0.97
Glycogen (%) 3.9 6.3 6.6 3.2 4.5 4.2
Trehalose (%) 13.2 16.8 133 0.0 0.0 0.0
Ethanol (%v/v) 745 845 8.28 471 473 438

Cco2 (g™ 1.97 223 218 1.15 1.10  1.19
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Figure 2. Yields for biomass (A) and ethanol (B)Satcharomyces cerevisiae JP1 strain
(gray columns) an®ekkera bruxellensis GDB248 (black columns) at the end of fermentation

cycles in molasses medium.

Fer mentation kinetics of sugar cane molasses fer mentation

The dynamic behavior of the yeast physiology waalyaed in single batch experiments.
Slower sucrose consumption was observedfdruxellensis along the 24 h of fermentation
compared toS cerevisiae (Fig. 3a), while glucose and fructose have been ptetely
consumed within 6 and 4 hours of fermentation, @espely for both yeasts (Fig. 3bc). The
initial accumulation of glucose and fructose in thedium in cultures o8 cerevisiae (Fig.
3bc) might be explained by the action of extradatlinvertase, while this enzyme is almost
exclusively intracellular iD. bruxellensis (Leite et al. 2012). Glycerol production by ceifs
D. bruxellensis was very low when compared 8 cerevisiae (Fig. 4a). The production of
organic acids was detected in both yeasts, wittate@roduction being more relevantDn
bruxellensis cultures (Fig. 4b), while the lactic acid prodoatibeing similar in both yeasts

(Fig. 4c).
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It was not detected the presence of trehalose enctils of D. bruxellensis during
fermentation, whereas this metabolite has accoufttedbout 11% of the cell mass &f
cerevisiae at the end of fermentation (Fig. 5) On the othemd) glycogen accumulation was
observed forD. bruxellensis cells throughout the fermentation, although smailean S
cerevisae (Fig. 5). The intracellular content of glycogeracked 10% irfs. cerevisiae and

only 4% inD. bruxellensis (Fig. 5).
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Figure 5. Kinetics of intracellular reserve carbohydratdélese (straight lines) and glycogen
(dotted lines) accumulation in the cellsSaiccharomyces cerevisiae JP1 strain (open circles)
and Dekkera bruxellensis GDB248 (closed circles) within a fermentation cyirlemolasses

medium.

Discussion

The yeastD. bruxellensis has been regarded as well suited to industriahdatation

processes due to its persistence in the fermentttitks even when it is not used as inoculant

(De Souza Liberal et al. 2007; Passoth et al. 2B@gijlio et al. 2008; Pereira et al. 2012; De
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Souza Barros et al. 2012). Although there are fata @n the characteristics that confer this
adaptability, it is accepted that this trait mayrbkated to greater tolerance for various forms
of stress process (Rozpedowska et al. 2011). Theepses for producing ethanol from
sugarcane substrates are characterized by a swcce$sionSaccharomyces yeasts (Silva-
Filho et al. 2005; Basilio et al. 2008; Basso et 28108) and the yeadd. bruxellensis
presented greater growth th&ncerevisiae and thus greater efficiency in sugar conversion to
biomass in sugarcane juice medium (Pereira et(dl22 Similarly, it was observed in the
present work greater tendency for biomass produdiiothis yeast also in molasses medium
(Fig. 2a). Current data has shown tBatoruxellensis is capable of achieving ethanol yields
close toS. cerevisiae (De Souza Liberal et al. 2007; Blomqgvist et all@0De Barros Pita et
al. 2011), and it may be in situations with consontof lactic acid bacteria considered a good
ethanol producer (Passoth et al. 2007; De Souz@a®8at al. 2012). However, it is currently
reported that high ethanol yields were observed after long periods of fermentation (De
Souza Liberal et al. 2007; Blomgvist et al. 201IDifferently to the short-term fermentation
experiments performed in sugarcane juice (Pergi@.e2012), in the present work it was
observed ethanol yield similar ® cerevisiae after long-term 24 h molasses fermentation
(Fig. 2c; Table 1). Nevertheless, the most promir@nblem still regarding to the lower
productivity of this yeast with high residual sudgit in the process.

This low productivity is due to the inefficiency sficrose assimilation Hy. bruxellensis
when compared t8. cerevisiae both during fermentation of grape must (Renoudle2006),
laboratory medium (Basilio et al 2008) and sugaecprnce (Pereira et al. 2012) as well as
sugarcane molasses (Fig. 3a). One possible exman&r this phenomenon is the
intracellular metabolism of sucrose that require®iy efficient system of transporting sugar
(Leite et al. 2012)Dekkera bruxellensis showed inefficiency in the assimilation of glucose

and fructose during fermentation of grape juicengure cultures (Renouf et al. 2006) or
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sugarcane juice using cultures mixed w&hcerevisiae cells (Pereira et al. 2012). On the
other hand, glucose and fructose assimilation washe range of that observed f&r
cerevisiae (Fig. 3bc). It led to the conclusion that physicheémical characteristics of the
molasses are very stimulatory of the fermentatiwtafolism from hexoses. Therefore, the
metabolic problem of low productivity seems resétc to the inefficiency of sucrose
assimilation and breakdown.

Under anaerobic conditions little or no productadrglycerol is accomplished by cells of
D. bruxellensis (Blomqvist et al. 2010; Pereira et al. 2012) coradato already well
described glycerol production I8/ cerevisiae during fermentation. This effect is regarded to
the low capability oD. bruxellensis to restore the redox balance through the produaifon
reduced metabolites such as glycerol (Wijsman .e1@84). Furthermore, and unlike what
happens irt. cerevisiae, the yeasD. bruxellensis produces much acetic acid under aerobic
conditions (Leite et al. 2012) and very little a@ amount under anaerobic environments or
oxygen-limited condition (Uscanha et al. 2003; Raret al. 2011). In the present work we
found glycerol in the cultures @. bruxellensis, although about three times lower tharsin
cerevisiae (Table 1). It is known for long date tHaekkera yeasts require a supply of oxygen
to stimulate fermentation, a phenomenon known asteCeffect that could be abolished by
the presence of oxygen or an electron acceptoraltetoin (Van Dijken and Scheffers 1984).
De Barros Pita (2011) suggested that the nitrathh@énsugarcane juice can be an ultimate
electron acceptor, removing this effect and inagrepsproduction of ethanol byD.
bruxellensis. Similarly, we suggest that some component of ssala could induce the
production of acetic acid by the cells Df bruxellensis even in anaerobiosis (Table 1; Fig.
4b), which does not occur in the sugarcane juiceiune (Pereira et al. 2012).

Trehalose and glycogen are important intracellalmbohydrate reserves that maintain

carbon and energy sources as well as play an ianordle in cell protection under stress
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(Francois and Parrou 2001). The lack of trehalos¢éhée interior ofD. bruxellensis cells,
together with the low glycogen content, point te fact that increase in biomass yield should
be related to high metabolic flux towards aminaladiosynthesis in this yeast. If it comes to
be true, the production &. bruxellensis cell biomass as a source of single cell proteiy ma
be economically advantageous as compar&iderevisiae (Leite et al. 2012).

Another important biological function of those aalnlydrates is their participation in cell
viability and longevity. During the alcoholic fermt@ation processes various stresses can
affect the viability of yeast cells (Graves et 2007). Elevated levels of carbohydrate make
the cells supporting the acid wash imposed by im@lgprocesses and become them more
tolerant industrial conditions (Basso et al. 201Mehalose is a metabolite of paramount
importance to the tolerance of yeast to face diffesituations of stress associated with the
plasma membrane while maintaining its integrity (i et al. 2006; Elsztein et al. 2008).
This metabolite seems to be also involved in ethatress tolerance (Mansure et al. 1997).
There was no detectable accumulation of trehalgse.tbruxellensis cells in the course of
fermentation (Fig. 5) or along the fermentationlegq Table 1). Additionally, the absence of
this metabolite does not appear to affect cell iitskduring fermentation in which ethanol
accumulates in the medium (Fig. 1a), neither taoig acids (Pereira et al. 2012). Besides,
accumulation of trehalose is involved in acquisitiof thermotolerance irs cerevisiae
(Virgilio et al. 1994). Our recent results showttBa bruxellensis is more sensitive to heat
stress tharf. cerevisiae (manuscript submitted). Together, these findinigsws that inD.
bruxellensis tolerance to heat and ethanolic stresses areomoiected to the accumulation in
intracellular trehalose.

The intracellular content of glycogen in the calfsD. bruxellensis was one third of
that observed fo®. cerevisiae at the end of fermentation cycle in molasses (Tableig. 5).

This metabolite is considered the major reserveneirgy inSaccharomcyes cerevisiae (Dake
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et al. 2010) and seems to be also involved in akexrance to ethanol (Francois and Parrou
2001). Thus, similar to trehalose, glycogen mighttlme involved irD. bruxellensis tolerance

to ethanol or to organic acid (Pereira et al. 201®)y to thermal or oxidative stresses
(manuscript submitted).

In conclusion it seems that fermentation in sugagcanolasses presents some
particularities when comparing to sugarcane juilce,most relevant being the stimulation of
acetate production even in anaerobiosis. It might rbgarded to the differences in
mineral/chemical composition differences betweess¢hsubstrates. In both cases, sucrose
assimilation seems the major problem for completibfermentation in reasonable period of
industrial processes, without leaving high residuajar. And lastly, the lack of trehalose and
the low content of glycogen inside the yeast amlés/ be not related neither to the success of
D. bruxellensis adaptation nor to the eventual failure in its setiént to industrial production
plants. But may support the suggestion thabruxellensis is very effective for single cell

protein production.
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3 CONCLUSAO

- Em fermentacdes com reciclo celular as céluladDdéruxellensis mostram-se menos

eficiente na hidrolise da sacarose do que as séligld cerevisiae.

- As células d®. bruxellensis produzem menor quantidade de acidos organicossr&esndo
assim, em condi¢cbes fermentativas ndo ha qualgelecdo entre producdo de &cidos
organicos fracos e queda de viabilidade celul&. derevisiae.

- As células deD. bruxellensis exibem perfil similar de tolerancia ao etanol qi@n
comparado &. cerevisaie 0 que invalida a possibilidade de eliminacdoDikkera dos

processos industriais por fermentacdes com altwegealcodlicos.

- As sequéncias dos contigs 959 e 1728 do bancdades gendmico da leveduba
bruxellenis referem-se aos genes HSP22 e HSP24 codificantgsotieinas de baixo peso

molecular (sHsP) pertencentes a super familia HSP23

- Os genes HSP22, HSP24 e HSP82 sdo apenas reggoasi choque térmico e que suas
proteinas ndo estdo envolvidas no mecanismo déacla celular. Embora, Hsp24p deva
participar na tolerancia da célula de alguma focordra o estresse oxidativo.

- Os ensaios de sensibilidade das célulab.daruxellensis (glicose) a diferentes agentes de
estresse mostram que as mesmas Sa0 mais senei/estr@sses oxidativo e térmico do que

S cerevisiae mais exibem perfil similar de tolerancia ao etamebktresse osmaotico.

- Os cultivos em glicerol promovem a tolerancia dékilasD. bruxellensis ao tratamento
térmico (44°C) e oxidativo (}0,) indicando que a inducdo do metabolismo respimtor
protege as células contra a queda de viabilidadegies agentes.

- A células deD. bruxellensis apresenta um mecanismo de adaptacdo celular eessest
oxidativo quando pré induzida por dosagens subldmetanol (8%) e (#D,) resultando em

aumento de viabilidade celular;

- Nas fermentacbes com reciclo celular utilizandme substrato o melaco as célulaside

bruxellensis mostram rendimentos em etanol similares a8. derevisiae.

- As células deD. bruxellensis ndo sintetizam trealose em condi¢cdes fermentatvasu

conteudo de glicogénio (4%) € inferior (4%) ao disteo nas células & cerevisiae (10%).
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- Os resultados obtidos neste trabalho contribufszara uma melhor compreensédo acerca do
sucesso adaptativo das célulasDiebruxellensis aos ambientes de fermentacdo alcoolica
industrial aléem de, favorecer os estudos na bueaatilizacdo desta espécie como potencial

produtora de etanol.
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