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RESUMO

A crescente necessidade da substituicdo de fontes de energia derivadas do petrdleo
por fontes renovaveis de energia impulsionou pesquisas em todo o mundo. O etanol se
enquadra fortemente como candidato para substituir combustiveis como, por exemplo, a
gasolina. A producdo de etanol brasileiro ocorre pela fermentacdo de agucares proveniente
do caldo de cana, realizada por leveduras, fundamentalmente da espécie Saccharomyces
cerevisiae. No processo fermentativo para a producdo de etanol combustivel no Brasil, a
separacdo das leveduras apos o esgotamento do agucar € realizado por centrifugas de alta
capacidade, o que torna o sistema complexo e dispendioso. Neste trabalho, linhagens de
leveduras de laboratorio e industriais foram transformadas por engenharia genética de
modo que as leveduras reconhecessem o esgotamento da glicose do meio separando-se
naturalmente e rapidamente. Para isso, plasmideos e posteriormente, cassetes integrativos,
foram construidos utilizando-se promotores, sensiveis a presenca de glicose no meio,
regulando a expressao de genes da floculacao. Estes promovem a formacgdo de agregados
celulares que se separam do meio por decantagdo. Além disso, esta relatado na literatura
que mutantes respiratorios produzem uma maior quantidade de etanol. Entdo foi feita a
delecdo, em leveduras industriais, do gene PET191, cujo produto participa na montagem do
citocromo c¢, que por sua vez ¢ essencial para o funcionamento da cadeia respiratoria nestes
microorganismos. As leveduras deletadas apresentaram um aumento no rendimento da
producdo de etanol; na linhagem industrial JAY292, esse aumento foi de 4%. Isto pode
refletir ao final de um ano, um aumento de 980 milhdes de litros. Os resultados obtidos
contribuem para o desenvolvimento tecnoldgico e industrial desta area estratégica para o

pais.



ABSTRACT

The increased need for replacing energy sources from fossil oil to renewable sources
has prompted research initiatives throughout the world. Bioethanol is a highly competitive
candidate to replace fuels such as gasoline. The production of Brazilian ethanol occurs by
the fermentation of sugars from sugar cane juice by the yeast Saccharomyces cerevisiae.
The industrial fermentation process used to produce ethanol fuel in Brazil includes a
separation step by high-capacity centrifugation of the yeast cells after the exhaustion of the
sugar, which makes the system complex and costly. In this work, laboratory and industrial
yeast strains were transformed by genetic engineering techniques so that they are able to
recognize the depletion of glucose from the medium and quickly separate by sedimentation,
without the need of centrifugation. In order to reach this goal, plasmids and integrative
cassettes were constructed using promoters sensitive to the presence of glucose in the
environment regulating the expression of the genes that control flocculation. This genetic
device promotes the formation of cellular aggregates that are separated from the medium by
sedimentation only when glucose is depleted. Furthermore, it is reported in the literature
that respiratory mutants produce a higher quantity of ethanol. Consequently, the PET191
gene was deleted in an industrial yeast strain; the gene product pet/91 participates in the
assembly of cytochome c, which is an essential component of the respiratory chain in these
microorganisms. The deleted industrial strain JAY292 showed an increased production of
ethanol by 4%. This percentage can be translated in an increase of more than 980 million
liters of ethanol produced per year. These results are of great technological and industrial

importance, and may contribute to the development of this strategic area for the country.



REVISAO BIBLIOGRAFICA

1. Aquecimento global e fontes alternativas de energia
O aquecimento global é o aumento da temperatura média da superficie terrestre
provocado principalmente pelo efeito estufa. Desde o inicio do século 19, a temperatura
aumentou cerca de 0,4 a 0,8 °C. A estimativa, que preocupa cientistas de todo o mundo, ¢
que até 2100 a temperatura tenha um aumento de 1,4 a 5,8 °C, (Mastrandrea & Stephen,

2005).

Os maiores responsaveis pelo aumento do efeito estufa na Terra sdo as atividades
humanas, principalmente o desmatamento e a queima de combustiveis fosseis (provocada
por veiculos automotores e industrias). O excesso de gases que sdo liberados na atmosfera,
principalmente o diéxido de carbono (CO,), potencializam a acdo do efeito estufa. Uma
opc¢do para minimizar isso ¢ a substituicdo de combustiveis fosseis por outras fontes de

energia (Goldemberg et al., 2008).

A busca por energia alternativa renovavel e menos poluente, visando substituir
combustiveis derivados do petroleo, tem sido tema de discussdes e pesquisas em todo o

mundo (Farrell et al., 2006).

Em 1997, durante uma reunido realizada no Japao, com a presenca de delegagdes de
mais de 160 paises, foi estabelecido um acordo, conhecido como Protocolo de Kyoto. O
objetivo foi a restricdo da emissdo de CO; e outros 5 gases responsaveis pelo efeito estufa.
A meta estabelecida ¢ a reducdo, até 2012, a niveis 5% inferiores aos de 1990,
principalmente pela substituicdo de combustiveis fosseis por fontes alternativas de energia

(Mastrandrea & Stephen, 2005).

Uma nova reunido serd realizada em Copenhagen no final de 2009, a Conferéncia
das Nagdes Unidas sobre Mudangas Climaticas (COP15). O governo dinamarqués tem uma
proposta ambiciosa de estabelecer um acordo global incorporando todos os paises do
mundo. Serdo estabelecidas as metas de reducdo de emissdes de gases para as proximas
décadas, reforcando as estabelecidas no protocolo de Kyoto e ainda lembrando o fato de

que combustiveis fosseis ndo sdo apenas poluentes, mas fontes que de esgotam a cada ano



(http://en.copl5.dk/abouttcopl5). Estima-se que o petrdleo se esgote nos proximos 50

anos, o gas natural em 65 anos e o carvao em 200 anos (Branduardi et al., 2008).

Nos ultimos anos, aumentaram os investimentos das nagdes em pesquisas € no
desenvolvimento de novas tecnologias para a obtencdo de fontes alternativas e renovaveis
de energia, como por exemplo: bioetanol, biodiesel, 1-butanol, biogis. Além disso,
microorganismos estdo sendo estudados, de forma que eles utilizem a biomassa para

sintetizar compostos que substituam produtos derivados de petroleo (Figura 1) (Rojo,

2008).
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Referéncia: Adaptado de Rojo (2008).

FIGURA 1: Biocombustiveis gerados por microorganismos. A queima de combustiveis fosseis
libera CO, na atmosfera, contribuindo para o aumento da concentragdo desse gas gerando o
aquecimento global (linhas pontilhadas). Parte desse gas pode ser fixada pelas plantas ou por
microorganismos fotossintéticos (linhas tracejadas). Alguns microorganismos utilizam o CO, ou
biomassa como fonte de carbono produzindo componentes que podem ser utilizados como
combustivel (linhas continuas).

O desenvolvimento de biocombustiveis derivados de biomassa requer integragdo de
conhecimentos de biologia, quimica e engenharia. E o mais importante para a industria ¢é
que esses novos combustiveis apresentem caracteristicas como: (1) ser relativamente barato
- a molécula deve ter alta razdo energia/massa; (2) ser altamente combustivel, mas nao
explosivo; (3) ser estavel sob longos periodos de armazenamento e (4) ser liquido e

transportavel (Wackett, 2008).



Atualmente, o biocombustivel mais utilizado e produzido em grande escala ¢ o
etanol. O uso do etanol como combustivel no lugar de derivados do petrdleo diminui
significativamente a taxa de emissdo de monoxido de carbono (CO), hidrocarbonetos e

enxofre na atmosfera, sendo, portanto menos toxico (Goldemberg, 2008).

O Brasil ¢ o segundo maior produtor mundial de etanol, sendo superado apenas
pelos EUA, e juntos representam aproximadamente 90% da produgdo mundial

(http://www.ethanolrfa.org/industry/statistics/).

O etanol brasileiro ¢ produzido pela fermentagdao dos agucares presentes na cana-de-
aclcar enquanto que o americano ¢ produzido pela fermentagdo de acucares (amido -
previamente hidrolisado enzimaticamente) do milho. Ha claras vantagens na producdo de

etanol a partir do caldo de cana, como pode ser visto na tabela 1.

TABELA 1: Comparagio da produgdo de etanol no Brasil ¢ nos EUA (Sanchez & Cardona, 2008).

Brasil EUA
Matéria Prima Cana-de-agucar Milho
Produtividade (ton/ha) 70 - 123 6-10
Custo da matéria prima 0,010 0,076
(US$/Kg)
Rendimento etanol (L/ton) 70 370
Rendimento anual etanol 5345 - 9381 6600
(L/ha ano)
Balango Energético (razao 8,0 1,34 -1,53
saida/entrada de energia)
Custos de producao* 14,48 39,47
Subsidio governo* 0 7,93
Venda subprodutos* 0 6,71
Custo liquido da producao* 14,48 24,83

* Referéncia: (Goldemberg, 2008). Valores (€/1000L).

O rendimento de etanol (L/ton) proveniente do milho ¢ maior do que a cana-de-
acucar pelo fato de que ha uma grande quantidade de agucares fermentaveis (glicose) que ¢
liberada do material com amido original. Entretanto, a competitividade do etanol de cana

do Brasil pode ser demonstrada pelo balanco energético que ¢ aproximadamente 6 vezes



maior que no etanol de milho. O balango energético ¢ definido como a razao entre a energia
contida em um determinado volume de etanol dividido pela energia fossil gasta para sua
produgdo (uso de fertilizantes, pesticidas, oleo diesel gasto na colheita mecanizada e o
transporte de matéria-prima para os locais de processamento). Além disso, o custo de
producdo de etanol no Brasil ¢ 2,7 vezes menor que nos EUA (Tabelal) (Goldemberg,

2008; Sanchez & Cardona, 2008).

O Brasil ¢ um dos maiores produtores de cana-de-agucar e alcool do mundo, e esse
setor canavieiro, além de estar se transformando no negdécio mais produtivo da
agroindustria brasileira, ¢ responsavel por mais de 1 milhdo de trabalhos diretos (Pessoa-Jr
et al., 2005). O pioneirismo no setor alcooleiro se iniciou em meados da década de 70, apds
o primeiro choque do petréleo com a implantagao do Prodlcool, programa de incentivo a
producdo de alcool visando o atendimento das necessidades do mercado interno e externo e

da politica de combustiveis automotivos (Goldemberg et al., 2008).

Atualmente ha em operacao no Brasil cerca de 330 usinas, processando 425 milhdes
de toneladas de cana-de-agucar por ano, sendo que aproximadamente metade ¢ utilizada
para a producdo de agucar e metade para a produgdo de etanol. A area utilizada para o
cultivo de cana ocupa menos de 10% da area cultivavel do pais. O Programa do etanol no
Brasil estd muito bem estabelecido e tem substituido 1,5% da gasolina utilizada no mundo.
A estimativa ¢ que nos proximos 15 - 20 anos seja possivel substituir mais de 10% da

gasolina mundial (Goldemberg, 2008).

Apesar da supremacia brasileira no mercado de dalcool, algumas deficiéncias
precisam ser superadas, como a falta de investimentos em ciéncia e tecnologia ¢ infra-
estrutura. Esses investimentos sdo importantes para conseguir manter a qualidade e os
custos competitivos (Salomdo & Onaga, 2006). Além disso, a biorefinaria (local do
processamento de biomassa), ndo ¢ local para a fabricagdao de apenas um ou dois produtos,
mas uma ampla gama de produtos de maior valor agregado. E isso ainda ¢ deficiente na

industria canavieira (Cortez et al., 2008).

Recentemente, o governo americano decidiu investir na expansdo da produgdo de

etanol no mundo sendo o Brasil o principal foco neste acordo. Expectativas sdo de que a



producdo nacional de etanol aumente de 17,4 bilhdes de litros produzidos em 2006 para

35,4 bilhoes de litros até 2012 (Jank, 2007).

2. Producao de etanol no Brasil
A obtencdo do etanol se da principalmente pela via fermentativa (Wheals et al.,
1999), sendo que este € um processo utilizado ha séculos para a produgdo de bebidas, tais
como vinhos e cervejas (Stratford, 1996b). O que torna a fermentagdo a forma mais
importante de obtengdo de etanol ¢ a grande quantidade de matérias-primas naturais
existentes em todo o pais, sendo que a cana de agucar €, sem duvida, a mais importante

(Lima et al., 1975).

Para uma producao industrial de etanol vidvel, o processo de fermentagcdo deve ser
extremamente robusto e pouco afetado por pequenas alteragdes da matéria prima, além da

minimizagdo dos custos que podem ser obtidos pela (Goldemberg et al., 2008):
- obtencdo do maximo rendimento de etanol;

- minimizag¢ao na sintese de outros produtos (glicerol, acido lactico);

- minimizag¢ao do tempo de fermentacao;

- baixa contaminagdo bacteriana (a¢des preventivas, como por exemplo, tratamento acido

do fermento);

- manutenc¢ao da alta viabilidade do fermento (70% - 80%);

- minimizag¢ao de produtos quimicos (acidos, antibidticos, antiespumante);
- minimiza¢ao dos gastos com manutencao (limpeza, vazamentos);

- minimizagdo de gastos de energia e agua;

- automatizagdo das operacdes manuais (temperatura, brix, pH).

O processo fermentativo de producdo industrial de etanol brasileiro (Figura 2)
ocorre em dornas nas quais sdo adicionadas a mistura de mosto (caldo de cana-de-agucar ou
melagco de cana diluido ou a mistura dos dois) e as leveduras. Apos o término da
fermentagdo, todo o conteudo ¢ transferido para centrifugas. O vinho, fermentado de cana
sem as leveduras, segue para as torres de destilacdo, onde se recupera o etanol e o leite de

levedura, nome dado ao caldo de leveduras que sai da centrifugacdo, passa por um



tratamento com acido sulfurico e retorna novamente a dorna, na qual sera adicionada uma
nova carga de mosto para um novo ciclo fermentativo (Wheals et al., 1999; Meleiro &
Maciel, 2000). Cerca de 90% das leveduras sdo reaproveitadas de uma fermentacdo para
outra e esse processo de reciclo permanece durante todo o periodo da safra que compreende
200 a 250 dias, ocorrendo entre dois a trés ciclos fermentativos por dia (Meleiro & Maciel,
2000; Basso et al., 2008). Além disso, todo o residuo gerado na usina ¢ reaproveitado. As
leveduras, por exemplo, sdo utilizadas como ragdo animal apés o periodo da safra; e o
bagaco da cana-de-aglicar ¢ queimado para geragdo de energia, que ¢ suficiente para suprir

as necessidades de toda usina, e o excedente ¢ encaminhado para ser vendido.
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FIGURA 2: Esquema do processo, tipo batelada, de producdo de etanol no Brasil. Importante
destacar também, o reciclo das leveduras que ocorre durante toda a safra de cana-de-agucar e o
reaproveitamento do bagaco para a producdo de energia.

Na produgdo de bebidas, como por exemplo, o vinho, os agiicares fermentados sdo a
frutose e a glicose, obtida do suco de uva (mosto). Este suco ¢ transferido para tanques de
fermentagdo onde recebem as leveduras. Depois de estabelecido o término da fermentagao,
ndo ha etapa de centrifugacio. E necessario esperar que a levedura decante naturalmente e

posteriormente ela ¢€ retirada do tanque podendo ser utilizada na producdo de ragdo animal



ou adubo. Tempos muito longos de decantacdo levam ao rompimento das paredes celulares
das leveduras que ainda estiverem em suspensdo, liberando compostos secunddrios no
meio, alterando o sabor e a qualidade do vinho. Separada a borra, o vinho ¢ enviado para o
processo de clarificagdo através de uma série de filtragdes, sendo posteriormente

engarrafado e envelhecido (Martinelli, 1983).

Na produgdo de etanol e bebidas fermentadas (vinhos e cervejas), um fendomeno
conhecido como floculacao das leveduras desempenha um importante papel, pois acelera a
separacdo das leveduras do meio fermentado. Esse ¢ um processo de formacdo de
agregados multicelulares, reversivel (os agregados ndo sdo permanentes) e dependente de
calcio. Os agregados celulares formados podem se separar do meio de cultura por
sedimentacao, quando elas vao para o fundo da dorna, ou flotagdo, quando o agregado

acumula ar levando as células a superficie (Stratford, 1996b; Stan & Despa, 2000).

3. Processo fermentativo
Os microorganismos mais comumente usados na fermenta¢do alcodlica sdo as

leveduras, fundamentalmente a espécie Saccharomyces cerevisiae.

Bioquimicamente, a fermentacdo ¢ a oxidagdo incompleta do actcar, gerando como
subproduto um composto organico oxidavel. Considerando-se o processamento da cana
pela levedura, inicialmente a sacarose, que ¢ o seu agucar de reserva, sofre hidrdlise pela
enzima invertase (SUC2) sendo convertida em glicose e frutose. Ambas entram na via
glicolitica e, através de uma seqiiéncia de reagdes, sdo convertidas a piruvato. Este
primeiramente ¢ descarboxilado pela enzima piruvato descarboxilase (PDCI, 5, 6),
formando acetaldeido e liberando CO,. Posteriormente o acetaldeido é reduzido a etanol,
sendo essa reagdo catalisada pela alcool desidrogenase 1 (ADHI). O esgotamento da
glicose ativa, nas leveduras, a transcri¢do do gene da alcool desidrogenase 2 (ADH2). A
enzima Adh2 oxida o etanol a acetaldeido, o qual posteriormente ¢ convertido a acetato,

passando entdo para as etapas posteriores do ciclo de Krebs (Devlin, 1997) (Figura 3).
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FIGURA 3: Esquema das reagdes de fermentagdo e respiragdo. As setas pontilhadas
indicam a via que ¢ ativada quando a glicose ¢ totalmente consumida (oxidagao etanol). PDCI, 5, 6:
piruvato descarboxilase; PDAI, PDBI, PDXI1, LPDI1, LATI: enzimas que fazem parte do complexo
da piruvato desidrogenase; ALDG6: aldeido desidrogenase; ACS1: acetil CoA sintetase; ADHI: alcool
desidrogenase 1; ADH?2: alcool desidrogenase 2.

O ADH?2 ¢ um gene muito bem estudado, cujo promotor ¢ reprimido centenas de
vezes na presenca de glicose e € dereprimido na auséncia de glicose (Price et al., 1990). O
gene ADRI foi originalmente identificado em S. cerevisiae como regulador positivo do
gene ADH?2 e apresenta sua transcri¢ao inibida na presenca de glicose (Ciriacy, 1979; Denis
& Young, 1983). A auséncia ou a baixa ligacdo desse ativador transcricional (Adrl) ao
promotor do gene ADH?2 faz com que a expressdo deste seja minima. Quando a glicose se
esgota, o nivel de Adrl aumenta, se ligando ao promotor do gene ADH2, iniciando a

transcricdo (Lee & DaSilva, 2005).

As leveduras quando sdo inoculadas em meio rico em agucar, preferencialmente,
seguem a via fermentativa produzindo etanol. Quando os aglcares fermentdveis se
esgotam, as leveduras comeg¢am a consumir o etanol como fonte de carbono para o
crescimento aerdbico. Essa mudanga de crescimento anaerdbico para respiracdo aerobica
devido ao esgotamento da glicose, referida como diauxic shift (Figura 4), ¢ correlacionada

com alteracdes na expressdo de genes envolvidos em processos celulares fundamentais
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como metabolismo de carbono, sintese de proteinas e armazenamento de carboidratos

(DeRisi et al., 1997).

O diauxic shift € um ponto importante que deve ser considerado durante o processo
fermentativo industrial. Apos o término da fermentacdo (esgotamento da glicose), o ideal
seria que o fermento (leveduras) seja separado imediatamente do meio para evitar que as

células comecem a consumir o etanol, o que acarretaria em perdas de rendimento.
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Referéncia: (Otterstedt et al., 2004)

FIGURA 4: Grafico mostrando a curva de consumo de glicose (linha com circulos) e etanol
produzido (linha com os tridngulos) pelas leveduras. Em 15 horas ¢ ponto em que ocorre o Diauxic
Shift, ou seja, a transi¢do fermentagdo/respiracdo. Depois desse tempo o etanol comega a ser
consumido.

4. A levedura
Saccharomyces cerevisiae ¢ um fungo leveduriforme, unicelular, tipicamente
esférico ou oval, ndo filamentoso, pertencente ao filo Ascomycota. Possui reproducdo
assexuada, por brotamento, e reprodugdo sexuada (Tortora et al., 2002). Na reproducao
sexuada, o cruzamento ocorre somente entre individuos de tipos sexuais diferentes (mating

type a ou ) (Figura 5).

S. cerevisiae foi o primeiro organismo eucarionte a ter o seu genoma totalmente
seqlienciado (Goffeau et al., 1996). Possui inimeros bancos de dados onde ¢ possivel obter
informagdes sobre seus genes e produtos (www.yeastgenome.org). E considerado o
organismo modelo entre os eucariotos por apresentar mecanismos celulares altamente
conservados. Por esse motivo ha uma série de estudos sobre processos biologicos como
envelhecimento e ciclo celular, estudos de doengas humanas como o cancer, e ¢ usada
como ferramenta em estudo de drogas, prions, pesquisa basica e aplicada de virus e

ecotoxicologia (Nevoigt, 2008). E popularmente conhecida na indistria alimenticia e de
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bebidas, sendo classificada como GRAS (Generally Regarded as Safe) pela FDA (U.S.
Food and Drug Administration).

Cruzamento
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FIGURA 5: Esquema das formas de reproducdo das leveduras. A forma assexuada (na haplofase),
em que uma levedura da origem a outra por brotamento (mitose). E a reprodugdo sexuada, na qual
um esporo a cruza com um esporo ¢, formando um dipldide. A esporulagdo desse diploide origina
uma tétrade que da origem a 4 esporos.

Germinacgio

O grande sucesso da S. cerevisiae na industria de biotecnologia ¢ devido a alta
capacidade de produzir etanol e didxido de carbono a partir de agucares. Possui importantes
caracteristicas, como: tolerancia a baixos valores de pH e alta concentracdo de acucar e
etanol, propriedades como alta competitividade perante contaminagdo (bacteriana ou por
outras leveduras) na fermentagdo industrial e alta resisténcia a inibidores presentes na
biomassa hidrolisada e capacidade de crescer anaerobicamente (Branduardi er al., 2008;

Nevoigt, 2008).

Apesar dos grandes avangos tecnologicos e do vasto conhecimento a respeito do

potencial produtivo das leveduras, ha ainda muitos aspectos desconhecidos, principalmente
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quando se trata da genética e bioquimica das leveduras utilizadas nas usinas para

fermentagao alcodlica (Basso et al., 2008).

Estudos mais recentes sao relativos a analise gendmica comparativa. As cepas mais
estudadas sdo linhagens industriais fermentadoras principalmente para a producio de vinho
(Borneman et al., 2008; Carreto et al., 2008). Muito pouco se conhece sobre as linhagens
produtoras de etanol, especialmente quando se trata de caracterizagdo fenotipica e
genotipica e expressao génica. Estas linhagens precisam ser exploradas e estudadas mais
detalhadamente para o entendimento de caracteristicas e fendmenos que podem ser

essenciais para o uso biotecnologico.

Foi verificado em algumas usinas brasileiras, que as “leveduras de pao” (baker’s
yeast) que eram inoculadas para iniciar o processo fermentativo, desapareciam do processo,
sendo substituidas por outras leveduras durante o periodo da safra. Isso ocorria devido as
condicOes estressantes e competitivas presentes na fermentacdo industrial: alta
concentragdo de etanol, alta temperatura, estresse osmdtico devido a presenca de agucares e
sais, acidez e contaminagdo bacteriana que favoreciam o desenvolvimento de cepas mais

resistentes, que no caso vinham junto com a cana-de-agucar do campo (Basso et al., 2008).

Por isso, leveduras isoladas do proprio processo fermentativo sao hoje utilizadas nas
usinas brasileiras. A linhagem mais conhecidas e utilizada em aproximadamente 30% das
usinas brasileiras ¢ a Pedra 2 (PE-2), que leva esse nome pois foi isolada da Usina da Pedra.
Estudos demonstraram que ela permanece na dorna durante todo o periodo da safra. Além
disso, a linhagem PE-2 apresenta caracteristicas fundamentais para aperfeigoar o processo
fermentativo, como permanecer em suspensao, ndo apresentando caracteristicas floculantes

e ndo produzindo espuma (Figura 6) (Basso et al., 2008).
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Referéncia: (Basso et al, 2008)

FIGURA 6: Meio industrial (caldo de cana) fermentado por: (a) uma linhagem de levedura
selecionada, PE-2; (b) uma linhagem que produz espuma; e (C) uma linhagem que produz espuma e
ainda flocula. A presenca de células floculadas resulta no baixo rendimento fermentativo.

Modificagdes genéticas sdo bastante comuns em leveduras, principalmente nas
linhagens de laboratorio, que sdo de facil manipulagdo e com marcas auxotroficas.
Entretanto, para se melhorar o processo fermentativo, as alteragdes genéticas devem ser

feitas em linhagens industriais, que permane¢am ¢ dominem as dornas.

O conhecimento dos fatores responsaveis pela alta eficiéncia fermentativa e
robustez das leveduras industriais ¢ essencial para se estabelecer uma estratégia para

melhorar ainda mais estas linhagens.

5. Processo de floculacao

A floculagio ¢ wuma das caracteristicas mais intrigantes e importantes
industrialmente manifestadas pelas leveduras. O fenomeno ¢ dependente da linhagem,
dificultando o controle do processo (Verstrepen et al., 2003). Esse fendmeno causa grandes
prejuizos nas usinas produtoras de etanol brasileiras, uma vez que a floculagdo se inicia
repentinamente durante o processo, sem uma causa aparente conhecida. A floculagao
aumenta o tempo de fermentacdo, pois diminui a area de contato célula-meio, além disso, o
processo para promover a desfloculagdo ¢ dificil, sendo que muitas vezes as usinas sao

obrigadas a trocar o fermento.
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Os fenotipos de adesao dependem de uma familia de proteinas de superficie celular,
também chamada de adesinas ou floculinas que sdo codificados pelos genes FLO na S.
cerevisiae (Verstrepen & Klis, 2006). As proteinas dessa familia consistem de 3 dominios
(Figura 7). O dominio N-terminal (A) estaria relacionado com a afinidade dessa proteina a
superficie; o dominio central (B) ¢ uma regido que apresenta um tamanho variavel, ¢ rico
em residuos de serina e treonina e contém muitas repeticdes em tandem; e o dominio
carboxi-teminal (C) que ¢ o local onde se liga covalentemente, a ancora glicosil
fosfatidilinositol (GPI), responsavel por prender a proteina 8 membrana. Esta ligacdo com o

GPI ocorre durante as modificagdes pds-traducional (Verstrepen et al., 2004).

Referéncia: (Verstrepen et al., 2004)

FIGURA 7: Dominios presentes na adesina ou floculina. (A) Dominio N-terminal que esta
relacionado com a adesdo. (B) Dominio central, regido rica em serina/treonina que ¢ codificada por
sequencias de nucleotideos repetitivos. (C) Dominio carboxi-terminal, contém uma regido de
ligacdo covalente ao GPI (mostrado em vermelho).

As proteinas Flo conferem adesdo por dois mecanismos distintos. A primeira ¢ a
adesdo célula-superficie, que se acredita depender de interacdes hidrofobicas entre certos
dominios na adesina e a superficie de ligagao. O gene FLOI1 ¢é o Unico da familia que ndo
¢ responsavel pelo fendmeno da floculagdo em si, mas pelo crescimento invasivo, formagao

de pseudohifas, e aderéncia a superficie. (Van Mulders et al., 2009).

O segundo mecanismo ¢ a adesdo célula-célula ou também chamado de floculagdo.
Esse ¢ um mecanismo fisico, reversivel, dependente de ions célcio e foi primeiramente
denominado Lectin-like theory of floculation (Miki et al., 1982). As proteinas de membrana
das leveduras floculantes funcionam como lectinas e se ligam a carboidratos na parede
celular das células vizinhas (Eddy & Rudin, 1958). As células floculantes possuem em sua
membrana celular floculinas (lectinas) e carboidratos, enquanto que as células nao

floculantes possuem apenas carboidratos (Stratford, 1996a). Além do mecanismo fisico de
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interacdo entre as cé€lulas de levedura, a floculagdo ¢ influenciada por fatores genéticos de
cada linhagem e por fatores externos, como por exemplo, concentracdo de ions calcio,
etanol, nutrientes, pH, temperatura (Touhami et al., 2003; Verstrepen et al., 2003).

A floculagdo em S. cerevisiae ¢ controlada geneticamente e varios genes foram
relatados como sendo dominantes e responsaveis por este fendmeno. Entre eles estdo:

FLOI, FLOS, FLO9 e FLO10 (Johnston & Reader, 1983; Teunissen & Steensma, 1995).

O genoma de S. cerevisiae mostrou que dos 5 genes FLO relacionados com a
familia das adesinas (FLO1, FLOS, FLO9, FLO10, FLO11) apenas 4 deles (FLO1, FLOS,
FLO9, FLO10) estao localizados adjacentes ao telomero (Figura 8) (Verstrepen et al.,
2004). Os genes FLO subteloméricos, na linhagem de laboratdrio (S288c) de S. cerevisiae,
sdo transcricionalmente silenciados, mas suas funcdes podem ser avaliadas substituindo o
promotor nativo por um promotor induzivel, como por exemplo, promotor de GALI

(induzido por galactose) (Guo et al., 2000).
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Referéncia: (Verstrepen et al., 2004)
FIGURA 8: Localizacdo cromossdmica dos genes ¢ pseudogenes da adesina na linhagem S288c de
S. cerevisiae. Os nimeros a esquerda indicam os cromossomos das leveduras, os pontos em
vermelho sdo os centromeros ¢ ¥ indica o local dos pseudogenes FLO. O gene FLOI1 ¢ o Unico
que ndo é nem centromérico, nem telomérico.
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Com a clonagem do gene FLOI (Watari et al., 1989) e do gene FLO5 (Bidard et al.,
1994) ficou evidenciado uma semelhanga muito grande entre eles. O gene FLOI, localizado
no cromossomo I, possui o produto de seu gene 96% similar ao produto do gene FLOS
(cromossomo VIII) e 94% similar ao produto do gene FLO9 (cromossomo I). J& o produto
do gene FLOIO (cromossomo XI) apresenta 58% de similaridade com o gene FLOI.
Apesar dessa baixa similaridade, quando se alinhou a regido N-terminal da proteina
referente ao gene FLOI0 com as proteinas dos genes FLOI, FLOS5 e FLO9Y obtiveram-se
uma similaridade de 82%. Essa informacdo foi importante para classificd-lo como um gene

de floculagdo (Figura 9) (Teunissen & Steensma, 1995).

® 28R 2

Flol MLPPNIEGTVY MYAGYYYPMK VVYSNAVSWG TLPISVTLPD Gi4
Flos 00 PPONITGTVY MYAGFYYPMK IVYSNAVAWG TLPISVTLPD GId
Flo9 200 LPDNITGTVY MYAGYYYPLK VVYSNAVSWG TLPISVELPD G40
Flold 222 APTDIKGSTY MYAGYYYPIK IVYSNAVSWG TLPVSVVLPD G162
Floll 140 SCQVWMPNFQ IQFEYLQGSA AQYASSWQWG TTSFDLSTGC Niso

Referéncia: (Van Mulders et al., 2009)

FIGURA 9: Alinhamento multiplo da sequéncia de aminodcidos da regido N-terminal das adesinas
envolvidas no reconhecimento de agucares. Os residuos de aminoacidos ndo conservados estdo
sombreados de cinza. Os aminoacidos marcados com um (X) contribuem para o reconhecimento de
acucares (Kobayashi et al., 1998).

Todos os quatro genes dominantes responsaveis pelo efeito da floculagdo, FLOI,
FLOS, FLO9 e FLOI0, possuem repeticdes intragénicas em tandem (Figura 10) contendo
mais que 40 nucleotideos. Experimentos realizados com alelos do gene FLOI que possuem
regides repetitivas de diferentes tamanhos mostraram que quanto maior o alelo, mais forte ¢
adesdo entre as células, evidenciando que a intensidade de floculacdo possa estar
intimamente relacionada com o tamanho (quantidade de repetigdes) destas regides

(Verstrepen et al., 2005; Rando & Verstrepen, 2007).
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FIGURA 10: Motivos repetitivos de nucleotideos nos genes FLO. A figura mostra os 5 genes FLO
indicando apenas as sequéncias similares. Os quadrados mostram os motivos de sequéncia de DNA
altamente conservados. Os quadros marcados com (X) representam motivos conservados em
aminodcidos que ndo sdo conservados em sequéncia de DNA. Os “motif 4” ¢ “motif 6” indicam as
repetigdes intragénicas em tandem, que ¢ maior no gene FLOI.

Leveduras patogénicas como Candida albicans, possuem genes de adesinas com
repeticdes intragénicas em fandem (igualmente aos genes da floculacdo). Esses genes
podem sofrer eventos de recombinagdo em determinadas situagdes de estresses, formando
novas adesinas. Dessa forma a levedura pode ter uma grande plasticidade de fenotipos se
adaptando rapidamente a novos ambientes. Tanto os genes da adesina como os da
floculacdo estdo posicionados na regido subtelomérica do cromossomo. Essa posicao
isolada permite que ocorram eventos de recombinagdo sem que outros genes sejam
afetados. Nao se sabe se esse mecanismo de inducdo de variabilidade ocorra em S.
cerevisiae com os genes da floculacdo da mesma forma que ocorre com os genes da
adesina. Mas a instabilidade do fendmeno da floculagdo tem sido um grande problema para

a industria (Verstrepen & Klis, 2006).

O gene FLOI0 possui uma caracteristica muito interessante que o diferencia dos
outros genes da floculagdo. Os agregados de células formados pela expressdo desse gene
sao inibidos pela presenca de glicose, sacarose e maltose, enquanto que agregados
formados pela expressdo do gene FLOI sdo inibidos somente por manose (Guo et al.,
2000). Estudos realizados super expressando o gene FLOI0 mostram que ele apresenta uma
forte floculagdo bem semelhante ao produto do gene FLOI (Guo et al., 2000). A regulacio
da expressdo do gene FLOI0, assim como do gene FLOII sao influenciadas por fatores

genéticos e epigenéticos (Halme et al., 2004).

Além dos genes responsaveis pela sintese da floculina, hd outros genes como o gene

FLOS, que juntamente com TUPI e CYCS8/SSN6, participam da regulacdo transcricional de
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FLOI (Kobayashi et al., 1996). Em um estudo mais recente, foi verificado que o gene
MSS11, que anteriormente era conhecido participando da regulagao da degradac¢do do
amido, da formacao de pseudohifas e do crescimento invasivo hapléide, também age como
um forte indutor da floculagdo (Bester et al., 2006). Outro gene, o GTS-1, foi caracterizado
como um coativador trascricional. O produto da super expressao desse gene se liga ao
repressor transcricional Sfllp induzindo a expressdo do gene FLOI e conseqilientemente
promovendo a floculacdo na linhagem de laboratorio testada. Isso foi verificado em

linhagens mutantes para o gene FLOS (Shen et al., 2006).

O controle da expressdo dos genes de floculagdo, principalmente para os processos
industriais de fermentagdo, pode trazer grandes beneficios (Domingues et al., 2000). Um
modelo muito interessante para a obtengao desta caracteristica seria através da inser¢ao de
um promotor, ou parte dele, que atuasse no sentido de permitir a transcricdo da proteina

responsavel pela floculagdo apenas no final da fermentacao.

Os primeiros estudos que tentaram alterar e controlar a floculagdo em leveduras
através de modificagdo genética foram descritos por Barney et al. (Barney et al., 1980), que
introduziu um fragmento do DNA cromossomal derivado de uma linhagem floculante, que
incluia os genes ADEl e FLOI, em uma linhagem ndo floculante. Os mutantes se
mostraram floculantes constitutivos, sendo assim indesejaveis aos propdsitos da industria.
O mesmo resultado foi obtido por Ishida-Fujii (Ishida-Fujii et al., 1998) usando um
plasmideo em que o gene FLOI estava sob o controle do promotor constitutivo da alcool
desidrogenase 1 (ADH1). Em outro trabalho, o gene FLO! foi colocado sob o controle do
promotor HSP30. Este ¢ um promotor heat shock que ¢ ativado em condi¢des de estresse, o
que acontece no final da fermentagdo devido a alta concentragdo de etanol e limitagao de

nutrientes (Verstrepen et al., 2001).

A utilizagdo do promotor do gene ADH2 regulando o gene da floculagdo em
linhagens leveduras de laboratdrio se mostrou muito promissor, floculando apenas quando a
glicose havia se esgotado do meio, ao final da fermentagdo, tornando-se floculantes
condicionais. A mesma constru¢do foi utilizada para transformar uma linhagem industrial
(Cunha et al., 2006). O processo foi patenteado (INPI n’ 0001122) e despertou grande
atencdo da comunidade especializada, de empresas de fermentacdo e biotecnologia e da

imprensa de uma forma geral.
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Em um estudo mais recente, promotores nativos dos genes FLOI, FLOS5 e FLOI11
foram substituidos por promotores do gene ADH2 e HSP30 (Govender et al., 2008). Com
estes experimentos, leveduras ndo floculantes tiveram sua sedimentagdo controlada
expressando o gene apenas no final da fermentagdo. Porém estes experimentos foram feitos
apenas em laboratorio, onde as condigdes sdo controladas, e com cepas de levedura
“domesticadas”. Nas dornas de fermentacdo, as condi¢cdes sdo altamente estressantes (por
exemplo, presenca de contaminantes, variagdes bruscas de temperatura e pH, altas
concentragdes de etanol, entre outras), € o entendimento sobre a resposta das células a este
tipo de ambiente ainda ¢ limitado (Gibson et al., 2007). Os genes de resposta a estresse
podem também ser ativados em outras fases da fermentagdo e ndo somente no final. Isto
pode ser visto em um trabalho de expressdo génica realizado durante o processo
fermentativo de producgdo de vinho. Diversos genes foram analisados, entre eles o gene de
heat shock HSP30, que se encontra ativado durante todo o processo fermentativo (Varela et

al., 2005).

A constru¢ao de uma linhagem de levedura que seja floculante para a producao de
etanol combustivel também foi realizada por um grupo de pesquisa chinés (Wang et al.,
2007). Apesar de a linhagem transformante apresentar as caracteristicas como,
produtividade de etanol, similares a linhagem selvagem, ¢ ainda apresentar uma floculagao
forte e estavel, o inicio da floculagdo era anterior ao esgotamento da glicose no meio de

cultura.

Além da possibilidade de regulacdo dos genes da floculagdo, outros fatores podem
ser interessantes para melhorar uma linhagem. Alper (Alper et al., 2006) encontrou em
bibliotecas de linhagens de laboratério de S. cerevisiae expostas a agentes mutagénicos,
uma levedura que além de ser tolerante, produzia uma quantidade maior de etanol. Alper
verificou que uma alteragdo de trés bases (promovendo a substitui¢ao de trés aminoacidos),
sem a alteragdo da funcionalidade do gene SPT15, que codifica a proteina que se liga ao
TATA-box, eram responsaveis por essas caracteristicas. A mutagénese foi responsavel pela
substitui¢io de fenilalanina por serina (Phe'’’Ser), tirosina por histidina (Tyr'**His) e lisina
por arginina (Lys*'®Arg). Em outro experimento, foi demonstrado que a interrupgdo da via
do glicerol, pela delagdo dos genes GPDI e GPD2, também promoveu um maior

rendimento na producdo de etanol. Foi observado um aumento, relativo a quantidade de
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substrato consumido, de 6,83% e 7,41%, respectivamente, comparado com o selvagem

(Guo et al., 2009).

6. Atividade Mitocondrial

A atividade mitocondrial é essencial em diversas fun¢des nas células de leveduras.
A perda do DNA mitocondrial (petite citoplasmatico) provoca sérias alteragdes na
superficie celular, como a redugdo na absorcdo de agucares, alteragdo na floculacao
(Calleja, 1973; Tung et al., 1999) ou aglutinagdo e alteragdo nas proteinas da membrana
plasmatica reduzindo a tolerancia ao etanol (Wilkie & Evans, 1982).

Células tratadas com drogas que inibem a fun¢do mitocondrial (Slonimski et al.,
1968; Egilsson et al., 1979) ou com dele¢des dos genes OLII (codifica subunidade 9 da
ATP sintase) ou OXI2 (COX3 — subunidade 3 da citocromo oxidase) (Hinrichs et al., 1988)
tém sua capacidade de floculagdo, crescimento e tolerancia ao etanol reduzida ou anulada.

A comparagdo de células de S. cerevisiae deficiente-respiratério e competente-
respiratorio mostrou que a disfun¢do mitocondrial promove a ativagdo de um conjunto de
genes associados com atividade peroxissomal e vias de restauragdo metabodlica atenuando
perdas do ciclo do 4cido tricarboxilico (Epstein et al., 2001).

A delecdo de um gene especifico, PET191, do DNA gendmico gera um mutante de
S. cerevisiae 100% deficiente respiratorio denominado petite nuclear. Tal gene codifica a
proteina responsavel pela montagem do citocromo C na cadeia respiratoria e foi verificado
que seu mutante tem a capacidade de fermentacdo aumentada, produzindo 43% mais etanol
que a linhagem parental, mostrando-se ainda tolerantes a presenga de etanol e ndo
apresentando comprometimento na taxa de crescimento (Hutter & Oliver, 1998). E
importante salientar que neste experimento foi feito com linhagem de laboratorio (FY23) e
utilizando meio sintético. A delecdo desse mesmo gene (PET191) em linhagens industriais,
produtoras de vinho, promoveu um aumento de 9% na producdo de etanol quando
comparada com a linhagem selvagem (Panoutsopoulou et al., 2001).

Petites citoplasmaticos ou mitocondriais, produzidos com o tratamento das células
com brometo de etidio (agente mutagénico), em ensaios utilizando linhagens de vinicolas,
produziram mais etanol quando comparada com a linhagem parental (Ooi & Lankford,

2009). Entretanto, petites citoplasmaticos sofrem diminui¢do na sua taxa de crescimento e
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tendem a ser mais vulneraveis as condi¢oes adversas das dornas como a baixa tolerancia ao
etanol (Wilkie & Evans, 1982), tornando a linhagem impropria para a utilizagdo na

industria.
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JUSTIFICATIVA

Apesar de todos estes estudos, existem ainda uma ampla area a serem explorados
com relacdo as linhagens industriais Com o maior conhecimento a respeito das
caracteristicas destas leveduras, novos estudos poderdo ser feitos e que permitirdo o
melhoramento do processo aumentando a capacidade industrial de produgdo de etanol.
Nesse trabalho, iniciamos o processo de manipulagdo de linhagens industriais com o
objetivo de transferir essa tecnologia para escala industrial. Analisamos a possibilidade de
regular a expressao do gene da floculagdo de leveduras, tornando-as condicionais aos niveis
de glicose do meio e avaliamos a producdo de leveduras industriais deletadas para o gene
PETI91 objetivando aumentar a producdo de etanol. Os resultados deste trabalho
apresentam perspectivas biotecnoldgicas e que poderdo contribuir nesta area estratégica

para o Brasil.
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OBJETIVOS

Os objetivos desse trabalho visam o estudo e modificagdes genéticas da levedura

Saccharomyces cerevisiae para:

- Melhoramento do processo fermentativo
# Obtencdo de floculantes condicionais — Avaliar linhagens transformadas
com genes da floculagdo regulados por promotores sensiveis a niveis de glicose,

possibilitando eliminar a etapa de centrifugagao do processo.

- Melhoramento do desempenho celular
# Caracterizacdo molecular de uma linhagem industrial.
# Obtengdo de petites (deficientes respiratério) buscando aumentar o

rendimento na producdo de etanol.
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CAPITULO 1

CONTROL BY SUGAR OF SACCHAROMYCES CEREVISIAE FLOCCULATION
FOR INDUSTRIAL ETHANOL PRODUCTION

Anderson F. Cunha, Silvia K. Missawa, Luiz H. Gomes, Sérgio F. Reis, Gongalo A. G. Pereira
FEMS Yeast Res 6 (2006): 280—287
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A idéia inicial do trabalho que originou esse artigo foi, através de modificacdes
genéticas na levedura Saccharomyces cerevisiae, melhorar ou simplificar o processo
fermentativo nas usinas brasileiras produtoras de etanol e/ou cachaga.

Foi verificado em artigos cientificos a existéncia de genes da floculacdo, sendo que
a ativagao dessas proteinas promovem a separacao das células do meio. A possibilidade se
controlar a expressdao desse gene poderia revolucionar o setor com a eliminagdo da etapa de
centrifugagdo do processo fermentativo. O momento desejado para a ativagdo do gene seria
quanto a fermenta¢do acabasse, ou seja, com o esgotamento da glicose do meio.

Sendo assim, o trabalho foi iniciado utilizado como regulador para o gene da
floculagdo o promotor do gene MOX (codifica a metanol oxidase) de Hansenula
polymorpha. O estudo desse promotor foi tema do doutorado do Prof. Dr. Gongalo
(orientador desse trabalho), demonstrando que ele ¢ devidamente expresso em S. cerevisiae,
uma levedura que ndo metaboliza metanol. Além disso, este estudo demonstrou que a
expressao do gene MOX ¢ mediada por ADRI.

A utilizagdo do promotor do gene MOX se mostrou promissor, mas apresentou
alguns problemas, entre eles, o fato de se introduzir uma sequéncia exogena na levedura S.
cerevisiae, gerando um transgénico. Sendo assim, procuramos na propria S. cerevisiae, um
promotor que fosse regulado pelo gene ADRI. O promotor do gene ADH2 se enquadrou
perfeitamente nesse requisito.

Os principais resultados entdo presente neste artigo que foi publicado na FEMS
Yeast Research no inicio do meu doutorado. Participei de alguns experimentos para a
conclusao do artigo.

Além disso, o processo tecnoldgico foi submetido a patente (INPI n® 0001122). Esse
trabalho também recebeu a men¢do honrosa no XXVI Prémio Governador do Estado de
Sao Paulo e foi tema de extenso artigo na revista Scientific American Brasil.

Segue abaixo o manuscrito.
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Abstract

The goal of this study was to develop conditional flocculant yeasts for use in the
alcohol fermentation industry. Promoters were constructed to completely repress
gene transcription in the presence of sugar and to support strong expression after
the exhaustion of this compound. A fusion of regulatory regions of the ADH2
promoter with the FLO5 core promoter was constructed to regulate the FLO5 gene.
This construct was inserted into multicopy plasmids and transformed into
laboratory strains of Saccharomyces cerevisiae, whereby the transformed cells were
selected by sedimentation from the bulk medium after sugar exhaustion, without
decreasing ethanol production. The ADH2-FLO5 region was converted into an
integrative cassette to disrupt the CANI gene in industrial yeast strains. Trans-
formed cells became resistant to canavanine and demonstrated conditional
flocculation. Although ethanol production was significantly decreased in the
industrial transformants, this development reveals a promising technology for the

substitution of centrifugation in industrial ethanol production.

Keywords

FLOS; flocculation; Saccharomyces cerevisiae,
ethanol production; fermentation;
biotechnology.

Introduction

Brazil is the largest sugarcane producer in the world,
followed by India and Australia. In 2003, 25 million tons
of sugar were produced, together with 15 billion litres
of ethanol (www.portalunica.com.br/referencia/estatisticas.
jsp), which was mostly utilized for fuel and industrial
applications. The ethanol industry in Brazil typically uses
the batch process (Wheals ef al., 1999); yeast is separated
from the medium by centrifugation, which is the most
expensive and complex step in ethanol production (Watari
et al., 1990). Centrifuge operation starts when fermentation
stops, and this point is monitored by the evaluation of the
sugar concentration (Brix) in the medium. For the produc-
tion of beverages, such as beer, wine and sugar cane ‘spirits’
(Brazilian ‘cachaga’), cell separation is normally obtained by
natural cell sedimentation (Schwan et al., 2001).

Yeast sedimentation can be accelerated by a process called
flocculation, a reversible asexual process in which cells
adhere to each other, resulting in the development of
aggregates (Stratford, 1989; Bony et al., 1997). In Sacchar-
omyces cerevisiae, the phenomenon involves a calcium-
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dependent protein—sugar interaction between specific lec-
tin-like surface proteins, called flocculins, and the cell wall
mannan of adjacent cells (Stratford, 1989; Teunissen et al.,
1993). The best-known flocculin gene is FLOI, a dominant
gene situated on the right arm of chromosome I (Teunissen
et al., 1993), and the locus is also occupied by the alleles
FLO2 and FLO4 (Stewart & Russell, 1977; Sieiro et al., 1997).
Other important FLO genes are FLOS5, which is a FLOI
paralogue located on chromosome VIII (Teunissen &
Steensma, 1995), FLO9 and FLOI0 (Teunissen & Steensma,
1995; Guo et al., 2000). Interestingly, in the yeast Kluyver-
omyces marxianus, flocculation has been associated with the
overexpression of an isoform of glyceraldehyde-3-phosphate
dehydrogenase (Almeida et al., 2003).

Some processes have tried to replace centrifugation by the
natural ability of certain yeast strains to flocculate (Wieczor-
ek & Michalski, 1994; Abate ef al., 1996; Paiva et al., 1996;
Kondo et al., 2002), or by the introduction of flocculation
genes into nonflocculant strains (Barney ef al., 1980; Watari
et al., 1994; Ishida-Fujii et al., 1998). In the study by Watari
et al. (1994), the resulting yeasts flocculated constitutively,
reducing the performance of the process, although the
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ethanol concentration at the end of the fermentation was
similar to that realized with nonflocculant cells. These
authors suggested that the process could be improved by
the use of more appropriate promoters. Ishida-Fujii et al.
(1998) observed that the fermentation ability of the trans-
formed strain was almost the same as that of the parent
strain, except for the fermentation rate. However, the
experiment was performed under constant agitation, which
may mask the disadvantage of flocculation during natural
fermentation.

Constitutive flocculation seems to produce sluggish fer-
mentation (Verstrepen et al., 2003), the cause of which is still
unknown. Nevertheless, constitutive flocculation has been
successfully employed to increase the cell density of yeast in
the fermentation of cheese whey permeate, a by-product of
dairy industries, which presents rather high pollutant char-
acteristics and is produced in large amounts (Domingues
et al., 2001). Similarly, Remize et al. (1998) employed floccu-
lant yeasts, obtained by transformation of nonflocculant
strains with the FLOI gene under the control of the ADH]
promoter, for the enrichment of fructose from Jerusalem
artichoke tuber extracts, hydrolysed by H,SO,. In this case,
yeast sedimentation, controlled by air input, facilitated an
incomplete fermentation process, generating a fructose-rich
extract; ethanol and yeast biomass were valuable by-products.

At an industrial scale, systems using flocculating yeast
cells have been employed only in the later phase of primary
beer fermentation to separate biomass from the fermented
broth (Domingues et al.,, 2001). In this case, the process
employs natural yeast strains presenting the NewFlo pheno-
type, in which the flocculins are inhibited by sugars, allow-
ing sedimentation at the end of fermentation (Stratford &
Assinder, 1991).

For biotechnology, the possibility of inducing controlled
flocculation in a naturally nonflocculant strain provides
great potential for improving brewing, wine-making, baking
and ethanol-producing yeast (Dequin, 2001). A recent report
placed the FLO1 gene under the transcriptional control of the
late-fermentation HSP30 promoter (Verstrepen et al., 2001).
The transformed yeast cells showed strong flocculation at the
end of fermentation, indicating that flocculation could be
controlled by genetic modification.

Saccharomyces cerevisiae preferentially utilizes glucose via
fermentation to produce ethanol. When glucose is available,
regulatory systems repress the expression of the genes
involved in respiration and in the utilization of other carbon
sources, in a phenomenon called carbon catabolite repres-
sion (Gancedo, 1998). After glucose exhaustion, a number
of genes are activated, completely changing the cell tran-
scriptome (DeRisi et al., 1997; Ferea et al., 1999). Interest-
ingly, the molecular mechanisms involved in glucose
repression are widely conserved. For example, the regulation
of the gene encoding the peroxisomal methanol oxidase
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(MOX) from Hansenula polymorpha has been demonstrated
to be conserved in S. cerevisiae, a species that does not
metabolize methanol (Pereira & Hollenberg, 1996).

In this study, a nonflocculant laboratory strain of S.
cerevisine was transformed with a FLO5 gene under the
control of glucose-repressible promoters, resulting in strains
that aggregated only when the sugar was completely ex-
hausted. The same process was successfully used to trans-
form industrial yeasts. The results show the potential of this
promising new technology to replace centrifugation in
industrial ethanol production.

Materials and methods

Strains, media and glucose measurement

The Saccharomyces cerevisiae strains used in this study were
W303-1a (MATa ade2-1 trpl-1 can1-100 leu2-3, 112 his3-11
ura3) and Fleischmann (commercial yeast used in bakeries).
Cells were grown at 30°C on YEP medium (1% yeast
extract, 2% Bacto-peptone), with 2% glucose (YPD), or SD
medium containing 0.67% Yeast Nitrogen Base without
amino acids and 2% glucose supplemented with 20 mg L™
histidine, 30mgL™" leucine, 20mgL™" tryptophan (for
laboratory yeasts transformed with pYADE4) or 20 mgL ™"
uracil (for laboratory yeasts transformed with YEp plas-
mids), and 60 mgL ™" 1-canavanine (Sigma, St Louis, MO)
(for industrial yeasts). Agar at 2% was used for solid media
(Ausubel et al., 1998). The concentration of glucose was
enzymatically determined using the glucose oxidase/perox-
idase-4-aminophenazone-phenol system (Trinder, 1969).

Plasmids and DNA manipulation

Plasmids YEp352-FLOS5, donated by Bidard [Laboratoire de
Microbiologie et Technologie des Fermentations, Institut
des Produits de la Vigne (IPV), INRA, Montpellier, France]
(Bidard et al., 1994), pYADE4 (Brunelli & Pall, 1993) and
pUC18MOX-BB (Pereira & Hollenberg, 1996) were used for
the construction of recombinant plasmids. Plasmid and
genomic DNA preparation, gel electrophoresis and purifica-
tion, as well as yeast and bacterial transformation, were all
performed using standard methods, as described elsewhere
(Ausubel et al., 1998).

RNA isolation and analysis

Total yeast RNA was extracted by the hot acid phenol
method, and Northern blotting was performed as described
previously (Ausubel et al., 1998). For probe preparation, a
1900 bp Hincll fragment containing the region from +633
to +2547 of the FLOS5 coding sequence was isolated from the
YEp352-FLO5 plasmid (Bidard et al.,, 1994) and radioac-
tively labelled by random primers using o (Bidard et al,,
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1994) P-dATP (Ausubel et al., 1998). Probed membranes
were exposed to Kodak film (X-OMAT). Ribosomal RNA
stained with ethidium bromide, which showed a fairly
constant abundance under different growth conditions and
amongst the constructed strains, was used to calibrate the
amount of total RNA loaded onto the gels per sample.

Construction ofthe CAN::ADH2/FLOS5 cassette

To construct the CANADH2/FLO5 cassette to transform
industrial yeast, a PCR was performed using the primers
CANFLO5R  (5'CATAGGTGATGAAGATGAAGGAGAAG-
TACAGAACGTTAAATAATTGCCAGCAATAAGG3’)  and
CANADH2F (5'AACTTTGTCACCACCAGTAGATGTCT-
CCATGTAAGAAAGGGGCAAAACGTAGGGGC3'). The re-
action was performed in a final volume of 50 pL using the
following amplification mixture: 40ngpL ™" of pYADE4-
FLOS5 plasmid as DNA template, 5puL of 10 x reaction
buffer (50 mM of KCl; 10mM of Tris-HCI, pH 9; 0.1%
Triton X-100), 2 pL of 50 mM MgSO,, 12 pL of 1.25 mM of
each ANTP (dATP, dCTP, dGTP and dTTP), 15 pmol each of
the two amplification primers and 1pL of Platinum Tag
DNA Polymerase (Invitrogen, Carlsbad, CA; 5U uL ™). The
cycling parameters were as follows: 94 °C for 2 min, followed
by 35 cycles at 94 °C for 15 s and 68 °C for 5 min.

Ethanol quantification

Ethanol production was evaluated for five fermentations
and three repetitions per assay with cells growing in

A.F. Cunha et al.

YEP+8% sucrose. The alcohol concentration was measured
after distillation by densitometry.

Results

Induction of flocculation based on plasmids

To place the expression of the gene FLO5 under glucose
repression, a regulatory region of the MOX promoter,
named MOX-B (Pereira & Hollenberg, 1996), was inserted
in duplicate, upstream of the putative FLO5 promoter
present in YEp352-FLO5 (Bidard et al., 1994), creating
YEp-BB-FLO5 (Fig. 1). The laboratory strain W303-1a was
transformed with YEp-BB-FLOS5, YEp352 (negative control)
and YEp352-FLO5 (positive control). The transformants
were inoculated into 20 mL test tubes containing 5mL of
YPD with 2% glucose and incubated with vigorous agitation
for 14 h. These cultures were used to inoculate 500 mL flasks
containing 50 mL of the same medium (ODgpp=0.1). After
12h, no flocculation could be observed in the negative
control or in the transformant bearing the YEp352-MOX-
BB-FLO5 plasmid. Conversely, the transformants carrying
YEp352-FLO5 flocculated continuously. After 20 h, the cells
carrying the YEp352-MOX-BB-FLO5 plasmid clearly started
to flocculate. The flasks were then taken from the shaker and
the cells precipitated instantly, in contrast with the cells of
the negative control (Fig. 2).

To investigate the pattern of plasmid-based FLO5 expres-
sion, total RNA of these cultures was taken after 12, 14, 16,
18, 20 and 22h, and Northern blotting experiments were

Sacl Hincll Sacl Smal
N, - \_1 «/ TATA box
R 7 e L .
722 pUC18-MOX-BB fss | YEp352-FLO5
ampR MOX-BB URA FLOS promoter ~ FLO5 ORF
Sacl Hincll Sacl Smal
! | TATA box
b — - i
R g
MOX-BB URA FLOS5 promoter FLO5 ORF
LIGATION
MOX-BB TATA box
ons f " - )
RA FLO5 promoter  FLO5 ORF YEp352-MOXBB-FLO5

Fig. 1. Construction of YEp-BB-FLO5. The pUC18MOX-BB plasmid was digested by Sacl and Hincll and the resulting fragment (MOX-BB) was cloned in
the YEp352-FLO5 plasmid, previously digested with Smal and Sacl. This construct was used for yeast transformation to place the FLO5 putative
promoter and gene under the transcriptional control of the MOX promoter regulatory region (MOX-BB).
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(a)

YEp-352
MOX-
NC BB-FLO5 FLO5

()
NC

YEp-352
MOX-
BB-FLO5 FLO5

Fig. 2. FLO5 expression under the control of the MOX-BB region. The
laboratory strain W303-1a was transformed with YEp352 (negative con-
trol, NC), YEp352-FLO5 (positive control, PC) and YEp352-BB-FLO5. The
figure shows the flocculation patterns of the yeast strains transformed with
YEp352-BB-FLO5, which present a nonflocculant growth in a medium still
containing glucose (a) and rapidly aggregate after glucose depletion (b).

Time(h) 12 14 16 18 20 22
FLO 5
YEp352
RNA
* * * * * *
N F.05
YEp352
FLO5 ANA
* *
. TN o
YEp352
BB - FLO5 ‘ ‘4; __L RNA
Glucose 1 0603 0 0 0O

Conentration (%)

Fig. 3. FLO5 expression during fermentation. Northern blot analysis of
RNA isolated from yeast transformed with YEp352 (negative control),
YEp352-FLOS5 (positive control) and YEp352-BB-FLO5 during the times
(h) indicated in the figure. The glucose concentration was evaluated
during fermentation. Asterisk indicates yeast flocculation.

performed. The results showed a clear correlation between
flocculation and FLO5 expression (Fig. 3). In the strain
transformed with the YEp-352-BB-FLO5 construct, the
expression of FLO5 was observed only after 20h (Fig. 3),
2 h after the exhaustion of glucose in the medium.

Control of FLO5 expression by the ADH2promoter

MOX-B is not a Saccharomyces cereviside native sequence
and its future use in industrial processes could raise regula-
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tory concerns. To overcome this problem, we tried the same
strategy by replacing MOX-BB with the ADH2 promoter, an
S. cerevisiae native sequence that, similar to MOX-B, is
regulated by Adrlp (Pereira & Hollenberg, 1996).

To test the expression pattern of this promoter, the green
fluorescent protein (GFP) reporter gene was placed under its
control (plasmid pYADE4). The results showed that,
although GFP expression was higher after glucose exhaus-
tion, the promoter was not silent at higher glucose concen-
tration, presenting a significant basal expression (result not
shown). Thus, instead of using the complete ADH2 promo-
ter, the regulatory sequences of this region encompassing the
poly-T region, UAS1 and UAS2 (Yu et al., 1989), were fused
to the FLO5 core promoter (Fig. 4).

Yeast transformation and inspection of FLO5
expression during fermentation

Strain W303-1a was transformed with the plasmid pYADE4-
FLO5. After 18h, the cells carrying the plasmid clearly
started to flocculate (data not shown). The results of a
Northern blot analysis showed a direct correlation between
the exhaustion of glucose and the initiation of FLO5
expression (Fig. 5a).

The next step was to evaluate whether ethanol production
would be affected by flocculation. Figure 5b shows that the
ethanol production after the end of fermentation (22 h) was
practically the same in both transformed and untrans-
formed strains.

Modification of industrial yeast

In Brazil, each ethanol industry utilizes a specific strain,
adapted to the local conditions. Therefore, in order to
become a widely accepted technology, the constructs de-
scribed above should be adapted to transform, in an
integrative manner, industrial strains that are normally
diploid and have no nutritional markers. To do this, we
used the strategy of integrating the expression cassette in the
middle of the CANI gene, which encodes an arginine
permease (Wach er al,, 1994; Camargo, 2000). Positive
integration events led to the inactivation of CANI and,
thereby, the cells became resistant to canavanine, an anti-
biotic analogous to arginine. A diagram of this construct is
summarized in Fig. 6a. Basically, the cassette ADH2-FLO5
from plasmid pYADE4-FLO5 was amplified using primers
that contained additional sequences of the CANI gene. The
PCR products were then utilized to transform the commer-
cial Fleischmann strain. Transformants were selected by
their ability to grow in the presence of canavanine. The
CANI deletion and the integration of the cassette were
confirmed by PCR (Fig. 6b).

Transformed cells were tested for flocculation and alcohol
production. The transformed strain was grown in YPD with
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T4 DNA
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YEp352-FLO5 i pYADE4
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LIGATION
TATA box
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TRP ADH2 FLO5 FLO5 ORF
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Fig. 4. Construction of pYADE4-FLOS5. The YEp352-FLO5 plasmid was digested with Smal and Clal to excise the FLO5 ORF together with its putative
promoter (sequence from — 1to — 156). This sequence was then cloned into pYADE4 at the Clal and Sphl sites, which were later converted into a blunt-
end site by T4 DNA polymerase treatment. This plasmid was used to transform the laboratory strain W303-1a.

12 14 16

Glucose 1 07 02 0 0 O

Concentration (%)

(a) Time (h)

FLO5

pYADE4

FLOS rRNA

5.007

(b)

4.004

3.004

2.004

1.00

Ethanol concentration (%)

0.00 T |
Wild Transformed

W3031a

Fig. 5. FLO5 expression under the control of the ADH2 promoter during
fermentation, and evaluation of ethanol production. (a) Northern blot
analysis of RNA isolated from yeast transformed with pYADE4-FLO5
during the times (h) indicated in the figure. The glucose concentration
was evaluated during fermentation. Asterisk indicates yeast flocculation.
(b) No differences in ethanol production were detected between the
transformed and wild-type yeasts.
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2% glucose and fermented in the same medium, but with
20% glucose, until this sugar was exhausted, approximately
15h. The results showed a strong flocculation in the
transformed strain after this time in comparison with the
nontransformed strain (Fig. 7a). However, the ethanol
production by the transformed strain was reduced by
approximately 38% (Fig. 7b).

Discussion

The goal of this study was to develop a genetic system to
produce yeast cells capable of sensing the glucose concentra-
tion in the medium and flocculating after glucose exhaus-
tion. The resulting industrial processes using these strains
could then eliminate centrifugation in the case of ethanol
production, or shorten the period of cell sedimentation for
spirits or wine production. In the latter case, the decrease in
the sedimentation time could reduce the breakage of cells,
which is responsible for off-flavours that lower the quality of
the products.

We started by transforming the laboratory strain, W303-
la, with the FLO5 gene containing 156 bp upstream of the
ATG, thus achieving constitutive expression of the gene,
which led to constitutive flocculation. To control the expres-
sion of this gene, a regulatory region of the MOX gene,
controlled by the transcriptional activator Adrlp (Pereira &
Hollenberg, 1996), was inserted as a doublet upstream of the
FLO5 promoter. This construct facilitated the control of
flocculation, rendering the FLO5 promoter and flocculation
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(@) PYADE4-FLOS
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285
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Fig. 6. Construction of CAN::ADH2/FLO5 cassette and confirmation of cassette integration in the CANT locus. (a) The ADH2-FLO5 cassette from
plasmid pYADE4-FLO5 was amplified using primers with additional sequences of the CANT gene. The amplified cassette was used for industrial yeast
transformation (Fleischmann) and replaced the wild-type CANT by a construct in which the putative FLO5 promoter and gene were under the
transcriptional control of the ADH2 promoter region. (b) The CANT deletion and the integration of the cassette were confirmed by PCR. The
amplification of the construct ADH2-FLO5 (5246 bp) was observed only in the transformed yeast (column 2).

Fleischmann
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Fig. 7. Flocculation and ethanol production of the transformed Fleisch-
mann strain. (a) Difference in flocculation between cultures of wild-
type Fleischmann and transformed Fleischmann after 15 h of fermenta-
tion in medium containing 1% yeast extract, 2% Bacto-peptone and
20% glucose. (b) Evaluation of ethanol production by the transformed
strain shows a decrease of approximately 38% when compared with
the wild-type. The fermentation was performed in medium containing
20% glucose. The cells for this assay were grown in 2% glucose.

subject to glucose repression. This prototype was patented
in 2000 by the National Institute of Intellectual Property-
Brazil under the patent number 0001122.

However, this regulatory region comes from another
yeast species, Hansenula polymorpha, and potential indus-
trial Saccharomyces cerevisiae strains bearing this region
would be considered genetically modified organisms requir-
ing more strict regulatory rules. Moreover, flocculation was
observed to occur only 2 h after glucose exhaustion.

FEMS Yeast Res 6 (2006) 280-287

In view of this, it was decided to test native promoters to
improve the process and overcome the regulatory concerns.
Initially, the ADH2 promoter, which is also controlled by
Adrlp (Yu et al., 1989), was tested. However, initial trials
using the GFP reporter gene showed that the transcription
in the presence of glucose was not completely abolished
(data not shown). To avoid this problem, we used the native
FLO5 core promoter fused to only the regulatory regions of
ADH?2. With this modification, we effectively eliminated
transcription in the presence of glucose and co-ordinated
FLO5 expression precisely with the depletion of glucose.
Therefore, this seems to be the ideal promoter to satisfy our
goals.

Other authors have reported the conversion of nonfloc-
culant yeast strains into flocculant strains (Barney et al.,
1980; Watari et al., 1990, 1994; Ishida-Fujii et al., 1998). In
particular, Verstrepen et al. (2001) have successfully pro-
duced conditional flocculant laboratory strains using the
late-fermentation HSP30 promoter to control FLOI expres-
sion. However, the HSP30 promoter can be activated by a
series of other stress factors in addition to ethanol concen-
tration, such as temperature or pH (Seymour & Piper, 1999;
Varela et al., 2005). Thus, in the case of the ethanol industry,
in which the cells are under tremendous stresses of tempera-
ture, pH and competition with bacteria and other yeasts,
stress-sensitive promoters can present transcription escapes
before the end of fermentation. In this sense, the exhaustion
of sugar seems to be a much more appropriate environ-
mental signal.
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One important point to be considered is that large-scale
industrial ethanol fermentation is performed under nonster-
ile conditions. Therefore, there is no guarantee that the yeast
strain inoculated at the beginning of a continuous fermenta-
tion cycle will remain until the end of the process, which
normally takes several months. To address this point, we
followed the fate of an inoculated strain in a standard alcohol
industrial plant. Using microsatellite PCR, we detected that
the cells of the inoculated strains were completely replaced by
a wild-type strain 30 days after inoculation (result not
shown). Similar results have been observed by other authors
(Sabate et al., 1998; Wheals et al., 1999; Howell et al., 2004).

Therefore, for industrial applications, a system must be
developed which is able to convert specific yeast strains,
which predominate at each industrial plant, to conditional
flocculant strains. For this, we integrated the flocculation
cassette into the CANI locus (Camargo, 2000). This system
has the advantage of avoiding the use of positive antibiotic
genes, such as for kanamycin or gentamicin resistance
(Wach et al., 1994; Longtine et al., 1998; Goldstein et al.,
1999), which would be very harmful as the excess yeast cells
are normally used for animal feed after the end of the
fermentation cycle. Therefore, strains bearing such genes
would not be approved for industrial applications.

In the initial experiments, we were able to select canava-
nine-resistant cells, in which the cassette was effectively
integrated in the cells and which presented flocculation after
the exhaustion of sugar from the growth medium. However,
in contrast with the observations with the laboratory strain,
the industrial strain presented a significant decrease in
ethanol production in comparison with nontransformed
cells. We are currently investigating the causes of this decrease,
testing new constructions combining different promoters and
FLO genes and evaluating other industrial yeast strains.

In summary, this study shows the first results of the
development of industrial yeast strains capable of floccula-
tion co-ordinated with sugar consumption, allowing the
separation of cells at the end of fermentation in a natural
manner, without the need for mechanical processing.
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CAPITULO 2

REGULACAO CONDICIONAL DO GENE DA FLOCULACAO FLOI10
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INTRODUCAO

Os resultados obtidos com a regulagdo do gene FLOS5 mostraram a possibilidade da
“criagdo” de uma levedura inteligente. Porém, o gene FLOS apresenta uma desvantagem, as
células ndo desfloculam apds a adicdo de um novo mosto. Isso causaria um problema na
industria, pois ndo seria possivel a reutilizagdo das leveduras.

Segundo a literatura, os agregados de células formada pela expressao do gene FLOS
sdo inibidos apenas por manose, entretanto, foi relatado que agregados de células formados
pela expressdo de um outro gene da floculagdo, FLOI0, sdo inibidos pela presenga de
glicose, sacarose e maltose (Guo et al., 2000). Essa informacdo ¢ importante e motivou a
continuidade da idéia de produzir linhagens floculantes condicionais, pois haveria grandes
possibilidades de que as células desfloculassem imediatamente ao serem colocadas nas
dornas de fermentagdo com um novo mosto rico em glicose e sacarose.

O objetivo desta etapa foi usar a mesma estratégia descrita no capitulo anterior para
controlar a expressdo do gene FLO10, em linhagens de laboratoério, avaliando sua expressao
génica durante a fermentacdo e também construindo um cassete integrativo para
transformag¢do de linhagens industriais que sdo utilizadas na producdo de -etanol

combustivel.

METODOLOGIA
I - Linhagens utilizadas
Linhagens da levedura Saccharomyces cerevisiae:
e W303-1a: Mat a ade2 can1-100 his3-11, 15 leu2-13, 112 trp1-1 ura3-1;

e FY23: Linhagem padrdo S288c: Mat a, ura3-52, leu2DI1, trp1D63;

e JAY270: isolado da linhagem industrial Pedra 2, sem marca auxotréfica;
e JAY291: Mat a, hapldide de um esporo proveniente da JAY270;

e JAY292: Mat alfa, haploide de um esporo proveniente da JAY?270.

Linhagem da bactéria Escherichia coli empregada para a clonagem e multiplicagdo

dos plasmideos:
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e DHIOb: F mcrA A(mrr-hsdRMS-mcrBC) ©80lacZAM15 AlacX74 recAl
endAl arah139 A(ara, leu)7697 galU galK i- rpsL (Str™) nupG;

II - Meios de cultura

Para crescimento de leveduras:

e YEPD: meio completo composto por 1% de extrato de levedura, 2% de

peptona e 2% de glicose. Para meio sé6lido adicionar 2% de é4gar;

Para a selecdo dos transformantes integrativos o meio foi complementado com o
antibidtico geneticina (G418) a uma concentragdo de 200 mg/L e sorbitol na concentracao

de 1 M.

e YNB: meio minimo composto por 0,67% YNB e 3% de glicose, sendo
necessario suplementar com aminoécidos para a sele¢do de transformantes. Os aminoécidos
triptofano, histidina e leucina sdo preparados a parte em uma solu¢do estoque com
concentracdo de 100X e a uracila, 50X. E adicionada também uma mistura de aminoacidos

(drop out) ao meio (Ausubel et al., 1998);
Para crescimento de bactérias:

e LB: meio composto por 1% triptona, 0,5% extrato de levedura e 0,5%
cloreto de sodio (NaCl) complementado com os antibidticos apropriados para sele¢ao de

transformantes (ampicilina 100 pg/ml).

Para a prepara¢@o dos meios solidos foram adicionados 2% de agar.

III - Plasmideos
e pYADE4 — plasmideo de expressao em levedura, contendo o promotor do

gene da alcool desidrogenase 2 (ADH?2) a frente de um sitio de clonagem multipla (Brunelli

& Pall, 1993);

e pYADE4-FLO5 — plasmideo que cont¢ém o gene FLOS5 sob controle do
promotor ADH?2 (Cunha et al., 2006);

e YEp352-FLOI10 — plasmideo YEp352 contendo o gene FLOI0. Contém

marca de selecio URA3 (uracila) e Amp® (resisténcia a ampicilina).
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IV - Extracao de DNA genomico de levedura

Para a extracdo do DNA gendmico, as leveduras foram crescidas em meio YEPD
durante 16 horas a 30 °C sob agitacdo de 300 rpm. As células foram separadas do meio de
cultura e extracdo foi feita utilizando um tampao de quebra com bolinhas de vidro (glass
beads) e uma solucao de fenol/cloroférmio/alcool isoamilico. Essa mistura foi “vortexada”
e centrifugada. O DNA foi precipitado com 1/10 de NaAc (3 M, pH 5,3) e 2 x volume de
etanol 100% (Ausubel et al., 1998).

V — Amplificacido e clonagem do gene FLO10
O gene FLOIO foi amplificado por PCR diretamente do DNA gendmico de
Saccharomyces cerevisiae usando primers especificos:
(1) FLO10BamF: 5" CGCGGA TCCATGCCTGTGGCTGCTCG 3’ (62°C)
(2) FLO10SalR: 5" ACGCGTCGACCTATTAAACGATTGCCAG 3’ (62°C)
(3) FLO10PROMSAMALI: 5" TCCCCCGGGGGAGGTTGTTTGGTATGTATC 3" (50°C)
(4) FLO10BMHI: 5" CGCGGATCCGCGTTAAACGATTGCCAGTAATAG 3’ (50°C)
(5) FLO10SMAIprcurto: 5" TCCCCCGGGGGATTCTGTTGTAACGAATGATTC 37 (52°C)
(6) FLO10_117pr_sma: 5> TCCCCCGGGGGACATGTTCGAGTGCG 3°(52°C)
A seqiiéncia sublinhada indica os sitios de restricdo das enzimas para posterior

digestdo, e a temperatura que se encontra entre parénteses indica a temperatura de

anelamento para a PCR.

A PCR foi feita da seguinte forma: 3 pl de tampao (10 X), 2,5 ul MgSO4 (50 mM),
1,5 pl de cada primer (15 pmol), 8 ul de dNTPs (1,25 mM) e 1,5 U de taq de alta fidelidade
(Invitrogen) para um volume final de 30 pl. O programa utilizado foi: um ciclo inicial de
desnaturagao a 94 °C por 2 minutos, seguido por 40 ciclos de 94 °C por 30 segundos,
temperatura anelamento por 30 segundos, 68 °C por 2 minutos e uma extensao final de 68

°C por 7 minutos.

Os fragmentos amplificados foram clonados no vetor pGEM-T Easy (Promega),

seguindo as especificagdes do kit.
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VI - Reacao de sequenciamento

As reagdes de sequenciamento dos produtos de PCR clonados foram realizadas em
volume final de 10 pl, sendo: 1,0 pl de Bigdye terminator Mix (Applied Biosystems), 5
pmol/ul de primer M13. Foi utilizado 400 ng de plasmideo, que era o molde que estava
clonado em pGEM-T. Completando-se o volume final com H,O milliQ. Os ciclos de
sequenciamento foram: um ciclo inicial de desnaturacdo a 95 °C por 2 minutos, seguido por
50 ciclos de 95 °C por 20 segundos, 57 °C por 20 segundos ¢ 60 °C por 4 minutos. A
precipitacdo das amostras seguiu a orientacdo do fabricante, usando-se o Sequenciador

Applied Biosystems 377-96.

VII - Construcao dos plasmideos

A técnica de purificagdo e isolamento de DNA do gel de agarose foi feita utilizando-
se o kit da Qiagen (Qiaex II Gel Extraction Kit) ou kit da Invitrogen (PureLink). Todas as
outras técnicas, como a extracdo de DNA plasmidial (mini preparagdo), o uso de enzimas
de restri¢do e ligacdo foram realizadas de acordo com os protocolos basicos (Ausubel et al.,

1998).

VIII - Preparacao de células (bactérias e leveduras) competentes e
transformacao
Todas essas técnicas seguiram os protocolos descritos em Ausubel (Ausubel et al.,

1998).

Para o preparo das bactérias competentes, € necessario o acompanhamento do
crescimento celular em 1 L de meio LB até a ODgyp = 0,6 (fase exponencial de
crescimento). Nesse momento o crescimento celular ¢ parado colocando as células em
banho de gelo. Sao feitas 3 lavagens sucessivas com glicerol gelado (10%) para retirar todo
residuo de meio de cultura. As células sdo ressuspendidas em 2 mL de glicerol (10%),

aliquotadas e armazenadas em freezer -80 °C para uso posterior.

No preparo de leveduras competentes, as células sdo crescidas at¢ ODgoo = 1,3. S@o
feitas sucessivas lavagens em Sorbitol (1 M) para retirar residuos de meio. No final, as

células sdo ressuspendidas em 200 pL de sorbitol e aliquotadas para uso. Nesse caso as
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células foram utilizadas imediatamente apos o preparo. O armazenamento, nesse caso,

diminui o rendimento da transformacao.

A transformacgao, tanto de leveduras e bactérias foi realizada pelo método de

eletroporacao.

IX - Extracio e analise de RNA
O RNA total foi extraido pelo método do fenol acido quente e o Northern blotting

foi feito segundo protocolos bésicos (Ausubel et al., 1998).

Na extracdo de RNA, as células coletadas durante os experimentos foram tratadas
com fenol acido, tampao e aquecidas a 65 °C por 1 hora. As etapas adicionais de extracao
foram feitas novamente com fenol 4acido e cloroféormio. O RNA foi precipitado com NaAc

3 M, pH 5,3) ¢ etanol 100% gelado.
p g

Para os experimentos de Northern blotting: Foi feita eletroforese do RNA extraido
em gel de agarose denaturante para que as fitas de RNA permanecessem simples e ndo se
ligassem entre si. O RNA presente no gel foi transferido para uma membrana Hybond-N+
(Amersham Pharmacia Biotech) e posteriormente hibridado com uma sonda especifica

marcada radioativamente. Esse material foi exposto em um filme e revelado.

X — Determinacio da concentracao de glicose
A quantificagdo da concentragdo de glicose foi feita com um kit colorimétrico

enzimatico da Laborlab. Os resultados foram expressos em porcentagem de glicose.

Os célculos seguem abaixo:

F =100mg/dL % de glicose = D . F. diluicao
P 1000

Sendo que: F = constante dependente do padrdo
P = ODsps do reagente padrao

D = ODsgs da amostra desconhecida
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RESULTADOS E DISCUSSAO

Clonagem do gene FLOI0 variando tamanho do promotor e construcao do

plasmideo expressiao

O gene FLOIO ¢ um gene pouco estudado e por isso ndo havia na literatura
nenhuma informacao sobre a sua regido promotora. Para verificar se o tamanho da regido
promotora teria interferéncia na regulacdo, o promotor de FLOIO foi sendo reduzido
através da amplificagdo utilizando primers cada vez mais internos e utilizado na sua forma
nativa ou fusionado com o a regido regulatdria do promotor do gene ADH?.

O gene FLO10 foi amplificado por PCR com 4 variagdes no tamanho do promotor,
utilizando os pares de primers descritos abaixo. Destacado entre parénteses estdo os nomes
dados a cada um dos fragmentos:

- FLOI10BamF e FLO10SalR: amplifica somente a parte codante do gene, ou seja, a partir

do ATG gerando um fragmento de 3510 pb (FLO10). Nesse caso, o gene ¢ fusionado com o
promotor completo do gene ADH?2;
- FLOIOPROMOSMALI e FLO10BMHI: amplifica um fragmento de 3834 pb (FLO10pr),

sendo que os 324 pb iniciais sdo referentes ao promotor do gene FLO10;

- FLOIOSMAlprcurto e FLOIOBMH: amplifica um fragmento de 3717 pb
(FLO10pr_curto), sendo 207 pb referente ao promotor do gene FLO10;

- FLOI0 117pr Sma e FLOIOBMH: amplifica um fragmento de 3627 pb

(FLO10_117pr) com o promotor contendo 117 pb.

Os fragmentos amplificados foram clonados no vetor pGEM-T easy (Promega). Em
todos os casos a clonagem foi confirmada pelo padrao de bandas por digestdo, PCR com
primers especificos e sequenciamento. A figura 11 mostra a amplificagcdo do gene FLOI0 e
a confirmacdo da constru¢do pGEM-FLOI10. Nesse caso, a digestdo com a enzima Sall
gera fragmentos de 3,5 kb e 3,0 kb; com BamHI/Sall, 3,5 kb e 3,0 kb, e com Scal/Sall, 2,0
kb, 1,8 kb, 1,5 kb e 1,1 kb.

Como descrito em materiais € métodos, os primers utilizados para amplificagdo do
gene FLO10 foram desenhados com a seqiiéncia de determinadas enzimas de restricao, que

foram utilizadas, posteriormente, para retirar o gene do vetor de clonagem pGEM.
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FIGURA 11. (A) Amplificagdo por PCR do gene FLOI0. (B) Digestdo do pGEM-FLOI10 com as
enzimas (1) Sall, (2) BamHI/Sall e (3) Scal/Sall. M: marcador de peso molecular A hind.

Para a constru¢ao dos plasmideos de expressdo, o pGEM com os genes clonados
foram digeridos com enzimas de restri¢do. A banda correspondente ao gene FLOI0 foi
purificada (Kit PureLink - Invitrogen) e ligada ao plasmideo pYADE4 (que contém o
promotor do gene ADH?2), previamente linearizado também por tratamento com enzimas,

de acordo com tabela 2:

TABELA 2: Plasmideos com os genes clonados, as enzimas utilizadas para liberar o gene, as
bandas obtidas apos a digestdo, a banda isolada e as enzimas utilizadas para digerir o vetor de

expressao.
Plasmideo Enzimas para Bandas Banda Isolada e | Enzima para
digerir pGEM Obtidas Purificada digestao
PYADE4
pGEM-FLO10 BamHI e Sall | 3,0 e 3,5Kb 3,5Kb BamHI e Sall
pGEM-FLO10pr | Smal e BamHI | 3,0 e 3,8 Kb 3,8 Kb Sphl e BamHI
pGEM- Smal e BamHI | 3,0 e 3,7Kb 3,7 Kb Sphl e BamHI
FLOI10pr_curto
pGEM- Smal e BamHI | 3,0 ¢ 3,6Kb 3,6 Kb Sphl e BamHI
FLOI10pr 117

O plasmideo pY ADE4 para ser ligado a gene FLO10 sem o promotor foi linearizado
com BamHI e Sall, ou seja, deixando o promotor do gene ADH?2 inteiro. Para a reacdo de
ligagdo usou-se a enzima T4 ligase (Invitrogen), e a concentragdo molar do inserto utilizado
foi 5 vezes maior que a do plasmideo.

Para a constru¢ao do gene FLOI0 sob o controle da parte regulatoria do promotor
do gene ADH2, o plasmideo pYADE4 foi linearizado com a enzima Sphl, gerando

extremidades coesivas, cortando o plasmideo na regido do promotor do gene ADH?2. Esse
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material foi tratado com a enzima T4 DNA polimerase, deixando com que as extremidades
se tornem abruptas. Em seguida foi feita uma nova digestdo com a enzima BamHI. Esta
digestao remove o TATA box do promotor do gene ADH2, mantendo no plasmideo apenas
a regido regulatoria (Beier et al., 1985; Cunha et al., 2006). Posteriormente o gene FLO10
com o promotor foi ligado ao plasmideo PYADE4 utilizando a enzima T4 ligase

(Invitrogen). O esquema das construgdes estd mostrado na figura 12.

Seal Sall BamHi Scal B""’”ﬂ'pm
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|-nm

ADH2

"

Amp

Promotor
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HM O pYADE4  Ori PGEM-FLO10pr_curto } PYADE4  ori[)
(6Kb) (6.7kh) ou (6Kh)

PGEM- FLO10pr_117

Sall A4 Smal

Bembi®N A N/ PR\ (6ekh
_':w Flolope
Secal . . Digestio com Sphi
Digestiio com Digestiio com Digestan o Tratar T4 polimerase
BamHI ¢ Sall BamH[I e Sall BamB1 ¢ Smal Digestio BamH[
Fragmento de 3,5Kb Fragmento de 6,0Kb Fragmento ~ 3,7Kb Fragmento de 5,8Kb

Ligagiio
T4 ligase

,\/mp Trpl

PY-FLO10pr
G ori (9.6kb)  2Hm
pY-FLO10pr_curto

b)

Ligagio
T4 ligase

EcoRV

EcoRV

Bam 1l
EcoRV

EcoRl

FIGURA 12. Esquema da constru¢cdo dos plasmideos pYADE4-FLOI0, pYADE4-FLOI0pr,
pYADE4-FLO10pr curto e pYADE4-FLOI10pr 117. Os plasmideos (pGEM) foram digeridos com
as enzimas restricdo, liberando um fragmento de aproximadamente 3,7 Kb, que foi ligado ao
plasmideo pY ADEA4 linearizado previamente digerido.

A confirmag¢do da construgdo correta dos plasmideos de expressao foi feita por
digestdo com as enzimas de restricdo (Figura 13) e por PCR com os primers especificos

(Figura 14).
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FIGURA 13. (A) Foto do gel de agarose com a digestdo do plasmideo pY ADE4-FLO10pr com as
enzimas: (1) EcoRV , produzindo bandas de 6,9 Kb, 2,5 Kb e 145 pb (banda nao visivel); (2)
BamHI, linearizando o plasmideo (9,6 Kb). (B) Digestdo com EcoRI para confirmar a construgdo
dos plasmideos pY ADE4-FLO10pr_curto (1-3) e pYADE4-FLOI0pr_117 (4-6). O padrdo de banda
esperado ¢ de ~1,4 kb e ~8,2 kb. M = marcador de peso molecular o Ahind (Invitrogen).

M 1 2 3 4 5 6

4,0Kb

FIGURA 14: Produto da reagdo de PCR para confirmar a constru¢do utilizando-se os primers
ADH2F/FLO10BMHLI. Foi obtido o padrdo de bandas esperado (4,0Kb). As amostras referentes aos
plasmideos pYADE4-FLO10pr_curto (1-3) e pYADE4-FLO10pr 117 (4-6).

Transformacio de leveduras de laboratorio e testes de floculacio

A linhagem de laboratorio W303-1a foi transformada por eletroporagdo com os
plasmideos: pYADE4 (controle negativo), pYADE4-FLOI0, pYADEA4-FLOIOpr,
pYADEA4-FLOI10pr curto, pYADE4-FLO10pr 117.

As amostras de células foram coletadas periodicamente até o esgotamento da
glicose para posterior extragdo de RNA, foram feitas medidas de densidade optica (OD),
concentragdo de glicose, presenca ou auséncia de floculagdo (observacao visual).

Para os experimentos de Northern Blot foi necessaria a constru¢do de uma sonda. O
fragmento da sonda, contendo 1,3 kb, referente ao gene FLOI0 foi isolado da digestdo do
plasmideo pYADE4-FLOI10 com as enzimas EcoRI e Xhol (Figura 15) e foi marcado
radioativamente usando o**'P-dATP (Ausubel ez al., 1998).
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FLO10 (3,5Kb)

FIGURA 15: Esquema da regido de onde a sonda do gene FLOI0 (1,3 Kb) foi retirada apos a
digestdo do plasmideo pYADE4-FLO10 com as enzimas EcoRV e Xhol e foto do gel de agarose
contendo a banda isolada.

O primeiro resultado de Northern blot com linhagens transformada com o
plasmideo pYFLO10 (FLOI0 clonado a partir do ATG) mostra que o promotor do gene
ADH? ndo ativa somente quando a glicose se esgota, mas had uma expressao basal mesmo
com quantidades elevadas de glicose (Figura 16). Esse mesmo fendmeno foi observado
com o gene GFP3 (green fluorescent protein) na constru¢do pY ADE4-GFP3 realizado pelo
Prof. Luiz Humberto do Laboratério de Genética da ESALQ, Piracicaba (comunicagdo

pessoal).

PY-FLO10 PYADE4

RNA

Tempo (hs) 0 20 40 0 20 40

| | glicose (%) 4 1 0 4 1 0

FIGURA 16. Experimento de Northern blotting mostrando a expressdo basal do gene FLOIO
durante ensaio de fermentagdo. Nas linhagens transformadas com o plasmideo PYADE4 ndo se
observa a expressao do gene, como esperado.

Com a expressdao basal do gene, partimos para as outras construgdes, entdo

linhagens de laboratorio (W303-1a) foram transformadas com o plasmideo pYFLO10pr, na

45



qual apenas a regido regulatoria do promotor do gene ADH?2 foi fusionada com o promotor
basico do gene FLOI0.

O experimento de Northern continuou apresentando expressdo basal do gene. As
células crescidas em meio completo (YEPD) comecaram a flocular podendo ser
identificadas visualmente ap6s o esgotamento da glicose. A intensidade da floculagao
aumentava um pouco a medida que a glicose estava sendo consumida, mas isso pode ser
decorrente também do aumento da massa celular. Ja as células crescidas em meio YNB-

Trp” ndo flocularam em nenhum momento, nem apds o esgotamento da glicose (Figura 17).

PY-FLO10pr PY-FLO10pr )
YEPD YNB Trp ¢ C

RNA

Northern

Tempo (hs) 12 14 16 12 14 16 18 20
oD 48 52 40 3.8 4,0 43 51 4,7
| | glicose (%) 0,2 0,02 0 09 05 03 02 0
Floculac¢iao -+ 4+ - - ~ - - -

FIGURA 17: Experimento de Northern blotting de linhagens transformadas com o plasmideo
pYADE4-FLOI0pr crescidas em meio YEPD e YNB-Trp. (C") controle positivo, gene FLOI10
amplificado por PCR; (C) controle negativo, RNA de leveduras transformadas com o plasmideo
PYADEA4.

As células crescidas em meio YNB-Trp™ apresentaram uma intensidade de expressao
do gene menor do que as linhagens crescidas em YEPD (Figura 17). Govender (Govender
et al., 2008) observou também que transformantes para o gene FLOI e FLOS crescidos em
meio minimo apresentam capacidade de floculagdo diminuida. Nesse caso, 0 RNAm para
pode estar sendo expresso, mas a proteina pode ndo estar ativa. Pelo fato do meio de cultura
ser pobre, algum elemento essencial para ativar a proteina, como por exemplo, o calcio,

pode funcionar como um fator limitante.
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As células floculadas resultante da expressdao do gene FLOI0 foram lavadas com
uma solucdo de EDTA (quelante de ions) e observou-se a desfloculacdo de todas as células,
ou seja, ficaram todas em suspensdo. Isso indica que a floculagio é dependente de fons Ca"™"
como no gene FLOI.

Para verificar se o tamanho do promotor teria influencia na expressdo génica, as
leveduras foram transformadas com os plasmideos pYADE4-FLOI0pr curto, pY ADE4-
FLOI10pr 117. Os dados de tempo de fermentagdo, OD, concentragdo de glicose e
floculagdo se encontram na tabela 3. Foram feitos com os 3 plasmideos construidos pY-
FLO10pr, pY-FLOI10pr curto, pY-FLOIO0pr 117, e também com um controle negativo,
pYADEA4, e positivo, YEPFLO10pr.

Como observados no experimento de Northern (Figura 18), as leveduras
transformadas com os trés plasmideos construidos apresentaram floculagdo basal durante
todo o processo fermentativo. A intensidade da expressdo génica aumenta
significativamente a medida que a glicose vai sendo consumida, principalmente no ultimo
ponto de coleta (10hs), quando ja ndo h4 mais glicose presente no meio de cultura.

E interessante observar que as leveduras transformadas com o plasmideo pY ADE4-
FLO10pr_ 117 apresentaram o mesmo padrdo de expressdo génica das transformadas com
as demais construcdes, ou seja, a expressao se mostrou basal aumentando nas etapas finais
da fermentacao (Figura 18 C). Mas quando se observaram as células, elas ndo apresentaram
caracteristica floculante. Visualmente, o fenotipo dessas leveduras era muito semelhantes
ao fenotipo das leveduras transformadas com o plasmideo pYADE4 (controle negativo),
com as c¢lulas todas em suspensdao. Nessa construcdo, o tamanho do promotor do gene
FLO10 apresenta 117pb (que contém a regido de TATA box) e o restante do promotor
referente a regido regulatoria se encontra no pedago do promotor do gene ADH2. O RNA
mensageiro referente ao gene FLOIO estd sendo transcrito, como pode ser visto no
experimento de Northern, mas a proteina provavelmente nao estd sendo traduzida
corretamente ou apds a traducdo ela ndo esteja sendo ativada. Outra hipdtese seria que
nessa construgdo as enzimas responsaveis pela transcricdo tenham encontrado outra regido

iniciadora para a proteina, mudando o frame, transcrevendo outra sequéncia.
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TABELA 3. Testes de floculagdo com as leveduras da linhagem W303-1a transformadas com os
diferentes plasmideos e crescidas em meio completo YEPD.

Plasmideo T(e';ls I;O OD L] ((}01/1():056 Floculagiao* | Observagéo
0 2,7 1,4 0
2 43 1,3 0 Plasmideo
pYADE4 4 5,7 1,0 0 sem o gene
6 7,0 0,7 0 da
8 8,1 0,2 0 floculagdo
10 8,3 0,04 0 (C-H
0 2,7 1,3 1
2 4,1 1,3 1 Gene
YEPFLOI0p 4 5,5 1,1 1 FLO10
6 6,7 0,8 1 constitutivo
8 7,9 0,2 1 (C+)
10 8,3 0,04 1
0 2,4 1,3 1
2 3,8 1,3 1 Promotor
pYFLO10pr 4 54 1,1 1 do gene
6 6,3 0,8 1 FLO10
8 7.9 0,3 1 com 324pb
10 8,2 0,04 2
0 2,7 1,3 1
2 42 1,2 1 Promotor
pYFLOIOpr 4 54 1,0 1 do gene
curto 6 6,5 0,8 1 FLOI0O
8 8,0 0,2 1 com 207pb
10 8,1 0,03 2
0 2,7 1,3 0
2 4,0 1,3 0 Promotor
pYFLOIOpr 4 5,9 1,1 0 do gene
117 6 6,4 0,8 0 FLOI10
8 8,1 0,3 0 com 117pb
10 8,3 0,04 0

* A intensidade da floculagdo: (0) auséncia de floculagdo; (1) Floculagéo fraca; (2) Floculagdo intensa.
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A pYADE4 Yep-FLO10pr PYADE4-FLO10pr

RNA
Northern
Jompe 4 4 8 0 6 )
(horas) 2 6 8 10 0 2 6 10 2 4 8 I
B pYADE4 Yep-FLO10pr pPYADE4-FLO10pr_curto

RNA - j I_: -'

Tempo
(hcras)02458m 0 2 4 6 8 10 0 2 4 6 8 10

C PYADE4 Yep-FLO10pr PYADE4-FLO10pr_117

RNA

Northern

Tempo
(h0m3)024ax|0 0 2 4 6 8 10 0 2 4 6 8 10

FIGURA 18. Experimentos de Northern blotting da linhagem W303-1a transformada com o
plasmideo (A) pYADE4-FLO10pr, (B) pYADE4-FLO10pr_curto ¢ (C) pYADE4-FLO10pr_117.
Linhagens transformadas com pYADE4 representam o controle negativo, e as transformadas com
YEPFLO10pr, controle positivo.

Em nenhuma das outras duas construgdes (pYADE4-FLOI0pr e pYADE4-
FLOI0pr_curto) foi obtida uma regulacio controlada pelos niveis de glicose no meio como
era esperado. Observando na figura 18 A e B, nos experimentos de Northern, os transcritos
obtidos apresentam o tamanho um pouco menor do que o controle (Yep-FLO10pr — flocula
o tempo todo). Isso indica que pode estar havendo uma regulacao poés-transcricional ou que
o promotor do gene FLOI0 tenha algum elemento que esteja impedindo o controle exato da

floculacdo no momento que a glicose se esgote.
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Construcio dos cassetes integrativos e integracao no genoma

A partir dos plasmideos pYADE4-FLO10pr, pYADE4-FLO10pr curto e pY ADE4-

FLO10pr 117, foram construidos cassetes integrativos, transformando linhagens industriais
(que efetivamente realizam a fermentagdo nas usinas) e¢ avaliando o comportamento da
expressao do gene FLOI0.

O plasmideo pYADE4, que ¢ utilizado para expressdo de genes em leveduras,
possui uma regido de 2 um, que confere a habilidade desse plasmideo de se replicar com
autonomia dentro da célula de levedura (Griffiths et al., 1993). Para a constru¢do dos
cassetes integrativos, a regido de 2 um foi substituida pelo gene KAN (Figura 19), que
confere resisténcia ao antibiotico G418.

A retirada da regido de 2 um foi necessdria para garantir que o plasmideo ndo
continuasse funcional no caso de sua recircularizagdo. Houve também a necessidade de
inserir o gene KAN para selecionar as linhagens industriais transformadas, pois elas ndo
possuem marcas auxotroficas como as linhagens de laboratorio.

Para que ocorresse a recombinacdo homologa, o plasmideo foi linearizado com a
enzima Bsgl. Esta corta a regido central do gene triptofano. E nesse gene que o cassete ira
se integrar no genoma da levedura.

As leveduras tém a capacidade de reconhecer sequéncias homologas de DNA livres
dentro da célula e promover a recombinacdo homologa. Esse ¢ um fendmeno muito comum

entre as leveduras.

Plasmideo
(9.6kb)

% Promotor
1 ADH2

Flalpr EcoRl

EcoR!

FIGURA 19: Esquema padrdo do plasmideo integrativo contendo o gene FLO10 sob regulagdo do
promotor do gene ADH2 e com parte da regido de 2 um substituida pelo gene KAN. O plasmideo foi
linearizado com a enzima Bsgl para transformar leveduras.
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Quando se insere o fragmento de DNA linearizado dentro da célula, as
extremidades desse fragmento, que apresentam a sequéncia do gene triptofano, se pareiam
com esse mesmo gene presente no genoma da levedura no cromossomo VI onde ocorre a
recombinagdo homdloga. Nesse caso, como mostrado no esquema da figura 20, observa-se
que apos a integracdo do cassete, o gene TRPI nao ¢ deletado ou, ele ficara duplicado
sendo que as duas coOpias permanecem funcionais. Além disso, as leveduras ficam

resistentes a ampicilina e a geneticina (G418), genes presentes no cassete.

TRPI

2 s SEOL0 AmpR = Cassete integrativo
—— Y
Apds a recombinagio
homdloga
&_ KAN FLOI0 AmpR EELE -

Cassete integrado no genoma

FIGURA 20: Esquema da integracdo do cassete no genoma da levedura. Observa-se a duplicagdo
do gene triptofano.

As transformacdes com os cassetes integrativos (pYADE4-FLOI10pr Kan,
pYADE4-FLO10pr curto Kan e pYADE4-FLOIOpr 117 Kan) nas linhagens FY23
(laboratoério), JAY270, JAY291 e JAY292 foram feitas por eletroporagao.

Apo6s a eletroporagdo, as leveduras foram ressuspendidas em meio YEPD com
sorbitol e deixadas crescer durante toda a noite para serem plaqueadas em meio seletivo
(YEPD + G418). O sorbitol ajuda na estabilizagdo da membrana que sofreu uma
desestabilizacdo apds a eletroporagdo. Antes de se plaquear é necessario esse tempo para
que as cé€lulas possam se multiplicar e aumentar a probabilidade de que ocorra a

recombina¢do homologa.
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Apo6s 3 dias na estufa a 30°C, observou-se crescimento de colonias em todas as
linhagens transformadas. Confirmou-se a integragdo do cassete, na regido do gene
triptofano, por PCR.

Algumas colonias selecionadas foram crescidas em meio YEPD e crescidas até o
total esgotamento da glicose. A tabela 4 mostra os resultados preliminares encontrados
nestas linhagens. Foi feita apenas uma triagem inicial para verificar se todas as colonias
expressavam o fendtipo da floculagdo.

A maioria das colonias obtidas ndo flocularam mesmo apresentando resisténcia ao
antibiotico G418. Isso pode ter acontecido devido a algum erro na recombinagdo que
eliminou a funcionalidade do gene da floculagcdao. A construgdo pYADE4-FLO10pr 117

ndo consegue expressar o fenotipo floculante.

Tabela 4: Linhagens de leveduras transformadas com os respectivos cassetes integrativos e

observagoes da capacidade floculante das colonias obtidas.

Linhagem Plasmideo *Colonia 1 *Colonia 2 *Colonia 3

JAY270 Kan-FLO10pr + - 0

Kan-FLO10pr curto - 0 0

Kan-FLO10pr 117 - - 0

JAY291 Kan-FLO10pr - - 0

Kan-FLO10pr 117 - - 0

JAY292 Kan-FLO10pr + - 0

Kan-FLO10pr curto + + +

Kan-FLO10pr 117 - - 0

FY23 Kan-FLO10pr + - 0

Kan-FLOI10pr curto - - 0

Kan-FLO10pr 117 - - -

*intensidade de floculacdo de cada colonia selecionada. (-) auséncia de floculagdo, (+) floculagéo
fraca, ndo separa completamente do meio, (0) Colonia inexistente.

Os resultados de integracdo do cassete no genoma da levedura ainda ndo sdo
conclusivos. Uma nova estratégia de integragdo de cassetes no genoma da levedura
industrial estd em andamento. A “domesticacdo” de linhagens industriais ¢ o trabalho do
mestrando Felipe Galzerani, que se baseia na técnica do Delitto Perfetto, na qual
modificacdes genéticas sdo feitas de forma que, ao final de todo processo de transformagao,
ndo permanec¢a nenhuma marca auxdétrofica ou marca de selegdo. Isso ¢ muito importante,

pois diferentemente da técnica utilizada aqui, que insere o gene KAN, deixando na levedura
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a marca de resisténcia ao antibiotico G418, ¢ possivel se obter uma levedura “limpa”,
evitando toda a polémica e discussdo sobre organismos transgénicos.

Depois de se obter tranformantes a partir dessa nova técnica de integracao sera feito
um acompanhamento mais detalhado durante a fermentagao até o esgotamento da glicose.

Hé ainda a necessidade de se investigar o motivo da expressdao basal de todas as
construgcdes do gene FLOI0. Nas linhagens de laboratério, apesar de ter apresentado
expressdo basal nos experimentos de Northen, a expressdo aumenta apds o esgotamento da
glicose e ¢ possivel se observar o aumento da floculagao.

Uma outra possibilidade seria a busca de um outro promotor que seja expresso
somente ao final da fermentacdo. Essa informagdo poderd ser obtida no trabalho do
doutorando Osmar Netto, que esta avaliando a expressdo génica de linhagens industriais
durante o processo fermentativo na condi¢des reais de dornas. Essa expressdo génica sera
comparada com linhagens de laboratério, investigando também diferengas que possam dar
indicios da maior robustez e eficiéncia da linhagem industrial.

A possibilidade de se controlar a floculacdo e a desfloculagdo ¢ de grande
importancia biotecnologica. Novos promotores serdo testados, para se tentar melhorar o

controle da expressao do gene da floculagio.

CONCLUSAO

O gene FLO10, nos experimentos de Northen, mostrou uma expressao basal desde o
inicio da fermentacdo, entretanto essa expressdo ¢ aumentada apos o esgotamento da
glicose.

Nao foi observado o fendmeno da desfloculagao.
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CAPITULO 3

AUMENTO DA PRODUCAO DE ETANOL EM LINHAGENS DE LEVEDURAS
INDUSTRIAIS BRASILEIRAS
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INTRODUCAO

As pesquisas para o melhoramento genético de linhagens de leveduras industriais
brasileiras ainda s3o bem escassas. As linhagens que efetivamente realizam fermentagao
nas usinas tém caracteristicas de alta eficiéncia e robustez. Alteragdes que promovam o
melhoramento da linhagem baseado no aumento na produtividade ou diminuicdo de
problemas como, formagdo de espuma ou floculacdo, sdo de extremo interesse para os
usineiros.

Estudos com linhagens de Saccharomyces cerevisiae mostraram que mutantes
respiratorios apresentam um aumento na produtividade de etanol comparada com leveduras
que respiram (Hutter & Oliver, 1998; Panoutsopoulou ez al., 2001). A delecdo de um gene
especifico, PET191, responsavel por uma das etapas da montagem do citocromo C, produz
um mutante 100% deficiente respiratdrio, neste caso, um mutante nuclear. Foi verificado
que esse mutante promove um aumento de 43% e 9% na produ¢do de etanol em linhagens
de laboratorio e industriais de vinho, respectivamente.

Outro tipo de deficiente respiratdrio, o0 mutante citoplasmatico, ndo possui genoma
mitocondrial funcional. Esse mutante ¢ obtido pelo tratamento das células com brometo de
etideo. O grande problema desse mutante ¢ que o genoma mitocondrial, que esta
degradado, possui genes importantes para a linhagem como, por exemplo, tolerdncia ao
etanol.

O objetivo dessa parte do trabalho ¢ a utilizagao de linhagens industriais brasileiras
(haploides derivados da linhagem PE-2) para a producdo de deficientes respiratorios
(petites nucleares e mitocondriais) e a andlise do rendimento fermentativo comparando-se
com as linhagens selvagens.

Os resultados mostram uma tendéncia de aumento da quantidade de etanol pelas

linhagens petites quando comparadas com as controle.

MATERIAL E METODOS

Linhagens de levedura e meios de cultura
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As linhagens de Saccharomyces cerevisiae utilizadas neste trabalho estao listadas na
tabela 5. As células foram incubadas a 30 °C para crescimento em meio completo YEPD
(1% extrato de levedura, 2% peptona, 2% glicose). Para o meio seletivo, foi adicionado 200
mg/L geneticina (G418). Os petites mitocondriais (p’) foram selecionados em meio YPG
(1% extrato de levedura, 2% peptona, 2% glicerol). Os ensaios fermentativos foram feitos
com extrato de cana-de-agucar esterilizado, meio utilizado nas industrias Brasileiras de

etanol.

TABELA S. Linhagens de Saccharomyces cerevisiae usadas neste trabalho.

Linhagem Genotipo Referéncia
FY23 Linhagem padrao S288c: Mat a, ura3-52, (Winston et al.,
leu2D1, trp1 D63 1995)
PE-2 Linhagem industrial brasileira LNF-Latino
Americana
JAY270 Colonia isolada da PE-2 Argueso et al., 2009
JAY?291 Esporo da JAY270, Mat a, haploide (Anexol)
JAY292 Esporo da JAY270, Mat alpha, hapléide

Producdo de mutantes respiratorios (100% deficiente respiratério)

Mutante nuclear (estratégia 1): O cassete para deletar o gene PETI91 foi
amplificado por PCR utilizando como DNA molde o plasmideo pFA6aKanMX4
(plasmideo contendo o gene de resisténcia & ampicilina e o gene KAN que confere

resisténcia ao antibidtico G418) com os seguintes primers:

DsPET191-2 (rev)
5" TATTTATGTATATATTTACAGGCCAATTTTCATAAATTCGACAGCAGTATAGCGACCAG 3’

DSPET191-1 (fw)
5> ACAAATAAATTTGCAGTGCGTTTGTAGATATCAAAGAGCTTGCCTCGTCCCCGCCGGGT 3’

A regido ndo sublinhada ¢ a que apresenta homologia com 0 DNA molde ¢ a regidao
sublinhada ¢ homologa ao comeco a ao fim do gene PETI91, local onde ocorrerd a
recombina¢do homologa. Essa PCR amplifica um fragmento de 1472 pb (Figura 16).

As condigdes da PCR foram: 5 pl de tampao (10 X), 1,5 pl MgCl, (50 mM), 1,25 pl
de cada primer (15 pmol), 9 ul de dNTPs (1,25 mM) e 2,5 U de Tag DNA polimerase
(Invitrogen) para um volume final de 50 pl. O programa utilizado foi: um ciclo inicial de

desnaturacdo a 94 °C por 3 minutos, seguido por 35 ciclos de 94 °C por 30 segundos, 60 °C

56



por 30 segundos e 72 °C por 1 minuto e 30 segundos, além da extensdo final de 72 °C por 4
minutos.

Mutante nuclear (estratégia 2): A produgdo desses petites foi realizada deletando
um gene especifico, o gene PET191, através do método do double-joint PCR (Yu et al.,
2004). Com essa metodologia, ¢ possivel aumentar a regido de homologia facilitando a
recombinagdo na regido em que se pretende deletar o gene. Para isso, 3 etapas de PCR sdo
necessarias para a construcao do cassete integrativo. A figura 21 mostra os diversos passos
envolvidos nesta técnica. Os primers utilizados foram: KAN-F_dj: 5’
CGTTAGAACGCGGCTACAAT 3, KAN-R_dj: 5 GCCGATTCATTAATG
CAGGT 3°, S°PET-F: 5° AGGCAGTTTACTGGCGTGTC 3’, 5’PET-R-KAN: 5’
TGTATTAATTGTAGCCGCGTTCTAACGTGCTACCCCTCAGACAGCTT 3°, 3’PET-
F-KAN: 5> CAGGTTAACCTGCATTAATGAATCGGCAGGGCGATGCAAT
AAAAGTG 3°, 3’PET-R: 5> ACGTTGCAGAGCGGTCTTAC 3’, PET-KAN_nst-F: 5’
CGACCGCAGTACAGTCTGAT 3°, PET-KAN_nst-R 5> GCGATTGTAGGTTGC
TAAAG 3’.

Na primeira etapa (I), trés PCRs independentes sdo feitas. Uma amplifica o gene de
resisténcia (1), no caso, o gene KAN; a outra amplifica a regido 5’ do gene que se pretende
deletar (2); e a ultima amplifica a regido 3” do gene que se quer deletar (3). Estas duas
ultimas PCRs, sdo feitas com primers contendo uma cauda homologa ao gene KAN.

Na segunda etapa, os trés produtos da primeira etapa (1, 2 e 3) s@o adicionados em
uma mesma reagdo de PCR. Os fragmentos 2 ¢ 3 serdo os “primers”, estendendo os
fragmentos.

Para finalizar, a terceira etapa consiste em utilizar primers internos (nested) para
selecionar apenas os fragmentos completos, contendo o gene KAN flanqueado com a regido
de homologia ao gene PETI91. Os parametros de todas as reacdes de PCR foram as
mesmas descritas no trabalho original (Yu et al., 2004).

Ambos os cassetes construidos foram utilizados para transformar leveduras por
eletroporagao.

Para verificar se o cassete (PET-KAN-PET) se recombinou, integrando-se
corretamente no cromossomo da levedura, foram desenhados os seguintes primers que

flanqueiam o gene PET191:
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-JAO262 - 5° CTTAGGCAGTTTACTGGCGTG 3’
-JAO263 - 5 AAGCACGTTAACTCCCAGATC 3’

As condigdes utilizadas foram: 1 ul de tampao (10 X), 0,7 ul MgCl, (50 mM), 0,5 pl
de cada primer (15 pmol), 2 pl de dNTPs (1,25 mM) e 0,5 U de Tag DNA polimerase
(Invitrogen) para um volume final de 10 pl. O programa utilizado foi: um ciclo inicial de
desnaturacdo a 94 °C por 2 minutos, seguido por 35 ciclos de 94 °C por 30 segundos, 51 °C

por 30 segundos e 72 °C por 1 minuto e 30 segundos, além da extensao final de 72 °C por 5

minutos.
(1) (2) 3)
pfaaKanMX4 Genomic DNA Genomic DNA
(l) Kanf  Kan nrer PET191 PET191 SreR
B — I ———  +——
— — _.—
L Fl:ﬂléﬂd Kan_R 5'Pet_R_Kan ¥ Pet_F Kan
= — —:a _.—
(1)
—
(I1) — e
2°;g‘é"d () I (3)
(1) 1
e — — — -]
l — i 0 o =
@ oo — I — -+~ ®
3° round PCR U
(nested primers) o2 (3)
PETS KAN PET3

—

Cassete PET-KAN-PET

FIGURA 21. Metodologia double-joint PCR usado para construir os cassetes integrativos. Trés
etapas de PCR sdo necessarias para fazer o cassete. (I) Uma PCR para amplificar o gene marcador
(KAN) e outros dois para amplificar a regiao do DNA gendmico na regido 3’ ¢ 5’ do gene que se
pretende deletar usando primers com cauda homologa ao gene KAN. (II) O produto das trés PCRs
anteriores sdo adicionadas numa nova reagdo para a segunda etapa. (III) Ultima PCR com primers
internos.
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Mutante citoplasmatico ou mitocondrial (p’): A delegdo completa de todo
mtDNA gera esse tipo de mutante. As células, nesse caso, sdo tratadas com brometo de
etidio, degradando todo o DNA mitocondrial. As leveduras foram incubadas em 10 pg/ml
de brometo de etidio por aproximadamente 8 horas (Fox et al., 1991). Posteriormente, as
células foram plaqueadas em meio completo (YEPD). Algumas colonias foram colocadas
em meio YPG para verificar a deficiéncia respiratoria ja que as células petites sdo incapazes
de crescer e utilizar glicerol como fonte de carbono.

Para confirmar se todos os mutantes produzidos realmente eram 100% deficientes
respiratorios, foi utilizado um reagente, o TTC (cloridrato de 2.3.5 trifeniltetrazolio). O
TTC ¢é um sal incolor que forma um precipitado vermelho quando ¢ reduzido. As amostras
celulares sdo espalhadas sobre a superficie de meio sélido na placa (YEPD com 4gar) e
incubados por 2 dias a 30 °C sob condigdes aerdbicas. Depois desse tempo, a placa com as
coldnias crescidas sdo cobertas com 20 mL de solugao TTC a 50 °C (agar 0,75%; glicose
0,5%; TCC 0,05%) e incubadas por 3 horas a temperatura ambiente. Colonias que
apresentarem coloracao rosa tém a capacidade de respirar, enquanto as colonias brancas sao

deficientes respiratorios (Allen, 1994).

Ensaios fermentativos

Os ensaios fermentativos foram compostos por 4 fermentacdes consecutivas € em
triplicata. Cada amostra foi montada com um volume final de 40 ml, utilizando 10% de
massa fresca (Umida) de fermento, ou seja, 4 g de massa fresca e 36 ml de meio de
fermentagdo. O meio utilizado foi caldo de cana esterilizado. A fermentagdo teve duragao
de 15 horas a uma temperatura de 30 °C e sem agitagdo. O pH foi acertado para 4,0. A
quantidade inicial de agucares redutores total (ART%) foi iniciada com aproximadamente
18%.

Para se saber a quantidade méxima tedrica de etanol que pode ser obtida a partir da

glicose inicial, faz-se o calculo baseado na equacao:

CsH 1206 — 2C,H50H + 2CO,
180 92 88 (massa molecular)
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O valor de 180 equivale 100% da glicose que pode ser convertida em etanol. Desses
180, apenas 92 podem ser efetivamente convertido em etanol, ou seja, 51,111...%=
0,51111. Esta é a taxa de conversdo utilizada nos calculos de rendimento tedrico maximo.
Para o célculo, multiplica-se o valor de ART% (que nesse caso ¢ de 18,0%) pela taxa de
conversao (0,5111). Resultando no valor de 9,20.

Para a andlise dos resultados e construgdo dos gréficos, os dados da concentracdo de
etanol foram normalizados em func¢do da quantidade méaxima tedrica que pode ser
convertido em etanol e que esta diretamente ligado a quantidade inicial de Acucares
Redutores Totais (ART%).

A medida de ART% foi feita segundo a metodologia de Somogyi-Nelson (Nelson,
1944; Somogyi, 1945). Foram preparados os reativos de Somogyi, o reativo de Nelson e
uma solucio padrio de glicose. A cada amostra foi adicionada 1 mL de reativo de Somogyi
e colocado em banho-maria por 10 min. Depois de frio, adicionou-se 1 mL do reativo de
Nelson. As amostras foram medidas em espectrofotometro a 540 nm.

A medida de élcool foi feita por destilagdo e densitometria. O produto fermentado

foi destilado e posteriormente foi medido em um densimetro.

RESULTADOS E DISCUSSAO

Ha ainda poucos estudos visando melhorar linhagens industriais, seja por genética
classica ou engenharia genética, principalmente, as linhagens brasileiras produtoras de
etanol. A grande parte dos estudos estd focada no melhoramento da cana-de-acticar € no
processo durante a fermentacdo. As leveduras, que efetivamente convertem a sacarose em
etanol, tém recebido pouca atencdo. Existe, portanto, uma ampla area a ser estudada e
explorada, para poder aumentar ainda mais a producao de etanol e para a sintese de novos
compostos.

Principalmente no Brasil, cada usina possui uma linhagem especifica que
predomina durante toda a safra. Estas leveduras foram isoladas do proprio processo
fermentativo e sdo multiplicadas todo ano para iniciarem o processo (Basso et al., 2008).

Para a realizagdo de modificagdes genéticas ¢ importante considerar a permanéncia das
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linhagens nas dornas para que as leveduras possam expressar as caracteristicas desejaveis e
sobreviver ao estresse da fermentacao.

Foram usadas para a realizacdo desses experimentos, linhagens industriais haploides
derivadas da PE-2. Essa escolha foi feita, pois elas possuem as mesmas caracteristicas,
como a alta produtividade de etanol, observadas na linhagem diploéide (JAY270 — PE-2)
(Argueso et al., 2009 — artigo aceito para publicacio Anexo I). A linhagem industrial
haploéide pode ter a capacidade de exibir a mesma habilidade de competir e sobreviver nas

condi¢des fermentativas das industrias.

Levedura petite

Para deletar o gene PETI91, gerando um petite nuclear (100% deficiente
respiratorio - Apetl91), e verificar se a auséncia funcional desse gene realmente aumenta a
produgdo de etanol, foram desenhados os primers DsPET191-2 (rev) e DsPET191-1 (fw).
Eles amplificam o gene KAN do plasmideo pFA6aKanMX4 tendo as extremidades
homologas ao gene PET191 do genoma da levedura (Figura 22).

PET191
~ KAN AMP pfa6aKanMX4
—— I 1
PET191
| oa— |
PET KAN PET

FIGURA 22: Esquema da constru¢do do cassete integrativo por PCR a partir do plasmideo
pfabaKanMX4. Os primers apresentam uma cauda homoéloga ao gene PET191. No final, o cassete
apresenta o gene KAN flanqueado por seqiiéncias da regido onde se deseja que ocorra a
recombinacao homologa.

As linhagens FY23, JAY270, JAY291 e JAY292 foram transformadas com esse
cassete e apds plaquear em meio seletivo (YEPD + sorbitol + G418) observou-se uma
grande quantidade de pequenas colonias. O aspecto aparentava crescimento residual de
leveduras, mesmo assim, algumas colonias foram selecionadas para verificar se o gene
PETI91 havia sido deletado. Isso foi feito por PCR com primers adjacentes ao gene

PETI91, 0 JAO262/JAO263.
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Se houver integragdo, o fragmento amplificado seria de 2,4 Kb. Se a recombinacao
ndo tiver ocorrido na regido correta a PCR amplificaria somente o gene PET191, gerando
um fragmento de 1,4 Kb. O resultado da PCR mostrou o cassete PET-KAN-PET nio
integrou no genoma da levedura. O padrao de bandas encontrado na linhagem transformada
foi 0 mesmo da linhagem nao transformada.

Um dos motivos pode ter sido porque a regido de homologia do cassete com a
regido do genoma ¢ de apenas 37 bases. Essa quantidade de bases ¢ o minimo que se deve
ter para que a recombinac¢ao ocorra, mas a eficiéncia aumentaria muito com o aumento de
bases homologas.

Esta estratégia foi baseada em Wach (Wach et al., 1994). Segundo este artigo, ¢
possivel obter transformantes por recombinagdo com um minimo de 35 pb de homologia
com a regido que se pretende substituir. Entretanto, esta metodologia ndo se mostrou
eficiente para transformag¢do de linhagens industriais. Para se obter sucesso na
transformag¢ao e recombinagdo foi necessaria a constru¢do de um cassete com uma maior
regido de homologia. As dificuldades encontradas em se transformar linhagens industriais
ndo sdo conhecidas. Elas devem ter algumas caracteristicas peculiares que dificultam o
processo de transformagao e integragdo quando comparada com as linhagens de laboratoério.
Para isso uma nova metodologia foi escolhida, a do double-joint PCR.

Nesse caso, o cassete foi construido com uma regido de homologia de 143 bp na
regido 5° do gene PETI91’e de 245 bp na regido 3’ do gene PETI91. Depois da
transformagao por eletroporagdo, diversas colonias apresentaram crescimento no meio com
o antibidtico G418 e foram separadas para confirmagdo da integragao por PCR. Como
mostra a figura 23, as colonias 2, 3 e 4 confirmaram a inser¢cdo e foram usadas nos
experimentos posteriores, enquanto as colonias 5 e 6 ndo apresentaram dele¢do do gene

PETI91.
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FIGURA 23. PCR de confirmacao da integracdo do cassete e conseqiiente delecdo do gene
PETI9]. (1) marcador peso molecular, Ahind; (2 a 4) banda de 2,4 Kb indicando a inser¢do do gene
KAN substituindo o gene PET191; e (5 e 6) banda de 1,4 Kb, indicando apenas o tamanho do gene
PETI9].

Para a obtengdo do outro tipo de deficiente respiratorio, também 100% deficiente,
(petite mitocondrial ou citoplasmatico - p°), as células foram crescidas e posteriormente
tratadas com brometo de etidio. As colonias selecionadas sdo incapazes de crescer usando
glicerol como fonte de carbono, ndo apresentando crescimento em meio YPG. Esse tipo de
petite tem a taxa de crescimento menor quando comparada com as cé¢lulas normais, se
apresentado como pequenas colonias quando plaqueadas.

Todos os mutantes respiratérios produzidos, tanto nucleares (testado previamente
também por PCR) quanto o mitocondrial, foram confirmados pela técnica de cobertura por
TTC. A figura 24 mostra duas linhagens testadas, FY23 e JAY292. As colonias 1 e 5 sdo os
controles (células normais) e a coloracao rosa confirma a capacidade de respirar. As demais
colonias sem coloragdo sdo deficientes respiratorios: petites nucleares (2, 6) e petites

mitocondriais (3, 4, 7, 8).

FIGURA 24. Técnica de cobertura com TTC. As coldnias rosa tém a capacidade de respirar e as
brancas sdo deficientes respiratorias. (1) JAY292; (2) JAY292Apet191; (3) JAY292-EtBr-a; (4)
JAY?292-EtBr-b; (5) FY23; (6) FY23Apet191; (7) FY23-EtBr-a; (8) FY23-EtBr-b.

63



As linhagens transformadas e os mutantes produzidos foram utilizados para a

realizacdo dos ensaios fermentativos.

Ensaios Fermentativos

Foram feitas 4 fermentagdes consecutivas, reutilizando as mesmas células, em caldo
de cana esterilizado (a porcentagem de agucares redutores totais foi diluido para
aproximadamente 18%), simulando as mesmas condi¢des das usinas.

O mutante petite mitocondrial (po) tem a taxa de crescimento menor (dados nao
mostrados) e isso pode também ser visualizado na placa, pois suas colonias apresentam
tamanho bem inferior as colonias de células normais, devido a esse fato elas sdo chamadas
de petites. O petite nuclear (Apet191), interessantemente, nas linhagens FY23 e JAY292
ndo apresentaram diferencas muito significativas na taxa de crescimento, quando
comparada com as cé€lulas normais (Figura 25). Esse mesmo fato foi observado por Hutter
& Oliver (Hutter & Oliver, 1998). Apenas os mutantes da linhagem JAY291 apresentaram
uma taxa de crescimento menor. Possivelmente esta ultima, por ser um hapléide derivado
da esporulacdo da JAY270, apresenta algumas caracteristicas diferentes do outro haploide

(JAY292), que acaba ficando mais acentuado apos a delecao do gene PET191.

6§ —=—FY23 . —— JAY201 —— JAY292
.| —*—FY23pett9ta — e JAY291pet191a 5| —— JAY292peti91a
-~ FY23pet19ib | e JAY291pet191b —— JAY292pet191b

4. —*—FY23pet191c

o = N W A o o®m o~

l'_._._—-l/.
hL:

a 2 4 [ . W0 12 14 16 18 0 2 4 6 8 10 12 14 16 o 2 4 8 8 10 12 14 16

Tempo (Hrs) Tempo (Hrs) Tempo (Hrs)

FIGURA 25. Curva de crescimento das linhagens FY23, JAY291 e JAY292 com seus respectivos
mutantes (Apet191).

Foi comparada a producdo de etanol entre as células normais e os dois tipos de
mutantes produzidos.
Os graficos da figura 26 mostram os resultados das 4 bateladas consecutivas. A

primeira batelada de todos os ensaios apresenta uma menor producao de etanol devido a
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adaptacao das leveduras ao meio de fermentacdo. Pois inicialmente o aumento da massa
celular do inoculo foi preparado em meio YEPD.

Na fermentagdo feita com linhagens de laboratério € possivel observar os melhores
resultados (Figura 26). Células tratadas com brometo de etidio, FY23EtBr, ja iniciaram a
fermentagdo com alta produtividade. O petite nuclear, FY23Apet191, e as células normais,
iniclam a fermentagdo com uma producdo reduzida e depois de alguns ciclos a
produtividade se estabiliza. Na ultima batelada houve uma diminui¢do da producao de
etanol pelo mutante tratado com brometo. Mas isso provavelmente foi decorrente de
oscilagdes normais presentes no processo de fermentacdo. O controle FY23 naturalmente ¢
uma linhagem ruim para a fermentacao.

Essa diferenca na produtividade entre células normais e petites ¢ mais evidente, pois
a linhagem FY23 apresenta sempre uma baixa taxa de produgdo de etanol. Isto pode ser
visualizada quando se analisam os dados de todas as fermentacdes juntas (Figura 27). O
aumento da produtividade em FY23Apetl91 e FY23EtBr foi de 7,4% e 11,8%
respectivamente, comparado com as células normais FY?23.

As duas linhagens haploides petites JAY291 e JAY292 apresentam a mesma
tendéncia durante os ensaios fermentativos. Na primeira batelada que seria o periodo de
adaptacdo ao meio, ¢ mais rapido ou € menos afetado pelas linhagens petite, especialmente
o petite mitocondrial. J& na segunda batelada, os dois petites se destacam mais
acentuadamente, principalmente na linhagem JAY?292. Apds a terceira batelada ha uma

tendéncia de se igualar a produtividade entre os mutantes e o controle.
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FIGURA 26. Fermentagdo com caldo de cana. Os graficos representam 4 bateladas de fermentagio
com o reciclo de células e cada barra representa a média das triplicatas. A porcentagem de etanol
produzido mostrado no grafico foi normalizada com o valor maximo teoérico, que depende da
quantidade inicial de glicose.
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As linhagens haploides industriais (JAY291 e JAY292) se mostram bons
fermentadores da mesma foram que o dipldide que os originou e por isso o aumento na
produtividade de etanol pelos dois tipos de mutantes ¢ menor do que as observadas nas
linhagens de laboratorio. O haploide, JAY292, tem uma maior capacidade fermentativa,
produzindo 4,0% e 5,2% mais etanol em JAY292Apet191 e JAY292EtBr, respectivamente,
comparado com células normais. O outro hapldide, JAY291, teve um aumento de 1,5% e
4% pelos mutantes, JAY291Apet191 e JAY291EtBr, respectivamente (Figura 27 e tabela
5).
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FIGURA 27. Total de etanol produzido durante o todo o periodo do experimento. O grafico mostra
a média de todas as repeticdes e de todas as bateladas. Na tabela, ¢ mostrada a producao total e o

aumento de produgdo pelos mutantes. A porcentagem de aumento ¢é referente a respectiva linhagem
controle.
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TABELA 5. Rendimento total e o aumento de produgdo de etanol pelos mutantes. A porcentagem
de aumento ¢ referente a respectiva linhagem controle.

Linhagem Rendimento (%) % de aumento
FY23 78,24 -
FY23Apet191 84,00 7,36
FY23EtBr 87,46 11,78
JAY?291 81,31 -
JAY291Apet191 82,52 1,49
JAY?291EtBr 84,66 4,12
JAY292 82,04 -
JAY292Apet191 85,31 3,99
JAY292EtBr 86,27 5,15

A perda funcional do DNA mitocondrial (petite citoplasmatico) torna as células
incapazes de crescer por meio da respiracdo, mas isso pode ser suprido pois as leveduras
podem crescer utilizando fontes de carbono fermentaveis, e as células ndo estdo sujeitas ao
efeito Pasteur (inibicdo da glicolise pela fosforilagdo oxidativa ou a inibi¢do da fermentacao
pela adicdo de oxigé€nio) (Slonimski et al., 1968). Apesar disso, a auséncia do DNA
mitocondrial pode provocar muitas alteracoes deletérias nas caracteristicas da superficie da
célula, como a reducdo na captagdo dos agucares, alteragdo da floculagdo e aglutinagdo,
diminuicdo da tolerancia ao etanol por afetar as proteinas da membrana plasmatica (Wilkie
& Evans, 1982). Os petites citoplasmaticos provavelmente ndo sobreviveriam as condigdes
das dornas de fermentacao, devido as condigOes altamente estressantes.

A vantagem do petite nuclear (Apet191) € que os genes presentes na mitocondria
continuam intactos e todas as outras func¢des da mitocondria permanecem funcionais
aumentando a probabilidade das células colonizarem as dornas de fermentagdo. Além disso,
a delecdo do gene PETI9] ndo promove alteracdo na taxa de crescimento. O fato de a
linhagem possuir uma taxa de crescimento semelhante ao selvagem ¢ uma vantagem, pois
nao altera o tempo para a produgdo do inoculo. Um atraso na taxa de crescimento implica
em um maior tempo na produgdo do inoculo e conseqiientemente um gasto maior pra usina.
E ainda, devido a essa deficiéncia respiratoria, o petite ndo ¢ capaz de metabolizar o etanol

como substrato secundario, permitindo assim manter todo o etanol produzido.
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CONCLUSAO

Linhagens de laboratério e industriais petites apresentaram um aumento de
rendimento na producdo de etanol.

As linhagens industriais modificadas com as caracteristicas desejaveis tém a
possibilidade de dominar o processo durante todo o periodo da safra. As leveduras
industriais sem o gene PET191, tiveram um aumento de 4% na produgdo, baseando-se na
linhagem JAY292. No Brasil, onde a produgdo anual ¢ cerca de 24,5 bilhdes de litros de
etanol, este aumento de porcentagem representaria um aumento de 980 milhdes de litros
por ano, que ¢ muito significativo.

Novos experimentos serdo feitos para comprovar o efeito provocado pela delecao
do gene PETI91. Um deles ¢ a cinética da produgdo de etanol durante a fermentagao.
Provavelmente os mutantes para o gene PET19] conseguiriam atingir o maximo de etanol
produzido mais rapido que as linhagens que respiram. Isso diminuiria ainda mais o tempo

necessario para que a fermentacao ocorra.
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CONCLUSOES FINAIS

A melhoria do processo fermentativo pode ser obtida com o controle da expressdo
do gene da floculagdo. A regulagdao condicional do gene FLOS5 foi obtida com sucesso,
entretanto a impossibilidade de desfloculagdo inviabiliza a utilizacdo deste gene no
processo industrial. Além disso, a linhagem industrial transformada com a constru¢do do
gene FLOS teve uma diminui¢do do rendimento fermentativo. Isso pode ter ocorrido, pois a
integracdo da constru¢do se deu no local do gene da arginina permease. Este gene ndo ¢
essencial para a levedura, mas a reducao ou interrup¢ao na captacdo de arginina pode ter
afetado a eficiéncia da linhagem na producado de etanol.

A utilizagdo de outro gene da floculagdo, FLOI0, também regulado
condicionalmente, se mostrava promissor pois a proteina resultante deste gene seria
inativado naturalmente pela glicose. Infelizmente, os resultados obtidos ndao foram os
esperados. O gene FLOI0 apresentou uma expressao basal durante toda a fermentagdo e os
agregados produzidos ndo desfloculavam apo6s nova adicao de glicose.

Apesar disso, hé a possibilidade de se utilizar linhagens floculantes na produgao de
cachaca e vinho, sem a necessidade de desfloculacao, pois nao ha reuso de leveduras.

Durante o periodo do doutorado foi feito um trabalho em parceria com o
pesquisador, Dr. Juan Argueso, com o objetivo de se estudar uma linhagem industrial,
compreendendo sua fisiologia e genética. O resultado desse estudo gerou um artigo que foi
aceito (agosto 2009) para publicacao pela Genome Research (Anexoll). Foram encontrados
varios fatores que podem estar relacionados com o melhor desempenho das leveduras
industriais nas dornas. Este artigo comega a desvendar os “segredos do sucesso” das
linhagens selvagens industriais brasileiras, abrindo oportunidades para futuras
manipulagdes desses organismos.

A ultima etapa da tese, foi a delegcdo do gene PET191, que resultou em um aumento
na producdo de etanol nas linhagens de laboratorio e industriais. A possibilidade da
domesticacdo e manipulacio de leveduras industriais visando uma maior produtividade do

processo motiva a continuidade das pesquisas em busca de novos desafios.
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Industrial Potential of Yeast Biotechnology
in the Production of Bioethanol in Brazil:
the Example of Conditional Flocculation

Anderson Ferreira da Cunha
Silvia Kazue Missawa

Goncalo Amarante Guimaréaes Pereira

Introduction

The existence of life on earth as we know it is due fundamentally
to the reduction of CO, levels primarily existing in the atmosphere, mainly
through the fixation of this compound into carbon chains. These long-
term processes combine with geologic events, although they are basically
biological activities.

Man as a species has developed in this rather milder atmosphere,
although his social and economic progress, in the last hundred years,
has reversed the direction of carbon fixation and is now jeopardizing
biological maintenance of the atmosphere. Since the introduction of fossil
fuels (gasoline, diesel, etc.) utilization, we have systematically released
gigantic amounts of carbonic gas back to the atmosphere effectively
reversing millions of years of carbon fixation. This means that our social
progress is taking us back to our biological environmental starting point,
which will certainly have major consequences.

In recent years a number of research studies, as well as scientific
and social organizations, have pointed to this problem, although without
much success. The largest producers of CO, even admit that this process
is occurring, but up to now, they have only considered it as something

that will occur in the remote future. Within this context, weather changes
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that have occurred in the past few years, particularly floods and the
record number of hurricanes, have brought to light an unmistakable
demonstration that the consequences of fossil fuels are already here.
Therefore, there is no more time to wait, alternative and renewable energy
sources must be found.

The history of economic events show that during great crises, great
opportunities arise and the ability to capitalize during these times is
key to economic success. In the specific scenario of the fuel crisis a
huge opportunity has been created for countries that have ample land,
sun and water. This is undoubtedly the case of Brazil.

Although most of the developed world has reached a situation that
is considered critical, with dependence on imported petroleum and alar-
ming and overwhelming natural phenomena linked to climate changes,
Brazil started take positive step to reduce this situation about 30 years
ago, for economical reasons. With the oil shortage that occurred in 1973
and 1979, oil prices rose from US$ 4.00 to US$ 40.00 per barrel. Between
1973 and 1974, fuel costs jumped from US$ 600 million to over US$ 2
billion. This gigantic impact on the balance of payments showed the
strategic vulnerability of Brazil, which at the time was importing nearly
80% of the oil consumed by the Country, and therefore was highly sus-
ceptible to an energy collapse.

In 1975, Brazil launched Proalcool, the Brazilian Program for
Alcohol Fuel. Sugarcane alcohol soon provided an ideal alternative fuel
for gasoline. In order to make this program feasible, the Brazilian govern-
ment offered a financial plan that was supported by the World Bank,
which made it possible to increase the areas planted to sugarcane, build
new plants and develop and enlarge boiler shop industries (source:
UNICA, the Sao Paulo State Sugarcane Agribusiness Union —
www.unica.com.br).

Once available, this so-called green fuel was harnessed in two forms.
Initially, it was mixed with gasoline as anhydrous alcohol. This process
has increased the amount of alcohol in gasoline over time, i.e. the
gasoline distributed in Sao Paulo city changed from a 20% v/v mixture
in 1977 to 22% in 1980, which has been adopted all over the country
(Demetrius 1990). Also during this period the first cars that exclusively
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utilized hydrated alcohol were introduced, unfortunately, these vehicles
used poorly adapted gasoline motors and were not well received. Only
during the 1980s, after the second oil shortage did automobile manu-
facturers launched new models that were especially manufactured to
work with alcohol. Also during this time alcohol prices were kept favo-
rable to gasoline, through governmental subsidies. The success of these
automobiles exceeded all predictions. In 1984, alcohol-powered cars re-
presented 94.4%of the assembly line production in Brazil, which accoun-
ted for 19 out of 20 cars.

However, this huge increase in demand was not maintained and com-
bined with increases in the Brazilian production of crude oil and the reduc-
tion in the world price of this commodity, there was limited interest in
maintaining the alcohol subsidies. Moreover, ethanol producers started
an irrational process of increasing prices, which led to a shortage of the
product, resulting in a lack of confidence in the consumer market. As a
combined consequence, the production of alcohol-powered cars fell from
88.4%in 1988 to 61%in 1989, to 19.9%in 1990 and finally to 0.3%in 1996.

However, in spite of the program’s limit adoption, the government
viewed this as strategically important to the country and kept alcohol
production at high levels. In 1991 a new federal law mandated the addi-
tion of 22% anhydrous alcohol to gasoline, which helped to promote the
production of ethanol for fuel purposes. Associated with this strategy,
environmental factors in cities like Sao Paulo, where air pollution had
reached alarming levels, could also be improved by the addition of alcohol
to gasoline.

More recently, the alcohol program has once again returned to the
spotlight, at first because a consistent and apparently irreversible in-
crease in the international crude oil prices and due to the development
of the so-called FLEX engines that are capable of burning hydrated
alcohol/gasoline mixture at any proportion. Cars with these new motors
have given Brazilian consumers a choice in which fuel to use and thus
a relevant power to resist increases in gasoline prices.

Thus, given the global demand for alternative fuels, Brazil now pre-
sents itself as the country capable of leading the world. Brazil has a huge

production capacity and has developed new technologies for production,
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distribution and utilization of ethanol, as well as demonstrating increa-
sed implementation of these technologies. For example, the sugar mill
extract process has increased the amount of sugar that can be processed
from sugarcane. The sugar extraction index, that was 89%, at the be-
ginning of the Proalcool program, has reached 97% today. In parallel,
the sugarcane residues (bagasse) burning technology to produce energy
has been widely adopted, thus making approximately 95% of the sugar
mills self-sufficient in terms of electricity (van Haandel 2005), and in
some case providing excess electric that is redirected into the national
electrical networks.

However, there are still technological advances that remain to be
developed in order to maximize the inherently biological processes. In
the case of sugarcane, over the last few years an intensive research
effort has been developed to improve the plant. Genomics have been
used to in an attempt to understand the biochemical processes connected
to the plant’s physiology, and these have lead to potential features of
agronomic importance (Vettore et al. 2003; Vincentz et al. 2004). This
advancement has led to the recent creation of companies focused on the
use of biotechnology in the development of new cultivated varieties, as
in the case of Canavialis (www.canavialis.com.br). Curiously, this has
not happened in the case of Saccharomyces cerevisiea. Even though this
yeast is an essential part in fermentation, very little research has been
done to improve its efficiency and specificity. This lack of research pre-
sents huge opportunities for biotechnological improves. This issue will

be discussed in detail in the following items.

The Biochemistry of Ethanol Production

The ethanol production process in Brazil occurs almost exclusively
by fermentation of sugarcane juice by yeasts, mainly the Saccharomyces
cerevisiae species, an organism that, given its technological importance,
is widely used as an experimental model to understand eukaryotic cells
(Goffeau et al. 1996).

Biochemically, alcohol fermentation is the degradation of hexoses
into ethanol with the production of 2 ATP molecules in the process. In
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the case of sugarcane juice, the fermentation process metabolizes the
disaccharide sucrose that is formed by one molecule of fructose and one
molecule of glucose. The first step is the hydrolysis of sucrose by inver-
tase enzyme that is encoded by the SUC2 gene. Both glucose and fructose
enter the glycolytic pathway and are converted into pyruvate via a se-
quence of reactions (Figure 1). Pyruvate is then decarboxylated to form
acetaldehyde and this releases CO, and causes intense bubbling when
the cells are grown in liquid medium. Later, the acetaldehyde molecule
is reduced to ethanol, and this reaction is catalyzed by the enzyme alcohol
dehydrogenase 1 (ADHI). The glucose depletion results in the end of
the fermentation phase. During this period the yeast cells vigorously
multiply, which is characterized by an exponential growth phase. From
the depletion point on the yeasts seem to enter a stationary phase, but
they actually continue to grow for a long period, and actually consume
the ethanol previously produced through respiration. This change from
fermentation metabolism into respiratory metabolism is called diauxic
shift, which involves intense genetic reprogramming (De Risi et al. 1997;
Lashkariet al. 1997), and is based on an increase in the transcription of
certain genes and repression of others.

To better understand these processes it is important to briefly men-
tion how these genes are organized and how they work. Basically, the
genes that encode proteins are organized into two independent regions,
namely, a promoter region and a coding region. The promoter region is
responsible for the transcription regulation that defines when a gene
should be switched on or off. When the gene is switched on, in a portion
close to the coding region, a messenger RNA (mRNA) starts to form and
copies the information from the coding region, which will be translated
later into a protein by ribosomes. It is fundamental to note that these
regions of the gene act independently and may be interchangeable
through genetic engineering, for example, leading to the formation of
new genes with unique expression patterns (Lewin 1990).

In particular, the growth in a medium containing glucose leads to
the repression of a series of genes involved with respiration and the use
of alternative sources of carbon. The SUC2 gene is repressed under these

conditions, thus preventing the release of further amounts of glucose
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and fructose stored in the sucrose molecule (Gancedo 1998). The ADH1
gene, on the other hand, is induced by this sugar.

The end of fermentation activates a set of genes required for respi-
ration and leads to intense multiplication of mitochondria (Mahler et
al. 1975; Ulery et al. 1994). In particular, the absence of glucose in the
medium activates the transcription of ADH2 (alcohol dehydrogenase 2)
gene (Ciriacy 1979). The enzyme produced by the expression of this gene
oxidizes ethanol to acetaldehyde via the reverse of the ADHI pathway;
acetaldehyde is then converted into acetate, which participates in the
later stages of the Krebs cycle that is the major aerobic respiration cycle
(Devlin 1997) (Figure 1).
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Figure 1. Schematic diagram of the fermentation and respiration reactions. The dotted
arrows indicate the pathway that is activated after glucose depletion (ethanol oxidation).
PDC1, 5, 6: pyruvate decarboxylase; PDA1, PDB1, PDX1, LPD1, LATI: enzymes form
the pyruvate dehydrogenase complex; ALD6: aldehyde dehydrogenase; ACS1: acetyl-
CoA synthetase; ADHI: alcohol dehydrogenase 1; ADH2: alcohol dehydrogenase 2.
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Industrial Production of Ethanol

An interesting question is: why do yeasts produce ethanol? This
would seem to be a waste if we consider it from the energetic perspective;
respiration produces a much higher amount of energy compared to fer-
mentation. However, from the strategic perspective, this seems to have
been an effective evolutionary pathway. After all, only a few organisms
are able to live in high concentrations of ethanol, a compound that is
largely used as an antisepsis. While the yeast developed the ability to
produce high concentrations of ethanol, the species also developed a
system to resist this compound. Therefore, during theproduction of etha-
nol, the yeast can reduce significantly the competition from other orga-
nisms for the existing substrates and afterwards can consume the ethanol
that was produced; while waiting for new stocks of sugar to be made
available. If we look at the natural environments, this seems to be the
logical strategy used by yeasts in fruits like grapes. As fruits fall from
the vine, an environment is created that is similar to a fermentation
vat, where ethanol is rapidly produced in large amounts. When new
fruits fall from the vine this provides new stocks of sugar, and the entire
cycle begins again. This parallel shows that the industrial fermentation
of alcoholis just a scaled increase of a natural phenomenon. This process
is not a human invention, but rather a human discovery.

Industrially, the production of alcohol follows basically two pro-
cesses: fed-batch and continuous fermentation, with the first being the
most used. In the fed-batch process, fermentation occurs in independent
vats, beginning with low concentrations of yeast cells and high concen-
trations of substrate. The whole mixture of must (mixture of sugarcane
juice and molasses), nutrients and yeast is added to the vat and after
approximately 8 hours, once the fermentation has ended, the entire
contents are removed and centrifuged. The “wine” — a name used in the
sugar mills industry to indicate the fermented sugarcane juice without
the yeast — is conveyed to the distillation towers, while the yeast milk,
that is, the yeast broth obtained by centrifugation, is subjected to a
decontamination treatment in the treatment vat consisting of a lowering

of the pH with concentrated sulfuric acid. The yeast is then returned to
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the vat and a new load of must is added, to start a new fermentation cycle
(Wheals et al. 1999) (Figure 2).

Sugarcans
Fermenied Medium
| =
[respltation ;
— Alcohiol
Fermentation vat —
- Canbrfugua
Wailar Acid
ol
——— Traatmaend vat
L wilh yeasis

Figure 2. The fed-batch process of ethanol production. The whole mixture of must,
nutrients and yeast is added to the vat and, once the fermentation has ended, the
whole contents are removed and centrifuged. The wine is distilled and the yeast milk is
returned to the vat, where a new load of must is added, starting a new fermentation
cycle.

To start the fermentation, the original yeast used by sugar mills is
usually multiplied under sterile conditions up to 50 liters and sent to a
pilot stage until it reaches the volume required to start the production.
This volume varies according to the size of the mill and can reach a
value of up to 600,000 liters (Zarpelon and Andrietta 1992, Wheals et
al. 1999).

An important observation that was only recently ascertained was
that, although the yeast is inoculated at high levels, in some sugar

mills it is rapidly replaced with wild yeast strains within a few fermen-
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tation cycles and is then maintained until the end of the cropping season
(da Silva Filho et al. 2005). In many cases this replacement is not even
noted and there is no decrease in the productivity of the mill, possibly
because the invading yeasts are better adapted to the conditions of the
mill. Recently we have detected this fact in a large sugar mill in the
Campinas region that for many years had been inoculating a strain to
start the crop, and after a few weeks this strain was replaced with a
wild strain that increased the process. This fact demonstrates clearly
the low importance given to the fermentation agent, which is considered
an abiotic factor. These factors may actually open up new opportunities
for the development of new technological advances for improving the
yeast strains used.

The Yeast

This microorganism has been used in the production of bread and
beverages for centuries. Since the nineteenth century it became an im-
portant experimental model, to the extent that it was the first eukaryotic
organism to have its genome fully sequenced (Goffeau et al. 1996; Go-
ffeau 1998), which tremendously simplified investigations to understand
its metabolism. Moreover, Saccharomyces cerevisiae is an organism that
can be easily genetically manipulated, which has led to a systematic de-
letion of all of its genes, either individually or in combination, in order
to analyze their functions and determine how their products interact
(Dujon 1998; Hauser et al. 1998). Full information is available for real
time searches at the site www.yeastgenome.org.

The effective production of ethanol requires that yeasts included in
the process have some essential characteristics such as: (1) ability to
ferment rapidly and, effectively produce ethanol; (2) a high tolerance to
ethanol; (3) a high osmotolerance (ability to ferment concentrated so-
lutions of carbohydrates such as, for example, sugar molasses used in
many sugar mills to produce ethanol); (4) genetic stability; (5) cellular
viability and tolerance toward repeated fermentation cycles; (6) tolerance
to temperature variations; (7) a high competitive capacity. There are

several yeast species capable of producing ethanol on a large scale;
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however, over 97% of processes involve the use of the species Saccha-
romyces cerevisiae (Stewart et al. 1987).

Therefore based on the knowledge we have of this organism, it is
possible to manipulate it genetically to adequate it even further to the
fermentation process. Several methods that have been used in the past
have been to employed classical methods such as: cross hybridizations,
selection and isolation of new strains.

The advent of molecular biology and the development of genetic
engineering techniques made it possible to manipulate genes to increase
the possibility of changing undesired characteristics or adding new desira-
ble ones. Through transformation of an organism with modified genes,
it is now possible to make the organism express certain characteristics
that are not identified in natural populations. This means that it could

be possible to build strains with specific functions, for industrial uses.
Yeast flocculation and its use in alcohol fermentation processes

A phenomenon that plays an important role in industrial production
is yeast flocculation, that can be defined as the ability of certain strains
to aggregate and form multicell masses that will separate by
sedimentation or flotation (Stratford 1996; Stan and Despa 2000). This
feature has been employed successfully in the beer industry to facilitate
the removal of cells once the fermentation has ended (Stratford 1996).
This precedent makes us think about it could possibly be used in a similar
fashion in the ethanol production industry, since it would eliminate the
need for centrifugation, an expensive and complicated step in the process.

In fact, this idea has led to the development of industrial procedures
of alcohol production based on flocculating yeasts (Domingues et al. 2000,
Domingues et al. 2001, Kondo et al. 2002). However, it was shown that
continuous flocculation has a series of disadvantages and can lead to a
reduction in the overall production of ethanol, as well as to in-process
problems such as duct clogging (Stratford 1992, Verstrepen et al. 2003).

The physical and genetic mechanism of flocculation has been widely
studied in recent years (Verstrepen et al. 2003). It involves primarily the

interaction of surface proteins of a certain lecithin-like, sugar-binding
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cell, with exposed sugar residues on surrounding cells. Thus, a cell pro-
ducing a flocculation protein is capable of interacting with cells that do
not produce the protein, and interact with the exposed sugars of those
cells (Stratford and Carter 1993) (Figure 3).

L IC e Tl

i ik p

Figure 3. Schematic diagram of flocculation mechanism showing that all cells have

sugar residues on their cell walls and that, after glucose (CH,,0O,) depletion, flocculin

— the flocculation-related protein — is formed.

Several genes have been genetically identified as being responsible
for flocculation. Such genes express proteins called flocculins. The control
mechanism for flocculins and proteins encoded them is different and
has been intensely studied (Cormack 2004 ; Halme et al. 2004). The option
used by industry has been to control flocculation by using engineering
solutions. However, it seems that there is a huge potential for using
biotechnological techniques to develop strains more adequate to the
industrial process.

Based on this, we developed the following scenario: the ideal yeast
should be perfectly soluble in the medium while this medium would
include a fermentation substrate, i.e. sugar. The cells would be able to
efficiently exploit this substrate because they would multiply and reach
the maximum total contact surface. However, once the sugar was deple-
ted, ideally we should have the opposite response, that is, the cells would
aggregate and be deposited on the bottom of the vat. This would prevent
ethanol consumption and the cells could be separate naturally, thus
eliminating the need for centrifugation.

To determine if this idea was viable we used laboratory strains of
S. cerevisiae, which are easily manipulated. At the same time we created

a hybrid gene containing the promoter region of the ADH2 gene asso-
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ciated with the coding region of the FLO5 flocculation gene. From this
point on we had a desired effect. As mentioned before, the ADH2 gene
promoteris repressed by glucose, and induced when this sugaris depleted
from the medium. This mechanism selectively insures that the cells will
continue to produce ethanol while preventing its oxidization to acetal-
dehyde when there is a flow in the opposite direction (Figure 1). At this
point the flocculin encoded by the FLO5 gene is produced, and mobilized
to the cell surface thus leading to a synchronized sedimentation (Figure
4). Starting with this simple system we were able to achieve a situation
where we could sense the sugarlevels in the medium, quench the fermen-
tation at the appropriate moment and removing the yeast cells at that
point. In a broader sense, we developed intelligent yeast — or, at least,
smart yeast.

B.

Figure 4. Expression of FLO5 gene under the control of the ADH2 gene promoter regu-
latory region.

1- Wild strain; 2- Wild strain with the flocculation gene controlled by glucose levels; 3-
Wild strain with constitutively activated flocculation gene. A. Culture medium with
glucose; B. Culture medium after glucose depletion. As shown in the figure, the strain
whose flocculation gene is controlled by glucose levels is deposited after carbohydrate
depletion.
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This prototype worked perfectly in the laboratory, was patented
(INPI# 0001122), and was awarded a Honorable Mention in the 2000
issue of the National Contest of Brazilian Inventions. It was the only
laureate invention in the biotechnology area.

However, we know that a huge challenge is in front of us. As
mentioned before, in the fermentation vats there is strong competition
among microorganisms, and only the best-adapted strains reside in the
process. Thus, ourinvention has no potential to produce a default strain
that could be largely employed. On the contrary, we must be capable of
identifying specific strains from the different sugar mills and modify
them genetically so that they acquire the ability to flocculate according
to the schematic diagram shown above. Recently we achieved this in the
first industrial strains (Cunha et al. 2006) by integrating the flocculation
cassette into the arginine permease gene present in all isolates of the
species. This makes cells resistant to a drug called canavanine, allowing
the selection of the transforming agents. However, the production of
alcohol using these transforming agents is still unsatisfactory, and is
the object of intense investigation.

Additionally, our laboratory team is committed to developing strains
that are more resistant to ethanol and less capable of consume this
compound. Theoretically, this can be achieved by deleting a few already-
identified genes. This is an ongoing study and preliminary results are
not yet ready to be disclosed at this time. With these first steps accom-
plished we are hopeful that it is possible to achieve higher concentrations

of ethanol in the fermentation stage.

Conclusion

Based on all current information, it appears that the demand for
ethanol is no longer a national issue, but a global concern. This change
in scale suggests that future ethanol programs will need to have a lot more
stability than previous programs in order to meet future requirements.
Thus, the search for an increase in ethanol production and in the efficacy
of the process will dramatically increase and will be an opportunity for
Brazil to develop high tech solutions on its own. Innovative improve-
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ments have already been made to fermentation engineering and the
automotive industry, particularly with the launching of FLEX fuel cars.
However, major advances in the biological process of fermentation, or
more specifically in the genetics of the yeast S. cerevisiae have yet to be
accomplished. This report presents the development of conditional floccu-
lating yeasts that have the potential of eliminating the need for centri-
fugation from the industrial fermentation process. When this system is
available on the industrial scale, the possibility of having small alcohol/
sugar mills spread all over the country using the fed-batch production
process, will be feasible since the costly centrifugation step will be repla-

ced with genetically modified “smart yeast”.

Anderson Ferreira da Cunha, Silvia Kazue Missawa

and Goncalo Amarante Guimaréaes Pereira
Institute of Biology, Department of Genetics and Evolution

State University of Campinas - UNICAMP
Campinas, SP — Brazil
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ABSTRACT

In the search for renewable sources of energy, bioethanol stands out as a benchmark biofuel because
its production is based on a proven technological platform. Bioethanol is produced mainly from the fermentation
of carbohydrates derived from agricultural feedstocks by the yeast Saccharomyces cerevisiae. One of the most
widely adopted strains is PE-2, a heterothallic diploid naturally adapted to the sugar cane fermentation process
used in Brazil. Here we report the molecular genetic analysis of a PE-2 derived diploid (JAY270), and the
complete genome sequence of a haploid derivative (JAY291). The JAY270 genome is highly heterozygous (~2
SNPs per kilobase), and has several structural polymorphisms between homologous chromosomes. These
chromosomal rearrangements are confined to the peripheral regions of the chromosomes, and appear to reflect
ectopic homologous recombination between repetitive DNA sequences. Despite the complex karyotype of
JAY270, this diploid, when sporulated, had a high frequency of viable spores (93%). Crosses of haploids
derived from JAY270 to a haploid of the unrelated laboratory strain S288c also resulted in diploids that had good
spore viability (75-95%). Thus, the rearrangements that exist near the ends of chromosomes do not impair
meiosis and spore viability, as they do not span regions that contain essential genes. This observation is
consistent with a model in which the peripheral regions of chromosomes represent plastic domains of the
genome that are free to recombine ectopically and experiment with alternative structures. We also explore
features of the JAY270 and JAY291 genomes that help explain their high adaptation to industrial environments,
exhibiting desirable phenotypes such as high cell mass production and fermentation kinetics, high temperature
growth and oxidative stress tolerance. The genomic manipulation of such strains could enable the creation a
new generation of industrial organisms, ideally suited for use as delivery vehicles for future bioenergy

technologies.
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INTRODUCTION

As concerns mount over the alarming effects of climate change and of the continued volatility in
petroleum markets, nations throughout the world are increasingly adopting policies to promote the use of
renewable and domestic sources of energy (Robertson et al. 2008). Among the most viable alternatives,
bioethanol stands out as a benchmark biofuel because its production is based on a proven technological
platform. Bioethanol is produced through microbial fermentation of carbohydrates derived from agricultural
feedstocks, mainly starch and sucrose. While the United States and Brazil are the dominant players in
bioethanol, sharing approximately 70% of the global market, their production systems differ in many respects
(Sanderson 2006; Goldemberg 2007). North American bioethanol is currently produced from enzymatically-
hydrolyzed starch from grains. Farming this type of feedstock is energy intensive, resulting in a final energy
balance that is only marginally positive. This process is currently regarded as a transitional technology, which in
the coming years is expected to give way to advanced cellulosic biofuels (Gura 2009). The Brazilian system
uses sugar cane as feedstock, a tropical grass crop that abundantly accumulates sucrose that can be converted
to bioethanol directly by the yeast Saccharomyces cerevisiae without enzymatic pre-treatment. Among other
advantages, sugar cane is semi-perennial and has symbiotic interactions with nitrogen-fixing microorganisms,
allowing this system to produce an energy surplus estimated at about eight-fold (Goldemberg 2007; Robertson
et al. 2008).

In the microbial fermentation process used in Brazil, the yeast inoculum is often recycled from one
fermentation tank to the next (Wheals et al. 1999). In many distilleries, this recycling spans the entire eight-
month sugar cane harvesting season (Basso et al. 2008), imposing both biotic and abiotic stresses on the
fermenting yeast strain. While yeast strains genetically bred for high-efficiency in fermentation have been
available since the 1980’s (Tavares and Echeverrigaray 1987), they are often outcompeted in the industrial
environment by more robust “wild” yeasts that contaminate the sugar cane stalks (Wheals et al. 1999; da Silva
et al. 2005). In the 1990’s, an alternative strategy was adopted: selection among the wild yeast contaminants
for those that combined high fermentation efficiency with prolonged persistence in the system. In recent years,
such strains have been widely adopted by the industry. One of the most successful examples is the PE-2 wild
isolate (Basso et al. 2008), currently used by ~30% of Brazilian distilleries, generating about 10% of the world’s
bioethanol supply.

Thirteen years ago, the S. cerevisiae laboratory strain S288c became the first eukaryote to have its
genome completely sequenced (Goffeau et al. 1996). Since then, other haploid strains from diverse
backgrounds have been sequenced (RM11-1a, YJM789, M22, YPS163, and AWRI1631) (S. cerevisiae RM11-
1a Sequencing Project - http://www.broad.mit.edu/) (Wei et al. 2007; Borneman et al. 2008; Doniger et al. 2008),
and more recently a large scale effort to determine the genome sequences of many others has been completed

(Liti et al. 2009).
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Extensive analysis has been done to examine the nucleotide sequence diversity between these strains
(Liti et al. 2009; Schacherer et al. 2009), whereas studies of structural variation have mostly focused on
comparisons of S. cerevisiae to other related species (Fischer et al. 2000; Goffeau 2004; Scannell et al. 2007;
Gordon et al. 2009). Microarray-based whole genome hybridization studies of wild, industrial, and laboratory S.
cerevisiae strains (Winzeler et al. 2003; Carreto et al. 2008; Schacherer et al. 2009; Faddah et al. 2009) have
uncovered a recurrent pattern of copy number variation (CNV) near the ends of chromosomes, suggesting a
role for repetitive DNA sequences in structural genome diversification. Despite these valuable insights, two
central questions regarding the role of chromosomal rearrangements in genome evolution in S. cerevisiae
remain unanswered: First, it is still unclear how these rearrangements contribute to long-term fitness in natural
environments; and second, it is not known if they are compatible with the formation of viable meiotic spores that
would allow their sexual dissemination between natural S. cerevisiae populations.

In this study, we report a detailed molecular genetic characterization of a PE-2 derived diploid (JAY270),
and the complete genome sequence of a derived haploid (JAY291). We have found extensive structural
differences between the genome of JAY270 and those of other sequenced S. cerevisiae strains, including
chromosomal translocations and insertions of large blocks of DNA absent in the reference strain’s genome.
These differences were confined to the peripheral regions of the chromosomes, while the central portions have
remained structurally conserved. This pattern of structural variation was fully compatible with the formation of
viable meiotic spores, and in some cases, the chromosome rearrangements resulted in the amplification of
genes implicated in environmental stress tolerance. This observation supports a model in which S. cerevisiae
chromosomes are organized in two structural domains (Pryde et al. 1997). Our data suggest a general
chromosome organization in which the central core sectors, harboring the essential genes, are refractory to

rearrangements, while the peripheral regions are highly plastic and are free to undergo ectopic recombination.

RESULTS
Genetic and phenotypic characterization

Before initiating a detailed characterization of PE-2, we used Pulse-Field Gel Electrophoresis (PFGE) to
show that the commercially-available stocks of this strain contain a mixture of cells that have slightly diverged
karyotypes (Supplemental Fig. 1). Consequently, we purified a single colony isolate with a representative
karyotype. This isolate, JAY270, was indistinguishable from the original PE-2 culture in phenotypic tests (Fig.
1a, and data not shown) and was used in all subsequent experiments.

Upon induction of meiosis, JAY270 displayed rapid and efficient sporulation producing mostly asci with
four ascospores. We dissected 104 tetrads and observed four viable spores per tetrad in 88 (93.3% spore
viability). By PCR analysis, we found 2:2 segregation at the mating type locus (MAT; data not shown). These

results show that JAY270 is a diploid, does not contain recessive lethal mutations, and is not heterozygous for
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chromosome aberrations that span essential genes. The haploid segregants derived from JAY270 had stable
MATa or MATa genotypes, indicating that the strain is naturally heterothallic. We crossed haploid strains (both
MATa and MAT ) derived from JAY270 to S288c-derived strains of the opposite mating type. The hybrid
diploids produced in these crosses sporulated normally, had high spore viability (75-95%), and exhibited
Mendelian segregation for all auxotrophic markers from the S288c-derived parent. These results argue that the
chromosome structure of JAY270 is mostly collinear with that of S288c, at least in the regions required for
viability.

We compared JAY270 and its derivatives to S288c in several phenotypic tests. In sugar cane extract
fermentation assays that simulate the conditions found in the industry (Fig. 1a), JAY270 and all four spore
clones from a JAY270 tetrad (segregants JAY289, JAY290, JAY291 and JAY292), produced roughly 50% more
ethanol than the S288c strain. The observation that all four spore clones were equally proficient in ethanol
production argues that the major alleles contributing to this complex phenotype are homozygous in the JAY270
diploid. We also compared growth phenotypes under a variety of stress conditions. Tolerance to ethanol, acid
washing and short-term heat killing were not differently affected in these strains (Supplemental Fig. 2); however,
JAY270 was much more tolerant to oxidative stress and high temperature growth than S288c (Fig 1b). When
grown in the presence of menadione, an inducer of reactive oxygen species, JAY270 grew normally at
concentrations that were inhibitory to S288c. JAY270 was also highly tolerant to temperature stress. While
S288c had reduced growth rates at 37C, and did not form isolated colonies at 41C, JAY270 formed larger
colonies at 37C than it did at 30C (Supplemental Fig. 3). At41C, JAY270 displayed slower growth, but
maintained full viability. These traits are likely important for long-term viability and competitiveness in the
industrial setting, where oxidative stress (Landolfo et al. 2008) and heat are generated during high-pitch
fermentation (fermentation involving large inocula).

Finally, we examined the patterns of genetic inheritance associated with two of the most important
industrial traits of JAY270: cell mass accumulation and kinetics of ethanol production. To bypass the influence
of factors specific to sugar cane extract (e.g. sucrose utilization), the fermentations were carried out in rich
media with 10% glucose. We mated an S288c-isogenic strain to a haploid spore derived from JAY270
(JAY291) and generated hybrid diploids. Two reciprocal F; generation diploids (JAY361 and JAY365) were
created by mating po mitochondrial petites derived from either parent (Fox et al. 1991). These two diploids were
phenotypically indistinguishable from each other (data not shown), indicating that differences between the
mitochondrial genomes of S288c¢ and JAY291 do not have a major influence on the traits examined. We then
evaluated the JAY291 and S288c haploid parents and the F4 hybrid JAY361 in time-course fermentations.
JAY291 displayed a higher growth rate and finished the fermentation with a cell density 34% higher than S288c;
the JAY361 hybrid had an intermediate phenotype (Fig. 2a). Under the conditions used in this assay all three

strains reached the same final concentration of ethanol at the end of the fermentation (Fig. 2b), but, JAY291 and
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JAY361 were much more efficient, displaying higher kinetics of ethanol production and requiring ~30% less time
than S288c to complete the fermentation. We have not tested diploidized versions of the JAY291 and S288c
parents in these assays, therefore we cannot firmly ascertain dominance effects associated with these traits.
However, if ploidy is not an influencing factor, our results would suggest that the cell mass accumulation trait is
semi-dominant, whereas the kinetics of ethanol production trait is fully dominant.

We sporulated and dissected asci from JAY361 to isolate F, haploids segregating genomic segments
from the two parent strains. Individual clones in this progeny were then examined for final cell mass
accumulation, and ethanol concentration after 8 hours of fermentation (the point of highest differential between
the parents) as an indicator of ethanol production kinetics. The phenotypic distributions for these two traits in
the progeny were quite distinct, and gave preliminary indications of the genetic control associated with each.
The distribution of cell mass accumulation (Fig. 2c) appeared to be bimodal, with two distinct peaks centered
around the phenotypes of the parents and a valley which corresponded roughly to the phenotype of the F;
hybrid. One interpretation of this pattern is that it was created by segregation of the two alleles of a single gene
that is the major determinant of the cell mass accumulation phenotype. In addition to this major locus, the
segregation of other minor contributing alleles was responsible for the bell-shaped distribution around each
peak. The distribution of ethanol production kinetics (Fig. 2d) was more typical of a quantitative trait controlled
by loci with roughly equal contributions to the phenotype. From this limited initial analysis, we can estimate that
three or four genes are responsible for the segregation pattern observed for ethanol production kinetics.

We also asked whether there is a correlation between cell mass accumulation and ethanol production
kinetics. This analysis (Fig. 2e) suggested that the two traits are largely independent of each other, and are
presumably controlled by different genes. The calculated broad-sense heritabilities associated with both traits
were very high (H2 > 0.90), indicating that most of the phenotypic variance observed between F, individuals was

due to differences in genetic composition.

Molecular karyotype analysis

We compared the molecular karyotypes of JAY270 and S288c using a combination of PFGE, and
microarray-based Comparative Genomic Hybridization (CGH-array) and Band-array (Argueso et al. 2008).
PFGE analysis revealed clear chromosome (Chr) length polymorphisms between S288c and JAY270 (Fig. 3a).
This analysis also showed polymorphisms between several pairs of homologs within the JAY270 diploid. Image
tracing of the separated chromosomes in JAY270 revealed that some chromosomes were represented by two
bands, each present in one copy in the diploid. For example, Chr6 is represented by short (Chr6S) and long
(Chr6L) homologs, differing in size by about 60 kb. Interestingly, karyotypic analysis of the meiotic haploid
spores revealed parental-sized chromosomes in JAY289 and JAY290, and chromosomes with the sizes

expected for reciprocal recombinants between Chr6S and Chr6L in JAY291 and JAY292 (Fig. 4a; second band
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from the bottom). In addition to Chr6, at least Chr3, Chr5, Chr9, Chr11, Chr14, and either Chr7 or Chr15 had
length polymorphisms between homologs in JAY270.

We examined the structural polymorphisms between the Chré homologs by excising their respective
chromosomal bands from PFGE, labeling the DNA and hybridizing them to microarrays covering the entire
S288c¢ reference genome (Band-array; Fig. 5). The JAY270 Chr6é homologs differed from each other and from
Chr6 in S288c only near the chromosome ends, in regions distal to the first and last essential genes (SEC53
and RPN12). This analysis showed that Chr6L contained a ~16 kb region on the left arm that was missing in
Chr6S (including the AGP3 gene), and that Chr6S contained a ~12 kb translocation from the right arm of Chr1
(including the YAR064W gene) that was missing in Chr6L. Southern analysis (Fig. 4b-c) confirmed this
arrangement and revealed an additional translocation involving AGP3 on one of two Chr10 homologs of
JAY270. Notably, the cumulative Band-array hybridization signal for Chr6L (~322 kb in size, Fig. 2a), accounted
for only ~250 kb of sequences, suggesting the presence of about 70 kb of DNA that did not hybridize to the
microarrays.

We used CGH-arrays to look for sequences that were missing or duplicated in JAY270 relative to S288c
(CNVs; Fig 3b). Most regions of the genome were present in equal dose between these strains. The regions
shown in green near the telomeres of Chr1, Chr4, Chr6, Chr10, and Chr15 were underrepresented in the
JAY270 genome. These could be either missing in JAY270, or represent diverged sequences that do not
hybridize to the S288c-based microarrays. The underrepresented regions that were not telomeric corresponded
to regions containing tandemly repeated genes in S288c (HXT7, HXT6, HXT3 and ENA5, ENA2, ENA1 in Chr4;
and ASP3-1 to ASP3-4 in Chr12) that likely contracted in JAY270 or expanded in S288c as a consequence of
unequal crossing-over. The regions shown in red represent sequences that were amplified in JAY270 relative to
S288c. An amplification signal detected in the central section of Chr15 corresponded to the HIS3 marker locus.
This gene is present in JAY270, but was intentionally deleted in the derivative of S288c that was used in the
CGH-array experiments. Thus, we can effectively detect a single amplified gene by these methods.

The amplification at the left end of Chr16 spans the SAM3 and SAM4 genes that are involved in
metabolism of S-adenosylmethionine (AdoMet), a key biochemical cofactor that participates in a variety of
metabolic pathways. The Sam4p has been proposed to participate in the recycling of AdoMet from the inactive,
and possibly toxic, (R,S)-AdoMet isomeric state back to the biologically essential form (S, S)-AdoMet (Vinci and
Clarke 2007). Based on CGH-array and Southern blot data (Fig. 3b, and data not shown), we estimate that four
copies of these genes are present in JAY270 compared to two in the laboratory diploid strain.

Another interesting gene amplification resulted in two peaks at the left ends of Chr6 and Chr14. In
S288c these regions contain, respectively, the duplicated SNO3 and SNZ3, and SNO2 and SNZ2 genes which
are involved in vitamin B6 metabolism, and have a role in oxidative stress tolerance (Padilla et al. 1998;

Ehrenshaft et al. 1999; Rodriguez-Navarro et al. 2002). To determine the extent and chromosomal distribution
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of the SNO/SNZ gene amplifications in JAY270, we did a Southern analysis of pulse-field gels for this region
(Fig. 4d). We detected nine copies of the SNO/SNZ genes in JAY270, compared to four in the S288c diploid.
Consistent with this observation, we found that expression levels of these genes were up-regulated about four-
fold in JAY270 relative to S288c (Supplemental Table 1). These results also showed that SNO/SNZ genes were
redistributed among the chromosomes in JAY270 with no copies on either Chr6 homolog and new copies on
Chr9, Chr10, Chr13 or Chr16, Chr7 or Chr15, and Chr4 (Fig. 4d). Strikingly, three of the extra copies were
hemizygous (only one copy of a gene is present in a pair of homologous chromosomes) in the JAY270 diploid

as could be inferred from their Mendelian segregation among the haploid spores JAY289-JAY292.

Genome sequencing of JAY291, a haploid spore derived of JAY270

In addition to the molecular genetic analysis described above, we employed massively parallel DNA
sequencing to characterize the genome of JAY270. To avoid complications due to heterozygosity in the diploid,
we sequenced the genome of a haploid derivative, JAY291. Two independent DNA sequencing platforms were
used, Roche/454 and lllumina, resulting in 162-fold coverage (Table 1). Despite this high level of redundancy,
because both of these methods generated relatively short sequence reads (<250 bp), we were still unable to
assemble the genome into one single contiguous sequence per chromosome. Instead, our de novo assembly of
the JAY291 genome resulted 452 genomic fragments (contigs; Materials and Methods). As expected, when we
compared these contigs to the S288c reference genome, it became clear that most interruptions occurred at
regions of dispersed repetitive DNA sequences, mostly Ty retrotransposon insertions. As described below, we
compared the sequences of JAY291 to those of other sequenced S. cerevisiae strains: S288c, RM11-1a, and
YJM789 (Wei et al. 2007). These sequence comparisons were done to characterize chromosome structure

differences between these strains, as well as to determine the level of nucleotide sequence divergence.

Chromosome structure polymorphisms

From the PFGE profiles of JAY270 and its haploid descendants (Figs. 3a and 4a) it was clear that this
diploid has chromosomes that vary in size, not only in comparison to S288c, but also between the two
homologs. To investigate the nature of these rearrangements, we focused our analysis on Chr6. In JAY270,
the two homologs were approximately 261 kb (Chr6S) and 322 kb (Chr6L) in size. The Chr6 of JAY291 is a
recombinant between Chr6S and Chr6L, and is about 290 kb in size. We assembled the complete sequence of
Chr6 in JAY291 by searching the 452 whole genome contigs for known Chr6 sequences from the S288¢c, RM11-
1a and YJM789 strains; this search identified 14 candidate contigs. We then used PCR to amplify across the
small gaps between the contigs and to position telomeric repeats, confirming their relative order and orientation
(data not shown). The size of the resulting assembled sequences (including one X and one Y’ element as each

telomere) was 290 kb, matching the observed PFGE size. The chromosome structure and nucleotide sequence
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in the central portion of Chr6 were very similar to those of S288c, whereas in the regions near the telomeres the
sequences were more diverged or completely different (Fig. 6a). At the left end of the Chr6 alignment, we found
two segments (9.1 and 19.3 kb) that are absent in the S288c genome. We also aligned the JAY291
chromosome to the Chr6 sequence from Saccharomyces paradoxus (Kellis et al. 2003), the closest known
relative of S. cerevisiae, and observed continual synteny through most of Chr6, including the entire left arm.
This alignment suggests that the 9.1 and 19.3 kb insertions were present in the last common ancestor of S.
cerevisiae and S. paradoxus, and that they were probably lost from the progenitor of S288c. The only structural
difference in the central section of Chr6 was a Ty2 retrotransposon element insertion which is present in S288¢c
(YFLWTy2-1), but absent in JAY291. Chr6 had no full-length retrotransposons in JAY270, but Ty elements
were found in all other chromosomes (Supplemental Fig. 4).

Although we concentrated our sequencing efforts on the JAY291 haploid, from our analysis of the
sequences of S288¢c, RM11-1a, and YJM789 and from our examination of the microarray data and Southern
analysis (Figs. 3-5), we were able to predict the structures at the left ends of the two Chr6é homologs in the
JAY270 diploid. We then designed specific PCR primers to confirm our predictions (Supplemental Fig. 5).
Repetitive DNA sequences were found at the breakpoints (shown as boxed letters in Fig. 6b) of all chromosomal
rearrangements in this region, suggesting that they formed through ectopic homologous recombination.

We determined that JAY270 Chr6S has a portion of Chr1 that includes the YAR064W gene attached to
the left end of Chr6 (Fig. 4c). This translocation is also present in RM11-1a and YJM789, and the breakpoint is
between YARO62W in Chr1 (boxed “A”) and YFL051C in Chr6, both are pseudogene members of the FLO gene
family. The YFL051C pseudogene is also the site of the 19.3 kb region which is present in JAY270 Chr6L and
deleted in Chr6 from S288c. While YFL051C is short and non-functional in S288c, in JAY270 Chr6L this ORF
extends into the 19.3 kb region to form a full length FLO gene (boxed “B”). Near the left end of this insertion
region, there was a 4.3 kb translocated section of S288c Chr10, with breakpoints at HXT8 (boxed “C”; a hexose
transporter gene family member) and YJL2716C (boxed “D”; a gene with similarity to maltase genes). Finally, the
leftmost rearrangement in JAY270 Chr6L contains the 9.1 kb sequence not represented in S288c. The
breakpoint for this rearrangement was at the THI5 gene (boxed “E”; a member of a gene family involved in the
thiamine biosynthesis). In S288c, the SNO3 and SNZ3 genes are located immediately distal to THI5, whereas
this region of Chr6L of JAY270 contains a copy of the MPR2 gene involved in tolerance to oxidative stress and
ethanol toxicity (Du and Takagi 2007). MPR2 is also present the RM11-1a and £1278b strains, but strikingly,
the genes in MPR family are found at different genomic locations in these strains: in RM11-1a, MPR2 is at the
left end of Chr10; whereas in £1278b, MPR?2 is at the right end of Chr10 and MPR1 is at the left end of Chr14
(Takagi et al. 2000).

This detailed analysis also allowed us to examine the rearrangements between the two Chr10 homologs

in JAY270 (arbitrarily designated A and B). The left end structure of Chr6L was essentially identical to that
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found in Chr10 of RM11-1a and in JAY270 Chr10A (inherited by the JAY289 and JAY292 spores). A similar
Chr6/Chr10 translocation with a breakpoint at YJL2716C (boxed “D”) has been described recently in the M22
vineyard strain (Doniger et al. 2008). The Chr10 structure in YJM789 is similar to RM11-1a, M22, JAY270
Chr10A, with the exception of the extreme left end at positions distal to THI5 (boxed “E”) where YJM789 is
similar to S288c Chr6. Interestingly, the YJM789 Chr10 configuration is precisely what would be predicted from
a crossover occurring between S288c Chré and RM11-1a Chr10 anywhere between THI5 and YFL0O51C. An
analogous meiotic crossover event within translocated chromosomal segments has been recently observed in
the S288c/Y101 laboratory hybrid (Faddah et al. 2009). The second JAY270 Chr10 homolog (Chr10B; inherited
by JAY290 and JAY291) had at its left end a ~15 kb translocated segment not found in the S288c genome. The
breakpoint in this chromosome is near an unannotated Ty1 delta LTR element (boxed “F”) that is located on
S288c Chr10 between SGD coordinates 29000 and 29500 and is also present in the JAY291 Chr10 sequence.
Finally, it is important to note that all rearrangements described above occurred at sites distal to the first

essential genes in the Chr6 (SEC53) and Chr10 (PRP21).

Nucleotide polymorphisms

We compared the sequences of JAY291 to S288c, estimating the number of SNPs at 5.4 per kilobase
(about 65000 for the entire genome). To compare JAY291 to other S. cerevisiae strains, we analyzed a ~49 kb
region from Chr14 that has been sequenced for several unrelated strains (Steinmetz et al. 2002) and used it to
construct an unrooted phylogenetic tree (Fig. 7a). This analysis indicated that JAY291 is highly diverged
relative to S288c, YJM789, and RM11-1a and, therefore, will be useful in characterizing the rich sequence
diversity present in S. cerevisiae.

We also sought to estimate the degree of heterozygosity in the JAY270 diploid genome. We performed
a limited sequence analysis of JAY292, a haploid spore derived from the same tetrad as JAY291. Because the
genomic coverage in this case was relatively low (15-fold with lllumina paired-end reads), we did not attempt to
assemble the genome de novo. Instead, we assembled the JAY292 sequence using the JAY291 contigs as
reference. After filtering out repetitive elements, regions of high divergence, and regions of low quality and/or
coverage, we estimated a density of about 1.3 SNPs/kb in the single-copy genomic regions. Because JAY291
and JAY292 are sibling haploid strains, about half of their genomes should be identical by descent and we found
that about half of the genomic regions had a very low level of polymorphisms (data not shown). We estimate,
therefore, that the JAY270 diploid has about 2.6 SNPs/kb between allelic regions in homologous chromosomes.

We also examined heterozygosis restricting the analysis to the Chr6 sequences of JAY291 and
JAY292. Because these two haploids carry the two reciprocal products of a meiotic crossover between the two
parental Chr6 homologs (Fig. 4a), it should be possible to directly find all Chr6 SNPs in the diploid by comparing

the JAY291 and JAY292 sibling sequences (assuming that they formed as a result of exactly one crossover).
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We found 465 SNPs in the 208 kb region common to both the Chr6L and Chr6S homologs (Fig. 5). The Chr6

SNP density (~2.2 SNPs/kb) was consistent with our estimate for the whole genome.

Overview of specific gene polymorphisms important for bioethanol production

We compared the sequences of several JAY291 genes to those of other strains to establish possible
links between the genotype and the observed phenotypes. High-Temperature Growth (HTG) has been
investigated in S. cerevisiae as a model for complex quantitative inheritance (Steinmetz et al. 2002; Sinha et al.
2008), and three major contributing loci have been identified: NCS2, MKT1, and END3. We found that JAY291
had all three of the alleles that are related to HTG" (Fig. 7b). However, HTG, as is often the case for
quantitative traits, is known to be influenced by genetic background (Sinha et al. 2006). We therefore tested the
role of these polymorphisms in the JAY291 background by constructing isogenic strains carrying HTG™ allele
replacement versions of NCS2 and MKT1 from S288c, and END3 from YJM789. We found that the allele
replacement strains, individually, were not compromised for HTG, at least within the resolution of our co-culture
competition assays (~5 fold; data not shown). This result was analogous to the background-specific phenotypic
response described by Sinha et al. (2006), and suggested that other uncharacterized alleles present in the
JAY291 genome are contributing to its distinct HTG" phenotype.

We also examined the sequence of the HO gene that encodes the endonuclease that stimulates mating
type switching in homothallic strains (Herskowitz 1988). The ho allele in JAY291 has three missense mutations,
including the H475L substitution that is present in S288c and has been shown to significantly reduce HO activity
(Meiron et al. 1995; Ekino et al. 1999). In addition, an in-frame deletion between 8 bp direct repeats within the
gene removed 36 amino acid residues from the DNA binding domain (residues 524-559). These mutations
likely eliminate the endonuclease activity of HO, explaining the heterothallic life cycle of JAY270.

Flocculation is a mechanism through which yeast cells aggregate to form clumps, or flocs. While
flocculation is a desirable trait in brewing, it is problematic in sugar cane batch fermentation because it
significantly slows fermentation kinetics, and can cause excessive foaming and clogging of pipes. One of the
attractive properties of JAY270 is that it rarely flocculates and produces very little foam in fermentation tanks
(Basso et al. 2008). The JAY291 haploid is also non-flocculant. We examined the sequences of genes
encoding cell surface adhesins involved in flocculation (FLO1, FLO5, FLO11, and others) and found that they
are present in JAY291, although, due to their internal repeat structures (Verstrepen et al. 2004), these
sequences were sometimes split between two contigs in our assembly. In addition, we looked at the FLO8
gene, a positive regulator of flocculation. In S288c, FLOS8 contains a nonsense mutation (flo8-1) that renders
the cells non-flocculant (Liu et al. 1996). The FLO8 gene in JAY291 appears to be functional, indicating that
the non-flocculant phenotype of JAY291 involves a block in a different step of the pathway. Interestingly, among

120 F, progeny from the S288c x JAY291 cross described above (Fig. 2) we observed 19 individuals that
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flocculated in fermentation media and 101 that did not; roughly a 1:7 phenotypic ratio expected for a trait
controlled by three unlinked genes (X2 =1.22; p = 0.27). We genotyped the flocculant progeny by PCR and
restriction digest and observed that all 19 flocculant progeny inherited the FLOS8 allele from JAY291, therefore
confirming the requirement of a functional Flo8p for flocculation.

In the S288c genome, there is a Ty1 retrotransposon insertion in the HAP1 gene (Gaisne et al. 1999).
HAP1 encodes a heme-mediated transcription factor that controls the expression of genes involved in
fermentation (Mense and Zhang 2006), and in the biosynthesis of ergosterol which is important for ethanol
tolerance (Inoue et al. 2000). As in other industrial strains (Tamura et al. 2004), this interrupting Ty1 element is
absent in JAY291. Consistent with this result, we found that several of the Hap1p regulated genes were
expressed at a higher level in JAY270 than in S288c (Supplemental Table 1).

Another gene important for industrial yeast strains is M/IP1, a nuclear-encoded mitochondrial DNA
polymerase (Foury 1989). A polymorphism present in Mip1p (Mip1p-661A) has been shown recently to be
responsible for the high frequency of spontaneous cytoplasmic respiratory mutations (o~ petites) observed in
S288c¢ (Baruffini et al. 2007). The MIP1 sequence in JAY291 contains five non-synonymous substitutions
relative to S288c, including the Mip1p-661T variant, which is associated with a low frequency of petites. This
desirable trait was confirmed in semi-quantitative petite mutation assays in which JAY270 produced petite
colonies at a frequency about five fold lower than S288c (data not shown).

Efficient sucrose utilization is essential in sugar cane fermentation. S. cerevisiae strains have long been
known to vary in the number of copies of the SUC genes coding for invertase, the enzyme that breaks down
sucrose in glucose and fructose which are then fermented to produce ethanol (Carlson and Botstein 1983).
S288c only has one copy, SUC2, the only non-telomeric member of this gene family. Since JAY270 thrives in
the sugar cane extract, we expected to find several SUC copies in its genome. Instead, the only invertase gene
found in the genome sequence of JAY291 was SUC2. Another gene we did not find in JAY291 was RTM1
(Ness and Aigle 1995), involved in resistance to toxins found in molasses, a byproduct of sugar production
sometimes used in bioethanol fermentation. Incidentally, RTM1 is always found clustered with the telomeric
copies of SUC genes (Ness and Aigle 1995).

A comprehensive list of all genes found in both JAY291 and S288c is presented in Supplemental Table
1, including the local density of SNPs inside the coding sequences and in the upstream regulatory regions, and
the relative level of gene expression between these strains measured with cDNA microarrays. In addition to the
shared genes discussed above, it is possible that the genes present in JAY291 but absent in S288c also
contribute to the properties of JAY270. At least sixteen such genes have been identified in the genome of
JAY291 (Supplemental Table 1). An attractive example of such genes are two copies of putative S-
adenosylmethionine-dependent methyltransferases found in the JAY291 genome (contig404-gene1 and

contig386-gene1; their predicted protein sequences share 92% similarity). These new genes participate in the
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same processes as the amplified SAM3 and SAM4 genes discussed above. Interestingly, a protein identical to
the one coded by contig404-gene1 has been recently identified and found to be specific to the West African

lineage of S. cerevisiae strains (hypothetical protein 5; Liti et al. 2009).

DISCUSSION
Diverse genome structure of JAY270 and its implications for genome evolution

Our molecular analysis of the JAY270 diploid revealed that its genome is highly heterogeneous, both
structurally and at the nucleotide level. Thus far, the genomic analysis of S. cerevisiae had been mostly limited
to haploids, often derived from homothallic diploid strains. In this type of life cycle, immediately after meiosis,
the haploid spores undergo mating type switching, followed by self mating to restore a diploid state (Herskowitz
1988). This cycle generates diploids that are homozygous for the entire genome, except at the MAT locus. In
contrast, heterothallic spores, such as those derived from JAY270, are unable to switch mating type because of
a mutation in the HO gene. The spores restore the diploid state by mating to spores of the opposite mating
type, either siblings from the same ascus or by outcrossing (Knop 2006). The heterozygous JAY270 genome
richly illustrates how this process is effective in preserving and amplifying genetic diversity. It is important to
note, however, that both the homothallic and heterothallic life cycles require the production of viable haploid
spores in meiosis, and thus both types of strains are expected to continuously remove from the gene pool
recessive lethal mutations and chromosomal rearrangements associated with the loss of essential genes.

We have found that the genomes of JAY270 and S288c are collinear through most regions and hybrids
generated by crosses between these genetic backgrounds have good spore viability. Structural variation,
though abundant, was limited to the end sections of chromosomes. A similar pattern has been previously
observed in microarray-based surveys of genome variation among different S. cerevisiae strains (Winzeler et al.
2003; Carreto et al. 2008; Schacherer et al. 2009), which found that most polymorphisms, including SNPs and
CNVs, were more common within 25 kb of the telomeres. In these studies, however, the full extent of the
structural variation in these regions could not be revealed because the microarrays used were based on the
S288c genome, and regions of high sequence divergence or sequences that were absent in the reference strain
could not be examined. This gap has been recently filled by a whole genome sequencing-based survey of
dozens of S. cerevisiae and S. paradoxus strains (Liti et al. 2009). This study identified DNA sequences,
including 38 genes, that are present in some of these strains but are absent in the reference S288c genome.
Importantly, these new genes are mostly subtelomeric.

The peripheral regions of chromosomes in S. cerevisiae typically contain genes that participate in
alternative carbon source and vitamin metabolisms, ion and amino acid transport, flocculation and other
processes that are not essential for viability. In the S288c genome, ~8% of all genes are located at sites distal

to essential genes (Supplemental Table 1). Some of these genes, like SNO/SNZ and SAM, are functionally
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clustered. Previous studies have shown that there are very few functionally clustered genes in S. cerevisiae,
and that those which are clustered tend to be associated with specific functions that differ between strains (Hall
and Dietrich 2007). Analogous distributions of non-essential genes are also found in other species. For
example, in Plasmodium falciparum, the peripheral regions encode variable surface antigen genes (contingency
genes) that help this parasite evade the host’'s immune defenses (Freitas-Junior et al. 2000; Barry et al. 2003).
Many of the genes found in such regions are members of multi-copy gene families that allow structural variation
to occur through ectopic homologous recombination events similar to those detected in JAY270. In addition to
their repetitive nature, the telomere-proximal regions of chromosomes are often spatially co-localized at the
nuclear envelope, forming clusters of chromatin that are believed to facilitate ectopic recombination interactions
(Palladino et al. 1993; Gasser et al. 2004). Pryde et al. (1997) integrated these observations to formulate a
model in which the yeast genome is structured in chromosomal sectors that are either rigid (central core) or
plastic (peripheries). A schematic model of this concept as it relates to a set of S. cerevisiae haplotypes is
shown in Fig. 8.

We recently demonstrated a mechanism in diploid strains that explains how repetitive elements
participate in ectopic homologous recombination through their differential interactions with DNA double strand
breaks (DSBs; Argueso et al. 2008). While lesions in single-copy regions of the genome are efficiently repaired
to restore the original structures, DSBs that occur within repetitive sequences often lead to chromosomal
rearrangements by engaging in homologous recombination with ectopic repeats. This experiment imposed no
restrictions regarding the fitness effect or the haploid viability associated with the rearrangements, thus, we
identified re-structuring events spanning the entire S. cerevisiae genome. Because most rearrangements were
non-reciprocal and involved regions containing essential genes, it is likely that those events would be
deleterious in meiosis, generating inviable spores and therefore eliminating them from the population. In
contrast, the naturally-occurring rearrangements observed in JAY270 are not detrimental, since the
translocations do not span genes essential for viability. At least six chromosomes in JAY270 were polymorphic
in length and yet the diploid had excellent spore viability. Further, crosses between spores derived from
JAY270 and S288c generated hybrid diploids in which structural differences were present in virtually every
homolog pair. Despite their heterogeneous karyotype, these hybrids produced mostly viable spores (75-95%).
We propose that all DSBs that occur in repetitive elements of the genome are able to promote ectopic
recombination and generate chromosomal rearrangements. Those that span essential genes result in poor
spore viability and are, therefore, eventually eliminated from the population, whereas those that involve the
peripheral chromosome regions do not affect spore viability and may lead to increased fitness.

A distinguishing feature of the JAY270 genome architecture that may contribute to its fitness in
competitive environments is the hemizygous distribution of useful stress tolerance genes. It is possible that this

configuration offers alternative mechanisms for diploid cells to adjust the copy number of these genes through
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mitotic crossiover, break-induced replication, or meiotic segregation followed by re-mating of sibling haploid
spores (Paques and Haber 1999; Knop 2006; Llorente et al. 2008). For example, these mechanisms could, in
just a few generations, produce diploids containing 0 to 4 copies of MPR genes and 6 to 12 copies of SNO/SNZ
genes. Notably, once the homozygous state is achieved, it may be reversed over time through outcrossing or
ectopic homologous recombination between neighboring repeats. This scenario may explain how the highly
plastic genome structure at the peripheral regions of chromosomes could enable S. cerevisiae to rapidly
respond to a changing environment.

Finally, it is interesting to contrast the pattern of spatially restricted chromosomal rearrangements in S.
cerevisiae to the much more radical chromosomal rearrangements recently described in the haploid asexual
yeast pathogen Candida glabrata (Polakova et al. 2009). These very complex genome reconfiguration events
included chromosome fusions, large translocations, aneuploidy and even possible circularizations, that are
completely incompatible with meiosis. These authors proposed that C. glabrata has taken genome re-
structuring to the extreme, sacrificing its sexual life cycle to fully explore the adaptation potential provided by a
highly unstable genome structure. We believe that S. cerevisiae has found the middle ground by confining the

genome rearrangements to the ends of chromosomes.

Implications of highly adapted industrial strains to future bioenergy technologies.

In addition to the insights into genome evolution discussed above, the analysis of the JAY270 genome
offers a number of opportunities for the development of a new generation of industrial yeast strains. The finding
that JAY270 is genetically compatible with laboratory strains indicates that the full arsenal of research tools
developed to study yeast as a model system can be readily applied to the modification of this naturally adapted
strain. We envision the use of JAY270 as an ideal delivery vehicle for future renewable energy technologies.
One of the most active fields of investigation in the effort to develop these technologies has been the search for
strategies to efficiently break down cellulosic feedstocks and to utilize its complex derived sugars in bioethanol
fermentation (Gura 2009). These advances would dramatically improve the overall energy balance in
bioethanol production. While the early signs of success in this effort are very encouraging, it is important to
remember that even when the solutions for this problem are found, there will be a need to efficiently deliver
these technologies to the industrial setting. Decades of experience in the development of industrial strains have
convincingly demonstrated that any large-scale attempt to introduce genetically modified yeast strains in the
bioethanol industry will be futile, unless they are based on naturally adapted strains. Therefore, strains such as
JAY270 are likely to play a key role in facilitating the transition from laboratory technological breakthroughs to

industrial scale field applications.

METHODS
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Growth media and yeast strains. Yeast culture, mating, sporulation, and tetrad dissection were conducted
using standard procedures (Rose et al. 1990). Menadione was obtained from Sigma-Aldrich. The PE-2 stock
used to purify JAY270 was from our own laboratory collection, which was derived from commercially available
dry active yeast sold to bioethanol distilleries (LNF-Latino Americana). The S288c-isogenic strain used as a
control in the fermentation assays in Fig. 1a was the BY4741 haploid (Giaever et al. 2002). For the initial
genetic characterization of JAY270, the S288c-isogenic strains used were from the FY series (Winston et al.
1995). FY833 (Mata, ura3-52, leu241, trp1463, his34200, lys24202) and FY834 (Mata, ura3-52, leu2A1, trp14
63, his34200, lys24202) were crossed to the JAY270-derived haploid spores JAY289 (Mata), JAY290 (Mato.),
JAY291 (Mata), and JAY292 (Mata) to generate hybrid diploids. FY23 (Mata, ura3-52, leu241, trp1463) and
FY86 (Mata, ura3-52, leu2A1, his34200) were crossed to each other to generate the JAY309 diploid used as a
control in comparative stress tolerance assays (Fig. 1b, and Supplemental Fig. 2 and 3). Finally, the S288c-
isogenic strains used in the quantitative genetic analysis described in Fig. 2 were S1 and S97 (Steinmetz et al.

2002). Genomic DNA was also prepared from RM11-1a and YJM789 strains.

Fermentation assays. The fermentation assays shown in Fig. 1a were carried out by inoculating 4 g of fresh
yeast cells in 36 ml of autoclaved sugar cane extract (pH4.0, 18.2% Total Reducing Sugars - mostly sucrose).
Fermentation cultures were incubated at 30C without agitation for exactly 15 hours. The cells were recovered
by centrifugation and the supernatant was distilled for the measurement of ethanol by densimetry. Cells were
recycled for five consecutive fermentation cycles, and four independent replicates were analyzed for each
genotype. In each replicate, only the data from cycles 2 to 5 were considered, since the data from the first cycle
(adaptation round) is usually highly variable. The final ethanol concentration measurements from cycles 2 to 5
from all four replicates were combined to generate the average and standard error shown.

The fermentation assays used in the quantitative genetic analysis (Fig. 2) were carried out by
inoculating 0.08 g of fresh yeast cells in 8 ml of media containing 0.5% yeast extract, 1% peptone, and 10%
glucose. Cells were pre-grown in the same media for two cycles to provide an adaptation round. The cell mass
concentration was normalized to 1% prior to the third cycle which was used to record cell growth and ethanol
production kinetics. Cultures were incubated at 30C in a slow rotating drum to avoid decantation. Samples
were taken at regular intervals and centrifuged in pre-weighted tubes to determine the weight of the cell pellets.
The supernatant was frozen and later used to determine the ethanol concentration using the BioChain
(Hayward, CA) Saccharide Removal and Ethanol Assay kits in sequence according to the manufacturer’s

recommendations.

Microarray and physical analysis of DNA. CGH-array and Band-array experiments, and PFGE procedures

were conducted as previously described (Argueso et al. 2008). Image tracing of PFGE bands was obtained
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using BioRad Quantity One software. All PCR reactions were conducted using BioRad iProof High-Fidelity DNA
polymerase. For the differential gene expression experiments shown in Supplemental Table 1, total RNA was
extracted from exponentially growing cells of JAY309 and JAY270. Three independent biological replicates
were grown in YP 2% glucose liquid media, with 30C incubation and 200 RPM agitation. First strand cDNA was
synthesized and labeled with dUTP-Cy3 or dUTP-Cy5, respectively, using the Invitrogen SuperScript Direct
labeling kit. Labeled cDNAs were then competitively hybridized to microarrays containing all S288c ORFs. The
Log2 (Cy5/Cy3) signal for all three replicates and average for each microarray probe is shown. The CGH/Band-
array, and the differential gene expression microarray data are available under GEO accession numbers

GSE14601 and GSE17578, respectively.

Parallel sequencing and genome assembly. Total genomic DNA from JAY291 was isolated using Qiagen
Maxi kit. We performed sequencing in the lllumina Genome Analyzer Il and Roche Genome Sequencer FLX
(454) platforms (Table 1), using standard manufacturer recommended sample preparation procedures. The
lllumina and 454 reads were assembled into longer contigs using de novo assembler Edena (Hernandez et al.
2008) and Newbler (Roche), respectively. The hybrid assembly was performed through the combination of
3581 lllumina contigs and 1259 454 contigs resulting in 452 hybrid contigs (pipeline developed in our group;
Zorro: A hybrid assembly pipeline for next-gen sequencing data; G. G. L. Costa, R. O. V., M. F. C., J. M. C.
Mondego, M. J. Guiltinam, S. C. Schuster, J. E. Carlson, P. A. M., J. L. A., L. W. Meinhardt and G. A. G. P;
manuscript in preparation). Briefly, the zorro pipeline consists of (1) masking repeat regions in the contigs, (2)
overlap detection, (3) unmasking repeat regions and (4) assembly of hybrid contigs. In phase (1), the repeat
regions were determined based on counting occurrences of k-mers in the Roche 454 reads, the assembler then
masks k-mers in the contigs that occur at high frequency. The absence of repeats produces correct overlap
detection in phase (2). The contigs are then unmasked in phase (3), and the correct hybrid assembly can be
obtained in (4), by merging all overlapping contigs into hybrid contigs. The overlaps detection and consensus
generation were performed using the minimus package (Sommer et al. 2007). The hybrid contigs were ordered
and oriented with Bambus program (Pop et al. 2004) using paired-end information and manual verification
producing 427 scaffolds. These sequences were aligned to the reference genome (S288c) using Mummer
package (Kurtz et al. 2004). The genome comparisons were visualized using Artemis Comparison Tool - ACT
(Carver et al. 2005). ab initio and extrinsic gene predictions were obtained using Augustus (Stanke and
Morgenstern 2005) and Exonerate (Slater and Birney 2005), respectively. For the Augustus analysis, we used
the training sets available for S288c, and for Exonerate we used the reference curated ORFs (SGD;
http://www.yeastgenome.org) that were aligned into our hybrid assembly.

This Whole Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank under the
accession ACFL00000000. The version described in this paper is the first version, ACFL01000000.
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FIGURE LEGENDS

Figure 1. Comparative phenotypic analysis of JAY270 and S288c.

a. Sugar cane extract fermentation assays (~18% sucrose). The ethanol concentration shown is the average
reached in four fermentation assay repetitions, each comprised of four consecutive 15 hours of fermentation at
30C with cell recycling (see Materials and Methods for details). b. Reactive oxygen (menadione) and
temperature effects on colony growth. Ten-fold serial dilutions of saturated cultures spotted (5 pl) in rich
medium (YPD) containing various concentrations of menadione were incubated at the indicated temperatures,
and scanned after the indicated incubation period. The S288c-isogenic control strain used in (a) was the

BY4741 haploid; and in (b) was the JAY309 diploid.

Figure 2. Genetic analysis of cell mass accumulation and ethanol production kinetics.

a and b. Kinetics of cell mass accumulation and ethanol production, respectively, during fermentation of rich
media with 10% glucose. The results show the average values and standard error for three biological replicates
from each strain. The S288c-isogenic strains used in these assays were the MATa haploids S1 (p') and S97
(po). The JAY361 diploid was obtained by mating JAY291 and S97; this diploid inherited 100% of its
mitochondrial genome from JAY291. c. and d. show the distributions of cell mass accumulation after 18 hours
and ethanol production after 8 hours (respectively) among haploid F, spores derived from JAY361. F,
individuals were grouped in bins according to their phenotypes, and the bars represent the number of individuals
in each phenotypic bin. e. Scatter plot of cell density (x axis) vs. ethanol concentration (y axis) for all F,
individuals tested in both assays (gray dots). P4, F1 and P; indicate the relative phenotypes of JAY291, JAY361
and S1, respectively. nis the number of F, individuals in each dataset, H? is the broad-sense heritability
calculated from phenotypic and environmental variances, and F is coefficient of correlation between the two

traits analyzed. Only data from non-flocculant F; individuals was used in this analysis.

Figure 3. Molecular karyotype and gene copy number variation in JAY270.

a. PFGE and densitometric analysis of individual chromosomal bands in S288c and JAY270. The size of the
peaks reflects the intensity of the ethidium bromide staining for each chromosomal band as determined by
image analysis using BioRad QuantityOne software. The predicted chromosome sizes (in kb) are shown next to
the corresponding chromosomal peaks were determined by comparison to the BioRad | molecular weight ladder
(not shown). Note the presence of different sized homologs for Chré and Chr11 that appear at lower relative
intensities. Contrast the abundance of each Chr6 homolog to the intensity of Chr3 for which both homologs are
about the same size, and compare the abundance of each Chr11 homolog to the intensity of Chr10.

b. CGH-array relative gene dosage plots. Each horizontal line corresponds to a specific S288c chromosome;

the signal of each array probe was smoothed in CGH-miner software in a seven-probe sliding window to reduce
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noise (Wang et al. 2005). Gray areas indicate regions of similar genomic dosage, while positive/red and
negative/green peaks indicate genomic regions over- or under-represented, respectively. The amplification
signal on the left end of Chr1 included the SEOT gene encoding a putative amino-acid permease; the
amplification peak on the right end of Chr3 did not include any known genes; all other amplifications are
discussed in the text. None of the deletion/under-representation peaks spanned regions containing genes

known to be essential in S288c. The S288c-isogenic control strain used in (a) and (b) was the JAY309 diploid.

Figure 4. Molecular karyotype of meiotic products and segregation of chromosomal rearrangements.

a. Ethidium bromide staining of a PFGE including the four meiotic spore clones from a JAY270 tetrad. The
S288c-isogenic control strain used was the JAY309 diploid. b, ¢, and d show Southern hybridizations of the
PFGE in (a), using as probes, respectively, the AGP3, YAR064W, and SNO/SNZ sequences that were PCR-
amplified from S288c genomic DNA. The SNO/SNZ (2-3) probe detects only the duplicated SNO2, SNZ2,
SNO3, and SNZ3 genes. The diverged single copy genes SNO7 and SNZ1 on Chr13 are not detected. The
numbers to the left indicate the S288c chromosomes to which these probes hybridized. The YAR064W gene is
duplicated in S288c and JAY270 at the right end of Chr8.

Figure 5. Band-array analysis of Chr6L and Chr6S homologs in JAY270.

The curves indicate the normalized hybridization signal of specific chromosomal DNA samples (y axis) to probes
arranged according to their chromosomal coordinates (x axis) in S288c Chr6 (a) and Chr1 (b). The dashed
vertical lines indicate the breakpoints where JAY270 Chr6S and Chr6L differ from each other and from the
S288c chromosomes. Only the data for Chr6 and Chr1 probes are shown. No hybridization signal was
detected for other S288c chromosomes, with the exception of the right end of Chr8 that is essentially identical to
Chr1. SEC53 and RPN12 indicate the most distal essential genes in S288c Chr6, and SNO3, SNZ3, AGP3 and
YARO064W indicate the position of Southern blot probes used in Fig. 4. The signal valley in the central position of
Chr6 corresponds to the position of the YFLWTy2-1 retrotransposable element (arrow) which is not present in

the JAY270 Chr6 homologs. The black circles indicate the centromere positions.

Figure 6. Genome rearrangements near the ends of chromosomes.

a. Full-length Chr6 sequences aligned with Artemis Comparative Tool software (Carver et al. 2005). Red lines
connect regions of sequence similarity higher than 85%, gaps in white indicate lower or absent similarity. Green
indicates S288c Chr6 sequences and thick areas indicate regions conserved in JAY291, whereas thin areas
indicate non-conserved regions. The small segment in Blue is a translocated fragment from S288c Chr10.
Black indicates S. cerevisiae sequences not found in the S288c genome. The gray thick line corresponds to S.

paradoxus Chr6 assembled from contigs 346, 345, 344, 434 and 433, from left to right, in this order (Kellis et al.
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2003). SEC53 and RPN12 indicate the positions of the most distal essential genes in Chr6. Black circles
indicate the position of the centromere (CENG6) and the arrow represents the YFLWTy2-1 element. Y’ and X
sub-telomeric sequences are not represented in this alignment. b. Multi-strain chromosome alignment around
the left end of Chr6. The horizontal lines represent the left ends of the designated chromosomes, with the
exception of S288c Chr1 (top line) for which the inverted right end is shown. The source strain for each
sequence is indicated to the left in bold, other strains with similar chromosome structures are also indicated.
The rectangles represent ORFs, and their positions above and below the central line designate the Watson and
Crick orientations, respectively. Chromosomal regions are color coded according to their correspondence to
S288c Chr1 (orange), Chr6 (green) and Chr10 (blue), while regions in black correspond to sequences not found
in the S288c genome. The dotted line in S288c Chr6 represents a discontinuity in the alignment at the site of a
19.3 kb insertion in JAY291. The rectangles hatched in red between chromosomes indicate a high level of
sequence similarity (>85%; analogous to the red lines in panel a). All sequence similarities are indicated in red
except for the left end of YJM789 Chr10 which contains the SNO3 and SNZ3 genes and is nearly identical to the
collinear region in S288c Chr6. Boxed letters (A-F) indicate the specific chromosomal rearrangements
discussed in the text, and SNO3, SNZ3, AGP3 and YAR064W indicate the positions of Southern blot probes
used in Fig. 4. The source sequences for this figure were the complete Chr6 sequences from S288c and
JAY291, contigs 1.67 (Chr10) and 1.109 (Chr6) from RM11-1a, contigs 100 (Chr10) and 7 (Chr6) from YJM789,
and contig 386 (Chr10) from JAY291. The 10 kb scale bar indicates the size scale for panel b.

Figure 7. Phylogenetic placement and High-Temperature Growth (HTG) alleles in JAY291.

a. Unrooted phylogenetic tree of 15 S. cerevisiae strains based on a 49 kb region from Chr14 containing the
three HTG QTLs (Sinha et al. 2008). b. HTG QTL allele distribution in various S. cerevisiae strains. The three
critical amino acid residues implicated in High Temperature Growth are shaded in gray, and HTG ( +, -, nd - not

determined) phenotype is shown to the right.

Figure 8. Structural diversity in S. cerevisiae: rigid and plastic domains of the genome.

The model depicts a set of homologs of a hypothetical chromosome in several unrelated S. cerevisiae strains.
The top line (continuous gray) depicts the structural configuration of this chromosome in the first sequenced
strain (i.e. S288c; reference), whereas the chromosomes shown below represent the rearrangements found in
other strains. The diverged structural configurations (colors) in the peripheral regions harbor genes that are not
required for viability, but that may contribute to fitness in specific environments. The entire set shares structural
conservation in the central core region (delimited by the most distal essential genes - arrows), therefore meiotic
crossovers between the unrelated haplotypes can generate new combinations, while remaining compatible with

haploid viability.
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Table 1. Summary of JAY291 genome sequencing and assembly parameters.

Haplotype JAY291
Contigs 452
Contig size (average) 25.5Kb
N50° 65 Kb
Assembly size 11.6 Mb
Coverage depth®:

454 single end 12x

lllumina single end 55x

lllumina paired-ends 95x

Gene models®:

Extrinsic 5864
Ab initio 5488
Total gene models 5880

a. 50% of the genome assembly is represented by contigs of N50 size and longer.

b. Roche/454 reads were about 250 bp, lllumina single end reads were 35 bp, and paired-end reads correspond
to two 35 bp reads physically linked by ~125 bp of undetermined sequence.

c. Extrinsic gene models were predicted based on the established S288c ORFs; ab initio gene models were
predicted without regard to S288c data. 5471 genes were predicted by both models; 392 and 16 genes were

found exclusively in the extrinsic and ab initio models, respectively.
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Supplemental Figure 1. Molecular karyotype analysis of PE-2 and its derived pure strains.

a. PFGE analysis of the original PE-2 mixed cultured and of four independent clonal single colony
isolates derived from PE-2. Note the diffuse chromosomal banding pattern in PE-2 which was
caused by the presence of subpopulations of cells with slightly divergent karyotypes. In contrast,
the bands observed in the purified isolates (JAY270 to JAY274) are discrete and sharper as
expected for clonal cell lineages, each carrying specific chromosomal variants.
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Supplemental Figure 2. Effect of incubation on various stressors on cell viability.

10" dilutions of saturated overnight cultures of an S288c-derived diploid (JAY309) and JAY270
were incubated in the presence of various concentrations of ethanol (a), sulfuric acid (b), or at
different temperatures (c). After the indicated time periods, these aliquots were serially diluted in
sterile water in 10" fold increments, spotted to rich medium and allowed to grow at 30C for 48
hours to assess cell viability.

No significant differences in viability were observed between the two strains for ethanol tolerance
up to 14% concentration (a). Under standard sugarcane extract fermentation the final ethanol
concentration rarely exceeds 12%.

Also, no significant differences were observed in tolerance to short-term acid wash (b), or to

short-term heat killing (c) at high temperatures beyond those compatible with cell growth (42C,
47C and 52C).
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Supplemental Figure 3. Effect of incubation temperature on colony size.

a. Cropped sample Petri dish scans showing difference in colony size between S288c and
JAY270 grown in rich medium (YEPD) for 48 hours at 30C and 37C. Scale bar is 5x1 mm.

b. Quantification of colony sizes. Cells were plated to a density of about 20 colonies per plate.
After 48 hours of incubation, Petri dishes were scanned at 800 dpi and images were analyzed in
Adobe Photoshop CS2 to measure the colonies. The average colony area in pixels with standard
error are shown. In the images above, 1 mmZ2 equals 986 pixels. In the specific experiment shown,
the diameter of 13 well-spaced colonies was determined. Colonies were then sorted by size and
two smallest and the two largest were ignored for the average area calculation to minimize the
influence of possible petite colonies in the plate. The same trend was observed in another two
independent experimental repetitions.
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bromide probe

Supplemental Figure 4. PCR mapping of the YFLWTy2-1 region and Ty distribution in JAY270.

a. Screen capture of GBrowser software showing the YFLWTy2-1 region in Chr6 of S288c,
including the MSH4 and SPB4 flanking genes. The forward PCR primer JAO365 is positioned at
the 5’ end of MSH4, and the reverse primer JAO366 is positioned at the 3’ end of SPB4. The
schematics below the map show the expected PCR products from this region in various S.
cerevisiae strains. S288c contains multiple Ty element insertions upstream of the tN(GUU)f tRNA
gene, including the full length YFLWTy2-1 element. YJM789 has the same LTRs as S288c, but
lacks the Ty2 element. Finally, RM11-1a and the JAY270 ascospores contain only the
YFLW(delta2 LTR, which likely marks the founding Ty insertion at this site.

b. Ethidium bromide stained agarose gel showing the JAO365 / JAO366 PCR products from (a).
c. PFGE and Southern analysis of Ty1 and Ty2 retrotransposons in JAY270. S288c

chromosomes are indicated to the left and JAY270 chromosomes to the right. The probe used
hybridizes to both Ty1 and Ty2 elements.
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For Rev® 2 3 5|5 %555 JAO359 TCGCTGTCTCTTCAATGTCGACAG
i 2.2 kb (duplicated JAO365 AAACTAGATAGATTAGATTCACTC
| -'-(--\-_'| in Chr8 in all strains)

. : JAO366 GTTTCCAGCAAAGCTATCCAAGGC
_- | 15k
1.4 kb JAO396 AGTTTATATTGTAGTGGCATGACTC
|._ | 12kb JAO411 CTTACTGATAGCGATGCCGCAGAC
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«—
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| JAO416 CAGTTCATTGATCTTGATAATGAC
| 2.0 kb
JAO417 CATTGCTGCGATAGAATGGAG
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411 | - . | 3.4 kb
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|- — | 5.2 kb JAO423 GTCATTATCAAGATCAATGAACTG

—> JAO424 AGAGTTCAGTTGTTGCGGACCGAG

396 | - |- | 5.0 kb
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Supplemental Figure 5. PCR mapping of chromosomal rearrangements at the left arm of Chr6
and Chr10.

a. Map of PCR primer locations in the region examined. This map matches the genome
rearrangement breakpoints in Fig. 6b, but it is not drawn to scale. The chromosomal regions and
primers are color coded according to their correspondence to S288¢’s Chr1 (orange), Chr6
(green) and Chr10 (blue), while regions in black correspond to sequences not found in the S288¢
genome. Arrows indicate primer forward or reverse orientations.

b. Cropped ethidium bromide stained agarose gels with PCR reactions using as template genomic
DNA from the indicated strains. The primer pair used in each reaction is shown to the left, and the
size of the expected target product is indicated to the right. Only the region of each gel containing
the target PCR product is shown. The expected target band was observed in all cases.
Occasional unspecific PCR products were also present in a few of the reactions, but were
cropped out to facilitate visualization of the results.

¢. PCR primers used in mapping of chromosomal rearrangements at the left arm of Chr6 and
Chr10, and of the YFLWTy2-1 insertion (Supplemental Fig. 4).
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