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EPIGRAFE

“ Destino é a soma de determinacgdo e desespero. ”

Autor desconhecido



RESUMO

A demanda mundial por combustivel continua crescendo. Entre as fontes alternativas de
energia a producdo de etanol tem lugar de destaque. No entanto, esta produ¢do ainda pode
aumentar com o aproveitamento da xilose proveniente da biomassa lignocelulosica. Varios
estudos estdo sendo realizados para identificar os mecanismos moleculares envolvidos no
metabolismo de xilose. Neste estudo ¢ proposto a integracao dados fisiologicas e moleculares
para caracterizar o fluxo metabolico de leveduras. Foi avaliado a capacidade fermentativa
entre diferentes leveduras naturalmente consumidoras de xilose: Scheffersomyces stipitis,
Spathaspora passalidarum, Spathaspora arborariae e Candida tenuis. Para entender o
metabolismo dessas leveduras foi construido um modelo de fluxo metabdlico utilizando as
taxas de produgdo para restringir o modelo e calcular a distribui¢do interna de carbono. Pela
primeira vez, ¢ estimado o fluxo metabdlico nas leveduras Spathaspora. O modelo de fluxo
metabolico de xilose até a formacdo de etanol foi inicialmente validado a partir do teste de
correlagdo entre fluxos calculados e medidos. O modelo de fluxo metabdlico foi util para
aumentar a acuracia de dados de metaboloma. 74% das taxas de fluxos calculados e medidos
apresentaram  semelhangas acima de 90%. O modelo caracterizou a S. stipitis e S.
passalidarum como tendo as melhores propriedades naturais para fermentar xilose e produzir

etanol.

Palavras-chaves:
Biomassa Lignocelulésica, Leveduras Fermentadoras de Xilose, Fluxos Metabdlicos,

Metaboloma, Etanol.



ABSTRACT

Global demand for fuel continues to grow. Among the alternative sources of energy, the
production of ethanol has a prominent place. However, this production can yet increase with
the use of xylose from the lignocellulosic biomass. Several studies are being carried out to
identify the molecular mechanisms involved in the metabolism of xylose. In this study it is
proposed the integration of physiological and molecular data to characterize the metabolic
flux of yeasts. It was assessed the fermentative capacity among different yeasts naturally
consuming xylose: Scheffersomyces stipitis, Spathaspora passalidarum, Spathaspora
arborariae and Candida tenuis. To understand the metabolism of these yeasts a metabolic
flux model was constructed using the production rates to constrain the model and to calculate
the internal carbon distribution. For the first time, is estimated the metabolic flux into
Spathaspora yeasts. The metabolic flux model was initially validated from a correlation test
between calculated and measured fluxes. The metabolic flux model was useful to increase
accuracy of metabolome data. 74% of calculated and measured fluxes rate shown similarity
above 90%. The model characterized S. stipitis and S. passalidarum as having the best natural

properties for fermenting xylose and producing ethanol.

Keywords:

Lignocellulosic Biomass, Xylose-fermenting Yeast, Metabolic Flux, Metabolome, Ethanol.
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1. INTRODUCAO

A percepcdo de que as fontes de energia fossil sdo esgotaveis e que a demanda
mundial por energia continua aumentando, motivou o desenvolvimento de processos mais
produtivos e limpos de energias renovaveis (Pereira et al., 2015). Uma estimativa da
demanda mundial por energia para o ano de 2040, mostra que o mundo ira requerer 56% a
mais de energia do que no ano de 2010. Esse aumento, possivelmente, estard relacionado com
o crescimento econdmico de paises densamente habitados como China e India (Mme, 2016).
Entre as fontes de energia, as renovaveis serdo as que apresentardo maior demanda. No ano
de 2010 a demanda por fontes renovaveis de energia foi de 10,7%, a estimativa ¢ que no ano
de 2040 essa demanda seja de 14.5% (Fig. 1). Além disso, espera-se que o consumo de
energia derivada do petréleo e carvao diminua. Isso pode ocorrer devido as flutuagdes do
preco do petrdleo e pela tentativa de minimizar os efeitos poluidores resultante da queima do
petrdleo. Energia proveniente de gas natural e energia nuclear também aumentara, mas em

pequena proporg¢ao, apenas 1% e 2%, respectivamente (Eia, 2016).

Figura 1. Projec¢des da futura demanda mundial por fontes de energia no ano de 2040 (Eia, 2016).
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Aliado ao desejo de atender o aumento do consumo de energia, também existe o
desejo de que o desenvolvimento dessas tecnologias estejam em sintonia com a necessidade
de preservar o meio ambiente. A producdo de etanol tem lugar de destaque entre as energias
renovaveis. O Brasil produziu cerca de 30 bilhdes de litros de etanol no ano de 2015. O
volume total foi 6% superior ao produzido em 2014 (Mme, 2016). Este biocombustivel ¢é
produzido a partir da fermentacdo realizada por microrganismos que utilizam carboidratos

como a glicose como fonte de carbono (Hou, 2012).

Com o avanco da biotecnologia ¢ possivel investigar uma ampla variedade de
microrganismos a fim de identificar bioprocessos mais vidveis. Além do etanol existem
outras fontes de energia como biodiesel, butanol entre outros produtos que podem ser
produzidos a partir de bioprocessos. Tornando o uso de microrganismos em bioprocessos
uma alternativa a sintese quimica de produtos a partir de fonte f6ssil (Li and Borodina, 2014).
As leveduras estdo entre os microrganismos unicelulares amplamente estudados. Algumas
espécies sdo utilizadas em atividades econdmicas, tais como a produg¢do de bebidas
fermentadas e paes (Kavscek ef al., 2015). A levedura Saccharomyces cerevisiae ¢ um dos
principais microrganismos utilizados na produgdo de bioquimicos pela indistria. Um dos
principais produtos ¢ o etanol (Kavscek et al., 2015; Radecka et al., 2015; Moyses et al.,
2016).

Um dos principais desafios, no entanto, ¢ melhorar a capacidade fermentativa de
producdo de etanol realizando fermenta¢do de aclcares hexoses e pentoses derivados da
lignocelulose (Radecka et al., 2015). A limita¢do da S. cerevisiae em fermentar xilose, torna
a producdo de etanol a partir da biomassa lignocelulésica menos vidvel economicamente
(Hou, 2012). Embora seja observado que a S. cerevisiae possua as enzimas responsaveis pela
conversdo de xilose, elas ndo sdo funcionais a ponto de converter a xilose (Almeida et al.,
2011; Liao et al., 2016). Portanto, o uso da biomassa lignoceluldsica para producao de etanol,
desperta o interesse de entender o funcionamento do metabolismo de leveduras que foram
descobertas com a capacidade de consumir agucares como a xilose (Jeffries et al., 2007;

Wohlbach et al., 2011; Cadete et al., 2012).

1.1 Biomassa Lignocelulésica

A biomassa lignocelulésica ¢ composta por polimeros como celulose e hemicelulose e

compostos fenodlicos que formam a lignina (Fig. 2). A celulose e hemicelulose podem ser
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convertidas em aglcares para futura utilizagdo em processos fermentativos de producdo de
etanol (Kumar, R. ef al., 2016). As concentragdes destes compostos sdo variaveis entre as
diferentes espécies vegetais. A varia¢do ¢ de aproximadamente 40 - 50% de celulose, 20 -

40% de hemicelulose e 20 - 35% de lignina (Liao ef al., 2016).

Figura 2. Estrutura da biomassa lignocelulésica destacando os principais compostos:

celulose, hemicelulose e lignina (Microbewiki, 2016).
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1.2 Compostos Lignocelulosicos

A celulose ¢ um homopolimero composto por cadeias lineares de unidades de glicose.
As cadeias de glicose formam microfibrilas, que sdo empacotadas para formar fibras de
celulose. As fibras de celuloses sdo encaixadas em uma matriz amorfa de hemicelulose e
lignina (Kumar, A. et al., 2016). A hemicelulose ¢ um heteropolimero ramificado consistindo
de acticares hexoses (glicose, manose e galactose) e pentoses (xilose e arabinose). Residuos
de xilose formam xilana, o principal componente estrutural da hemicelulose e o segundo mais
abundante polissacarideo na natureza apds a celulose (Konishi ef al., 2015). A camada de

xilana faz interagdo covalente com a lignina e ligagdes ndo covalentes com a celulose (Beg ef
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al., 2001). A lignina consiste de macromoléculas que contém compostos fenolicos
ramificados. Sua fun¢do ¢ proporcionar rigidez a parede celular. Seus compostos sdo
conectados por ligacdes ésteres que os ligam firmemente a celulose e hemicelulose (Nanda et
al., 2013). Estes compostos da biomassa lignoceluldsica formam estruturas complexas,
fortemente entrelagadas e quimicamente ligadas por ligagdes covalentes (-1,4 glicosidicas) e

pontes de hidrogénio (Kumar, A. ef al., 2016).

1.3 Processamento da Biomassa Lignoceluldsica

A conversdo dos agucares lignoceluldsicos até etanol ocorre a partir de quatro etapas:
pré-tratamento da biomassa lignocelulosica, hidrolise enzimatica, fermentagdo e recuperagao
do etanol formado (Almeida et al, 2011related). Metodologias fisicas, quimicas e/ou
bioldgicas sdo usadas para o pré-tratamento e hidrolise dos residuos agroindustriais para
disponibiliza¢do dos acucares, dentre eles a xilose (Kang ef al., 2014). Entre os produtos
investigados a partir de processos fermentativos utilizando acucares da biomassa
lignocelulodsica tém etanol, um dos mais investigados, além da producdo de acidos organicos,

enzimas hidroliticas entre outros (Kumar, A. et al., 2016).

2. LEVEDURAS FERMENTADORAS DE XILOSE

Diferentes espécies de leveduras tem sido investigadas por causa da sua capacidade
de fermentar xilose e produzir etanol (Beg et al., 2001; Barrios-Gonzalez and Miranda,
2010). Os esforgos estdo concentrados no sentido de entender as propriedades naturais destes
microrganismos e melhorar essas caracteristicas (Kitano, 2002; Parachin ef al., 2011). As
espécies de leveduras que apresentam metabolismo com a capacidade de fermentar xilose sdo
extremamente relevantes para aumentar a producdo de etanol e portanto, de interesse
econdmico (Eliasson et al., 2000). A Tabela 1, apresenta alguns exemplos de leveduras
fermentadoras de xilose que ja sdo estudadas e que apresentam diferentes taxas de

rendimento de etanol.
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Tabela 1. Leveduras naturalmente consumidoras de xilose e as respectivas taxas de rendimento de
etanol alcancadas.

Rendimento
Levedura Referéncia
(& etanol/ & xilose)
Scheffersomyces stipitis 0.48 (Skoog and Hahn-Hagerdal, 1990)
Spathaspora passalidarum 0.43 (Suetal.,2014)
Spathaspora arborariae 0.37 (Cadete et al., 2009)
Candida tenuis 0.24 (Trausinger et al., 2015)
Candida shehatae 0.35 (Du Preez et al., 1989)
Pachysolen tannophilus 0.28 (Lightelm et al., 1988)
Kluyveromyces marxianus 0.10 (Wilkins ef al., 2008)
Hansenula polymorpha 0.08 (Kurylenko et al., 2014)

Para que uma levedura seja utilizada na industria, ela precisar possuir algumas
propriedades como: eficiente utilizagdo de acucares hexoses e pentose, tolerancia aos
estresses da fermentagdo como altas temperaturas, condi¢des de anaerobiose, osmolaridade
do meio e baixo pH (Heux et al, 2015; Radecka et al, 2015). Também precisam ter
capacidade para fermentar na presenga de inibidores liberados durante o processo de pré-
tratamento e hidrdlise da biomassa lignocelulosica (Almeida et al., 2008; Kang et al., 2014).
Além da necessidade de tolerar altas concentracdes do etanol produzido (Radecka et al.,
2015). Ainda ndo foi identificado nenhuma levedura com todas as propriedades desejadas e,
que apresente compatibilidade com as especificagdes industriais. Entretanto, através de
estudos comparativos ¢ possivel identificar as caracteristicas individuais e usa-las juntas para

contribuir com informacgdes para o melhor aproveitamento da xilose.

2.1 Leveduras analisadas

A S. stipitis ¢ uma das leveduras fermentadoras de xilose mais investigada. E uma
levedura endosimbionte de besouros que habitam e degradam madeira em decomposicao
(Jeffries et al., 2007). Os genes codificantes para as enzimas xilose reductase (XR) e xilitol
desidrogenase (XDH) dessa levedura sdo frequentemente usados no melhoramento genético

de leveduras para fermentar xilose (Moyses ef al., 2016). O alto rendimento (Tab. 1) e alta
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produtividade sdo fatores essenciais para a escolha dessa levedura em processo fermentativos
de produ¢do de bioetanol. No trabalho que foi avaliado a capacidade fermentativa dessa
levedura (Veras et al., 2017), foi observado rendimento de etanol (0.45 g g) similar ao

apresentados anteriormente (Skoog and Hahn-Hagerdal, 1990).

No género Spathaspora contém varias espécies de leveduras fermentadoras de xilose
que foram isoladas de madeira em decomposi¢do e/ou intestino de insetos perfuradores de
madeira (Cadete et al., 2009). A S. passalidarum ¢ uma dessas leveduras que presenta
capacidade de utilizar xilose e faz isso melhor em condi¢des limitadas de oxigénio. Além
disso, a XR dessa levedura apresenta preferéncia pelo cofator NADH em vez de NADPH
(Hou, 2012). Esta caracteristica também foi observada no nosso trabalho (Veras et al., 2017).
Outra espécie do género Spathaspora ¢ a levedura S. arborariae, essa levedura foi isolada de
madeiras em decomposi¢do presentes em dois ecossistemas brasileiro, a floresta atlantica e o
cerrado (Cadete et al., 2009). O estudo dessa levedura ird agregar valor a biodiversidade

brasileira, pois caracterizard essa espécie de levedura da nossa biodiversidade.

A levedura C. fenuis é outra que vem sendo investigada e também estd associada ao
intestino de besouros (Wohlbach et al., 2011). No entanto, esta levedura apresenta um
desequilibrio de cofatores que pode levar ao acumulo de bioprodutos como xilitol e glicerol
(Li et al., 2015). No nosso trabalho ndo foi observado a produgdo de etanol. Xilitol foi o
principal produto detectado. Isto pode estar correlacionado com a atividade da XR dessa
levedura que apresentou dependéncia pelo cofator NADPH (Veras et al., 2017). Outro estudo
que avaliou a seletividade de cofatores da enzima XR dessa levedura fez uma dupla mutagdo
(Lys-274 para Arg e Asn-276 para Asp) que alterou a preferéncia de NADPH para NADH
em 6 vezes quando comparado com a linhagem selvagem. A linhagem mutante apresentou
maior rendimento de etanol e diminuiu a formacao de xilitol (Petschacher and Nidetzky,

2005).

3. METABOLISMO DE XILOSE

A habilidade de assimilar xilose presente no metabolismo de dessas leveduras esta
associada com a expressao alterada de varios genes presentes na via catabolica de assimilagdo
de xilose, na via pentose fosfato e na via glicolitica (Wohlbach et al., 2011). As vias

envolvidas no catabolismo de xilose até formar etanol ¢ uma das propriedades naturais que
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desejamos entender melhor. A Figura 3 mostra um esquema da via de conversdo de xilose até

a formagao de etanol e outros produtos.

Nas leveduras fermentadoras de xilose, o metabolismo ocorre a partir da entrada da
xilose na célula. Na membrana celular destes microrganismos contém transportadores que
carregam a xilose para o citoplasma. A eficiéncia e preferéncia dos transportadores de
carboidratos presentes na membrana das leveduras também ¢ alvo de diferentes estudos
(Sedlak and Ho, 2004; Runquist et al., 2010). E ja foi observado por exemplo, que o
desempenho dos transportadores depende da fonte de carbono e da sua concentragdo,
mostrando que existe uma maior afinidade por glicose comparada com xilose (Runquist ef

al., 2010).

3.1 Vias Metabolicas

As reaclOes enzimdticas ocorrem a partir da assimilagdo de xilose, este aglicar ¢é
reduzido a xilitol pela atuacdo da enzima XR. A enzima XR ¢ dependente dos cofatores
NADPH e NADH (Rizzi et al., 1988). No primeiro artigo que serve de base para essa tese, o
ensaio enzimatico para XR da S. stipitis, S. arborariae e C. tenuis demonstrou maior
atividlade com NADPH para essas leveduras, sendo NADP' regenerado. Enquanto S.
passalidarum apresenta atividade enzimatica de aproximadamente 1.5 vezes maior com
NADH do que com NADPH (Veras et al., 2017). A atividade de XR com NADH ¢ mais
vantajosa, pois regenera NAD™ que pode ser utilizado na préxima reagio (Hahn-Hagerdal et
al., 2007). Em seguida, o xilitol é convertido em xilulose pela oxidacao realizada pela enzima
XDH. A enzima XDH utiliza exclusivamente NAD" como cofator (Rizzi et al., 1989; Veras
et al., 2017). Desta maneira, construir fluxos com balango equilibrado de cofatores também ¢
um desafio que se busca superar. Com a atuacdo da enzima xiluloquinase (XK), xilulose ¢
convertida em xilose-5-fosfato. Essas reagdes ocorrem na via metabolica oxido-redutiva de

assimilag¢do de pentoses.
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Figura 3. Esquema representativo das vias metabolicas envolvidas na conversao de xilose até
a formagdo de diferentes compostos. O catabolismo de xilose ocorre em quatro vias
metabolicas: via oxido-redutiva de assimilacdo de pentoses; via da pentose fosfato; via da
glicdlise e via do ciclo do 4cido tricarboxilico. As setas continuas representam as reacoes
enzimadticas de conversdo de um metabdlito no outro e estdo associadas aos respectivos usos
de cofatores e ATP. As setas pontilhadas representam o consumo de xilose e produciao dos
metabolitos extracelulares (vermelho).
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Na reacdo seguinte, a xilulose-5-fosfato ¢ convertida em ribulose-5-fosfato e, agora,
as reacOes fazem parte da via metabolica da pentose fosfato. Nesta via, os compostos
ribulose-5-fosfato, ribose-5-fosfato, eritrose-4-fosfato e sedoeptulose-7-fosfato fazem parte
do ciclo da pentose fosfato e a partir deles diferentes rotas metabdlicas podem ser seguidas.
Uma delas ¢ a entrada na via glicolitica, que pode realizar a reagdo de regeneracdo de
NAPDH na via da pentose fosfato oxidativa. A outra via ¢ seguir da glicose-6-fosfato até
completar as reacdes da via glicolitica que leva a formacao de piruvato, que por sua vez, pode
ser convertido pela piruvato descarboxilase em acetaldeido, este ultimo, convertido pela

enzima alcool desidrogenase a etanol (Hou, 2012).

4. METABOLOMA

Metabdlitos sdo pequenas moléculas que em conjunto com as enzimas estdo
envolvidos nas reagdes bioquimicas integradas em uma rede metabdlica. Metabolome,
portanto, ¢ a analise que tem como objetivo apresentar um perfil qualitativo e quantitativo de
todos os metabolitos de um determinado sistema bioldgico (Pluskal and Yanagida, 2016).
Estd analise reflete diretamente a atividade da rede metabolica que leva a producdo dos
metabolitos. Usando metabolitos alvos as concentragdes absolutas e os fluxos de conversao
de uma molécula a outra podem ser obtidas (Liu and Locasale, 2017). Os metabolitos e suas
mudangas dentro do metabolismo sdo importantes fatores para entender os efeitos
fisiologicos ocorrido nos microrganismos em determinada condi¢do e/ou entre diferentes

espécies (Joyce and Palsson, 2006; Yang et al., 2011)

5. FLUXO METABOLICO

Analise de fluxo metabdlico ¢ uma abordagem util para estimar a distribui¢cdo
intracelular do fluxo de carbono. A abordagem ¢ baseada em uma rede de reacdes
estequiométricas € no conjunto de metabdlitos presentes em vias metabodlicas (Lee ef al.,
2011). As reagdes estequiométricas sdo transformadas em um sistema linear de equacdes
matematicas. E uma das principais metodologia aplicada na analise de fluxo metabdlico ¢

usar as taxas medidas de substrato consumido, biomassa e produtos formados como restrigdes
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do modelo (Liang ef al., 2013; Li et al., 2017). Com esta analise ¢ possivel estimar o fluxo
metabolico intracelular e identificar as caracteristicas bioldgicas como por exemplo: reagdes

limitantes e vias metabolicas mais ativas (O'brien et al., 2015).

OBJETIVOS

Apresentar uma avaliagdo da capacidade fermentativa das leveduras Scheffersomyces
stipitis, Spathaspora passalidarum, Spathaspora arborariae e Candida tenuis que consomem
xilose como fonte de carbono. Caracterizar a fisiologia dessas leveduras em diferentes
condicdes de oxigénio quanto as taxas de consumo de xilose, rendimento e produtividade de
etanol. E determinar a atividade enzimatica de XR e XDH que realizam as primeiras reagoes
de assimilagdo de xilose. Também apresentar o perfil metabolico dessas leveduras através do
metaboloma. Estd andlise foi desenvolvida para a detec¢do e quantificagdo dos metabolitos
intracelular. E por fim, desenvolver um modelo de reacdes estequiométrica para estimar o
fluxo metabodlico intracelular de xilose até a formacdo de ectanol. Entre as leveduras
estudadas, S. passalidarum e S. arborariae tiveram pela primeira vez o fluxo metabolico

estimado.

CONCLUSOES

A avaliacdo comparativa de quatro leveduras consumidoras de xilose mostra que a S.
stipitis e S. passalidarum tém grande potencial para a produgdo de etanol a partir da xilose. A
analise do fluxo metabolico foi util para estima a distribuicao interna de carbono em um novo
modelo de reacdes estequiométrica envolvendo a conversdo de xilose até a formacdo de
etanol. Pela primeira vez foi estimado o fluxo metabolico para as leveduras S. passalidarum e
S. arborariae. O perfil metabdlico das leveduras que naturalmente fazem a conversdo de
xilose foi detalhado. A andlise do metaboloma permitiu estimar o perfil metabdlico das
leveduras com maior acurdcia. A partir desta caracteristicas ¢ proposto que uma alta taxa de
assimila¢do de xilose favorece maior produgdo de etanol. O fluxo de carbono ¢ dividido
igualmente entre a via da pentose fosfato e glicolise. A S. passalidarum apresenta maior taxa
de fluxo da XR usando NADH, isso demanda menos regeneracdo de NADPH. Além disso,
quando a taxa de fluxo para formar glicerol estd inativa, permite melhor balanco de cofatores

como NADH/NAD", permitindo melhor producéo de etanol a partir de xilose.
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Abstract

Background: Understanding the effects of oxygen levels on yeast xylose metabolism would benefit ethanol pro-
duction. In this work, xylose fermentative capacity of Scheffersomyces stipitis, Spathaspora passalidarum, Spathaspora
arborariae and Candida tenuis was systematically compared under aerobic, oxygen-limited and anaerobic conditions.

Results: Fermentative performances of the four yeasts were greatly influenced by oxygen availability. S. stipitis and S.
passalidarum showed the highest ethanol yields (above 0.44 g g™') under oxygen limitation. However, S. passalidarum

produced 1.5 times more ethanol than S. stipitis under anaerobiosis. While C. tenuis showed the lowest xylose con-
sumption rate and incapacity to produce ethanol, S. arborariae showed an intermediate fermentative performance
among the yeasts. NAD(P)H xylose reductase (XR) activity in crude cell extracts correlated with xylose consumption

rates and ethanol production.

Conclusions: Overall, the present work demonstrates that the availability of oxygen influences the production of
ethanol by yeasts and indicates that the NADH-dependent XR activity is a limiting step on the xylose metabolism. S.
stipitis and S. passalidarum have the greatest potential for ethanol production from xylose. Both yeasts showed similar
ethanol yields near theoretical under oxygen-limited condition. Besides that, S. passalidarum showed the best xylose

consumption and ethanol production under anaerobiosis.

Keywords: Xylose fermentation, Xylose reductase, Bioethanol, Yeast fermentation, Oxygen availability

Background

Conversion of all sugars present at cellulose and hemicel-
lulose fractions of biomass would increase production
and reduce cost of second-generation ethanol [1, 2]. Sac-
charomyces cerevisiae is the main yeast used for alcohol
production worldwide, but it cannot produce ethanol
from xylose, the second most abundant sugar in nature,
unless when genetically engineered [3, 4]. Despite the
relative success of engineered strains, recombinant S.
cerevisiae strains show lower fermentation rates and less
tolerance to fermentation inhibitors when fermenting
xylose instead of glucose [5, 6]. Thus, the isolation, identi-
fication and characterization of native xylose-fermenting
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yeasts have received great attention in the past years
[7-12].

Among the few naturally xylose-fermenting yeasts
species, Scheffersomyces (Pichia) stipitis is one of the
most studied [8, 12, 13]. It has been isolated from the
gut of insects and its fermentation capability evalu-
ated in different lignocellulosic hydrolysates [14]. More
recently, yeasts from Spathaspora and Candida genera,
as Spathaspora passalidarum, Spathaspora arborariae
and Candida tenuis, have been isolated from rotting-
wood samples or wood-boring insects and characterized
as xylose fermenting yeasts [7, 9, 10]. Like S. stipitis, S.
passalidarum showed xylose fermentation yields above
0.40 g ethanol g~! sugar in both defined and lignocellu-
losic hydrolyzed medium Slininger [14, 15]. In general,
naturally xylose-fermenting yeasts are able to ferment
xylose only when the oxygen flow is tightly regulated.
High oxygenation level leads to aerobic growth and low
ethanol yield, whereas limited dissolved oxygen slows
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the fermentation rate, increases xylitol accumulation and
causes poor ethanol productivity [1, 8, 15-17].

In yeasts, xylose is first reduced to xylitol, a reaction
catalyzed by a NAD(P)H-dependent xylose reductase
(XR). Then, a NAD"-dependent xylitol dehydrogenase
(XDH) oxidises xylitol to xylulose [18—20]. Subsequently,
xylulose enters into the pentose phosphate and glycoly-
sis pathways, finally being converted to ethanol. Recently,
it was shown that S. passalidarum exceptionally harbor
two XRs, and one of them, preferentially uses NADH as
cofactor [20].

As fermentative conditions like media composition,
cell density and oxygen availability are usually different
[1, 10, 20] a comparative assessment among xylose-con-
suming yeasts based on literature data becomes difficult.
In addition, few studies on physiology of C. tenuis and S.
arborariae are available [10, 20, 21]. Thus, a systematic
comparison of fermentative physiology of S. stipitis, S.
passalidarum, S. arborariae and C. tenuis is still miss-
ing and it might help elucidate important steps on xylose
metabolism.

The aim of this study was to compare the alcoholic
fermentative capacity of four native xylose-consuming
yeasts under different oxygenation conditions. The physi-
ology of S. stipitis, S. passalidarum, S. arborariae and C.
tenuis in defined mineral medium containing xylose as
sole carbon source was assessed under aerobic, oxygen-
limited and anaerobic conditions. The results presented
clearly distinguished the best performing yeast for each
condition and highlights the importance of cofactor
usage on ethanol production from xylose.

Methods

Strains

The yeasts employed in this study were Scheffersomyces
(Pichia) stipitis NRRL Y-7124, S. passalidarum NRRL
Y-27907, S. arborariae NRRL Y-48658 and C. tenuis
NRRL Y-1498. All yeasts were preserved in 30% glycerol
at —80 °C.

Xylose fermentations under different oxygen conditions

The xylose fermentation experiments were carried out
in bioreactors (Multifors 2, Infors HT) with 500 mL
working volume. Cells from —80 °C stock were ini-
tially grown in solid YPD medium (10 g L™ yeast
extract, 20 g L™! peptone, 20 g L™! glucose), overnight
at 28 °C. One single colony was used to inoculate 50 mL
of defined mineral medium [22] containing per litre:
(NH,),SO,, 12.5 g; KH,PO,, 7.5 g; MgSO,-7H,0, 1.25 g;
EDTA, 37.5 mg; ZnSO,-7H,0, 11.25 mg MnCl,-2H,0,
2.5 mg; CoCl,-6H,0, 0.75 mg; CuSO,-5H,0, 0.75 mg;
Na,MoO,-H,0, 1.0 mg CaCl,2H,0, 1125 mg;
FeSO,-7H,0, 7.5 mg; H;BO; 2.5 mg; KI, 0.25 mg.
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Filter-sterilized vitamins were added after heat steriliza-
tion of this medium. Final vitamin concentrations per
litre were: biotin, 0.125 mg; Ca-pantothenate 2.5 mg; nic-
otinic acid 2.5 mg; inositol 62.5 mg; thiamin-HCI 2.5 mg;
pyridoxine-HCI 2.5 mg; P-aminobenzoic acid 0.5 mg;
riboflavin 0.5 g and; folic acid 0.005 g. The carbon source
consisted of 40 g L' xylose.

The start culture at the bioreactor was ODyg ,,, of 0.5.
Cultures were maintained with pH 5.5, by addition of
KOH 3 M, under agitation—stirrer at 400 rpm, and tem-
perature of 28 °C. First, yeast performance was evaluated
under aerobic and oxygen-limited conditions. For aero-
bic experiments, synthetic air (20% pure oxygen and 80%
pure nitrogen) was injected in the reactor at 0.5 L min~".
The dissolved oxygen measured in the reactor (Sensors
METTLER TOLEDO) was above 60% during the entire
fermentation period. For oxygen-limited experiments,
the airflow of synthetic air was adjusted for 0.05 L min~?,
which resulted in dissolved oxygen below 10% in the first
10 h of fermentation and zero afterwards. But the air-
flow was kept constant in a minimal rate, indicating that
the entire oxygen that was entering the bioreactor was
promptly consumed. All fermentations were carried out
in biological triplicates.

Anaerobic fermentations with the four yeasts were
performed in small cap vials sealed with a rubber stop-
per, equipped with a needle for carbon dioxide removal.
Cells from —80 °C stock were initially grown in solid
YPD medium, overnight at 28 °C. One single colony was
used to inoculate 50 mL of defined mineral medium as
described above. The culture started with a high cell den-
sity equal to ODgyqy , Of 2.0. The pH was adjusted for
5.5 and, the flasks incubated under agitation—stirrer at
400 rpm and temperature of 28 °C. All experiments were
carried out in biological triplicates.

Analytical methods

To monitor yeast growth, samples were withdrawn regu-
larly during fermentations and biomass was measured
by optical density at 600 nm using a spectrophotom-
eter (SpectraMax® M3, Molecular Devices). For cell dry
weight (CDW) measurement, 5 mL of pre-inoculum
culture and of the stationary phase of the growth dur-
ing all fermentations were withdrawn and centrifuged
(12,000x g, 5 min). Before weighing, the pellet was incu-
bated in glass tube for at least 48 h at 60 °C. The cell dry
weight was correlated with ODy, ,,, measured in the
same time intervals. Each measurement was performed
in duplicate.

Sugar consumption and products formed during fer-
mentation experiments were measured using a high-
pressure liquid chromatograph (HPLC) system. Initially,
samples withdrawn regularly during fermentations were
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centrifuged (12,000xg, 5 min) and the supernatant was
transferred to a new tube. Concentrations of xylose,
xylitol, glycerol, acetate and ethanol in supernatants were
measured using HPLC system (Acquity UPLC H Class,
Waters) equipped with a refractive index detector and
an Aminex® HPX-87H column (Bio-Rad) at 45 °C. The
mobile phase was 5 mM sulfuric acid at a flow rate of
0.6 mL min~". Results are shown as average 4 standard
deviations.

Enzymatic assays for XR and XDH

The enzymatic activity of xylose reductase (XR) and
xylitol dehydrogenase (XDH) in crude-cell extracts was
measured according to [23]. For this, 5 mL of cell sus-
pension of S. stipitis, S. passalidarum, S. arborariae and
C. tenuis were collected in the middle of the exponential
growth phase during aerobic and oxygen-limited fermen-
tations. Cells were pelleted by centrifugation, washed
with sterile water, and lysed with Y-PER®—Yeast Protein
Extraction Reagent (Pierce, Rockford, USA) to obtain
cell-crude extracts. Protein concentrations in cell-free
extracts were determined using Quick StartTM Bradford
Protein Assay Kit (Bio-Rad Laboratories Ltda., USA), fol-
lowing the manufacture’s instruction.

XR reaction mixture contained 100 mM triethan-
olamine buffer (pH 7.0), 0.2 mM NADH or NADPH,
350 mM xylose. XDH reaction contained 100 mM trieth-
anolamine buffer (pH 7.0), 0.3 mM NAD", 300 mM
xylitol. All reactions were started with addition of limit-
ing substrates. The assays were performed at 30 °C and
the oxidation of NADH/NADPH and reduction of NAD™"
were followed as the change in absorbance at 340 nm.
The value of 6.22 mL (umol cm) ™! was used as the molar
absorption coefficient of coenzymes per minute. The spe-
cific activities of XR and XDH were given in units per
mg protein (U mg™!). Enzyme unit is defined as 1 pmol
of cofactor reduced or oxidized per minute. All assays
were performed in triplicate and the results are shown as
means + standard deviations.

Results and discussion

Xylose fermentation in defined mineral medium

The fermentative capacity of the four naturally xylose-
consuming yeasts, S. stipitis, S. passalidarum, S. arbo-
rariae and C. tenuis were evaluated under aerobic,
oxygen-limited and anaerobic conditions. Xylose con-
sumption varied considerably among the four yeasts
both under aerobic and oxygen-limited conditions
(Fig. 1). Scheffersomyces stipitis, S. passalidarum and S.
arborariae were able to consume xylose completely and
showed at least 6 times higher specific xylose consump-
tion rate than C. tenuis under aerobic condition (Fig. 1;
Table 1). Even after more than 120 h of fermentation,
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C. tenuis consumed about 34 and 28 g L' of xylose
under aerobic and oxygen-limited conditions, respec-
tively (Fig. 1d). When cultivated under oxygen limita-
tion, S. stipitis and S. passalidarum showed similar
xylose consumption rates, however the rate was 2 times
lower for S. arborariae (Table 1). As expected, biomass
yields for all yeasts were 2 times higher under aerobic
than oxygen-limited condition. However, biomass yield
was twofolds higher for S. passalidarum than S. stipitis.
This may explain the lower ethanol productivity rate for
this yeast compared to S. stipitis under aerobic condi-
tion (Table 1).

Growth and ethanol production by these yeasts were
strongly influenced by the oxygen availability. Biomass
formation was favored in presence of oxygen whereas
ethanol production was favored under more strictly oxy-
gen availability. Produced biomass varied from a minimal
of 6.7 g L™ for S. stipitis to a maximum of 13.9 g L™! to
C. tenuis under aerobic condition (Fig. 1). Despite the
variation in the total biomass, the specific growth rate
of S. stipitis, S. passalidarum and S. arborariae ranged
from 0.15 to 0.18 h™'. This is about 2 times higher than
C. tenuis under aerobic conditions, which reached spe-
cific growth rate 0.08 h™'. The biomass formation was
about 2 times lower under oxygen-limited condition than
in aerobic one, varying from 3.0 to 7.0 g L™! (Fig. 1). In
anaerobic condition the maximum biomass formation
reached was 3.5 g L™! for S. stipitis, 2.4 g L™! for S. pas-
salidarum, 1.3 g L™! for S. arborariae and 1.2 g L™" for C.
tenuis (Fig. 2).

Scheffersomyces stipitis, S. passalidarum and S. arbo-
rariae produced predominantly ethanol from xylose
(Fig. la—c). Oxygen limitation increased ethanol pro-
duction and yields by S. stipitis, S. passalidarum and S.
arborariae. Indeed, the concentrations increased approx-
imately twofold when compared to aerobic condition
(Table 1). Scheffersomyces stipitis and S. passalidarum
reached the highest ethanol yields (0.45 and 0.44 g g %)
among the four xylose-consuming yeasts employed in
this study (Table 1). These values are in good agreement
with previous studies, which showed ethanol yields vary-
ing from 0.40 to 0.48 g g~ ! to S. stipitis [16, 24] and from
0.43 to 0.48 g g~ ! to S. passalidarum [17, 20] under lim-
ited oxygenation levels. In turn, ethanol yield for S. arbo-
rariae was only of 0.31 g g~! (Table 1), which was also
observed previously in an independent study [20]. Xylitol,
glycerol and acetate formation by S. stipitis, S. passali-
darum and S. arborariae was minimal and did not show
significant differences among them (Fig. 1; Table 1). On
the other hand, C. tenuis did not produce ethanol under
any condition evaluated. Indeed, it produced mainly
xylitol during fermentation under oxygen-limited condi-
tion (0.62 g g~ ') (Table 1).



Veras et al. Microb Cell Fact (2017) 16:153 Page 4 of 8

Aerobic - Oxygen-limited -
a 5 20 5 s0, 0 20 5
=] (<]
—_ 40 = — 40 =
- 15 g - 15 %
4 ] 4
o 30 = o 30 &
P 10 < . 10 =
3 20 ] 2 20 S
> E > >
X 2z X 5 X
10 5 x 10 >
7]
© 8
o 0 £ 0 0 E
15 20 25 30 35 40 5] 0 10 20 30 40 50 60 70 80 90 g
m
Tempo (h) Time (h)
b5 20 3 501 20 3
© ©°
— 404 15 g - 15 %
v < a <
> 30 i o £
< 10 3 o 10 =
g ] s 8 =
> 5 X X 5 X
10 1 - =
8 8
© ®
o 0 E 0 E
25 35 40 2 0 10 20 30 40 50 60 70 80 90 100 2
Time (h) Time (h)
- —_
C 50, F20 4 20 5
=] o
— 403 = -
< 15 % - 15 g
> 301 £ 3 £
it Lo =2 i
© 10 — Py 10 2
) b —
8 204 S 8 S
> 3 = =
X 10 5o x X 5 2
8 @
o r0 £ -
10 15 20 25 35 40 9 0 10 20 30 40 50 60 70 80 90 100 &
o (7]
Time (h) Time (h)
d < -
501 20 5 50 20 5
o )
— 40 3 40 =
- 15 g — 15 g
A g - ]
> 301 & > 301 =
] s o5 03
S 20 £ @ 201 2
> = K] =
x 5 >\< §' 5 Q
107 » 10+ -
0 (7]
© 1]
o § 0 o §
20 40 100 120 140 160 @ 0 20 40 60 80 100 120 140 160 o
Time (h) Time (h)

Fig. 1 Xylose fermentation under different oxygen level conditions. Left: aerobic and right: oxygen-limited. S. stipitis (a); S. passalidarum (b); S.
arborariae (c) and; C. tenuis (d). Xylose (closed square), biomass (open square), xylitol (open triangle) and ethanol (open circle). The different scales
on x-axis highlight different fermentation rates




Veras et al. Microb Cell Fact (2017) 16:153 Page 5 of 8
Table 1 Parameters calculated for xylose fermentation
Yeasts species Oxygen Xylitol (gL™") Ethanol Xylitol yield Ethanol yield Biomassyield Specific Specific etha-
condition (gL™ Vs (@g™M  [Yo(gg™1  [Yps(gg™"]  xylose con- nol produc-
sumption [(g  tivity [(g g4,
gaawh™I h™"]
S. stipitis Aerobic 041 4 0.06 8.05 4 091 0.01 4 0.00 0.24 4 0.02 0.16 & 0.04 0304009 0.08 003
é- §f§§,’;’5§; um 0044000 10064048 000+ 0.00 0.28 +£0.02 0334002 0134002 0.04 £ 001
C tenuis 0.27 +0.08 8654 1.16 0014000 0.25 4 0.02 0.31 4 0.05 0.134002 0.03 4001
8.03+ 148 0.00 £ 0.00 0.30 £ 0.06 0.00 & 0.00 043 £ 0.06 0.02 £ 0.00 0.00 £ 0.00
S. stipitis Oxygen- 0.37 £ 0.01 1648 £083  0.0140.00 045+ 0.04 0.09 £ 0.02 0294 0.09 0.10 4+ 0.02
g- Zf;gfgggg um limited 0054002 1636+140 000001 0444004  013£004 0224010 0104005
C tenuis 1824066  11474£237  0044£002  031£002  015+00] 0,09 % 001 0,03 001
1543 £1.90 0004000 0624004 0.00 & 0.00 0.14 4 0.01 0.04 4001 0.00 4 0.00

The fermentative capacities were measurement under aerobic and oxygen-limited conditions. The values are calculated considering the exponential growth phase
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Fig. 2 Xylose fermentation under anaerobic condition. S. stipitis (a); S. passalidarum (b); S. arborariae () and; C. tenuis (d). Xylose (closed square),

The xylose consumption rate was lower under anaero-
bic condition in all evaluated yeasts (Fig. 2). Only S. stipi-
tis and S. passalidarum were able to produce ethanol, and
even so, xylitol formation also increased when compared
to other aerobic and oxygen-limited conditions (Figs. 1a,
b, 2a, b). Insufficient oxygen rate was reported to increase
xylitol accumulation and to cause poor ethanol produc-
tivity in S. stipitis and S. passalidarum [17]. Despite the
similar fermentative performances of S. stipitis and S.

passalidarum under oxygen-limited condition, S. passali-
darum consumed more xylose and produced 50% more
ethanol than S. stipitis in anaerobic condition (Fig. 2a,
b). These results are in agreement with those observed
in previous work, when S. passalidarum showed efficient
conversion of xylose into ethanol under anaerobic condi-
tion, while the S. stipitis almost did not ferment xylose
[1]. Another study that assessed the aeration effect on
xylose fermentation also showed that S. passalidarum
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(ethanol yield 0.43 g g™!) is a better native xylose-fer-
menting yeast than S. stipitis (ethanol yield 0.39 g g™?)
when a smaller oxygen transfer rate is employed [17].

Although it has been proposed that C. tenuis is capa-
ble of fermenting xylose [10], it showed the poorest
xylose consumption rates among the four yeasts assessed
and it was not able to produce ethanol in any condi-
tion evaluated in this study (Figs. 1, 2). In the previous
work, Wohlbach et al. [10] showed that C. tenuis pro-
duced approximately 2.0 g L™ ethanol during micro-
aerobic fermentation with 8% xylose and high initial cell
density (ODgyy nm Of 10) in an Erlenmeyer flask. In our
study, some change of parameters may have influenced
the metabolism of C. tenuis, so the xylitol formation by
this yeast was significant (up to 15.4 g L™!) and ethanol
was not detected (Figs. 1, 2; Table 1). The approximately
20 times lower initial cell density (ODgyo nm Of 0.5, equal
to 0.2 g L), the low flow air rate during oxygen-limited
fermentation and the usage of defined mineral medium
instead of yeast extract and peptone may have hampered
ethanol detection in this work.

Xylose reductase (XR) and xylitol dehydrogenase (XDH)
activities
Xylose reductase (XR) and xylitol dehydrogenase (XDH)
activities were measured in crude-cell extracts of S. stipi-
tis, S. passalidarum, S. arborariae and C. tenuis from cells
growing under aerobic and oxygen-limited conditions.
S. stipitis, S. passalidarum and S. arborariae presented
NADH and NADPH-dependent XR activity, whereas C.
tenuis XR were strictly NADPH-dependent (Table 2).
While S. stipitis and S. arborariae showed higher NADPH-
dependent XR activity, S. passalidarum showed approxi-
mately 1.5 times higher NADH-dependent XR activity.
The fermentative performances of yeasts under oxy-
gen-limited condition could be directly correlated
with the capability to use NADH on xylose reduction
(Tables 1, 2). Indeed, S. passalidarum showed the highest
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ratio of NADH/NADPH XR activity (around 1.30) and
the best fermentative performance, i.e. higher xylose
consumption rate and higher concentration of ethanol,
under anaerobic condition; followed by S. stipitis and S.
arborariae with ratios around 0.6 and 0.4, respectively
(Table 2). Candida tenuis, which XR prefers 33-fold
NADPH over NADH [25] did not produce ethanol at all.
Accordingly, it was recently shown that S. passalidarum
possess two XR (genes XIL1.1 and XIL1.2) and one of
them uses preferentially NADH as cofactor [20].

XR NADH-preference was previously correlated with
improved ethanol production by engineered S. cerevisiae
strains [18, 26, 27]. The usage of NADH on xylose reduc-
tion is advantageous because the redox balance in the
xylose catabolic pathways is optimized, since XDH, the
next enzyme in the pathway, is strictly NAD"-dependent
(Table 2) [18]. The NAD" surplus regenerated during
xylose reduction would reduce xylitol formation due
to higher xylose consumption rate, which impact posi-
tively the ethanol yield and productivity [20, 28]. Indeed,
strategies aiming to increase NAD™ availability during
fermentation increases xylose consumption rate and
ethanol production. These include mutations to alter
cofactor preference of XRs from NADPH to NADH [29],
addition of external electron donor [30] or expression
of additional reactions that generated increased NAD™
availability [31]. No enzymatic activity was performed
in the anaerobic condition because the growth was very
slow and there was no exponential growth phase. Thus,
only fermentative capacity was compared.

Conclusion

The comparative assessment of the four-native xylose-
consuming yeasts showed that the S. stipitis and S.
passalidarum have the greatest potential for ethanol pro-
duction from xylose. Both yeasts showed similar ethanol
yields near theoretical under oxygen-limited condition.
Besides that, S. passalidarum showed the best xylose

Table 2 Xylose reductase (XR) and xylitol dehydrogenase (XDH) specific activities in crude-cell extracts of S. stipitis, S.

passalidarum, S. arborariae and C. tenuis

Yeasts species Oxygen conditions XR(Umg™) XDH (Umg™")
NADH NAD(P)H RatioyapH/NADE)H NAD™*

S. stipitis Aerobic 0.17 £ 0.06 0.23 £ 0.05 074 +£0.13 023+0.11

S. passalidarum 2.96 % 0,40 2154012 1384016 0.30 £ 0.05

S. arborariae

C tenuis 0.88 £0.13 310 +£029 0.29 £ 0.05 0.65 + 0.07
- 0.35 4 0.07 - 0.25 4 0.05

S. stipitis Oxygen-limited 0.26 +0.07 045 +0.11 0.59 £0.16 0.19 + 008

5. passalidarum 0.60 4 0.08 046 4 0.04 1294007 0214003

S. arborariae

C tenuis 077 £0.17 1.86 4 0.25 043 +0.16 0.12 +0.04
- 0.27 & 0.05 - 0.28 +0.06

Yeasts were grown under aerobic and oxygen-limited conditions and samples were withdrawn in the middle of exponential growth phase
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consumption and ethanol production under anaerobio-
sis. The better performing yeasts, i.e. with higher xylose
consumption rate and higher concentration of ethanol,
during anaerobic xylose showed higher ratio of NADH/
NADPH XR activity.
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Abstract. Xylose fermentation is a bottleneck in second-generation ethanol produc-
tion. As such, a comprehensive understanding of xylose metabolism in naturally
xylose-fermenting yeasts is essential for prospection and construction of recombinant
yeast strains. The objective of the current study was to establish a reliable metabo-
lomics protocol for quantification of key metabolites of xylose catabolism pathways in
yeast, and to apply this protocol to Spathaspora arborariae. Ultra-high performance
liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS) was
used to quantify metabolites, and afterwards, sample preparation was optimized to
examine yeast intracellular metabolites. S. arborariae was cultivated using xylose as

a carbon source under aerobic and oxygen-limited conditions. lon pair chromatogra-
phy (IPC) and hydrophilic interaction liquid chromatography-tandem mass spectrometry (HILIC-MS/MS) were
shown to efficiently quantify 14 and 5 metabolites, respectively, in a more rapid chromatographic protocol than
previously described. Thirteen and eleven metabolites were quantified in S. arborariae under aerobic and
oxygen-limited conditions, respectively. This targeted metabolomics protocol is shown here to quantify a total
of 19 metabolites, including sugars, phosphates, coenzymes, monosaccharides, and alcohols, from xylose
catabolism pathways (glycolysis, pentose phosphate pathway, and tricarboxylic acid cycle) in yeast. Further-
more, to our knowledge, this is the first time that intracellular metabolites have been quantified in S. arborariae
after xylose consumption. The results indicated that fine control of oxygen levels during fermentation is necessary
to optimize ethanol production by S. arborariae. The protocol presented here may be applied to other yeast
species and could support yeast genetic engineering to improve second generation ethanol production.
Keywords: Xylose fermentation, Mass spectrometry, UHPLC-MS/MS, Metabolomics, Spathaspora arborariae
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Introduction

he increased demand for alternative energy sources to-

gether with concerns about the environmental impacts of
fossil fuels has motivated studies into the production of
biofuels from lignocellulosic biomass such as second genera-
tion ethanol (Ethanol 2G) [1, 2]. Currently, a few pilot plants
worldwide are producing ethanol 2G from different types of
biomass, such as feedstock, however, high-capacity ethanol
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production using current technologies is not fully achievable,
and some improvements are still required. In the fermentation
process, for example, xylose, the second most abundant sugar
in sugarcane bagasse [3], is not converted to ethanol by
S. cerevisiae, the yeast used in commercial ethanol production
[4, 5]. Therefore, recombinant S. cerevisiae strains capable of
fermenting xylose have been produced by the expression of
xylose-catabolic pathways from naturally xylose-consuming
microorganisms [6, 7]. In addition, naturally xylose-
fermenting yeasts have been identified and evaluated for in-
dustrial ethanol production. Despite this, the relative success in
obtaining strains able of producing ethanol through these
xylose-conversion strategies is still limited by our understand-
ing of the constraints in xylose metabolism by yeast [7]
Naturally xylose-fermenting yeasts or recombinant strains
obtained by overexpression of xylose catabolic pathways are
capable of producing ethanol, though with low yield, due to
xylitol formation. This happens because xylose is first reduced
to xylitol by a NAD(P)H-dependent xylose reductase (XR),
followed by xylitol oxidation to xylulose by the NAD"-depen-
dent xylitol dehydrogenase (XDH) [7, 8]. Thus, other modifi-
cations have been proven to be necessary in order to increase
process productivity [9—-14]. These strategies involve the col-
lection, analysis, and quantitative integration of biological data
on a large scale through OMICs tools (genomics, transcripto-
mics, proteomics, fluxomics, and metabolomics). This may
help in the construction of more relevant and predictive models
to identify limiting steps in xylose metabolism [12].
Metabolomics analysis allows qualitative and quantitative
analysis of metabolites [15, 16]. Targeted metabolomics has
been widely used to quantify metabolites in specific pathways,
providing kinetic information regarding production and con-
sumption rates that could be further used in metabolic engi-
neering [17, 18]. However, to get a reliable “metabolite
picture” of a system using metabolomics, certain steps should
be carefully followed: (1) careful choice of material, (2) sample
preparation and extraction, (3) analytic methods, (4) data pro-
cessing, and (5) data analysis and interpretation [19, 20]. An
important challenge in metabolomics studies is choosing the
ideal analytical method, where specific analytic tools capable
of simultaneously analyzing a large number of compounds
with high sensitivity and selectivity are required, especially
for biological samples containing a large variety of low-
abundance metabolites [21, 22]. In this context, liquid chroma-
tography coupled to mass spectrometry has been widely used
in targeted metabolomics of polar compounds [23, 24].
Furthermore, ultra-high performance liquid chromatography-
mass spectrometry (UHPLC-MS) allows high-throughput effi-
cient analysis, reduces solvent use, improves peak resolution,
and consequently, metabolite separation, resulting in better
quantification analysis [25]. There is a wide variety of chromato-
graphic separation methods available to separate specific classes
of compounds, such as polar, non-polar, and ionic compounds.
LC-MS/MS methods based on ion pair chromatography (IPC)
have been described in the literature for quantifying metabolites
of glycolysis, the pentose phosphate pathway (PPP), and the

tricarboxylic acid (TCA) cycle [26-28]. However, they are
limited to phosphorylated compounds, carboxylic acids, nucle-
otides, and coenzyme-A esters. Moreover, high concentrations
of tributylamine (TBA) are used in the mobile phase as an ion
pair reagent, which results in mass spectrometer contamination
[26]. Hydrophilic interaction liquid chromatography-tandem
mass spectrometry (HILIC-MS/MS) allows the use of a range
of stationary phases for analyzing polar molecules that are
weakly retained in the reverse phase [29]. BEH amide column-
based methods are used to quantify sugars [30] but they still
require improvements in order to perform faster chromatograph-
ic runs with better peak resolution.

Here, we present two complementary chromatographic
methods, IPC and HILIC, coupled to tandem mass spectrom-
etry (MS/MS), which together allow complete separation and
quantification of 19 intracellular metabolites from central car-
bon metabolism. Furthermore, sample preparation methods
were optimized for the quenching of cellular metabolites and
for metabolite extraction steps for yeast sample preparation.
The final metabolomics protocol developed here was success-
fully applied for metabolite quantification in the naturally
xylose-fermenting yeast S. arborariae during cultivation on
xylose as the sole carbon source, under aerobic and oxygen-
limited conditions. The metabolomics protocol presented here
may be applied to other yeast strains.

Experimental
Standards and Chemicals

All metabolite standards were purchased from Sigma-Aldrich
(St. Louis, MO, USA) with purity superior to 95%: acetyl
coenzyme-A (ACCOA), acetaldehyde (Acald), alpha
ketoglutaric acid (AKG), D-malic acid (L-MAL), oxaloacetic
acid (Oaa), D-(+)-glucose, xylose, glucose-6-phosphate (G6P),
fructose-6-phosphate (F6P), dihydroxy acetone phosphate
(DHAP), erythrose-4-phosphate (E4P), glyceraldehyde-3-
phosphate (GAP), glycerol-3-phosphate (GLY3P), ribose-5-
phosphate (R5P), ribulose-5-phosphate (RU5P), xylulose
(Xylu), phospho(enol)pyruvate (PEP), glycerol, sodium pyru-
vate (PYR), sedoheptulose-7-phosphate (S7P) and xylitol. Sol-
vents used for development of chromatography and mass spec-
trometry, such as formic acid, ammonium formate,
tributylamine, triethylamine, acetonitrile, and methanol, were
also purchased from Sigma-Aldrich (St. Louis, MO, USA) at
the highest available purity. Ammonium acetate was acquired
from Vetec (St. Louis, MO, USA) and ammonium hydroxide
from Fluka (St. Louis, MO, USA). Deionized water (18.2 MQ)
was obtained from a Direct 16 Milli-Q purification system
(Millipore, Bedford, MA, USA).

Biological Material

The xylose-fermenting yeast Spathaspora arborariae NRRL
Y-48658 was grown on a YPD plate overnight, and then one
single colony was transferred to pre-inoculum containing 50
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mL of mineral medium, 2.5 times concentrated, and supple-
mented with 40 g/L of xylose as the carbon source [31]. For the
fermentation process, a bioreactor was used (Multifors 2 Infors)
with working volume of 500 mL of the same mineral medium
used in the pre-inoculum. Fermentation was carried out under
acrobic and oxygen-limited conditions. The cultures were
grown at 28 °C, with agitation (400 rpm), and pH 5.5 adjusted
with 3M KOH. Yeast samples were collected in triplicate,
during the exponential growth phase between 20 h of aerobic
and 40 h oxygen-limited fermentations. Ideal growth rates were
estimated using optical density (ODgqo).

Quenching and Extraction Steps

The quenching of cellular activity and metabolite extraction
procedures were optimized for the yeast samples based on
previously described protocols [32, 33].

For the quenching step, 2 mL of cell culture were added to 8
mL of 60% (v/v) methanol buffered with 10 mM ammonium
acetate (pH 7.4), in a —40 °C thermostatic bath (FP 50-MA,
Julabo, Germany). The samples were then centrifuged at 5000
rpm, —9 °C for 5 min. The supernatant was discarded and the
resulting pellet was immediately frozen in liquid nitrogen and
stored at —80 °C until the extraction step. Frozen cell pellets
were kept in a thermostatic bath at —40 °C for 5 min before the
extraction procedure.

The boiling ethanol method was used for metabolite extrac-
tion [33]. A total of 2 mL of 75% (v/v) ethanol buffered with
10 mM ammonium acetate (pH 7.4) solution at 85 °C was
added to the pellet. The samples were homogenized in a vortex
and then transferred to a 2 mL tube for 3 min incubation at 85 °C
with constant shaking (Thermoximer comfort, Eppendorf).
Subsequently, cells were cooled at —40 °C using a thermostatic
bath and centrifuged (5424-R, Eppendorf) at 5000 rpm, -9 °C
for 3 min. The supernatant was collected in a 2 mL tube and
dried under vacuum (Centrivap DNA concentrator, Labconco).
Samples were storage at—80 °C until UHPLC-MS/MS analysis.

UHPLC-MS/MS

All experiments were performed using an Acquity UPLC sys-
tem (Waters, Milford, MA, USA) coupled to a triple quadru-
pole mass spectrometer (Xevo TQD, Waters) equipped with an
electrospray ionization source. Data were acquired and proc-
essed with MassLynx 4.1 software (Waters). The MS was
operated in the negative ionization mode, ESI(—-)-MS, using
multiple reaction monitoring (MRM). The instrument parame-
ters were as follows: capillary voltage 3500 V, desolvation
temperature: 450 °C, source temperature: 130 °C, cone gas
flow: 20 L/h, and desolvation gas flow: 700 L/h. MRM transi-
tion channels and collision cell voltages were optimized for
each metabolite after direct infusion into the MS.

Hydrophilic interaction liquid chromatography (HILIC)
was performed using a BEH amide column (2.1 x 150 mm X
1.7 pm) (Waters) at 50 °C, with eluent A (0.1% ammonium
hydroxide aqueous solution) and eluent B (acetonitrile with
0.1% ammonium hydroxide). Five metabolites were analyzed

by this method: glucose, xylose, glycerol, xylitol, and xylulose.
Ion pair chromatography (IPC) was performed using a reverse
phase column, HSS-T3 (2.1 x 150 mm x 1.8 um) (Waters) at
45 °C, with eluent A (5 mM tributylamine, 10 mM acetic acid,
and 5% (v/v) methanol, pH 4.8), and eluent B (methanol).
Fourteen metabolites were analyzed by this method: ACCOA,
AKG, L-MAL, G6P, F6P, DHAP, E4P, GAP, GLY3P, R5P,
RUSP, PEP, PYR, S7P. The gradient flow rates for both
methods are shown in Tables 1 and 2, respectively.

Quantification of Targeted Metabolites

A standard solution (SS) was prepared for each metabolite (1
mg/mL in water). Then, dilutions of SS, 0.1, 0.25, 0.5, 1.0, 2.5,
5.0, 10, and 50 pg/mL were used for calibration curve con-
struction and quality control (QC) experiments. The limit of
detection (LOD) and quantitation (LOQ) were established
based on signal/noise ratio of 3:1 and 10:1, respectively [34].
The definitive analytical calibration curve was constructed with
six levels of standard mixture solutions and obtained by plot-
ting the area against the concentration of each compound, using
second-order polynomial regression. Calibration curves and
samples of exponential growth phases were analyzed in tripli-
cate, using UHPLC-MS/MS.

Results and Discussion

A total of 19 commercially available metabolites of central
carbon metabolism (Figure 1) related to the glycolysis, PPP,
and TCA pathways were used for method development. Al-
though these are not the only metabolites involved in these
metabolic pathways, each molecule analyzed is key to at least
one pathway, and therefore they together represent the meta-
bolic flux of conversion of xylose to ethanol in yeast.

UHPLC-MS/MS

Mass spectrometry is a fast and simple method for detecting
metabolites. However, prior chromatographic separation is re-
quired in order to avoid ion suppression effects and to identify
isomers. A highly sensitive and selective method based on
mass spectrometry, the multiple reactions monitoring (MRM)
strategy, was used in this study. To perform UHPLC-MS/MS
using MRM, first, mass spectrometer parameters such as ion-
ization source and mass analyser (Q1 and Q3 channels) were

Table 1. UHPLC Conditions Using HILIC Mode with Mobile Phase (Eluent)
A: 0.1% Ammonium Hydroxide, and B: Acetonitrile with 0.1% Ammonium
Hydroxide, Applied to Glycerol, Xylulose, Xylose, Xylitol, and Glucose
Analyses

Time (min) Flow (mL/min) Eluent A (vol. %) Eluent B (vol. %)
0.0 0.2 15 85
6.5 0.2 50 50
7.5 0.4 50 50
8.0 0.2 15 85
12.0 0.2 15 85
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Table 2. UHPLC Conditions Using IPC Mode with Mobile Phase (Eluent) A:
5 mM Tributylamine, 10 mM Acetic Acid, and 5% (v/v) Methanol, and B:
Methanol, Applied to Glucose-6-Phosphate, Fructose-6-Phosphate, Ribose-5-
Phosphate, Ribulose-5-Phosphate, Sedoheptulose-7-Phosphate, Glycerol-3-
Phosphate, Erytrose-4-Phosphate, Glyceraldehyde-3-Phosphate, Dihydroxyac-
etone Phosphate, Sodium Pyruvate, Malic Acid, Alpha Ketoglutaric Acid,
Phospho(enol)pyruvate, and acetyl co-enzyme-A Analyses

Time (min) Flow (mL/min) Eluent A (vol. %) Eluent B (vol. %)
0.0 04 100 0

10.0 0.4 89.5 10.5

18.0 04 474 52.6

19.0 04 474 52.6

20.0 04 100 0

26.0 04 100 0

optimized, followed by chromatographic parameters, such as
the mobile phase.

Mass Spectrometry Direct infusion mass spectrometry
(DIMS) was used to optimize the ionization source and

collision cell voltages for each metabolite. Although
ESI(+)-MS and ESI(—)-MS were tested, all metabolites were
detected with better sensitivity using ESI(—)-MS, which was
therefore selected for further analyses. After ionization,
each precursor ion was isolated in the first quadrupole
(Q1), collided with gas in Q2, and then fragment ions were
detected in Q3 (MS/MS experiments). Capillary voltage and
collision energy values were optimized for each standard,
wherein the capillary voltages were similar for all metabo-
lites (3500 V). The highest and/or most selective fragment
ion was selected for MRM analyses (Table 3). No fragmen-
tation ion was detected for acetaldehyde (Acald), probably
due to its low molecular weight (44 Da), and as such it was
excluded from this study.

After the optimization of mass spectrometer parameters,
the next step involved developing a chromatographic meth-
od capable of separating all metabolites. Liquid chroma-
tography is crucial for the separation of isomeric com-
pounds, especially for metabolites with same MRM chan-
nels (Q1 and Q3).

o 0 O OH o 9 o o , oo
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Figure 1. Chemical structures of metabolites from glycolysis, pentose phosphate pathway and tricarboxylic acid cycle analyzed by
UHPLC-MS/MS. Metabolites: alpha ketoglutaric acid (AKG), D-malic acid (L-MAL), dihydroxy acetone phosphate (DHAP), phos-
pho(enol)pyruvate (PEP), erythrose-4-phosphate (E4P), fructose-6-phosphate (F6P), glycerol-3-phosphate (GLY3P), glucose-6-
phosphate (G6P), glyceraldehyde-3-phosphate (GAP), sodium pyruvate (PYR), ribose-5-phosphate (R5P), ribulose-5-phosphate
(RU5P), sedoheptulose-7-phosphate (S7P), xylitol, xylose, D-(+)-glucose, xylulose (Xylu), glycerol and acetyl coenzyme A (ACCOA)
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Table 3. The List of Metabolites Quantified by the Developed UHPLC-MS/MS Methods

Method Metabolite Cone voltage (V) Ql (m/z) Q3 (m/z) Collision energy (eV) Retention time (min)
IPC ACCOA 60 808.1 408.0 50 18.50
1PC AKG 18 144.6 56.8 15 15.39
IPC DHAP 25 169.0 97.0 18 8.37
IPC E4P 20 198.8 78.8 20 7.52
IPC F6P 32 258.6 96.8 18 6.66
IPC G6P 32 258.7 96.8 20 6.16
IPC GAP 20 168.8 96.8 18 7.27
IPC GLY3P 30 170.5 78.7 25 691
IPC L-MAL 18 132.6 114.8 10 14.89
IPC PEP 20 166.6 78.8 10 16.35
IPC PYR 20 86.8 42.8 8 9.03
IPC R5P 30 228.8 96.8 20 6.56
IPC RU5P 30 228.8 79.0 20 7.47
IPC S7P 32 288.4 138.9 25 6.64
HILIC Glycerol 18 91.0 59.1 18 3.36
HILIC Glucose 15 179.1 58.9 18 5.12
HILIC Xylitol 25 151.0 58.9 20 4.75
HILIC Xylose 10 149.0 59.0 14 4.57
HILIC Xylu 10 149.0 59.0 14 3.83

Abbreviations: Ion pair chromatography (IPC), hydrophilic interaction liquid chromatograpy (HILIC), acetyl Co-enzyme A (ACCOA), alpha ketoglutaric acid
(AKG), di-hydroxyacetone phosphate (DHAP), erythrose-4-phosphate (E4P), fructose-6-phosphate (F6P), glucose-6-phosphate (G6P), glyceraldehyde-3-phosphate
(GAP), glycerol-3-phosphate (GLY3P), malic acid (L-MAL), phospho(enol)piruvate (PEP), sodium pyruvate (PYR), ribose-5-phosphate (RSP), ribulose-5-

phosphate (RU5P), sedoheptulose-7-phosphate (S7P), and xylulose, (Xylu).

Ultra-High Performance Liquid Chromatography (UHPLC)
Chromatographic parameters such as mobile phase composi-
tion, column temperature, and elution modes (gradient and
isocratic) were tested to improve peak separation for the 19
metabolites. However, no single set of conditions was able to
provide a complete peak separation with good resolution for all

Glycerol

metabolites, due to their distinct chemical structures. In meta-
bolomics analyses, a single approach is desirable for measuring
all metabolites, but this is a challenge for complex matrix
samples with a wide range of chemical classes of metabolites
at different concentrations. As such, two main groups were
established based on their chemical characteristics: (1) a group

3.36

4.57 Xylose
b Xylulose
2 N 38 /
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Figure 2. Multiple reaction monitoring (MRM) experiments using HILIC-ESI(-)-MS/MS for channels (Q1 > Q3): a) m/z 91 > 59
(glycerol); b) m/z 149 > 59 (xylulose and xylose); c) m/z 151 > 59 (xylitol) and d) m/z 179 > 59 (glucose)
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Figure 3. Multiple Reaction Monitoring experiments using IPC-ESI(-)-MS/MS: (@) m/z 259 > 97 (glucose-6-phosphate and fructose-
6-phosphate); (b) m/z 229 > 97 (ribose-5-phosphate) and m/z 229 > 79 (ribulose-5-phosphate); (c) m/z 288 > 139 (sedoheptulose-7-
phosphate); (d) m/z 170 > 79 (glycerol-3-phosphate); (€) m/z 199 > 79 (erytrose-4-phosphate); (f) m/z 169 > 97 (glyceraldehyde-3-
phosphate and dihydroxyacetone phosphate); (g) m/z 87 > 43 (pyruvic acid); (h) m/z 133 > 115 (malic acid); (i) m/z 145 > 57 (alpha

ketoglutaric acid); (j) m/z 167 > 79 (phospho(enol)pyruvate); (k) m/z 808 > 408 (acetyl Co-enzyme-A)

of sugars (monosaccharides) and alcohols; and (2) a group of
organic acids and sugar phosphate compounds.

Hydrophilic Interaction Liquid Chromatography (HILIC)
Polar stationary phases, such as chemically modified silica,
linked to organic groups, such as amine, amide, diol, cyano,
and others, are often used in HILIC. The mechanism of com-
pound separation by HILIC is still poorly understood. Tang and
co-workers [35] proposed that water molecules are attracted by
polar groups of the stationary phase, resulting in an aqueous
layer on the surface. Partition of the analyte between the mobile
phase (hydrophobic) and immobilized aqueous layer best ex-
plains the HILIC mechanism [29]. In HILIC, the eluting sol-
vent is usually a mixture of water and acetonitrile with a
modifier, such as ammonium salts [36]. Initially, the potential
of the amide column was tested for separation of 14 metabo-
lites, including phosphate sugars, organic acids, sugars (mono-
saccharides), and alcohols. Ammonium formate, ammonium
acetate, and ammonium hydroxide were tested in different
solutions of acetonitrile and water (Supplementary Table S1).
The use of ammonium formate as a modifier in isocratic elution
mode retained only seven metabolites (Supplementary
Figure S1), and the gradient elution mode using ammonium
acetate (Supplementary Table S2) provided poor separation,
particularly for phosphate compounds (Supplementary
Figure S2). The use of ammonium hydroxide, in gradient
elution mode (Supplementary Table S3), showed good separa-
tion only for the neutral compounds (glycerol, xylulose, xylose,
xylitol, and glucose). However, the phosphate compounds and

acids such as malic acid and alpha ketoglutaric were not sep-
arated (Supplementary Figure S3).

From these results, metabolites in the study were divided
into two groups according to their chemical characteristics and
interaction with the chromatography column. The first group
consists of sugars (monosaccharides), xylitol, and glycerol, and
the second consists of phosphate sugars and organic acids. For
this first group the ideal chromatographic condition was ob-
served using the mobile phase: A (0.1% ammonium hydroxide)
and B (acetonitrile with 0.1% ammonium hydroxide) at 50 °C
(column temperature) in a gradient mode (Table 1). A baseline
peak separation of five metabolites: glycerol (91 > 59),
xylulose (149 > 59), xylose (149 > 59), xylitol (151 > 59),
and glucose (179 > 59) was performed in a 12 min analysis
(Figure 2). To our knowledge, this is the first time that an
ultrafast chromatography method coupled to mass spectrome-
try has been reported to detect these compound classes.

The isomers xylose and xylulose have the same values of
Q1 (m/z 149) and Q3 (m/z 59) in the MRM experiment;
therefore, chromatography was essential for separation and
quantitation (Figure 2b). After the injection of each standard
solution, the peaks were assigned to xylulose (3.83 min) and
xylose (4.57 min) (data not shown).

Ion-Pair Chromatography (IPC) lonic compounds are often
separated by IPC, which usually uses a hydrophobic stationary
phase and an ion pair (IP) reagent as the mobile phase. In
general, volatile alkylamines and organic acids are used as IP
reagents, and a polar compound, such as methanol or propan-2-
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Figure 4. MRM chromatograms of 13 metabolites detected using IPC and HILIC, X axis is retention time in minutes. The upper solid
line correspond to the standard mixture of metabolites and lower dashed lines correspond to the metabolites detected in
S. arborariae cell extracts: (a) ribose-5-phosphate (R5P) and ribulose-5-phosphate (Ru5P), (b) glucose-6-phosphate (G6P) and
fructose-6-phosphate (F6P), (c) sedoheptulose-7-phosphate (S7P), (d) glycerol-3-phosphate (Gly3P), (e) dihydroxy acetone phos-
phate (DHAP), (f) pyruvic acid (PYR), (g) malic acid (L-MAL), (h) phospho(enol)pyruvate (PEP), (i) acetyl Co-enzyme A, (j) xylose,

(k) xylitol

ol, as an organic modifier. IP reagent interacts with the stationary (Supplementary Table S6). Acceptable separation of phosphor-

phase, creating an opposite charge to the analyte, thus increasing
retention time and selectiveness of the reverse phase column. In
the current study, a reverse phase column (HSS-T3- Waters),
was tested using two IP reagents, triethylamine (TEA) and
tributylamine (TBA), at different concentrations, pH values,
temperatures, and elution modes (gradient and isocratic)

ylated compounds was not seen using TEA (Supplementary
Figure S4). However, improved results were seen using TBA,
with better peak separation, resolution, and sensitivity, as the
alkyl chain size of the IP reagent was directly related to the
analyte elution time [27]. Two organic eluents were tested, and a
better separation of AKG, L-MAL, DHAP, and GAP was
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Table 4. Regression coefficients (R?), range of calibration curve, limits of detection (LOD), limits of quantification (LOQ), and metabolite concentrations in samples

of yeast Spathaspora arborariae under aerobic and oxygen- limited condition

# Metabolite Range (pg/mL) R? LOD (pg/mL) LOQ (pg/mL) Aerobic Oxygen-limited
(ng/mL) RSD (%) (ng/mL) RSD (%)

1 ACCOA 7.4-80 0.9975 2.35 7.12 17.04 7.68 6.61 5.46

2 AKG 3.5-50 0.9958 0.92 3.08 <LOQ - <LOQ -

3 L-MAL 0.2-50 0.9984 0.03 0.11 64.95 18.97 14.03 8.37

4 Gly3P 3.5-50 0.9994 0.09 0.29 7.58 5.77 2.61 15.77

5 G6P 1.5-50 0.9990 0.43 1.43 543 10.02 4.45 12.09

6 FoP 3.5-50 0.9980 0.96 3.19 7.77 14.19 6.65 15.38

7 DHAP 2.0-50 0.9992 0.59 1.99 1.90 6.98 <LOQ -

8 GAP 3.5-50 0.9979 0.92 3.06 ND - ND -

9 R5P 2.0-50 0.9992 0.65 1.99 2.87 13.08 <LOQ -

10 Ru5P 2.5-50 0.9991 0.61 2.04 21.92 2.72 5.79 15.87

11 E4P 1.0-50 0.9996 0.29 0.98 ND - ND -

12 S7P 1.4-30 0.9983 0.38 1.27 37.33 19.46 20.55 17.23

13 PEP 2.5-50 0.9919 0.66 2.21 18.50 9.91 426 13.11

14 PYR 0.5-50 0.9998 0.14 0.43 4.63 9.90 1.65 16.86

15 Xylu 0.5-75 0.9971 0.20 0.50 ND - ND -

16 Xylose 0.5-50 0.9990 0.20 0.50 3275.00 11.26 4896.00 6.10

17 Glucose 0.5-50 0.9991 0.20 0.50 ND - ND -

18 Glycerol 0.5-50 0.9993 0.20 0.50 <LOQ - <LOQ -

19 Xylitol 0.5-75 0.9988 0.20 0.50 1140.00 5.92 401.52 12.16

achieved using methanol instead of acetonitrile, in a gradient
mode (data not shown). Variation in pH values (2.8, 4.8, 5.1, and
6.2) (Supplementary Figure S5A-D) showed a greater co-
elution at the lower pH value in the separation of phosphates
sugars (Supplementary Figure S5B). The separation of ribose-5-
phosphate was achieved at pH 4.8, and this pH value improved
separation of compounds with carboxylic groups such as malic
acid, alpha ketoglutaric acid, and phospho(enol)pyruvate.

Three concentrations of TBA, (2, 5, and 10 mM - Supple-
mentary Table S5), were investigated, and the chromatographic
profile was similar using 5 and 10 mM (Supplementary
Figure S6). In general, studies in the literature have been per-
formed using 10 mM TBA [26, 27, 37]; however, the use of
TBA has the disadvantage of contaminating the mass spectrom-
eter, and it is difficult to remove and requires constant cleaning.
As such, 5 mM TBA in the mobile phase was chosen for this
study. The best chromatographic condition was achieved using
the mobile phases: A (5 mM tributylamine, 10 mM acetic acid,
and 5% (v/v) methanol); B (methanol) at 45 °C (column tem-
perature) in a gradient mode (Table 2). A 26 min chromato-
graphic run is described here for the first time, for separation of
14 compounds, including the isomers: G6P and F6P; and RSP
and RuSP (Figure 3). OAA did not show good stability and
reproducibility and it was excluded from further study.

A summary table describing the metabolites and most
significant UHPLC-MS/MS optimized parameters such as
the separation mode, retention time, cone voltage, MRM
transitions and collision energy, is presented (Table 3).

Yeast Metabolomics

Quantitative Analysis of Spathaspora arborariae Metabolites
Metabolomics analysis of a naturally xylose-fermenting yeast,

S. arborariae [38], was performed using the UHPLC-MS/MS
methods developed here, after the yeast was cultivated in a
fermenter under aerobic and oxygen-limited conditions. Opti-
mization of sample preparation was carried out to extract the
highest possible quantity of intracellular metabolites using
fewer steps in order to avoid loss and chemical degradation,
and to increase the sensitivity of analysis. Yeast media volumes
of 1-5 mL were collected, processed, and analyzed, and a
volume of 2 mL was chosen for further analysis.

An important consideration in metabolomics analysis is the
wide range of concentrations for different metabolites in a
biological sample, ranging from pmol/L to mol/L. UHPLC-
MS/MS injections of S. arborariae samples have detected high
concentrations of xylose and xylitol, and so samples were
diluted 100-fold before HILIC-MS/MS analysis. Furthermore,
malic acid and sedohptulose-7-phosphate reached the upper
limit of the detection curve, and so a 5-fold dilution was
required before [PC-MS/MS analysis.

A total of 13 metabolites (xylitol, xylose, pyruvic acid,
sedoheptulose-7-phosphate, glucose-6-phosphate, fructose-6-
phosphate, glycerol-3-phosphate, malic acid, phospho(enol)-
pyruvate, acetyl co-enzyme-A, ribose-5-phosphate, ribulose-
S-phosphate, and dihydroxy acetone phosphate) were quanti-
fied in S. arborariae samples under aerobic conditions. Figure 4
shows a significant overlap of MRM chromatograms for some
of these metabolites identified in yeast samples and standard
solutions using IPC and HILIC-MS/MS. The matrix effect
exists but was not significant for data interpretation as shown
in Figure 4, since the retention times for standards and yeast
intracellular metabolites were similar. Furthermore, other iso-
mers, different from the standards, were detected in some
MRM channels (Figure 4a and b).

The limit of detection (LOD), limit of quantitation (LOQ),
and regression coefficients (R?) for each metabolite were
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(@) Simplified schematic of central carbon metabolism from xylose to ethanol by yeast. Metabolic pathways assigned:
oxidoreductive xylose assimilation (blue), pentose phosphate pathway (green); glycolysis (red); and tricarboxylic acid cycle (purple).
The dotted boxes indicate which of these metabolites are detected by the HILIC method and the solid boxes indicate those detected
by the IPC method. (b) Concentrations of 13 metabolites under aerobic (AO) and oxygen-limited (OL) conditions.

established for quantitative analysis (Table 4). Calibration

xylose medium were quantified. The concentrations were
curves ranged from 0.5 to 80 pg/mL (Supplementary

shown as an average of triplicates (ug/mL), and relative stan-

Figures S7 and S8); LOD values ranged from 0.03 (L-MAL)
to 3.19 pg/mL (ACCOA), and LOQ from 0.11 (L-MAL) to
7.12 pg/mL (ACCOA). Using these parameters, the metabo-
lites detected during exponential growth of S. arborariae in

dard deviation (RSD) presented values below 20% as shown in
the Table 4.

Concentrations of intracellular metabolites associated
with central carbon metabolism in S. arborariae were, to
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the best of our knowledge, determined for the first time here
during xylose fermentation under aerobic and oxygen-
limited conditions (Figure 5). Xylose was the most concen-
trated metabolite, followed by xylitol under both aerobic
(3275.00 pg/mL; 1140.00 pg/mL), and oxygen-limited
(4896.00 pg/mL; 401.52 ng/mL) conditions (Table 4). Al-
though high concentration of xylose was expected due to
this sugar being the substrate for the experiment and cells
not being washed before metabolite extraction, the excess of
xylitol indicates that the available oxygen was not sufficient
for redox balance. Therefore, the accumulation of xylitol
can be explained by an imbalance in cofactors required by
the enzymes XR and XDH for their respective activities.
This is in accordance with data previously reported in the
literature, which demonstrated xylitol production, especial-
ly when the yeast is cultivated under oxygen-limited condi-
tions [8]. These observations may be explained by the fact
that XR from S. arborariae uses mainly NADPH as a
cofactor in xylose reduction, whereas XDH is strictly
NAD"-dependent. Furthermore, the presence of glucose-6-
P (G6P) and fructose-6-P (F6P) (Figure 5) indicates the
need for regeneration of the cofactor NADPH in the non-
oxidative PPP [39].

In addition, three metabolites of PPP were detected (ri-
bose-5-phosphate (R5P), ribulose-5-phosphate (RUSP), and
sedoptulose-7-phosphaste (S7P)), with S7P the most abun-
dant under aerobic and oxygen-limited conditions (Table 4).
The excess of S7P in S. arborariae can be attributed to
insufficient activity of PPP enzymes, as occurs in native
S. cerevisiae [39]. Overexpression of non-oxidative PPP
genes in S. cerevisiae was shown to improve xylose con-
version to ethanol [9].

As expected, the yeast produced two times more bio-
mass under aerobic (0.31 g g™') than oxygen-limited
(0.15 g g™") conditions (data not shown). Aerobic metab-
olism allows carbon flux through the TCA cycle, which
in turn results in greater ATP formation [40]. Indeed,
higher activity of the TCA cycle under aerobic compared
with oxygen-limited conditions was confirmed by the
approximately 4.5 and 3.0 times higher concentrations
of L-MAL and ACCOA, respectively, (Table 4). In gen-
eral, all metabolites quantified under oxygen-limited con-
ditions are found at lower concentrations compared with
aerobic conditions, and this is possibly related to bio-
mass yield.

Conclusions

Metabolomics studies, although challenging, can contribute
to the understanding of xylose metabolism in yeast. Here,
we first developed two complementary methods based on
ultra-high performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS) to quantify 19 metab-
olites involved in the glycolysis, PPP, and TCA pathways in

yeast. A faster run method based on IPC-MS/MS (26 min of
total chromatographic run time), using 5 mM TBA concen-
tration (lower than previously described) was capable of
separating 14 metabolites with good peak resolution. Fur-
thermore, a new HILIC-MS/MS method was developed to
quantify xylose, glucose, glycerol, xylitol, and xylulose in a
12 min chromatographic run. Previous methods described
are slower and do not separate all of these metabolites.
Analytical parameters such as LOD, LOQ, and calibration
curves were established for quantitative analysis of targeted
metabolites.

To our knowledge, this is the first time that intracel-
lular metabolites from S. arborariae have been success-
fully quantified using the metabolomics protocol devel-
oped in this work, characterizing the metabolic flux after
xylose consumption. We showed that the yeast growth
under aerobic conditions leads to respiratory metabolism.
Analysis under oxygen-limited conditions showed fer-
mentation metabolism, but with imbalance of cofactor
regeneration, resulting in xylitol accumulation. These
results indicate that fine control of oxygen levels during
fermentation is necessary to optimize ethanol production
with S. arborariae.

The protocol presented here may be further applied to
other yeast species, and data generated may be used to
identify limiting steps in xylose metabolism, and conse-
quently, support yeast genetic engineering to improve
second-generation ethanol production.
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SUPPLEMENTARY MATERIAL
Table S1. The mobiles phase tested for separate metabolites from xylose catabolism pathway including phosphate
sugars, organic acids, sugars (monosaccharide) and alcohols by Ultra-high performance liquid chromatography

(UHPLC) use hydrophilic interaction chromatography (HILIC). Stationary phase used was BEH amide column

(Waters).

# Mobile phase Elution mode

| A: ACN/H,0 (90/10) + NH4,COOH 5 mM + NH4OH 0.1% Isocratic
B: ACN/H,0 (10/90) + NH4,COOH 5 mM + NH,OH 0.1%

’ A: CH;COONH,4 10 mM + ACN (50/50) Gradient

B: CH;COONH,4 10 mM + ACN (90/10)
A: H,O + NH,;OH 0.1% .

3 B: ACN + NH,OH 0.1% Gradient
A: ACN/H,0 (90/10) + NH4COOH 5 mM + NH4OH 0.1% .

4 Isocratic

B: ACN/H,O0 (10/90) + NH,COOH 5 mM + NH,OH 0.1%
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Figure S1. Total ion chromatogram (TIC) of fourteen standards of metabolites mixture: pyruvic acid (PYR),
phospho(enol)pyruvate (PEP), malic acid (L-MAL), alpha ketoglutaric acid (AKG), glyceraldehyde-3-phosphate
(Velagapudi et al., 2007), di-hydroxyacetone phosphate (DHAP), glucose-6-phosphate (G6P), fructose-6-phosphate
(F6P), ribose-5-phosphate (R5P), xylose, xylitol, glucose, glycerol and xilulose (xylu). Mobile phase (A: ACN/H,0
(90/10) + NH4COOH 5 mM + NH4OH 0.1% B: ACN/H,O (10/90) + NH4,COOH 5 mM + NH4OH 0.1%), using an

isocratic mode and BEH amide column (Waters).



Table S2. The gradient tested for separate 14 metabolites from xylose catabolism pathway using mobile phase A:
CH;COONH,4 10 mM + ACN (50/50) and B: CH;COONH4 10 mM + ACN (90/10) by Ultra-high performance
liquid chromatography (UHPLC) using hydrophilic interaction chromatography (HILIC) and BEH amide column

(Waters).

Time Flow Eluent A Eluent B

(min) (mL/min) (vol. %) (vol. %)
0.0 04 0 100
5.0 04 100 0
6.0 04 100 0
10.0 04 0 100

GAP + R5P
- 474
DHAP + L-Mal F6P or G6P +

\ PEP

Xylose ou Xylu

i \1 63 Xylitol
l Glucose AKG
3.31 l J,

215 4.39

100 150 200 250 300 350 400 450

%

Figure S2. Total ion chromatogram (TIC) of fourteen standards of metabolites mixture: Pyruvic acid (PYR),
phospho(enol)pyruvate (PEP), Malic acid (L-MAL), alpha ketoglutaric acid (AKG), glyceraldehyde-3-phosphate
(Velagapudi et al., 2007), di-hydroxyacetone phosphate (DHAP), glucose-6-phosphate (G6P), fructose-6-phosphate
(F6P), ribulose-5-phosphate (RUS5P), xylose, xylitol, glucose, glycerol and xilulose (xylu). Mobile phase (A:
CH;COONH,4 10 mM + ACN (50/50) and B: CH;COONH,4 10 mM + ACN (90/10)) using a gradient mode and BEH

amide column.



Table S3. The gradient tested for separate 14 metabolites from xylose catabolism pathway using mobile phase: A:
H,O + NH4OH 0.1% and B: ACN + NH4OH 0.1% by Ultra-high performance liquid chromatography (UHPLC)

using to hydrophilic interaction chromatography (HILIC) and BEH amide column (Waters).

Time Flow Eluent A Eluent B
(min) (mL/min) (vol. %) (vol. %)
0.0 0.2 24 76
4.5 0.2 50 50
6.0 0.2 50 50
12.5 0.4 24 76
13.0 0.2 24 76
. 172
DHAP or GAP,
PYR
l F6P or G6P
. 83
R AKG+L-Mal + | Fepor G6P,R5P
PEP \ 203 -

214

Xylose or Xylu
Xylitol
Xylose or Xylu 4.02 / Glucose
Glycer 415
yeerobs 350 4,63/
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Figure S3. Total ion chromatogram (TIC) of fourteen standards of metabolites mixture: pyruvic acid (PYR),
phospho(enol)pyruvate (PEP), malic acid (L-MAL), alpha ketoglutaric acid (AKG), glyceraldehyde-3-phosphate
(Velagapudi et al., 2007), di-hydroxyacetone phosphate (DHAP), glucose-6-phosphate (G6P), fructose-6-phosphate
(F6P), ribose-5-phosphate (R5P), xylose, xylitol, glucose, glycerol and xilulose (xylu). Mobile phase (A: H,O +

NH4OH 0.1% and B: ACN + NH4OH 0.1%), using a gradient mode and BEH amide column.



Table S4. The mobiles phase tested for separation metabolites from xylose catabolism pathway including
phosphate sugars and organic acids by Ultra-high performance liquid chromatography (UHPLC) using ion pair

chromatography (IPC). Stationary phase used was HSS-T3 column (Waters).

. Elution Temperature
# Mobile Phase mode pH ©C)
1 A: TEA 5 mM + FA 10 mM Isocratic ) ot
B: MeOH
5 A: TEA 10 mM + FA 20 mM Isocratic ) ot
B: MeOH
A: TBA 2mM + CH3COONH, 5 mM + 5%
3 MeOH Gradient 6.2 45
B: MeOH
A: TBA2mM +FA 0.1% + 5% MeOH .
4 B: MeOH Gradient 2.8 45
A: TBA 2 mM + Acetic Acid 3 mM + 5% MeOH .
5 B: MeOH Gradient 5.1 45
A: TBA 2 mM + Acetic Acid 4 mM + 5% MeOH .
6 B: MeOH Gradient 4.8 45
A: TBA 5 mM + Acetic Acid 10 mM + 5% MeOH .
7 B: MeOH Gradient 4.8 45
3 A: TBA 10 mM + Acetic Acid 15 mM Gradient 50 35 /50

B: MeOH

Abbreviations: TEA: triethylamine; TBA: tributylamine; FA: formic acid; rt: room temperature.
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Figure S4. Total ion chromatogram (TIC) of eight standards of metabolites mixture include sugars phosphates and
organic acids: malic acid (L-MAL), alpha ketoglutaric acid (AKG), glyceraldehyde-3-phosphate (Velagapudi et al.,
2007), di-hydroxyacetone phosphate (DHAP), glucose-6-phosphate (G6P), fructose-6-phosphate (F6P),
phospho(enol)pyruvate (PEP) and ribose-5-phosphate (R5P). A) Method 1, isocratic elution mode using mobile
phase A: 5 mM triethylamine, 10 mM formic acid and B: methanol, B) Method 2, isocratic elution mode mobile
phase A: 10 mM triethylamine, 20 mM formic acid, uses an isocratic mode. The stationary phase was a HSS-T3

column (Waters).
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Figure S5. Total ion chromatogram (TIC) of eight standards of metabolites mixture include sugars phosphates and
organic acids: malic acid (L-MAL), alpha ketoglutaric acid (AKG), glyceraldehyde-3-phosphate (Velagapudi et al.,
2007), di-hydroxyacetone phosphate (DHAP), glucose-6-phosphate (G6P), fructose-6-phosphate (F6P),
phospho(enol)pyruvate (PEP) and ribose-5-phosphate (R5P). A) Method 3, gradient elution mode using mobile
phase A: TBA 2 mM + CH3COONH4 5 mM + 5% MeOH and B: MeOH, pH 6.2; B) Method 4, gradient elution
mode using mobile phase A: TBA 2 mM + FA 0.1% + 5% MeOH and B: MeOH, pH 2.8; C) Method 5, gradient
elution mode using mobile phase A: TBA 2 mM + acetic acid 3 mM + 5% MeOH and B: MeOH, pH 5.1; and D)
Method 6, gradient elution mode using mobile phase A: TBA 2 mM + acetic acid 4 mM + 5% MeOH and B:

MeOH, pH 6.2. The stationary phase was a HSS-T3 column (Waters).
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Figure S6. Total ion chromatogram (TIC) of eight standards of metabolites mixture include sugars phosphates and
organic acids: malic acid (L-MAL), alpha ketoglutaric acid (AKG), glyceraldehyde-3-phosphate (Velagapudi et al.,
2007), di-hydroxyacetone phosphate (DHAP), glucose-6-phosphate (G6P), fructose-6-phosphate (F6P),
phospho(enol)pyruvate (PEP) and ribose-5-phosphate (R5P). A) Method 7, gradient elution mode using mobile
phase A: TBA 5 mM + acetic cid 10 mM + 5% MeOH and B: MeOH, pH4.8; and B) Method 8, gradient elution
mode using mobile phase A: TBA 10 mM + acetic acid 15 mM and B: MeOH, pH 5.0. The stationary phase was a

HSS-T3 column (Waters).
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Figure S7. Calibration curves adjustment by quadratic model of fourteen standards of metabolites mixture analyzing

by IPC method: acetyl coenzyme A (ACCOA), alpha ketoglutaric acid (AKG), D-malic acid (L-MAL), glycerol-3-

phosphate (GLY3P), glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), dihydroxy acetone phosphate

(DHAP), glyceraldehyde-3-phosphate (Velagapudi et al., 2007), ribose-5-phosphate (R5P), ribulose-5-phosphate

(RUS5P), erytrose-4-phosphate (E4P), sedoheptulose-7-phosphate (S7P), phospho(enol)pyruvate (PEP) and pyruvic

acid (PYR).
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Figure S8. Calibration curves adjustment by quadratic model of five standards of metabolites mixture analyzing by
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Abstract
Metabolic flux analysis (MFA) is used to understand how fluxes are distributed in a

metabolic network given a certain substrate. It can predict growth and product
distribution based on the stoichiometric reactions within the network adding measured
fluxes and production rates as constrains in the mathematical model. In this study, a
stoichiometric model was developed using xylose fermentation data for the yeasts
Scheffersomyces stipitis, Spathaspora arborariae and Spathaspora passalidarum. Those
models were utilized for the first time to validate the quantification of eleven intracellular
metabolites within xylose and glucose catabolic pathways. Within the investigated
metabolic network, eleven fluxes rates were calculated using the metabolomics data.
Among them, nine were validated with a correlation above 90% when compared to the
stoichiometric model. Thus confirming that potential of MFA for metabolome data
validation. Between intracellular metabolites, fructose-6-phosphate, glucose-6-phosphate,
malate and ribulose-5-phosphate were validated in three yeasts. The measured fluxes
model with phosphoenolpyruvate and pyruvate could not be correlated with calculated
flux. Moreover it was possible to compare metabolism within the three different xylose
fermenting yeasts showing that xylose metabolism occurs in higher fluxes rate in S. stipitis
than S. passalidarum and S. arborariae. The fluxes rate is divided similarly between
pentose phosphate pathway and glycolysis. S. arborariae presents 3.0 times higher
demand for NADPH regeneration than observed in S. passalidarum. The flux rate to
glycerol formation in S. passalidarum is inactive and this yeast looks like occur a better

NADH/NAD+ balance, which permit efficient xylose fermentation.

Keywords: Xylose fermentation, Metabolic flux, Metabolome; Oxygen-limited, Ethanol.



1 Introduction

Metabolic flux analysis (MFA) is one important approach for understanding microbial
physiology under a defined metabolic network.Z2 It gives insights on how metabolism is
balanced, that is, how organisms use substrates for biomass formation and production of
other metabolic compounds.3Thus MFA allows prediction of novel cellular phenotypes

revealing novel targets for genetic engineering.2 45

MFA is based on a stoichiometric model of a defined metabolic network.6 Those are
frequently based on genome annotation and presence of genes coding to enzymes into
metabolic pathways.6 For each metabolic network a set of reactions are defined and
converted into a mathematical model.” MFA is support by bioinformatics tools that realize
the carbon flux distribution calculation, among them, there is the OptFlux, an open-source

tool to support in silico metabolic engineering.8

In a constraints-based flux analysis model the stoichiometric network establishes flux
balance constraints for products and consumptions rate. This ensures that the total
amount of compounds produced must be equal to the total amount being consumed.?? To
determine the metabolic network model depends of use a certain number of extracellular
fluxes measurements. So the metabolic network has to be limited and does not cover all
reactions that are noted in the genome. In its turn, is easily obtained extracellular fluxes
measurements for substrate consumption, biomass formation and products as such as

ethanol, xylitol, and glycerol as well organic acids into a fermentative process.10 11

Intracellular metabolite concentration, on the other hand, have been used far less.4
Metabolome is a set of metabolites within a biological system and the metabolomics is the

analysis that seeks to estimate the quantitative profile of such set of metabolites.’2



However the analysis of intracellular metabolites is still a challenging task in
metabolomics.l3 Mostly due to extracellular/intracellular medium ratio, with high
concentration of extracellular that can to cause interference on analysis of low
concentration intracellular compounds.?3 Furthermore, the intracellular reactions has a

high turnover rates, making sample preparation a critical step for metabolomics.13

Therefore, optimize metabolomics analysis is a powerful technique that can provide a
detailed quantification of central carbon metabolism (pentose assimilation pathway,
pentose phosphate pathway (PPP), glycolysis, and tricarboxylic acid (TCA) cycle) and can
greatly aid the construction of specific metabolic and regulatory networks of pathways in

microorganisms as yeasts.14 15

In order to improve the stoichiometric models, the intracellular metabolites should also be
included to understand the full impact on the physiology of different yeasts.’6 These data
can be used separately or combined to identify with increasing precision the true state of
the cell metabolism.” The main advantage in wusing intracellular metabolites
concentrations is that this measurements are directly linked to the metabolic reactions

network and reflected the phenotype of organism.2”

However, in order to generate accurate intracellular metabolic data, sample
preparation, extraction, detection and quantification are crucial steps that need to
be carefully analysed to result in statistical representative data of a given
microorganism and a specific cultivation condition. For example, biological
replicates must be combined to technical replicates into a single value. Once this is
done it is necessary to validate that the quantified metabolite corresponds to what

is happening in vivo. Therefore the combination of MFA analysis and metabolomics



results may be a valuable strategy to assess biological experimental data on

microorganism physiology, especially for those not well studied.”

Xylose metabolism in yeast has been extensively studied due to the interest in the
economic conversion of lignocellulosic biomass to fuels and chemicals.’8-22 However, very
little is known about how native xylose-fermenting yeasts mediate the simultaneous
metabolic demand for cell growth and ethanol production using this carbon source.2’ For
that reason, in this study, three naturally xylose-fermenting yeasts Scheffersomyces stipitis,
Spathaspora passalidarum and Spathaspora arborariae were chosen as models for

studying metabolic flux distribution within xylose catabolism.

The stoichiometric model included the central carbon metabolism pathways that resulted
in 27 genes, 35 metabolites and 39 reactions. Between them, 9 reactions correspondent to
fluxes rate for xylose consumption, biomass formation and products measurements into
extracellular environment. These data were obtained in a previous work and used as

constrains in stoichiometric model.22

Due to the availability of genetic and physiological data, the model was initially
constructed for S. stipitis and then employed for S. passalidarum and S. arborariae.
Moreover eleven intracellular metabolites were quantified during the exponential growth
phase of the three yeasts in order to increase the degree of freedom for the MFA analysis.
From eleven quantified metabolites, eight has 90% correlation with stoichiometric
analysis in all tested yeast. The intracellular metabolites phosphoenolpyruvate and
pyruvate could not be validated in none of the tested yeast indicating a limitation in the

metabolomics analysis.



To the best of our knowledge, this is the first MFA model that describes carbon
distributions for two Spathaspora yeasts. The comparison of the three yeasts species
allowed identification of key metabolic bottlenecks on xylose metabolism. S. stipitis
showed 1.5 times higher xylose assimilation rate than were observed in S. arborariae and
S. passalidarum. This feature can be associated with the 3.0 and 1.5 times higher ethanol

productions in S. stipitis than see in S. arborariae and S. passalidarum respectively.

In S. passalidarum is shown at least 2.0 times less need of NADPH regeneration on
oxidative-PPP than S. stipitis and S. arborariae. This combined with high flux rate in the
reaction with XR NADH-dependent, reflects a better cofactor balance and non-
accumulation of byproducts as xylitol. Similar rates of carbon fluxes are directed to PPP e
glycolysis in three yeasts. Besides then, the inactive reaction for glycerol formation in S.

passalidarum may also be related with good rate of ethanol production similar to S. stipitis.

2 Materials and methods

2.1 Yeasts and culture conditions

The yeasts Scheffersomyces stipitis NRRL Y-7124, Spathaspora arborariae NRRL Y-48658
and Spathaspora passalidarum NRRL Y-27907 were utilized in this study. Those were
preserved in 30% glycerol at - 80°C. Cultivations in the bioreactors using xylose as carbon
source were performed as described previously.22 Briefly, the fermentations were carried
out in bioreactors (Multifors 2, Infors HT) with defined mineral medium23 (500 mL),
supplemented with 40 g L-1 xylose as carbon source. The fermentation started with optical
density 600 nm (ODsgo) equal 0.5. Temperature was set to 28°C, stirrer at 400 rpm, pH
maintained at 5.5 by addition 3M KOH. The oxygen-limited condition was maintained with
0.05 L/min airflow injects. Oxygen dissolved in the medium was maintained below 10%.

All fermentations were carried out in biological triplicates. Samples for determining xylose



consumption and product formation were withdrawn at regular intervals of time at
approximately 8 h of cultivation. For the stoichiometric model construction and
metabolite quantification, the samples in the middle exponential phase were utilized since

a pseudo-steady state is assumed and therefore all rates can be considered as constant.

2.2 Extracellular metabolites and biomass quantification

Xylose, ethanol, xylitol, glycerol, acetate, pyruvate and succinate were measured by HPLC
(Acquity UPLC H Class, Waters) equipped with a HPX-87 H column (Bio-Rad Laboratories)
at 45°C and a refractive index detector as previously described.?? The mobile phase run 0.6
ml/min of 5 mM sulfuric acid (H2S04) for 25 min. The measured products rate in mmol
were calculated through transformation the concentration in gram per liter divided by
molecular weight of respective compounds. Then, products values are divided by biomass
and time. The data show average * standard deviation in mmol/gCDW. h-1. The carbon and
degree of reduction (DR) balances closed to 100% as showed previously.2? Biomass was
measured through ODeoo using a spectrophotometer (SpectraMax M3, Molecular Devices).
For each collected point cell dry weight (CDW) was performed through 5 mL of pre-
inoculum and stationary growth phase of all fermentations. Samples were withdrawn and
centrifuged (12,000xg, 5 min). Before weighing, the cells were placed in glass tube and
incubated to dry at 60°C 48 h. Therefore a correlation between ODgoo values and CDW

could be established.

2.3 Chemicals

The chemicals standards as such as acetate (ACE), acetyl coenzyme A (ACCOA),
alpha ketoglutaric acid (AKG), dihydroxy acetone phosphate (DHAP), erythrose-4-
phosphate (E4P), ethanol (ETOH), fructose-6-phosphate (F6P), glucose (GLU),

glucose-6-phosphate (G6P), glyceraldehyde-3-phosphate (GAP), glycerol (GOL),



glycerol-3-phosphate (GLY3P), malate (MAL), phosphoenolpyruvate (PEP),
pyruvate (PYR), ribose-5-phosphate (R5P), ribulose-5-phosphate (RU5P),
sedoheptulose-7-phosphate (S7P), succinate (SUC), xylitol (XOL), xylose (XYL),
xylulose (XYLU) and all solvents as sulphuric acid, tributylamine, acetonitrile and
methanol used in HPLC and UHPLC-MS/MS analysis were purchased from Sigma-
Aldrich (St. Louis, MO, USA) in their highest purity. Ultrapure water (18.2 MQ) was

obtained from a Direct 16 Milli-Q purification system (Millipore, Bedford, USA).

2.4 Metabolomics analysis

The experimental planning for acquisition of metabolomics data is shown in
supplementary file 01. As mentioned above, all analysis were only done based on the
sample collected in the middle of exponential growth phase under oxygen-limited
condition. This point is the same used to calculate the measured fluxes rate that carbon
recovered were very well balanced. The protocol for sample preparation and analytical
data acquisition were previously optimized and described.’> 24 Briefly preparation of the
samples involved the steps of quenching and extraction using cold methanol (-40°C)
followed by boiling ethanol (96°C). The analytical method for separation and
quantification of metabolites were based on UHPLC-MS/MS. The MS methodology was
carried out on an AcQuitytm UPLC system (Waters, Milford, MA, USA) coupled to a triple
quadrupole mass spectrometer (Xevo TQD, Waters) equipped with an electrospray
ionization source. LC was performed on a Hydrophilic Interaction Liquid Chromatography
(HILIC) with a BEH amide column (2.1 x 150 mm x 1.7 pm) (Waters Corporation, Milford,
MA, USA) and lon-Pairing Chromatography (IPC) with a reverse phase column, HSS-T3

(2.1 x 150 mm x 1.8 um) (Waters Corporation, Milford, MA, USA).



2.5 Statistical analysis

As mentioned before, yeasts performed fermentation in biological triplicates and
for each replicate was extracted the intracellular metabolites in three points within
exponential growth phase. Each point was analyzed by UHPLC-MS/MS method in a
three technical replicates, giving a total of twenty-seven samples measurements. So
that these data would be converted into a single data the metabolome data set was
statistically processed through a measured repeated ANOVA design. RStudio
software (http://www.rstudio.org) was used to construct the mathematical models.
The following mathematical equation represents how the ANOVA test was

performed.

Yije = 1+ a; + Bjy + T + (@0) ik + €

Using this linear model, it was assumed that the data for class i; for yeast j at time k
is equal to an overall mean u plus the treatment effect «;, the effect of the yeast
within that class ), the effect of time 7y, the effect of the interaction between time
and class (at), and the error e;j.

Such that:

e u=overall mean

* q;=effectofclass i

*  Bju =random effect of yeast j receiving class i
o 71y =effect of time k

* (at)i = class by time interaction

* ek = experimental error



2.6 Construction of stoichiometric model

An overview of the metabolic model is shown in supplementary file 02. The stoichiometric
model was constructed based on previously works.?6 2% 25 [t was defined with 39 reactions
from xylose assimilation pathway, PPP, glycolysis, pyruvate metabolism and TCA. The TCA
cycle was included but the compartmentalization into mitochondria and cytosol were not
considered (Supplementary file 2). Biomass reaction was determined as previously
described.?6 The biomass reaction includes the macromolecules components of the cell
(i.e., proteins, nucleic acid, and polysaccharides).?” The construction of stoichiometric
model was based on the information available at Kyoto Encyclopedia of Genes and
Genomes (KEGG). Genomic and biochemical information of S. stipitis (Entry T01023) was
used as reference. The genes coding to enzymes on carbohydrate metabolism present into
the respective genome could be determined using KEGG pathway, based on genome
information, were identified the enzymes of metabolic reactions in defined pathways.
With this information, the most important reactions in carbon central metabolism were

selected for the construction of the stoichiometric model network.

2.7 Metabolic Flux Analysis using OptFlux

Once the model was uploaded into OptFlux, degrees of freedom of the system were
calculated from the properties of the stoichiometric model. The accurate number of
degrees of freedom was obtained by difference between the number of metabolites of the
system and number of linearly independent equations of the system.? For differentiate
internal and external reactions, external metabolites were identified with “[e]” and
intracellular metabolites occurring in cytosolic subsystems with “[c]”. Biomass reaction
was used as an objective function.8 26 The extracellular measured fluxes rate of xylose

fermentations obtained from middle exponential growth phase of a previously study were
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added to the model.2?2 The simulations were run using the algebraic method with least

square fitting as properties.

2.8 Fluxes distribution simulations

The extracellular fluxes rates measurements were utilized as constrain to calculate the
carbon flux distribution through the stoichiometric model. The model was classified in
overdertermined system. It contains 39 reactions, 35 metabolites, 27 genes and, 04
degrees of freedom. Nine extracellular fluxes were measured (xylose consumption,
ethanol, carbon dioxide, xylitol, glycerol, acetate, pyruvate, succinate and biomass
productions) during xylose fermentations as previously described.?? Seven of them were
used as constrain to the initial metabolic model resolution. Xylose consumption and
biomass production were maintained fixed during all simulations. In order to validate the
metabolic flux distribution was simulated without two others measured fluxes rate
(ethanol and carbon dioxide). So, these measured fluxes obtained experimentally were

used to compare and validate the calculated fluxes for these two compounds.

2.9 Improving accuracy of metabolome data with metabolic flux

Concentrations of intracellular metabolites measurements were added directly on
stoichiometric model. The supplementary file 03 shown the concentrations obtained
through metabolomics analysis. After that simulations were performed aiming at
determining flux distribution under the influence of the intracellular metabolites
concentrations. Initially, the simulations were performed with addition of one metabolite
concentration by time. Thus, eleven measured fluxes distribution were obtained, one to
each metabolite concentration measured. Then, the fluxes obtained from stoichiometric
calculations and the ones with addition of metabolome data were correlated using the

Pearson correlation coefficient (R2). The correlation coefficient was used to determine the
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relationship between the calculated and measured fluxes distributions. The metabolites
whose correlation was above 90% were added together to the stoichiometric model for
novel simulations. Thus it was possible to estimate the percentage of error between

calculated and measured fluxes.

3 Results and discussion

3.1 MFA for three xylose-fermenting yeasts

Initially a stoichiometric model was constructed for S. stipitis, S. arborariae and S.
passalidarum containing 39 reactions and 35 metabolites. The metabolic network involved
the pathways on central carbon metabolism such as xylose assimilation, pentose
phosphate pathway, glycolysis, metabolism tricarboxylic acid cycle and biomass formation
(Supplementary file 02). All reactions and metabolites included in the model are detailed
in the supplementary files 04 and 05. The measured fluxes rate in the three xylose-
fermenting yeasts cultivated under oxygen-limited condition were obtained for
extracellular metabolites (Table 01).

Table 01. Rates of xylose consumption and products formation. Measured fluxes show
average and standard deviations in mmol/gCDW.h1 of biological growth in triplicate.
These values were used in the stoichiometric model for calculated the carbon fluxes

distribution. Growth rates (u); carbon recovered (%); and redox balance (%) were also
showed.

D Constrain Formula Molar Weight S. stipitis S. arborariae S. passalidarum
g.mol™ (28h) (32h) (40h)
XYL[cons] D-Xylose[cons] CsH1005 150.13 -2.1552+04760  -0.8991£0.0732  -1.370910.3986
ETOH[e] Ethanol[e] CH0 46.07 3.0482 £0.2552 0.8928 +0.1911 1.9721£0.7427
ACE[e] Acetatele] C;H40, 59.04 0.0000£0.0000  0.0000+0.0000  0.0000+0.0000
CO2[e] Carbon_dioxide[e] €0, 44,01 3.0521 £0.2555 0.8939+0.1913 1.9746 £0.7437
XOL[e] Xylitol[e] CsHypOs 15215 0.0000£0.0000  0.0297+0.0063  0.0000 £ 0.0000
GROLe] Glycerol[e] C3Hs03 92.09 0.0448£0.0094  0.0241+0.0013 0.0000 £ 0.0000
PYR[e] Pyruvate[e] C3H404 88.06 0.0000 + 0.0000 0.0038 + 0.0012 0.0000 + 0.0000
SUCle] Succinicle] C4He04 118.09 0.0000£0.0000  0.0000+0.0000  0.0000+0.0000
Biomass CH15095Ng2 24.63 1.4500 1.2688 1.0150
Growth Rates (u) 0.0991 0.0500 0.1127
Carbon Balance (%) 98 93 100
Redox Balance (%) 100 9% 100
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Afterwards, these data were used to calculate the carbon flux distributions using the MFA
model. All constructed models had its calculated fluxes under oxygen-limited condition,

where the carbon and redox balances closed at least more than 93% recovery (Table 01).

Ethanol was the main product secreted by the three yeasts. The fluxes rate for ethanol
formation observed in S. stipitis and S. passalidarum were 3.0 and 2.0 times highest than
observed in a previous work that assessed another interesting yeast as Candida tropicalis
for xylose fermentation.’? As byproducts of xylose fermentation, xylitol and pyruvate were
detected and quantified only in S. arborariae. Glycerol was quantified in S. stipitis and S.
arborariae, being concentration rate in S. stipitis 1.8 times higher than S. arborariae.
Acetate and succinate were not detected in any yeast investigated under oxygen-limited

condition (Table 01).

Since four degrees of freedom were obtained from the difference between the number of
reactions and metabolites, the ethanol flux rate was used to validate the fluxes obtained
experimentally. As can be seen in figure 1 comparison between measured and calculated
fluxes for ethanol in three yeasts showed very similarity. The prediction of ethanol
calculated fluxes aligned with experimental measurements results, having a correlation
above 95%. The experimental value for metabolic flux distribution in S. stipitis realizing
xylose fermentative process are scarce.l Became the systemic analysis employed in this

work a very useful approach for better understanding the xylose metabolism in the yeasts.
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Figure 01. Correlation between measured and calculated ethanol fluxes. The points
represent the measured fluxes (x-axis), calculated fluxes (y-axis) rates in three yeasts. S.
stipitis (black cycle), S. arborariae (dark grey square) and S. passalidarum (light grey
triangle).

3.2 Intracellular metabolites concentration

Metabolomics is a rapidly developing field that provides a powerful tool to efficiently
identify and quantitate a large number of metabolites simultaneously.?¢ Thus, metabolome
allows obtainment of a set of metabolites with their respective concentrations. A previous
metabolomics study showed some regulatory mechanisms of metabolic flux in central
metabolism of different strains of Saccharomyces cerevisiae in distinct steady state
conditions.?? Among them, was observed that citrate accumulation inhibited the pyruvate
kinase, causing reduction of glycolytic flux and ethanol production in nitrogen-limited

yeast. Therefore, demonstrating that metabolite concentration is the main determinant of

the metabolic flux in central metabolism of yeast.2?

In this study, the concentrations of eleven metabolites measurements are shown in figure
02 for S. stipitis, S. arborariae and S. passalidarum. ANOVA analysis indicated that the
minimal variation between biological and technical replicates and what the significance

level of variance between quantification metabolites with respective p-values
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(Supplementary file 06). Intracellular metabolomics data has been used in combination

with flux analysis to classify and understand metabolism profiles in yeasts.

In our analysis, acetyl-CoA (ACCOA) and erytrose-4-phosphate (E4P) could not be
detected in S. stipitis and S. arborariae, respectively (Figure 02). Sedoheptulose-7-
phosphate (S7P) has four times higher concentration in S. passalidarum than others
yeasts. E4P and S7P are precursor of amino acids as such as phenylalanine, tyrosine and
tryptophan.3? Concentration of D-ribulose-5-phosphate (RU5P) is twice higher than D-
ribose-5-phosphate (R5P) in S. stipitis and S. passalidarum. The metabolomics analysis
employed in our study was able to separate and quantify these two metabolites efficiently,
overcoming the limitation observed is a previous metabolomics analysis for xylose
fermentation performed by S. passalidarum.30 Pyruvate (PYR) present five times higher
concentration in S. stipitis. Dihydroxy acetone-phosphate (DHAP), D-glucose-6-phosphate
(G6P), D-fructose-6phosphate (F6P), phosphoenolpyruvate (PEP) and malate (MAL)
presented different concentrations among the three yeasts, range of 0.005 to 0,06 mmol

(Figure 02).

Our metabolomics analysis was also able to efficiently separate isomers of sugar
phosphate as glucose-6-phosphate and fructose-6-phosphate, solving a challenge
observed previously.3%32 In S. passalidarum is observed equal or highest concentrations of

almost all metabolites measured (Figure 02).
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Figure 02. Measured intracellular metabolites concentrations (mmol) during
exponential phase of xylose fermentation experiments. S. stipitis (black column), S.
arborariae (dark grey column) and S. passalidarum (light grey column). Experiments were
performed in biological triplicates. The presented values are men of ANOVA analysis for 3
biological replicates and 9 technical replicates.
The concentration changes do not readily allow conclusions on metabolic fluxes, or the
direction of the flux changes, since an increase in metabolite concentration can both be
indicative of increased activity of metabolite producing enzymes, but also decreased
activity of metabolite consuming enzymes.’? But the addition of the metabolite
concetration in the model was useful to compare distribution measured fluxes with

calculated flux. Thus, these data were added in the model and a simulations set of

measured fluxes could be estimated.

3.3 Correlation between calculated and measured metabolic flux

It was investigated if the addition intracellular metabolites concentrations in the model
keep the fluxes distributions rates. The model maintains the constraints utilized to
estimate the calculated flux. Intracellular fluxes distributions were simulated again, now
with addition intracellular metabolite concentration measurement per simulation. In S.
stipitis and S. arborariae were quantified ten intracellular metabolites, consequently ten

simulations were realized. While in S. passalidarum was quantified one intracellular
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metabolite more than S. stipitis and S. arborariae, thus were obtained eleven simulations of

flux distribution.

Pearson correlation test (R2) were used to evaluate the consistence of the each measured
flux to calculated flux (Supplementary file 06). It was assumed that R2 greater than 0.90
and 0.95 were satisfactory to determine correlation between measured and calculated
fluxes. In S. stipitis it was observed that from ten metabolites, eight (i.e. 80%) shown Rz >
0.90 between measured and calculated fluxes (Supplementary file 07a). 50% of them
(E4P, F6P, G6P, MAL and RU5P) showed that the measured fluxes are aligned with
calculated fluxes, presenting R2 > 0.95 (Figure 03a). In S. arborariae it was observed that
from ten metabolites seven (i.e. 70%) shown R2 > 0.90 (Supplementary file 07b) and 50%
of them (ACCOA, F6P, G6P, MAL and RU5P), presents R2 > 0.95 (Figure 03b) between
measured and calculated fluxes. While, in S. passalidarum it was observed that from eleven
metabolites nine (i.e. 82%) shown R2 > 0.90 between measured and calculated fluxes
(Supplementary file 07c). Moreover 54% of the measure metabolites (ACCOA, E4P, F6P,
G6P, MAL and RU5P) presents R2 > 0.95 (Figure 03c). The correlation higher 0.90 between
fluxes with metabolites measurements and calculated fluxes could not be established for
PEP and PYR in any of the tested yeasts (Supplementary file 7). The fluxes rate for PEP and
PYR formation are the highest estimated. These highest fluxes rate can demand faster
procedures for sample preparation and data processing steps to avoid degradation and
lost of information. However, a study that assessed metabolome of S. passalidarum in
xylose fermentation founded similar concentrations of PEP and PYR.3¢ But this work not

use the metabolome data in a metabolic flux, do not been possible make comparison.

Other measured metabolites that could not be correlated with calculated fluxes was

acetyl-CoA. As seen in S. stipitis (Figure 02), ACCOA was not quantified, probably because
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the fluxes rates in this yeast were higher than observed in S. arborariae and S.
passalidarum. Acetyl-CoA is involved in 34 compartmentalized metabolic reactions and
used for acetylation of macromolecules.3? To balance the use of these precursor
metabolites, cells have evolved several levels of tight regulation, especially to control
biosynthesis of amino acids, lipids, nucleotides, and carbohydrates needed for cell growth,

homeostasis, and maintenance.3?
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Figure 03. Correlation rate (RZ) between calculated and measured flux. The
relationship were assess with all metabolites measured that present R2 higher than 0.95.
(a) S. stipitis with E4P, F6P, G6P, MAL and RU5P; (b) S. arborariae with ACCOA, F6P, G6P,
MAL and RU5P; and (c) S. passalidarum with ACCOA, E4P, F6P, G6P, MAL and RU5P.

3.4 Intracellular carbon flux distribution of xylose metabolism in yeasts

One of the drawbacks of measuring the intracellular metabolites experimentally is the
impossibility to distinguish metabolites in different compartments, e.g. pyruvate in the
cytoplasm and pyruvate in mitochondria will be considered as the same species in a

metabolome experiment.33 For that reason, in the model developed here cellular

compartmentalization is not considered.

In the present study, carbon flux distribution had a correlation above 90% between

experimental data and calculated flux obtained for S. stipitis (Figure 04), S. arborariae
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(Figure 05) and S. passalidarum (Figure 06). The calculated and measured fluxes showed
that xylose assimilation in S. stipitis, S. arborariae and S. passalidarum is realized by XR
enzyme using both NADPH and NADH (RO1 e R02) cofactors.?3 27 33 41 As also seen in
previous studies.?2 3436 Two reactions represent this first step in xylose metabolism in the
model. Xylose reduction reaction NADH-dependent showed higher fluxes rates for S.
stipitis and S. passalidarum (R02 Figures 04 and 06). In S. arborariae the xylitol production
is higher than other two yeasts, confirming the literature data and our previous study.22 33
S. passalidarum possess two XR (genes XIL1.1 and XIL1.2) and one of them uses
preferentially NADH as cofactor.3” Its enzymatic activity presents higher NADH-dependent
XR.23 Although is observed in enzymatic assays for XR that S. stipitis and S. arborariae
presents higher NADPH-dependent activity, the calculated fluxes rate were higher with
reactions that use NADH. Probably this difference between enzymatic activities and
calculated fluxes rate can be explained by optimal condition and concentration
determined in enzymatic activities, not necessarily these occurs in vivo. Same results is
also observed in work conducted by Wahlbom et al., that assessed the intracellular fluxes

in a recombinant xylose-utilizing Saccharomyces cerevisiae.26

The cofactor imbalance in XR and XDH reactions can cause byproducts formation as xylitol
how observed in S. arborariae. The production of xylitol is a consequence of the
differences in cofactor specificity in the XR and XDH reactions.?¢6 Xylitol production was
not detected in cultivations with S. stipitis and S. passalidarum. These results are in good
agreement with previous work that showed that higher NADH dependent XR activity

resulted in less xylitol production.38

In S. arborariae (Figure 05) was observed in reaction that uses NADPH as cofactor (R01)

rate 3.0 times higher than was observed in S. passalidarum (Figure 06). This characteristic
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in S. arborariae can be associated with flux rate for oxidative-PPP (R10) in 3.0 times
higher than observed in S. passalidarum. This metabolism characteristic in S. arborariae is
to regenerate the NADPH cofactor on oxidative pentose phosphate pathway (R10). S.
arborariae has the slower flux rate to consume xylose and smaller growth rate (Figure 05).
Due to the decreased cell growth, the requirement of NADPH has been reduced and caused
the down-regulation of fluxes through pentose phosphate pathway (PPP).22 3% The flux rate
in oxidative pentose phosphate pathway (R10) responsible by regenerating NADPH was
3.0 times higher in S. arborariae than S. passalidarum. Probably, this flux characteristic can
be associated with high flux rates observed in R0O1 that also present high flux rate in S.

arborariae (Figure 05).
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Figure 04. Metabolic flux in S. stipitis. Carbon distribution comparison between
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simulation the measured fluxes rate. External metabolites had the fluxes rate used as
constrains.

22



D-Xylose
' R

' 30
I -1.3709
N ———— e 13709
o ! ~
7’ v ~,
," D-Xylose \\
Fd RO1 RO2 N
i 0.0598 I | 1.2789 '\
| 0.0623 13426\
Xylitol -====uceo oo > Xylitol
03 R31
R10 1.3072 0.0000
D-Glucose-6-P 0.0395 D-Xylul 1.3289 0.0000
' 0.0090 N 04
RO5
1.2749
0.4129
1.3068
RI11 0.4239
0.0531 D-Ribulose-5-P €Cr— Xylulose-5-P
-0.1627 R08
0.4453
0.4374
D-Ribose-5-P
v
D-Fructose-6-P
ruefosest Sedoheptulose-7-P
R12 RO09
8;23}1 04179 0.4379
R 0.4373 0.4416
D-Fructose-1,6-P2
Erythrose-4-P s
R06
0.4169
Glyceraldehyde-3-P 04458
T R16
Dihydroxy-acetona-P 2.0146
R14 1.9867
RIS 0.7922 Phosphoenolpyruvate
-0.0067 0.7761 R17
00156 2.0189
1.9970
Glycerol €=-=-=--f---m----- Glycerol Pyravate Pyravate
0%330 R18 R19
- 0.0000
0.0000 1.9800 1.9832
co, > co, 19787 19777 0.0000
R33 Acetaldehyde === Ethanol ----------------d----2 > Ethanol
1.9746 R22 R20 R34
1.9746 0.0166 -0.0152 1.9720
0.0001 0.0070 1.9720
Acetate Acetate
CO, => R21 R36
CoA -0.0280 0.0000
-0.0170 0.0000
Cytosol R23 Acetyl-CoA
" Mitochondria \}p -0.0242 ‘l’
{ R29 Oxaloacetate_—90'0074 . R24 GLUfP R38
00323 Citrate _ (703 wKETO —— oo ass
200023 -0.0073 RsP — 0.0050
- Isocitrate oxa —| 0.0066
Malate 0%22513
R28 o T bomass
00261 -0.0071 PYR ——]
-0.0039 o-ketoglutaric_acid PEP
\ Fumarate R26 ! v
\ . -0.0141 ’
\ \ R27 Succinate 0.0036 V4 ACCOA ——
;S \ -0. /
S -0.0203 L NADPH ——
N -0.0040 e
R37
0.0000
0.0000
Succinate

Figure 06. Metabolic flux in S. passalidarum. Carbon distribution comparison between
calculated (top line) and measured (bottom line) fluxes rate. Intracellular metabolites
highlight in red had the concentration added in the model and were validated through of
simulation the measured fluxes rate. External metabolites had the fluxes rate used as
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Besides then, this conversion of glucose-6-phosphate into ribulose-5-phosphate in S.
passalidarum was 3.0 times slower than S. stipitis and S. arborariae. The yeasts evaluated
here, predominantly showed pyruvate reactions to acetaldehyde and consequently
ethanol production (Figures 04 - 06). The pyruvate represents one of the most important
regulation points in carbon metabolism. Carbon can either follow catabolic reactions
(acetaldehyde production) or anabolic pathways (oxaloacetate production).?® In S.
passalidarum (Figure 06) was not observed flux rate for glycerol formation (R32), this is
another important characteristic in the carbon flux distribution that distinguishes itself

from of others yeasts and can be associated with better NADH/NAD* balance.

To our knowledge, for first time is proposed a metabolic flux model to S. arborariae and S.
passalidarum. In addition, metabolic flux combined with intracellular metabolites
concentration was useful to improve the accuracy of metabolomics analysis. Metabolome
data increase the precision of the true state of the cell metabolism.” Using intracellular
metabolites concentrations its measurement can be directly linked to the metabolic
reactions network.l” The percentage of errors between calculated and measured fluxes

was determined to check the accuracy of the model (Figure 07).
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Figure 07. Percentage errors between calculated and measured fluxes rates. Points

represent the fluxes rates from xylose to ethanol. S. stipitis (black line), S. arborariae (grey
dark line) and S. passalidarum (gray light line).
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The reactions present in xylose assimilation pathway (R01 - 04), is observed that only the
RO1 in S. stipitis and S. arborariae the error is of 85% and 60%, respectively. In pentose
phosphate pathway (R05 - R09) the error is less than 10%, except for RO5 in S.
passalidarum. The reaction R10, responsible by regenerate NADPH in oxidative pentose
phosphate pathway and the reversible reaction R11 also showed error higher than 60%.
In general, from twenty metabolic fluxes rates that are involved xylose conversion to
ethanol, four of them (RO1, R05, R10, R11 and R15) were not predicted accurately in the
metabolic model proposed. Thus showing that our analysis was able to predict 74% of

fluxes rate with accuracy above 90%.

Conclusions

The present work shows a detailed metabolic profile of natural xylose-fermenting yeasts.
A new stoichiometric reactions model from xylose until ethanol was useful to estimate the
metabolic flux distribution in Spathaspora yeasts for first time. The metabolic flux model
was useful to improve accuracy metabolome data through the metabolic flux model. Based
on the flux analysis S. stipitis and S. passalidarum are the two promise yeasts with better
metabolic characteristics able to perform xylose fermentation. It is proposed that the high
xylose assimilation rates allow high ethanol production. The carbon distribution is divided
among PPP and glycolysis pathways similarly. In S. passalidarum the highest flux rate of
XR NADH-dependent demanded less NADPH regeneration. And inactive flux rate to
glycerol production are metabolic characteristics that allows better NADH/NAD+ balance,

thus allowing improves ethanol production from xylose.
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SUPPLEMENTARY FILES

Utilization of metabolic flux analysis for metabolome data validation of xylose-

fermenting yeasts

Supplementary file 01. Experimental planning for the metabolomics samples in the three
species of xylose-fermenting yeasts.
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Supplementary file 02. Overview of metabolic network model with the direction
reactions and cofactor (NADPH/NADP+ and NADH/NAD+) used by enzymes.
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Supplementary file 03. Metabolites concentration. Average (ug/mL) of samples in
exponential growth phase on oxygen-limited condition with respective standard deviation

(s).

S. stipitis S. arborariae S. passalidarum
Metabolites
(ug/mL) s (ug/mL) s (ug/mL) s
ACCOA - - 8.5733 2,067 10.115 0.035
AKG - - - - - -
MAL 28.090 2.880 15.7400 1,922 56.330 0.552
G6P 6.6100 1.180 4.5867 1,940 16.605 2.171
F6P 8.4967 0.812 5.5500 1,030 21.100 0.891
DHAP 3.5000 0.297 - 0,544 3.3300 0.014
GAP - - - - - -
RSP 4.1900 0.523 - 0,608 6.6900 0.806
Ru5P 11.8050 1.66 8.1533 2,095 11.9300 0.523
E4p 1.8900 0.135 - - 2.6650 0.021
S7pP 19.9433 3.91 17.3967 2,735 140.060 11.851
PEP 3.5267 0.423 4.7333 0,820 13.8150 0.389
PYR 8.6100 0.283 1.4233 0,775 5.0950 0.827
XYLU - - - - - -
XYL 3389.29 841.2 5116.46 312,05 1632.65 504.82
GLU - - - - -
GLY - - - - -

XOL 221.58 79.43 422.62 29,84 227.74 132.56




Supplementary file 04.

Reactions in stoichiometric model input in OptFlux to MFA approach.

ID Reactions equation EC number Pathways
RO1 D-Xylose[c] + NADPH[c] --> Xylitol[c] + NADP[c] 1.1.1.307 Xylose Assimilation Pathway
R02 D-Xylose[c] + NADH]c] --> Xylitol[c] + NAD|[c] 1.1.1.307 Xylose Assimilation Pathway
RO3 Xylitol[c] + NAD[c] --> D-Xylulose[c] + NADH|[c] 1.1.1.9 Xylose Assimilation Pathway
RO4 D-Xylulose[c] + ATP][c] --> D-Xylulose_5-phosphate[c] + ADP[c] 2.7.1.17 Xylose Assimilation Pathway
RO5 D-Xylulose_5-phosphate[c] --> D-Ribulose_5-phosphate[c] 5.1.3.1 Pentose Phosphate Pathway
RO6 D-Xylulose_5-phosphate[c] + D-Erythrose_4-phosphate[c] --> D-Fructose_6-phosphate[c] + D-Glyceraldehyde_3-phosphate]c] 2.2.11 Pentose Phosphate Pathway
RO7 D-Xylulose_5-phosphate[c] + D-Ribose_5-phosphate[c] --> Sedoheptulose_7-phosphate[c] + D-Glyceraldehyde_3-phosphate[c] 2211 Pentose Phosphate Pathway
RO8 D-Ribulose_5-phosphate[c] --> D-Ribose_5-phosphate|[c] 5.3.1.6 Pentose Phosphate Pathway
R0O9 Sedoheptulose_7-phosphate[c] + D-Glyceraldehyde_3-phosphate[c] --> D-Erythrose_4-phosphate[c] + D-Fructose_6-phosphate[c] 2.2.1.2 Pentose Phosphate Pathway
R10 D-Glucose_6-phosphate[c] + 2 NADP[c] --> D-Ribulose_5-phosphate[c] + CO2[c] + 2 NADPH|c] 1.1.1.49 Pentose Phosphate Pathway
R11 D-Glucose_6-phosphate[c] <--> D-Fructose_6-phosphate[c] 5.3.1.9 Glycolisis Pathway
R12 D-Fructose_6-phosphate[c] + ATP[c] <--> D-fructose-1-6-bisphosphate[c] + ADP[c] 2.7.1.11 Glycolisis Pathway
R13 D-fructose-1-6-bisphosphate[c] --> Dihydroxyacetone_phosphate[c] + D-Glyceraldehyde_3-phosphate|c] 4.1.2.13 Glycolisis Pathway
R14 Dihydroxyacetone_phosphate[c] --> D-Glyceraldehyde_3-phosphate[c] 5.3.1.1 Glycolisis Pathway
R15 Dihydroxyacetone_phosphate[c] + NADH|[c] --> Glycerol[c] + NAD[c] 1.1.1.156 Glycolisis Pathway
R16 D-Glyceraldehyde_3-phosphate[c] + NAD[c] --> Phosphoenolpyruvate[c] + NADH[c] 1.2.1.12 Glycolisis Pathway
R17 Phosphoenolpyruvate[c] + ADP[c] --> Pyruvate[c] + ATP[c] 2.7.1.40 Pyruvaye Metabolism
R18 Pyruvate|[c] --> Acetaldehyde[c] + CO2]c] 4111 Pyruvaye Metabolism
R19 Acetaldehyde[c] + NADH|[c] --> Ethanol[c] + NAD[c] 1.1.1.1 Pyruvaye Metabolism
R20 Acetaldehyde[c] + NADP|[c] --> Acetate[c] + NADPH[c] 1.2.1.5 Pyruvaye Metabolism
R21 Acetate[c] + CoA[c] + ATP[c] --> Acetyl_CoA[c] + ADP[c] + Pi[c] 6.2.1.1 Pyruvaye Metabolism
R22 Pyruvate[c] + CO2[c] + ATP[c] --> Oxaloacetate[c] + ADP[c] + Pi[c] 6.4.1.1 TCA Cicle Pathway
R23 Acetyl_CoA[c] + Oxaloacetate[c] --> Citrate[c] + CoA[c] 2.3.3.1 TCA Cicle Pathway
R24 Citrate[c] --> Isocitrate[c] 4.2.1.3 TCA Cicle Pathway
R25 Isocitrate[c] + NAD|[c] --> alpha-Ketoglutaric_acid[c] + CO2[c] + NADH]c] 1.1.1.41 TCA Cicle Pathway
R26 alpha-Ketoglutaric_acid[c] + NAD[c] --> Succinate[c] + NADH[c] + CO2 1.2.4.2 TCA Cicle Pathway
R27 Succinate[c] --> Fumarate[c] 1.3.5.1 TCA Cicle Pathway
R28 Fumarate|[c] --> Malate[c] 4.2.1.2 TCA Cicle Pathway
R29 Malate[c] + NAD|[c] --> Oxaloacetate[c] + NADH]c] 1.1.1.37 TCA Cicle Pathway
R30 D-Xylose[e] --> D-Xylose[c] External Metabolite
R31 Xylitol[c] --> Xylitol[e] External Metabolite
R32 Glycerol[c] --> Glycerol[e] External Metabolite
R33 CO02[c] --> CO2[e] External Metabolite
R34 Ethanol|[c] --> Ethanol[e] External Metabolite
R35 Pyruvate[c] --> Pyruvate[e] External Metabolite
R36 Acetate[c] --> Acetate[e] External Metabolite
R37 Succinate[c] --> Succinate[e] External Metabolite
R38 0.300 alpha-Ketoglutaric_acid[c] + 0.287 Oxaloacetate[c] + 0.406 Pyruvate[c] + 0.061 D-Erythrose_4-phosphate[c] + Biomass_reaction
0.040 D-Ribose_5-phosphate[c] + 0.164 D-Glyceraldehyde_3-phosphote[c] + 0.122 Phosphoenolpyruvate[c] +
0.176 Acetyl_CoA[c] + 1.762 NADPH|c] --> 0.071 Fumarate[c] + 0.026 Acetate[c] + 0.335 NADH[c] + 1.521 Pi[c] + 0.323 CO2]c]
R39 Biomass|[c] --> Biomass_formation[e] Biomass_formation




Supplementary file 05.
Metabolites in the stoichiometric model input in OptFlux.

ID Metabolites Formula Compartment
XYL[c] D-Xylose|[c] C5H1005 cytosol
XOL[c] Xylitol[c] C5H1205 cytosol
XYLU[c] D-Xylulose[c] C5H1005 cytosol
XYLU-5P[c] D-Xylulose_5-phosphate[c] C5H1108P cytosol
ERY-4P|c] D-Erythrose_4-phosphate|c] C4H9O07P cytosol
FRU-6P[c] D-Fructose_6-phosphate|c] C6H1309P cytosol
F1-6-BP[c] D-fructose-1-6-bisphosphate[c] C6H14012P2 cytosol
GA-3P|c] D-Glyceraldehyde_3-phosphate[c] C3H706P cytosol
RIB-5P|c] D-Ribose_5-phosphate [c] C5H1108P cytosol
SEDO-7P]c] Sedoheptulose_7-phosphate[c] C7H15010P cytosol
RIBU-5P]c] D-Ribulose_5-phosphate[c] C5H1108P cytosol
GLU-6P|[c] D-Glucose_6-phosphate|c] C6H1309P cytosol
DHAP|c] Dihydroxyacetone_phosphate|c] C3H706P cytosol
3PGT|c] 3-Phosphoglycerate[c] C3H707P cytosol
GROLIC] Glycerol|[c] C3H803 cytosol
GLY-3P|c] Glycerol_3-phosphate|c] C3H906P cytosol
PEP[c] Phosphoenolpyruvate[c] C3H506P cytosol
PYR[c] Pyruvate|[c] C3H403 cytosol
ACDH|c] Acetaldehyde|c] C2H40 cytosol
ETOH|c] Ethanol|[c] C2H60 cytosol
ACE|[c] Acetate|c] C2H402 cytosol
ACCOA|C] Acetyl-CoAJc] C23H38N7017P3S cytosol
COA|[C] CoA|c] C21H36N7016P3S cytosol
OXA|c] Oxaloacetate[c] C4H405 cytosol
CIT[c] Citrate[c] C6H807 cytosol
ISO|c] Isocitrate|c] C6H807 cytosol
AKG[c] alpha-Ketoglutaric_acid|[c] C5H605 cytosol
FUM|c] Fumarate|[c] C4H404 cytosol
SUC|c] Succinate[c] C4H604 cytosol
MAL[c] Malate[c] C4H605 cytosol
CO2[c] Carbon_dioxide|[c] CO2 cytosol
Pi[c] Phosphate[c] H3PO4 cytosol
H20|c] H20([c] H20 cytosol
NADPH|c] NADPH|c] C21H30N7017P3 cytosol
NADP|c] NADP|c] C21H29N7017P3 cytosol
NADH|c] NADH(c] C21H29N7014P2 cytosol
NAD|c] NAD|c] C21H28N7014P2 cytosol
ATP]c] ATP|c] C10H16N5013P3 cytosol
ADP[c] ADP|c] C10H15N5010P2 cytosol
Biomass|c] Biomass|c] CH1.800.5N0.2 cytosol
XYL[e] D-Xylose[e] C5H1005 external
XOL[e] Xylitol[e] C5H1205 external
GROL[e] Glycerol|[e] C3H803 external
ETOH[e] Ethanol[e] C2H60 external
PYR[e] Pyruvate[e] C3H403 external
ACE[e] Acetate[e] C2H402 external
SUCle] Succinate[e] C4H604 external
CO2[e] Carbon_dioxide[e] CO2 external




Supplementary file 06.

P-values for effects class (C), time (T) and interaction between class and time (ICT) of
ANOVA table for yeasts S. arborariae, S. passalidarum and S.stipitis under oxygen-
limited.

S. stipitis S. arborariae S. passalidarum
Metabolite
p-value p-value p-value
(4 T ICT C T ICT (4 T ICT

L_MAL kkk k% k%

G6P

F6P * *
DHAP * ok

R5P * *

E4P * *

PYR

Significance codes: * ’ 0; “***’ 0.001; ** 0.01; “* 0.05



Supplementary file 07. Correlation (R2) between calculated and measured fluxes.
(a) S. stipitis; (b) S. arborariae; and (c) S. passalidarum. ACCOA (acetyl-CoA), DHAP
(dihydroxy-acetone-phosphate), (E4P) erythrose-4-phosphate), F6P (fructose-6-
phosphate), G6P (glucose-6-phosphate), MAL (malate), PEP (phosphoenolpyruvate), PYR
(pyruvate), R5P (ribose-5-phosphate), RU5P (ribulose-5-phosphate), S7P (sedoheptulose-
7-phosphate) were the metabolites measured. (X-axis) show the calculated flux using the
constrained values of products. (Y-axis) show measured fluxes with respectively
metabolites concentrations. Fluxes rates are in mmol/gCDW.h-1
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