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viii Summary

In recent decades, there has been an increase demand for renewable sources of energy and chemicals
in replacement of their fossil-based counterparts to tackle the economic, social, and environmental issues
associated with the processing and use of petrochemicals by humanity. Sucrose has proven to be a
suitable alternative feedstock to substitute petroleum for the commercial manufacture of not only fuel
ethanol but also higher value-added compounds, such as trans p-farnesene and polyethylene. And there
is a great potential to expand this portfolio. Besides its low market price, sucrose is also advantageous
to industrial applications owing to its ready-to-use property that results in reduced overall production
costs. Industrial sucrose-based microbial fermentation is feasible to a great extent due to the yeast
Saccharomyces cerevisiae’s natural ability to metabolize this sugar at high rates. Also, yeast’s
robustness under harsh industrial conditions, its simple nutritional requirements and the availability of
modern genetic tools for the engineering of taylor-made strain has made it an appropriate catalyst in a
wide range of bioprocesses. In spite of all this, S. cerevisiae's physiology on sucrose, as well as the

regulatory mechanisms triggered by this disaccharide in yeast are still rather under-researched topics.

Our current understanding on sucrose metabolism in S. cerevisiae, in particular the knowledge gained
using well-controlled cultivation conditions, is extremely limited. The hitherto reported studies focused
on laboratory strains or on a particular strain that was pre-adapted to growth on sucrose for several
generations, which changed its original physiology. To our knowledge, no published study has
investigated several strains simultaneously for their physiology on sucrose, at least not under well-
controlled conditions, such as those encountered in a bioreactor. Previous experiments indicated that S.
cerevisiae's physiology on sucrose can vary dramatically among different strains. One trait that stood
out in the latter study is the maximum specific growth rate on sucrose, which was higher, equal, or lower
than the corresponding value on glucose, depending on the strain. Since these previous experiments had
been performed under not-so-well-controlled conditions (microtiter plate cultivations with growth
monitored by light-scattering-based methods), and due to the importance of many biotechnological
processes that employ S. cerevisiae and sucrose at their core, the work presented in this thesis aimed at

deepening our knowledge on this yeast's physiology on this important disaccharide.

Because determining the maximum specific growth rate (imax) of @ microorganism under a defined
condition is of utmost relevance in bioprocess development, chapter 2 illustrates the challenges to be
overcome before an appropriate calculation and interpretation of this parameter can be accomplished.
The pmax of different S. cerevisiae strains was calculated for growth on glucose in microplates, shake-
flasks, or bioreactors as cultivation systems. The evaluation of several calibration methods showed that
the translation of absorbance (Abs) into dry cell mass concentration is rather inaccurate. Statistical
analysis exemplified that the errors associated to pmax depended on the regression method used, namely
either fitting one regression line to data of each independent replicate analyzed all together or fitting one

regression line per independent replicate (i.e., data from independent replicates are analyzed separately),



Summary

and might alter the statistical outcomes. Moreover, the divergent pumax values obtained during
cultivations with complex medium compared to defined medium for any individual strain, or during
cultivations with the same medium but in different systems endorsed the influence of both medium and
system on this growth parameter. Experiments with sucrose or fructose were carried out and the pmax
values obtained under these conditions were compared to the values on glucose. This comparative
analysis showed that the growth capability of a strain on a specific carbon source can be either lower,
equivalent, or higher than in another substrate depending on the cultivation system used. This practical
example illustrates the implications of carefulness on the interpretation of umax, and is particularly

relevant in screening procedures.

Chapter 3 describes a fundamental study of the quantitative aerobic physiology of the yeast S.
cerevisiae during growth on sucrose as sole carbon and energy source. The laboratory strain
CEN.PK113-7D, the fuel ethanol industrial strain JP1, and the wild isolate UFMG-CM-Y259 were
characterized during well-controlled aerobic batch bioreactor cultivations. Quantification of
extracellular metabolite concentrations, dry mass, and periplasmic invertase activity allowed for a
comprehensive analysis of relevant physiological parameters. The growth capacity on sucrose was
different amid the three strains and this was accompanied by distinct extracellular hexose concentration
and invertase activity profiles. The lowest maximum specific growth rate on sucrose (umax = 0.21 ht)
was achieved by the CEN.PK113-7D strain, for which the lowest periplasmic invertase activity (0.04 to
0.09 U mgom™) and extracellular hexose concentrations were also found. These observations suggest
that under the evaluated conditions invertase activity was a constraint for sucrose metabolism in this
laboratory strain. Furthermore, cultivations with glucose or fructose alone, or in an equimolar mixture,
were performed. These experiments enabled comparative physiological analyses that indicated
combined mechanisms of sucrose utilization by the industrial strain JP1, and exposed the ability of the
indigenous strain UFMG-CM-Y259 to grow faster on sucrose than on glucose under well-controlled
conditions. Besides, for the latter strain, the physiology on fructose was shown to be more similar to that

on sucrose than on glucose.

As a follow up of the remarkable observation of higher pmax 0n sucrose than on glucose displayed
by the UFMG-CM-Y 259 strain, chapter 4 focuses on comparative quantitative proteomics of these two
growth conditions for the same three strains. A label free quantification technique was employed to
reveal the changes in protein abundance for the sucrose-glucose pairwise comparisons. ANOVA was
applied on the observed differences to test for significance. The abundance of invertase (Suc2p) was
shown significantly unchanged in all strains. Besides, no changes in transcription factor (TF) levels were
common to the three strains, which indicates that no protein in this category responded to sucrose levels.
The protein kinase A (PKA) regulatory subunit, Bcylp, was up- and down-regulated in CEN.PK113-
7D and UFMG-CM-Y259, respectively, suggesting that PKA influences the growth capability on
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sucrose. With the JP1 strain, neither the up- nor the down-regulated proteins promoted the
overrepresentation of any gene ontology (GO) biological process or the enrichment of any pathway
according to the KEGG database. This was attributed to the similar physiology of this strain on sucrose
compared with glucose (chapter 3). A reverse pattern of overrepresented GO biological processes and
enriched KEGG pathways was shown for the CEN.PK113-7D and UFMG-CM-Y 259 strains. A negative
correlation between growth rate on sucrose and ribosome enrichment was observed, which corroborates
a previous theory on a trade-off between ATP yield per protein mass and the respiratory capacity.
According to this theory, higher respiratory capacity demands more ribosomes, and, therefore, lower

ATP yield per protein mass is achieved by the cells, which has consequences on pmax.

This study demonstrates the potential for improving sucrose-based industrial bioprocesses using S.
cerevisiae as a cell factory. Additionally, the knowledge acquired with the work reported in this thesis

provides the basis for further research on strain improvement.
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Translated by Maxime den Ridder

In de afgelopen decennia is de vraag naar hernieuwbare energiebronnen en chemicalién ter
vervanging van hun fossiele tegenhangers toegenomen om de economische, sociale en milieu kwesties
aan te pakken die verband houden met de verwerking en het gebruik van petrochemicalién door de
mensheid. Sucrose blijkt een geschikte alternatieve grondstof om petroleum (gedeeltelijk) te vervangen
voor de commerciéle productie van niet alleen brandstof ethanol maar ook voor hogere toegevoegde
waarde verbindingen, zoals trans B-farneseen en polyethyleen. En er bestaat een grote mogelijkheid om
deze portfolio uit te breiden. Naast de lage marktprijs is sucrose ook voordelig voor industriéle
toepassingen, omdat de totale productiekosten laag blijven door de gebruiksklare eigenschap van deze
grondstof. Industriéle, op sucrose-gebaseerde microbiéle fermentatie is in hoge mate mogelijk dankzij
het natuurlijke vermogen van de gist Saccharomyces cerevisiae om deze suiker met hoge snelheden te
metaboliseren. Daarnaast is deze gist een geschikte katalysator in een breed scala aan bio-processen
door zijn robuustheid onder zware industriéle omstandigheden, de eenvoudige voedingsbehoeften en de
beschikbaarheid van moderne genetische instrumenten voor de engineering van een op maat gemaakte
stam. Desondanks zijn de fysiologie van S. cerevisiae op sucrose, evenals de regulerende mechanismen

die door deze disacharide in gist worden geactiveerd, nog steeds vrij weinig onderzochte onderwerpen.

Ons huidige begrip van het sucrosemetabolisme in S. cerevisiae is uiterst beperkt, in het
bijzonder de kennis die is opgedaan onder goed gecontroleerde cultivatieomstandigheden. De tot nu toe
gerapporteerde onderzoeken waren gericht op laboratoriumstammen of op een bepaalde stam die vooraf
was aangepast aan groei op sucrose gedurende verschillende generaties, waardoor de oorspronkelijke
fysiologie was veranderd. VVoor zover ons bekend, heeft geen enkele gepubliceerde studie verschillende
stammen tegelijkertijd onderzocht op hun fysiologie op sucrose, althans niet onder goed gecontroleerde
omstandigheden, zoals die worden aangetroffen in een bioreactor. Eerdere experimenten gaven aan dat
de fysiologie van S. cerevisiae op sucrose dramatisch kan variéren tussen verschillende stammen. De
maximale specifieke groeisnelheid op sucrose was hier opvallend, aangezien deze hoger, gelijk of lager
was dan de overeenkomstige waarde voor glucose, afhankelijk van de stam. Maar deze eerdere
experimenten waren uitgevoerd onder niet-zo-goed gecontroleerde omstandigheden (cultivaties in
microtiter platen met groei gevolgd door methoden gebaseerd op lichtverstrooiing). Daarnaast zijn
sucrose en S. cerevisiae de kern ingrediénten in vele biotechnologische processen. Het werk dat in dit
proefschrift wordt gepresenteerd is hierdoor gericht op het verdiepen van onze kennis over de fysiologie

van deze gist op dit belangrijke disacharide.

Omdat het bepalen van de maximale specifieke groeisnelheid (umax) van een micro-organisme
onder een gedefinieerde conditie van het grootste belang is bij de ontwikkeling van bio-processen,

illustreert hoofdstuk 2 de uitdagingen die moeten worden overwonnen voordat een geschikte
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berekening en interpretatie van deze parameter kan worden bereikt. De uwmax van verschillende S.
cerevisiae-stammen werd berekend voor groei op glucose in microplaten, schudkolven of bioreactoren
als cultivatiesystemen. De evaluatie van verschillende kalibratiemethoden toonde aan dat de vertaling
van absorptie (Abs) naar droge celmassaconcentratie nogal onnauwkeurig is. Statistische analyse
illustreerde dat de fouten geassocieerd met umax afhingen van de gebruikte regressiemethode, namelijk
ofwel het passen van één regressielijn aan de gegevens van elk onafhankelijke replica in één
gezamenlijke analyse, ofwel het passen van één regressielijn per onafhankelijke replica (d.w.z. gegevens
van onafhankelijke replica’s werden afzonderlijk geanalyseerd), en kan de statistische uitkomsten
beinvloeden. Bovendien onderschreven de divergerende pumax-waarden die werden verkregen tijdens
cultivaties met complex medium in vergelijking met gedefinieerd medium voor elke individuele stam,
of tijdens cultivaties met hetzelfde medium maar in verschillende cultivatiesystemen, de invloed van
zowel medium als systeem op deze groeiparameter. Experimenten met sucrose of fructose werden
uitgevoerd en de umax-waarden die onder deze omstandigheden werden verkregen, werden vergeleken
met de waarden op glucose. Deze vergelijkende analyse toonde aan dat het groei-vermogen van een
stam op een specifieke koolstofbron lager, equivalent of hoger kan zijn dan in een ander substraat,
afhankelijk van de gebruikte cultivatiemethode. Dit praktische voorbeeld illustreert de implicaties van

zorgvuldigheid bij de interpretatie van pmax, €n is met name relevant bij screeningprocedures.

Hoofdstuk 3 beschrijft een fundamentele studie van de kwantitatieve aerobe fysiologie van de
gist S. cerevisiae tijdens groei op sucrose als enige koolstof- en energiebron. De laboratorium-stam
CEN.PK113-7D, de brandstof-ethanol industriéle stam JP1 en het wilde isolaat UFMG-CM-Y259
werden gekarakteriseerd tijdens goed gecontroleerde aerobe batch-bioreactor cultivaties. Kwantificering
van extracellulaire metabolietconcentraties, droge massa en periplasmatische invertase-activiteit maakte
een uitgebreide analyse van relevante fysiologische parameters mogelijk. De groeicapaciteit op sucrose
was verschillend tussen de drie stammen en dit ging gepaard met verschillende extracellulaire hexose-
concentraties en invertase-activiteitsprofielen. De laagste maximale specifieke groeisnelheid op sucrose
(umax = 0.21 ht) werd behaald door de CEN.PK113-7D stam, waarvoor ook de laagste periplasmatische
invertase-activiteit (0.04 tot 0.09 U mgpm™) en extracellulaire hexose-concentraties werden gevonden.
Deze waarnemingen suggereren dat onder de geévalueerde omstandigheden de invertase-activiteit
beperkend was voor het sucrosemetabolisme in deze laboratoriumstam. Daarnaast werden gist
cultivaties uitgevoerd met glucose of fructose alleen, of in een equimolair mengsel. Deze experimenten
maakten vergelijkende fysiologische analyses mogelijk die duidden op gecombineerde mechanismen
van sucrosegebruik door de industriéle stam JP1, en lieten het vermogen van de inheemse stam UFMG-
CM-Y259 zien om onder goed gecontroleerde omstandigheden sneller te groeien op sucrose dan op
glucose. Bovendien bleek voor de laatste stam de fysiologie op fructose meer vergelijkbaar te zijn met

die op sucrose dan op glucose.
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Als vervolg op de opmerkelijke waarneming van een hogere pmax Op sucrose dan op glucose,
weergegeven door de UFMG-CM-Y259-stam, richt hoofdstuk 4 zich op vergelijkende kwantitatieve
proteomics van deze twee groeiomstandigheden voor dezelfde drie stammen. Een labelvrije
kwantificeringstechniek werd gebruikt om de veranderingen in eiwit hoeveelheid te bepalen voor de
paarsgewijze vergelijkingen van sucrose en glucose. ANOVA werd toegepast op de waargenomen
verschillen om te testen op significantie. De hoeveelheid invertase (Suc2p) bleek significant
onveranderd te zijn in alle stammen, wat suggereert dat in JP1 en UFMG-CM-Y 259 dit eiwit ook kan
worden gecodeerd door een ander SUC-gen dan SUC2. Bovendien waren er geen veranderingen in
transcriptiefactor (TF) niveaus gemeenschappelijk voor de drie stammen, wat aangeeft dat geen enkel
eiwit in deze categorie reageerde op sucrose niveaus. De regulerende sub-eenheid van proteinekinase A
(PKA), Beylp, werd op- en neerwaarts gereguleerd in respectievelijk CEN.PK113-7D en UFMG-CM-
Y259, wat suggereert dat PKA het groeivermogen op sucrose beinvlioedt. VVoor de JP1-stam,
bevorderden noch de op- noch de neerwaarts-gereguleerde eiwitten de oververtegenwoordiging van enig
biologisch proces van genontologie (GO) of de verrijking van welke route dan ook volgens de KEGG-
database. Dit werd toegeschreven aan de vergelijkbare fysiologie van deze stam op sucrose in
vergelijking met glucose (hoofdstuk 3). Een omgekeerd patroon van oververtegenwoordigde
biologische GO-processen en verrijkte KEGG-routes werd aangetoond voor de CEN.PK113-7D- en
UFMG-CM-Y259-stammen. Een negatieve correlatie tussen groeisnelheid op sucrose en
ribosoomverrijking werd waargenomen, wat een eerdere theorie bevestigt over een afweging tussen
ATP-opbrengst per eiwitmassa en de respiratoire capaciteit. Volgens deze theorie vereist een hogere
respiratoire capaciteit meer ribosomen en daarom wordt een lagere ATP-opbrengst per eiwitmassa

bereikt door de cellen, wat gevolgen heeft voor pmax.

Deze studie toont de mogelijkheid aan voor het verbeteren van op sucrose-gebaseerde
industriéle bio-processen door S. cerevisiae als cel fabriek te gebruiken. Bovendien vormt de kennis die
is opgedaan met het werk dat in dit proefschrift wordt beschreven, de basis voor verder onderzoek naar

stamverbetering.
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Nas Ultimas décadas, tem havido um aumento da demanda por fontes renovaveis de energia e
quimicos como alternativa aos materiais petroquimicos, a fim de amenizar os impactos econdémicos,
sociais e ambientais oriundos do processamento e uso de petroquimicos pela humanidade. A sacarose
destaca-se como uma matéria-prima alternativa para substituir o petréleo na manufatura de etanol
combustivel, bem como de outros compostos de alto valor agregado, como trans-p-farneseno e
polietileno. E, hd um grande potential para expansdo deste portifélio. Além do seu baixo valor de
mercado, a sacarose é vantajosa para aplicacdes industriais pelo beneficio de ndo necessitar de pré-
tratamento, o que reduz o custo total do processo de producdo. A fermentacdo industrial microbiana a
base de sacarose é possivel em grande parte devido a abilidade natural da levedura Saccharomyces
cerevisiae para metabolizar este aclcar com velocidade alta. Ainda, a robustés desta levedura frente as
drasticas condicOes industriais, requerimentos nutricionais simples e a disponibilidade de ferramentas
genéticas para o engenheiramento de linhagens viabilizam o uso deste biocatalizador em uma ampla
gama de bioprocessos. Apesar das vantagens mencionadas, a fisiologia da levedura S. cerevisiae em
sacarose, bem como os mecanismos regulatérios desencadeados por este dissacarideo, ndo foram

suficientemente estudados pela comunidade cientifica.

Nosso conhecimento sobre o metabolismo da sacarose em S. cerevisiae, em particular sob
condigdes de cultivo bem controlodas, é extremamente limitado. Os estudos ja reportados focaram ou
em linhagens laboratoriais ou em uma linhagem particular pré-adaptada para crescimento em sacarose
por muitas geracdes, o que modificou sua fisiologia original. Até onde sabemos, nenhum estudo
publicado investigou varias linhagens simultaneamente quanto a fisiologia em sacarose, em condi¢des
bem controladas, como as encontradas em um biorreator. Experimentos anteriores indicaram que a
fisiologia da S. cerevisiae em sacarose pode variar dramaticamente entre diferentes linhagens. Uma
caracteristica que se destacou neste estudo prévio é a velocidade maxima especifica de crescimento em
sacarose, que foi maior, igual ou menor do que o valor correspondente em glicose, dependendo da
linhagem. Uma vez que estes experimentos anteriores foram realizados em condigdes ndo tdo bem
controladas (cultivos em microplacas com crescimento monitorado por métodos baseados em
espalhamento de luz), e devido a importancia de muitos processos biotecnoldgicos que utilizam S.
cerevisiae e sacarose, o trabalho apresentado nesta tese objetivou aprofundar nosso conhecimento sobre

a fisiologia desta levedura neste importante dissacarideo.

Uma vez que determinar a velocidade maxima especifica de crescimento (umax) de um
microrganismo sob uma condicdo definida é de extrema relevancia no desenvolvimento de bioprocessos,
o capitulo 2 ilustra as precaucfes que devem ser tomadas para que o célculo e interpretacdo deste
pardmetro possam ser realizados apropriadamente. A pvax de diferentes linhagens de S. cerevisiae foi
calculada para o crescimento em glicose utilizando microplacas, frascos agitados, ou biorreatores como

sistemas de cultivo. A avaliacao de varios métodos de calibragdo mostrou que a traducdo da absorbancia
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(Abs) em concentracdo de massa seca celular é bastante imprecisa. Analises estatisticas exemplificaram
que os erros associados ao calculo da pmax dependem do método de regressdo usado — ajuste de uma
linha de regressdo aos dados de cada réplica analisados em conjunto, ou ajuste de uma linha de regressdo
por réplica (ou seja, os dados de réplicas independentes sdo analisados separadamente) —, e podem
alterar os resultados estatisticos. Além disso, 0s valores divergentes das Pmaxs obtidos durante os
cultivos com meio complexo em comparacdo com o0s cultivos com meio definido para qualquer
linhagem, ou durante os cultivos com o mesmo meio, mas em sistemas diferentes, endossaram a
influéncia do meio e do sistema neste parametro de crescimento. Experimentos com sacarose ou frutose
foram realizados e os valores das pmaxs obtidos nessas condi¢es foram comparados com os valores em
glicose. Esta analise comparativa mostrou que a capacidade de crescimento de uma linhagem em uma
fonte de carbono especifica pode ser menor, equivalente ou maior do que em outro substrato,
dependendo do sistema de cultivo utilizado. Este estudo de caso ilustra as implicagdes da precaucéo na

interpretacdo da pUmax € € particularmente relevante em procedimentos de triagem.

O capitulo 3 descreve um estudo fundamental da fisiologia aerdbia quantitativa da levedura S.
cerevisiae durante o crescimento em sacarose como fonte Unica de carbono e energia. A linhagem
laboratorial CEN.PK113-7D, a linhagem da industria de etanol combustivel JP1 e a linhagem selvagem
UFMG-CM-Y259 foram caracterizadas durante cultivos aerébios em modo batelada em biorreatores
bem controlados. A quantificacdo das concentracBes de metabolitos extracelulares, massa seca e
atividade da invertase periplasmatica permitiu uma analise abrangente de pardmetros fisioldgicos
relevantes. A capacidade de crescimento em sacarose foi diferente entre as trés linhagens e isso foi
acompanhado por perfis distintos de concentracdo extracelular de hexose e atividade da invertase. A
menor velocidade maxima especifica de crescimento em sacarose (umax = 0,21 h) foi atingida pela
linhagem CEN.PK113-7D, para a qual as menores atividades da invertase periplasmatica (0,04 a 0,09
U mgom?) e as menores concentragdes de hexose extracelular também foram observadas. Estas
observaces sugerem que, nas condi¢des avaliadas, a atividade da invertase restringiu o metabolismo da
sacarose nesta linhagem laboratorial. Além dos cultivos em sacarose, foram realizados cultivos apenas
com glicose ou frutose, ou com uma mistura equimolar destes monosacarideos. Esses experimentos
permitiram analises fisioldgicas comparativas que indicaram mecanismos combinados de utiliza¢do de
sacarose pela linhagem industrial JP1 e expuseram a capacidade da linhagem selvagem UFMG-CM-
Y259 de crescer mais rapido em sacarose do que em glicose em condi¢es bem controladas. Além disso,
para esta Ultima linhagem, a fisiologia em frutose se mostrou mais semelhante aquela em sacarose do

gue em glicose.

Para melhor investigar os mecanismos por tras da maior pmax em sacarose do que em glicose
exibida pela linhagem UFMG-CM-Y259, o capitulo 4 aborda um estudo comparativo da proteémica

quantitativa entre estas duas condi¢Bes de crescimento para as mesmas trés linhagens. A técnica de



Xviii Resumo

guantificacdo label-free foi empregada para revelar as alteracGes no perfil protedmico dos cultivos em
sacarose comparados aos cultivos em glicose. ANOVA foi aplicada nas diferengas observadas para
testar a significancia estatistica. A expressdo da invertase (Suc2p) mostrou-se significativamente
inalterada em todas as linhagens. Além disso, nenhuma alteracao nos niveis de expressao de algum fator
de transcricdo (TF) foi comum as trés linhagens, o que indica que nenhuma proteina desta categoria tem
sua expressdo regulada pela sacarose. A subunidade reguladora da proteina quinase A (PKA), Beylp,
teve sua expressdo aumentada e diminuida com as linhagens CEN.PK113-7D e UFMG-CM-Y259,
respectivamente, sugerindo que a PKA influencia a capacidade de crescimento em sacarose. Com a
linhagem JP1, nem as proteinas cuja expressao foi aumentada nem aquelas cuja expressao foi diminuida
promoveram a super-representacdo de qualquer processo biolégico com base na categorizacdo da
Ontologia Gene (GO) ou o enriquecimento de qualquer via de acordo com o banco de dados KEGG.
Isso foi atribuido a fisiologia semelhante dessa linhagem em sacarose em compara¢ao com a glicose
(capitulo 3). Um padréo reverso de processos bioldgicos super-representados e vias enriquecidas foi
observado para as linhagens CEN.PK113-7D e UFMG-CM-Y259. Observou-se ainda uma correlagdo
negativa entre a velocidade de crescimento em sacarose e 0 enriquecimento de ribossomo, o que
corrobora uma teoria anterior sobre um trade-off entre o rendimento de ATP por massa de proteina e a
capacidade respiratéria. Segundo esta teoria, maior capacidade respiratéria demanda mais ribossomos
e, portanto, menor rendimento de ATP por massa de proteina é alcancado pelas células, o que tem

consequéncias no pvax.

Este estudo demonstra o potencial para melhorar os bioprocessos industriais a base de sacarose
usando S. cerevisiae como cell factory. Além disso, o conhecimento adquirido com o trabalho relatado

nesta tese fornece a base para novas pesquisas sobre melhoramento de linhagens.
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Sucrose, the industrial feedstock

Sucrose (a-D-glucopyranosyl-(1<2)-B-D-fructofuranoside) is a disaccharide formed by a glycosidic
linkage between the reducing ends of the monomers glucose and fructose, that is available from
agricultural crops like sugar cane or sugar beet. Over 110 countries worldwide — from tropical and
temperate zones — cultivate these crops [1]. In the 2019/2020 crop year, the global sugar production
reached 166.2 million tons [2], of which 18% was produced from sugar cane in Brazil. From the beet
sugar side, the European Union production alone accounted for 17.3 million tons during the same crop
year [2]. The high and reliable availability accompanied by the low market price of sucrose make this
sugar an interesting feedstock for biotechnology, where the economics are highly driven by the raw

material costs.

Furthermore, when compared to glucose, sucrose is advantageous because sugarcane, its principal
source, is more profitable and environmentally friendly than maize, the main source of glucose [3]-[5].
As an example, in the industrial production of first generation fuel ethanol, nearly 2,000 liters more are
produced per hectare from sugarcane as compared to maize, depending on the cultivation conditions
(Yethanolisugarcane = 6,471 1.ha, Yetnanomaize = 4,182 L.hal; [4]). From the environmental perspective,
sugarcane ethanol can reduce life-cycle greenhouse gas (GHG) emissions in a range of 40 to 62%,
against 19-10% from corn-based fuel, relative to petroleum gasoline [3]. On the other hand, the ethanol
yield from sugar beet has been reported to be 95 l.ton? [6]. With a productivity of 57.2 ton.ha* year
[7], sugar beet ethanol yielded 5,434 I.hatin 2018, which makes this crop also an attractive alternative
to maize. However, due to the high costs and energy demand, sugar beet processing requires extra efforts

towards the feasibility of its industrial applications [8], [9].

The production of fuel and other chemicals from sucrose is a promising strategy to meet the policies
for reducing the environmental impact from the fossil-based manufactures. In Brazil, the Biofuels
National Policy (Renovabio) seeks to expand the contribution of fuel ethanol and biodiesel in 67% and
225%, respectively, in the national fuel matrix by 2029. This comes along with at least 10% decrease in
the carbon footprint from this sector [10], [11]. The European Union is currently also facing a
reformulation of its energy matrix. The Renewable Energy Directive (RED) asks for renewable energy

to make up to 32% of the overall energy consumed in the Union by 2030 [12].

The transition to bio-based processes nowadays expands beyond the food and fuel sectors. Large-
volume markets, such as surfactants [13], organic acids [14]-[16] and bio-based polymers [17], [18]
illustrate targets for sucrose conversion. Currently commercialized sucrose-based value-added products

include I’'m green™ Polyethylene (Braskem, Brazil) [19], trans B-farnesene (Amyris, USA) [20], and
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the protein materials Brewed Protein™ (Spiber, Japan) [21] that can be processed into, for instance,

delicate filament fibers for applications in the textile industry.
Sucrose, Saccharomyces cerevisiae’s food

The yeast Saccharomyces cerevisiae naturally metabolizes sucrose via two pathways [22]-[25]. One
begins in the periplasmic space of the cell and comprises the cleavage of sucrose glycosidic linkages by
the enzyme invertase (E.C. 3.2.1.2.6) expressed in its glycosylated form. The released monosaccharides,
glucose and fructose, are transported into the cytosol via facilitated diffusion, mediated by hexose
transporters (Hxtp), and are catabolized by glycolysis (Figure 1.1A).

In contrast to the periplasmic cleavage, the second pathway transports sucrose into the cell’s cytosol
coupled to one proton, via Malx1p, Agtlp and/or Mph2-3p transporters [23], [26] (Figure 1.1B). The
intracellular invertase (Suc), a maltase (Malx2p) or an isomaltase (Imal-5p) hydrolyze the disaccharide
into glucose and fructose [27]. The proton coupled uptake of sucrose implies in a lower energy yield
since the imported proton needs to be expelled to maintain the cell’s pH homeostasis [25]. The H*-
ATPases pump the proton to the extracellular space at the expense of ATP, with a 1:1 stoichiometry.
Although the extracellular route is predominant in sucrose-grown cultures of wild-type S. cerevisiae
[22], [25], strains cultivated under glucose and/or fructose repressing levels, as well as strains evolved

on sucrose, exhibit active uptake of the disaccharide [23], [28]-[30].
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Figure 1.1 Scheme of sucrose metabolism in Saccharomyces cerevisiae. A) Extracellular hydrolysis of

sucrose followed by hexose transport; B) Sucrose transport and intracellular hydrolysis.
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Quantitative physiology of S. cerevisiae during growth on sucrose in aerobic and

microaerobic batch cultivations

There are many open questions regarding the influence of sucrose on the cellular physiology.
Especially, the growth of S. cerevisiae on this disaccharide as sole carbon and energy source in aerobic
batch mode has not yet been sufficiently researched (Table 1.1). Presumably, the most detailed studies
made available come from the research group led by Dr. J.P. Barford (Sidney University, Australia).
This group mainly focused on the mechanisms of sucrose utilization, providing evidence, through
different experiments, for the active uptake of sucrose using the S. cerevisiae 248 UNSW 703100 strain
pre-adapted for 27 or 250 generations [28], [29], [31], [32]. Recently, the physiology of the Brazilian
fuel ethanol strains FT858 and CAT-1 during shake-flask cultivations with sucrose as carbon and energy
source was described by the group of Dr. G. Fonseca [33], [34]. Other researchers have limited their

study to the quantification of the maximum specific growth rate (umax) [35], [36].

Saccharomyces cerevisiae’s SUC gene family

The SUC gene family of the yeast Saccharomyces comprises nine structural genes (SUCL1-
SUCS5, SUC7-SUC10) located at distinct loci on several chromosomes [38]-[41]. The SUC genotype
varies from species to species, or even within representatives of the same species [42]. Each SUC gene
encodes both a glycosylated and a non-glycosylated form of the enzyme invertase [38]. Thus, having a
single SUC+ allele in the genome is sufficient for a strain to carry the ability to metabolize sucrose.
However, not all Saccharomyces yeasts carry positive alleles in their SUC genotype. But rather,
naturally occurring negative alleles (suc®) are present at some or all SUC loci in most yeasts from this

genus[39].

In Saccharomyces cerevisiae, the SUC2 gene, located at 14 kb from the subtelomeric region of
the left arm of chromosome X, is present in all studied strains of this yeast species [43]. Besides SUC2,

it has been demonstrated that some industrial strains carry several other SUC genes [44].

A single SUC2 allele originates two different messenger RNA, with 1.9 Kb and 1.8 Kb, that
differ from each other only in the transcription start position (5’ portion) [39], [45]. The longest MRNA
includes a coding sequence for a signal peptide that allows for the secretion and glycosylation of the
periplasmic form of invertase. The shortest one, on the other hand, is responsible for the production of
the non-glycosylated cytosolic invertase. While the expression of the secreted form of invertase is
controlled by glucose levels in the environment (Figure 1.2), the intracellular form is constitutively

expressed [45].
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Table 1.1 Overview of physiological parameters for Saccharomyces cerevisiae grown on sucrose in aerobic or microaerobic batch mode.

Strain ,[Aécg;a]?tation I[réi}i_?]l sucrose l[lh'v_'ﬁx Eg]):zmass.gsugar'l] ([qr;mol(i._Ceq. ?FEOI;OL ?r(r))zmol. Reference
Ogiomass -] Oiomass>.N™]  OBiomass*.h™]
BIOREACTOR
UNSW 703 100 250 10.0 0.55 0.16 19.0 N.A. N.A. [28]
UNSW 703 100 250 125 0.50 N.A. N.A. N.A. N.A. [29]
UNSW 703 100 27 10.0 0.42 0.16 14.7 20.8 4.9 [37]
UNSW 703 100 250 10.0 0.54 0.16 19.0 18.3 4.3 [37]
SHAKE-FLASK
CBS8066 0 10.0 0.42 N.A. N.A. N.A. N.A. [35]
BAY.17 0 10.0 0.42 N.A. N.A. N.A. N.A. [35]
X2180 0 10.0 0.34 N.A. N.A. N.A. N.A. [35]
CEN.PK122 0 10.0 0.38 N.A. N.A. N.A. N.A. [35]
FT858 0 10.0 0.43 0.14 N.A. NLA. N.A. [33]
CAT-1 0 100 0.45 0.16 N.A. N.A. N.A. [34]
MICROPLATE
UFMG-CM-Y254 0 20.0 0.50 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y 255 0 20.0 0.51 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y 256 0 20.0 0.56 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y 257 0 20.0 0.57 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y259 0 20.0 0.57 N.A. N.A. N.A. N.A. [36]
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Strain g(:iﬁ)tation I[r;]i}i_?]l stcrose ‘[‘h“?ﬁx E;E’imass. Geoga] ?r?]mOIGlLCeq. ?r(;l?;ol. ([qr?fmol. Reference
' ! Ogiomass -N™]  Usiomass 2.h™?]  Usiomass *.h?]
Microplate
UFMG-CM-Y260 0 20.0 0.49 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y 262 0 20.0 0.49 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y263 0 20.0 0.48 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y264 0 20.0 0.49 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y 266 0 20.0 0.53 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y 267 0 20.0 0.40 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y455 0 20.0 0.55 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y636 0 20.0 0.42 N.A. N.A. N.A. N.A. [36]
UFMG-CM-Y643 0 20.0 0.51 N.A. N.A. N.A. N.A. [36]
CAT-1 0 20.0 0.45 N.A. N.A. N.A. N.A. [36]
PE-2 0 20.0 0.45 N.A. N.A. NA. NA. [36]
JP1 0 20.0 0.44 N.A. N.A. N.A. N.A. [36]
CEN.PK113-7D 0 20.0 0.38 N.A. N.A. N.A. N.A. [36]

N.A means non available.
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Regulation of SUC2 gene in Saccharomyces cerevisiae

The precise mechanism controlling the expression resp. repression of sucrose-related genes in the
presence of glucose is not yet fully elucidated. Nonetheless, a set of proteins involved in the regulation
of SUC2 has been described (Figure 1.2) [46]-[48]. Briefly: when high extracellular glucose
concentrations (0.5, 2-3.5 g It for the SUC2 gene[30], [47], [49], depending on the strain) are sensed by
the glucose repression-resistant protein (Grrlp, not shown in Figure 1.2), the Regl-Glc7 protein
complex dephosphorylates the sucrose non-fermenting 1 kinase protein (Snflp) complex by acting on
Snf4p, resulting in the inactivation of Snflp complex. Consequently, the transcriptional repressor Miglp
is free to bind a specific sequence in the promoter region of SUC2. Moreover, the general transcriptional
co-repressor Cyc8p and the repressor Tuplp obstruct the attachment of the RNA polymerase to the DNA
and effectively repress the transcription. On the other hand, under low (< 0.1%; [47]) or absent levels of
glucose, the Snflp complex is activated via phosphorylation by either Sak1p, Tos3p or EIm1p kinase.
Once activated, this complex, in turn, phosphorylates Miglp, which causes its migration to the cytosol,

cancelling its repressor role.
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Figure 1.2 Scheme of SUC2 gene regulation at different glucose concentrations. At high glucose
concentration, Miglp, a central component of the glucose repression mechanism, represses the transcription
of the SUC2 gene. At low glucose, the Snfl protein complex phosphorylates Miglp and the repression of
SUC2 is released. The Snfl complex is activated by the redundant kinases Tos3p, Saklp and Elmlp,
whereas the regulatory subunit Regl of protein phosphatase 1 is responsible for the inactivation of this

complex.
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Regulation of cell growth by carbon sources in Saccharomyces cerevisiae

The growth rate of yeast cells is strongly sensitive to the given nutritional environment. As an
example, a laboratory diploid strain belonging to the Saccharomyces cerevisiae species, named
CEN.PK122, capable of aerobically growing on glucose at 1.69 generations per hour undergoes a growth

rate decrease of nearly 70% when ethanol is the main carbon and energy source available [35].

Adapting to perturbations w.r.t. the nature and availability of nutrients requires energy and time for
transcriptional reprogramming, which is mediated by different regulatory pathways [48], [50]-[54]. In
yeasts, nutrients may function as both metabolites and signaling molecules, and understanding the link

between these two roles, despite challenging, is essential to successfully unravel nutrient regulation.

Glucose is a preferred substrate and a key signaling molecule that controls the use of other carbon
sources, as well as ethanol fermentation, a phenomenon known as glucose repression [55]. As a
consequence of this, the yeast S. cerevisiae favors the consumption of glucose over any other saccharide
or non-fermentable carbon source [55]. This means that in conditions with mixed substrates, the

consumption of carbon sources other than glucose will occur upon depletion of the latter.

This preference for glucose is assured by allosteric regulation of several enzymes of the glycolytic
and gluconeogenesis pathways, as well as by a complex transcriptional regulatory network responsive
to detected levels of glucose in the extracellular environment. Under high levels of glucose, the
expression of genes encoding proteins necessary for the metabolism of alternative carbon sources, such
as sucrose (as discussed above), galactose, and maltose, are repressed. Genes related to the oxidative
metabolism are repressed as well [48], [52], [54]-[56].

Next to the described repression, glucose also regulates cell growth via protein kinase A (PKA). This
protein strongly impacts yeast cell growth versus quiescence (Figure 1.3) through the regulation of the
expression of genes involved in cell mass accumulation (rProtein genes and ribosome biogenesis genes),
as well as in stress response (RIM15, MSN2 and MSN4) [52]-[54], [57]. Sucrose has also been reported
to play a role in activating PKA [58].

In most of the S. cerevisiae strains, the main signaling cascade leading to the activation of PKA is
mediated by the cyclic adenosine monophosphate (cCAMP) molecule and the Ras proteins. Briefly:
glucose and/or sucrose transmits a signal to the enzyme adenylyl cyclase (Cyrlp) by a system that
involves both the Gprl and Gpa2 proteins, as well as the Ras proteins [50], [53], [54], [59]. The latter
exerts a more dominant effect on adenylyl cyclase than Gprlp-Gpa2p, and its activity is stimulated by
the presence of fructose-1,6-bisphosphate in the cytosol [57]. The Gprlp-Gpa2p signalling system,
which has higher affinity for sucrose in comparison to glucose, and is insensitive to fructose [58], is

assumed to depend on the intracellular activation of Rasp. Adenylyl Cyclase promotes the conversion
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of AMP into cAMP, which binds to the regulatory site of protein kinase A, termed Bcylp. The binding
of CAMP into Bcylp promotes its disconnection from the catalytic site Tpkp, hence activating PKA
[50], [53], [54], [59]. Once activated, PKA can hyperphosphorylate the guanine exchange factors
Cdc25p and Sdc25p, resulting in their displacement from the plasma membrane to the cytosol and,

consequently, reduction of their ability to activate Rasp.

Alternatively to the control exerted by cAMP, PKA activity is also regulated by the Kelch repeat
proteins Krhlp and Krh2p [60], [61] and is inhibited by Sch9p, which regulates the localization and
phosphorylation of Bcylp. The Sch9 protein kinase is assumed to act on cell growth in response to
glucose levels [53], [54], although the precise regulatory mechanism is still unkown. Furthermore, at
least one S. cerevisiae strain, CEN.PK113-7D, is unable to produce cAMP. This particular strain
presents mutations in the CYR1 sequence, and, therefore, does not produce adenylyl cyclase [62]. The
Krh1/Krh2 coding sequences are also mutated in CEN.PK11307D [62]. This means that the regulation
of PKA occurs neither via cAMP nor via the Kelch repeat proteins in this strain. The mechanism by

which protein kinase A is activated in CEN.PK113-7D cells remains to be revealed.
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Figure 1.3 Overview of the transcriptional regulatory network sensitive to sucrose, glucose and fructose. Protein
kinase A is involved in the regulation of genes related to growth and stress response in the yeast S. cerevisiae. The
known mechanisms involved in the regulation of this kinase activity are either mediated by Ras proteins together
with the G-protein couple receptor (Gprl), via the kelch repeat proteins (Krhlp and Krh2p) or via Sch9p. The G-
protein coupled receptor responds differently to the presence of sucrose, glucose or fructose in the extracellular
environment. Ras proteins are activated by fructose-1,6-biphosphate. “?” indicates the steps in the PKA signaling

cascade for which the mechanisms remain to be elucidated. Adapted from [53].
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Regulation of cell growth and metabolism via PKA

The metabolic activity of cells supplies the building blocks and Gibbs free energy necessary for
growth, leading to a tight coupling between metabolism and growth. Inability to adapt to nutrient
transitions will generate growth deficits. In the yeast S. cerevisiae, the fluxes through central carbon
metabolism have been reported to change significantly depending on the carbon source available [63].
For instance, the flux through pyruvate kinase was observed to be 37.2 + 0.3 mol.Cmol.h"* when the
strain CEN.PK113-7D was cultivated on glucose, and 40 + 0.7, 4.6 + 0, 4.9 + 0.1 mol.Cmol.h"* when
cultivations were performed with maltose, ethanol, or acetate as sole carbon and energy source,
respectively. On the other hand, the C2-compounds triggered a higher flux through the enzymes acetyl-
CoA synthase (94.5 + 0.7 mol.Cmol™.h?t with ethanol; 149 + 1.5 mol.Cmol™.h? with acetate) and
aconitase (59.3 + 0.7 mol.Cmol™.h* with ethanol; 114.8 + 1.4 mol.Cmol™.h"* with acetate), as compared
to the sugars glucose (acetyl-CoA synthase: 6.1 + 0.1 mol.Cmol™.h?; aconitase: 21.6 + 0.2 mol.Cmol
1 h1) and maltose (acetyl-CoA synthase: 6.1 + 0.1; aconitase: 24.5 + 0.7). Nevertheless, such changes
seem to hardly correlate to the expression levels of genes encoding enzymes that catalyzes the synthesis
or degradation of the metabolic intermediates involved in the altered fluxes, resp. the changes in fluxes
may not be fully attributed to changes in the expression of related genes [63]-[65]. Instead, post-
translational modifications as well as allosteric control of specific enzymes are the main factors

influencing short-term (seconds-time scale) metabolic regulation of yeast cell growth [66], [67].

Particularly, phosphorylation via protein kinase A has a significant role in regulating several
metabolic activities, such as the synthesis and degradation of storage carbohydrates [68]-[70], the
metabolic flux through the glycolytic pathway [71], [72], and gluconeogenesis [73].

Neutral trehalase (Nthlp) is activated through phosphorylation by PKA [68]. This kinase also acts
on glycogen synthase (Gsy2p) via another kinase, named Pho85p, which is in fact the protein that

directly regulates Gsy2p activity [74].

In glycolysis, PKA directly phosphorylates and activates two key enzymes: phosphofructokinase 2
(Pfk2p) [72] and pyruvate kinase 1 (Pyklp) [71]. Pfk2p is involved in the synthesis of fructose-2,6-
biphosphate, which is an allosteric activator of the enzyme phosphofructokinase 1 (Pfklp), the
glycolytic product of which is fructose-1,6-biphosphate (FBP). Following the glycolytic pathway, FBP
binds to Pyklp’s allosteric site [75], thus regulating pyruvate production alternatively to the post-
translational modification exerted by PKA on Pykl1p. The reactions catalyzed by either Pfk1p or Pyklp

are assumed rate limiting steps in glycolysis [76], [77].
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Quantitative shotgun proteomics

Proteins are organic molecules that serve diverse functions in all biological processes in a living
system. The overall protein content of a cell, tissue, organism, or a biofluid is referred to as proteome
[78], [79]. Due to the dynamic nature of the protein expression regulatory systems, the proteomes are
highly temporal and spatial [80], [81]. Thus, a complete characterization of the proteome is a
multidimensional task that includes measurements of properties such as compartment-specific
localization, post-translational modifications (PTM), interactions, isoform expression and turnover rate
[81], [82]. In 1997, Peter James [83] introduced the term “proteomics”, which encompasses the group
of techniques applied for the identification and quantification of the proteome. Proteomics-based
technologies are utilized in several research fields to observe in-vivo amount of proteins in a defined
condition, aiming to answer a wide range of biological questions, from elucidation of disease
mechanisms [84], [85], identification of biomarkers [86]-[88], drug target discovery [89]-[91], to
alteration of expression patterns in microbes in response to different stimuli [92]-[94], and many more.

In the specific case of proteome research employing Saccharomyces cerevisiae as a model
microorganism, the influence of carbon sources on the global proteome has been exploited before [92]-
[95]. For instance, Paulo and colleagues, 2015 [93], investigated proteomic alterations in the BY4742
strain resulting from growth on galactose, glucose, or raffinose. These authors concluded that most of
the changed proteins were involved in metabolic processes, and that these proteins can be found in
plasma membrane and mitochondrion. In a latter study from this same group [94], alterations in protein
abundance due to nine different carbon sources, including fermentable (maltose, trehalose, fructose, and
sucrose) and non-fermentable (glycerol, acetate, pyruvate, lactic acid, and oleate) were quantified with
respect to growth on glucose, again using strain BY4742. In this latter work, Paulo and co-workers
reported that the proteomes during cultivations with fructose or sucrose were the most similar to those
from cultivations with glucose, amid the investigated carbon sources. Again, major alterations were
observed for proteins playing a role in metabolic pathway and mitochondrial proteins. In a recent work,
Garcia-Albornoz and colleagues, 2020 [92], addressed the changes in global proteome of the S.
cerevisiae CEN.PK113-7D cultivated in galactose, maltose, or trehalose, using growth on glucose as
standard condition. The significant observations were used to build a carbon-source dependent genetic
regulatory network, which demonstrated that stress defense, amino acid synthesis and carbohydrate

metabolic process were the main affected pathway and biological functions.

One of the main challenges of proteomics is to enhance the speed, sensitivity and resolution
with which proteins can be identified [86], [96]. To this end, bottom-up mass spectrometry-based (MS)
proteomics has proven to be useful since it simplifies the analytical challenges by performing the

analyses on peptides rather than on proteins themselves [86], [97], [98]. In the bottom-up approach, at
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first, proteins undergo a proteolytic digestion, for instance using the enzyme trypsin, and then the
resulting peptides are identified by a MS-based methodology (Figure 1.4). Tandem mass spectrometry
(MS/MS) strategy, also referred to as shotgun proteomics, is particularly interesting for the identification
process because it does not require protein separation prior to digestion, therefore enabling the
identification of proteins components from a mixture [86], [97], [98]. MS/MS is usually coupled to high
pressure liquid chromatography (LC-MS/MS) to separate peptide mixtures prior to the ionization
process, thus minimizing precursor interference. The intact ionized peptides are then analyzed in the
MS1 analysis. The MS1 spectrum relates the mass-to-charge ratio (m/z) and signal intensities of all
peptide ions. Next in the shotgun proteomics workflow, the peptides are fragmented, and the product
ions are analyzed in the second MS to acquire the tandem mass spectrum. The MS/MS spectrum is then
compared against theoretical spectra of a database to identify matching peptides sequences that are

reassembled to infer the proteins. Proteins are identified based on unique peptides.
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Figure 1.3 Schematic representation of the shotgun proteomics workflow.

There are several methodologies for the relative or absolute quantification of the abundances of
the identified proteins [81], [82]. Particularly, the label free quantification (LFQ) is a cost-effective
approach for measuring relative abundances, and requires simplified sample preparation [99], [100].
LFQ can be performed either by integrating the area under the curve (AUC) of chromatographic peaks
for any given peptide in the LC-MS runs, or via counting the number of peptides assigned to a protein
after tandem mass spectrometry analysis (spectrum counting) [99], [100]. A direct comparison between

analyses of the tested conditions gives the fold change in protein abundance.
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Aim and outline of this thesis

The aim of this thesis was to investigate the physiology of S. cerevisiae during growth on sucrose to
generate a better understanding and enable improving sucrose-based bioprocesses. Therefore,
guantitative approaches were applied, comparing different strains and environmental conditions.
Especially, growth and metabolism under sucrose as sole carbon and energy source, was compared to
related substrates glucose, fructose or an equimolar mixture of these hexoses. The systems biology
approach also included quantitative proteomics to unravel intracellular regulation and expression of
proteins under different conditions. The proteomic data was correlated with data obtained from the
physiological study, namely the maximum specific growth rate, substrate uptake, and respiration

capacity.
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Figure 1.4 Schematic representation of the main chapters of this thesis.

The maximum specific growth rate (umax) of a microbe in a desired environment is presumably the
most relevant physiological parameter for both fundamental and applied research. To proper determine
and interpret this parameter, however, can be a very challenging task. In Chapter 2, a series of these
challenges is discussed with emphasis on calibration methodology, statistical analysis, culture media,

and cultivation system.

Chapter 3 presents a detailed study of the aerobic physiology of three Saccharomyces cerevisiae
strains, originally from different environments, during batch growth on sucrose. The strain-specific
peculiarities of sucrose metabolism are revealed, and insights on the mode of sucrose utilization and
regulation are gained by a comparative analysis with the physiology on the related carbon sources

glucose, fructose, and an equimolar mixture of these two monosaccharides.
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The global proteome of each one of the three yeast strains characterized during growth on sucrose

was then compared to that on glucose in Chapter 4, by applying the label free quantification technique.

Identification of enhanced biological processes and pathways was performed, aiming at getting insights

on the mechanisms underlying rapid or slow growth on the disaccharide.

Finally, the key contributions of this work, along with open questions for future work, are addressed

in the outlook section.
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ABSTRACT

The maximum specific growth rate of a microbe in a given growth condition is of primary relevance
for bioprocess development. In the case of the unicellular yeast Saccharomyces cerevisiae, this
physiological parameter is routinely calculated in (almost) every laboratory, but this procedure conceals
several challenges that are often neglected in scientific works, which might lead to misinterpretation of
the reported data and of phenomena. We present here several pitfalls involved in pmax calculation and
interpretation, which was achieved through comparative analyses of: 1) the use of different
methodologies for determining cell mass concentration, 2) different calibration procedures to correlate
indirect (e.g. absorbance) to direct (e.g. dry cell mass) cell mass concentration measurements, 3)
different statistical methods for determining the significance of umax differences, 4) the influence of
culture media composition, and 5) the influence of the cultivation system (e.g. microplate, shake-flask
or bioreactor). It becomes clear that each of these factors has a great influence on pumax calculation and
interpretation. We also present a case study involving five yeast strains and three different carbon
sources, illustrating that opposite conclusions can be drawn in a screening procedure, if proper caution
is not taken during data generation and analysis. Last but not least, we conclude this work with a series
of recommendations that we believe could make experimental planning, data generation, pmax
calculation and interpretation more meaningful and scientifically sound, contributing to the

improvement of yeast research and of microbiology in general.
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INTRODUCTION

The growth of a microbial population is the increase in cell number or overall mass in the population
[1]. Determining the rate at which a microbial population grows is one of the main interests of the
fundamental microbiologist, as well as presumably the most important piece of information in an
industrial bioprocess design. This aspect is captured in a parameter referred to as the specific growth
rate, most commonly represented by the Greek letter u [2]-[5]. Cell growth is an autocatalytic reaction,
meaning that the catalyst itself is a product of the reaction [3]. Hence, the cell specific growth rate, rather
than a simple growth rate, is the most appropriate parameter to describe microbial growth. For a

microbial population growing in batch cultivations, the specific growth rate is defined as,

1 dX

X a@ :

where X = cell mass concentration (e.g. in dry cell mass/volume) and t is the reaction time (e.g. in hours).

In terms of cell number concentration (N) (e.g. in cells/volume), microbial growth is mathematically

expressed as

1 dN

MR =N * a0 2

where pr is the specific replication rate [1].

From equation 1, it can be observed that u is similar to the kinetic constant of a 1-order chemical
reaction and has dimensions of time* Other formulations for rates, such as total or volumetric rates, are

scale-dependent and do not directly reflect catalyst performance.

Instead of p, some professionals prefer to use the doubling (or generation) time (tg) to quantify the
rate of microbial growth. tg is the time required for the microbial population to double its size , and is

expressed as:

t
te = N * In2

logN—0

where N is the final cell number concentration and Ny is the initial cell number concentration in a given

time t. tc can also be expressed in terms of X, thus characterizing the doubling time of cell mass.

w and te are intrinsically related by the following equation:



umax of Saccharomyces cerevisiae: so often used, so seldom put into perspective

_ln2
u= to

Because most studies in the context of bioprocess engineering report microbial specific growth rates

considering w rather than tg, we will here only use p for all our analyses and discussions.

p cannot be directly measured. Nevertheless, measurements of cell concentration (X or N) at a

minimum of two time points allow for the estimation/calculation of this parameter.

There are several methods to quantitate cell concentration, including direct cell count, dry cell mass,
particle count and colony forming units, among other direct off-line methods [6]. Amid the direct
methods, measurements of cell mass instead of cell number is the most frequent choice for physiology
studies employing budding yeast at standard growth conditions (e.g. non-stressful conditions, no

inductions, solids-free medium). Hence, we carried out our analysis based on cell mass concentration

(X).

Cell concentration is also usually assessed by light-scattering measurements, such as those performed
with the use of a spectrophotometer, a ubiquitous laboratory piece of equipment. Other terms used to
designate this type of measurement are optical density (OD), turbidity, and absorbance. However, the
results of such an indirect analysis need to be calibrated against a direct method, and this requires some
caution. Calibration should be performed under a particular condition and applied to this circumstance
only. Otherwise, the correlation could be compromised. Even analyses performed with cells from a
single cultivation but collected at different growth phases represent a source of error due to inadequate
calibration [7]. The possibly different cell morphologies in each growth phase affect deviation of light
and compromise the translation of the indirectly assessed cell concentrations into real cell

concentrations.

Further options for indirect determination of cell concentration rely on the measurement of a cell
component, for instance protein [8] or nucleic acids [9]. In this case, calibration against a direct method
such as dry cell mass is also necessary and, as discussed above, care should be taken in the sense that
cell composition during growth might differ from the one employed during the calibration procedure.
Furthermore, although online methods centered on turbidity, permittivity [10], or fluorescence can as
well be used to assess cell concentration, as yet they have not fully substituted the above mentioned off-
line methods, which require sampling, in many laboratories’ workflow. One exception is the application

of online monitoring of cell growth in high throughput systems, such as microplate [11]-[13].

The exponential growth phase (EGP) occurs very often both in research and in applied cases. During

the EGP, cells encounter neither any nutrient limitation nor any inhibition. The population then grows
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at the maximum possible rate (the maximum specific growth rate, pumax) under the applied conditions,

until one nutrient becomes growth-limiting or some compound achieves inhibitory concentrations.

Fermentation Technology and/or Bioprocess Engineering textbooks usually do not provide a
discussion on how cell concentration measurements affect the calculation of the specific growth rate.
Stanbury and coworkers [5], for instance, presented the specific growth rate without any connection to
cell concentration determination methods. In one exception, Clarke [2] points out that “umax can vary

significantly depending on the method used to measure the cell concentration”.

There are basically two different approaches to calculate pimax from cell concentration measurements.
One of them is based on a first adjustment of a growth model to data from an entire batch cultivation,
including all growth phases (lag, log, de-acceleration and stationary). Frequently used models include
the logistic model, the Gompertz and the Richards models, among others [14]. The second method
consists of the integration of equations 1 or 2 under the assumption that in the EGP p is constant and
equal to pmax. While early researchers used a log» or logo transformation to linearize this equation [2],

nowadays, the use of the natural logarithm is common practice:
lnX = lnXO + Hpax * t 5

where X = cell mass concentration at the beginning of the EGP, corresponding tot = 0.

This transformation allows us to calculate pmax by plotting In(X) values along time and taking the
slope of the linear region as pmax. This procedure also results in the identification of the duration of the
EGP. Due to the use of the natural logarithm, pmax represents the number of “e-fold” generations in a
given time point t, or the exponential increase of biomass by a factor of e [15]. We will restrict our
analysis and discussion here to this approach, because it is by far the most frequently employed in the

context of yeast research.

umax is also a key parameter in kinetic models used in biological research and in bioprocess
development. In its simplest form, it appears in the Monod equation that relates pumax to the limiting

substrate concentration S:

S
H—Hnmx*m 6

pmax has also been termed the Malthusian parameter and used as a proxy for fitness by part of the
scientific community, mainly those involved in population genetics or experimental evolution studies

[16].
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For the sake of completeness, it should be mentioned that there are methods to calculate pax using
continuous cultivation data [17] and methods that take substrate and product concentrations into account
[18], [19]. We will not discuss them here.

Finally, it is important to mention that not only the analytical method used to determine cell
concentration influences pmax calculations, but also other factors such as the cultivation system. Potvin
et al [20] compared pumax values obtained for Lactobacillus plantarum cells grown in an automated plate
reader, in shake-flasks and in a bioreactor. Bioreactor cultivations led to higher pmax values as compared
to shake-flask cultivations, which the authors attributed to external pH control in bioreactors. These
authors also showed that the pmax calculated from direct absorbance measurements in an automated
plate reader, without sample dilution, differed from the values obtained with samples from shake-flask
cultivations that were diluted prior to the absorbance measurements. Although these observations seem

obvious, this matter has only been given proper attention in few published works.

In the only report we identified involving yeast, Stevenson and co-workers [7] evaluated the
relationship between optical density and cell counts both in Escherichia coli and Saccharomyces
cerevisiae cultures with respect to particle size and shape, refractive index, spectrophotometer model,
cell growth phase, among others. The authors concluded that the cell size effect on the calibration
between OD and cell counts was stronger in bacteria than in yeast. This is because the size of the
bacterial cells is closer to the wavelength of light (600 nm) used in the OD measurements. In this sense,
the bigger size of yeast cells makes them more suitable than bacteria for the application of light scattering
techniques at 600 nm or similar wavelengths. Moreover, they demonstrated that the difference between
the refractive index of the medium and that of the cells influences the calibration curve. This has
implications for yeast research, since sugars commonly used in yeast media, such as sucrose, change the

refractive index of the medium significantly [7], [21].

This context motivated us to investigate how different cell concentration determination methods,
statistical analyses, cultivation systems, and also culture media influence pmax calculations during yeast

cultivations performed with different strains, including wild isolates, laboratory and industrial ones.
MATERIAL AND METHODS

Yeast strains and preservation

Eight S. cerevisiae strains from indigenous, industrial or laboratory origin were used in this work
(Table 2.1). Stock cultures were prepared by growing cells until stationary phase in 500-ml Erlenmeyer

flasks containing 100 ml YPD (1% yeast extract, 2% peptone, and 2% glucose) medium. 20% (v/v, final



Chapter 2

concentration) sterile glycerol was added and 1-ml aliquots were stored in 2-ml cryogenic vials in an

ultra-freezer (ColdLab, Piracicaba, Brazil) at -80 °C until further use.

Cultivation media

Yeast cultivations were carried out using either a defined medium [22], the composition of which
altered depending on the cultivation system (Table 2.2), or a complex medium (YPD). Microplate
cultivations were performed using both media, whilst shake-flask and bioreactor cultivations were
restricted to the defined medium. When needed, urea was used as the sole nitrogen source in replacement
for ammonium sulphate, to avoid drastic changes in the broth’s pH caused by proton release during
ammonium consumption. Glucose was added as carbon and energy source to all cultivation media,
unless otherwise stated. Each medium was sterilised either by autoclaving some of its components at
121 °C for 20 min or by filtration through 0.22-um pore membranes. Carbon sources, vitamin and trace
element solutions were always filter-sterilised to avoid Maillard reactions or thermal decomposition of

the components.

Cultivations

Microplate cultivations

All eight strains were cultivated in 96-well microplates (CELLSTAR® flat bottom, mfr. No. 655161
- Greiner bio-one, Kremsmunster, Austria) using the plate reader Tecan Infinite M200 Pro. Initially,
cells from the -80 °C stock were streaked onto solid YPD medium (with 2% agar) and incubated at 30
°C (502 Incubator, FANEM, S&o Paulo, Brazil) for 48 h. Cells from a single colony were then transferred
to a 50-ml centrifuge tube filled with 3 ml of either a defined medium, which pH was adjusted to 6.0 by
addition of 2 M KOH, or a complex medium, constituting the inoculum. The inoculum was placed in a
shaker incubator (Innova 4430, New Brunswick Scientific, Edison, USA) operating at 200 rpm and 30
°C for 24 h. An aliquot of its content, enough to make 1 ml of a cell suspension with absorbance at 600
nm equal to 1, was then collected. The aliquot was centrifuged at 974 g for 5 min (MIKRO200
centrifuge, Hettich, Tuttlingen, Germany), the supernatant discarded and the pellet washed with 1 ml of
fresh culture medium. This washing procedure was performed twice. Next, 10 ul of the cell suspension
was transferred to one 234-ul well (working volume 20-200 ul) of a microplate that had already been
filled with 90 pl of the same fresh culture medium used for inoculum growth. A desired number of wells
were also filled with 100 ul of fresh culture medium only (blank). Once all the desired wells were filled
with both medium and cell suspension, the microplate was sealed with PCR sealing film (AMPLISeal ™
- Greiner bio-one, Kremsmunster, Austria). The cultivation was carried out in quintuplicate (5 wells on
the same plate) at 30 °C with orbital agitation amplitude of 3.5 mm and frequency of 198.4 rpm.

Absorbance at 600 nm wavelength and 9 nm bandwidth was online measured every 15 min during 24
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h. The measured absorbance values from wells containing culture broth were corrected by subtracting
the average absorbance measured from wells containing the blank, as to take into account possible
background absorption by components in the cultivation medium.

Table 2.1 Yeast strains used in this work.

Strain )
) ) Group Ploidy Precedence References

designation
Dr. Peter Kotter

CEN.PK113-7D Laboratory n (University of Frankfurt, [23]

Germany)

Fleischmann Industrial (baking) 2n Dr. L. C. Basso [24]
(USP, Brazil)

PE-2 Industrial (fuel ethanol)  2n Dr. L. C. Basso [25]
(USP, Brazil)

CAT-1 Industrial (fuel ethanol) 2n Dr. L. C. Basso [25]
(USP, Brazil)

JP1 Industrial (fuel ethanol)  2n Dr. M. A. de Morais Jr  [26]
(UFPE, Brazil)

UFMG-CM-Y257  Indigenous* 2n Dr. C. A. Rosa [27]
(UFMG, Brazil)

UFMG-CM-Y259 Indigenous?® 2n Dr. C. A. Rosa [27]
(UFMG, Brazil)

UFMG-CM-Y267  Indigenous? 2n Dr. C. A. Rosa [27]

(UFMG, Brazil)

1Originally from barks of Quercus rubra, located within the Brazilian Atlantic Forest biome.
2Qriginally from barks of Tapira guaianenses, located within the Brazilian Cerrado biome.
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Table 2.2 Composition of the cultivation media used in this work.

Cultivation Medium Components COTSCI)_T;Uon Cultivation System
Yeast Extract 10.0
Complex (YPD) Peptone 20.0 Microplate
Glucose 10.0
K2S04 6.6
CH4N20 2.3
Defined KH2PO4 3.3 Microplate
Adapted from [22] MgS04.7H20 0.5
Trace Elements solution® 1.0 Shake-flask
Vitamins solution? 1.0
Glucose, fructose or sucrose 10.0°
(NH4)2S04 5.0
KH2PO4 3.0
Defined MgSQ..7H;0 0.5 Bioreactor
[22] Trace Elements solution 1.0
Vitamins solution 1.0
Glucose, fructose or sucrose 20.0°

! Composition of trace elements solution (per litre):15 mg EDTA, 4.5 mg ZnS04.7H,0, 1 mg MnCl,.4H,0, 0.30
mg CoCl,.6H,0, 0.30 mg CuS04.5H,0, 0.40 mg Na;M004.2H,0, 4.5 mg CaCl,.2H,0, 3.0 mg FeS04.7H,0, 1.0
mg HsBOs, 0.1 mg KI.

2 Composition of vitamins solution (per litre): 0.05 mg biotin, 1 mg calcium pantothenate, 1 mg nicotinic acid, 25
mg inositol, 1 mg thiamine HCI, 1 mg pyridoxine HCI, and 0.2 mg para-aminobenzoic acid.

3In the case of cultivations with sucrose, 10 or 20 goLcequivatent It Was used.
Shake-Flask cultivations

Shake-flask cultivations were performed with strains CEN.PK113-7D, PE-2, JP1, UFMG-CM-Y 257,
and UFMG-CM-Y259. First, an inoculum was prepared by transferring cells from one colony of each
of the five strains into 500-ml baffled Erlenmeyer flasks containing 100 ml synthetic medium. The pH
of the synthetic medium was adjusted to 6.0 upon preparation by addition of 2 M KOH. The inoculum
was incubated in a shaker (Innova 4430, New Brunswick Scientific, Edison, USA) at 30 °C and 200
rpm for 24 h. Then, sufficient inoculum to begin the cultivation with an absorbance at 600 nm of 0.2
was centrifuged at 2153 g for 5 min (NT810 centrifuge, Nova Técnica, Piracicaba, Brazil). The

supernatant was discarded, cells were washed twice and the cell pellet was resuspended in 1 ml synthetic
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medium. This cell suspension was transferred to another 500-ml Erlenmeyer flask containing 100 ml

fresh synthetic medium.

Samples of the cultivation broth were collected hourly and their absorbance at 600 nm measured in
a spectrophotometer (Genesys 20, Thermo Fisher Scientific, Massachussets, USA), with cultivation
medium used as blank. Whenever the absorbance of a sample was read above 0.3, sample dilutions were
performed to ensure the measured absorbance would fall into the region of proportionality between cell
mass concentration and absorbance. Sample pH was read using a pHmeter (DM21, Digimed, Sao Paulo,
Brazil). The cultivations were stopped when the cells reached the stationary phase of growth, which was

indicated by both constant OD measurements and an increase in pH.

Bioreactor batch cultivations

To prepare the inoculum for bioreactor cultivation, the content of one cryogenic vial was transferred
to a 500-ml Erlenmeyer flask containing 100 ml of medium, which was prepared as described for shake-
flask cultivations. The pH of this pre-inoculum medium was adjusted to 6.0 by addition of 2 M KOH.
Cells were propagated at 30 °C in a shaker (Certomat BS-1, Braun Biotech International, Berlin,
Germany) under stirring speed of 200 rpm. After 24 h, 1 ml of the pre-inoculum was directly transferred
to another shake-flask filled with fresh inoculum medium. Following a second round of growth in a
shaker, an aliquot sufficient to start the batch cultivation with an absorbance of 0.2 at 600 nm was
collected, centrifuged at 3500 g for 3 min, and the pellet resuspended in fresh cultivation medium.
Afterwards, the cell suspension was transferred to a 2-1 bioreactor (Applikon Biotechnology B.V., Delft,

The Netherlands), making up an initial working volume of 1.2 1.

Cells were cultivated at 30 °C and 800 rpm until a decrease in the CO, molar fraction in the off-gas
was observed. Aeration in the bioreactor occurred with compressed air at 0.5 | min flow rate injected
through a mass flow controller (Model 58505, Brooks Instrument B.V., Hatfield, USA). The pH of the
medium was adjusted to 5.0 and kept constant by automatic addition of 0.5 M KOH solution. Whenever
needed, a 10% (v/v) antifoam C emulsion (Sigma-Aldrich, Missouri, USA) was added manually to the
broth. Samples of the broth were withdrawn approximately every hour to have their dry cell mass and
absorbance measured. Absorbance was measured at 600 nm in a spectrophotometer (LibraS11,
Biochrom, Cambridge, United Kingdom). Dry cell mass was determined according to [28], with a minor
modification. Briefly, a desired volume of culture broth was collected, vortexed, and filtered through a
0.45 pm nitrocellulose membrane (SO-Pak filters, HAWP047S0 — Merck Millipore, Massachusetts,
USA\) that had been previously dried in an oven at 70 °C for 48 h and weighed (m,). The cell pellet was
washed twice with demineralized water. The filter containing the pellet was dried (70 °C for 48 h) then
placed in a desiccator to cool down prior to being weighed (m.). The dry cell mass (DCM) was calculated

by subtracting the difference between the filter’s mass after and before filtration. Cell mass
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concentration was then calculated by dividing the dry cell mass by the sample volume filtered (V); X =
(mz2 — my)/V. The result was expressed in gom I

Identification of the EGP

To identify the exponential growth phase (EGP), the natural logarithm of cell concentration values
— that were determined either by means of measuring dry cell mass (bioreactor cultivations) or Absego
(shake-flask and microplates) — were plotted against time. The time span corresponding to the linear

region of this plot, which was visually identified, was considered to be the exponential growth phase.

Calculation of the maximum specific growth rates and statistical comparisons

The maximum specific growth rate (Umax) corresponds to the slope of the linear regression fitted to
the cell concentration data within the EGP (Equation 5). We applied two approaches, namely Method
A and Method B, to perform the least-squares regression method in replicate experiments and, therefore,
calculate the pmax for each investigated condition.

In the first approach, using Microsoft Excel 365 (Redmond, USA), data from independent replicates
were analyzed separately, each one yielding a pmax value of its own fitted by the least-squares regression
method. The average and the standard deviation of these pmax values were then calculated (Figure 2.1,
Method A). Significant changes in pwax were evaluated using t-tests with 95% and 99% confidence
levels.

In the second approach, using GraphPad Prism 8 (San Diego, USA), data from independent replicates
of each experiment were analyzed together, generating one single pmax value from one regression line
also fitted by the least-squares method. This procedure generated the standard error of the slope (Figure
2.1, Method B). Significant changes in pwmax were evaluated using F-tests with 95% and 99% confidence

levels.
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RESULTS AND DISCUSSION

Calculated pmax values depend on the cell concentration determination and on the

calibration with a direct method

In spite of being an indirect method for the determination of cell concentration, Absorbance (Abs)
measurements are commonly used during yeast cultivations. Researchers frequently use these
measurements to directly calculate pumax by plotting In(Abs) values against time, identifying the EGP as
the linear region, performing a linear regression with the corresponding data and taking the slope as
umax. In some cases, researchers report the calibration equation used to convert the Abs data into real
cell concentrations without mentioning how (or under which conditions) it was obtained. Calibration
can be performed in different ways and these might influence the calculation of umax. To illustrate this,
let us consider the cell concentration data points Xz and X2 obtained at two time points (t; and t2) during
the EGP; from these data, pmax can be calculated as:

InX, — InX;

Hmax = Tt 7

Taking a linear relation (calibration) between Abs measurements and a direct cell mass concentration

(X) method, as follows:
X=axAbs+b 8

and substituting equation 8 into 7, results in:

In(a * X, + b) —In(a * X, + b)

Hmax = t,— 1t 9

It is clear from equation 9 that only if the linear coefficient (intercept) b = 0, umax calculated from Abs

or direct cell mass concentration measurements will be the same.

In our experience at least, b is usually different from zero (Table 2.3). We demonstrate this here with
umax calculations from data obtained during bioreactor cultivations of three different yeast strains on
glucose, namely CEN.PK113-7D, UFMG-CM-Y259, JP1 (Table 2.4). Samples taken throughout the
cultivation had their absorbances measured and their cell mass concentration determined by a direct
method (dry cell mass). umax Was calculated using four different approaches: 1) directly from Abs data;
2) directly from dry cell mass data; 3) from calculated dry cell mass values obtained using a calibration
equation established between the Abs and the dry cell mass data, including all data points in the

cultivation; 4) from calculated dry cell mass values obtained using a calibration equation established
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between the Abs and the dry cell mass data, including only data points in the EGP (as identified from

the dry cell mass data used for calibration).

Table 2.3 Calibration curves between dry cell mass concentration (X) and absorbance (Absggo) data* from
aerobic bioreactor cultivations of S. cerevisiae CEN.PK113-7D, JP1, and UFMG-CM-Y259 strains on
glucose. b values are highlighted. Calibrations curves were obtained using total least square regression.

Replicate 1 Replicate 2
Strain Pearson’s Pearson’s
Calibration curve correlation Calibration curve correlation
coefficient coefficient

Using data points from the entire cultivation

CEN.PK113-7D X =0.1902*Absgoo + 0.1996 0.9945 X =0.1867*Abseqo +.0.2010 0.9950
JP1 X =0.2230*Abseoo + 0.2383 0.9922 X =0.2306*Abseoo + 0.3062 0.9965
UFMG-CM-Y259 X =0.1568*Abssoo + 0.3657 0.9958 X =0.1774*Absgoo + 0.3493 0.9956

Using data points within the EGP

CEN.PK113-7D X =0.1928*Abseoo + 0.1799 0.9946 X =0.1852*Abseqo +.0.2108 0.9970
JP1 X =0.2401*Abseoo + 0.1966 0.9948 X =0.2271*AbSeoo + 0.3185 0.9912
UFMG-CM-Y259 X =0.3094*Absego + 0.3484 0.9947 X =0.1685*Absgoo + 0.4363 0.9910

*Raw data is shown in Supplementary Table S2.1.

Table 2.4 umax values calculated using four different approaches for three S. cerevisiae strains
cultivated in aerobic bioreactors with glucose as sole carbon and energy source. Data represents the

slope of the linear regression and the standard error.

Approach
1" 2" 3 4

CEN.PK113-7D

Replicate 1 0443 + 0001 0320 + 0.004 0327 + 0008 0334 <+ 0.008
Replicate 2 0415 + 0000 0290 + 0005 0325 + 0008 0321 + 0.007
JP1
Replicate 1 0422 + 0000 0305 + 0002 0301 + 0067 0312 =+ 0.069
Replicate 2 038 + 0001 025 + 0005 0298 + 0026 0295 =+ 0.026
UFMG-CM-Y259
Replicate 1 0419 + 0000 0312 <+ 0003 0283 + 0.004 0333 =+ 0.087
Replicate 2 0450 + 0.000 0291 + 0006 0318 + 0026 0294 <+ 0.028

* Weighted linear regressions were applied for approaches 1 and 2 as to considerer the measurement errors.
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Approaches: 1) Directly from Abs data; 2) directly from dry cell mass data; 3) from calculated dry cell mass values
obtained using a calibration equation established between the Abs and the dry cell mass data, including all data
points in the cultivation; 4) from calculated dry cell mass values obtained using a calibration equation established
between the Abs and the dry cell mass data, including only data points in the EGP.

Remarkably, umax values calculated based on approach 1 were in the range of 35 to 56% higher than
those calculated from dry cell mass data (approach 2). Because the latter approach is based on a direct
assessment of cell mass concentration, widely considered as an accurate analytical method (as long as
the appropriate amount of biomass is weighed on the filtration membrane or in the centrifuge tube, [28]),

we took this umax value as the reference.

On the other hand, umax values calculated using approaches 3 or 4 were much closer to the reference
uvax Value. In the case of the 3 approach, which includes data points from the lag, EGP and de-
acceleration growth phases in the calibration procedure, the calculated umax values differed at most 15%
from the reference pwmax value, even when the calibration had been established with data from a different
strain (see Supplementary Tables S2.2 and S2.3; Supplementary Figure S2.1). Nevertheless, it
should be noted that other approaches, such as a modified version of approach 3 to force the linear
regression to an intercept of zero, or the establishment of a calibration curve between Abs and dry cell
mass using the final data point in the cultivation only, lead to the same results as those obtained using
approach 1 (data not shown). This latter option has a very practical aspect, since it allows for the use of
shake-flask cultivations monitored by absorbance measurements (which require small sample volumes)
along the whole cultivation, accompanied by dry cell mass determination (which requires larger sample

volumes) in the final sample only.

Errors associated to pmax values depend on the regression method and may alter

statistical outcomes

Experiments in scientific research are often carried out in replicates, so that statistical comparisons
can be performed. It is of interest, for instance, to verify how the umax Of a given strain compares to that
of another strain under the same conditions, or to the pumax Of the same strain under different conditions.
The error associated to the calculated pmax Value is therefore critical, since it is the basis for statistical
comparisons. One approach to determine the absolute error that affects max Wwas proposed by Borzani
[29], [30], and it depends on both the relative error of the cell concentration measurements and the
duration of the experiment. This methodology was not used here since often researchers do not know

(or do not report) the relative error of the cell concentration measurement itself.

Also, we would like to stress that time-series data are not independent, meaning that the value of one
data point depends on the value of previous data points. And, strictly speaking, linear regression could

not be used when data are not independent [31]. However, data from microbial growth curves have
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historically been treated as being independent. This is due to the assumption that “Whether one point is
above or below the line is a matter of chance, and does not influence whether another point is above or
below the line” [32]. Hence, we also proceeded this way in this work.

Using Abs values from exponential growth of strain CAT-1 in microplates, two methods for
statistical comparison of pmax on defined and complex media were evaluated (Table 2.5 and
Supplementary Tables S2.4 — S2.6). Although the final pmax values obtained from both methods were

the same, each was linked to distinct deviation/error values representing the scattering of the same data.

Another analysis we carried out was the removal of outliers. After visual inspection, some data points
appeared much more distant to the regression lines than others, with no apparent reason. The removal
of outliers based on an informal, visual approach is not recommended; thus the ROUT (Robust
regression followed by Outlier identification) method was used. This is an automatic routine, based only
on the distance of the data point from the robust best-fit curve [33]. We evaluated all data points again
in GraphPad Prism software using the ROUT method, set up to eliminate outliers with a coefficient Q
= 1% [33]. We then calculated pmax With the remaining data points (Table 2.5, and Supplementary
Tables S10-S12) by Method B (Figure 2.1). As expected, different pmax values were calculated by
Method B without outliers and their standard errors were lower than the ones obtained by Method B.

Table 2.5 Maximum specific growth rates (Lmax) for strains CAT-1 and UFMG-CM-Y 259 grown in
microplates in two cultivation media, calculated from Absgpo data using two different regression

methods*.
Method A Method B (all data) Method B (without outliers)
Medium
HMAX SD n HMAX SE n HMAX SE N
CAT-1

Defined 0.2588 0.0171 5 0.2588 0.0131 40 0.2516  0.0039 32
Complex  0.3221 0.0525 5 0.3221  0.0900 20 0.3436  0.0460 16

UFMG-CM-Y259

Defined 0.2500 0.0068 5 0.2500  0.0069 40 N.A.
Complex  0.2808 0.0253 5 0.2808 0.0081 30 N.A.

*described in the Methods section. SD is the standard deviation; SE is the standard error of the slope; n is the
number of observations. N.A. = not available. For this case, outliers were not identified.

Next, we performed statistical comparisons of the data from Table 2.5 to check if the methods would
yield the same results. Method A required a t-test to compare the averages from different treatments (in

this case, the two cultivation media) and define whether their difference was statistically significant or
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not. A two-tailed, pooled t-test was chosen because we assumed that both populations were independent
and normally distributed, their variances were unknown but equal, and the sample sizes were small (n =
5 for each data set) [34]. Method B, on the other hand, relied on an F-test, which is equivalent to an
Analysis of Covariance (ANCOVA). The F-value is based on the residual sum-of-squares of both the
common and the pooled regressions, the number of regressions tested, and the degrees of freedom of

the pooled regression (details in [35] and Supplementary Material). For both methods, the null

hypothesis was Ho: Umax1 = Hmaxz, and the alternative hypothesis was Hi: pmaxi1 # Hmax2. If the

calculated p-value was less than the significance level o (0.05 or 0.01), we would reject the null
hypothesis and the pmax from the two cultivation media could be considered different at the significance
level used (Table 2.6).

Depending on the method and the significance level applied, the outcomes of the comparison
diverged, as shown by the resulting p-values. At o = 0.01, both methods A and B (with the complete
data set) agreed in that the pumax values of strain CAT-1 in defined or complex media are not statistically
different from each other. However, at a. = 0.05 the methods disagreed. A different result was observed
for the S. cerevisiae UFMG-CM-Y259 strain. At a = 0.05 both methods resulted in a significant
difference between defined and complex media, whereas that was not the case at o= 0.01. Other strains
were also tested, but the same conclusions were achieved from both methods and significance levels
(Figure 2.2, Supplementary Tables S5 and S6). After the removal of outliers, Method B resulted in
completely different conclusions at both a for strain CAT-1, when compared to the same method using

all data points.

Even though Method A is widely used due to its simplicity and straightforwardness, it may not be
the best way to calculate the error associated to pmax values. Each replicate pmax, once calculated
independently, already has its own error associated to the fitting of the regression line itself. But these
errors are not taken into account by Method A as they are simply not calculated, differently from Method
B. Additionally, we showed that the removal of outliers was decisive for the results. One can easily see
that the comparison between pmax values calculated using distinct methods is extremely discouraged.
Poorly described statistics in microbial physiology papers makes it difficult to understand how data were

obtained and even more difficult to know whether interlaboratory comparisons can be performed.
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Table 2.6 Statistical comparison of pmax values for strains CAT-1 and UFMG-CM-Y259 grown on
defined or complex media, using data from Table 4. Depending on the statistical method and the
significance level applied, distinct conclusions can be drawn.

Test statistic -value Conclusion Conclusion
P (0= 0.05) (0= 0.01)
CAT-1
Method A 2.5632% 0.0335 different pmax same pmax
Method B b
(all data) 1.1016 0.3178 same pmax same pmax
ot 9.9324° 0.0029 different pvax different pvax

(without outliers)

UFMG-CM-Y259

Method A 2.62942 0.0302 different pmax same pmax
Method B b . .
(all data) 7.4850 0.008 different pmax different pwax

a t-test; P F-test

Influence of the type of medium on pvax calculations

Researchers often report pmax values of a yeast strain on a given carbon and energy source, such as
glucose. However, whether this carbon source is provided in a synthetic defined medium or in a complex
undefined medium will influence the growth rate of a microbial population. In principle, pmax values
should be higher in the latter environment, because cells benefit from compounds that can be taken up
directly from the medium, instead of having to synthesize them from metabolic intermediates at the
expense of energy. To verify to which extent pmax values are influenced by these two types of media,
we evaluated this physiological parameter for eight different S. cerevisiae strains cultivated in

microplates (Figure 2.2).
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Figure 2.2 Maximum specific growth rates (max) of strains grown on glucose in microplates in two
cultivation media, calculated using two different regression methods (A and B). Depending on the
statistical method and the significance level used, distinct conclusions can be drawn. * represent the p-
value at which a significant difference between the treatments were observed; ns (p > 0.05); * (p <0.05);
** (p<0.01); *** (p <0.001); **** (p <0.0001).

Overall, the pwax values were higher for a given strain in YPD medium than in defined Verduyn
medium, as expected. Nevertheless, the level to which this occurs varies among strains (Table 2.7), and,
for a few cases, the difference between the pair of pumax values was not significant at 95% or higher
confidence level. The complex/defined pmax ratio ranged from 1.12 to 2.33, which is quite remarkable,
considering that all strains belong to the same species and that both media employed here are commonly
used in experimental research. We were not able to identify any trend in these data, e.g. whether the
haploid CEN.PK113-7D strain would present a different behavior than the diploid ones, or whether
industrial strains (CAT-1, JP-1, PE-2) would behave differently than the laboratory, the baker’s or the
wild isolates. This indicates that these results are probably related to cell morphology, which strongly
influence Abs measurements [7], rather than to cells’ metabolism or physiology, once again highlighting
the importance of taking great care when calculating and/or interpreting umax values from such indirect,

light-scattering-based methods.
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Table 2.7 Ratio between pmax in a complex medium (YPD) over pmax in a defined medium with glucose as sole carbon and energy source. pvax

values were calculated from Absso data using either Method A or Method B. Both methods resulted in the same pvax values.

UFMG-CM- UFMG-CM- UFMG-CM-

CAT-1 CEN.PK113-7D Fleischmann JP1 PE-2 Y257 Y259 Y267

Hmax_complex/
v, defined 1.24 1.73 141 2.33 1.69 1.16 112 191
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Although complex and defined media must contain all the essential nutrients for cell growth,
Abelovska and colleagues [36] demonstrated that the amount of some compounds can vary up to 20 fold
from one sort to another. These authors compared the elemental composition of complex (2% peptone,
1% yeast extract) and minimal media (yeast nitrogen base), and detected lower levels of important
enzyme cofactors such as magnesium and manganese in the complex medium. However, for the
cofactors iron and zinc, as well as for sodium and potassium ions, which are crucial elements in the
generation of electrochemical potential across the cell membrane [37], the results turned out to be the
opposite.

Influence of the cultivation system on pmax calculations

We assessed how the cultivation system affects the calculation of umax by comparing the calculated
values obtained from microplate, shake-flask, and bioreactor cultivations of three S. cerevisiae strains
(Figure 2.3). The calculations were performed considering the Abs values of distinct samples from the
EGP as described in the Material and Methods section (Figure 2.1, Method B). For any particular strain,
the three systems led to different pumax values, with the lowest values always being achieved using
microplate cultivations. This is consistent with our expectations, and has been observed before with
bacteria [20]. Cells are exposed to varying growth conditions in the three systems, such as dissolved O;
and pH, which results from the different agitation, oxygen supply and pH control setups. This per se

should lead to different physiologies.

However, the measuring peculiarities of each system also contribute to the observed differences in
umax. While in microplates the absorbance is usually measured without prior dilution of the cell broth,
in the other two setups, dilution is performed to assure the measured Abs values fall within the limits of
proportionality with cell number or dry cell mass [37]. The real Abs is then calculated by multiplying
the measured value by the dilution factor. Begot and co-workers [38] evaluated the growth of several
Listeria monocytogeneses strains in both microplate and bioreactor systems, and showed that the range
of proportionality between Abs and bacterial population (CFU/mI) depended on the apparatus used to
measure Abs, which adds even more complexity and demands prior knowledge on the particular piece

of equipment used.

In the case of the results shown here, the spectrophotometer used for measuring the absorbance
during shake-flask cultivations was different from the one used for the bioreactor cultivations (see
Material and Methods section for specifications), as these experiments were performed in different
laboratories. Thus, one should also take the contribution of changing the equipment into account when
interpreting these data. As an example of how different spectrophotometers can affect the measurements,
Koch [39] demonstrated that the standard curves of apparent absorbance versus bacterial dry mass

concentrations vary among different instruments under a selected range of wavelengths and aperture
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widths. By apparent absorbance the author refers to the absorbance measured in non-ideal turbidimeters.
Because the absorbance represents the logarithmic difference between the light transmitted by the light
source and the light received by the detector, the slit width plays an important role in quantifying this

parameter, as so does the wavelength [7].

0 5 *kdkk *kdkk *hkk

HUMAX (h41)

" CEN.PK113-7D JP1 UFMG-CM-Y259
B Bioreactor [l Microplate [l Shake Flask

Figure 2.3 Maximum specific growth rates (Umax) for three S. cerevisiae strains grown in a defined
medium with glucose as sole carbon and energy source, in three different cultivation systems. Data from
different systems were used to calculate and statistically compare umax values using Method B and
GraphPad Prism software. This yielded a p-value < 0.0001 (***%*) for all strains.

A practical example on how to misinterpret pmax values

To further illustrate the importance of taking proper care while reporting or interpreting umax data,
we calculated this parameter for some S. cerevisiae strains during cultivations in a defined medium
containing a carbon and energy source other than glucose, namely sucrose or fructose. These pmax
values were then compared to the glucose data, both for microplate and shake-flask cultivations. As an
example, a researcher could be interested in verifying on which of the three sugars yeast would grow
with the highest umax, or one could be interested in screening several yeast strains for fructophilic
behavior, which is a desirable feature in the wine industry, for instance, to overcome challenges with
stuck fermentations [40]-[42].
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The results obtained in microplates do not necessarily corroborate those obtained in shake-flask
cultivations (Figure 2.4). For instance, the UFMG-CM-Y259 strain displayed faster growth on sucrose
in the microscale system, compared to its growth on either of the hexoses. In shake-flask cultivations,
however, it grew with a smaller pmax 0n sucrose, again compared to growth on glucose or fructose. The
CEN.PK113-7D strain also displayed a higher pmax on sucrose in microplate cultivations, but no
significant difference was observed in the puax values on the three substrates during shake-flask

cultivations.

When considering growth on fructose, in comparison to glucose only, the UFMG-CM-Y 257 strain
showed higher umax on glucose for cultivations using microplates, whereas equivalent growth rates on
both substrates were observed during shake-flask cultivations. The opposite was observed for the JP1
strain. Resolving the mechanisms underlying such strain-specific behaviors is beyond the scope of this
work. Here, the importance relies on the fact that one could easily miss the cultivation system-
dependency of umax in S. cerevisiae, if a careful evaluation of the reported methodologies was not
performed. In spite of this, comparisons with literature data are often reported without properly
highlighting the differences in the experimental setup between the evaluated studies, which frequently

leads to misinterpretation.
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Figure 2.4 Maximum specific growth rates (umax) Of S. cerevisiae strains grown in microplates or
shake-flasks in a defined medium supplemented with sucrose, glucose or fructose as sole carbon and
energy source, calculated by Method B from Absspo measurements. * represent the p-value at which a
significant difference between the treatments were observed; ns (p > 0.05); * (p < 0.05); ** (p <0.01);
#3435 (p < 0.001); ¥*%* (p < 0.0001).
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FINAL REMARKS

Determining the maximum specific growth rate is routine in any microbiology laboratory, be it in
industry or academia. The several different methods available for such purpose, however, add up to
challenge this task. Most frequently, researchers report the umax values they calculate in a comparative
manner, either with external publications or with those within their research group. The challenge of
these comparative analyses is to assure that the evaluated cultivations, the analytical procedures, and
data treatment have been executed in the exact same way, and under proper caution. We demonstrate
here through a series of examples the implications on pmax calculations when distinct cultivations setups
or analytical methodologies are employed. We, therefore, would like to draw the attention of our fellow

microbiologists to the following:

1) Avoid calculations of umax directly from Abs measurements. First convert the Abs data to real
cell concentration values using a pre-established calibration equation, obtained under identical
cultivation conditions, and only then calculate umax. This calibration equation can be established using
data from an entire batch cultivation, but ideally only data points in the EGP should be used to avoid

any eventual artifacts introduced by cell morphology changes.

2) When methodologies other than obtaining pmax directly from Abs measurements are not an option,
one should never think of the calculated values as absolute. Comparisons with data reported in different

works should thus be made with utmost care.

3) Always make comparisons of your own calculated umax values with caution and explicitly report

the conditions used by other authors or under which other experiments in the same lab were carried out.

4) Do not overstate findings related to umax, since its value can vary with any cultivation detail that
is different, such as the geometry of the cultivation vessel, contaminants present in chemicals used to
formulate media, rotation radius of the shaker incubator, method used to determine the cell

concentration, etc.

5) Ideally, cell concentration determinations should be carried out in technical replicates to aid in

statistical analysis.

6) Decide on a statistical method to use for comparisons between your own pumax data and explicitly

describe it. Report p-values rather than simply stating the statistical conclusion [43].

7) Describe all calculations in detail, even if they are quite obvious to some. Supplementary material
in research articles or data repositories could be used for this purpose. This will make comparisons

easier, more meaningful and scientifically more sound.
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IIERS chapter 2

SUPPLEMENTARY MATERIAL

Methods for determining cell concentration and calculating the maximum specific

growth rate

Table S2.1 Absorbance and dry cell mass concentration experimental data for S. cerevisiae
CEN.PK113-7D, JP1, and UFMG-CM-Y259 grown on glucose in aerobic batch bioreactors.

Experiments were carried out in duplicate.

Replicate 1 Replicate 2
Approach? Approach?
Time 1 2 Time 1 2
(h) Abssoo® Xe¢ (h) Absgoo? X
CEN.PK113-7D
0.22 0.183 + 0.000 0.220 + 0.020 0.23 0.151 + 0.001 0.270 + 0.030
1.02 0210 + 0.000 0.140 + 0.020 2.05 0231 + 0.001 0300 =+ 0.080
2.22 0292 + 0.001 0250 + 0.030 3.30 0398 + 0.003 0310 =+ 0.030
3.00 0436 + 0.000 0330 + 0.010 4.13 0620 + 0.005 0.150 =+ 0.030
4.15 0.765 + 0.015 0420 + 0.018 5.22 0960 + 0.005 039 <+ 0.010
5.35 1280 + 0.010 0420 <+ 0.000 6.07 1370 + 0.001 0480 + 0.060
6.10 1735 £ 0.005 0570 =+ 0.030 7.12 2000 £ 0.035 0560 =+ 0.040
7.22 2670 + 0.020 0.760 =+ 0.040 8.18 3340 £ 0.030 0.790 =+ 0.030
8.22 4300 + 0.040 1030 <+ 0.030 9.32 5020 + 0.080 1.260 =+ 0.040
9.33 6975 £+ 0.025 1480 =+ 0.020 10.08 7.250 + 0.001 1540 <+ 0.020
1005 8900 + 0.100 1910 =+ 0.050 11.03 10.150 + 0.025 2100 <+ 0.100
11.07 12475 + 0125 2620 + 0.020 1165 12050 + 0.025 2540 + 0.160
JP1

0.13 0.154 + 0.000 0370 + 0.050 0.67 0.182 + 0.001 0320 + 0.020
2.05 0231 + 0.002 0370 + 0.050 2.19 0254 + 0.001 0380 =+ 0.020
3.05 0381 + 0.001 0370 + 0.010 3.20 0383 + 0.003 0390 <+ 0.010
4.13 0655 + 0.025 0340 =+ 0.010 4.27 0630 + 0.010 0440 =+ 0.040
5.05 0910 + 0.010 0410 + 0.010 5.60 0995 + 0.005 0530 =+ 0.010
6.05 1400 + 0.020 0550 =+ 0.010 8.46 3450 + 0.010 1120 =+ 0.010
7.13 2073 + 0.003 0.780 + 0.040 10.17 6.045 + 0.005 1.740 + 0.050
8.05 3205 £+ 0.005 0960 =+ 0.020 11.85 11800 + 0.001 2.690 =+ 0.080
9.22 5050 + 0.070 1400 + 0.002

10.05 8425 + 0.075 1810 =+ 0.030

11.00 9713 + 0.013 2460 + 0.020

11.38 11,100 + 0.000 2720 + 0.020

UFMG-CM-Y259

0.27 0224 + 0.002 0.400 + 0.000 0350 0182 + 0.002 0.320 + 0.020
1.00 0250 + 0.000 0.400 + 0.020 2.067 0262 + 0.007 0.370 = 0.010
2.00 0340 + 0.000 0410 + 0.010 3.184 0426 + 0.000 0450 =+ 0.010
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Replicate 1 Replicate 2
Approach? Approach?

Time 1 2 Time 1 2

(h) Absgoo® NG (h) Abseoo? Xe¢

3.00 0496 + 0.000 4380 0692 + 0.006 0470 + 0.030
3.98 0.815 + 0.003 0420 + 0.015 6.670 2110 <+ 0.010 0.780 + 0.020
4.98 1175 + 0.003 0510 + 0.030 8580 4.840 + 0.040 1320 £ 0.040
6.00 1725 + 0.005 0.680 + 0.020 10.780 13.050 + 0.000 2590 =+ 0.030
7.02 2545 + 0.010 0.890 + 0.010 11380 13375 + 0.225 2980 =+ 0.080
8.00 4120 + 0.040 1190 = 0.030

9.00 6200 + 0.025 1650 + 0.070

10.00 9275 + 0.013 2290 + 0.010

1098 12500 + 0.100 2930 + 0.050

2 Approaches: (1) Identify EGP and calculate pmax from Dry Cell Mass concentrations (X) Data; (2) Identify EGP
and calculate pmax from Abs Data; ® Absorbance measurements at 600 nm. ¢ cell concentration in gom.I™.

Table S2.2 Cell concentration data for S. cerevisiae CEN.PK113-7D, JP1, and UFMG-CM-Y 259 grown
on glucose in aerobic batch bioreactors calculated applying different calibration equations that were
established with the data presented in Table S2.1.

Replicate 1 Replicate 2
. Approach? Approach?
Time .
h) 3 4 5 6 7 8 Time 3 4 5 6 7 8
X3 X4 X3b X4b  Xba  X5b (h) X3 X4 X3b  X4b  X5a  X5b

CEN.PK113-7D
022 0.234 0.215 0.235 0.245 0.241 0.360 023 0229 0.239 0.228 0.209 0.353 0.233
1.02 0.240 0.220 0.240 0.250 0.247 0.366 205 0.244 0254 0.244 0.224 0371 0.252
222 0255 0.236 0.256 0.265 0.267 0.385 330 0.275 0.285 0.275 0.257 0.409 0.292
3.00 0283 0.264 0.282 0.292 0.301 0.418 413 0317 0326 0.318 0.299 0.459 0.345
415 0345 0.327 0.344 0.352 0.380 0.492 522 0380 0.389 0.382 0.365 0.537 0.427
535 0.443 0.427 0.440 0.448 0.504 0.609 6.07 0457 0.465 0.460 0.444 0.630 0.526
6.10 0530 0.514 0.525 0532 0.613 0.713 7.12 0574 0581 0580 0566 0.773 0.677
722 0707 0.695 0.699 0.705 0.838 0.925 8.18 0.825 0.829 0.835 0.824 1.077 0.999
8.22 1.017 1.009 1.004 1007 1.229 1.295 932 1138 1141 1.154 1148 1459 1.402
933 1526 1.525 1503 1503 1.871 1.903 10.08 1555 1554 1579 1578 1965 1.937
10.05 1.892 189