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Abstract

The progressive depletion of fossil fuels reserves in the last years led to the necessity for
biotechnological manufacturing based on lignocellulosic feedstocks. Lignocellulosic biomass,
such as straw, is an abundant low-cost source for production of biofuels, such as bioethanol, that
does not compete for food needs. However, lignocellulose-to-ethanol process involves pre-
treatment of biomass to obtain readily fermentable sugars, which leads to the accumulation of
inhibitory by-products (e.g. furan derivatives, phenolic compounds, organic acids). Significant
progress has been made in the understanding of the determinants of yeast tolerance to
lignocellulose biomass-derived inhibitors, as well as to high ethanol concentrations. Nevertheless,
further knowledge at the genetic level is of essential importance for the improvement of second
generation bioethanol conversion technology.

In a previous work, 5 genes, £RG2 PRS3, RAVI, RPB4 and VMAS, were found to
contribute to the maintenance of cell viability and/or for maximal fermentation rate in wheat
straw hydrolysate. Taking into account the negative effects reported from single overexpression of
ERG2 RAVI and VMAS under non-stressful conditions, these genes were not considered as good
targets for genetic engineering in the present work. Furthermore, ZWF1, a gene essential for
yeast response to the presence of acetic acid, was added to the set of genes considered in the
present study. To attempt to overcome the fermentation hurdles resultant from the inhibitory load
mentioned above, molecular biology tools were used to: (1) unravel HAAI, PRS3 and RPB4 role
in adaptation to toxic biomass hydrolysates, evaluating their expression levels, by gRT-PCR, in the
outstanding-fermenting Saccharomyces cerevisiae PE-2 when exposed to acetic acid, HMF and
furfural, and (2) improve yeast tolerance and adaptation by overexpressing these genes in the
auxotrophic S. cerevisiae BYA741, using multi-copy vectors, and assessing the effects in
Eucalyptus globulus wood hydrolysate.

Increased HAAI, PRS3 and RPB4 expression levels were observed at the late lag and/or
initial stationary phases of the fermentation in the presence of inhibitors. However, the
overexpression of these genes under the control of the strong constitutive ScPGAI promoter has
not resulted in improved growth and fermentation profiles. On the other hand, the overexpression
of HAAI and PRS3 genes under the regulation of their native promoters resulted in fermentations
profiles with a reduced lag-phase. These results indicate that PRS3 and principally HAAI
overexpression play an important role in the adaptation to lignocellulosic-based stress, and are
good candidates for yeast engineering to improve bioethanol production.
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Resumo

A diminuicao progressiva das reservas de combustiveis fosseis nestes ultimos anos levou
a necessidade de uma industria biotecnolégica baseada em matérias-primas lenhocelulésicas. A
biomassa lenhoceluldsica, tal como a palha, ¢ uma fonte abundante de baixo preco para a
producdo de biocombustiveis, como o bioetanol, que ndo compete com as necessidades
alimentares. Contudo, o processo de conversdo de biomassa lenhoceluldsica a etanol envolve
um pré-tratamento da biomassa para obtencado imediata de acucares fermentesciveis, levando a
acumulacao de produtos inibitérios (ex. derivados de furano, compostos fenolicos, acidos
organicos). Avancos significativos tém sido efectuados no que concerne a compreensao de
determinantes da tolerancia de leveduras a inibidores derivados da biomassa lenhocelulosica, tal
como a concentracOes elevadas de etanol. No entanto, um maior conhecimento a nivel genético
¢ essencial para o melhoramento de tecnologias para a conversao de bioetanol de segunda
geracao.

Num trabalho anterior, 5 genes, £ERGZ, PRS3, RAVI, kPB4 e VMAS foram identificados
como importantes para a manutencao da viabilidade celular e/ou para maximizar a taxa de
fermentacao em hidrolisados de palha de trigo. Considerando os efeitos negativos reportados da
sobre-expressado singular dos genes ERGZ, RAVI e VMAS na auséncia de stress, estes genes
foram considerados, neste trabalho, como nao sendo bons alvos para engenharia genética.
Adicionalmente, o gene HAAI, essencial na resposta a presenca de acido acético em leveduras,
foi acrescentado ao conjunto de genes considerado neste estudo. Na tentativa de ultrapassar os
problemas fermentativos acima referidos, ferramentas de biologia molecular foram usadas para:
(1) desvendar o papel dos genes HAAI, PRS3 e RPB4, na adaptacao a hidrolisados de biomassa
toxicos, avaliando os seus niveis de expressdao por gRT-PCR, no excepcional organismo
fermentativo Saccharomyces cerevisiae PE-2 quando exposto a acido acético, HMF e furfural, e
(2) melhorar a tolerancia e adaptacdo da levedura através da sobre-expressdo destes genes na
estirpe auxotrofica S. cerevisiae BYA741, usando vectores multi-copia, e avaliar os efeitos em
hidrolisado de madeira de Eucalyptus globulus.

Niveis de expressdo aumentados dos genes HAAI, PRS3 e RPB4 foram observados no
final da fase de adaptacéo e/ou no inicio da fase estacionaria da fermentacao na presenca de
inibidores. Todavia, a sobre-expressao destes genes sob o controlo do promotor constitutivo e
forte ScPGK1 ndo demonstrou um melhoramento dos perfis de crescimento e fermentativos. Em
contrapartida a sobre-expressdo dos genes HAAI e PRS3 sob a regulacdo dos seus promotores
nativos resultaram em perfis de fermentacao com reduzida fase de adaptacao. Estes resultados
indicam que a sobre-expressao do PRS3 e principalmente do AA4A7 tem um papel importante na
adaptacao ao stress derivado de biomassa lenhoceluldsica, sendo bons candidatos para a

engenharia genética de leveduras, de modo a obter melhorias na producéo de bioetanol.

Vi






Table of contents

AZIAAECIMENTOS .. vttt e e e e e e e e e e e e e e e e e e iii
Y01 U [0t SR OPPRR v
RESUMIO .ttt Vi
[T o) R = (U =Y Xiii
LISt OF tADIES ... Xix
List Of @DDIEVIATIONS ... XXi
A1 e 1
L INEOAUCTION ..t 5
N O = 1T ) =TSSP 7
1.2, BIOEN@NOL ... s 7
1.2.1. Second generation bioethanol ... 8
1.2.2. Bioethanol production from lignocellulosic biomass ..., 8

1.3. Genes associated with S. cerevisiae tolerance to ethanol, acetic acid, vanillin, furfural and

ethanol, acetic acid, vanillin, furfural and HMF in Wheat Straw Hydrolysate..................... 14
2. Materials and MethodS.........c.uviiiiiiii e 19
2.1. Sterilization of material, solutions and culture media ..........cccoeevviiiiiiiiiiiie, 21
2.2 SHAINS .ttt 21
2.3. Bacteria and yeast Cells StOrage.........coovvvviiiiiiii 22
2.4, IMEAIA. ... 22
2.5, VECTOIS ..t 22
2.0, PIIMEIS L. 23
2.7. Plasmid DNA preparation from £. Coli StrainS............ooovvuviiiiiiiiiiiiiiiieeeeeee e 25
2.7.1. Rapid plasmid DNA eXtraction..........coooeveiiiiiiiiiee e, 25
2.7.2. ComMENCIal Kit......ooiiiiiieie i 25
2.8. GenomicC DNA eXtraCtion .........c.ueiiiiiiiiiiieiie s 26
2.9. DNA qUantification........coooieie e 26
2.10. DNA STOTAZE ...ttt e e e e 26
2.11. Amplification of DNA fragments by Polymerase Chain Reaction (PCR)...........cccc..eeee.... 27
2.11.1. Amplification with Phusion High-Fidelity DNA polymerase...........cccccceeveiiiiinnnnnnn. 27

iX



2.11.2.Colony PCR ...t 27

2.12. DNA EIECIOPNOIESIS ...eieee ettt 28
2.12.1. AZAr0SE Gl .. 28
2.12.2. DNA molecular weight marker .........cooooeeieiiii 28

2.13. DNA purification of PCR products .........coooeiiiiiiii 29

2.14. DNA purification from agarose gel.......ccooviiiiiiiiii 29

2.15. Enzymatic modification of DNA ..o 30
2.15.1. Digestion with restriction endonuClEaseS...........cooeevviiiiiiii 30
2.15.2. Plasmid DNA dephosphorylation ..., 30
2.15.3. Ligation reactions ......cccooeeiiiiiiiii e, 30

2.16. Transformation of £. COl CeIS......c.uiiiiiiiiii e 30
2.16.1. Heat-shock Method ..........cooviiiiiiiii e 31
2.16.2. EIeCtroporation .......ccooeeeieiiie e, 31

2.17. Transformation Of S. CEreViSIAe. .........cccoiviiiiiiiiii i 32

2.18. Aerobic growth in MICroplates........coooveiiiiiii i 33

2.19. Shake-flask fermentations ..........ocviiiiiiii 33

2.20. HPLC quantification..........cooeieiiiiii e, 34

2.21. Quantitative Reverse Transcriptase PCR (QRT-PCR) ........coooviiiiiiii, 34
2.21.1. RNA pUIfICAtION....ccoie e, 34
2.21.2. CDNA SYNTNESIS ..o, 35
2.21.3. Quantitative PCR........ueeii e 36

. ReSUIS aNd diSCUSSION ... e 37

during fermentations in control and inhibitory media..............ccoooi 39
3.1 1 RNA QUAIRY o 39
3.1.2. Quantitative Reverse Transcriptase PCR ..., 40

3.2. Construction of recombinant S. cerevisiae BYA741 overexpressing ZWF1, PRS3, RPB4
and HAAI genes under the control of the ScPGAI PromOoter........c.evvvveeeeiiiiciiiiieeeeeeeeeeiee, 44
3.2.1. Growth characterization of the overexpressing S. cerevisiae strains........................ 49
3.2.2. Effect of ZWFI1, PRS3, RPB4 and HAAI overexpression in lignocellulosic-based
FErMENTATIONS .. 51

3.3. Study of the effect of HAAI overexpression in lignocellulosic-based fermentations.......... 52



3.3.1. Effect of HAAI overexpression under the regulation of its native promotor .............. 53
3.3.2. Effect of HAAI overexpression under the regulation of the ScPGAI promoter.......... 54
3.4. Study of the effect of ZWF1, PRS3 and RPB4 overexpression under the regulation of the
A F= 1 U\ o0 0] (TN 55
3.4.1. Construction of recombinant S. cerevisiae BYA741 overexpressing ZWF1, PRS3 and
RPB4 genes under the regulation of the native promoters..........cccccoevviiiiiiiinieeen, 55

3.4.2. Effect of ZWF1, PRS3 and RPB4 overexpression under the regulation of their native

promoters in lignocellulosic-based fermentations............ccceeeeee 57
4. Conclusions and fUture PerSPECHIVES.......cooeiiiii i 59
5. RETEIBNCES ... 63
Y o] o =T o [ R 71

Xi






List of figures

Figure 1.1. Reactions occurring during pre-treatment and hydrolysis of lignocellulosic materials.

Adapted from Palmqvist and Hahn-Hagerdal [17]. ......cccouvviiiiiiiiiiii e, 9

Figure 1.2. Main raw materials and processes used for ethanol production. Reproduced from

MUSSAIEO ©F @/ [B]. .. vt 10

Figure 1.3. Comparison of the yeast genes described as determinants of resistance to inhibitory
concentrations of ethanol, acetic acid and furfural or vanillin. Adapted from Pereira et al, 2011

£SO PPRPP P PRROPP 14

Figure 1.4. Roles played by the APB4/7 sub-complex in stress and non-stress related
phenotypes. Reproduced from Sampath and Sadhale, 2005 [78]. .....uvvvvvvvvvrrrrririiriiriiiiiiiinnnnns 17

Figure 3.1. Profile of CO, production of S. cerevisiae PE-2 in YPD (A) and in YPD supplemented
with acetic acid (3 g/L), HMF (0.3 g/L) and furfural (1.66 g/L) (e). Data represents average +
standard deviation obtained from two biological replicates. Samples were collected at the time-

points indicated With BIACK @rTOWS. .........uuverereriiiiiiiiiiiiiiieiiiieir s abeaaeerereerearaearanes 39

Figure 3.2. Verification of RNA integrity. Samples from the duplicate control fermentations: lag-
phase, initial exponential phase, initial stationary phase (lanes 1-6). Samples from the duplicate
inhibitory medium fermentations: early lag-phase, late lag-phase, initial exponential phase, initial
stationary phase (lanes 7-14). The 18S:28S intensity ratio (calculated using the Image Lab 4.0

software) is indicated in €ach 1aNe...........ooovvviiiiiii 40

Figure 3.3. Differential expression of PRS3 HAAI and RPB4 during different phases of S.
cerevisiae PE-2 fermentation in inhibitory medium: (a) late lag-phase, (b) initial exponential phase
and (c) initial stationary phase. Results are shown as the fold-change in expression relative to that
on the same phase of S. cerevisiae PE-2 fermentation in the absence of stress (represented by
the dotted line). Data represents average + SEM obtained from two biological replicates and at
least two experimental replicates. The statistical significance of the results was quantified using

multiple ttests. *£< 0.05; **P< 0.01; **P<0.001; **** P<0.0001......ccccvvvriiiriiiiiienn 41

Figure 3.4. Variation of the concentration of the inhibitors, acetic acid, HMF and furfural (a), as
well as glucose and ethanol (b), during the fermentation of S. cerevisiae PE-2 in inhibitory media:

fermentation start (m), early lag-phase (m), late lag-phase (m), initial exponential phase (') and

xiii



initial stationary phase (m). Data represents average + SEM obtained from two biological

=T ol Toz= 1 (PRSPPI 42

Figure 3.5. Differential expression of PRS3, HAAI and RPB4 along a fermentation in inhibitory
medium: late lag-phase (m), initial exponential phase (m) and initial stationary phase (m). Results
are shown as the fold-change in expression relative to that on the early lag-phase of the same
fermentation (represented by the dotted line). Data represents average + SEM obtained from two
biological replicates and at least two experimental replicates, and the statistical significance of
the results was quantified using multiple ttests. *£< 0.05; **P< 0.01; ***P< 0.001; **** P<
0.000 L, ettt R ettt ettt ettt et ne e neenee e 43

Figure 3.6. PCR amplifications of the coding sequence of the genes of interest from S. cerevisiae
CEN.PK113-7D. Lane 1: ZWFI PCR product; lane 2: PRS3 PCR product; lane 3: #PB4 PCR
01T L1 X SRR 45

Figure 3.7. Confirmation of insertion of ZWFI (a and b) and PRS3 (c and d) genes into pGEM-T
Easy Vector. (a) Resulting pattern of digestion of pGEM-T+ZWF1 with Pstl (expected patterns were
4057 and 488 bp or 3451 and 1094 bp). (b) Representation of the pGEM-T Easy vector with
ZWF1I (c) Resulting pattern of digestion of pGEM-T+PRS3 with Sacl (expected patterns were 3569
and 421 bp or 3342 and 648 bp). (d) Representation of the pGEM-T Easy vector with PRS3. ...45

Figure 3.8. Confirmation of insertion of #PB4 into pGEM-T Easy Vector. (a) Colony PCR of 18
white colonies using ScRPB4 primers (Table 2.3). An amplicon of 678 bp was expected. (b)
Representation of the pGEM-T Easy vector With APB4. .........ueeeeeeiiieieeieeeeeeeeeeeee e 45

Figure 3.9. Restriction enzyme digestion of the different constructs in pGEM-T Easy Vector and of
pMI516MCS Vector. (a) pGEM-T+ZWF1 (1) and pMI516_ MCS (2) were digested with EcoRlI. (b)
PGEM-T+PRS3 (1) and pMI516MCS (2) were digested with Sall and Xhol. (c) pGEM-T+RPB4 (1)
and pMI516_ MCS (2) were digested with BamHIl and Xhol. ..........ccccccviviiiii 46

Figure 3.10. Confirmation of correct insertion of ZWF1, PRS3 and RPB4 genes into pMI516MCS
vector. Representation of the pJCZ (b), pJCP (d) and pJCR (f) vectors. (a) Colony PCR of 14
colonies using ScZWF1_fw and PGK_rv primers (Table 2.3), with an expected amplicon of 1758
bp. (c) Colony PCR of 18 colonies using ScPRS3_fw and PGK_rv primers (Table 2.3), with an
expected amplicon of 1150 bp. (d) Colony PCR of 18 colonies using ScCRPB4_rv and PGK_fw
primers (Table 2.3), with an expected amplicon of 878 bp. .....uvvvveeveiiiiiiiiiiiiiveiiiiaens 46

Xiv



Figure 3.11. Section of the sequencing chromatogram of pGEM-T+ZWF1 showing the mutation
on the expected restriction site for Xhol (CTCGAG). .....uvvviiiiiiiiiiieeee e 47

Figure 3.12. PCR amplification of the coding sequence of HAAI from S. cerevisiae CEN.PK113-

Figure 3.13. Confirmation of insertion of H4A41 genes into pGEM-T Easy Vector. (a) Colony PCR of
12 white colonies using ScHAA1 primers (Table 2.3) with an expected amplicon of 2103 bp. (b)
Representation of the pGEM-T Easy vector with HAAL .......c..ovveeiiiiiiiiiiee e 48

Figure 3.14. Restriction enzyme digestion of pGEM-T+HAA1 (1) and pMI516MCS (2) with EcoRl e

Figure 3.15. Confirmation of correct insertion of H4A417 into pMI516MCS vector. (a) Colony PCR
of 14 colonies using ScHAA1_rv and PGK_fw primers (Table 2.3) with an expected amplicon of
2294 bp. (b) Representation of the pJCH VECtOr. ..ccooooviiiiiii 48

Figure 3.16. Confirmation of transformation of S. cerevisiae with pJCZ, pJCP and pJCR. (a)
Colony PCR of 8 colonies using ScZWF1_fw and PGK_rv primers (Table 2.3), with an expected
amplicon of 1758 bp. (b) Colony PCR of 2 colonies using ScPRS3_fw and PGK_rv primers (Table
2.3), with an expected amplicon of 1150 bp. (c) Colony PCR of 6 colonies using ScCRPB4_rv and
PGK_fw primers (Table 2.3), with an expected amplicon of 878 bp..........evvvvvrvvvrvvrrrrerrirrirnnnnns 49

Figure 3.17. Confirmation of transformation of S. cerevisiae with pJCH. Colony PCR of 17

colonies using ScCHAA1_rv and PGK_fw primers (Table 2.3) with an expected amplicon of 2294

Figure 3.18. Confirmation of transformation of S. cerevisiae with pMI516MCS. Colony PCR of 8
colonies using PGK_fw and PGK_rv primers (Table 2.3) with an expected amplicon of 419 bp. 49

Figure 3.19. Aerobic growth of S. cerevisiae BY4741 (¢) (in YPD medium) and of the
transformants pMI516MCS (m), pJCZ (A), pJCP (e) and pJCR (m) in YPD with G418. Data

represents average + standard deviation from three biological replicates. .........cccceevvvvvvvrrnrnnnnns 50

Figure 3.20. Aerobic growth of S. cerevisiae BY4741 (¢) (in YPD with 3 g/L of acetic acid, 0.3
g/L of HMF and 1.6 g/L of furfural) and of the transformants: pMI516MCS (m), pJCZ (A), pJCP
(#) and pJCR (m) in YPD medium with G418 and supplemented with the same quantities of the

referred inhibitors. Data represents average + standard deviation from three biological replicates.



Figure 3.21. Aerobic growth of S. cerevisiae BYA741 (#) (in YPD with 1.89 g/L of HMF and 2.88
g/L of furfural) and of the transformants: pMI516MCS (m), pJCZ (A), pJCP (®) and pJCR (m) in
YPD medium with G418 and supplemented with the same quantities of the referred inhibitors.

Data represents average + standard deviation from three biological replicates. .........ccccceeenns 51

Figure 3.22. Profile of CO, production of S. cerevisiae BY4A741 transformants: pMI516MCS (m),
pJCZ (A), pJCP (e), pJCR (m) and pJCH () in EWH (70%) fermentations. Data represents

average + standard deviation obtained from two biological replicates. ........ccccvveeiiiiiiiiiiinnnnn. 52

Figure 3.23. Profile of CO, production of the deletion mutant S. cerevisiae BY4741 Ahaal (4)
and of S. cerevisiae BYA741 transformants: YEplac195 (m), BHUM1737 (m), pMI516MCS (e)
and pJCH (e) in EWH (70%) fermentations. Data represents average + standard deviation

obtained from two biological replicates. .........ooovvviiiiiiii 53

Figure 3.24. PCR amplifications of the genes of interest from S. cerevisiae CEN.PK113-7D with
native promotor and terminator sequences. Lane 1: ZWFI PCR product; lane 2: PRS3 PCR
product; lane 3: APBAPCR PrOQUCT.........ooiiiiiiee e 55

Figure 3.25. Confirmation of insertion of ZWF1, PRS3 and RPB4 with native regulatory regions
into pGEM-T Easy Vector. Representation of pGEM-T Easy with ZWFI (b), PRS3(d) and RPB4 (e).
(@) Colony PCR of 8 colonies using ScZWF1_V1 and ScZWF1_rv primers (Table 2.3) and an
amplicon of 1081 bp was expected; and of 7 colonies using ScPRS3 primers (Table 2.3) and an
amplicon of 975 bp was expected. (c) Colony PCR of 8 colonies using ScRPB4_nat primers
(Table 2.3) and an amplicon of 1322 bp was eXPECIEA. .........uvvvrrvrrrrrrriiiiriieririeieerrirrearaaananns 56

Figure 3.26. Restriction enzyme digestion of the different constructs in pGEM-T Easy Vector and
of YEplac195 vector. pGEM-T+ZWF1nat (1), pGEM-T+RPB4nat (2) and YEplacl95 (3) were
digested with Sacl and Sphl. pGEM-T+PRS3nat (4) and YEplac195 (5) were digested with EcoRI.

Figure 3.27. Confirmation of insertion of ZWF1, PRS3 and RPB4 with native regulatory regions
into YEplac195 vector. (a) Resulting pattern of digestion of YEpJCZ (1 and 2) and YEpJCR (3 and
4) with Hindlll. (b) Resulting pattern of digestion of YEpJCP with Xbal. ......ccceevvviiiiiiiiiiinnnn. 56

Figure 3.28. Confirmation of transformation of S. cerevisiae with YEpJCZ, YEpJCP and YEpJCR.
Colony PCR of 2 colonies using ScZWF1 primers (Table 2.3; lanes 1-4) and an amplicon of 1530
bp was expected.. Colony PCR of 2 colonies using ScPRS3_nat primers (Table 2.3; lanes 5-8)

XVi



and an amplicon of 1538 bp was expected.. Colony PCR of 2 colonies using ScRPB4_nat
primers (Table 2.3; lanes 9-12) and an amplicon of 1322 bp was expected..........cccovvveeiiinnnnns 57

Figure 3.29. Profile of CO, production of S. cerevisiae BY4A741 transformants: YEplac195 (m),
YEpJCZ (A), pJCP (o), pJCR (m) and BHUM1737 (#) in EWH (60%) fermentations. The smaller
graphic focus on the initial 40 hours of the fermentation. Data represents average + standard

deviation obtained from two biological replicates. ..........cccccoiviiiiiiiiiiiiii e 57

XVii






List of tables

Table 1.1. List of genes, that, when overexpressed, are reported to play a protective role against

inhibitory concentrations of furfural and/or HMF. ..., 13

Table 1.2. Cellular function of the 11 genes required to provide tolerance to ethanol, acetic acid

and vanillin or furfural. The cellular function was obtained from Saccharomyces Genome

Database (http:// WwWw.yeastZEN0OME.OFE)......uuvrrrrrrrrreriiriieriririeeireesreaererasrererereaararrerarrearaaaa——.. 15
Table 2.1. Microbial strains used during this WOrk. ............oovvveviiiiiiiiiiieeeeeeeeee 21
Table 2.2. Vectors used during thisS WOrK...........covvveviiieiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 22

Table 2.3. Primers used during this work. Underlined are the recognition sites of the restriction

enzymes used in the cloning ProCeAUIES...........oovvvviiiiiiiiee 24
Table 2.4. NZYDNA Ladder Il bands molecular Weight..............ooovvveviiiiiieiiiiiiieeeeeeeeeeeee 29

Table 3.1. Effect of the overexpression of ZWF1, PRS3 and APB4 genes in EWH fermentations.
Data represents average + standard deviation of two independent experiments and the absence

of statistical significance of the results was determined by one-way ANOVA. ..........ccccoovvveeee. 52

Table 3.2. Effect of the HAAI gene in EWH fermentation. Data represents average + standard
deviation of two biological replicates and the absence of statistical significance of the results was

determined by one-way ANOVA. ..o 53

Table Al. Composition of solutions and media used for different strains growth........................ 73

XiX






List of abbreviations

°C

Hg

ul

HM
ADH1
Ag
amp
bp
cDNA
DNA
dNTPs
DTT
EDTA
EWH

G418

HMF
IPTG

kV

LB
LiOAc

min
Mi
mM
mRNA
ms

Ng
Nm
oD
PCR
PEG
PGK1
RNA
RNase

degree Celsius

microgram

microliter

micromolar

alcohol dehydrogenase |
Ashbya gossypii

ampicillin

base pairs

complementary deoxyribonucleic acid
deoxyribonucleic acid
deoxyribonucleotide triphosphates
Dithiothreitol

ethylenediamine tetraacetic acid
Eucalyptus globulus wood hydrolysate
Gram

relative centrifugal force
Geneticin

Hour

5-hydroxymethyl furfural
[3-D-1-thiogalactopyranoside

kilo (103)

Kilovolt

Liter

Luria-Bertani medium

Lithium Acetate

molar concentration

Minute

Mililiter

Milimolar

messenger ribonucleic acid
Millisecond

nanogram

nanometer

optical density

Polymerase Chain Reaction
Polyethylene Glycol
3-phosphoglycerate kinase
ribonucleic acid

Ribonuclease

XXi



Rpm
rRNA

SAP
Sc
SD
SHF
SOC
SSCF
SSF
TAE
TE
TEF
Tris
tRNA
WSH

X-gal
YPD

revolutions per minute

ribosomal ribonucleic acid

second

Shrimp Alkaline Phosphatase

Saccharomyces cerevisiae

Synthetic Defined

Separate Hydrolysis and Fermentation

Super Optimal broth with Catabolite repression
Simultaneous Saccharification and Co-Fermentation
Simultaneous Saccharification and Fermentation
Tris-Acetate-EDTA

Tris-EDTA

Translation elongation factor 1 a
tris(hydroxymethyl)aminomethane

transfer ribonucleic acid

Wheat Straw Hydrolysate

Wild Type
5-bromo-4-chloro-indolyl-3-D-galactopyranoside
Yeast extract Peptone Dextrose medium

XXii



AIMS







AIMS

In recent years the necessity for biotechnological manufacturing based on lignocellulosic
feedstocks has become evident. However, the required pre-treatment in the production of
lignocellulosic bioethanol leads to the accumulation of by-products inhibitory to yeast growth. A
set of genes required for tolerance to stress induced by sole inhibitors was already identified,
however, little is known about tolerance to multi-stress induced by multiple inhibitors. Based on
genome-wide results, 5 genes, £ERGZ, PRS3, RAVI, RPB4 and VIMAS, were previously found to
contribute to the maintenance of cell viability in wheat straw hydrolysate and/or for maximal
fermentation rate in this substrate. However, there are no studies describing the outcome in
ethanol productivity of lignocellulosic-based fermentations using recombinant S. cerevisiae
overexpressing these genes.

Taking into account that single overexpression of £RGZ, RAVI and VIMAS under non-
stressful conditions was found to result in a negative effect on ergosterol biosynthesis, toxicity for
the yeast cell and in a diminished growth rate, respectively, these genes were not considered as
good targets for genetic engineering. Furthermore, HAAI, a gene essential for yeast response to
the presence of acetic acid [1, 2] and which overexpression was found to enhance tolerance to
this inhibitor, was equally studied. Therefore, to expand our understanding of the underlying
molecular mechanisms involved in yeast response to the multiple stresses occurring during
lignocellulose fermentations under industrially relevant conditions, we specifically aimed to:

1. study HAAI, PRS3and RPB4 expression in S. cerevisiae PE-2 by qRT-PCR during
fermentation in the presence of lignocellulose-related inhibitors;

2. create S. cerevisiae strains overexpressing HAAI, PRS3 and RPB4 genes under
the control of their native promoters or of the strong constitutive ScPGKI
promoter;

3. evaluate the effect of these genes’ overexpression in terms of bioethanol

production, in fermentations of Fucalyptus globulus wood hydrolysate.
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1.1. Biofuels

The world faces the progressive depletion of its fossil fuels reserves, the most important
of the available energetic resources, resulting in a constant rise of the oil prices. Also, the
excessive consumption of these fuels during the last decades has greatly contributed to
generating high levels of pollution, mostly in large urban areas, associated with elevated
greenhouse gas emissions. This allied with the growing demand for energy for transportation,
heating, industrial processes, among others, have denoted the need for a substitute for the fossil
fuels [3].

The renewable energy industry is currently well developed, however it is mostly focused
in the production of electrical energy (wind, solar, and tidal energy, hydro- and geo-energy).
Liquid fuels are the basis of more than half of the energy consumed at the present, instigating
the necessity to exploit other energy resources, such as biofuels [4].

Biofuel is any fuel that is produced from biomass, which consists of biological matter
from dead or even living organisms (being, in this context, usually plant-based). The principal
fuels produced from biomass are ethanol, methanol, biodiesel and hydrogen [5]. This work will

focus on biomass-based ethanol (or bioethanol) production.

1.2. Bioethanol

Bioethanol is considered as a good alternative to substitute gasoline. Although its energy
equivalent is 68% lower than petroleum-based fuel, it has a cleaner combustion [6], which results
in a lower emission of toxic substances [7]. The replacement of gasoline by ethanol results in a
reduction of more than 80% of carbon emissions, and completely eliminate the release of acid-
rain-causing sulfur dioxide [8].

Currently, the leader country on the production of bioethanol is the United States of
America (USA), followed by Brazil [9]. In 2012, the worldwide bioethanol production for the fuel
market was over 82 thousand millions liters, of which 62% were produced in USA and 25% in
Brazil [10]. The principal biomasses sources used in the process of ethanol production are corn
(in USA) and sugar cane (in Brazil), among others. The ethanol produced from the easily
obtained sugars from feedstocks is denominated first generation bioethanol. However, the
utilization of these sources directly compete with the food and animal feed industry, and may not
be sufficient to meet the increasing demand for fuel ethanol [11]. Moreover, the utilization of this

bioethanol results in a greenhouse gases production not as low as desirable [11].
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1.2.1. Second generation bioethanol

The concerns regarding the feedstocks depletion, led to the necessity of a new
generation of bioethanol produced from non-food biomass. This is called second generation
bioethanol and is based in lignocellulosic biomass, the most abundant and sustainable raw
material worldwide, which occurs as a byproduct, thus eliminating the competition with food and
feed industry [12]. Such lignocellulosic biomass consists of agricultural (e.g. cereal straw, sugar
cane bagasse), industrial (e.g., glycerol from biodiesel production by transesterification),
municipal (organic components of solid wastes) and forestry (e.g. wood residues) wastes, and
similar sources [13, 14].

As already denoted, the establishment of the second generation bioethanol eliminates
the potential conflict between the use of land for food and for bioethanol production[15].
Moreover, the lignocellulosic material is geographically more evenly distributed than the fossil
fuels, providing security of supply, and that fact might also provide employment in less-developed
regions, especially in rural areas[15]. Another advantage of this lignocellulose-based bioethanol is
the low greenhouse gas emission, and consequently low environmental impact [15].

Whereas the first generation bioethanol industry is well settled, the technology for
bioethanol production based on lignocellulosic biomass is still developing. Furthermore, the
process of conversion of lignocellulosic biomass is more complex than that of sugar- and starch-
based sources, as a result of the rigid and complex molecular polymeric structure of cellulosic
biomass (lignocellulose is highly resistant to chemical attack, solubilisation and bioconversion)
[12]. The fact that cellulosic materials contain five different sugar monomers (glucose, galactose,
mannose, xylose, arabinose), while starch is only composed of glucose [16], is another factor of
complexity. Several biotechnological companies and government-funded laboratories have
already engineered enzymes and microorganisms to optimize the technology to produce
bioethanol from lignocellulose sources, and many are working to increase the efficiency of this

process.

1.2.2. Bioethanol production from lignocellulosic biomass

Lignocellulosic biomass is mostly comprised of lignin, hemicellulose and cellulose. Pre-
treatment and hydrolysis procedures results in the formation and liberation of a large range of
compounds (Figure 1.1). Hemicellulose degradation liberates xylose, mannose, acetic acid,

galactose, and glucose. Cellulose is hydrolysed to glucose. Furfural and 5-hydroxymethyl furfural
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(HMF) are formed from dehydration of pentoses and hexoses, respectively. Phenolic compounds

are generated from the partial breakdown of lignin [17, 18].

Lignocellulosic biomass

Hemicellulose Cellulose Lignin
CH,COOH
Acetic acid N
CHO CHO CHO CHO
H—g—0OH HO——H H——0H H—=—0OH
HO—F—H HO—a—H HO—7—H HO———H
H—1—0OH H——0OH HO—7F—H H——0H Phenolic compounds
CH.OH H——0OH H———0H H———0OH
CH;OH CH,OH CH;OH
Xvlose Mannose Galactose Glucose

/ N\

Furfural Hydroxymethylfurfural

Figure 0.1. Reactions occurring during pre-treatment and hydrolysis of lignocellulosic materials. Adapted from

Palmqvist and Hahn-Hagerdal [17].

The method for ethanol production generally consists of three steps: (1) formation of a
solution of fermentable sugars, (2) fermentation of these sugars into ethanol, and (3) separation
and purification of the produced ethanol, usually by distillation (Figure 1.2) [19]. Production of
ethanol from lignocellulosic material mainly differs from sugar- and starch-based production in
the step of obtainment of fermentable sugars, being of a greater complexity. The extraction of
sugars from sugar crops is a relatively simple procedure, consisting only in a milling step. Starch
cannot be used directly for ethanol production, so, in processes that use starch-based materials
(e.g. corn, wheat), a step of saccharification is necessary after milling. This saccharification step
basically consists of an enzymatic hydrolysis, with a-amylase and amyloglucosidase, resulting in

a total breakdown of starch into glucose[6].
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Figure 0.2. Main raw materials and processes used for ethanol production. Reproduced from Mussatto ef a/. [6].

When using lignocellulosic biomass an additional step is necessary before hydrolysis
(Figure 1.2)[6]. This step is denominated pre-treatment and generally involves a milling process
and a chemical pre-treatment (e.g. diluted acid, alkaline, solvent extraction, steam explosion) to
make cellulose and hemicellulose more accessible to the subsequent steps [20]. It should be
performed with a minimum formation of compounds capable of inhibiting fermenting
microorganisms [18].

In 1976, Gauss et al [21] presented the idea of simultaneously performing the
enzymatic hydrolysis and fermentation. The main advantage of this process, later on
denominated Simultaneous Saccharification and Fermentation (SSF), is the avoidance of the end-
product inhibition of the hydrolysis step. Furthermore, with this process glucose does not need to

be separated from the lignin fraction after the hydrolysis, avoiding the potential loss of sugar. This
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combination of steps also decreases the number of vessels needed and consequently the
investment costs (estimated to be more than 20% reduced). However some drawbacks are
present when comparing to the Separate Hydrolysis and Fermentation (SHF) process, where
fermentation takes place subsequently, and independently from, the saccharification step [22].
The SSF process operates at non-optimal conditions for hydrolysis, as the optimum temperature
for enzymatic hydrolyses is generally higher than that of fermentation (at least when yeast is the
fermenting organism in use). Therefore a compromise between fermentation and hydrolysis must
be found in order to optimize the temperature parameter and consequently, higher dosages of
hydrolytic enzymes are required. In addition, the enzyme reutilization is difficult, as they strongly
bind to the substrate. Considering that these cellulases account for an important part of
production costs, it is necessary to reduce the enzyme doses to be utilized, e.g. by the addition of
surfactants [23, 24].

S. cerevisiae is the most used organism in industrial processes involving alcoholic
fermentation. This preference is result of: its GRAS (generally regarded as safe) status; its good
fermentable capacity and ethanol tolerance, which allows high ethanol production (up to 20%
(v/v)) [25, 26]; its rapid growth under anaerobic condition, important for the oxygenation
problem in large-volume industrial fermentations [27]; being one of the best studied organisms,
in terms of scientific and industrial knowledge. Furthermore, its easily genetic manipulation and
fully sequenced genome, makes S. cerevisiae the ideal organism for improvement by genetic
engineering.

Even though S. cerevisiae is one of the most effective ethanol-producing microorganism,
it is unable to utilize pentose sugars for growth or fermentation [22]. The necessity to create a
recombinant S. cerevisiae strain with the ability to ferment both hexose and pentose sugars
emerged, and was already obtained in some studies [28-30] allowing the possibility of a
Simultaneous Saccharification and Co-Fermentation (SSCF).

One of the major challenges faced in the production of lignocellulosic bioethanol is the
generation of inhibitory compounds during the biomass pre-treatment and hydrolysis
steps. These inhibitors of microbial growth comprise furan derivatives (furfural and HMF), several
phenolic compounds (e.g. vanillin) and organic acids (e.g. acetic acid) (Figure 1.1). The success
of lignocellulosic biomass utilization is necessarily dependent on the development of recombinant

S. cerevisiae strains capable of withstand, survive, and function in the different stresses imposed
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during the bioethanol production processes, including inhibition by the above mentioned

compounds, as well as by increasing ethanol concentration, wide pH and osmotic shifts.

1.3. Genes associated with S. cerevisiae tolerance to ethanol, acetic acid, vanillin,
furfural and HMF

Genome-wide screenings for deletion mutants of S. cerevisiae with differential
susceptibility to stress induced by ethanol[31], acetic acid[32], vanillin[33] and furfural and/or
HMF[34] are described in the literature. These disruptome analyses allowed the registration of
phenotypes showing susceptibility (growth inhibition) to the induced-stresses, leading to the
identification of genes required for yeast tolerance to the referred stressors. A set of mutants
were identified as having increased sensitivity to ethanol (254 genes), to acetic acid (648 genes),
to vanillin (76 genes) and to furfural/HMF (62 genes) [31-34].

Gene expression analysis techniques, such as microarray or quantitative real-time PCR
(qRT-PCR), are of great importance for understanding the molecular mechanisms of acquired
tolerance to inhibitors stress. Using these tools, several studies have reported the identification of
key genes related to the genomic adaptation to: acetic acid [35, 36], HMF [35, 37], furfural [35,
36], both furfural and HMF [38, 39], and lignocellulosic-based hydrolysates [35].

Furfural and HMF are considered the most potent inhibitors of yeast growth and
fermentation [40-42]. These furans inhibit central enzymes, such as pyruvate dehydrogenase,
acetaldehyde dehydrogenase, and alcohol dehydrogenase [43]. Moreover, exposure to high levels
of furfural may cause cellular membrane, chromatin, and actin damage [44]. The yeast capacity
to reduce these compounds appears to play a major role in tolerance to hydrolysates inhibition
[42, 45]. A broad set of genes possibly playing a role in tolerance to/reduction of furfural/HMF
have been identified (e.g. alcohol dehydrogenase (ADH), aldehyde dehydrogenase (ALD) and
pyruvate dehydrogenase genes (PDH) [43, 46]). Furthermore, overexpression of some genes
have been proved to be associated with improved growth, fermentation rate and/or ethanol
production in the presence of inhibitory concentrations of furfural and/or HMF (Table 1.1) [34,
45, 47-52]. However, the overexpression of some other genes (GNDI1, RPEI, TKL1, GRE3, ALD4
- that had been described as potential determinants of resistance to these inhibitors), resulted in
no benefit in terms of growth, ethanol production or fermentation rate in the presence of

furfural/HMF inhibitory concentrations [34, 48, 49].
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Table 0.1. List of genes, that, when overexpressed, are reported to play a protective role against inhibitory
concentrations of furfural and/or HMF.

Gene Cellular function Inhibitor Effect Author
Gorsich et
Involved in pentose phosphate
_ ) Furfural  Improved growth and al. [44];
W pathway fand.m adaptation to and HMF ethanol production Park et al.
oxidative stress
[48]
. Improved
MSN2 Ir_wolveq " st.ress. reshonse Furfural ~ fermentation rate and Sasano et
(including oxidative stress) _ [47]
ethanol production
Aldehyde dghydrogenase required Furfural  Improved growth and  Park et a/.
ALD6  for conversion of acetaldehyde to .
and HMF ethanol production [48]
acetate
Park et al.
[48];
NADPH-dependent alcohol
dehydrogenase; may be involved in Improved growth and  Peterson ef
ADHg GEYErogenase, may be Invol HMF  ethanol production; &/, [45]; Liu
fusel alcohol synthesis or in : _
reduction of HMF et al. [49];
aldehyde tolerance .
Almeida ef
al. [50]
Alcohol dehydrogenase required Improved ethanol Almeida et
ADHI  for the reduction of acetaldehyde HMF production; reduction 21, [50]
to ethanol of HMF '
NADPH-depgndent aIdehyde Furfural Liu and
ARII  reductase, utilizes aromatic and Improved growth
. and HMF Moon [51]
alophatic aldehyde substrates
Involved in stress response Improved growth; Moon and
GREZ (including oxidative stress) HMF reduction of HMF Liu [52]

Acetic acid is one of the principal yeast inhibitors in lignocellulosic hydrolysates [53]. It

inhibits specific growth and significantly increases the lag-phase of yeast and reduces ethanol

production [54]. Stress related with the presence of this weak acid affects many pathways, such

as fatty acid biosynthesis, alternative electron transport chain, and lactate, formate, and ethanol

fermentation pathways [55]. Additionally acetic acid is also capable of inducing apoptosis through

TOR pathway in yeast [56]. The HAAI gene has been described to be essential for the S.

cerevisiae response to the presence of acetic acid [1, 2], and its overexpression has been proved

to enhance acetic acid tolerance [57].
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1.3.1. Genes associated with S. cerevisiae tolerance to the simultaneous presence
of ethanol, acetic acid, vanillin, furfural and HMF in Wheat Straw Hydrolysate

Even though a large range of genes have already been described to play a role in the
yeast tolerance to stress induced by one inhibitor, there are no information in the literature about
how the expression of these genes can affect the yeast tolerance to the stresses present during
lignocellulosic fermentation (environment with multi-stress induced by different inhibitors).

Among the genes identified as required for tolerance to ethanol, acetic acid, vanillin and
furfural, none have been found to provide simultaneous protection to the 4 inhibitors[58].
However, 11 genes have been found that confers resistance to ethanol, acetic acid and vanillin (6
genes: ERG2, ERG24, END3, GCS1, RAVI and TPSI) or furfural (5 genes: NAT3, PFPAI, PRS3,
RPB4and VMAS (Figure 3, Table 1.2).

Vannilin Acetic acid

92

n

Furfural
Ethanol

Figure 0.3. Comparison of the yeast genes described as determinants of resistance to inhibitory concentrations of
ethanol, acetic acid and furfural or vanillin. Adapted from Pereira et al, 2011 [58].

To understand if these 11 genes are able to confer tolerance in the presence of multiple
stressors, and not only in the presence of one, fermentations with single deletion mutants were
performed in wheat straw hydrolysate (WSH; containing ethanol, acetic acid, vanillin and furfural)
[58]. The results showed impaired growth of the Aerg? Aprs3, Arpb4and Avma& mutants [58],
i.e., from the set of 11 genes mentioned, only £RG2 PRS3, RPB4 and VMAS were required for
yeast growth in WSH. The fermentation profiles of all of the 11 mutants were analysed and,
consistently, the Aerg? Aprs3, Arpb4 and Avma& mutants were the ones with the lowest
ethanol production, exhibiting also the lowest fermentation rates [58]. The Arav mutant, which
showed no impairment in growth in the hydrolysate and generated the same final concentration
of ethanol as the wild type strain, exhibited a significant lower fermentation rate [58]. From the
11 genes identified as required for tolerance to ethanol, acetic acid, vanillin or furfural, only five
genes, £RG2, PRS3, RAVI, RPB4 and VMAS, were found to contribute to the fermentation rate
and/or to the maintenance of cell viability in WSH [58].

14
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Table 0.2. Cellular function of the 11 genes required to provide tolerance to ethanol, acetic acid and vanillin or
furfural. The cellular function was obtained from Saccharomyces Genome Database (http://www.yeastgenome.org).

Gene Cellular function

Stressors: Ethanol, acetic acid and vanillin

Protein involved in endocytosis, actin cytoskeletal organization and cell wall

END3 .

morphogenesis
ERG2 Sterol isomerase involved in ergosterol biosynthesis
ERG24 Sterol reductase involved in ergosterol biosynthesis

GCS1 ADP-ribosylation factor GTPase activating protein, involved in ER-Golgi transport

RAVI  Subunit of the RAVE complex which promotes assembly of the V-ATPase holoenzyme

Synthase subunit of trehalose-6-phosphate synthase/phosphatase complex

7RSI necessary for trehalose biosynthesis

Stressors: Ethanol, acetic acid and furfural

Catalytic subunit of the NATB N-terminal acetyltransferase involved in protein

NAT3 .
acetylation

PPAI Proteolipid subunit of the membrane domain of the vacuolar H-ATPase (V-ATPase)

RPB4 RNA polymerase Il subunit

5-phospho-ribosyl-1(alpha)-pyrophosphate synthetase required for nucleotide,

PRS3 histidine and tryptophan biosynthesis

VIMAS Subunit of peripheral membrane domain of the vacuolar H-ATPase (V-ATPase)

ERGZ encodes C-8 sterol isomerase, one of the key enzymes involved in ergosterol
biosynthesis. The ability to synthesize ergosterol (the major sterol in the plasma membrane of S.
cerevisiae) has been reported as an important factor in the ethanol tolerance of yeast cells [59-
61] indicating a prominent role of this sterol in stabilizing membrane lipids and proteins against
the negative effects of ethanol. Consistently with this fact, a S. cerevisiae strain overexpressing
ergosterol biosynthesis genes was found to have higher growth ability under high ethanol
concentration than a laboratory yeast strain [62]. Under non-stressful conditions E£RGZ
overexpression or deletion have no effect on growth rate [63]. Also, during bioethanol production

processes, a reduction in the transcript levels of ergosterol biosynthetic genes was reported [64],
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possibly as a response to the lack of oxygen (this decrease also occurs in winemaking processes
[65]). However, studies have shown that overexpression of £RGZ alone has a negative effect on
ergosterol biosynthesis [66, 67].

PRS3 encodes 5-phosphoribosyl-1-pyrophosphate synthetase, responsible for the
synthesis of 5-phosphoribosyl-1-pyrophosphate (PRPP), which is required for nucleotide, histidine,
and tryptophan biosynthesis. Studies have reported that altering the capacity of the yeast cell for
synthesizing PRPP (i.e. using Aprs3 strains) causes the cell to display cell wall damage-related
phenotypes and interferes with signaling in the cell integrity pathway, suggesting that PRS3 may
have a supporting role in the maintenance of cell integrity [68-70].

RAVI and VMAS are both involved in the assembly and function of the vacuolar
membrane H-ATPase (V-ATPase): RAVI encodes a subunit of the RAVE complex (Ravlp, Rav2p,
Skplp), which promotes assembly of the V-ATPase holoenzyme [71] and VMAS encodes a
subunit of peripheral membrane domain of the vacuolar H-ATPase (V-ATPase) [72]. This last
enzyme plays a crucial role in the maintenance of the internal pH within physiological values,
especially under stress conditions that result in intracellular acidification, as is the case of stress
caused by acetic acid and ethanol [31, 73]. Therefore V-ATPase was identified as a crucial
determinant of resistance to these two stressors [31, 32]. Consistently, Aravi mutants exhibited
a substantial reduction in growth on media with low pH value [74], and also a decreased
resistance to ethanol [75]. However, overexpression of A4V has been described as toxic for the
yeast cell [76]. Regarding the VIMAS gene, it has been shown that, under non-stressful conditions,
overexpression of this gene results in a diminished growth rate, and its deletion has no effect on
growth [63].

RPB4 encodes a RNA polymerase Il subunit, which interacts with the subunit encoded by
RPB/ (a smaller essential subunit) forming a subcomplex [77] that plays important roles in stress
and non-stress related phenotypes (Figure 2) [78]. Deletion of the APB4 gene has been found to
result in @ RNA polymerase Il with reduced activity, in impaired growth rate (principally under
extreme temperatures) [79-81], and in defective cell wall integrity [82]. It was discovered that this
gene plays an important role in the activation of many genes (some of them involved in specific
pathways of stress response) [83, 84], and that in its absence, RNA polymerase Il cannot
transcribe some genes [85]. Farago and collaborators [86] established that #PB4 is required

during temperature, starvation or ethanol stresses. However, this gene has no important role in
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osmotic or oxidative stresses [87]. Furthermore, under stress conditions, #PB4 has been shown
to be required for efficient mRNA export to the cytoplasm [86].

Stress specific roles Stress specific transcription
Growth at high and low temperature Protein synthesis genes up regulated
Sporulation and Pseudohyphal growth on transient heat shock
Recovery from stationary phase Defects in expression of early
Cell wall integrity meiosis specific genes
Na*/Liion sensitivity

N
\ 4

I Rpb4 / Rpb7 \

Global transcription Non stress related roles
Reduced polymerase activity at high Activity vs Constitutive transcription
temperature and stationary phase Promoter dependent transcription in vitro
Global defects in mRNA synthesis Non stress related roles Carbon and energy metabolism

on prolonged heat shock Transcription coupled repair Contact with activators like EWS-Fli

mRNA export Cell cycle progression
mRNA stability

Figure 0.4. Roles played by the #PB4/7 sub-complex in stress and non-stress related phenotypes. Reproduced from
Sampath and Sadhale, 2005 [78].

Taking into account that single overexpression of £RGZ, KAVI and VMAS under non-
stressful conditions was found to result in a negative effect on ergosterol biosynthesis, toxicity for
the yeast cell and in a diminished growth rate, respectively, these genes were not considered as
good targets for genetic engineering. Therefore PRS3 and FPB4 genes were selected to be

studied, by overexpression and evaluation of their expression levels under inhibitory conditions.
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2.1. Sterilization of material, solutions and culture media
All the glass material and culture media for bacteria and yeast were sterilized in
autoclave at 121 °C during 20 min. Thermolabile solutions were sterilized by filtration with 0.2

um filters.

2.2. Strains

Microbial strains used during this work are listed in Table 2.1.

Table 0.1. Microbial strains used during this work.

Strain Genotype Source

F— mcA, A(mrrhsaRMS-mcrBC),
D80/acZ/AM15,AlacX74, recAl,
Escherichia coli TOP10 araD139,A(ara- Invitrogen
let) 7697, gall, gaK, rpsL(StrR),
endhl, nupG

huR2A(argk-
lacZ)U169, phoh, gi44,d80/ac
E. coliNZ5a. ZAM15, gyrA96, Nzytech
recAl, relAl, endAl, th

1, hsaR17
S. cerevisiae CEN.PK113-7D MATo, MAL2-8,SUC2 INSA, Toulouse, France
MATa,
S. cerevisiae BY4741 his3A 1, leuZA0, met15A0, ura3 EUROSCARF
AO
Rosane
S. cerevisiae PE-2 Schwan (Federal University of

Lavras, Brazil)
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2.3. Bacteria and yeast cells storage

Bacteria and yeast cultures were maintained for up to 2 weeks at 4 °C, in the
appropriate selective medium, on inverted agar plates sealed with parafilm. For long time
storage, permanent stocks were prepared. A culture grown overnight in appropriate selective
liguid medium was 10 fold diluted in fresh medium and grown for more 5-6 h. Afterwards, 0.3 ml
of sterile glycerol were added to 1 ml of the culture, mixed by vortexing and incubated on ice for
10 min. The tubes were stored at -80 °C. For culture recovery, the frozen cells were scrapped

and spread on appropriate agar medium plate. The permanent stock was stored and re-used.

2.4, Media

E. coli transformant strains were grown in liquid Luria-Bertani (LB) medium
supplemented with ampicillin to a final concentration of 100 pg/ml (LB-amp). S. cerevisiae
strains were grown in liquid Yeast extract Peptone Dextrose (YPD) medium or Synthetic Defined
(SD) medium. The transformants selection was made in YPD supplemented with G418 (YPD-
G418; to a final concentration of 100 pug/ml in liquid media or 200 pg/ml in solid media) or in
Synthetic Defined with Uracil Dropout (SD-Ura) medium. All strains were also grown in the
corresponding solid media, obtained by the addition of 2% (w/v) Agar. YPD media was used for
aerobic growth (2.18) and, when mentioned, was supplemented with inhibitors: 3.00 g/L of
acetic acid, 0.30 g/L of HMF and 1.60 g/L of furfural; or 1.89 g/L of HMF and 2.88 g/L of
furfural. Shake-flask fermentation (2.19) was generally performed in EWH, supplemented with
100 g/L glucose (pH 4.5). When using S. cerevisiae BY4741, 3% BYauxo Mix was added to the
medium to account for the auxotrophies of this strain. Fermentations were also performed in YPD
medium and YPD supplemented with 3.11 g/L of acetic acid, 0.33 g/L of HMF and 1.66 g/L of

furfural (2.21). The media and solutions mentioned are described in Appendix 1, Table Al.

2.5. Vectors
Vectors used during this work are listed in Table 2.2. All of these vectors contain CoLE1
origin of replication and f1 origin of replication from flfilamentous phage and the gene that

confers resistance to ampicillin.

Table 0.2. Vectors used during this work.
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Vector Description Use Source

T-overhangs to
improve ligation of

PCR products

Ligation of PCR
pGEM-T Easy

generated by Tag DNA

Promega
products
polymerases; LacZ

gene for blue-white

screening

Kan selection marker
under thecontrol on
AgTEFpromoter and

ScADH Iterminator;

Expression of S.
pMI516MCS URA3 marker; 2-

Aguiar [88]
cerevisiae genes
micron origin of

replication; ScPGK1
promoter and

terminator

URA3 marker; 2- Expression of S.

micron origin of cerevisiae genes

YEplac195 replication; LacZ gene with native Gietz and Sugino [89]

for blue-white promoters and

screening terminators

YEplac195 containing

the HAAI gene under

Expression of S.
the control of its native
BHUM1737

cerevisiae HAA1

Malcher et al. [90]
promoter and

gene
terminator in

YEplac195

2.6. Primers

Primers used during this work are listed in Table 2.3.
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Table 0.3. Primers used during this work. Underlined are the recognition sites of the restriction enzymes used in the

cloning procedures.

Tm

Primer name Sequence (5’->3’) °C) Use
PRS3_gPCR_rv GTCCCTAACAGATTCTCCAATAG 61 aPCR
RPB4_gPCR_rv  GACGGTTTCTTGGTCTCTAAAT 57 qPCR
HAA1_gPCR_rv GGATTGTAAGGATGAAATGGAGG 61 gPCR
ACT1_gPCR_rv TAGAACCACCAATCCAGACG 59 gPCR
ScZWF1_fw  GAATTCATGAGTGAAGGCCCCGTC 66  Amplification of ZWF1 from 5.
cerevisiae and verification of
SczWFl_ry  CICGAGCTAATTATCCTICGTATCTIC ) insertion in the different
TGGC plasmids
ScZWF1vI  TGGCATCACCCGTGTAATCGTAGA 57  'erfication of ZWFJinsertion
in the different plasmids
ScPRS3_fw GAATTCATGCCAACAAATTCCATC 62  Amplification of PRS3from S.
cerevisiae and verification of
ScPRS3 rv  CICGAGTTATAAGGGATAATTICTIAMA insertion in the different
TAAATAAG plasmids
ScRPB4_fw  GGATCCATGAATGTTTCTACATCAACC 59  Amplification of #PB4 from S.
cerevisiae and verification of
ScRPB4_rv CTCGAGTTAATAGAGTGTTTCTAGGTT 60 insertion in the different
TGAC plasmids
SCHAAL fw CCGGAATTCATGGTCTTGATAAATGG 64 Amplifi'ce)tion of H/!AJ fr.om S.
C cerevisiae and verification of
SCHAAL v CCGCTCGAGTCATAACGAAGACATGA 68 insertion in the different
- AATTATC plasmids
PGK_fw GTTTAGTAGAACCTCGTGAAAC 58 Verification of insertion in the
PGK_rv GGCATTAAAAGAGGAGCG 54 pMI516MCS
ScZWF1_nat_fw GTAAGGTGTAGTTTTGCACCC 59  Amplification of ZWF1 from S.
AAATTTTTGCAGACATTTTTGATATATA cerevisiae with native promotor
ScZWF1_nat_rv T o8 and terminator regions
ScPRS3_nat_fw TTATCTTCATCACCGCCATAC 57  Amplification of PRS3from S.
cerevisiae with native promotor
ScPRS3_nat_rv  ACAAGAGAAACTTTTGGGTAAAATG 59

and terminator regions

ScRPB4_nat_fw

ScRPB4 _nat_rv

GATTGCTCAAATTAGCATGTGAA

AATCCTGTCCTTTTTCCTGTTAAATAG

58  Amplification of APB4from S.
cerevisiae with native promotor
62 and terminator regions and
colony PCR
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2.7. Plasmid DNA preparation from E. coli strains
Plasmid DNA was extracted from £. coli strains using a rapid plasmid DNA extraction

method or alternately, to obtain higher quantities and purity, a commercial kit.

2.7.1. Rapid plasmid DNA extraction

Cells were collected from a fresh LB-amp agar plate, resuspended in 200 ul of Ultra-Pure
(UP) H,0 and mixed by vortexing. Cellular lysis was obtained by the addition of 200 pl of Solution
| followed by 4 times inversion to mix. To neutralize and precipitate cell extracts and other
contaminants, 200 ul of the Solution Il were added, the tube inverted 4 times to mix and
incubated for 5 min on ice. The suspension was centrifuged for 2 min at 13200 rpm. The
supernatant was mixed with 500 pl of 100% isopropanol and centrifuged for 2 min. The

supernatant was carefully removed and the pellet was air dried and resuspended in 30 ul of UP

H,0.
Solution | 1% (w/v) SDS

0.2 M NaOH
Solution Il 3 M Potassium acetate

11.5% (v/v) Acetic acid

2.7.2. Commercial kit

The GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) was used according to the
manufacturer's protocol. Briefly, cells were collected from a fresh LB-amp agar plate,
resuspended in 200 pl of Resuspension Solution and mixed by vortex. Cellular lysis was
performed with the addition of 200 pul of Lysis Solution. The sample was gently inverted to mix
and allowed to clear for 5 min. Afterwards, 350 ul of Neutralization Solution were added and
inverted 4-6 times to mix. The debris were pelleted for 10 min at 13200 rpm. In the meantime,
500 pl of Column Preparation Solution were added to the binding column in a collection tube,
spun at 13200 rpm for 1 min and the flow-through discarded. The cleared lysate was transferred
into binding column, centrifuged for 1 min and the flow-through discarded. The column was
washed with 750 pl of Wash Solution and centrifuged for 1 min. The flow-through was discarded
and the column dried by an additional 1 min centrifugation. The column was transferred to a new
collection tube and the purified plasmid DNA eluted by addition of 30 pl of Elution Solution
followed by 1 min centrifugation.

25



MATERIALS AND METHODS

2.8. Genomic DNA extraction

Genomic DNA was extracted from S. cerevisiae CEN.PK113-7D using the Gentra
Genomic DNA Purification Kit (Puregene), according to the manufacturer's protocol. Briefly, a cell
suspension (grown overnight and containing approximately 1-2 x 10° cells) was placed on ice and
centrifuged at 2000 g for 3 min. The cell pellet was resuspended with 3 ml of Cell Suspension
Solution and 15 pl of Lytic Enzyme Solution was added, followed by 25 times inversion to mix.
The cell walls were digested by incubation at 37 °C for 30 min followed by centrifugation at 2000
g for 3 min. The cell pellet was resuspended in Cell Lysis Solution and the cells lysed by
pipetting. The proteins were precipitated by vigorously vortexing after the addition of 1 ml of
Protein Precipitation Solution, followed by centrifugation at 2000 g for 10 min. The supernatant
containing the DNA was transferred to a clean tube containing 3 ml of 100% isopropanol. The
sample was gently inverted 50 times and centrifuged at 2000 g for 3 min. The DNA, visible as a
small white pellet, was washed with 3 ml of 70% ethanol. The ethanol was carefully removed
after centrifugation at 2000 g for 1 min and the tube air dried for 15 min. The DNA was
rehydrated with 500 ul of DNA Hydration Solution and 15 ul of RNase A solution were added.
After mixed, the sample was incubated at 37 °C for 30 min and the hydration was completed by

incubation for 1 h at 65 °C, and then overnight at room temperature.

2.9. DNA quantification

Nucleic acid concentration and purity was determined in a NanoDrop 1000
Spectrophotometer (Thermo Scientific) by loading 1.5 ul of sample. The absorbance at 260 nm
is used to calculate the concentration, in ng/ul. The sample purity is attained by the ratio of
absorbance at 260 nm and 280 nm. A value of 7 1.8, for DNA, and 2.0, for RNA, is generally
accepted as indicative of pure nucleic acid solution. Lower values may indicate the presence of
protein, phenol or other contaminants. A secondary measure of nucleic acid purity is the ratio of
absorbance at 260 and 230 nm, which should be in the range of 1.8-2.2 for pure nucleic acid

solutions. An appreciably lower ratio may indicate the presence of co-purified contaminants.

2.10. DNA Storage
DNA solutions were stored at -20 or 4 °C in TE or EB buffer, or alternately in UP H,0.
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TE buffer 10 mM Tris/HCI pH 8.0
1 mM EDTA
EB buffer 10 mM Tris/HCI pH 8.5

2.11. Amplification of DNA fragments by Polymerase Chain Reaction (PCR)
DNA amplification by PCR was performed using two different enzymes. Amplification of
fragments for subcloning procedures was performed with Phusion High-Fidelity DNA polymerase

(Finnzymes), while Tag DNA polymerase (NZYTech) was used for colony PCR.

2.11.1. Amplification with Phusion High-Fidelity DNA polymerase

Genes of interest were amplified by PCR technique with Phusion High Fidelity DNA
polymerase (Finnzymes) using the primers listed in Table 2.3. The reaction mixture consisted of
20 pl of 5x Phusion HF buffer, 2.5 ul of 20 uM of each Primer (Table 2.3), 2 pl of 10 mM
dNTPs, 2 ul of S. cerevisiae CEN.PK113-7D genomic DNA (2.8), 1 ul of Phusion HF DNA
Polymerase and UP H,0O to the final volume of 100 pL. The amplification of the genes ZWF1,
PRS3 and RPB4 was performed simultaneously, with an initial denaturation step at 98 °C during
1 min, followed by 35 cycles of 10 s denaturation at 98 °C, 30 s annealing at 50 °C and 1 min
extension at 72 °C, and with a final extension step of 10 min at 72 °C. The HAAI amplification
was performed with small modifications: the initial denaturation lasted 30 s, the annealing
temperature was 59 °C, the extension took 45 s and with the final extension step 5 min. An
additional step of 10 min at 72 °C with the addition of 1 pl of NZYTag DNA Polymerase
(NZYTech) was performed, to add A-overhangs on the PCR products, to enable the ligation
reaction to the pGEM-T Easy Vector.

2.11.2. Colony PCR

The colony PCR technique was used for the verification of insertion and correct direction
of the different genes/fragments of interest into the different plasmids. Using the tip of a sterile
toothpick, a small amount of each colony was added to the bottom of a PCR tube. The cells were
microwaved for 2 cycles of 45 s at 900 W and immediately placed on ice. A master mix was
prepared, per colony, with 2 ul of 10x Reaction buffer, 0.3 ul of 10 mM dNTPs Mix, 0.6 ul of 50
mM MgCl,, 0.3 pl of 20 uM of each Primer (Table 2.3), 0.2 ul of Tag DNA polymerase and UP
H,0 to the final volume of 20 pL. The master mix was distributed by each tube. The PCR
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procedure was performed with an initial denaturation at 95 °C during 5 min, followed by 30
cycles of 30 s denaturation at 95 °C, 30 s annealing at 50 °C and 1 min, per fragment kb,

extension at 72 °C, and with a final extension step of 5 min at 72 °C.

2.12. DNA Electrophoresis
2.12.1. Agarose gel

The analysis of DNA fragments was performed by electrophoresis in agarose gels (usually
1%) in horizontal cells. Green Safe Premium (NZYtech) was added to gels for nucleic acid
staining. Loading Dye (1x) was mixed with each sample, which allowed the visualization of the
running velocity and increased the samples density (making them denser than the running buffer
and allowing them to sink into the well). Electrophoretic runs were performed at 70-100 V, in 1x
TAE buffer, until the dye migrated as far as 2/3 of the gel length. Gels were visualized and
photographed in a Molecular Imager ChemiDoc™ XRS + Imaging System (Bio-Rad) and analyzed

using the Image Lab 4.0 software.

Agarose gel 1% (w/v) Agarose
0.006% (v/v) Green Safe Premium

50x TAE buffer 2 M Tris-base
50 mM EDTA
pH 8.0 (with acetic acid)

6x Loading Dye 25% (w/v) glycerol
20 mM EDTA
0.25% (w/v) Bromophenol blue

2.12.2. DNA molecular weight marker

The DNA molecular weight marker used in all gels was NZYDNA Ladder Il (NZYTech)
which produces a pattern of 14 regularly spaced bands, ranging from 200 to 10000 bp (Table
2.4).

28



MATERIALS AND METHODS

Table 0.4. NZYDNA Ladder lll bands molecular weight.

Band Size (bp)

1 10000
2 7500
3 6000
4 5000
5 4000
6 3000
7 2500
8 2000
9 1400
10 1000
11 800
12 600
13 400
14 200

2.13. DNA purification of PCR products

PCR products were purified using the QlAquick PCR purification Kit (Qiagen) according to
the manufacturer's protocol. Briefly, 5 volumes of buffer PB were added to 1 volume of the PCR
reaction. The mixed sample was applied to a QlAquick column, placed on a 2 ml collection tube
and centrifuged for 1 min. The flow-through was discarded, the column placed back in the same
tube and washed with 750 pl of buffer PE followed by 1 min centrifugation. The flow-through was
discarded and the QlAquick column centrifuged once more for 1 min to remove residual wash
buffer. The column was placed in a clean 1.5 ml tube and the DNA eluted with 30 pl of buffer

EB, which was left to stand in the column for 1 min, before centrifugation for 1 min.

2.14. DNA purification from agarose gel

DNA was recovered from agarose gels using the QlAquick Extraction Gel Kit (Qiagen),
according to the manufacturer's instructions. Briefly, the DNA fragment to be purified was excised
from the agarose gel with a clean, sharp scalpel. The gel slice was weighed in a colorless tube
and 3 volumes of buffer QG were added to 1 volume of gel (100 mg™100 pl). The tube was
incubated at 50 °C for 10 min, and the expected yellow color, after the gel slice complete
dissolution, was confirmed. The sample was mixed with 1 gel volume of isopropanol, transferred
to a QlAquick column (placed on a 2 ml collection tube) and centrifuged for 1 min. The flow-
through was discarded, the QlAquick column placed back in the same tube and washed with 750
ul of buffer PE, followed by 1 min centrifugation. The flow-through was discarded and the
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QIAquick column centrifuged once more for 1 min to remove residual wash buffer. The column
was placed into a clean 1.5 ml tube and the DNA eluted with 30 pl of buffer EB, which was left to

stand in the column for 1 min, before centrifugation for 1 min.

2.15. Enzymatic modification of DNA
2.15.1. Digestion with restriction endonucleases

Digestion reactions with restriction endonucleases were performed overnight at 37 °C in
a final volume of 10-20 pl, using the New England Biolabs enzymes in the appropriate

provided10x buffer.

2.15.2. Plasmid DNA dephosphorylation

Digested vectors were dephosphorylated with Fermentas™ Shrimp Alkaline Phosphatase
(SAP) to prevent its recircularization during the ligation reaction. The appropriate amount of SAP
(1 unit per pmol of plasmid fermin) was added to the restriction reaction tube (after digestion
took place) and incubated for 1 h at 37 °C. The enzyme was inactivated by heating for 15 min at

65 °C.

2.15.3. Ligation reactions
Ligation of DNA fragments to linearized dephosphorylated vectors was performed with T4
DNA Ligase (Promega) at 4 °C overnight. The quantity of insert to use was calculated through the

formula:

ng of vector xKb of insert

ng of insert= xinsert:vector molar ratio (1)

Kb of vector
An insert:vector molar ratio of 3:1 was normally used. The vector quantity generally used
was 100 ng. The DNA mix was complemented with 1 puL of 10x Ligase Buffer, 1 U of T4 DNA
Ligase and UP H20 to a final volume of 10 pL.
Ligation reactions involving the pGEM-T Easy Vector (Fermentas) were performed with
small modifications: 50 ng of vector were used and performed with 2x Rapid Ligation Buffer

provided with the vector.

2.16. Transformation of E. colicells
Competent £. coli cells were transformed with the constructs resulting from the ligation

reactions by heat-shock or electroporation.
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2.16.1. Heat-shock method

Transformation using the heat-shock method was performed using NZY5a Competent
Cells (NZYtech) according to the manufacturer's protocol. Competent cells were thawed on ice
and gently mixed. The ligation reaction (100 to 300 ng of DNA in a maximum volume of 10 pl)
was added to 100 ul of competent cells and the tube gently tapped to mix. The cells were
incubated on ice for 30 min and heat-shocked for 40 s in a 42 °C water bath. The tubes were
placed on ice for 2 min and 900 ul of room temperature SOC medium was added, followed by
incubation at 225 rpm and 37 °C for 1 h. The cell suspension was spread on LB-amp agar

plates, in appropriate dilutions, and incubated overnight at 37 °C.

SOC medium 2% (w/v) Tryptone
0.5% (w/v) Yeast Extract
10 mM NaCl
2.5 mM KCI
10 mM MgSO0,.7H,0
10 mM MgCl,.6H20
20 mM Glucose

2.16.2. Electroporation

Transformation by electroporation was performed in an £. coli pulser (Bio-Rad) using
TOP10 electrocompetent cells stored at -80°C (prepared by our group). A mixture containing 2 ul
of the ligation reaction and 40 ul of cells was incubated on ice for 1 min. The mixture was
transferred to an ice-cold 0.1 cm cuvette, avoiding the formation of air bubbles and ensuring that
the cell suspension was deposited at the bottom of the cuvette. The cuvette was carefully dried
before insertion into the electroporation chamber. The electric pulse was performed at 1.8 kV.
Immediately after the pulse the cuvette was removed from the chamber, 500 ul of SOC medium
were immediately added and the cells resuspended. The cell suspension was transferred to a
new tube and the cuvette washed with 500 ul of SOC medium, which were also transferred to
the tube. The time constant, with optimal values between 4 and 5 ms, was verified. The cell
suspension was incubated at 37 °C and 225 rpm for 1 h and subsequently spread on LB-amp

agar plates, in appropriate dilutions, and incubated overnight at 37 °C.
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2.17. Transformation of S. cerevisiae

S. cerevisiae BY4741 was transformed with the different constructs by the lithium
acetate method. Cells were inoculated into 25 ml of liquid YPD medium and grown overnight to
approximately 2x107 cells/ml. The cell suspension was 10-fold diluted with fresh and warm (™30
°C) YPD, in a final volume of 25 ml, and grown again to 2x107 cells/ml. The cells were harvested
at room temperature for 5 min at 5000 rpm and washed with 25 ml of sterile UP H,0. The cell
pellet was resuspended in 1 ml of sterile UP H,0, transferred to an 1.5 ml centrifuge tube and
the cells pelleted. Cells were washed with 1 ml of TE/LiOAc solution (made fresh from sterile 10x
stock), and resuspended in 200 ul of the same solution. The carrier DNA, Sonicated Salmon
Sperm (Stratagene), was incubated for 10-15 min at 100 °C and immediately placed on ice. A
mixture of 50 pl of the yeast cell suspension, 1 ug (maximum volume of 5 pl) of plasmid DNA
and 50 pg of single stranded carrier DNA was prepared in a microcentrifuge tube. Afterwards,
300 ul of sterile 40% Polyethylene Glycol (PEG) 4000 in TE/LiOAc were added and mixed
thoroughly. The mixture was incubated for 30 min at 225 rpm and 30 °C, followed by a heat
shock at 42 °C for exactly 15 min. The suspension was spun down in the microcentrifuge for 5 s
at room temperature and the cell pellet resuspended in 1 ml of 1x TE. The cell suspension was
spread on YPD-G418 agar plates, in appropriate dilutions, incubated at 30°C and transformants

were visible after 2-5 days.

10x TE buffer 100 mMTris-HCI
10 mM EDTA
pH 7.5 (with 10 M NaOH)

10x LiOAc solution 1 M LiOAc
pH 7.5 (with diluted acetic acid)

TE/LiOAc 1x TE buffer

1x LiOAc solution
40% PEG-4000 in TE/LiOAc 40% PEG-4000

1x TE buffer

1x LiOAc solution
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2.18. Aerobic growth in microplates

The pre-inoculum was carried out in 100 ml Erlenmeyer flasks with 40 ml of growth
medium, YPD for the S. cerevisiae BY4A741 and YPD supplemented with G418 for transformants.
One isolated colony was transferred with a loop for each flask and sealed with a cotton plug. The
flasks were incubated at 30 °C and 200 rpm overnight (until the mid-exponential phase).

Aerobic growth was performed in YPD medium or YPD supplemented with inhibitors,
furfural, HMF and/or acetic acid (and G418), in 24-well microplates (1 ml of final volume per
well). The Optical Density at 600 nm (OD,,,) of each pre-inoculum was measured and each
microplate well was inoculated to an OD,,,, of 0.1. Some wells were not inoculated to serve as
control for possible cross-well contaminations. The microplates were incubated at 30 °C and 200
rpm and the growth monitored by OD,,, measurements, until stationary phase was reached, in a

Synergy HT Multi-Mode Microplate Reader (BioTek).

2.19. Shake-flask fermentations

Fermentations were performed in EWH (prepared following the method described by Ruiz
et al. [91]) or YPD with inhibitors, in 100 ml Erlenmeyer flasks fitted with perforated rubber
stoppers enclosing glycerolfilled air-locks, which CO, exhaustion while avoiding the entrance of
air. This system permits a reliable simulation of the low oxygen conditions on industrial
fermentations.

The pre-inoculum was carried out in 100 ml Erlenmeyer flasks and 40 ml of growth
medium, SD medium for S. cerevisiae parent strain and SD-Ura medium for transformants, were
distributed for each flask (alternately, YPD and YPD+G418 were used). One isolated colony of
each transformant was transferred with a loop for each flask and a cotton plug used to seal the
flask. The flasks were incubated at 30 °C and 200 rpm for 22-24 h (until the end of the
exponential phase was reached). The following steps were performed on ice. The cell suspension
was transferred to 50 ml centrifuge tubes previously weighted and centrifuged at 4 °C and
12000 rpm for 15 min. The supernatant was rejected and the tube walls carefully cleaned. The
yeast cell pellet was weighted and resuspended in Saline Solution (0.9% (w/v) NaCl) to a
concentration of 200 mg of Fresh Yeast per milliliter (mgFY/ml). The suspension was
homogenized by manual agitation. The fermentation media were stirred for 20 min to allow its
aeration. When using the URA3 selection marker, uracil was not added to the fermenting media

of the transformants (alternately, G418 was used for selection). Precisely 30 ml of the
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fermentation media was distributed for each fermentation flask. The flasks were inoculated with
the correct amount of the concentrated cell suspension to obtain a final concentration of 5
mgFY/ml (mimicking the high inoculation rates practiced at the industrial level). The suspension
was homogenized, the flasks sealed and each lock filled with approximately 1 ml of glycerol. The
flasks were incubated at 30 °C and 150 rpm and the fermentations were monitored by the
reduction of mass resulting from CO, production. Initial and final media samples were collected

for glucose, acetic acid, furfural, HMF and ethanol quantification (2.20).

2.20. HPLC quantification

Glucose, acetic acid, furfural, HMF and ethanol were quantified by high performance
liquid chromatography (HPLC), upon separation of the different samples in a Varian MetaCarb
87H column, eluted at 60°C with 0.005 M sulfuric acid and at a flow rate of 0.7 mL/min. The
peaks corresponding to glucose, acetic acid and ethanol were detected using a refractive index

detector, whereas furfural and HMF were detected using an UV detector set at 210 nm.

2.21. Quantitative Reverse Transcriptase PCR (qRT-PCR)

To analyze the expression of the different genes of interest, shake-flask fermentation
(2.19) was performed with the industrial strain S. cerevisiae PE-2 in YPD medium and YPD
medium supplemented with acetic acid, HMF and furfural in concentrations similar to the ones
present in EWH. Samples were collected at different phases of the fermentations: late lag-phase
(71 g/L of CO, produced), initial exponential phase (75 g/L of CO, produced) and initial
stationary phase (T40 g/L of CO, produced). Another sample was taken at the early lag-phase
(72 hours of fermentation) from the fermentation in the presence of inhibitors. Each samples
contained approximately 2x107 cells, calculated through an OD,,,, vs Biomass calibration curve,
by OD,,.. measurements. The cell pellet of each sample was rapidly stored at -70 °C, after
washing with Saline Solution.
2.21.1. RNA purification

Total RNA was purified using the RNeasy Plant Mini Kit (Qiagen), according to
manufacturer’s protocol. Briefly, the stored cell pellets were thawed on ice and resuspended in
600 pl of Buffer RLT (B-Mercaptoethanol (B-ME) was added to Buffer RLT before used) by
vortexing. The samples were added to tubes containing 0.5 g of acid-washed glass beads and

mixed by vortexing. Cells were disrupted at top speed (6.5 m/s) in the FastPrep®-24 Instrument
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(MP Biomedicals) during 4 cycles of 30 s agitation and 5 min of cooling interval. The tubes were
removed from the homogenizator and the beads allowed to settle. The lysate was transferred to a
new microcentrifuge tube, centrifuged for 2 min at 13200 rpm and the supernatant transferred
to another tube. The cell-free homogenized lysate was mixed by pipetting with 1 volume of 70%
ethanol. The sample was transferred to an RNeasy spin column placed in a 2 ml collection tube.
The lid was gently close and the tube centrifuged for 15 s at 10000 rpm. The flow-through was
discarded and 700 ul of Buffer RW1 was added to the column. The tube was centrifuged for 15 s
at 10000 rpm to wash the spin column membrane. The flow-through was discarded and 500 pl
of Buffer RPE were added to the column, followed by centrifugation for 15 s at 10000 rpm. The
flow-through was discarded, another 500 ul of buffer RPE were added and the column was
centrifuged for 15 s at 10000 rpm. The column was placed in a new collection tube and
centrifuged at 13200 rpm for 1 min. The column was placed into a clean 1.5 ml collection tube
and 30 pl of RNase-free water was added directly to the column membrane. The RNA was eluted
by centrifugation for 1 min at 10000 rpm. The eluate was placed again on the column
membrane, followed by another centrifugation for 1 min at 10000 rpm, to increase the RNA
concentration. The RNA quality was verified by 1% agarose gel electrophoresis (2.12.1) and by

NanoDrop quantification (2.9).

2.21.2. cDNA synthesis

Single-stranded cDNA was synthesized from the previously purified total RNA with Super
Scriptll Reverse Transcriptase (RT) (Invitrogen). Total RNA (1 ug) was combined with 1 ul of
oligodT Primer (0.5 pg/ul) and 1 pl of 10 mM dNTP Mix in a total volume of 13 pl completed
with DEPC-treated Water. The sample was heated at 65 °C for 5 min in a thermocycler. The
tubes were briefly spun and placed on ice for 2 min. Afterwards, 4 pl of 5x First Strand Buffer
and 2 ul of 0.1 M dithiothreitol (DTT) were added to each sample tube. The samples were gently
mixed, spun in the microcentrifuge and heated at 42 °C for 2 min. The samples were then
incubated with 1 pl of SuperScript Il RT at 42 °C for 50 min. The reaction was terminated with
incubation at 70 °C for 15 min and the tubes were briefly spun, placed on ice and stored at -20

°C.
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2.21.3. Quantitative PCR

Oligonucleotides for real-time PCR (Table 2.3) were designed using the Primer Quest tool
from OligoAnalizer (IDT. Biotools) followed by a BLAST analysis against the S. cerevisiae genome
sequence for specificity confidence. Quantitative realtime assays were performed in a CFX96
real-time PCR system (Bio-Rad). Each sample was tested in duplicate in a 96-well plate (Bio-Rad,
CA).

The reaction mix (10 pl final volume) consisted of 5 pl of SsoFastEvagreen supermix
(Bio-Rad), 0.6 ul of each primer (600 nM final concentration), 2.8 ul of H,0, and 1 ul of a 1:10
dilution of the cDNA preparation (determined as the appropriate dilution to use from standard
curves obtained from 10-fold serial dilutions of cDNA). The absence of genomic DNA in RNA
samples was checked by real-time PCR before cDNA synthesis (minus RT control). A blank (No
Template Control) was also incorporated in each assay. The thermocycling program consisted of
an initial enzyme activation step at 95 °C during 30 s, followed by 40 cycles of 5 s denaturation
at 95 °C and 5 s annealing/extension at 54.2 or 55.7 °C. After completion of these cycles, data
from the melting-curve were then collected to verify PCR specificity, contamination and the
absence of primer dimers.

The PCR efficiency of each primer pair (Eff) was evaluated by the dilution series method
using a mix of sample cDNA as the template. Briefly, it was determined from standard curves
using the formula 10« For the calculations, the base of the exponential amplification function
was used (e.g 1.94 means 94% amplification efficiency). Relative expression levels were
determined with efficiency correction, which considers differences in primer pair amplification
efficiencies between target and reference genes, and results in a more reliable estimation of the
"real expression ratio" than the 2AACt method. For standardization, the results were expressed

as target/reference ratio, the reference gene being the genome-encoded actin gene (ACT]).
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3.1. Study of PRS3, RPB4 and HAAI expression in a robust S. cerevisiae industrial
strain during fermentations in control and inhibitory media

To further understand the role that PRS3, RPB4 and HAAI may play in yeast’s tolerance
and adaptation in the presence of inhibitory stress, the expression of these genes was studied
during the fermentations of the robust ethanologenic S. cerevisiae PE-2 in YPD (control) and in
YPD supplemented with acetic acid, HMF and furfural in concentrations similar to those present

in EWH (2.4) (Figure 3.1).
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Figure 0.1. Profile of CO, production of S. cerevisiae PE-2 in YPD (A) and in YPD supplemented with acetic acid (3
g/L), HMF (0.3 g/L) and furfural (1.66 g/L) (e). Data represents average + standard deviation obtained from two
biological replicates. Samples were collected at the time-points indicated with black arrows.

As previously reported [92], in the inhibitory medium, a much longer lag-phase was also
observed in this study. For gene expression analysis, samples were collected at different phases
of the fermentations (indicated with arrows in Figure 3.1): late lag-phase, initial exponential phase
and initial stationary phase. Another sample was taken at the early lag-phase, from the

fermentation in the presence of inhibitors.

3.1.1. RNA quality

After total RNA purification (2.21.1) from the biomass collected at the different time-
points, its quality was accessed by agarose gel electrophoresis and NanoDrop quantification.
Approximately 700 ng of RNA from each sample were run on an agarose gel (Figure 3.2), and 2
clear and sharp 28S and 18S rRNA bands were visible. A fainter band with a lower molecular

weight, corresponding to tRNA, was also observable. mMRNA was not detectable on the gel, which
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is in agreement with the composition of total RNA from S. cerevisiae: approximately 80% of rRNA,
15% of tRNA and 5% of mRNA [93]. This electrophoresis was performed on a native agarose gel
(and not in denaturing conditions as recommended), so, the presence of bands above the 28S
band may represent different structures of a single RNA species. The RNA integrity could be
attained by the ratio of intensity between the 18S and 28S bands. For completely intact RNA a
ratio of 0.5 (18S:28S) was expected, and the majority of the samples had approximate values
(Figure 3.2). The discrepancy of some of the ratios may be due to non-optimal staining and

visualization of the agarose gel.

L 1 2 3 4 5 6 7 8 9 10 11 12 13 14

{ B 28S rRNA
- 18S rRNA

tRNA

Figure 0.2. Verification of RNA integrity. Samples from the duplicate control fermentations: lag-phase, initial
exponential phase, initial stationary phase (lanes 1-6). Samples from the duplicate inhibitory medium fermentations:
early lag-phase, late lag-phase, initial exponential phase, initial stationary phase (lanes 7-14). The 18S:28S intensity
ratio (calculated using the Image Lab 4.0 software) is indicated in each lane.

The NanoDrop quantification showed concentrations in a range of 138 to 520 ng/uL of
total RNA. All the samples presented a ratio of absorbance at 260 nm and 280 nm of ~2.0,

which is generally accepted for pure RNA.

3.1.2. Quantitative Reverse Transcriptase PCR

After the cDNA synthesis (2.21.2) some parameters, such as annealing temperature and
primer concentration, were optimized in order to obtain better performances of the quantitative
PCR (2.21.3). Standard curves were generated by 10-fold serial dilutions of cDNA from the lag-
phase of the control fermentation and amplification efficiencies of the primer pairs closer to 100%
were obtained (92.6-101.4%), as well as coefficient of determination (R?) closer to 1 (0.997-1),
indicating that optimized gPCR assay conditions were achieved. The expression levels of PRSS3,
HAAI and RPB4 in the cells collected from the fermentations in inhibitory medium were

compared with those from the fermentations in control (absence of inhibition) medium at
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different phases: late lag-phase (Figure 3.3a), initial exponential phase (Figure 3.3b) and initial

stationary phase (Figure 3.3c).
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Figure 0.3. Differential expression of PRS3, HAAI and RPB4 during different phases of S. cerevisiae PE-2
fermentation in inhibitory medium: (a) late lag-phase, (b) initial exponential phase and (c) initial stationary phase.
Results are shown as the fold-change in expression relative to that on the same phase of S. cerevisiae PE-2
fermentation in the absence of stress (represented by the dotted line). Data represents average + SEM obtained from
two biological replicates and at least two experimental replicates. The statistical significance of the results was
quantified using multiple ttests. *£< 0.05; **P< 0.01; ***P< 0.001; **** < 0.0001.

The inhibitors concentration, as well as glucose and ethanol concentration, in the culture
supernatants collected at the different fermentations phases was determined by HPLC (2.20).
While acetic acid levels remained approximately constant, HMF and furfural were almost
completely depleted at the end of the lag-phase (Figure 3.4).

As mentioned in the introduction, the transcription factor Haal is the main player in
reprogramming yeast genomic expression in response to acetic acid stress [1, 2], and its
overexpression was proved to increase yeast tolerance to the presence of this inhibitor [57]. The
observed up-regulation of HAAI expression at the late lag-phase in the presence of inhibitors
(Figure 3.3a; Figure 3.4) supports its importance in yeast adaptation to stress induced by acetic
acid.

The expression of HAAI was also found to be up-regulated in inhibitory conditions at the
initial stationary phase (Figure 3.3c), where an apparent higher concentration of ethanol was
present when compared with the same phase of the control fermentations (Figure 3.1).
Increasing amounts of ethanol may accumulate to toxic concentrations during ethanolic
fermentation, which is capable of affecting the yeast at the plasma membrane organization and
function level, and also by intracellular acidification [94]. Several genes involved in membrane
and cell wall composition were identified in genome-wide studies as required for yeast resistance
to ethanol-induced stress [30}. Therefore, although AHA4A7 was not among the genes identified as

determinant for resistance to high ethanol concentrations, it is possible that the observed up-
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regulation in its expression under inhibitory conditions at the final stage of fermentation (Figure
3.3c) may be related to the increased ethanol concentration observed in these conditions. PRS3,
on the other hand, was identified as determinant for resistance to inhibitory concentrations of
ethanol [32], and our results demonstrate that its expression was up-regulated at the initial
stationary phase in inhibitory fermentation conditions (Figure 3.3c), when ethanol concentration

was increased.
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Figure 0.4. Variation of the concentration of the inhibitors, acetic acid, HMF and furfural (a), as well as glucose and
ethanol (b), during the fermentation of S. cerevisiae PE-2 in inhibitory media: fermentation start (m), early lag-phase (

), late lag-phase (M), initial exponential phase (' ) and initial stationary phase (H). Data represents average + SEM
obtained from two biological replicates.

PRS3 expression was also up-regulated under inhibitory conditions at the late lag-phase
(Figure 3.3a). Taking into account that during the lag-phase of fermentation, in the presence of
only HMF and furfural, the expression of this gene was previously described to be repressed [38],
it is possible that the up-regulation here observed was related to the presence of acetic acid. This
gene contributes to the cell integrity, supplying the cell with the key metabolic intermediate PRPP,
and it was suggested that it plays a significant role in the remodelling of the cell wall and may
have a direct involvement in cell integrity signalling [68]. In fact, the cell envelope permeability to
weak acids is dependent of cell wall remodelling [94], supporting the theory that PRS3 plays a
role in yeast adaptation to the presence of acetic acid. The down-regulation of this gene
expression at the initial exponential phase (Figure 3.3b), at a time where the yeast have been
exposed to acetic acid by prolonged period, may be the result of an already achieved adaptation,

i.e. cell wall remodelling.
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RPB4 has been found to play a role in the regulation of stress response (e.g. heat shock,
starvation) in yeast [80]. Taking into account that this gene was found to be necessary for
tolerance to stress caused by the presence of acetic acid, HMF and furfural [58], its up-regulation
at the lag-phase in the presence of these inhibitors (Figure 3.3a) may be explained by the yeast
need to respond and adapt to the inhibitory stress. This is sustained by the fact that at the
following fermentation phases /PB4 expression was considerably lower (Figure 3.3b and c), as
the inhibitory load diminished (Figure 3.4a).

The expression levels of HAAI, PRS3 and RPB4 along the fermentation (late lag-phase,
initial exponential and initial stationary phases) in the presence of inhibitor stress were compared
to their expression at the early lag-phase (Figure 3.5). It can be observed that it was in the initial
stage of the fermentation (early lag-phase) that these genes were more highly expressed
(represented by the dotted line in Figure 3.5), followed by the late lag-phase where the expression
levels are still higher than the ones from the subsequent phases (initial exponential and initial
stationary phases). These results support the importance of these genes roles in the adaptation

phase of S. cerevisiae to the presence of inhibitory stress induced by acetic acid, HMF and

furfural.
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Figure 0.5. Differential expression of PRS3, HAAI and RPB4 along a fermentation in inhibitory medium: late lag-
phase (H), initial exponential phase (M) and initial stationary phase (). Results are shown as the fold-change in
expression relative to that on the early lag-phase of the same fermentation (represented by the dotted line). Data
represents average + SEM obtained from two biological replicates and at least two experimental replicates, and the
statistical significance of the results was quantified using multiple ttests. *P < 0.05; **P < 0.01; ***P < 0.001;

e < 0.0001.
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Taking into account these results and the information previously available in the
literature, this study proceeded with the analysis of the effect of these genes overexpression in

fermentations mimicking industrially relevant conditions.

3.2. Construction of recombinant S. cerevisiae BY4741 overexpressing ZWF1,
PRS3, RPB4 and HAAI genes under the control of the ScPGK1 promoter

The PRS3 and RPB4 genes were found to contribute to the maintenance of cell viability
in wheat straw hydrolysate and for maximal fermentation rate of this substrate [58]. However, the
influence of these genes’ overexpression in lignocellulosic-based fermentations has not yet been
described. To test the effect of overexpressing these genes in S. cerevisiae BY4741
fermentations, the multi-copy vector pMI516MCS was used, which contains the strong S.
cerevisiae phosphoglycerate kinase (ScPGA1) constitutive promoter. ZWF1, which overexpression
has already been found to confer a growth advantage in the presence of lethal concentration of
furfural [44], was used as a positive control. Overexpression of the HA4A7 gene has been shown
to enhance the tolerance of S. cerevisiae to acetic acid [57], one of the major inhibitors present
lignocellulosic hydrolysates [53]. Therefore, the effect of the overexpression of this gene was also
evaluated in S. cerevisiae BYA741 EWH fermentations.

The ZWF1, PRS3 and RPB4 coding regions were amplified (2.11.1) from genomic DNA of
S. cerevisiae CEN.PK113-7D with the primers pairs ScZWF1, ScPRS3 and ScRPB4 (Table 2.3),
respectively (Figure 3.6), and the corresponding PCR products ligated to the pGEM-T Easy vector
(Figure 3.7 and 8). The vectors pJCZ, pJCP and pJCR (containing the ZWF1, PRS3 and RPB4
genes under the control of the ScPGAI promoter, respectively) were constructed by digestion
(2.15.1) of the corresponding pGEM-T Easy constructs with EcoRI, Sall/Xhol and BamHI/Xhol
(Figure 3.9), respectively, and insertion into pMI516MCS using the EcoRI, Sall/Xhol and
BamHI/Xhol sites, respectively (Figure 3.10).
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Figure 0.6. PCR amplifications of the coding sequence of the genes of interest from S. cerevisiae CEN.PK113-7D.
Lane 1: ZWF1 PCR product; lane 2: PRS3 PCR product; lane 3: #PB4 PCR product.
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Figure 0.7. Confirmation of insertion of ZWFI (a and b) and PRS3 (c and d) genes into pGEM-T Easy Vector. (a)
Resulting pattern of digestion of pGEM-T+ZWF1 with Pstl (expected patterns were 4057 and 488 bp or 3451 and
1094 bp). (b) Representation of the pGEM-T Easy vector with ZWF1 (c) Resulting pattern of digestion of pGEM-
T+PRS3 with Sacl (expected patterns were 3569 and 421 bp or 3342 and 648 bp). (d) Representation of the pGEM-
T Easy vector with PRS3.
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Figure 0.8. Confirmation of insertion of #PB4 into pGEM-T Easy Vector. (a) Colony PCR of 18 white colonies using
ScRPB4 primers (Table 2.3). An amplicon of 678 bp was expected. (b) Representation of the pGEM-T Easy vector
with RPB4.
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Figure 0.9. Restriction enzyme digestion of the different constructs in pGEM-T Easy Vector and of pMI516MCS
Vector. (a) pGEM-T+ZWF1 (1) and pMI516_ MCS (2) were digested with EcoRIl. (b) pGEM-T+PRS3 (1) and
pMI516MCS (2) were digested with Sall and Xhol. (c) pGEM-T+RPB4 (1) and pMI516_ MCS (2) were digested with
BamHI and Xhol.
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Figure 0.10. Confirmation of correct insertion of ZWF1, PRS3 and RPB4 genes into pMI516MCS vector.
Representation of the pJCZ (b), pJCP (d) and pJCR (f) vectors. (a) Colony PCR of 14 colonies using ScZWF1_fw and
PGK_rv primers (Table 2.3), with an expected amplicon of 1758 bp. (c) Colony PCR of 18 colonies using ScPRS3_fw
and PGK_rv primers (Table 2.3), with an expected amplicon of 1150 bp. (d) Colony PCR of 18 colonies using
ScRPB4_rv and PGK_fw primers (Table 2.3), with an expected amplicon of 878 bp.

For the ZWF1 gene cloning, the initially selected enzymes were EcoRI and Xhol, however,
a mutation in the recognition site for the enzyme Xhol in pGEM-T+ZWF1 was detected by
sequencing (Figure 3.11). Taking advantage of the fact that the pGEM-T Easy vector has
recognition sites for EcoRl flanking the ligation site for PCR products, both the pGEM-T+ZWF1

construct and the pMI516MCS were digested with this enzyme. The restriction enzymes selected
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for digestion of the PRS3 gene were also EcoRl and Xhol. However, after some unsuccessful
transformations, it was presumed that the fact that, in the pGEM-T+PRS3, the Xhol recognition
site is located only 3 bp away from a recognition site for EcoRl was affecting the correct function
of the Xhol enzyme in the double digestion with the two mentioned enzymes. To overcome this,
sequential digestions were performed, with the pGEM-T+PRS3 being digested first with Xhol and
after with EcoRI, but this strategy was proved unsuccessful as well. So, taking into account the
enzymes present in the Multiple Cloning Sites of pGEM-T Easy and pMI516MCS and the insertion
direction of PRS3into these vectors, the EcoRI enzyme was substituted by Sall. Therefore, pGEM-
T+PRS3 and pMI516MCS were double digested with Sall and Xhol.

50
CGAIT TCGAGICTA

Figure 0.11. Section of the sequencing chromatogram of pGEM-T+ZWF1 showing the mutation on the expected
restriction site for Xhol (CTCGAG).

The strategy used for the insertion of the HAAI coding sequence into pMI516MCS was
the same as that described for the genes ZWF1, PRS3 and RPB4. Briefly, the HAAI coding region
was first amplified from genomic DNA from S. cerevisiae CEN.PK113-7D with the primers pair
ScHAA1 (Table 2.3) (Figure 3.12) and the resulting PCR product ligated to pGEM-T Easy vector
(Figure 3.13). The pJCH vector (containing the HAAI gene under the control of the ScPGKI
promoter) was constructed by digestion (2.15.1) of pGEM-T+HAA1 with EcoRI and Xhol (Figure
3.14) and cloning between the EcoRI and Xhol sites in pMI516MCS (Figure 3.15).

3000 bp [
2000 bp

Figure 0.12. PCR amplification of the coding sequence of HAAI from S. cerevisiae CEN.PK113-7D.
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Figure 0.13. Confirmation of insertion of H4A1 genes into pGEM-T Easy Vector. (a) Colony PCR of 12 white colonies
using ScHAA1 primers (Table 2.3) with an expected amplicon of 2103 bp. (b) Representation of the pGEM-T Easy
vector with HAAL
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Figure 0.14. Restriction enzyme digestion of pGEM-T+HAAL1 (1) and pMI516MCS (2) with EcoRI e Xhol.
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Figure 0.15. Confirmation of correct insertion of HAAI into pMI516MCS vector. (a) Colony PCR of 14 colonies using
ScHAAL_rv and PGK_fw primers (Table 2.3) with an expected amplicon of 2294 bp. (b) Representation of the pJCH
vector.
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pJCZ, pJCP, pJCR and pJCH were used to transform S. cerevisiae BYA741 (2.17) (Figure
3.16 and 17). As negative control, S. cerevisiae BY4741 was also transformed (2.17) with the
empty vector pMI516MCS (Figure 3.18). The transformations efficiencies varied from 25 to 100
colonies per pg of DNA. The selection of transformants was made on YPD agar with 200 ug/ml
of geneticin (G418). In a previous test, where concentrations between 100 and 300 pg/ml of
G418 were used, 200 pg/ml was the lowest concentration of antibiotic capable of hampering the

S. cerevisiae BY4A741 growth on YPD agar.
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Figure 0.16. Confirmation of transformation of S. cerevisiae with pJCZ, pJCP and pJCR. (a) Colony PCR of 8 colonies
using ScZWF1_fw and PGK_rv primers (Table 2.3), with an expected amplicon of 1758 bp. (b) Colony PCR of 2
colonies using ScPRS3_fw and PGK_rv primers (Table 2.3), with an expected amplicon of 1150 bp. (c) Colony PCR
of 6 colonies using SCRPB4_rv and PGK_fw primers (Table 2.3), with an expected amplicon of 878 bp.
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Figure 0.17. Confirmation of transformation of S. cerevisiae with pJCH. Colony PCR of 17 colonies using ScCHAA1 _rv
and PGK_fw primers (Table 2.3) with an expected amplicon of 2294 bp.
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Figure 0.18. Confirmation of transformation of S. cerevisiae with pMI516MCS. Colony PCR of 8 colonies using
PGK_fw and PGK_rv primers (Table 2.3) with an expected amplicon of 419 bp.

3.2.1. Growth characterization of the overexpressing S. cerevisiae strains

S. cerevisiae overexpressing transformants were characterized on their ability to grow
aerobically in YPD medium and on YPD supplemented with inhibitors: furfural, HMF and acetic
acid (2.18). The similar growth profile of all the transformants in standard YPD (Figure 3.19)
showed that the overexpression of ZWF1, PRS3 and RPB4 had no effect on the yeast growth in

the absence of stress.
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Figure 0.19. Aerobic growth of S. cerevisiae BY4741 (4) (in YPD medium) and of the transformants pMI516MCS (m),
pJCZ (A), pJCP (e) and pJCR (=) in YPD with G418. Data represents average + standard deviation from three
biological replicates.

When grown in the presence of concentrations of inhibitors similar to those present in
EWH (Figure 3.20), all the overexpressing transformants showed a slower growth and a
substantially longer lag phase than the control S. cerevisiae pMI516MCS, suggesting that the
overexpression of the genes ZWF1, PRS3 and RPB4 have a negative effect on the yeast aerobic

growth under stress.
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Figure 0.20. Aerobic growth of S. cerevisiae BYA741 () (in YPD with 3 g/L of acetic acid, 0.3 g/L of HMF and 1.6
g/L of furfural) and of the transformants: pMI516MCS (m), pJCZ (A ), pJCP (e) and pJCR (=) in YPD medium with
G418 and supplemented with the same quantities of the referred inhibitors. Data represents average + standard
deviation from three biological replicates.

The growth was also tested in YPD medium supplemented with higher concentrations of
HMF and furfural (1.89 and 2.88 g/L, respectively). In this condition none of the overexpressing
transformants were able to exit the lag-phase into exponential growth, despite the fact that both
S. cerevisiae BY4A741 WT and the control S. cerevisiae pMI516MCS have successfully reached
stationary phase (Figure 3.21). These results are discordant with the already reported effect of
ZWF1 overexpression (under the control of the inducible MET25 promoter using the pRS425),
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which has been described to result in a growth advantage in the presence of concentrations of
furfural in a range of 2.88 to 4.80 g/I [44]. This may indicate that the overexpression strategy
chosen for this work could be inadequate.

Furthermore, it was observed that the S. cerevisiae BYA741 WT has a smaller lag-phase
than the control S. cerevisiae pMI516MCS. This may be explained by the presence of the G418
antibiotic, which even in the presence of the resistance cassette KanMX, may result in a slower
growth. Another possible explanation is the presence of the pMI516MCS vector, as it has been
found that the filamentous fungus Ashbya gossypii TEF-Io. promoter, used in a range of popular
marker cassettes [95, 96] (including the KanMX present in this vector), is toxic to S. cerevisiae

[97]. This indicates that the pMI516MCS vector may be inadequate to this overexpression study.
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Figure 0.21. Aerobic growth of S. cerevisiae BY4741 (¢) (in YPD with 1.89 g/L of HMF and 2.88 g/L of furfural) and
of the transformants: pMI516MCS (m), pJCZ (A), pJCP (e®) and pJCR (=) in YPD medium with G418 and
supplemented with the same quantities of the referred inhibitors. Data represents average + standard deviation from
three biological replicates.

3.2.2. Effect of ZWF1, PRS3, RPB4 and HAAI overexpression in lignocellulosic-
based fermentations

The role of ZWF1, PRS3, RPB4 and HAAI overexpression was examined in EWH (70%)
shake-flask fermentations (2.19). Under the oxygendimiting conditions used in these
fermentations the profile of CO, production obtained provides a suitable assessment of how the
fermentation proceeded. Furthermore, the productivity values and ethanol conversion yield were
also calculated. The similarity of the fermentation profiles of the transformant strains to that of
the control, S. cerevisiae pMIS16MCS (Figure 3.22) indicates that the overexpression of these

genes has no effect in the fermentation process of inhibitory hydrolysates. This fact is
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corroborated by the absence of significant differences in the productivity and ethanol yield values

obtained (Table 3.1).
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Figure 0.22. Profile of CO, production of S. cerevisiae BYA741 transformants: pMI516MCS (m), pJCZ (A ), pJCP (e),
pJCR (=) and pJCH (¢) in EWH (70%) fermentations. Data represents average + standard deviation obtained from
two biological replicates.

Table 0.1. Effect of the overexpression of ZWF1, PRS3 and APB4 genes in EWH fermentations. Data represents
average + standard deviation of two independent experiments and the absence of statistical significance of the
results was determined by one-way ANOVA.

S. cerevisiae

strain pMI516MCS pJCZ pJCP pJCR pJCH
::/"(‘i"l"‘;;“"ty 0.295 +0.007 0.304 +0.010 0.292 +0.005 0.294 +0.027 0.294 +0.009
5;:;3“' yield /10100 425141 408071 411371  41.1+1.20

These results, principally the absence of a positive effect when overexpressing the HAA1
gene, show that the ScPGAI promoter may be inadequate to test overexpression effects on this
yeast and indicates that the results obtained may not represent the real role of ZWFI, PRS3 and

RPB4 overexpression in the adaptation to inhibitory lignocellulosic fermentations.

3.3. Study of the effect of HAAI overexpression in lignocellulosic-based
fermentations

Taking the previous results (3.2.2) into account, the effect of the HAAI overexpression
using a different vector and native promoters was evaluated in lignocellulosic-based fermentation.
For that, S. cerevisiae BHUM3731 (YEplac195 vector containing HAAI gene under the control of

its native promotor) and the S. cerevisiae YEplac195 (empty vector control) [90] were tested in
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EWH (70%) shake-flask fermentations (2.19). Moreover, the deletion mutant Ahaal (strain
lacking the HAAI gene) was also tested and its slow fermentation profile (Figure 3.23) and low
ethanol productivity (Table 3.2) is consistent with the described essential role of H4A7 in S.

cerevisiae response to the presence of acetic acid [1, 2].
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Figure 0.23. Profile of CO, production of the deletion mutant S. cerevisiae BYA741 Ahaal (¢) and of S. cerevisiae
BY4741 transformants: YEplac195 (m), BHUM1737 (m), pMI516MCS (e) and pJCH (e) in EWH (70%)
fermentations. Data represents average + standard deviation obtained from two biological replicates.

Table 0.2. Effect of the HAAI gene in EWH fermentation. Data represents average + standard deviation of two
biological replicates and the absence of statistical significance of the results was determined by one-way ANOVA.

:t-rzf:e'”s’a‘" Ahaal  YEplac195  BHUM1737 pMI5S16MCS  pJCH

Productivity 177 0000 020440022 02270013  0.163  0.016 £0.002
(g/(1.h))
g:;am' vield > 6:030 447:373 4634371 352  329:17.17

3.3.1. Effect of HAA1 overexpression under the regulation of its native promotor

The profiles of CO, production showed a reduction of almost 50% in the lag phase of the
BHUM3731 strain when compared to the control (Figure 3.23), indicating an improved
adaptation of the strain overexpressing HAAI to the inhibitory compounds present in EWH.
Furthermore, the overexpression of this gene seems to result in a slightly higher ethanol
productivity and yield (Table 3.2). This result is concordant with the up-regulated expression of
HAA1 at the lag-phase in the presence of inhibitors (Figure 3.3a). Furthermore, at the exponential

phase, there seems to be no increased rate of ethanol production by the overexpressing strain
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(Figure 3.23). This may be consistent with the down-regulated expression of the HAA7 gene at

this phase (Figure 3.3b), indicative of this gene principal role in the adaptation phase.

3.3.2. Effect of HAA1 overexpression under the regulation of the ScPGK1 promoter

The effect of the overexpression of the HA4AZ gene under the control of the ScPGKI
promoter was evaluated in EWH (70%) fermentations. Taking advantage of the two selection
markers of the pMI516MCS vector, this effect was tested with the addition of the antibiotic G418
(Figure 3.22) or in the absence of uracil (Figure 3.23). On both fermentations, the overexpression
of the HAAI gene under the control of the ScPGAI promoter had no positive effect on the
fermentation profile when compared to the control strain. Moreover on the fermentation using the
URA3 selection marker the pJCH strain was unable to exit the lag phase. A difference in the
duration of the lag phase was visible when using different selection markers, probably due to the
different pre-inoculum media used: when using the URA3 selection marker, SD-Ura was used in
the pre-inoculum, while when using G418 antibiotic the medium used was YPD (supplemented
with G418), a rich media, possibly resulting in an inoculum with cells capable of a faster
adaptation. The ethanol productivity and yield values support the CO, profile results, mainly in the
fermentation where the URA3 marker was used, as a considerably lower productivity was
obtained with the overexpressing strain in this condition when compared to the control strain
(Table 3.2).

Several studies show that biological systems have evolved to be robust against
fluctuations in intracellular biochemical parameters, such as gene expression and protein
activities levels [98-101]. However, when this fluctuations surpasses the robustness of the
biological systems, e.g. the overexpression of a gene beyond a permissible limit, it results in
defects in cellular functions [102]. Recently, it has been revealed that the S. cerevisiae cellular
system was robust against overexpression of most genes, but sensible to small variations in a
specific set of genes [103]. HAA1 is included in this small group, which may explain the absence
of an improved tolerance in S. cerevisiae pJCH, where this gene is under control of the strong
ScPGK1 promoter. These results also sustain the possibility that the effects of ZWF1, PRS3 and
RPB4 overexpression observed using the pMI516MCS vector (3.2.2) may not be representative of

the real effect that these genes overexpression may have in lignocellulosic fermentations.
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3.4. Study of the effect of ZWF1, PRS3 and RPB4 overexpression under the
regulation of the native promoters

3.4.1. Construction of recombinant S. cerevisiae BYA741 overexpressing ZWF1,
PRS3 and RPB4 genes under the regulation of the native promoters

Taking into account the previous results, it has been hypothesized that the
overexpression of ZWF1, PRS3 and RPB4 under the control of their native promoters could have
a different outcome regarding the tolerance to the presence of inhibitory compounds. Therefore,
the genes of interest carrying their native regulatory regions were cloned into the multi-copy
vector YEplac195, as this was the vector previously used to overexpress HAAZ [90] (3.3.1). By
using this vector, the possible negative impact of the presence of the AanMX cassette was also
excluded, as it only carries the URAS3 selection marker.

The ZWF1, PRS3 and RPB4 genes with corresponding native promoter and terminator
sequences were amplified (2.11.1) from genomic DNA of S. cerevisiae CEN.PK113-7D (Figure
3.24) with the primers pairs ScZWF1_nat, ScPRS3_nat and ScRPB4_nat (Table 3.3) and the
PCR products ligated to pGEM-T Easy vector (Figure 3.25). To construct YEpJCZ, YEpJCP and
YEpJCR (containing the ZWF1, PRS3 and RPB4 genes under the control of their own promoters,
respectively) the corresponding pGEM-T Easy constructs were digested with Sacl/Sphl, for ZWF1
and RPB4, or EcoRI, for PRS3 (Figure 3.26), and the resulting fragments cloned into the
corresponding digested YEplac195 vector (Figure 3.27). YEpJCZ, YEpJCP and YEpJCR were used
to transform S. cerevisiae BY4741 (2.17)(Figure 3.28), with efficiencies of over 1000 colonies

per g of DNA. The selection of transformants was made in SD-Ura medium plates.
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Figure 0.24. PCR amplifications of the genes of interest from S. cerevisiae CEN.PK113-7D with native promotor and
terminator sequences. Lane 1: ZWF1 PCR product; lane 2: PRS3 PCR product; lane 3: PB4 PCR product.
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Figure 0.25. Confirmation of insertion of ZWF1, PRS3 and RPB4 with native regulatory regions into pGEM-T Easy
Vector. Representation of pGEM-T Easy with ZWFI (b), PRS3 (d) and RPBE4 (e). (a) Colony PCR of 8 colonies using
ScZWF1_V1 and ScZWF1_rv primers (Table 2.3) and an amplicon of 1081 bp was expected; and of 7 colonies using
ScPRS3 primers (Table 2.3) and an amplicon of 975 bp was expected. (c) Colony PCR of 8 colonies using
ScRPB4_nat primers (Table 2.3) and an amplicon of 1322 bp was expected.
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Figure 0.26. Restriction enzyme digestion of the different constructs in pGEM-T Easy Vector and of YEplac195 vector.
pGEM-T+ZWF1nat (1), pGEM-T+RPB4nat (2) and YEplac195 (3) were digested with Sacl and Sphl. pGEM-T+PRS3nat
(4) and YEplac195 (5) were digested with EcoRl.
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Figure 0.27. Confirmation of insertion of ZWF1, PRS3 and RPB4 with native regulatory regions into YEplac195
vector. (a) Resulting pattern of digestion of YEpJCZ (1 and 2) and YEpJCR (3 and 4) with Hindlll. (b) Resulting
pattern of digestion of YEpJCP with Xbal.
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Figure 0.28. Confirmation of transformation of S. cerevisiae with YEpJCZ, YEpJCP and YEpJCR. Colony PCR of 2
colonies using ScZWF1 primers (Table 2.3; lanes 1-4) and an amplicon of 1530 bp was expected.. Colony PCR of 2
colonies using ScPRS3_nat primers (Table 2.3; lanes 5-8) and an amplicon of 1538 bp was expected.. Colony PCR
of 2 colonies using SCRPB4_nat primers (Table 2.3; lanes 9-12) and an amplicon of 1322 bp was expected.

3.4.2. Effect of ZWF1, PRS3 and RPB4 overexpression under the regulation of their
native promoters in lignocellulosic-based fermentations

The role of ZWF1, PRS3 and RPB4 overexpression, under the regulation of their native
promoters was examined in EWH (60%) shake-flask fermentations (2.19). BHUM1737 strain was
used as control for this test, as its positive effect in the reduction of the lag-phase in
fermentations in this hydrolysate was previously observed (3.3.1). YEpJCZ, YEpJCP and YEpJCR
strains showed a slower production of CO, than that of the control YEplac195 strain (Figure
3.29). However, in the initial 40 hours of fermentation, YEpJCP strain showed a slightly higher

CO, production than the control strain.
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Figure 0.29. Profile of CO, production of S. cerevisiae BYA741 transformants: YEplac195 (m), YEpJCZ (A), pJCP
(®), pJCR (=) and BHUM1737 (#) in EWH (60%) fermentations. The smaller graphic focus on the initial 40 hours of
the fermentation. Data represents average + standard deviation obtained from two biological replicates.
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Taking into account the results from the expression analysis of PRS3 under inhibitory
conditions (3.1.2), the effect of its overexpression would be expected to be more evident precisely
in this phase of the fermentation. Moreover, the effect of the HAAI overexpression in the
BHUM1737 strain using 60% of EWH (Figure 3.29) was considerably smaller than that observed
on 70% of EWH (Figure 3.23), which is closer to the concentration used in the gene expression
analysis. This indicates that, in a fermentation with a higher inhibitor stress (e.g. 70% EWH), the
positive effect of PRS3 overexpression in the initial 40 hours of fermentation may be potentiated.

These results indicate PRS3 and HAAI as genes whose overexpression, under the
control of their native promoter using the YEplac195 vector, is capable of improving S. cerevisiae
adaptation to lignocellulosic hydrolysates. However, a drawback of the use of YEplac195 vector
is the absence of an antibiotic resistance gene, which hampers the possibility of testing these
overexpressing constructs (using this vector) in industrial robust yeasts, as they are not
auxotrophic strains. Therefore, it is necessary to design a new strategy for construction of

overexpression strains using a more suitable vector or by genome integration.
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The number of genes identified through genome-wide screenings, whose genetic
manipulation is promising in the context of bioethanol process optimization was narrowed down,
and its practical importance for maximal performance in lignocellulosic biomass industrial
fermentations was confirmed [58]. PRS3 and APB4 genes were selected from this set of genes
as the most promising for genetic engineering approaches for yeast improvements in terms of
tolerance and response to the multiple stresses occurring during bioethanol fermentations under
industrially relevant conditions. Furthermore, the HAAI gene was also studied as it had already
been described to be essential for the S. cerevisiae response to the presence of weak acids,
especially acetic acid (one of the major inhibitors in lignocellulosic hydrolysates) [1, 2, 57].

In this study HA4A1, PRS3 and RPB4 expression in S. cerevisiae PE-2 was found to be
increased at the late lag phase of fermentations in inhibitory medium containing 3 g/I acetic
acid, 0.3 g/I HMF and 1.66 g/I furfural. This result clearly relates HAAI, PRS3 and RPB4
expression to adaptation to inhibitors (acetic acid, HMF and furfural). Moreover H4A1 and PRS3
expression was up-regulated at the initial stationary phase, indicating these genes to play a role in
yeast tolerance to increasing concentrations of ethanol. As far as we know, it was the first time
that genes’ expression was compared in different phases of fermentation in inhibitory medium.

In a first approach these genes were overexpressed under the control of the strong
ScPGK1 promoter, using the pMI516MCS vector, which resulted in no positive effect in the
adaptation to the inhibitors stress present in lignocellulosic hydrolysate, EWH. When
overexpressed using the YEplac195 vector and under the control of their native promoters, the
PRS3 seemed to have a slight positive effect in the adaptation to the lignocellulosic liquor.
Furthermore, the HAAI overexpression clearly reduced the lag-phase in EWH fermentations. To
the extent of our knowledge, for the first time, the AHAAI overexpression was described to result
in a faster adaptation to the inhibitors stress present in lignocellulosic hydrolysates.

In conclusion, we have shown that HAAI, PRS3 and RPB4 genes play a role in
adaptation to inhibitory biomass hydrolysates and that overexpression of HAAI and PRS3
improved S. cerevisiae adaptation to the lignocellulosic EWH, accomplishing the aims of this
thesis. Furthermore, these results contribute to the progress of development more robust
industrial yeast strains, capable of coping with the most significant fermentation stresses and,
consequently, to increase ethanol productivity from lignocellulosic biomass.

As mentioned above, when overexpressing PRS3 (under the control of its native

promoter), a slight positive effect was observed in fermentations in medium containing only 60%
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of EWH, being necessary further tests (in medium containing 70% of EWH) to evaluate if this
small effect can be potentiated by more harsh conditions. Considering that the overexpression
effect may vary according with the inhibitory load present in the medium it will be interesting to
test the overexpression transformants constructed in fermentation in other lignocellulosic
hydrolysates, with different composition and inhibitory ratios. Taking into account the results
obtained, HAAI and PRS3 are good candidate genes for further yeast engineering, and the
possibility of their simultaneous overexpression should be explored. The use of genetic
engineering approaches to increase the expression of the selected genes in industrial strains is
the next logical step, to find out whether these manipulations may lead to the generation of more
robust industrial yeast strains, able to cope with the most significant fermentation stresses and,
thus, to increase ethanol production rate and final ethanol titers. Therefore, we now envision the
design of a strategy, based on the Cre-loxP system [104] or homologous recombination at -
sequences [105], to increase these genes expression by integration in the genome of a robust
industrial S. cerevisiae strain, such as the PE-2 strain, resulting in more stable overexpressing
transformants free of exogenous selection markers. Furthermore, to prevent a toxic effect from
excess of overexpression [103] the number of copy genes to integrate should be optimized. After
achievement of a stable successively-transformed industrial S. cerevisiae a scale-up process will
be necessary, to test the strain fermentation performance in a pilot-scale fermenter, in conditions

more similar to the ones present in industrial manufacturing plants.
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Table A1. Composition of solutions and media used for different strains growth.

Media/Solutions

Composition

LB medium

1% (w/v) tryptone

0.5% (w/v) yeast Extract

1% (w/v) sodium chloride (NaCl)
pH 7.5 (with 10 M NaOH)

YPD medium

2 % (w/v) glucose
2% (w/v) peptone
1 % (w/v) yeast extract

SD medium

2 % (w/v) glucose

0.67% (w/v) nitrogen base w/0 aminoacids
3% (v/v) Amino Acid drop out Mix

13.5 mg/I adenine hemisulfate

60.0 mg/I uracil

262 mg/| L-Leucine

119 mg/I L-Threonine

60.0 mg/I L-Histidine

pH 5.0 (with 10 MNaOH)

Amino Acid drop out Mix

8.87 g/| L-Aspartic acid
17.5 g/l L-Isoleucine
3.03 g/l L-Lysine

2.77 g/| L-Phenylalanine
3.50 g/I L-Serine

1.00 g/I L-Tyrosine

3.90 g/l L-Valine

11.6 g/l L-Arginine

4.9 g/| L-Methionine
2.73 g/| L-Tryptophan

EWH

0.64 g/1 glucose

8.85 g/l xylose

0.18 g/l arabinose

3.11 g/l acetic acid

0.33 g/I HMF

1.66 g/| furfural

1.15 g/I glucooligosaccharides
8.97 g/l xylooligosaccharides
2.55 g/I acetyl groups

2.01 g/I phenolic compounds

BYauxo Mix

2.67 g/| uracil

2.67 g/| histidine
2.67 g/ methionine
8.00 g/l leucine
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