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ABSTRACT

Today, the fossil materials currently represent the major share of the fuel market. In
order to reduce the environmental impact resulting from the massive use of these non-renewable
sources, particularly associated with the transport sector, bioethanol represents one of the most
favorable, sustainable and ecological alternatives. However, the second-generation bioethanol
production from waste plant biomass requires an expensive multi-step process and large
dosages of commercial hydrolytic enzymes. The consolidated bioprocessing (CBP) performed
by a single fermenting microbe could provide significant energy savings as well as being more
cost-effective. Nevertheless, to date no naturally occurring CBP microbe has been described
yet.

In this study, a collection of newly isolated Saccharomyces cerevisiae strains was
screened with the aim of selecting a wild type yeast with superior fermentative traits than the
industrial S. cerevisiae Ethanol Red®, which is currently used at industrial scale for first-
generation bioethanol production.

The collection has been evaluated for the conversion of starchy substrates into ethanol
by a simultaneous saccharification and fermentation (SSF) configuration.

The S. cerevisiae 120 strain, which demonstrated the highest fermentation rate and
ethanol production, was selected for a genetic engineering program in order to obtain an
amylolytic yeast, for an efficient conversion of starch into ethanol.

S. cerevisiae 1.20 and Ethanol Red® were engineered for the constitutive expression of
two genes, encoding the o-amylase AmyA and the glucoamylase GlaA from Aspergillus
tubingensis T8.4, in order to develop a stable recombinant strain.

The well-established &-integration strategy was used to obtain recombinants at O-
sequences by using homologous cassettes for AmyA and GlaA. Alongside, the innovative
CRISPR / Cas9 knock-in system was used for the site-specific integration of the same genes in
two selected genomic loci, namely mk114 and AD7. Both approaches were evaluated in terms
of strain stability and enzymatic activity.

The recombinant strains were verified for correct integration and examined for the
effective secretion of amylases on agar plates containing starch. The enzymatic activity of the
strains presenting the largest hydrolysis halos was quantified, and their recombinant proteins

characterized by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).



The performances of the new CBP strains were then demonstrated on starchy substrates.
The most promising recombinant yeast was found to be L20 8T8, co-expressing both AmyA and
GlaA.

This study demonstrated the superior fermenting abilities of S. cerevisiae L20 compared
to Ethanol Red®, confirming its promise as a starting point for the development of a CBP yeast.
Genetic editing technologies have both proven to be effective, although further efforts are

needed.
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RIASSUNTO

Attualmente i materiali fossili costituiscono la maggior parte dei combustibili presenti
sul mercato. Al fine di ridurre I’impatto ambientale derivante dall’utilizzo massivo di queste
fonti non rinnovabili, in particolare associato al settore dei trasporti, il bioetanolo rappresenta
una delle alternative sostenibili ed ecologiche piu favorevoli.

La produzione di bioetanolo di seconda generazione da biomassa amidacea richiede un
costoso processo articolato in piu fasi e alte dosi di enzimi idrolitici commerciali. Il
‘consolidated bioprocessing’ (CBP), eseguito da un singolo microrganismo fermentante,
potrebbe offrire un grande risparmio in termini energetici ed economici. Tuttavia, ad oggi
nessun isolato naturale possiede le caratteristiche per il CBP.

In questo studio, ¢ stata vagliata una collezione di ceppi wild type con l'obiettivo di
selezionare un ceppo di Saccharomyces cerevisiae con capacita fermentative superiori rispetto
al ceppo industriale di riferimento S. cerevisiae Ethanol Red®, attualmente utilizzato per la
produzione di bioetanolo di prima generazione.

Una nuova collezione di ceppi di S. cerevisiae ¢ stata valutata per la conversione di
substrati amidacei in etanolo applicando un sistema di simultanea saccarificazione e
fermentazione (SSF). Il ceppo S. cerevisiae L20, il quale ha dimostrato il piu alto tasso di
fermentazione e la piu alta produzione di etanolo, ¢ stato selezionato per un programma di
ingegneria genetica al fine di ottenere un lievito amilolitico, per un’efficiente conversione di
amido in etanolo su scala industriale. S. cerevisiae 1.20 e Ethanol Red® sono stati ingegnerizzati
per l'espressione costitutiva di geni codificanti 1’a-amilasi AmyA e la glucoamilasi GlaA di
Aspergillus tubingensis T8.4, al fine di sviluppare un ceppo ricombinante stabile. Secondo la
strategia O-integration € stato possibile ottenere ricombinanti a livello delle sequenze o
utilizzando frammenti omologhi per AmyA e GlaA. Contestualmente, l'innovativo sistema
knock-in CRISPR/Cas9 ¢ stato utilizzato per 1’integrazione sito-specifica degli stessi geni nel
genoma di lievito. Due loci genomici, mkl114 e AD7, sono stati selezionati per la
ricombinazione. Le due strategie sono state confrontate in termini di stabilita e ripercussioni sul
metabolismo di fermentazione.

I ceppi ricombinanti cosi ottenuti sono stati verificati per la corretta integrazione ed

esaminati per I’effettiva secrezione di amilasi su piastre di agar contenenti amido. L’attivita
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enzimatica dei ceppi che presentavano 1’alone di idrolisi pitt ampio ¢ stata quantificata e le loro
proteine ricombinanti caratterizzate da SDS-PAGE.

Le performance dei nuovi ceppi CBP sono state valutate su substrati amidacei. Il lievito
ricombinante piul promettente ¢ risultato essere L20 T8, in grado di co-esprimere sia AmyA
che GlaA.

Questo studio ha dimostrato che le abilita fermentative di S. cerevisiae 1.20 sono
superiori rispetto a Ethanol Red®, confermando quindi il suo ruolo promettente come punto di
partenza per lo sviluppo di un lievito CBP. Le tecnologie di editing genetico si sono dimostrate
entrambe efficaci, ma necessitano di sforzi ulteriori per il miglioramento. In ogni caso, la
stabilita genetica e la fine regolazione che CRISPR/Cas9 pud fornire a riguardo
dell’integrazione genica, fanno di quest’ultima la tecnologia di elezione per lo sviluppo di un

lievito CBP.
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AIM OF THE STUDY

In contrast to laboratory strains, wild type S. cerevisiae isolates from oenological
environments can provide a good starting point to look for natural and highly productive
fermenting yeast. With the final purpose of developing a CBP yeast for efficient conversion of
starchy biomass into ethanol, this work aimed at (1) selecting a novel S. cerevisiae strain among
a collection of natural isolates belonging to the DAFNAE (University of Padova). The strain
demonstrating a superior fermenting performance than the industrial benchmark Ethanol Red®
has been considered for a (2) genome engineering program for the heterologous expression of

efficient fungal amylases.
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1. INTRODUCTION

1.1  Biomass as bioenergy source to replace fossil fuels

Over the last decades, the rapid growth of the global population has led to an exponential
rise of energy consumption, mostly in urban areas of developing economies. According to the
data reported by the International Energy Agency (IEA; Table 1.1), the global energy demand
has increased by 40 % from 2000, reaching 13.9 billion tons of oil equivalent (Gtoe) in 2017.
The greatest share of energy supply was given by fossil fuels, such as coal, oil and gas, with 27
(3.75 Gtoe), 32 (4.4 Gtoe) and 22 % (3.1 Gtoe) respectively. In the last 25 years, they
represented the core of global energy system with a share of 81 % of the energy sources
consumed. Only in the last biennium 2017-2018 the growth of the total primary energy demand
grew by 2.3 %, nearly twice the average rate of growth since 2010, reaching a total of 14.3 Gtoe
in 2018. This rate is presumed to more than double in the future. The projections consider that
global primary energy demand will grow by 40 % between today and 2040, being oil at the first

place with 25 % increased demand.

2000 Share 2017 Share 2018 Share 2040 Share

(%) (%) (%) (%)

TPED* 10 027 100 13972 100 14301 100 19328 100
Coal 2308 23 3750 27 3778 26 4769 25
oil 3 665 36 4435 32 4488 31 5570 29
Gas 2071 21 3107 22 3253 23 4804 25
Nuclear 675 7 688 5 710 5 951 5
Hydro 225 2 353 3 364 3 514 3
Bioenergy 1022 10 1384 10 1418 10 1771 9
gil:‘zables 60 1 254 2 289 2 948 5
*TPED: Total Primary Energy Demand; Mtoe: million tons of oil equivalent World Energy Outlook 2018

© 2018 OECD/IEA

Table 1.1 World primary energy demand by source (Mtoe).
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As recently as in 2000, Europe and North America accounted for more than 40 % of
global energy demand and developing economies in Asia for 20 %. By 2040, this situation will

be completely reversed (World Energy Outlook 2018, IEA).

According to statistics, the worldwide reliance on liquid fuel has been maintained steady
since 1990, ranging around 30 % of total energy supply. The daily global oil demand seems to
merely follow the increase of energy demand over the years, nonetheless the biofuel
consumption is kept steady at negligible levels (Table 1.2). In current policies scenario, the oil

consumption is expected to reach more than 5.5 Gtoe by 2040 (Table 1.1).

2000 2017 2018 2040
Total 71.5 95.1 96.6 124.1
Oil 71.3 93.4 94.8 120.5
Biofuel 0.2 1.7 1.8 3.5

World Energy Outlook 2018
© 2018 OECD/IEA

Table 1.2 World liquid fuel demand (mb/d).

To date, road transport accounts for the 57 % of global oil consumption (2 567 Mtoe on
total 4 488 Mtoe; Table 1.1 and 1.3), being the largest segment of global oil demand. Despite
the latest attention directed to the sustainable alternatives to fossil fuels, the oil demand has
grown by around 11 million barrels per day (mb/d) since 2000, the largest increase in any sector
over this period. Around half of this increase came from cars, nearly 40 % from road freight
and the remaining from two/three-wheelers and buses. This increase would have been even
bigger without the employment of alternative fuels such as biofuels, which avoided a further
2.5 mb/d increase in oil demand (World Energy Outlook 2018, IEA; Global Energy and CO
Status Report 2018, IEA).

In 2018, the largest consumer of oil was the United States (US) with 20 mb/d, followed
by Europe (15 mb/d) and China (13 mb/d). The oil demand increases by 1.1 mb/d every year,
and it is expected to increase up to 7 mb/d by the end of 2025. Current policies will bring China
to be the first consumer by 2040, overcoming the US in terms of oil demand, with developing

economies following (IEA, 2018).
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2000 2017 2018 2040

Total 1958 2745 2794 3 964
Oil 1871 2530 2 567 3494
Electricity 19 31 33 94
Biofuels 10 82 86 165
Other fuels 58 102 109 211

World Energy Outlook 2018
© 2018 OECD/IEA

Table 1.3 World energy demand by transportation sector (Mtoe).

The progressive depletion of fossil fuels will be a serious threaten for the global energy
security. As the number of vehicles will increase to 1.3 billion by 2030 and to 2 billion by 2050,
the exhaustion of petroleum, natural gas and coal reserves at current consumption rate is

foreseen in 45, 60 and 120 years, respectively (Baeyens et al., 2015; Guo et al., 2015).

In 2017, the global daily oil production amounted at 95.7 mb/d, and only in 2018 it
raised up to 98.3 mb/d. In 2018, an unprecedented expansion of total liquids production
increased by a record of 2.2 mb/d, where the US accounted for the 70 % in global oil supplies,
with additional 15.6 % than 2017. In this way, the US is predicted to dominate the oil supply
over Saudi Arabia in the mid-term. On the other hand, the US are by far the largest oil consumer

followed by the Republic of China, India, Japan and the Russian federation.

As a result of higher energy consumption, global energy-related CO> emissions in 2018
increased to the historic spike of 33.1 gigatons (Gt) CO». It was the highest rate of growth since
2013, and 70 % higher than the average increase since 2010. A continue rising, going up by 10
% to 36 Gt, is expected in 2040 reflecting the increasing fuel demand. Looking back further,
emissions have more than doubled since the early seventies and increased by around 40 % since
2000 (23 Gt COy). The global annual concentration of CO; in the atmosphere averaged at 407.4
ppm in 2018, increasing by 2.4 ppm in the biennium 2017-2018 only. This is a major increase
from pre-industrial levels, which ranged between 180 and 280 ppm (World Energy Outlook
2018, IEA).

The fuel combustion resulting from the transportation sector is responsible for the major
contribution to greenhouse gasses (GHG) pollution, accounting for 19 % of global CO; (about

8 kg CO»/gallon petrol) production and more than 70 % of carbon monoxide (CO) emissions
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(Balat and Balat, 2009). Globally, at nearly 8 Gt CO», transportation accounted for one quarter
of total emissions in 2016, a level 71% higher than that was recorded in 1990 (IEA, 2018).
Emissions of nitrous oxide (N>O) and methane (CH4) have also been increasing rapidly through

agricultural, energy, and industrial sources.

Nevertheless, the accumulation of CO2 and other GHGs in the atmosphere is causing
climate changes leading to a raise of global average temperature of around 0.8 °C over the last

century, and 0.6 °C only during the last three decades (Hansen et al., 2006; Panwar et al., 2011).

The increasing awareness of the climate change and the concern over fossil oil depletion
are driving the policies of many countries to (i) reduce the energy consumption, (ii) increase
the efficiency of energy conversion or utilization, (iii) switch to lower carbon content fuels, (iv)
enhance natural sinks for CO., and (v) capture and store CO> (Balat et al., 2008). The
Organization for Economic Co-operation and Development (OECD) members have already
proclaimed commitments to reduce the dependence on fossil fuel by promoting the

development and utilization of sustainable energy sources.

The importance of renewable energies is widely recognized for a sustainable
development and the simultaneous preservation of the environment (Sims, 2004). In 2018,
renewables contributed only for 14.5 % to the global energy demand, showing the same share
as in 2000. According to the IEA 2018 forecasts, in 2023 the lowest contribution of renewables
will be for the transportation sector with respect of electricity and heating sectors, with a share
growing only minimally from 3.4 of 2017 to 3.8 % (Renewables 2018, Analysis and forecasts
to 2023, IEA 2018). In short, the strong dependency from fossil fuel reserves must be limited
in the near future to ensure global energy security and limit the environmental issues. In this
perspective, in Europe the target is to reach a share of 10 % of biofuels on energy basis in the

transportation sector by 2020.

Among renewable energy sources, biomass is the only material that can provide an
alternative liquid fuel in today’s transportation system (Lewandowsky, 2016). Therefore, much
attention should be given to the production of biofuel, considering not merely the value as

transportation fuels but also the economic and environmental benefits.

Biomass is a cleaner and inexhaustible material, representing the most relevant energy
source that can be converted into biofuels. Biomass is predicted to contribute for 46 % of the

share in meeting global energy demand among renewable energy sources in 2023 (IEA
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forecast). At present, it supplies only 10 % of the global annual energy demand. The use of
biomass as a source of energy, as well as displacing fossil fuel, can potentially enhance the
energy independence of both developing and industrialized countries. The energy security can
be improved by biological diversity of energy supply, reducing the impact of fluctuations of
petroleum global market, but also reducing import dependency and promoting rural economies

(IEA, 2017).

Biomass is commonly defined as a carbon-rich organic matter having intrinsic chemical
energy content that can be exploited via direct (burning) or indirect combustion (biofuels),
relying on present technologies. The CO; released in the atmosphere can be considered as zero,
since biomass uses CO> during the growth, resulting in no net releases (Balat and Ayar, 2005;
Balat and Balat, 2009). In comparison to fossil fuel which takes millions of years to form,
biomass is easy to grow, collect and utilize without depleting natural resources. Presently, it is
regarded as a non-fossilized and biodegradable material obtained from agriculture, forestry and
food processing, both residual and waste, that is utilized for energy production and other non-
food purposes. Biomass-derived bioethanol is now dominating the global production of

biofuels, representing over the 90 % of the market (Balat and Balat, 2009).

1.2 Bioethanol: first- and second-generation technology

Bioethanol has considerable advantages over fossil fuels: (i) it can be obtained from
several organic materials such as corn, sugar and molasses, (ii) it is readily biodegradable, (iii)
it has higher octane number (108) over gasoline, thus preventing knocking and early ignition in
combustion engines, (iv) it contains 35 % oxygen, which reduces particulate and NOx emissions
from combustion. It is estimated that the higher oxygen content allows a 15 % improvement in
oxidation of gasoline hydrocarbons, when used as enhancer, with consequent cleaner
combustion. The result is a reduction of hydrocarbons, CO, and particulate emissions. It can be
used either as a fuel or as a gasoline enhancer for spark-ignited engines. Nonetheless, it has 68
% lower energy content compared to petrol (Sanchez and Cardona, 2008; Balat and Balat, 2009;
Aditiya et al., 2016; Zabed et al., 2017).

In Brazil, bioethanol is used pure or blended with gasoline in a mixture called gasohol
(bioethanol 24 % and gasoline 76 %, v/v), while in several states of the US a small amount of

bioethanol (10 % v/v) is added to gasoline, known as E10. Gasoline blends with higher
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concentrations of bioethanol are used in the so called flexible-fuel vehicles that can operate on
blends of up to 85 % bioethanol (E85). Moreover, ethanol can replace diesel fuel in

compression-ignition engines using a proper emulsifier.

In 2018, the global fuel ethanol production has reached about 120 billion liters (OECD-
FAO, Agricultural Outlook 2018-2027), being the US and Brazil the leading producers. Jointly,
the US and Brazil produced almost 90 % of the world fuel bioethanol (Figure 1.1).

120

Annual World Fuel Ethanol Production (Billion Liters)
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[ |
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Figure 1.1 Global bioethanol production by country during the last decade (data from Renewable Fuel
Association, 2019).

Depending upon the source and production technology, bioethanol can be broadly
categorized into first- and second- generation. The first-generation bioethanol is produced from
dedicated crops with high starch (such as corn, maize, wheat, barley, cassava and potato) or
sugar (such as sugarcane, sugar beet and sorghum) content. Currently, the production of ethanol
as liquid fuel belongs to the first-generation. About 60 % of global bioethanol production comes
from sugar cane and 40 % from other crops, Brazil and the US exploiting sugar cane and corn

as predominant raw material, respectively (Balat et al., 2008). The sustainability of first-
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generation bioethanol over the use of arable land and water resources for fuel purposes has led
to serious ethical concerns. Water shortage, over-fertilization of soil, loss of biodiversity and
the increasing price of food commodities such as cereals, crops and livestock feed are currently
a matter of the ‘food vs fuel’ debate. The socio-economic and environmental consequences of

large-scale production must then be taken into consideration (Lennartsson et al., 2014).

The second-generation bioethanol, on the other hand, is more attractive from a
sustainability standpoint, as it is based on non-food raw material. The waste biomass available
from forestry, agricultural and industrial activities is relatively inexpensive and can be used as
feedstock. Although ethanol as fuel from biomass was tested in the early 19" century, the

development of a cost-effective and industrially applicable technology was not finalized.

1.3  Industrial routes of bioethanol production

Three are the major steps in ethanol production: (i) obtaining solution that contains
fermentable sugars, (ii) converting sugars to ethanol by fermentation and (iii) separating and
distilling ethanol (Mohd Azar et al., 2017). Biomass is usually pretreated, with significant
implications on the industrial process which makes the hydrolysis easier and produces higher
amount of fermentable sugars. Theoretically, all plant materials can be used to obtain
bioethanol. However, the final ethanol yield depends on the overall conversion efficiency which
differs significantly by the kind of feedstock that is used. The feedstocks for bioethanol
production can be classified into three categories: sucrose containing feedstock, starchy
materials and lignocellulose. Sugar based raw materials require only an extraction process to
get fermentable sugars, while starchy crops need to undergo hydrolysis to convert starch into
glucose. Lignocellulosic biomass must be pretreated before hydrolysis in order to alter cellulose

structures for enzyme accessibility (Zabed et al., 2017).

1.3.1 Ethanol from sugars

Sugar-based raw materials include some food-crops and sugar refinery wastes, such as
molasses. Sugar cane (either in the form of cane juice or cane molasses) and beet molasses are
the most popular feedstocks for first-generation ethanol production in Brazil and Europe,

respectively. Also, sweet sorghum was proposed as feedstock (Demirbas, 2009).
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The chief advantages of sugar-based materials are high yield of sugar per acre and low
conversion costs, since the sugar can be readily converted by the fermenting microorganisms.
Here, no expensive biomass pretreatments are required, except for mechanical size reduction

and pressing. However, their natural seasonal availability is the main issue.

The fermentation of sucrose-containing feedstock is a well-known and mastered process
(Figure 1.2), however there are still few points to be outlined for an optimal bioethanol
production at large-scale. The high ethanol concentration, the osmotic stress due to sugar and
salts, the acidity of the medium, sulfite and bacterial contamination are recognized as stress
conditions negatively effecting the yeast fermentation (Vohra et al., 2014). Therefore, the
optimization of the process requires: (i) the selection of new varieties of plants with higher
sucrose content, (ii) the selection of new yeast strains more adapted to stressing conditions of

industrial fermentations, (iii) the utilization of residual by-products.
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Figure 1.2 Diagram of bioethanol production from sugar biomass (adapted from Zabed et al., 2017).
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1.3.2 Ethanol form starch

Starchy crops such as cereals (60-80 % starch), legumes (25-50 % starch), tubers and
roots (60-90 % starch) are widely used for bioethanol production due to their availability across
the world, ease of conversion, storage capability for a long period and high ethanol yield. Grains
such as corn, wheat or barley are the most utilized feedstocks for ethanol production in the US
and Europe. In tropical countries, other starchy crops as tubers (e.g. cassava) can be used for

commercial production of fuel ethanol.

Starch represents the most relevant form of energy storage in plant, accounting for 20

to 70 % of the dry weight (Table 1.4).

Crop Species Crop type Starch content (%)
Babassu Orbygnia phalerata Palm 60 a
Banana Musa paradisiaca Fruit 27.2b
Barley Hordeum vulgare Cereal 63-69 a
Breadfruit Artocarpus altilis Fruit 64.5a
Buckwheat Fagopyrum tataricum Cereal 80.5a
Cassava Manihot esculenta Tuber 35b
Chestnut Castanea sativa Nut 932a
Corn Zea mays Cereal 70-72 a
Ginger Zingiber officinale Rhizome 85a
Kudzu Pueraria lobata Root 99.5a
Lentil Lens culinaris Legume 51.7a
Millet Panicum sumatrense Cereal 70 a
Oat Avena sativa Cereal 65.6 a
Peas Pisum sativum Legume 46.2 a
Potato Solanum tuberosum Tuber 73 a
Rice Oryza sativa Cereal 87.5a
Sorghum Sorghum bicolor Cereal 68-71 a
Sugar beet Beta vulgaris Root 8-12b
Sweet potato Ipomoea batatas Root 14-27.5b
Taro Colocasia esculenta Root 15-25b
Wheat Triticum aestivum Cereal 65-76

a, dry weight; b, fresh weight

Table 1.4 Starch content in some starchy crops (from Zabed et al., 2017).
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The physicochemical properties of starch are often associated with its amylose and
amylopectin ratio, which can significantly affect the final ethanol yield (Zabed et al., 2017). As
starch is not readily convertible into ethanol by fermenting yeast, this polymer has to be

hydrolyzed to sugar monomers.

The industrial production of bioethanol from corn starch is a well-established
technology. Two are the main strategies for biomass processing: wet milling and dry milling.
In the dry milling process (Figure 1.3), biomass is ground into fine particles to facilitate the
entry of water and enzymes in the next steps. The powder is mashed with water at 85 °C in the
gelatinization step, and the pH is adjusted to 6.0 with lime. In the following liquefaction step,
the addition of a-amylase enzymes rapidly reduces the degree of polymerization and mash
viscosity. The mash is then heated to 110-150 °C for an hour in a jet cooker. For the subsequent
saccharification step, the mash is cooled down to 60-70 °C and the pH adjusted at 4.5 with
sulfuric acid. The saccharification occurs when glucoamylases are added to release glucose.
After the enzymatic hydrolysis, the syrup is then converted into ethanol through microbial
fermentation in the presence of a nitrogen source. Distillation and dehydration are finally
performed to yield anhydrous ethanol. In the dry milling process, the average overall yield of
ethanol is about 390 L for each ton of corn kernels. The undigested components of corn kernels
are centrifuged and dried to a 27 % protein product known as distillers dried grains with solubles
(DDGS). It is estimated that each ton of corn kernels generates 285 kg of DDGS. Due to high
protein (25-32 %) and fiber (8-35 %) content, it is sold as animal feed (Cardona and Sanchez,
2007; Lennartsson et al., 2014).

The wet milling process (Figure 1.4) consists of the fractionation of corn kernels into
its components. Corn kernels are soaked in diluted sulfuric acid for 24-48 h at 52 °C to help the
softening and breaking down the protein surrounding the starch particles, generating a corn
steep liquor which is composed mainly by proteins (about 50 % of the dry mass). The germ is
removed from the steeped corn in degerminating mills and further processed for oil extraction.
After grinding, the defibering process separates the pericarp of the kernel, which comprises
fibers (cellulose, hemicelluloses). As a final fractionation step, the gluten is separated by
centrifugation and the starch recovered. Starch granules are enzymatically saccharified and
fermented as well as in dry process. Fibrous material, gluten and solids are further sold as

animal feed (Cardona and Sanchez, 2007; Zabed et al., 2017).
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Figure 1.3 Diagram for dry-grind bioethanol production from starch (adapted from Zabed et al., 2017).
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Figure 1.4 Diagram of wet milling bioethanol production from corn (adapted from Zabed et al., 2017).

The wet milling process is complex and a higher capital expenditure is needed than the

dry technology, although higher value-added of the resulting co-products can reduce the plant

costs.
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In last years, the possibility of hydrolyzing starch at low temperatures to ensure energy
savings is also being investigated. The production of ethanol by ‘cold hydrolysis’ dispenses
energy-demanding steps such as gelatinization and liquefaction. Here, the granular corn is
hydrolyzed by amylases and proteases at low temperatures. Therefore, capital and operational
costs are approximately 41 and 51% lower, respectively (Cinelli et al., 2015). The suspension
is then subjected to simultaneous saccharification and fermentation (SSF). Besides the great
energetic advantage over the conventional technologies, the cold hydrolysis also presents lower
water and chemicals consumption. The capital expenditure of a plant for conversion of raw
starch is potentially lower, since the process is more integrated. The overall yield tends to be
higher, due to the absence of Maillard reactions and reduced yeast inhibition. Since the sugars
are gradually released, the osmotic stress is reduced and higher alcohol levels are produced.
Nevertheless, the susceptibility to microbial contamination is higher since lower temperatures
are used, thus affecting the quality of DDGS. Moreover, the higher demand of enzymatic
preparation can be less attractive (Castro et al., 2011; Vohra et al., 2014).

1.3.3 Ethanol from lignocellulose

Lignocellulosic biomass can be divided into several groups such as energy-dedicated
crops, forest materials, agricultural residues and organic fraction of municipal solid wastes.
Energy crops hold potential in bioethanol production since they require a short growth period
and, usually, minimal use of water, fertilizer and cultivable lands. Some potential energy crops
are miscanthus (Mischantus spp.), switchgrass (Panicum virgatum), giant reed (Arundo donax)
and alfalfa (Medicago sativa). Forest biomass include mainly woody materials such as
hardwoods and softwoods, while forest wastes are sawdust, wood chips and branches.
Municipal solid wastes (MSW) is the biomass that originate from residential and non-
residential sources such as food wastes and paper mill sludge. The wide MSW diversification

in composition and the microbial contamination are making these feedstocks less attractive.

Lignocellulose is composed of cellulose (40-50 %), hemicellulose (25-35 %) and lignin
(15-20 %), depending on the types of biomass, which are strongly associated in a complex
matrix. The composition and structure of the biomass determine the digestibility of

lignocellulose to subsequent chemical or biochemical treatments.
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Cellulose is a linear and crystalline structure containing linear chains of glucose units
joined by B-1,4 glycosidic bonds, with and average molecular weight of about 100 kDa.
Cellulose chains, which are grouped together (20-300) by van der Waals and hydrogen bonds
to form microfibrils, are constituted by repeating units of the disaccharide cellobiose. Hydrogen
bonds between microfibrils form cellulose fibers, resulting in a robust and tightly packed
backbone conferring structural support to the plant. However, this composition causes water
insolubility and recalcitrance to depolymerization (den Haan et al., 2013; Meng and Ragauskas,

2014).

Hemicellulose is a complex heteropolymer with an average molecular weight of nearly
30 kDa. It consists of short, linear and highly branched chains of different monomers including
hexoses (B-D-glucose, a-D-galactose and B-D-mannose), pentoses (B-D-xylose and o-L-
arabinose) and sugar acids. The composition can dramatically vary among plants. The backbone
chain of hemicellulose principally consists of pentoses like D—xylose (around 90 %) and L—
arabinose (roughly 10 %) that are linked by B-1,4 bonds. The commonly known hemicelluloses
are xylans and glucomannans. The role of hemicellulose is to connect lignin and cellulose fibers

and giving the whole network more rigidity (Hendriks and Zeeman, 2009).

Lignin is a highly branched aromatic polymer which is present in the plant cell wall. It
confers rigidity and impermeability to the structure, offering resistance to microbial attack and
oxidative stress. It is a heteropolymer composed of three phenolic compounds such as
coumaryl, coniferyl and sinapyl alcohol. Grasses and agricultural residues contain low amounts
of lignin, ranging from 10 % to 30 % and 3-15 %, respectively, although softwoods range from
30 % to 60 % and hardwoods vary between 30 and 55 % of lignin (Zabed et al., 2017).

Fermentable sugars for bioethanol production can be obtained from cellulose and
hemicellulose. Although the technology has been greatly improved, a cost-effective and
competitive production of ethanol is still challenging. The efficient depolymerization the
polymers, by effective pretreatment and hydrolysis, and proficient fermentation of both hexose
and pentose sugars must be achieved in the future to increase the overall ethanol yield (Kim et

al., 2012; Cinelli et al., 2015).

The major challenge for lignocellulose conversion into ethanol (Figure 1.5) is the
feedstock pretreatment. The objectives of pretreatments include (i) the reduction in crystallinity

and degree of polymerization of cellulose as well as the increase of porosity to enhance

26



hydrolysis, (ii) prevent the degradation of pentoses, (iii) minimize the formation of inhibitory
products for subsequent fermentation processes, (iv) recover lignin for conversion into valuable
co-products, and (v) minimize energy inputs to be cost effective and (vi) ease of operation.
Several pretreatments strategies have been developed, which can be classified into physical,

chemical, physico-chemical and biological pretreatment (Zabed et al., 2017).
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Figure 1.5 Diagram of bioethanol production from lignocellulosic biomass (adapted from Zabed et al., 2017).

Physical methods of pretreatment include mechanical grinding thermolysis and
irradiation with gamma rays, electron beam or microwaves. This kind of pretreatment works
on the biomass by increasing the surface area and pore volume, decreasing the degree of
polymerization of cellulose and its crystallinity, but also on the hydrolysis of hemicelluloses,
and partial depolymerization of lignin. During chemical pretreatments, various inorganic acids
(H2SO4, HCI, H3PO4 and HNOs), alkali (NaOH, KOH, NH4sOH and Ca(OH)2), cellulose

solvents (H20O», ozone, glycerol, dioxane, phenol and ethylene glycol) are commonly used to
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disrupt cellulose structure and promote the hydrolysis (Alvira et al., 2010). Physico-chemical
methods are considerably more effective. The combination of chemical and physical
pretreatments led to the development of technologies such as steam explosion, ammonia fiber
explosion (AFEX), ammonia recycling percolation (ARP), soaking aqueous ammonia (SAA),
wet oxidation and CO; explosion. The aims are (i) to increase the accessible surface area, (ii)
to decrease the crystallinity of cellulose, and (iii) to remove hemicelluloses and lignin from
lignocellulose. Among biological methods white rot, brown rot and soft rot fungi such as
Phanerochaete chrysosporium, Trametes versicolor, Ceriporiopsis subvermispora, and
Pleurotus ostreatus are employed due to the ability to produce lignin degrading enzymes and
aromatic radicals. Although this method is cheap, the hydrolysis rate is very low (Saini et al.,

2015).

An efficient pretreatment with low inhibitor formation is essential for its application.
Indeed, a great number of toxic compounds are formed during pretreatment and hydrolysis
processes, which can seriously inhibit the subsequent fermentation. The harsh conditions of
pretreatments often lead to partial breakdown of lignocellulose into different products, such as
acetic acid, formic acid, levulinic acid, hydroxymethyl furfural (HMF), furfural and other
phenolic compounds. These by-products act as inhibitors for both fermenting microorganisms
and cellulose degrading enzymes (Alvira et al., 2010; Favaro et al., 2013; Cagnin et al., 2019).
The type and amounts of inhibitors generated during pretreatment depend on both the nature of
the biomass and the pretreatment conditions. The inhibitors are categorized into three major
groups: aliphatic acids, furan derivatives and phenolic compounds. They can be neutralized or
removed through a detoxification step, which is carried out by extraction, ion exchange, active
coal, overliming, steam stripping or evaporation at low pH, and enzymatic action using laccase

and peroxidase (Hamelinck et al., 2005; Jonsson et al., 2013).

The efficient hydrolysis of lignocellulosic biomass into glucose is another challenge to
face. Cellulose hydrolysis can be done using both acid and enzymatic mixes. Mostly sulfuric
acid (H2SOs) is used although other inorganic acids as well as some weak organic acids such
as hydrochloric acid (HCI), nitric acid (HNOs3), trifluoracetic acids (TFA), phosphoric acid
(H3PO4) have also been reported. The enzymatic hydrolysis requires less energy than acid
hydrolysis, however the use of massive quantities of enzymes (glucanases and xylanases)

contributes to the major cost of the lignocellulosic bioethanol, accounting for 20-30 % of the
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total cost. On the other hand, the addition of other enzymes and the presence of lignin and

hemicellulose may increase the cost of enzymatic hydrolysis without improving the efficiency.

Due to the diverse composition of sugars, yeast capable of efficiently fermenting both
hexose and pentose are needed. Unfortunately, no natural microorganisms are available (Chen

and Fu, 2016; Zabed et al., 2017).

To be competitive, and economically acceptable, the cost for bioconversion of biomass

to liquid fuel must be lower than the current gasoline prices (Subramanian et al., 2005).

1.4 Process consolidation for cost-effective conversion

Industrial-scale second-generation bioethanol production requires efficient, low cost
processes that will ensure economic viability (Agbor et al., 2014). The reduction of processing
steps in order to decrease capital and operational costs, as well as processing time, is the major
improvements that is still needed. Research efforts have been recently directed to the integration

of pretreatment and hydrolysis steps with fermentation (Zabed et al., 2017).

The bioethanol production at industrial scale from pretreated biomass (starchy or
lignocellulosic) requires two biologically mediated events: the production of hydrolytic
enzymes and the fermentation of soluble sugars. Typically, enzymatic hydrolysis and
fermentation of sugars are done separately, and the process is known as separate hydrolysis and
fermentation (SHF; Figure 1.6). The enzymatic saccharification of biomass is carried out first
at the optimal temperature of the saccharifying enzymes. Subsequently, appropriate
microorganisms are added to ferment the saccharified solution. The main advantage of this
configuration is the application of optimal temperature conditions of both the enzymatic
saccharification and the microbial fermentation, resulting in more efficient conversions at a
relatively shorter duration. However, the SHF process is carried out in two separate and
independent reactors, resulting in higher capital costs. In SSF process (Figure 1.6), enzymatic
hydrolysis and alcoholic fermentation are performed simultaneously in the same reactor,
thereby reducing the operational costs and increasing hydrolysis rate. Glucose resulting from
hydrolysis is readily fermented to ethanol, thus the concentration of the substrate cannot inhibit
saccharolytic enzymes (end-product inhibition; Sarris and Papanikolaou, 2016). SSF reduces
contamination from external microflora because of high process temperature, anaerobic

conditions and the presence of ethanol in the medium, while requiring lower amounts of
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enzymes. However, the SSF process has disadvantages when compared with the SHF. The
optimum temperature for yeast fermentation is typically lower than that for enzymatic
hydrolysis (Ishizaki and Hasumi, 2014). Therefore, the saccharification requires more enzyme
than the SHF process. Moreover, thermotolerant strains able to grow well and to produce

ethanol at high temperature could be required.
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Figure 1.6 Schematic diagram of bioethanol production process configurations (adapted from Aditiya et al., 2016).

Simultaneous saccharification and co-fermentation (SSCF; Figure 1.6) of hexoses and
pentoses is similar to the SSF process except that hexose and pentose fermentation occur
simultaneously. This configuration requires a separate pentose-utilizing microorganism or an
engineered strain capable of efficient co-utilization of hexoses and pentoses (Sarris and

Papanikolaou, 2016). The ultimate configuration is the consolidated bioprocessing (CBP;
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Figure 1.6), known also as direct microbial conversion (DMC), that combines the substrate
hydrolysis and fermentation in one step by the use of a single microorganism. This difference
has an important advantage as no capital or operation expenditures are required for enzyme
production. Moreover, the enzymatic and fermentation systems are entirely compatible. Of all
the reported technological advances to reduce processing costs, CBP offers the greatest

potential.

Unfortunately, naturally occurring microorganisms are incapable to perform CBP.
Hence, engineered microorganisms need to be developed in order to make this process suitable
for industrial applications (Sarris and Papanikolaou, 2015; Ishizaki and Hasumi, 2014; Vohra
et al, 2014; Rastogi and Shrivastava, 2017).

1.5 Development of a CBP microorganism for starch conversion

Genetic engineering can help for the development of a CBP strain, a robust strain to
handle industrial conditions which is also able to produce bioethanol from biomass at high yield

and titer (Olson et al., 2012).

As described by Lynd et al. (1999) for second generation bioethanol production from
lignocellulose, two are the main strategies for genetic engineering of microbes for the desirable
traits. They can also be considered for starch bioconversion. In the ‘native’ strategy, a natural
hydrolytic microorganism having a superior saccharolytic capabilities can be improved by
conferring high fermentative traits. On the other side, the ‘recombinant’ strategy involves a
natural fermenting microorganism that can be genetically manipulated for hydrolytic enzymes

production in the recombinant strategy (Lynd et al., 2005; Olson et al., 2012).

Several microorganisms including fungi, yeast, and bacteria have been reported to
produce starch degrading enzymes. Aspergillus sp., Rhizopus sp. and Bacillus sp. are the most
common choices (Robertson et al., 2006; Sun et al., 2010). The main challenge is represented
by the lack of a consolidated gene-transfer technology to provide natural isolates with
fermentative traits. Moreover, native hydrolytic species are isolated from soil or rumen, thus

lacking in robustness towards other stressful industrial process conditions.

The primary objective of the recombinant strategy is to provide growth and fermentation

capabilities on starchy biomass. Highly fermentative microorganisms can be used as recipient
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for the production of heterologous amylases. Saccharomyces cerevisiae shows the desired
fermentation performances and represents the best candidate for genome engineering. In
literature, S. cerevisiae has already been reported for the expression of several kinds of
saccharolytic enzymes collected in Pretorius (1997), Sun et al. (2010) and van Zyl et al. (2012).
Initially, individual o-amylase genes were expressed. However, the very low efficiency of
saccharification lead to the co-expression of a-amylase and glucoamylase genes for a synergic
approach. Amylases were both secreted or tethered on the cell surface, until Liao et al. (2010)
demonstrated that higher ethanol yields were obtained with secretion. The major disadvantage
of cell wall-anchored enzymes is that a good mixing is required to facilitate the approach

between the cells and the substrate.

To date, no industrial process has used recombinant yeast for direct ethanol production
from raw starch (Cinelli et al., 2015). Soluble starch is easier to digest because of the presence
of water that facilitates the enzyme to enter the starch molecules. However, the enzymatic
hydrolysis of raw starch must take place between the starch granules and water. When raw
starch is dispersed in a liquid medium, water molecules are associated and clustered due to
hydrogen bonds on the surface of starch granules, which makes it difficult for enzyme to
approach the substrate (Sun et al., 2010). It was estimated that the excess of energy demand
required for heating the starch slurry during liquefaction and saccharification steps is between
10-20 % of the final ethanol value (Robertson et al., 2006). Nonetheless, the increase in

viscosity can make stirring difficult, requiring additional energy inputs (van Zyl et al., 2012).

Few groups have reported bioethanol production using recombinant S. cerevisiae yeast
capable of utilizing raw starch as carbon source. Studies were conducted on 1-2 % of starch
loading obtaining high starch conversion (Favaro et al., 2012, Liao et al., 2010) or 20 % (Kim
et al., 2011). They demonstrated that a higher enzyme loading is needed compared to soluble
starch, resulting in a very slow rate of substrate conversion and, thus, fermentation. Yamakawa
et al. (2010) used a S. cerevisiae strain bearing tethered glucoamylase of Rhizopus oryzae and
a-amylase of Streptococcus bovis. They demonstrated a high ethanol production from 20 % of
raw starch, however the inoculum was massive. Moreover, cells could be recycled for 23
repetitive fermentations without affecting the fermentative performances. Favaro et al. (2012-
2013) engineered an industrial S. cerevisiae strain with the Aspergillus awamori glucoamylase.
Here, the enzymatic activity was lower on raw starch than on soluble starch, because of

inefficient starch hydrolysis. The same group constructed two industrial strains co-secreting the
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Thermomyces lanuginosus glucoamylase (TLG1) and Saccharomycopsis fibuligera a-amylase
(SFA1) for the first time (Favaro et al., 2015). The recombinant strains demonstrated a high
enzymatic activity on raw corn starch at high loading and produced up to 55 % of the theoretical

ethanol yield.

Despite good progress in yeast engineering in terms of stability and ethanol yield, the
major challenge remains the production of a-amylases and glucoamylases with high substrate
affinities and specific activities at titers that can effectively convert raw starch to glucose within

48-72 h to final ethanol concentrations of 10-12 % (w/v) (Bothast and Schlicher 2005).

1.5.1 Bioconversion of starch

Starch consists of two polymers of a-D-glucopyranosyl units linked by a-glycosidic
bonds, namely amylose and amylopectin. Amylose is a relatively long, linear a-glucan
containing around 99 % a-1,4 and 1 % a-1,6 linkages. It is composed of around 1 000 glucose
units and has a molecular weight of approximately 10°~10° Da. Amylopectin is larger than
amylose (20-200 000 glucose units), with a molecular weight of 107 - 10° Da. It has a highly
branched configuration with about 95 % o-1,4 and 5 % a-1,6 linkages (every 20 linkages). In
common cereals, amylose takes an average of 25 % of the starch, while amylopectin around

75-80 %. The two molecules differ both in size and structure depending on the botanical origin.

In plants, starch is accumulated in many different photosynthetic or non-photosynthetic
tissues and is synthesized in amyloplasts starting from a molecule of sucrose. This is derived
from photosynthesis and converted in the cytosol to glucose-6-P, then translocated into the
amyloplast. Here, starch synthases add glucose units to the non-reducing ends of amylose and
amylopectin molecules. The branches in amylopectin are created by starch branching enzymes.
The overall starch granule size varies from 1-100 um in diameter (Tester et al., 2004) and the
polymers are organized into amorphous and crystalline regions. Generally, the crystalline
regions are composed of amylopectin, while the amylose is present in the amorphous regions.
In cereal starches, the amylose is complexed with lipids that form a weak crystalline structure

and reinforce the granule.

While amylopectin is soluble in water, amylose and the starch granule itself are
insoluble in cold water. When the water-starch slurry is heated, the granules are subjected to

irreversible swelling process, termed gelatinization. At this point, amylose leaches out of the
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granule and causes an increase in the viscosity of the slurry. Finally, the granules dissolve

resulting in a complete viscous colloidal dispersion (van der Maarel et al., 2002).

1.5.2 Starch hydrolysing enzymes

Efficient starch hydrolysis requires the activities of both a-1,4 and a-1,6- hydrolases.
Those can be classified into (i) endoamylases, (ii) exoamylases and (iii) debranching enzymes

(van Zyl et al., 2012; Castro et al., 2011; van der Maarel et al., 2002).
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Figure 1.7 Starch molecules and target sites of different amylolytic enzymes (adapted from Aditiya et al., 2016).

Endoamylases primarily catalyze the cleavage of internal a-1,4 bonds in both amylose
and amylopectin (Figure 1.7). The most-reported endoamylase is a-amylase (EC 3.2.1.1). The
end products of a-amylase action are oligosaccharides of different lengths (10 to 20 glucose
residues) and a-limit dextrins with an a-configuration. Enzymes from this group play a crucial

role in starch liquefaction.

Exoamylases, such as glucoamylase (EC 3.2.1.3) and a-glucosidase (EC 3.2.1.20), act

on the external glucose residues producing only glucose by cleaving both a-1,4 and a-1,6
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glycosidic bonds (Figure 1.7). The rate of hydrolysis between linkages depends on the nature
of the linkage in the adjacent molecule. Most forms of the enzyme can rapidly hydrolyze a-1,6
glycosidic bonds when the next bond in the sequence is 1,4-linked (Fierobe et al., 1998), but
the specific activity towards the a-1,6 linkage is only 0.2 % of that for the a-1,4 linkage (Fierobe
et al., 1996; Frandsen et al., 1995; Sierks and Svensson, 1994). On the other hand, f-amylase
(EC 3.2.1.2) exclusively cleaves a-1,4 glycosidic bonds from non-reducing ends releasing
maltose which is further hydrolyzed by maltases into two glucose residues. B-amylase and
glucoamylase generally belong to the family of inverting enzymes. Their activity converts the
anomeric configuration of the released sugar from the o to the  configuration. On the other

hand, a-glucosidase is a retaining enzyme, and acts better on short malto-oligosaccharides.

The third group of starch-converting enzymes is represented by the debranching
enzymes, that exclusively hydrolyze a-1,6 glycosidic bonds (Figure 1.7). Pullanase type I (EC
3.2.1.41) and isoamylase (EC 3.2.1.68) degrade only amylopectin, thus converting into amylose
or leaving long linear polysaccharides of 25-30 glucose residues. The former, in addition to
amylopectin, can also break down linkages in pullulan and glycogen structures. Pullulanase
type II enzymes hydrolyze both a-1,4 and a-1,6 glycosidic bonds and are referred to as a-
amylase-pullulanase or amylopullulanase. The main degradation products are maltose and

maltotriose.

a-Amylase and glucoamylase play the most important role in starch saccharification in
industry, being their synergy fundamental to increase the overall reaction rate. The a-amylases
hydrolyze the interior linkages of the starch molecule on the surface of the granules, supplying
the glucoamylases with substrate. This hydrolysis results in the formation of small holes in the
granular starch molecule, which allows the a-amylase entry into the interior of the starch
molecule (Buléon et al., 1998). The combination of a-amylases and glucoamylases supports the

complete depolymerization of raw starch into glucose (Sun et al., 2010).

1.6  Heterologous enzyme expression in Saccharomyces cerevisiae

Microorganisms play a key role in bioethanol production by converting simple sugars
into ethanol and CO> through fermentation. Theoretically, each kg of glucose and xylose can
produce 0.49 kg of CO; and 0.51 kg of ethanol. Nearly 10 % of the total bioethanol production

cost is dedicated to the microorganism (van Zyl et al., 2012).
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Historically, the most common microbe used for fermentation has been the budding
yeast S. cerevisiae. This yeast can naturally grow both on simple sugars, such as glucose, and
on the disaccharides sucrose and maltose but is not capable of converting pentoses, lactose, or
cellobiose. Saccharomyces is also generally recognized as safe (GRAS) as a food additive for
human consumption and is therefore ideal for producing alcoholic beverages. It is able to
ferment sugars at low pH values (4-5), thus minimizing the contamination risk at industrial
level. At present, S. cerevisiae is widely used for the production of fuels, pharmaceuticals, and

other value-added chemicals.

S. cerevisiae 1s commonly employed in first-generation bioethanol production. Due to
general robustness, high ethanol yield and productivity, high ethanol- and osmo-tolerance, it
has a long history of industrial use (Walker and Walker, 2018; Favaro et al., 2019). The major

limitation, however, is that it cannot utilize complex substrates such as starch.

Since the completion of its genome sequencing (Goffeau et al., 1996), an array of gene
manipulation techniques and tools has been developed for the interpretation of gene
functionalities. Currently, S. cerevisiae is one of the most extensively used eukaryotes, and deep
knowledge is now available about metabolic, secretory, transport, signaling and other pathways.
Its amenability to genetic modifications makes it the preferred host for development of amylase-
producing yeast for second-generation bioethanol production (Da Silva and Srikrishnan, 2012;
Carter and Delneri, 2010). However, wild type and industrial strains are poorly characterized
and, in contrast to laboratory strains, often recalcitrant to genetic modification because of the

complexity of the genome.

Both plasmid vectors and chromosomal integration have been used for metabolic
engineering of S. cerevisiae, although the choice depends on the overall goal (e.g.

overexpression, precise control of gene number, vectors stability, ...).

1.6.1 Episomal vectors

Autonomous replicating plasmids can be categorized by their copy number into two
families typically used in metabolic engineering: YCp, a low-copy plasmid, and YEp, a high-
copy plasmid. YCp plasmids have a yeast origin of replication (ARS) and a centromere

sequence (CEN), have high segregational stability in selective medium, and are maintained at
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1-2 copies per cell. YEp plasmids are based on the native 2-micron (2 p) episomal plasmid
found in S. cerevisiae. These plasmids can maintain over 10-50 copies per cell, although the
number can vary widely with the gene product and level of expression. Auxotrophic markers
such as TRPI, HIS3, LEU2 and URA3 allow the positive selection of yeast cells which have

correctly incorporated the respective plasmids (Pronk, 2002).

In general, low-copy plasmids are more stable and robust to different fermentation
processes than high-copy plasmids and can often handle larger heterologous expression
cassettes. However, high-copy plasmids allow for overexpression of the gene of interest

(Redden et al., 2015).

Although the number of episomal plasmids available for yeast are much more limited
than those for Escherichia coli, they have been successfully employed for gene expression. The
major limitations are instability due to plasmid loss, the need to maintain selection pressure in
culture, as well as variation in gene expression within the population especially during long

term and large-scale industrial cultivations in poorly defined media (Shi et al., 2016).

1.6.2 Genome editing methods

Industrial strain development requires the chromosomal integration of expression
cassettes (Jansen et al., 2017). The crucial point for genome editing in S. cerevisiae is the
creation of double-strand breaks (DSBs) at the locus to be modified. The DNA damage can
usually be repaired by (i) homologous recombination (HR), which depends on sequence
homology, or (ii) non-homologous end joining (NHEJ), which is more error-prone and involves
integration between regions of little or no homology. In S. cerevisiae, the HR pathway is very
efficient (Lorenz et al., 1995) and plays a dominant role in DSB repair, requiring only 38-50 bp
of target gene homology of both sides of the marker cassette (Baudin et al., 1993; Sonoda et al.,
2006). The NHEJ pathway is mainly observed if the HR mechanism is prevented. Other yeast

species favor the NHEJ pathway over HR making precise gene editing difficult and inefficient.

As homologous recombination is so efficient in S. cerevisiae, the integration of donor
DNA into the genomic target offers an alternative, straightforward mechanism for gene

expression (Da Silva and Srikrishnan, 2012).
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Chromosomal integration also allows precise control over gene copy number and can
ensure segregational stability. For the introduction of multiple genes, long-term stability, and
precise control of expression, integration of the genes into the chromosome holds several
advantages. A variety of vector- and PCR-based methods have been developed for single- or

multicopy integration (Da Silva and Srikrishnan, 2012).

Drug-selectable markers are used for validation and maintenance of the integrated
sequences. Auxotrophic markers are supposed to cause fitness changes. This limitation was
overcome by using the marker recycling method. If the retention of the selectable marker in the
genome is not desirable or it has to be used for another modification, site-specific recombinases
can be exploited. Cre-loxP-mediated recombinase and delitto perfetto are good examples of

such a system (Sauer, 1987; McLellan et al., 2017; Storici et al., 2001).

Cre-mediated recombination is a powerful tool to generate genomic rearrangements and
overexpression of genes. This method involves the use of a /oxP site and the expression of the
recombinase Cre, isolated from phage P1. The loxP site is a 34-bp sequence composed of two
13-bp inverted repeats separated by an asymmetric 8-bp core sequence. When a dominant
heterologous antibiotic resistance marker is flanked by the loxP sites, it can be easily excised
from the genome by Cre-mediated recombination. Therefore, by the action of the Cre
recombinase, the selectable marker can be rescued, leaving only one loxP ‘scar’ in the genome

(Sauer, 1987; McLellan et al., 2017; Fraczek et al., 2018).

Delitto perfetto has been widely used for genome alterations via HR in S. cerevisiae
(Storici et al., 2001). In the initial step, the CORE cassette (counter selectable markers and
reporter genes) is inserted in the region of interest by homologous recombination. The reporter
gene allows for the selection of yeast cells that receive the CORE cassette during the first step
of the process. Subsequently, the CORE cassette is replaced with DNA containing the mutation

of interest.

One of the main features of this technique is the ability to eliminate any marker
sequences used for selection, ensuring that no foreign DNA is left in the genome, which may
cause unforeseen effects. Compared with the other methods, delitto perfetto is simple and can
easily be used for any kind of genetic modification, from a single or multiple nucleotide

mutation to large deletions or chromosomal translocations (Fraczek et al., 2018).
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The chromosomal d-sequences of the yeast S. cerevisiae have been employed as
recombination sites. The & elements are long terminal repeats (LTRs) of the Ty 1 and 2
retrotransposons, which copy number is approximately 35 in the haploid genome. According
to the genome sequence of strain S288c (Goffeau et al., 1996), there are several hundred o
elements dispersed in the S. cerevisiae chromosomes as solo 6 elements or associated with Ty
elements (Dujon, 1996). The possibility to integrate at multiple sites in combination with an
antibiotic selection has led to high efficiency of multicopy integration in a single
transformation. However, despite the large number of possible integration sites, inserts can
result in long tandem repeats at one location (Wang et al., 1996; Da Silva and Srikrishnan,
2012). Three are the major drawbacks: (i) the method can generally be used only once or twice
due to the inability of marker recycling; (ii) the tandem nature of the integrations can lead to

high genome instability; (iii) it is not possible to introduce a precise number of gene copies.

Genetic modification of complex industrial yeast genomes (diploid or polyploid strains)

has recently been strongly accelerated by novel genome editing tools (Jansen et al., 2017).

The recently developed Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/CRISPR associated (Cas) protein system is widely considered as the technology of
choice for metabolic engineering. Compared to other endonuclease-based and recombineering
methods, it has proven to be a fast, marker-free, versatile and most importantly targeted
genome-editing technique (Jakocitinas et al., 2016). It is based on the ability to repair the DNA
after a DSB. Two are the possible mechanisms: non-homologous end joining (NHEJ) and
homology-directed repair (HDR). In NHEJ, the DNA ends are ligated so that a deletion or
insertion of one or several nucleotides may arise. In HDR, a template (chromosome, plasmid,
exogenous DNA or oligonucleotide) is used to copy the DSB locus. Thus, it is possible to
perform a DNA modification by making a DSB in a certain site and a nuclease can repair the

damage with high efficiency incorporating the sequence of interest (Figure 1.8).

Historically, CRISPR array was first discovered in the E. coli genome as palindromic
repeats interspaced with short DNA sequences (Ishino et al., 1987). Later, the short DNA
sequences (protospacers) were demonstrated to be originally viral or plasmid DNA fragments

that were incorporated (spacers) into the host genome.
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Figure 1.8 Mechanism of CRISPR/Cas9 genome editing. CRISPR/Cas9 genome editing requires a single guide
(sg) RNA that directs the Cas9 endonuclease to a specific region of the genomic DNA, resulting in a double strand
break. By providing a donor DNA in trans, a transgenic DNA can be created, whereas in the absence of a donor
DNA, the double strand break will be repaired by the host cell, resulting in an insertion or deletion, thus potentially

disrupting the open reading frame of a gene (Costa et al., 2017).
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The spacer-containing CRISPR locus can be transcribed into CRISPR RNAs
(crRNAs) molecules that direct nuclease activity. crRNAs undergo maturation and duplex
formation with an accessory trans-activating RNA (tracrRNA). The hybrid crRNA-
tractrRNA (sgRNA) molecule associates with Cas proteins type II. The ribonucleoprotein
complex recognizes the target DNA because of the hybridization to the crRNA spacer, and
Cas protein cleaves the sequence creating a blunt-ended DSB. As such, the CRISPR/Cas
system is used by bacteria and archaea to degrade exogenous DNA as a defence mechanism

against viruses.

The best characterized CRISPR/Cas immune mechanism is the one from
Streptococcus pyogenes (Jinek et al., 2012; Doudna and Charpentier, 2014). The S.
pyogenes Cas9 is an endonuclease with two nuclease domains, RuvC and HNH, and a two-
lobe structure. The RuvC and HNH nuclease domains, each able to nick a strand of DNA to
generate a blunt-ended DSB. With appropriate modifications, such single catalytical domain
inactivation, Cas9 can be converted into a DNA nickase that creates a single-stranded break
(SSB). The crRNA binds between the two lobes, while the spacer interacts with the a-helix
that connects the two lobes. Cas9 recognizes the protospacer when a protospacer adjacent
motif (PAM) flanks the sequence. The PAM sequence consists of three nucleotides, whose
sequence is 5°-NGG-3’, and it is fundamental to activate the Cas9 helicase activity. Cas9
generates a DSB at the position +3 upstream of the PAM, providing the start of the HDR
machinery. Theoretically, any genomic loci followed by the 5'-NGG-3’' PAM sequence can
be targeted by Cas9.

In genome editing, the construction of a crRNA-tracrRNA hybrid, called single
guide RNA (sgRNA), was fundamental to direct Cas9 toward a target site. The sgRNA
consists of approximately 80 nt, including a 20-nt spacer. Thus, a substitution of only 20 nt
makes it possible to target Cas9 to a new DNA site (Bannikov and Lavrov, 2016; Jakocitinas
et al., 2016; Stovicek et al., 2015). The sgRNA efficiency depends on the stability of the
molecule, the affinity for Cas9 and the nucleotide sequence. The most efficient sgRNAs
have a GC content higher than 50 %, and the stability is given by transient expression rather
than continuous. Several web-based computer-aided design tools have been developed to
allow facile display and selection of gRNAs with highest sequence-specificity towards the
genomic loci of interest (CRISPRdirect; E-CRISP; CRISPy). All together such tools help

design suitable gRNAs with minimal off-target effects (JakocCitinas et al., 2016).
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Introduction of DSBs at a specific genomic position by Cas9 has allowed for gene
replacement, gene deletions, pathway construction, and single base editing. Cas9 and
associated gRNAs have been used in many organisms for gene knock-outs (Gaj et al., 2013)
and gene fusions (Wei et al., 2013), as well as genome alteration in bacteria (Jiang et al.,
2013; Tsarmpopoulos et al., 2016), various fungi (DiCarlo et al., 2013; Wagner and Alper,
2015), zebrafish (Hwang et al., 2013), Caenorhabditis elegans (Friedland et al., 2013),
Drosophila melanogaster (Gratz et al., 2013), plants (Mao et al., 2013), and human cells
(Cho et al., 2013; Jinek et al., 2013; Mali et al., 2013; Ran et al., 2013).

Gene insertion is achieved by exogenously supplying repair DNA (donor DNA),
either plasmid or PCR amplicon, with proper flanking homologous regions. The HDR
efficiency depends on the nature of the donor DNA, although Finnigan and Thorner (2016)
demonstrated that even very limited homology of flanking regions can result in efficient

repair.

Several efforts were made to adapt the CRISPR/Cas9 system for S. cerevisiae
genome engineering. Few studies have used the native sequence of S. pyogenes Cas9 or a
yeast codon-optimized Cas9, but the prevalent strategy is the use of a human codon
optimized S. pyogenes Cas9 under the control of moderate yeast promoter on a centromeric
plasmid (CEN/ARS; Ryan et al., 2014; Stovicek et al., 2015; Jakocitnas et al., 2015). The
gRNA is commonly expressed by the RNA polymerase III promoter (SNR52) and the 3’
flanking sequence of the yeast tRNA gene SUP4 as terminator.

Moreover, improvements in targeting multiple genomic loci, termed ‘multiplexing’,
in a single transformation event by cloning and delivery of unique sgRNAs (Jessop-Fabre

et al., 2016) have greatly expanded the possibilities for yeast strain creation.

The ability to manipulate the genome through Cas9 editing method has several
advantages over conventional cloning methods: (i) the survival after DSBs can be
considered as a selection tool in yeast since such damage is poorly tolerated; (ii) a broader
range of selectable marker can be used for plasmid vectors; (iii) the choice over the site of
integration is fundamental for gene insertion, single-point mutations or editing of essential
genes; (iv) the multiplexing allows large-scale gene replacement (Giersch et al., 2017;

Fraczek et al., 2018).
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Despite all the mentioned points, the major limitation is that Cas9 requires the PAM
motif to be recognized and perform the cut. Therefore, the CRISPR/Cas9 system can only
be applied to sequences that are proximal to the specific PAM motifs 5’-NGG-3’. The PAM
is specific to each Cas9 ortholog, even within the same species, such as 5’-NNA GAAW
for Streptococcus thermophilus CRISPR1 (Deveau et al., 2008) and 5’-NGGNG for
Streptococcus thermophilus CRISPR3 (Horvath et al., 2008). Further analysis of
microorganisms containing CRISPR loci could lead to the discovery of Cas endonucleases

with alternative PAM sequences to expand the chances of targeting sequences of interest.

The short 20-nt target sequences in gRNA could raise an important concern about
possible off-target effects. Few studies have demonstrated that the CRISPR/Cas9 system
can induce substantial off-target mutations. These off-target effects might play a role in
recognizing and destroying hypervariable viral nucleic acids or plasmid DNA, which is
beneficial to bacteria and archaea. Although the Cas9-mediated cleavage can be inhibited
by a single mismatch between the complementary gRNA and the target sequence of the
genome, a mismatch at the 5°-terminal of the target site is better tolerated. Thus, it is
important to evaluate the potential effects of off-target mutation by computational methods
and predictions. Because of the high efficiency of HDR in yeast, off-targets are unlikely to
occur (Peng et al., 2016).

Overall, the combination of HDR and CRISPR/Cas9 system represents a powerful
mechanism to enable the marker-free, one-step integration of heterologous genes for the
production of proteins in S. cerevisiae (Jensen et al., 2015; Stovicek et al., 2017; Giersch et

al., 2017; Jakocitnas et al., 2017; Lian et al., 2018).
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2.

2.1

MATERIALS AND METHODS

Cultivation media

The media used in this study are reported in Table 2.1. All powders were

resuspended in deionized water. Chemicals, media components and supplements were of

analytical grade standard.

Medium

Composition

Luria Bertani (LB)

Wallerstein Laboratory (WL)

Yeast Peptone Dextrose (YPD)

Must Nutrient Synthetic (MNS)

Yeast Nitrogen Base

aminoacids

Aldrich)

(YNB,

with

Sigma-

g/L: yeast extract, 5; tryptone, 10; NaCl, 10

g/L: yeast extract, 4; casein hydrolysate, 5; D-glucose, 50; KH2POs,
0.55; KCl, 0.425; CaCly, 0.125; MgSQg4, 0.125; FeCl3, 0.0025; MnSOs,
0.0025; bromocresol green, 0.022

g/L: yeast extract, 10; peptone, 20; glucose, 20

g/L: (NH4)2S0s4, 0.3; (NH4)2HPOy4, 0.3; KH,PO4, 1; MgSO4 7TH>0, 0.5;
NaCl, 0.1; malic acid, 2; tartaric acid, 0.003; biotin, 0.02; D-pantothenic
acid, 0.4; myo-inositol, 2; nicotinic acid, 0.4; thiamine, 0.4; pyridoxine,
0.4; p-aminobenzoic acid, 0.2; H3BOs3, 0.5; CuSO45H-0, 0.04; KI, 0.1;
NaMoO42H,0, 0.2; ZnSO47H>0, 0.4; FeCl3-6H,0, 0.4; CaCl,-2H,0,
100

g/L: (NH4)2S0s4, 5; KHaPO4, 1; MgSOy, 0.5; NaCl, 0.1; CaCl,, 0.1

mg/L: L-histidine, 10; DL-methionine, 20; DL-tryptophan, 20

ug/L: biotin, 2; calcium pantothenate, 400; folic acid, 2; inositol, 2000;
nicotinic acid, 400; p-aminobenzoic acid, 200; pyridoxine HCI, 400;
riboflavin, 200; thiamine HCI, 400

trace elements: H3BOs3, CuSOs, KI, FeCls, MgSO.4, Na;MoO4, ZnSO4

Table 2.1 Summary and composition of media used in this study.

The solutions were sterilized at 121 °C for 20 minutes, except for YNB and

concentrated 20 % w/v glucose solution that were sterilized by filtration through 0.22-um
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sterile filters (Corning). Solid media were obtained supplementing 1.5 % w/v agar
(Liofilchem). For selective media, antibiotics such as chloramphenicol (200 mg/L; Sigma-
Aldrich), ampicillin (100 mg/L; Sigma-Aldrich), streptomycin (75 mg/L; Sigma-Aldrich),
geneticin (200 mg/L; Sigma-Aldrich), hygromycin B (300 mg/L; Invivogen) or
nourseothricin (100 mg/L; Jena Bioscience) were used after sterilization by filtration

through 0.22-pm filters.

2.2 Strains and growth conditions

E. coli and S. cerevisiae strains used in this study are summarized in Table 2.2. A

stock culture for each strain was stored at — 80 °C in 20 % v/v glycerol.

Strain Relevant phenotype / origin Source

E. coli DH5a F- endAl ginV44 thi-1 recAl relAl Thermofisher
gyrA96 deoR nupG  purB20
¢80dlacZAM15 A(lacZYA-
argF)U169, hsdR17(rK-mK+), A—

S. cerevisiae Ethanol Red® Industrial yeast strain for bioethanol Lesaffre (Marcq-en-Baroeul,
production France)

S. cerevisiae L1 — 121 Wild type This study

S. cerevisiae Fm17 Wild type strain with high fermentative  Favaro et al., 2013
vigour and lignocellulosic inhibitors
tolerance

S. cerevisiae M2n Industrial distillery strain Favaro et al., 2015

S. cerevisiae MEL2 Wild type strain from grape marcs Favaro et al., 2013

S. cerevisiae HR4 Wild type strain from wine Jansenetal., 2018
fermentation

S. cerevisiae WL3 Wild type strain from wine Jansen etal., 2018
fermentation

S. cerevisiae Y130 Wild type strain from wine Jansen etal., 2018
fermentation

Table 2.2 Microbial strains used in this study.
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2.3  Evaluation of fermentative vigour of selected wild type and industrial

strains

With the final aim to obtain a CBP yeast, S. cerevisiae strains were selected among

new isolates and reference industrial strains (Table 2.2).

Twenty-one new wild type yeast strains (S. cerevisiae L1-L21) were previously
isolated in 2013 from grape marcs in a winery in Melara (Rovigo, Italy) and identified as S.
cerevisiae. Briefly, after a storage of 30 days at the winery, 50 g of marcs were dispersed in
500 mL of sterile physiological solution (NaCl 0.85 %). The suspension was plated on WL
plates containing chloramphenicol to limit bacterial growth. Plates were incubated at 30 °C
for 72 h. Then, yeast colonies were purified by plating on YPD plates at 30 °C for 48 h to
further proceed with genetic identification. Genetic identification was achieved by D1/D2
region sequence analysis. Amplification of D1/D2 domain was performed using primers
described in Table 2.3 according to the protocol developed by Kurtzman and Robnett
(1998). Amplification products were visualized by 1 % agarose gel electrophoresis and
EuroSafe Nucleic Acid Staining Solution in 1X TAE buffer and then subjected to
sequencing (BMR Genomics, University of Padova). Species identification was performed
after BlastN alignment (http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the obtained sequences
with those present in the Gen-Bank public database. A minimum sequence similarity level

of 99 % was considered for species identification.

Primer name Sequence
NL1 5" GCA TAT CAA TAA GCG GAG GAA AAG 3’
NL4 5" GGT CCG TGT TTC AAG ACGG ¥’

Table 2.3 Primers used for strain identification according to Kurtzman and Robnett (1998).

Seven S. cerevisiae control strains were included as benchmark. Three of them,
namely S. cerevisiae Fm17, M2n and MEL2, have been already employed for ethanol
production from different lignocellulosic and starchy substrates (Duan et al., 2018; Favaro
etal., 2015; Favaro et al., 2013), whereas three additional strains, namely S. cerevisiae HR4,

WL3, and Y130, recently characterized for their inhibitors tolerance and fermenting abilities
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(Jansen et al., 2018), were included as additional controls. Finally, S. cerevisiae Ethanol
Red® was considered as industrial reference strain, which is widely applied in both first-

and second-generation ethanol applications (Walker and Walker, 2018; Favaro et al., 2019).

2.3.1 Fermentative vigour in minimal broth

The fermentative vigour, as the ability to consume glucose, was assessed in minimal
medium supplemented with high sugar concentration. The MNS medium (Delfini, 1995)
was adopted since it can be described as a synthetic alternative of poor industrial medium.
It was supplemented with 20 % w/v glucose, according to the method described by Favaro

and colleagues (2013).

A pre-culture of each yeast strain (Table 2.2) was prepared in 1-L Erlenmeyer flask
containing 500 mL YPD broth and incubated overnight at 30 °C on a rotatory shaker at 120
rpm. The cells were collected by centrifugation at 4 000 rpm for 5 min and washed twice
with sterile physiological solution (NaCl 0.85 %). Fermentations were performed in 120-
mL serum bottles in 100 mL of MNS medium at pH 3.5 and inoculated with an average cell
number of 7.5-10%mL. Serum bottles, sealed with rubber stoppers and a needle for CO>
removal, were incubated in static conditions at 25 °C. The fermentation vigour was daily
monitored by measuring the weight loss related to CO: production during fermentation, and
a conversion factor of 2.118 (Delfini, 1995) was used to estimate the grams of utilized
glucose per liter of MNS. S. cerevisiae Ethanol Red® was used as benchmark. Each

experiment was carried out in triplicate.

2.3.2 Fermentative vigour in SSF set up on starchy substrates

The fermentative abilities of yeast strains (Table 2.2) were assessed on starchy
substrates in a simultaneous saccharification and fermentation (SSF) configuration. To this
purpose, broken rice and raw corn starch were used as representative feedstocks. Broken
rice was obtained from La Pila (Isola della Scala, Verona, Italy), dried in a forced-air oven
at 60 °C for 48 h and milled in a hammer mill to pass throughout a 1.25 mm screen. Raw
starch from corn (Sigma-Aldrich) was used as benchmark. The raw feedstocks were stored

at room temperature and no pre-treatments were performed. The starch and protein content
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were preliminarily determined according to international standard methods (Horwitz et al.,

1975) and reported in Table 2.4.

Feedstock Dry matter, DM (%) Protein (% DM) Starch (% DM)
Broken rice 96.0 8.5 84.0
Raw corn starch 90.3 0.3 95.3

Table 2.4 Composition of the feedstocks used in this study.

The content of fermentable sugars, namely glucose, fructose and sucrose, in broken
rice was assessed at 11.5 g/Kg on a total of 13 g/Kg of sugars. The enzymatic mixture
STARGEN™ (02, kindly supplied by Genencor (DuPont-Danisco group, Itasca, IL, USA),
was used for saccharification of the polysaccharide. STARGEN™ 002 is an optimized
blend of Aspergillus kawachii o-amylase expressed in Thricoderma reesei and
glucoamylase from 7. reesei that work synergistically to hydrolyse granular starch to
glucose. The total enzymatic activity is 570 Glucoamylase Unit (GAU)/g and specific
gravity is 1.14 g/mL. STARGEN™ (02 was used following the supplier’s instructions
(http://www.dupont.com/content/dam/dupont/products-and-
services/industrialbiotechnology/documents/DuPont-STARGENO002-web-EN.pdf).

Overnight pre-cultures were prepared in 500 mL YNB broth with 2 % w/v of glucose
in 1-L Erlenmeyer flasks and incubated at 30 °C on a rotatory shaker at 120 rpm to reach
the stationary phase. The cells were collected by centrifugation at 4 000 rpm for 5 min, then
washed twice with sterile physiological solution (NaCl 0.85 %). Fermentations were
performed in 120-mL serum bottles with 100 mL of YNB buffered medium (citrate buffer
0.1 M at pH 4) with 20 % w/v of dry substrate. Ampicillin and streptomycin were added to
prevent bacterial contamination. The inoculum was set at an ODegoo value of 1 (10’
cells/mL). STARGEN™ (02 was then supplemented at ten times the recommended dosage
(11.4 g/Kg of substrate). Bottles were sealed with rubber stoppers and a needle for CO»
removal, then incubated at 30 °C on a magnetic stirrer (Cimarec i Poly 15 Multipoint stirrer,
Thermo Scientific) with agitation speed at 700 rpm. The fermentation vigour was monitored

as described in 2.3.1. Samples were withdrawn after 5 days, filtered through 0.22-um and
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analyzed for glucose, ethanol and glycerol content by high performance liquid
chromatography (HPLC). S. cerevisiae Ethanol Red® was used as benchmark. Each

experiment was carried out in triplicate.

2.3.3 Scale-up in 1-L fermenter

The most promising strain, S. cerevisiae L20, exhibiting an outstanding fermentative
performance at small-scale SSF over Ethanol Red®, was up-scaled in a 1-L bioreactor
(Applikon Biotechnology, Schiedam, The Netherlands) with a working volume of 900 mL.
As previously described for small-scale SSF experiments, the fermentations were carried
out on 20 % w/v broken rice or raw corn starch (Sigma-Aldrich) and STARGEN™ 002 was
used for saccharification. The broth formulation was already described for small-scale SSF
(reported in paragraph 2.3.2) except for pH, which was controlled at 4 using automatic
titration of 1 M NaOH solution. To support the oxygen-limited conditions, aeration was not

supplied.

Overnight pre-cultures were prepared in 500 mL of YNB broth with 2 % w/v of
glucose in 1-L Erlenmeyer flasks and incubated at 30 °C on a rotatory shaker at 120 rpm to
reach the stationary phase. The cells were collected by centrifugation at 4 000 rpm for 5
min, then washed twice with sterile physiological solution (NaCl 0.85 %). Yeast cells were
inoculated at ODgoo value of 1. Cultures were stirred at 300 rpm and kept at 30 °C with a
heating blanket. All parameters were controlled by my-Control unit (Applikon
Biotechnology). The BioXpert software version 1.13 (Applikon Biotechnology) was used
for data acquisition. Samples were aseptically collected at regular intervals, then filtered
through 0.22-um and diluted for HPLC analysis. S. cerevisiae Ethanol Red® was used as

benchmark. The experiment was carried out in duplicate.

2.4  Genomic DNA extraction and library sequencing of S. cerevisiae 1.20

The most promising S. cerevisiae strain, L20, exhibiting better fermenting abilities
than the industrial benchmark S. cerevisiae Ethanol Red®, was selected as recipient for the

development of novel industrial CBP yeast strains.
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Genomic DNA was extracted from overnight yeast cultures by zymolyase digestion
and standard phenol-chloroform extraction (Treu et al., 2014). A combined sequencing
approach was then applied using Illumina and Oxford Nanopore MinION single-molecule
sequencers. [llumina library was generated using the TruSeq DNA PCR-Free Library Prep
Kit (Illumina Inc., San Diego CA) and Covaris S2 (Woburn, MA) for a 550-bp average
fragment size. Library was loaded onto the flow cell provided in the NextSeq 500 Reagent
kit v2 (150 cycles) (Illumina Inc., San Diego CA) and sequenced on a NextSeq 500
(INlumina Inc., San Diego CA) platform with a paired-end protocol and read lengths of 151
bp at the CRIBI Biotechnology Center (Padova, Italy). Nanopore library was prepared
according to SQK-LSK109 ligation sequencing kit and sequenced on a FLO-MIN106 R9

flowcell.

2.4.1 Next generation sequencing data analysis

The genome assembly of S. cerevisiae L.20 strain was performed with a de novo
approach by in house developed pipeline for combined Nanopore-Illumina sequences
analysis. Briefly, the long reads were corrected with the Canu (Koren et al., 2017) software
and assembled with SMARTdenovo (Ruan and Li, 2019). The obtained contigs were
polished with Pilon (Walker et al., 2014) software using the independent high-quality
[llumina sequences and ordered according to the S. cerevisiae S288c reference genome
using Mauve software (Darling et al., 2010). A whole-genome alignment was then obtained
with nucmer (Kurtz et al., 2004) to highlight genome completeness. The final genome of S.

cerevisiae 1.20 was used to create a local database for BLAST analysis.

2.5  Yeast genome engineering

S. cerevisiae 120 was genetically modified for heterologous expression of
Aspergillus tubingensis T8.4 a-amylase (AmyA) and glucoamylase (GlaA) genes, using both
O-integration and CRISPR/Cas9 methods. Plasmids yBBH1 carrying the A. tubingensis T8.4
a-amylase (AmyA) and glucoamylase (GlaA) genes, under the control of ENOI promotor
and ENO| terminator, were previously used in the laboratory strain S. cerevisiae Y294 and

the semi-industrial strain S. cerevisiae Mnua, (Viktor et al., 2013).
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Restriction enzyme digestion, electrophoresis, DNA cloning, E. coli DNA isolation
and transformation were performed using the standard methods according to Sambrook and
Russell (2001). S. cerevisiae Ethanol Red® was included in the engineering project as

reference industrial strain.

2.5.1 Yeast dominant marker resistance

The innate susceptibility of S. cerevisiae .20 and Ethanol Red® was tested for
geneticin, hygromycin B and nourseothricin. Overnight pre-cultures in 20 mL YPD grown
at 30 °C on a rotatory shaker at 120 rpm were used to inoculate at ODgoo value of 0.01 YPD
media containing increasing concentrations of antibiotics. Aliquots of 200 puL were
transferred onto a 96-microtiter cell culture plate (Greiner, CELLSTAR), and the growth
was monitored at ODgoo for 24 h at 15-min intervals by using Spark Multimode Microplate
Reader (TECAN). The experiment was carried out in triplicate. Yeast growth in absence of

any antibiotic was used as positive control.

2.5.2 Delta integration of AmyA and GlaA genes from A. tubingensis T8.4

into retrotransposons Ty

S. cerevisiae 1.20 and Ethanol Red® were transformed with AmyA and GlaA cassettes
targeting the d-sequences in retrotransposons Ty. The original plasmids yBBH1-AmyA and
yBBH1-GlaA, kindly provided by Professor W. H. van Zyl (Stellenbosch University, South
Africa), were used as templates to amplify ENOIp-AmyA-ENOIr (2.8 kb) and ENOI p-
GlaA-ENOI7t (2.8 kb) cassettes. The TEF1p-KanMX-TEF It cassette was amplified from
pBKD?2 plasmid. All plasmids are reported in Table 2.5.

PCR reactions were performed in order to provide the expression cassettes ENO1 p-
AmyA-ENOI7 and ENOI1p-GlaA-ENO 17 with a 70-nt homologous flanking sequence to the
integrative d-sequence at the 5° and to ligate in vivo to the TEF1p-KanMX-TEF It cassette

at the 3. Primers are reported in Table 2.6.

The TEF1p-KanMX-TEF It cassette was amplified with primers reported in Table
2.7. The primers were designed in order to create a cassette with a homologous sequence to

ENOIr at the 5’ and a 30-nt homologous sequence to the &-site at the 3°.
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Plasmid Description

yBBH1-AmyA bla URA3 ENOI1p-AmyA-ENOIt
yBBH1-GlaA bla URA3 ENOIp-GlaA-ENOI7
pBKD2 amp 6-sites-ENO1p-ENOI17TEF1p-

KanMX-TEF 11 6 -sites

Size (kb)
8.2
8.2

5.9

Source/Reference
Viktor et al., 2013
Viktor et al., 2013

McBride et al., 2008
Patent PCT/US2007/085390

Table 2.5 Plasmids used for d-integration in this study.

Primer Sequence

Size of PCR
product (kb)

ENOIp Delta-L 5’-TATACCTAATATTATAGC CTT TAT CAA CAATGG AAT
CCC AAC AAT TAT CTA ATT ACC CAC ATA TAT CTC AAC

TAG TCT TCT AGG CGG GTT -3’

2.8

ENOIT-R 5’- GTC GAA CAA CGT TCT ATT AGG AAT GGC GGA -3’

Table 2.6 Primers used for ENOI1p-AmyA-ENO1r and ENO1p-GlaA-ENO1 7 cassettes amplification.

The plasmids yBBH1-AmyA and yBBH1-GlaA were used as templates, respectively. Sequences in

italics are oligos overlapping the homologous regions of d-sites.

Primer Sequence Size of PCR
product (kb)
ENOIrmarker-L.  5’- CCT CCT AAT GTG TCA ATG ATC ATATTC TTA-3’
1.8

Delta-R 5-ATATTA CGATTATTC CTCATT CCG TTT TAT -3’

Table 2.7 Primers used for TEF1p-KanMX-TEF I cassette amplification. pBKD2 plasmid (McBride

et al., 2008) was used as template. Sequences in italics are oligos overlapping the homologous

regions of d-sites.

All plasmids contained bacterial ori and amp genes for replication and the expression

of ampicillin resistance in E. coli strains. Plasmids were recovered from E. coli overnight

cultures aerobically grown at 37 °C in LB broth containing ampicillin using Nucleospin
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Plasmid Easy Pure kit (Macherey-Nagel) and quantified by NanoDrop ND-1000

spectrophotometer (Isogen).

Briefly, Takara Ex Taqg DNA Polymerase and 10X Ex Taq Buffer (Takara Bio Inc.)
were used for PCR amplification of expression cassettes. The thermal protocol was designed
as follows: initial denaturation at 98 °C for 10 sec, followed by annealing at 54 °C for 30
sec and extension at 72 °C for 3 min. A final elongation step was performed at 72 °C for 5
min. Amplification products were checked by 0.8 % agarose gel electrophoresis in 1X TAE
buffer and stained with ethidium bromide. The molecular weight was assessed by using

O’GeneRuler 1kb Plus DNA Ladder (Thermo Scientific) as reference.

The final DNA sequences used for in vivo ligation and multi-copy chromosomal
integration were 0-ENO1p-AmyA-ENO1r-KanMX-0 (4.6 kb) and 8-ENO1p-GlaA-ENOI 7 -
KanMX-0 (4.6 kb).

2.5.2.1 Electrotransformation of yeast strains with integrative linear donor

DNA fragments

Yeast strains were pre-cultured in 5 mL of YPD medium in glass test tubes and
incubated overnight on a rotating wheel at 30 °C. An aliquot of 100 uLL was used to inoculate
100 mL of fresh YPD in 250 mL Erlenmeyer flasks and incubated at 30 °C on a rotatory
shaker at 200 rpm to reach a log phase at ODgoo of 0.7-0.9 (about 3 to 4 h). A volume of 5
mL was used to harvest the cells by centrifugation at 4 000 rpm for 2 min. The cells were
washed twice with iced cold water to remove salts. Cells were then transferred into
Eppendorf tubes and resuspended in 800 uL of iced cold water, TE buffer (100 mM Tris Cl,
10 mM EDTA, pH 7.5) and 0.1 M LiAC acetate to increase the transformation efficiency.
After 45 min of incubation on a rotating wheel at 30 °C, 20 uL of dithiothreitol (DTT) 1 M
was added and the tubes were incubated at 30 °C for additional 15 min. Cells were harvested
by centrifugation at 4 000 rpm for 2 min and washed with 1 mL cold water first, then
centrifugated again and resuspended with 1 mL electroporation buffer containing 1 M
sorbitol and 20 mM HEPES. 50 uL of cells were transformed according to Cho et al. (1999)
with 1 pg of ENOIp-AmyA-ENOI7, ENOIp-GlaA-ENOIr and TEFIp-KanMX-TEF It
concurrently. In 0.2 cm electroporation cuvettes, an electric pulse of 1.4 kV, 200 Q and 25

uF was applied using a BioRad system (GenePluserXcell, Bio-Rad, Hercules, CA, USA).
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Cells were immediately suspended in YPD containing 1 M sorbitol and incubated at 30 °C
for 3 h to allow recovery. Electroporated cells were then plated onto YPD supplemented

with 1 M sorbitol and geneticin (200 mg/L) and incubated at 30 °C for 48 h.

2.5.2.2 Selection of positive transformants

Colonies grown on selective plates were investigated for gene integration and
amylolytic activity. As a preliminary screening, potential recombinants were cultured in 5
mL YPD for 72 h at 30 °C on a rotatory shaker at 120 rpm. 5 pL of the culture were spotted
onto YNB 0.2 % soluble starch plates and incubated for 48 h at 30 °C. The starch hydrolysis
was then visualized by Lugol (Sigma-Aldrich) staining. Colonies secreting o-
amylase/glucoamylase resulted in clear zones, as described by Viktor et al. (2013) and

Favaro et al. (2015).

2.5.2.3 PCR confirmation of positive integration

To confirm the chromosomal integration of heterologous genes in &-sites, a PCR
amplification was performed by using a pair of primers binding the AmyA or GlaA genes

(Table 2.8).

The DNA was extracted using the PCI (phenol:chloroform:isoamyl alcohol 25:24:1,
Sigma-Aldrich) solution with subsequent ethanol precipitation. In a screw cap tube, yeast
cells were resuspended in 200 uL of deionized water. 1.5 g of glass beads with 0.5 mm
diameter and 200 uL of the lower phase of PCI mix were added. The mixture was vortexed
for 30 sec at the maximum speed. Following the centrifugation at 14 000 rpm for 10 min,
80 pL of the supernatant was transferred in 1.5 mL Eppendorf tubes. Cold absolute ethanol
was added, and the tube stored at - 80 °C for 30 min. The tubes were centrifuged again at 4
°C and 14 000 rpm for 5 min and the supernatant discarded. The resulting pellet was washed
with 100 pL of cold 70 % ethanol and centrifuged again. The pellet was dried at 42 °C and
dissolved in 50 pL of MilliQ water. The DNA was then used as template. The DNA of the

not-transformed strain was used as negative control.

GoTaq G2 DNA Polymerase and 5x Colorless GoTaq Reaction Buffer (Promega)

were used for PCR amplification. The thermal protocol was designed as follows: initial
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Primer Binding site = Sequence Size of PCR

product
DeltaAmyA Fw AmyA gene 5’-GCA TCA GCA ACC TCT ACA ACA-3’ 00 b
C-8799 Rv 5’-CGC GTT TGT GGT GGC TAT CCA GG-3’ P
DeltaGlaA Fw GlaA gene 5’-CAT CCA CAC CTT TGA TCC TG-3’ 483 b
P

C-8797 Rv 5’-CGA GCA GAA AGCTCGTCG CCAT-3

Table 2.8 Primers used to confirm the integration of heterologous genes AmyA and GlaA at &-sites in

S. cerevisiae L20 and Ethanol Red® strains.

incubation at 95 °C for 2 min followed by 30 cycles of denaturation at 95 °C for 40 sec,
annealing at 54 °C for 30 sec and extension at 72 °C for 1 min. A final elongation step was
performed at 72 °C for 5 min. Amplification products were separated by 1 % agarose gel
electrophoresis in 1X TAE buffer and stained with EuroSafe Nucleic Acid Staining
Solution. The molecular weight was assessed by using O’GeneRuler 1kb Plus DNA Ladder
(Thermo Scientific) as reference. Digital images were acquired by using GENi Gel

Documentation System (Syngene).

2.5.2.4 Evaluation of mitotic stability of the recombinants

The yeast strains were subjected to sequential batch cultures using non-selective
YPD broth to assess the mitotic stability of the d-integrated transformants, as reported by
Favaro et al. (2012). The strains were initially inoculated in 5 mL of YPD and incubated at
30 °C at 120 rpm. Every 12 h, 5 puL of the culture were transferred into 5 mL of fresh
medium and incubated as before. After 80 generations (about 72 h) the resistance to
geneticin and the production of heterologous enzymes were checked by serial dilution of
the culture in sterile physiological solution (NaCl 0.85 %) and plated onto YPD plates
supplemented with O or 200 mg/L of geneticin and onto YNB plates containing 0.2 % w/v
of soluble starch. Stable recombinants showed a comparable number of colonies both in

presence or absence of selective pressure, after 48 h of incubation at 30 °C.

Mitotically stable recombinants were considered for further characterization.
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2.5.3 CRISPR/Cas9 mediated integration of AmyA and GlaA genes from A.

tubingensis T8.4 into pre-determined loci

The CRISPR/Cas9 strategy was used to insert the AmyA and GlaA heterologous
genes into two chromosomic loci named mk114 and AD7. Locus mk114 (sequence 5° CAA
AAG CGA CAC GTC GTC TG 3’) is present on chromosome IV and was selected as target
site to express ENO1p-AmyA-ENO17 cassette. On the other hand, locus AD7 (sequence 5’
TAG CAT CGT GCA TGG GAT AG 3’) was selected to insert ENOIp-GlaA-ENOIr
cassette on chromosome VII. Integration at loci mk114 or AD7, both targeting non-coding
regions, was reported as not affecting fermentative behaviour (personal communication by

Professor J. Thevelein).

Plasmids for CRISPR/Cas9 method were kindly provided by Professor J. Thevelein
at the laboratory of Molecular Cell Biology (MCB) of KU Leuven (Belgium). Briefly, the
pS1 Cas9 plasmid contains the Cas9 endonuclease with constitutive TEF 1 promoter from S.
cerevisiae and a KanMX selection marker. The pS9 guide RNA (gRNA) plasmid contains
the guide sequence for Cas9 and a CIoNAT cassette as selective marker. The genes of
interest were cloned into the donor DNA vectors p426hph-mk114 and p426hph-AD7,
consisting of sequences for homologous region 1 (HR1) and 2 (HR2) and an hygromycin B

marker.

The plasmids used in this study are reported in Table 2.9. All plasmids contained
bacterial ori and amp genes, for plasmid replication and for the expression of ampicillin

resistance in E. coli strains (Figure 2.1).

The mk114 and AD7 loci of the selected strain S. cerevisiae 1.20 were first amplified
and sequenced to assess the feasibility of the method. S. cerevisiae Ethanol Red® was used

as reference.

The DNA was extracted using the PCI solution with subsequent ethanol precipitation
as previously described in 2.5.2.3. Two couples of primers flanking the genomic loci mk114
and AD7 were designed to amplify fragments of 429 and 454 bp, respectively. The non-
coding region of 880 bp, including the two ribosomal internal transcribed spacers ITS1,
ITS2 and the 5.8S rRNA gene, was amplified as positive control by using the primers ITS1
and ITS4 (Guillamon et al., 1998). Primer sequences are reported in Table 2.10.
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Plasmid Resistance Size (kb) Source

p51 TEF1-Cas9-KanMX KanMX 11.1 MCB lab (KU Leuven)
p59 gRNA mk114-CloNAT CloNAT 6.95 MCB lab (KU Leuven)
p59 gRNA AD7-CIoNAT CIloNAT 6.95 MCB lab (KU Leuven)
p426hph-mk114 HPH 7.13 MCB lab (KU Leuven)
p426 hph-AD7 HPH 7.25 MCB lab (KU Leuven)
p426 hph mk114-AmyA HPH 10.0 This work
p426hph-mk114-AmyA-GlaA HPH 12.8 This work
p426hph-AD7-GlaA HPH 10.1 This work
p426hph-AD7-GlaA-AmyA HPH 13.0 This work

Table 2.9 Plasmids used for CRISPR/Cas9 transformation. KanMX, CloNAT, HPH stand for

geneticin, nourseothricin and hygromycin B resistance genes marker, respectively.

Locus Primers name/Sequence Size of PCR product
mk114 G1-mk114-Fw
5’-GCG CTT CTT ACG ATC ACT GG-3’
429 bp
G1-mk114-Rv

5’-CTG TCC CAT TCC CCA TCC AT-3’

AD7 G1-AD7-Fw
5’-GGT TGA TGC AAG TCG ATC TCA-3’
G1-AD7-Rv
5’-GCC TGG TTC AAT CTA CGG GT-3’

454 bp

ITS ITS1
5'-TCC GTA GGT GAA CCT GCG G-3'
ITS4
5'-TCC TCC GCT TAT TGA TAT GC-3'

880 bp

Table 2.10 Primers used for PCR amplification of ITS1-ITS2 region and the loci mk114 and AD7 in
S. cerevisiae 120 and Ethanol Red®.
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Cas9
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’ TEFI, I TEFI,
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7134 bp 7257 bp

Figure 2.1 Plasmids used for CRISPR/Cas9 integration of S. cerevisiae strains: a) p51 TEFI-Cas9-
KanMX; b) p59 gRNA mk114-CloNAT and p59 gRNA AD7-CIoNAT; c) pA26hph-mk114 and p426 hph-AD7
(SnapGene® Viewer 5.0.6).
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The GoTaq G2 DNA Polymerase and 5x Colorless GoTaq Reaction Buffer
(Promega) were used for PCR amplification. The thermal protocol was designed as follows:
initial incubation at 95 °C for 2 min followed by 30 cycles of denaturation at 95 °C for 40
sec, annealing at 55 °C for 30 sec and extension at 72 °C for 1 min. A final extension step
was performed at 72 °C for 5 min. The amplicons were separated by 1 % agarose gel
electrophoresis in 1X TAE buffer and stained with EuroSafe Nucleic Acid Staining
Solution. The molecular weight was assessed by using with O’GeneRuler 1kb Plus DNA
Ladder (Thermo Scientific) and then subjected to Sanger sequencing (BMR Genomics,
University of Padova). Digital images were acquired by using GENi Gel Documentation

System (Syngene).

2.5.3.1 Plasmids construction

The ENO1p-AmyA-ENOI7 (2.8 kb) and ENO1p-GlaA-ENO| 1 cassettes (2.8 kb) were
directly amplified from yBBHI1 plasmids used for &-integration and cloned into p426hph-
mk114 and p426hph-AD7 vectors, respectively, by Gibson Assembly (New England
Biolabs). The virtual sequences of p426hph-mk114-AmyA and p426hph-AD7-GlaA were
produced in silico and primers were designed including a 15-25 nt overlapping sequence in
order to assemble adjacent fragments, according to Gibson Assembly protocol. A
downstream restriction site (i. e. Kpnl or BamHI) was created to allow linearization and

insertion of a second cassette in tandem.

The primer sequences for single gene donor DNA plasmids are reported in Table

2.11.

yBBHI1-AmyA, yBBH1-GlaA and donor DNA plasmid vectors were firstly isolated
from E. coli host using Nucleospin Plasmid Easy Pure kit (Macherey-Nagel) and quantified
using NanoDrop ND-1000 spectrophotometer (Isogen).

The cassettes ENO1p-AmyA-ENOI71 and ENOIp-GlaA-ENOI17r were amplified by
means of Q5 High Fidelity polymerase and Q5 buffer (New England Biolabs) in a total
volume of 50 uL using 50 ng of template. The thermal protocol was designed as follows:
initial incubation 98 °C for 30 sec followed by 30 cycles of denaturation at 98 °C for 10 sec,

annealing at 61 °C for 30 sec and extension at 72 °C for 40 sec.
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Cassette  Primers name/Sequence Size of PCR

product (kb)
ENOIp-  C-8465 Fw
27\%} 5-TCA GAA GCT TAT CGA TAC CGT ACT GAT CCG AGC TTC CAC T-
3’
2.8
C-8466 Rv
5'-AAA GCG ACA CGT CGT GTC GAG GTA CCG TCG AAC AAC GTT
CTA TTA GG-3’
ENOI»  C-8467 Fw
g]{?g}T 5"-GCT AAA GCT TAT CGA TAC CGT ACT GAT CCG AGC TTC CAC T-
37
2.8
C-8468 Ry
5"-GCA TCG TGC ATG GGA GTC GAG GAT CCG TCG AAC AAC GTT
CTA TTA GG-3’

Table 2.11 Primers used for ENOIp-AmyA-ENOIr and ENO1p-GlaA-ENOI7 cassettes amplification
for Gibson Assembly (New England Biolabs). The plasmids yBBH1-AmyA and yBBH1-GlaA were

used as templates. Sequences in italics are oligos overlapping the plasmid vectors.

A final extension step was performed at 72 °C for 5 min. The PCR mix was
incubated at 37 °C for 60 min with Dpnl (New England Biolabs) in order to purify the
fragment from the methylated template DNA. The PCR products were loaded onto a 1 %
agarose gel to verify the correct amplification using O’GeneRuler 1 kb DNA Ladder
(Thermo Scientific) and visualized with SYBR Safe DNA Gel (Invitrogen). Digital images
were acquired by using UV light with the EpiChem3 Darkroom (UVP Biolmaging Systems)
with a Safe Imager from Invitrogen. The corresponding band (2.8 kb) was excised from the
gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega). The
fragment was quantified with NanoDrop ND-1000 spectrophotometer (Isogen) and used for
subsequent Gibson Assembly (New England Biolabs).

Vectors p426hph-mk114 and p426hph-AD7 were linearized with the endonuclease
Sall-HF in CutSmart buffer (New England Biolabs) for 1 h at 37 °C and heat inactivated at
65 °C for 20 min. The linearized vectors were loaded onto a 1 % agarose gel and stained
with SYBR Safe DNA Gel (Invitrogen). Digital images were acquired by using UV light
with the EpiChem3 Darkroom (UVP Biolmaging Systems) with a Safe Imager from

Invitrogen.

60



The band corresponding to the size of the backbone (< 5 kb) was excised from the
gel and subsequently purified using the Wizard SV Gel and PCR Clean-Up System
(Promega). FastAP alkaline phosphatase (Thermofisher) was used to catalyzes the release
of 5'- and 3'-phosphate groups from vector DNA, in order to prevent recircularization during
ligation. The incubation was carried out at 37 °C for 10 min and the mix was heat inactivated
at 75 °C for 5 min. The vector DNA was quantified with NanoDrop ND-1000

spectrophotometer (Isogen).

The assembly was performed according to the manufacturer’s recommendations. In
a total volume of 20 pL, an aliquot of the vector was added to an excess of three times of
the insert as well as 10 uL of Gibson Assembly Master Mix (New England Biolabs). The

reaction was incubated at 50 °C for 60 min.

Competent cells of E. coli DH5a were used to propagate the plasmids. 50 uL of
competent cells were thawed and gently mixed with 2 uLL of Gibson assembled product. The
cells were incubated on ice for 30 min, then heat shocked at 42 °C for 2 min. Cells were
placed on ice again for 2 min and resuspended in 1 mL of LB without selective antibiotics.
After 60 min of incubation at 37 °C, the cells were spread onto LB plates with ampicillin
(100 mg/L). The resulting p426hph-mk114-AmyA and p426hph-AD7-GlaA plasmids were
subsequently recovered by Nucleospin Plasmid Easy Pure kit (Macherey-Nagel) and sent

for Sanger sequencing (Mix2Seq; Eurofins Genomics, Germany).

Plasmids p426hph-mk114-AmyA and p426hph-AD7-GlaA were subsequently used
as vectors to obtain plasmids carrying a double cassette including both the amylase AmyA

and the glucoamylase GlaA genes.

Vectors p426hph-mk114-AmyA and p426hph-AD7-GlaA were linearized at 37 °C
for 1 h with Kpnl (New England Biolabs) or BamHI (New England Biolabs) endonucleases
respectively, with CutSmart buffer and heat inactivated at 65 °C for 20 min. The linearized
vectors were loaded onto a 1 % agarose gel, stained with SYBR Safe DNA Gel (Invitrogen)
and excised for further purification with Wizard SV Gel and PCR Clean-Up System
(Promega). FastAP (Thermofisher) was used at 37 °C for 10 min and heat inactivated at 75
°C for 5 min as previously described. The vector DNA was quantified with NanoDrop ND-
1000 spectrophotometer (Isogen).
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A second PCR was performed to amplify ENOIp-AmyA-ENOIr and ENO1 p-GlaA-
ENOI7 cassettes from yBBH1-AmyA and yBBH1-GlaA plasmids, respectively, using a second

pair of primers that were designed according to the maps of double gene inserts (Table

2.12).

Cassette Primers name/Sequence Size of PCR
product (kb)
ENOIp-AmyA- C-8471 Fw
ENOIx 5’-TAATAG AAC GTT GTT CGA CGT ACT GAT CCG AGC
TTC CACT-3’
2.8
C-8472 Rv

5’-TGC ATG GGA GTC GAG GAT CGT CGA ACA ACG
TTC TAT TAG G-3’
ENO1p-GlaA- C-8469 Fw

ENOIr 5’-AGA ACG TTG TTC GAC GGT ACT ACT GAT CCG
AGCTTC CACT-3’

C-8470 Rv

5’-AGC GAC ACG TCG TGT CGA GGT CGA ACA ACG
TTC TAT TAG G-3’

2.8

Table 2.12 Primers used for ENOIp-AmyA-ENOIr and ENO1p-GlaA-ENOI cassettes amplification
for Gibson Assembly (New England Biolabs) for the double construct. The plasmids yBBH1-AmyA
and yBBH1-GlaA were used as templates. Sequences in italics are oligos overlapping the plasmid

vectors.

The amplification was carried out by using the Q5 High Fidelity polymerase and Q5
buffer (New England Biolabs). In a total volume of 50 puL, 50 ng of yBBHI1-AmyA or
yBBHI1-GlaA were used as template. The thermal protocol was designed as follows: initial
incubation 98 °C for 30 sec followed by 30 cycles of denaturation at 98 °C for 10 sec,
annealing at 61 °C for 30 sec and extension at 72 °C for 40 sec. A final extension step was
performed at 72 °C for 5 min. The PCR mix was directly incubated at 37 °C for 60 min with
Dpnl as previously described. The PCR products were loaded onto a 1 % agarose gel to
check for correct amplification by using O’GeneRuler 1 kb DNA Ladder (Thermo
Scientific) and visualized with SYBR Safe DNA Gel (Invitrogen). Digital images were
acquired by using UV light with the EpiChem3 Darkroom (UVP Biolmaging Systems) with
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a Safe Imager from Invitrogen. The corresponding band (2.8 kb) was excised from the gel
and purified using the Wizard SV Gel and PCR Clean-Up System (Promega). The fragment
was quantified with NanoDrop ND-1000 spectrophotometer (Isogen) and quantified used
for Gibson Assembly (New England Biolabs).

The Gibson Assembly (New England Biolabs) was performed as previously
described and the resulting plasmids p426Aph-mk114-AmyA-GlaA and p426hph-AD7-

GlaA-AmyA were sent for Sanger sequencing (Mix2Seq; Eurofins Genomics, Germany).

2.5.3.2 Yeast transformation

The transformation of yeast cells was carried out using the LiAC/SS carrier

DNA/PEG method (Gietz and Schiestl, 2007).
Each strain was subjected to three sequential transformations with:

1) pS1 TEFI1-Cas9-KanMX plasmid and selection on YPD supplemented with
geneticin (200 mg/L)

2) p426hph donor DNA and selection on YPD supplemented with geneticin (200
mg/L) and hygromycin B (300 mg/L)

3) pS9 gRNA plasmid and selection on YPD supplemented with nourseothricin
(100 mg/L).

Each transformation was carried out by including a negative control without

plasmid.

Briefly, pre-cultures of yeast cells were grown in a test tube in 5 mL of YPD broth
and incubated overnight with shaking at 30 °C. The concentration of the cells was evaluated
at ODeoo using an Eppendorf BioPhotometer D30 and the volume was calculated to
inoculate 50 mL of selective YPD to an initial ODgoo value of 0.4. The 50 mL culture was
incubated at 30 °C with shaking at 200 rpm until the ODsoo reached a value of 1. The cells
were then collected by centrifugation at 3 000 rpm for 5 min at 4 °C and resuspended in 1
mL of 100 mM LiAC. The cells were transferred to a 1.5 mL Eppendorf tube, pelleted at 3
000 rpm for 2 min and the supernatant removed. Finally, the cells were resuspended to a

final volume of 500 puLL with 100 mM LiAC. Cells were then incubated for 10 min at room
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temperature and a fresh PEG/LIAC mix (1:1:8 1 M LiAC, H;0, and 3350 PEG 50 %) was
prepared. The solution was mixed vigourously by vortexing for approximately 30 sec. For
each transformation, 300 pL. of PEG/LiAC mix, 50 puL of competent cells, 5 pL boiled
SSDNA (10mg/mL; Roche) and 1 ug of plasmid DNA were transferred into a clean
Eppendorf tube. The mixture was vortexed for 10 sec and incubated in water bath at 42 °C
for 30 min. Cells were recovered by centrifugation at 4 000 rpm for 2 min. A rescue period
was included by resuspending the pellet in 1 mL YPD without selective antibiotics and
incubating the cells for 4 h in a shaking incubator at 30 °C. After the incubation period, the
cells were centrifuged for 2 min at 4 000 rpm and the pellet was resuspended in sterile water
for further plating on YPD plates containing the appropriate antibiotic. Plates were finally

incubated at 30 °C for 48-72 h.

2.5.3.3 PCR confirmation of positive integration

Chromosomal integration of the heterologous expression cassettes of AmyA and/or
GlaA genes into the yeast genome was confirmed by PCR using appropriate primers for

each locus (Table 2.13).

Primer Binding site Sequence

C-2827 Fw Chr IV 5’-CTC GTT GGT TGC AGT ATA CT-3’
C-2828 Rv Chr IV 5’-CGT GGA AGT TGC TGT TAC TG-3’
C-4330 Fw Chr VII 5’-GGA GCA GAC ATC ACT AAA CG-3’
C-4331 Rv Chr VII 5’-GCC ACA ACC AAG TGA GAT AC-3’
C-8646 Fw AmyA gene 5’-CCC CAT CAC CTT CGA AGA ACT CG-3’
C-8797 Rv GlaA gene 5’-CGA GCA GAA AGC TCG TCG CCA T-3°

Table 2.13 Primers used to confirm the integration of heterologous genes AmyA and GlaA at mk114

or AD7 loci in S. cerevisiae L20 and Ethanol Red® strains.

The primers C-2827 Fw, C-2828 Rv, C-4330 Fw and C-4331 Rv were designed on

the HRs of the chromosomes IV and VII resulting in a very long fragment when the genes
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are integrated. On the other hand, a very short band was the result of negative integration.
Alternatively, a second couple of primers was used to specifically amplify the integrated
sequence. In detail, the two primer pairs C-8646 Fw/C-2828 Rv and C-4330 Fw/C-8797 Rv
were used as they can amplify within the integrated gene and the other on the chromosome.
If a band was observed after gel electrophoresis, the integration was considered successful.

The DNA of the parental strains was used as negative control.

The DNA of the transformants was extracted wusing the PCI
(phenol:chloroform:isoamyl alcohol 25:24:1, Sigma-Aldrich) solution as described in 2.5.3

and used as template.

The Ex Taq DNA polymerase (TaKaRa Bio Inc., Japan) was used for PCR
amplification of integrated sequences. The thermal protocol was designed as follows: initial
denaturation at 94 °C for 4 min, followed by 30 cycles of denaturation at 94 °C for 10 sec,
annealing at 54 °C for 30 sec and extension at 72 °C for 2 min. A final elongation step of
10 min at 72 °C was performed. PCR products were separated by 1 % agarose gel
electrophoresis in 1X TAE buffer and stained with stained with SYBR Safe DNA Gel
(Invitrogen). The molecular weight was assessed by using O’GeneRuler 1 kb DNA Ladder
(Thermo Scientific) as reference. Digital images were acquired by using UV light with the

EpiChem3 Darkroom (UVP Biolmaging Systems) with a Safe Imager from Invitrogen.

2.5.3.4 Confirmation of amylolytic enzyme(s) secretion

Colonies grown on the selective medium were investigated for secretion of
amylolytic enzymes. As a preliminary screening, colonies were cultured in 5 mL YPD for
72 h at 30 °C on a rotatory shaker at 120 rpm. 5 pL of the culture were then spotted onto
YNB 0.2 % soluble starch plates and incubated for 48 h at 30 °C. The starch hydrolysis was
visualized by Lugol (Sigma-Aldrich) staining. As described in Favaro et al. (2013), colonies

showing a clear halo were used for further analysis.

2.5.3.5 Plasmid curing and strain stability

The recombinant yeast strains were subjected to sequential batch cultures using non-

selective YPD broth in order to let the cells lose the plasmid vectors and, though, the
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antibiotic resistance. The strains were initially inoculated in 5 mL YPD without antibiotics
and incubated at 30 °C at 120 rpm. Every 12 h, 5 uL of the culture were transferred into 5
mL of fresh medium and incubated as previously. After 80 generations (about 72 h) the
resistance to geneticin, hygromycin B and nourseothricin was monitored by serial dilution
of the culture in sterile physiological solution (NaCl 0.85 %) and plated onto YPD plates
supplemented with antibiotics. The stability of genomic integration was demonstrated by a
comparable number of colonies both in presence or absence of selective pressure after 48 h

of incubation at 30 °C.

Single cells were selected on YPD plates using the Singer Instruments MSM-400
micromanipulator and incubated for 48 hours at 30 °C. Single cell colonies were used for

further characterization.

2.6  Enzymatic assays

The engineered strains, obtained by both 6- and CRISPR/Cas9 integration
technologies displaying a promising hydrolytic phenotype and positive genomic integration,
were evaluated in terms of extracellular enzymatic activity on starch. The DNS (3,5-dinitro
salicylic acid) method described by Miller (1959) was used to colourimetrically quantify
the a-amylase activity, in the case of AmyA-expressing strains, and the total activity for the
strains co-expressing both AmyA and GlaA by determinating the total content of reducing
sugars. The glucoamylase activity (released glucose) of the GlaA-expressing transformants
was assessed by the D-Glucose HK Assay Kit (Megazyme, Ireland), according to the
manufacturer’s instructions. The assays were performed at optimal pH (pH 5) and

temperature (50 °C), as reported by Viktor et al. (2013).

Briefly, yeast transformants were inoculated in 125 mL Erlenmeyer flasks in 20 mL
YPD broth at an ODggo value of 0.2 for 72 h with agitation at 120 rpm and sampling at 24-
h intervals. The supernatant was recovered by centrifugation at 4 000 for 2 min and used to
assay the extracellular glucoamylase and/or a-amylase activity. For DNS method, 50 uL of
supernatant were incubated at 50 °C for 5 min with 450 pL of citrate buffer 0.05 M at pH 5
containing 0.2 % soluble corn starch (Sigma-Aldrich). The reaction was stopped with 750
uL of DNS solution (g/L: 3,5-dinitrosalicylic acid, 10; potassium sodium tartrate, 200;
NaOH, 10; phenol, 2; Na>SO3, 0.5) and boiled at 100 °C for 15 min. 200 puL of the solution
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were used to measure absorbance at 540 nm in a 96-well microplate (Greiner CELLSTAR)

by Spark multimode microplate reader (TECAN).

The same supernatant was used for D-Glucose HK Assay Kit. 50 uL were incubated
at 50 °C for 15 minutes with 450 pL of citrate buffer 0.05 M at pH 5 containing 0.2 %
soluble corn starch (Sigma-Aldrich). The reaction was stopped by boiling at 100 °C for 10
min. 10 pL of the solution were used as sample for the D-Glucose HK Assay Kit
(Megazyme, Ireland). The absorbance was quantified at 340 nm in a 96-well microplate

(Greiner CELLSTAR) by Spark multimode microplate reader (TECAN).

Glucose was used to set a standard curve. Enzymatic activities were expressed as
nanokatals per mL (nKat/mL), which is defined as the enzyme activity needed to release 1
nmol of glucose per second per mL of culture. The experiments were carried out in triplicate.

The parental strains were used as negative controls.

2.7 SDS-PAGE

Recombinant enzymes were characterized by separating the protein fractions by
SDS-PAGE (Laemmli, 1970) containing 0.1 % soluble starch. The supernatant was
denatured at 100 °C for 3 min in the presence of a loading buffer containing B-
mercaptoethanol (Sambrook et al., 1989). Proteins were separated on an 8 % SDS-PAGE
gel using a 5 % stacking gel and Tris-glycine buffer. Electrophoresis was performed at 110
V for 90 min. The broad-range PageRuler Prestained Protein Ladder (Fermentas) was used
as a molecular mass marker. Proteins were visualised using the silver staining method

(O’Connell and Stults, 1997). The solutions used for SDS-PAGE are reported in Table 2.14.

Gels were incubated at room temperature with shaking in a fixing solution (ethanol
30 %, 0.5 % acetic acid) for 30 min, then for 10 min in 20 % ethanol. The gels were rapidly
washed with water and incubated with sodium thiosulfate solution (0.2 g/L) for 20 min.
After a careful wash with water, silver nitrate solution (2 g/L.) was used to stain the gel for
20 min. The gels were washed again with water for 10 sec and incubated with developing
solution (20 g/L NaxCOs3, 900 uL/L 40 % formaldehyde) for 5 min, till desired colour
intensity was reached. Then, a stop solution (EDTA 0.5 M) was used to terminate further

developing.
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Solution Composition

Loading buffer 5X Tris-HCI pH 6.8 60 mM
Glycerol 25 %
SDS 2 %
-mercaptoethanol

Bromophenol blue

Tris-glycine buffer 5X Tris 25 mM
Glycine 250 mM
SDS 0.1 %

Separation gel 8 % Acrylamide 30 %
TrispH 8.8 1.5 M
SDS 10 %
Ammonium persulfate 10 %
TEMED
MilliQ water

Stacking gel 5 % Acrylamide 30 %
TrispH6.8 1 M
SDS 10 %
Ammonium persulfate 10 %
TEMED
MilliQ water

Table 2.14 Solutions used for SDS-PAGE of heterologous enzymes production.

2.8 Starch CBP fermentation studies

The strains showing the highest hydrolysing activities on soluble starch were
evaluated for their fermenting abilities on soluble corn starch (Sigma-Aldrich) and raw corn
starch (Sigma-Aldrich). Small-scale fermentations were performed in 120-mL serum bottles
with 100 mL of YPD broth on 2 % of dry substrate. Pre-cultures were conducted in 1-L
Erlenmeyer flasks with 300 mL of YPD and incubated overnight at 30 °C on a rotatory
shaker at 120 rpm. Cells were recovered by centrifugation for 5 min at 4 000 rpm and
inoculated at an ODgoo value of 5 to simulate an industrial setting. Ampicillin (100 mg/L)
and streptomycin (75 mg/L) were added to prevent bacterial contamination. As previously

described paragraph 2.3.2, bottles were sealed with rubber stoppers and a needle for CO,
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removal, then incubated at 30 °C on a magnetic stirrer (Cimarec i Poly 15 Multipoint stirrer,
Thermo Scientific) with agitation speed at 700 rpm. Samples were withdrawn every 24 h,
filtered through 0.22-um and analyzed for glucose, ethanol and glycerol content by high
performance liquid chromatography (HPLC). The experiments were carried out in triplicate.

Parental strains were used as negative control.

2.9 HPLC analysis

Samples from small-scale fermentations and bioreactor experiments were analysed
for their content in glucose, glycerol and ethanol through liquid chromatography using a
Shimadzu Nexera HPLC system, equipped with a RID-10A refractive index detector
(Shimadzu, Kyoto, Japan). The chromatographic separations were performed using a Rezex
ROA-Organic Acid H+ (8 %) column (300 mm 7.8 mm, Phenomenex, Torrance, CA, USA).
The column temperature was set at 60 °C and the analysis was performed at a flow rate of
0.6 mL/min using isocratic elution, with 2.5 mM H>SO4 as a mobile phase (Cagnin et al.,

2019; Gronchi et al., 2019).

2.10 Calculations

The ethanol yield, Ygs, (g of ethanol/g of utilized glucose equivalent) was
determined considering the amount of glucose equivalent available and compared to the

maximum theoretical yield of 0.51 g of ethanol/g of consumed glucose equivalent.

The volumetric productivity (Q) was intended as grams of ethanol per liter of culture
per hour (g/L/h) and the maximum volumetric productivity (Qmax) was defined as the highest
volumetric productivity displayed by the S. cerevisiae strains. The theoretical CO> yields
were determined based on the ethanol produced by each yeast strain, assuming that
equimolar ethanol and CO> are produced. The percentage of carbon converted to glucose,

ethanol, glycerol, and CO2 was calculated on a mole carbon basis.

Statistical analyses were assessed using the Graphpad Prism 5 package (Graphpad
Software, Inc., San Diego, CA, USA). Descriptive statistics mean values and standard
deviations were calculated. Data were analyzed also by two ways factorial Analysis of

Variance (ANOVA) with Duncan test.
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3. RESULTS AND DISCUSSION

S. cerevisiae is the first choice for bioethanol production at industrial scale, either
due to natural high glucose metabolism capacity, or general tolerance to industrial
conditions (Walker and Walker, 2018). From an industrial point of view, it is important to

select a strain able to produce ethanol at both high titers and rates from cheap substrates.

In this study, a collection of wild type S. cerevisiae strains was isolated from the
winery environment and evaluated in terms of fermentative abilities in order to select the
most suitable yeast platform for genome engineering. The final aim is the development of a

CBP microorganism for efficient starch conversion into bioethanol.

The ethanol production was first evaluated on glucose as sole carbon source at high
concentration (20 % w/v) to simulate industrial conditions. As a matter of fact, feedstocks
with high sugar concentrations are preferred since they would reduce the production costs
(Ishmayana et al., 2011). The fermentative vigour was examined in MNS (Delfini, 1995),
which is a defined medium with very limited micro- and macronutrients (Dahod, 1999).
This broth could be considered quite similar to several poor industrial media (Hahn-
Hiagerdal et al., 2005; Dahod, 1999). S. cerevisiae Ethanol Red® was used as reference

industrial strain.

The strains with the highest glucose consumption were considered as the most
performing, and subsequently screened in an SSF setting on starchy materials. The strain
showing superior fermenting abilities, in term of fermentation rate, substrate consumption
and ethanol yield, was finally considered to test its abilities at higher scale, in a 1-L
bioreactor. Once again, S. cerevisiae Ethanol Red® was used as industrial benchmark.
Among all isolates, the wild-type strain S. cerevisiae L20 demonstrated the best
fermentation performances and was selected for genome engineering. To this purpose, two
different genomic tools were employed to construct a yeast strains with the ability to
hydrolyze starch and simoultaneously ferment glucose. Namely, the well-consolidated &-
integration and the innovative CRISPR/Cas9 technologies were compared. Beyond PCR
confirmation of correct integration, the new amylolytic strains were phenotypically
characterised for the secretion of heterologous enzymes. Ultimately, a CBP configuration

was set up to evaluate their feasibility as CBP strains on starchy substrates.
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3.1 Isolation, genetic characterization and fermentative abilities of novel

yeast strains on glucose

With the final aim of selecting superior fermenting strains, the winery background
was chosen since it is associated with ethanol production. In this perspective, yeast are
expected to produce and tolerate high alcohol concentrations. Yeast strains were isolated
from grape marcs and incubated on WL plates at 30 °C. Twenty-one isolates were classified
as S. cerevisiae species and assessed for their ability to use glucose at 30 °C in MNS minimal
medium formulated with 20 % w/v glucose, as such concentration is typical of the first-
generation ethanol plants after saccharification of corn (Bothast and Schlicher, 2005). Due
to their relatively different phenotypic backgrounds, seven control strains of S. cerevisiae
were included in this research as reference (Table 2.2). Three of these, namely S. cerevisiae
Fm17, M2n and MEL?2, have been already exploited for ethanol production from different
lignocellulosic and starchy substrates (Duan et al., 2018; Favaro et al., 2015; Favaro et al.,
2013), whereas the additional (S. cerevisiae HR4, WL3, YI30) were recently characterized
for their inhibitors tolerance and fermenting abilities (Jansen et al., 2018). S. cerevisiae
Ethanol Red® was considered as industrial benchmark strain, which is widely applied in
both first- and second-generation ethanol applications (Walker and Walker, 2018; Favaro et

al., 2019).

The glucose consumption was evaluated in MNS medium containing 20 % w/v of
glucose in oxygen-limited conditions and monitored according to Delfini (1995). In Figure

3.1 the glucose utilization is reported as grams of consumed glucose per L of MNS medium.

Generally, all strains exhibited a high and comparable level of fermenting vigour
(Figure 3.1). However, the strains S. cerevisiae L1, L2, L5, L7, L8, L9 and L21, were not
included as their fermenting abilities were lower than those of the reference strain M2n,

which shows the bottom fermenting vigour.

Once incubated in 200 g/L glucose, the isolates quickly consumed all the sugar
within 15 days (Figure 3.1). Among them, S. cerevisiae L6, L.14, L15, L16 and L20
demonstrated an outstanding fermentative vigour (with 198.9, 199.2, 198.3, 193.6 and 195.9
g/L of consumed glucose at 360 h, respectively). Interestingly, their ability outperformed
those reported for S. cerevisiae Ethanol Red® (189 g/L or 94.5 % of the available glucose)

which exhibited one of the highest fermenting performances in the early stage of
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fermentation (24, 48, 72 and 96 h). Among the reference strains, S. cerevisiae M2n showed
the lowest fermenting vigour with 185 g/L (92.5 %) of consumed glucose. On the other
hand, S. cerevisiae MEL2 demonstrated an interesting performance, reaching up to 199.4
g/L of consumed glucose (99.7 %). According to these preliminary results, natural isolates

were considered having a promising fermentative behaviour over Ethanol Red®.
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Figure 3.1 Fermentative performance of S. cerevisiae strains in MNS medium with glucose (20 % wi/v)
reported as cumulative sugar utilization (grams of glucose consumed per L of MNS). Error bars represent the

standard deviation from the mean of three replicates.
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Moreover, the selected newly isolated strains disclosed higher fermentative
efficiency from high glucose concentrations than those recently described by several S.
cerevisiae yeast (Favaro et al., 2013; He et al., 2012; Ortiz-Muniz et al., 2010). As such, the
fermenting capabilities of the novel yeast strains are promising, considering also the
medium adopted to screen for fermenting vigour. MNS broth, has indeed the lowest levels
of macro and micro-nutrients when compared with the formulation of other commonly used
defined media (Hahn-Hégerdal et al., 2005; Dahod, 1999). The fermenting abilities of the
novel strains can be accounted as very encouraging for bioethanol production, since yeast
able to grow rapidly and efficiently ferment in the first 24-48 h under nutrient limitation is
of great interest for industrial scale applications. To further assess their aptitude to ferment
starchy substrates under SSF configurations that is representative of starch-to-ethanol
processes, the novel collection of yeast has been adopted to produce ethanol from broken

rice and raw corn starch.

3.1.2 Fermentative vigour in SSF set up on starchy substrates

The strains reported in Figure 3.1 were tested in an SSF set up to assess the
fermentative vigour on raw starchy substrates at high loading (20 % w/v of DM). The
commercial enzymatic mixture of amylolytic enzymes STARGEN™ 002 was used to
support starch saccharification and the release of glucose. Based on the assumptions that
one gram of starch is equivalent to 1.11 g of glucose (Borglum, 1980) and considering the
feedstock starch content reported in Table 2.4, the final theoretical glucose concentration
achievable by complete saccharification was 194 and 235 g/L from 20 % w/v of broken rice

and corn starch, respectively.

The glucose consumption was monitored according to Delfini (1995). Due to the
great volume of generated data, total cumulative glucose consumption (Figure 3.2) and
fermentation parameters (Table 3.1) are reported only for the best nine fermenting strains
(namely L11,L12,1.13,L15,L16,L17,L18, L19 and L20) as well as for the top-performing
reference yeast S. cerevisiae WL3 and Ethanol Red®. The strains demonstrating a glucose
consumption significantly lower than Ethanol Red® were not considered as proficient

fermenting yeast.
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When broken rice was used as feedstock, all strains showed a similar fermenting
vigour and only slight differences could be appreciated between the references and the new
isolated strains (Figure 3.2a). Considering that the theoretical glucose content of broken
rice 20 % w/v amounted at 194 g/L, the highest glucose consumption obtained at the end of

fermentation was approximately 97 % for S. cerevisiae .18 and L20 (188 g/L).
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Figure 3.2 Cumulative sugar utilization (g/L) of S. cerevisiae strains at 30 °C in YNB medium with 20 % w/v
(a) broken rice or (b) raw corn starch, in the presence of STARGEN™ 002. Error bars represent standard

deviation from the mean of three replicates.

The very high ethanol levels detected by HPLC confirmed that broken rice is a
promising material for ethanol production (Favaro et al., 2017; de Cassia de Souza
Schneider et al., 2018; Chu-Ky et al., 2016) with more than 100 g/L of ethanol produced
(Table 3.1). Nevertheless, this substrate was not suitable for strains selection, since no
significant differences, at least in terms of fermenting vigour, were evident among the

screened yeast isolates. This could be ascribed to the native high amount of simple sugars
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(mainly glucose, fructose and sucrose) and proteins (8.5 % DM) of broken rice (Table 2.4),

which could have boosted and supported the fermenting activities.

On the other hand, raw corn starch demonstrated to be a useful feedstock for
screening the new isolates. The protein content was very limited (0.3 % DM, Table 2.4) and
no free sugars were available. As reported in Figure 3.2b, comparable but different levels
of fermenting vigour could be appreciated among the selected strains. However, considering
the theoretical glucose content of 235 g/L, only about 85 % of the glucose available was
utilized. Noteworthy, a small number of strains, including S. cerevisiae 1L.13 (208.9 g/L),
L20 (206.5 g/L) and WL3 (207.9 g/L), performed very similarly to Ethanol Red® (208.7

g/L) which clearly reaffirmed its great ability to consume glucose.

The HPLC analysis revealed that traces of glucose could be found in only few spent
fermentation broths (Table 3.1) demonstrating that most of the strains were able to utilize
the sugar completely. The cluster of strains reported in Figure 3.2 produced significantly
greater ethanol levels than the industrial S. cerevisiae Ethanol Red® from both broken rice
and raw corn starch. Although presenting the fastest glucose consumption, Ethanol Red®
was outperformed in terms of ethanol yield by all the selected novel strains as well as by
the reference S. cerevisiae WL3, recently described for promising fermenting performances

(Jansen et al., 2018).

As expected, glycerol was detected as a common secondary fermentation product.
According to what is reported in literature for vinification processes, the concentrations of
glycerol were found to be nearly 10 times smaller than the produced ethanol (Ribereau-
Gayon et al., 2006). To increase ethanol production as biofuel, it is fundamental to minimize
glycerol formation to better redirect the carbon flux towards ethanol (Favaro et al., 2019;
Gombert and van Maris, 2015). Interestingly, all newly isolated strains together with the
reference yeast WL3 produced glycerol at comparable levels from both broken rice and raw
corn starch confirming their great ability to rapidly convert glucose into ethanol. On the
contrary, S. cerevisiae Ethanol Red® achieved one of the highest glycerol productions when

SSF was conducted on raw starch as well as on broken rice (Table 3.1).
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Broken rice (a glucose equivalent of 198.55 g/L)

Raw corn starch (a glucose equivalent of 238.82 g/L)

Strain Residual glucose Glycerol Ethanol concentration Yes  Residual glucose Glycerol Ethanol concentration Yess
(g/L) (g/L) (g/L) (g/L) (g/L) (g/L)

Ethanol - 8.83+0.12 101.05 £ 0.54 91 1 0.30%0.06 10.05+0.17  109.36 £0.33 86
Red®

L11 - 8.75+0.02 107.70 £ 0.44 97 | 1.68+£0.28 9.19+0.20 116.07 £ 0.06 91
L12 0.58 £0.14 9.03 £0.03 108.39 +1.22 98 1 0.82+0.65 9.21+0.19 116.22 +1.97 91
L13 0.62 £0.01 9.45 +£0.18 107.15 £ 0.28 97 1 1.55+£0.76 9.63 +0.04 116.12 £0.96 91
L15 - 8.90 £ 0.06 107.43 £0.16 97 - 8.24 £0.08 117.17 £0.08 92
L16 - 8.93 £0.04 107.77 £0.21 97 - 9.25+0.15 117.93 £0.14 92
L17 - 8.36 £0.02 107.16 £ 0.66 97 - 8.53 £0.01 116.78 £0.42 92
L18 - 7.79 £0.05 106.73 £0.34 9% - 8.45£0.09 117.35 £ 1.06 92
L19 - 8.25+£0.08 107.32 £0.25 97 - 8.60 £0.11 116.44 £ 0.21 91
L20 - 8.17+£0.14 107.19 £0.15 97 - 7.97 £0.09 116.98 +1.73 92
WL3 0.30 £0.01 9.16 £0.12 106.17 £0.36 96 1 0.29+0.04 9.60 + 0.07 115.05 +£0.24 90

Table 3.1 Ethanol, glucose and glycerol content of SSF experiment at 30 °C using broken rice or raw corn starch as substrate at high loading (20 % w/v). Values

represent the mean of three replicates (+SD). Ygss, % of theoretical maximum ethanol yield per gram of glucose equivalent available.
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The experiments on fermenting vigour from glucose (Figure 3.1) and SSF
configurations with broken rice and raw corn starch as substrates (Figure 3.2 and Table 3.1)
indicated that the selected strains have great potential as ethanol producers, with performances
even higher than those demonstrated by several reference strains. More specifically, S.
cerevisiae 120 displayed one of the most outperforming phenotypes, particularly in the early
stage of fermentation, and was then selected for further fermentation experiments at bioreactor

scale.

3.1.3 Scale-up in 1-L fermenter

S. cerevisiae L20 and the industrial benchmark S. cerevisiae Ethanol Red® have been
investigated for SSF in 1-L bench reactor using 20 % w/v of broken rice or raw corn starch
(Figure 3.3 and Table 3.2). As previously mentioned for SSF at smaller scale, STARGEN™

002 was used to support starch saccharification.
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Figure 3.3 Ethanol, glucose and glycerol production by S. cerevisiae wild-type strains L20 (a) and Ethanol Red®
(b) during SSF in 1-L bioreactor with 20 % (w/v) of broken rice (©) and raw corn starch (e). The experiment was

conducted in duplicate and average values are presented.

77



S. cerevisiae 120 S. cerevisiae Ethanol Red®

Broken rice*

Product (g/L) 24 h 72 h 24 h 72 h
Glucose nd nd nd nd
Glycerol 8.40 8.70 7.54 8.12
Ethanol 74.44 87.01 67.86 85.46
CO» 71.20 83.23 64.91 81.74
Total carbon 5.13 5.96 4.67 5.84
Carbon conversion (mol C) 77 % 90 % 71 % 88 %
YE/s (% of theoretical) 73 % 86 % 67 % 83 %
0 (g/L/h) 3.10 1.21 2.83 1.19
QOumax (g/L/0) 3.10 after 24 h 2.83 after 24 h

Raw corn starch **

Product (g/L) 24 h 72 h 24 h 72 h
Glucose 1.04 nd 1.14 nd
Glycerol 7.92 8.86 6.10 8.84
Ethanol 73.10 100.84 56.02 94.20
CO» 69.92 96.46 53.58 90.10
Total carbon 5.06 6.87 3.89 6.43
Carbon conversion (mol C) 64% 86% 49% 81%
YE/s (% of theoretical) 60% 83% 46% 77%
0 (g/L/h) 3.05 1.40 2.33 1.31
QOumax (g/L/0) 3.20 after 18 h 2.41after 18 h

* a glucose equivalent of 198.55 g/L and a total carbon available (mol C) of 6.62
** a glucose equivalent of 238.82 g/L and a total carbon available (mol C) of 7.93

Table 3.2 Conversion of starchy substrates at 1L-bioreactor level to ethanol and by-products by S. cerevisiae
L.20 and Ethanol Red® strains. Ygss, % of theoretical maximum ethanol yield per gram of glucose equivalent

available.
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Once again, in broken rice the fermentation trend was similar for both strains (Figure
3.3 and Table 3.2) with comparable ethanol levels produced after 72 h of fermentation (87.01
and 85.46 g/L for S. cerevisiae .20 and Ethanol Red®, respectively). However, as reported in
Table 3.2, the novel strain S. cerevisiae 1.20 displayed higher ethanol production than Ethanol
Red® after 24 h and with a maximum productivity of 3.10 g/L/h, which was 1.10-fold than that
of the industrial benchmark (2.83 g/L/h). Such ethanol productivity values are of great interest
and potential industrial application (Gorgens et al., 2014; Walker and Walker, 2018).
Furthermore, late fermentative efficiencies were also higher, with the novel strain displaying

86 % of the maximum theoretical instead of 83 % detected for S. cerevisiae Ethanol Red®.

On raw corn starch, S. cerevisiae L.20 confirmed to be a superior strain, with almost 101
g/LL ethanol produced within 72 h of incubation. On the contrary, as reported in Figure 3.3b
and Table 3.2, the industrial benchmark produced lower alcohol values (up to 94 g/L).
Fermenting parameters were much better for S. cerevisiae 1.20, with a maximum productivity
of 3.20 g/L/h, which was 1.33-fold higher than that of the industrial benchmark (2.41 g/L/h).
Ethanol yields and carbon conversion values confirmed that the novel strain outperformed the
industrial yeast further supporting both the saccharification of starch to glucose and then

glucose-to-ethanol fermentation.

As reported in Table 3.2 and Figure 3.3, ethanol levels and efficiencies obtained by
both strains from the two tested substrates were found to be lower than those detected at smaller
scale (Figure 3.1). This finding could be due to an increase of viscosity of the medium which
was found to limit the ethanol yield in up-scaling of high gravity SSF experiments on sweet
potato (Zhang et al., 2011) or to an intensification of stress exposure linked to limited
transportation and elimination of CO., toxic metabolites and additional heat generated by
agitation (Schmidt, 2005). This calls for further experimental activities in order to optimize the
scaling up of the process. Moreover, it is in agreement with lower ethanol yields recently
obtained up-scaling the simultaneous liquefaction, saccharification and fermentation (SLSF) of

broken rice at high gravity (Chu-Ky et al., 2016).

Because of the superior fermentative abilities from both glucose (Figure 3.1) as well as
under SSF setting of broken rice (Figure 3.2a and Table 3.2) and raw corn starch (Figure 3.2b

and Table 3.2), the strain S. cerevisiae 1.20 was selected for a molecular biology programme in
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order to develop an efficient CBP yeast. S. cerevisiae Ethanol Red® was included as reference

strain.

3.2  Genome sequencing of S. cerevisiae 1.20

The whole-genome sequence of S. cerevisiae 1.20 was obtained using a novel strategy
that combines Minilon-Illumina approach: the first platform is expected to produce robust

scaffolds against which the Illumina reads can be mapped to increase the assembly quality.

The number of paired-end reads (2 x 150 bp) was 1 221 976, resulting in a 150-fold
genome coverage. The number of MinilON sequences were 58 954 with an average length of
6 649 bp. The de novo assembly generated a genome of 11.9 Mb, composed by 18 contigs, with

a Nso of 186 045, with 14 chromosomes assembled in a single contig.

As reported in Figure 3.4, genome comparison between S. cerevisiae 1.20 and the
reference genome (S. cerevisiae S288c R64-1-1) highlights the main structural changes. Most
of the Chromosomes assembled entirely in one contig with the exception of Chromosomes VII
and XII which assembled in two fragments. Of particular evidence, there is the translocation
between Chromosomes VIII and XVI typical of oenological yeast strains found to have
increased sulfur dioxide resistance (Perez-Ortin, 2002; Garcia-Rios et al., 2019; Treu et al.,
2014). Such finding is in accordance with the origin of S. cerevisiae L20, which was isolated
from a winery (Gronchi et al., 2019). This translocation, which involves SSU! gene, was indeed
previously identified in some wine strains (Perez-Ortin, 2002; Garcia-Rios et al., 2019). SSU1
encodes a plasma membrane sulfite pump whose overexpression results in the yeast cell ability
to tolerate higher sulfur dioxide concentrations. Moreover, SSU! gene was found to have higher
gene expression conferring a strain-specific evolutionary advantage to wine environment

characterized by high sulfite concentrations (up to 50 mg/L, Garcia-Rios et al., 2019).
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Figure 3.4 Whole genome alignment of S. cerevisiae reference genome S288c (R64-1-1) and the genome assembly
of S. cerevisiae 120 using nucmer (Kurtz et al., 2004). Purple and blue dots indicate similarity between the two

forward and reverse strands, respectively.

3.3  Yeast genome engineering

The integration of heterologous sequences in the genome represents an attractive
method for a CBP microorganism development (Lian et al., 2018). Unlike episomal plasmids,
the chromosomal recombination can provide strain stability without the use of selective

pressure.
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In the past, Viktor et al. (2013) reported a successful transformation of laboratory and
semi-industrial strain with AmyA and GlaA genes of A. tubingensis T8.4, although the
expression was mediated by yBBH1 episomal vectors. In this study, the yBBH1 plasmids were
used as the template for the construction of linear or plasmid vectors for &-integration or
CRISPR/Cas9 methods, respectively, in order to integrate both genes in the yeast chromosomes.
The newly isolated S. cerevisiae strain L20 with outstanding fermentative traits was used as
platform for the development of the CBP expressing AmyA and GlaA genes. S. cerevisiae

Ethanol Red® was included as industrial benchmark.

The two technologies, &-integration and CRISPR/Cas9, were compared. The first
provides a large number of recombinants with different phenotypic traits due to the non-site-
directed nature of d-integration (David and Siewers, 2015). The resulting colonies, indeed,
demonstrated a great variability in gene expression and deeper analysis was then required. On
the other hand, CRISPR/Cas9 could be of benefit for a fine regulation of gene copies as well as
for reducing potential phenotype alterations given by multi-copy integration. Two different loci
were designated for heterologous gene expression of AmyA and GlaA in S. cerevisiae through
CRISPR/Cas9. This strategy demonstrated its good feasibility even in a wild type isolate such
as L20. However, due to the nature as diploid strain, the number of gene copies integrated was
only two for each locus. As a result, the engineered strains displayed limited starch hydrolyzing
activity (Figure 3.20) and have to be considered as a starting platform for the further

development of a stable, marker-free and amylase-expressing yeast.

To the best of our knowledge, this is the first report about CRISPR/Cas9 genome
engineering of a natural isolate for heterologous co-expression of fungal a-amylase and

glucoamylase.

3.3.1 Yeast dominant marker resistance

In contrast to S. cerevisiae laboratory yeast having multiple auxotrophic mutations, wild
type strains are often prototrophic, thus lacking selective genetic markers. Recombinant cells
can only be selected by dominant selection markers (Akada, 2002). The innate susceptibility of
S. cerevisiae 1.20 and Ethanol Red® to three antibiotics, namely geneticin, hygromycin B and
nourseothricin used in this study, was determined by monitoring the growth in the presence of

increasing concentrations of antibiotics (Table 3.3). Briefly, yeast cells were inoculated into
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YPD containing increasing levels of each antibiotic and monitored at regular intervals for

ODeoo.

S. cerevisiae 1.20 S. cerevisiae Ethanol Red®
Geneticin (mg/L)
0 -+ ++++
50 n.g. +++
100 n.g. ++
150 n.g +
200 n.g. n.g.
Hygromycin B (mg/L)
0 +++ ++++
75 n.g. +++
150 n.g. +
225 n.g. n.g.
300 n.g. n.g.
Nourseothricin (mg/L)
0 -+ ++++
25 n.g. n.g.
50 n.g. n.g.
75 n.g. n.g.
100 n.g. n.g.

Table 3.3 Dominant selection marker resistance of S. cerevisiae 1L.20 and Ethanol Red® strains in YPD

supplemented with increasing concentrations of antibiotics. (++++: consistent growth; n.g.: no growth)

S. cerevisiae 1.20 demonstrated a higher sensitivity to antibiotics than Ethanol Red®.
The concentration of 200, 300 and 100 mg/L of geneticin, hygromycin B and nourseothricin,
respectively, were further used for the selection of the recombinants of Ethanol Red® whereas

a lower concentration of geneticin (150 mg/L) was chosen in the case of S. cerevisiae 1L.20.
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3.3.2 Delta integration of AmyA and GlaA genes from A. tubingensis T8.4

The yBBH1-AmyA and yBBHI1-GlaA plasmids (Table 2.5) were used as template for
the amplification of AmyA and GlaA genes, under the control of ENO1 promoter and terminator.
The primers were designed in order to create overlapping flanking regions for in vivo assembly

with the KanMX cassette, though resulting in linear d-integrative vectors as represented in

Figure 3.5.

ENOI, ENOI, TEFI, TEFI,

| > D]

a) S AmyA KanMX )
ENOI, ENO1; TEFI, TEFI1,

b) | > | | D]
3 GlaA KanMX )

Figure 3.5 Maps of the assembled &-integrative vectors 8-AmyA-KanMX-6 (a) and &-GlaA-KanMX-6 (b) for
constitutive expression in S. cerevisiae strains. The gene cassettes were amplified from yBBHI1-AmyA and

yBBHI1-GlaA plasmids carrying AmyA and GlaA from A. tubingensis T8.4, respectively (Viktor et al., 2013). The
KanMX marker was amplified from pBKD2 plasmid (McBride et al., 2008; SnapGene® Viewer 5.0.6).

Yeast cells were simultaneously transformed with AmyA and GlaA linear donor DNA
fragments by electroporation as described in 2.5.2.1. The electroporated cells were spread onto
YPD plates supplemented with 1 M sorbitol and geneticin (150-200 mg/L) and incubated at 30
°C for 48-72 h to allow cell recovery. The colonies were tested for amylolytic activity on soluble
starch agar stained with Lugol solution (Figure 3.6). The colonies showing the largest starch
hydrolysis halos, namely S. cerevisiae 1.20 8T8, 8T12, 8T25, 8T53 and S. cerevisiae Ethanol
Red® 8T16, 8T17 and 8T22, were selected for further analysis.
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Figure 3.6 Starch hydrolytic activity of S. cerevisiae strains engineered for the expression of AmyA and GlaA from
A. tubingensis T8.4 by d-integration. Pre-cultures were incubated on YNB plates with 0.2 % soluble starch for 48

h at 30 °C and stained with Lugol solution.

A PCR amplification was performed to confirm the chromosomal integration of AmyA
and GlaA into the selected recombinants of both S. cerevisiae 1.20 and Ethanol Red® (Figure
3.7). The expected size of the amplicons was 299 and 483 bp for AmyA and GlaA, respectively.
The PCR amplification revealed that all seven engineered strains presented AmyA gene
sequence(s) into their chromosomes whereas only S. cerevisiae Ethanol Red® 8T16 did not

show positive GlaA PCR product.

a) AmyA 299bp L L
L20 Ethanol Red
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Figure 3.7 Gel electrophoresis of PCR products for AmyA (a) and GlaA (b) in the selected recombinants of S.
cerevisiae 1.20 and Ethanol Red®. L: molecular weight size marker O’GeneRuler 1 kb Plus DNA Ladder (Thermo

Scientific).
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To study the mitotic stability, the recombinants were grown in sequential batch cultures
in non-selective YPD broth. After 80 generations, yeast cells were plated onto selective media

supplemented with geneticin or soluble starch, and the number of colonies was monitored.

All the engineered strains displayed both resistance to geneticin and hydrolytic ability
on soluble starch. As such, they were considered mitotically stable and further characterized

for enzymatic activity and fermenting ability on starch.

3.3.3 CRISPR/Cas9 mediated integration of AmyA and GlaA genes from A.
tubingensis T8.4

The loci mk114 and AD7 of S. cerevisiae L20 and Ethanol Red® were amplified and
sequenced to confirm the feasibility of the CRISPR/Cas9 strategy. As described in 2.5.3, a PCR
was performed to obtain a 429 bp amplicon for mk114 locus and a 454 bp amplicon for AD7
locus (Figure 3.8). The ITS region was considered as positive control (880 bp).

L 1 7 3 4 5 6 ©
5000bp ——
1500bp ——
- o
500bp — -—” L
: [ : [
B d e g 2

Figure 3.8 Gel electrophoresis of PCR products amplified by primers ITS1/ITS4, G1-mk114-Fw/G1-mk114-Ryv,
G1-AD7-Fw/G1-AD7-Rv for S. cerevisiae 1.20 (lane: 1-3) and Ethanol Red® (lane: 4-6). C-: negative control. L:
molecular weight size marker O’GeneRuler 1 kb Plus DNA Ladder (Thermo Scientific).

Amplification products were subjected to sequencing (BMR genomics, University of
Padova; data not shown). The BLASTN alignment (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
against the gRNA sequences showed a 100 % of homology, confirming that loci mk114 and
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AD7, as well as the use of pS9 gRNA plasmids, were suitable for CRISPR/Cas9 strategy in
both S. cerevisiae .20 and Ethanol Red®.

3.3.3.1 Plasmid construction

The ENOIp-AmyA-ENOI7r and ENOIp-GlaA-ENOIr cassettes were amplified from
yBBHI1-AmyA and yBBH1-GlaA plasmids (Viktor et al., 2013), respectively, and cloned into
donor DNA vectors for CRISPR/Cas9 transformation. The virtual maps of the p426hph
plasmids with single and double cassettes were produced in silico and used as reference to
design the primers according to the Gibson Cloning Assembly (New England Biolabs) protocol.
The fragments corresponding to the size of the inserts (2.8 kb; Figure 3.9) were excised from
the gel. Donor DNA vectors p426hph-mk114 and p426hph-AD7 were confirmed in term of
size (Figure 3.10).

L L
a) AmyA 2875bp b) GlaA 2872bp
L - .
3000bp — @ S
6000bp —
3000bp —— 1000bp —— -
2500bp — — - — - TPy - . T &
o
1000bp — E. ;': G% Fi
T 1
Figure 3.9 Gel electrophoresis of PCR products Figure 3.10 Gel electrophoresis of donor DNA
amplified by primer couple a) C-8465 Fw/C-8466 empty vectors p426hph-mkl114 and p426hph-AD7
Rv from yBBHI1-AmyA and b) C-8467 Fw/C-8468 L: O’GeneRuler 1 kb DNA Ladder (Thermo
Rv from yBBHI-GlaA plasmids. L: molecular Scientific)..

weight size marker O’GeneRuler 1 kb DNA Ladder

(Thermo Scientific).

Both inserts and vectors were prepared for ligation. After Gibson Assembly (New
England Biolabs), the plasmids were transformed and propagated in E. coli. A gel
electrophoresis confirmed the successful ligation (Figure 3.11). The final plasmids p426hph-
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mk114-AmyA and p426hph-AD7-GlaA, whose map is reported in Figure 3.12, showed the

expected size of 10 and 10.1 kb, respectively, and were confirmed by sequencing (data not

shown).
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10000bp — [ N SN—
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p426hph-mk114-4myA4
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10135 bp

Figure 3.11 Gel electrophoresis of donor DNA plasmids p426hph-mk114-AmyA and p426hph-AD7-GlaA. L:
O’GeneRuler 1 kb DNA Ladder (Thermo Scientific).
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Figure 3.12 Map of the plasmids p426hph-mk114-AmyA and p426hph-AD7-GlaA containing the A. tubingensis
T8.4 AmyA and GlaA genes, respectively (SnapGene® Viewer 5.0.6).

Subsequently, the ENOIp-AmyA-ENOIr and ENOIp-GlaA-ENOIr cassettes were
amplified with the second pair of primers (Table 2.12) and cloned into the p426hph-mk114-

88



AmyA and p426hph-AD7-GlaA plasmids (Figure 3.12). After Gibson Assembly (New England
Biolabs), the plasmids were transformed and propagated in E. coli. The successful ligation was
confirmed by size after gel electrophoresis (Figure 3.13). The plasmids showed the expected
size of 12.8 and 13 kb and were confirmed also by sequencing (data not shown). As a result,
two additional double-cassette donor plasmids were yielded, namely p426hph-mk114-AmyA-
GlaA and p426hph-AD7-GlaA-AmyA. The virtual maps are reported in Figure 3.14.
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Figure 3.13 Gel electrophoresis of donor DNA plasmids p426hph-mk114-AmyA-GlaA and p426hph-AD7-GlaA-
AmyA. L: O’GeneRuler 1 kb DNA Ladder (Thermo Scientific).

HR1 HR1

2u

p426hph-mk114-4AmyA-GlaA

p426hph-AD7-GlaA-AmyA

12887 bp 13010 bp

ENOI; ¥
ENO1,

ENOI,

TEFI, ENDI
P

Figure 3.14 Plasmids p426hph-mk114-AmyA-GlaA and p426hph-AD7-GlaA-AmyA containing both the AmyA and
GlaA genes from A. tubingensis T8.4 (SnapGene® Viewer 5.0.6).
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3.3.3.2 Yeast transformation

The purified plasmids were used to transform yeast cells using LiAC/SS carrier
DNA/PEG method (Gietz and Schiestl, 2007). Pre-cultures of S. cerevisiae 1L.20 and Ethanol
Red® were subjected to three consequential transformations, following the order presented in
2.5.3.2. Briefly, in a first instance the strains were transformed with Cas9 plasmid (pS1 TEFI-
Cas9-KanMX) and colonies selected onto YPD and geneticin agar plates. Secondly, cells
bearing Cas9 were transformed with donor DNA plasmids (p426hph-mk114-AmyA, p426hph-
mk114-AmyA-GlaA, p426hph-AD7-GlaA or p426hph-AD7-GlaA-AmyA) and selected onto
YPD plates supplemented with the combination of selective antibiotics to maintain both Cas9
and donor DNA plasmids (geneticin and hygromycin B). The gRNAs (p59 gRNA mk114-
CIloNAT and p59 gRNA AD7-CIloNAT) were used in the last step and the transformants were
selected onto YPD plates supplemented with nourseothricin. Each time the plates were
incubated at 30 °C for 48 or 72 h after plating. Only transformants with expected negative

control were considered for further analysis.

The ability of the transformants to produce functional amylases was confirmed as
hydrolysis halos on YNB plates supplemented with 0.2 % of soluble starch and stained with
Lugol solution (Figure 3.15).

Figure 3.15 Starch hydrolytic activity of S. cerevisiae strains engineered for the expression of AmyA and GlaA
genes from A. tubingensis T8.4 by CRISPR/Cas9. Pre-cultures were incubated on YNB plates 0.2 % soluble starch
for 48 h at 30 °C and stained with Lugol solution.
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A PCR amplification with primers reported in 2.5.3.3 (Table 2.13) was performed to
confirm the chromosomal integration of AmyA and/or GlaA genes. The primers were used to

amplify the region between the homologous region and the heterologous expressing cassette.

The expected size of the amplicons was 1.4 and 4.6 kb for AmyA and AmyA-GlaA
transformants, respectively, and 2.9 kb for GlaA and GlaA-AmyA strains. Results reported in
Figure 3.16-3.19 showed that all the strains were successfully engineered for AmyA and/or

GlaA expression.

L S. cerevisiae 1.20 S. cerevisiae Ethanol Red L

< <

6000 bp—
3000 bp—

1500 bp—
1000 bp —

- - e w

Figure 3.16 Gel electrophoresis of PCR products of S. cerevisiae 1.20 and Ethanol Red® transformed with AmyA
cassette via CRISPR/Cas9. DNA was amplified by primers C-8646 Fw/C-2828 Rv resulting in a 1.4 kb amplicon.
WT: wild type. L: molecular weight size marker O’GeneRuler 1 kb DNA Ladder (Thermo Scientific).
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Figure 3.17 Gel electrophoresis of PCR products of S. cerevisiae 1.20 and Ethanol Red® transformed with AmyA-
GlaA cassette via CRISPR/Cas9. DNA was amplified by primers C-8646 Fw/C-2828 Rv resulting in a 4.6 kb
amplicon. WT: wild type. L: molecular weight size marker O’GeneRuler 1 kb DNA Ladder (Thermo Scientific).
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Figure 3.18 Gel electrophoresis of PCR products of S. cerevisiae 1.20 and Ethanol Red® transformed with GlaA
cassette via CRISPR/Cas9. DNA was amplified by primers C-4330 Fw/C-8797 Rv resulting in a 2.9 kb amplicon.
WT: wild type. L: molecular weight size marker O’GeneRuler 1 kb DNA Ladder (Thermo Scientific).
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Figure 3.19 Gel electrophoresis of PCR products of S. cerevisiae 1.20 and Ethanol Red® transformed with GlaA-
AmyA cassette via CRISPR/Cas9. DNA was amplified by primers C-4330 Fw/C-8797 Rv resulting in a 2.9 kb
amplicon. WT: wild type. L: molecular weight size marker O’GeneRuler 1 kb DNA Ladder (Thermo Scientific).

The transformants were subjected to plasmid curing by repeated batch cultures in non-
selective YPD in order to eliminate the plasmid DNAs. After 72 h the cells were diluted in NaCl
0.85 % and spread onto YPD plates with single antibiotic (geneticin, hygromycin B or
nourseothricin) and without selective pressure. The mitotic stability was contextually assessed
comparing the growth on multiple YPD plates. The recombinants showing comparable number
of colonies on YPD and found sensitive to the three antibiotics were considered mitotically

stable and assayed in terms of starch-hydrolyzing ability.
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3.4  Enzymatic assays

The d-integrated AmyA/GlaA strains and CRISPR/Cas9 engineered strains (carrying
single or double constructs) were tested for enzymatic activity on soluble starch as substrate.
The supernatant of 24, 48 and 72 h-old cultures was incubated at 50 °C with citrate buffer at
pH 5 containing 0.2 % of soluble starch. The enzymatic activity was assessed according to the

amount of starch-reducing ends or free glucose released by the enzymes in the system.

The DNS method was used to determine the a-amylase activity of the AmyA-expressing
strains and the total activity for AmyA- and GlaA-expressing strains (Figure 3.20a). The
quantification of reducing sugars enzymatically released from starch was estimated
colourimetrically. The glucoamylase activity of the GlaA-expressing strains was determined by
measuring the released glucose by means of the D-Glucose HK Assay Kit (Megazyme).
Enzymatic activities were expressed as nanokatals per mL (nKat/mL), which is defined as the
enzyme activity needed to release 1 nmol of glucose per second per mL of culture. The

experiments were carried out in triplicate using the parental strains as negative controls.

As reported in Figure 3.20, it is evident that the enzymatic activity increases by time,
as it was previously reported for other recombinant amylase(s) in industrial yeast strains, more
than doubling in most cases (Favaro et al., 2012; Viktor et al., 2013; Favaro et al., 2015;
Cripwell et al., 2019). By reducing sugar assay (Figure 3.20a), the L20 d-integrated strains,
labelled with & (S. cerevisiae 1.20 8T8, &T12, dT25 and OT53) demonstrated an hydrolytic
activity higher than that detected for the CRISPR/Cas9 engineered strains (S. cerevisiae 1.20
mk114-AmyA, mk114-AmyA-GlaA, AD7-GlaA and AD7-GlaA-AmyA). Moreover, the glucose
kit assay revealed the same trend for the enzymatic activity (Figure 3.20b). This finding is
likely to be attributed to higher gene copy numbers that can be integrated into the chromosomes
of the &-integrated strains. Such hypothesis is under investigation by means of whole-genome

sequencing of both &-integrated and CRISPR/Cas9 engineered yeast.

In the case of Ethanol Red® derivatives, all the strains, either obtained by &-integration,
namely S. cerevisiae dT16, 0T17 and 8T22, or CRISPR/Cas9 technology, S. cerevisiae mk114-
AmyA, mk114-AmyA-GlaA, AD7-GlaA and AD7-GlaA-AmyA, displayed comparable lower
enzymatic activity in both assays (Figure 3.20a, b). Unlike 120, the Ethanol Red®
transformants showed comparable hydrolytic activities, irrespectively of the technology

applied.
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Figure 3.20 Enzymatic activity of the supernatant of S. cerevisiae L20 and Ethanol Red® strains expressing AmyA
and/or GlaA genes from A. tubingensis T8.4 after 24, 48 and 72 h of incubation in YPD broth resulting from the

DNS assay (a) and glucose kit (b). Error bars represent standard deviation from the mean of three replicates.

3.5  SDS-PAGE protein analysis

The supernatant of 72 h-old aerobic cultures of S. cerevisiae .20 and Ethanol Red®
recombinants was used for protein characterization by SDS-PAGE. Based on the deduced
amino acid sequences, the predicted molecular weights of the unglycosylated AmyA and GlaA

were 69.6 kDa and 68 kDa, respectively (Viktor et al., 2013). The SDS-PAGE results indicated
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that both proteins were glycosylated: AmyA and GlaA showed a molecular size of 120 and 100
kDa, respectively in the case of L20 engineered strains (Figure 3.21) and Ethanol Red®

recombinants (data not shown). These results are in accordance to Viktor et al. (2013).

& &
N
¥ 7

170kDa

~~
130kDa  ~ AmyA
100kDa — GlaA

Figure 3.21 SDS-PAGE of the supernatant of 72-h old cultures of S. cerevisiae 120 d-integrated (left) and
CRISPR/Cas9 (right) strains followed by silver staining. M: protein size marker PageRuler Prestained Protein
ladder.

3.6 Starch CBP fermentation studies

The engineered strains were evaluated for their ability to ferment soluble and raw
starch (2 % w/v) under oxygen-limited conditions (Figures 3.22 and 3.23), providing a small
glucose supplementation (0.05 % w/v). The wild type strains of S. cerevisiae 1.20 and Ethanol
Red® were used as reference. Within the first 24 h of cultivation on both soluble and raw
starch, all strains produced limited amounts of ethanol (about 0.25 g/L), corresponding to the
theoretical conversion of 0.05 % w/v of glucose. All the engineered strains, with the
exception of L.20 8T8, seemed to reach the highest ethanol production at this time point,
showing no further alcohol production and thus displaying limited starch utilization. The
ethanol content remained steady for the remaining time of cultivation, with few exceptions
that are appreciable only after 72 h. A higher concentration of glucose at the beginning of
fermentation may better support the yeast strains, although it has to be considered as an

additional economical input that is unattractive from an industrial point of view.
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According to the results for S. cerevisiae L20 on soluble starch (Figure 3.22a), only
one of the d-integrated strains (L20 dT8) demonstrated to effectively utilize starch and
produced ethanol up to 4 g/L after 144 h. This strain demonstrated the highest enzymatic
activity in the previous analysis (Figures 3.20a, b). However, L20 8T25 and dT53 are also
demonstrating a modest ethanol concentration after 120 h. Despite the promising results from
the enzymatic assays, the hydrolytic activity seems not to be satisfying for a sustainable starch
conversion to ethanol. The CRISPR/Cas9 transformants showed an overlapping performance
to that of the wild type. On raw corn starch (Figure 3.22b), the fermentative trends were the
same as on soluble starch. As previously, only L20 8T8 performed slightly better than the

other strains.

S. cerevisiae Ethanol Red® obtained by both d-integration and CRISPR/Cas9
confirmed the poor hydrolytic activity on starch since their ethanol production both from

soluble and raw starch were similar to those achieved by their parental S. cerevisiae Ethanol

Red® (Figure 3.23a, b).
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Figure 3.22 Ethanol production of S. cerevisiae L20 engineered strains under oxygen-limited conditions in YP medium with soluble starch 2 % (a) or raw starch 2 % (b) and

glucose 0.05 %. Values represent the mean of three replicates. S. cerevisiae 1L.20 wild type is used as reference.
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Figure 3.23 Ethanol production of S. cerevisiae Ethanol Red® engineered strains under oxygen-limited conditions in YP medium with soluble starch 2 % (a) or raw starch 2 %

(b) and glucose 0.05 %. Values represent the mean of three replicates. S. cerevisiae Ethanol Red® wild type is used as reference.
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Despite their starch-hydrolyzing activity was confirmed on agar plates, enzymatic
assays and SDS-PAGE, most of the engineered strains demonstrated unsatisfying results during
the simulation of a CBP process on starchy substrates. The recombinant strains obtained by &-
integration were expected to be good performers since the one-shot multi-site integration is
possible. The transformants from CRISPR/Cas9 mediated modification, on the other hand, were
predicted to be less performing due to the limited number of gene copies available into the
genomes. Focusing on the performance of L20 OT8 on soluble starch, it is clear that the
hydrolysis of starch occurred after 72 h of fermentation, possibly due to the accumulation of an
adequate supply of hydrolytic enzymes. This finding has to be considered promising, since, as
described in 2.8, the inoculum was applied using only yeast cells and not spent broth containing
the secreted recombinant enzymes. Better starch-to-ethanol conversions performances are
expected in both §- and CRISPR/Cas9 mediated recombinants by supplying also the
recombinant enzymes produced during the pre-culturing incubation. In this way, larger supplies
of enzymes may help the initial starch degradation supporting the cell viability, and thus

additional recombinant enzymes production.
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4. CONCLUSIONS

A cost-effective technology for direct utilization of biomass for bioethanol production
is still lacking (Cinelli et al., 2015). The development of a microbe able to efficiently convert
polysaccharides of plant biomass into ethanol is gaining increasing interest in order to reduce
the dependence from fossil oil. To date, the functional combination of polysaccharides
utilization and alcoholic fermentation at industrial scale has not been described for a single

microorganism (Favaro et al., 2019; Walker and Walker, 2018; Jansen et al., 2017).

In this study, a collection of S. cerevisiae wild type strains isolated from oenological
environment was screened for the ability to produce ethanol under simulated-industrial
conditions: at high glucose loading (20 %) and in SSF configuration on starchy substrates. S.
cerevisiae L20 resulted as a superior fermenting strain, outperforming the S. cerevisiae Ethanol
Red® which is currently used for bioethanol production. It was confirmed as the most promising
strain even at higher scale (1-L bioreactor), thus representing an ideal platform for the

developing of a starch-hydrolyzing yeast.

A genome engineering program was established in order to develop a S. cerevisiae strain
secreting efficient fungal amylases. The sequences of a-amylase AmyA and glucoamylase GlaA
genes from A. tubingensis T8.4 were integrated into the S. cerevisiae 1L.20 genome via both &-
integration and CRISPR/Cas9 methods. S. cerevisiae Ethanol Red® strain was used as industrial
benchmark yeast. The recombinants expressing amylases AmyA and GlaA were evaluated for
genome stability and the secretion of heterologous enzymes. The strains were then tested for
the ability to consume starch and produce ethanol. Only one, S. cerevisiae 1L.20 8T8, displayed

a slight but promising fermentative trait on soluble starch.

This study represented the first attempt in transforming wild type and industrial yeast
with fungal amylases by comparing the outputs of two different engineering techniques. As
explained extensively above, d-integration is a consolidated method for random integration of
multiple gene copies. However, the integration of large recombinant DNA molecules could lead
to genome instability, thus threatening the final phenotype and the potential application at
industrial scale (Cho et al., 1999; Apel et al., 2017). CRISPR/Cas9 is an innovative targeted

and marker-less endonuclease-based strategy that was recently applied in yeast species
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(DiCarlo et al., 2013). Two genomic loci were chosen for heterologous gene integration, namely
mk114 and AD7. The vectors for the expression of AmyA and/or GlaA genes were constructed
to integrate both genes at these specific loci. In S. cerevisiae 1.20 and Ethanol Red® diploid
strains, the expected number of gene copies was two for both AmyA and GlaA. On the other
hand, by using &-integration single cassettes of AmyA or GlaA were integrated randomly at &
sites, most probably resulting in a copy number possibly larger than two. This could be a reason
for the higher enzymatic activity of S. cerevisiae 1.20 dT8. The gene copies in &-integrated

strains will necessarily be confirmed by sequencing.

In order to improve the starch-to-ethanol abilities of the CRISPR/Cas9-mediated
recombinants, multiple rounds of insertion are in progress to develop yeast strains with high
copy numbers of multiple integrated genes dispersed over the whole genome. For this purpose,

other genomic loci have been identified (Jessop-Fabre et al., 2016).

The number of studies reporting suitable CRISPR/Cas9 integration sites in S. cerevisiae
is growing day by day. Many computational tools can help to design gRNAs with specificity
and efficiency. The specificity of gRNAs is especially important because off-targets can
considerably damage the genome and cause unknown changes. If an unintended locus is
accidentally cleaved, it can either threaten the cell survival or cause unexpected outcomes. The
multiplex transformation has been recently described by Jakocitinas (2015; 2016) and Ronda et
al. (2015). Here, multiple gRNA expression cassettes were cloned into a single gRNA
expression vector, resulting in a single efficient transformation. Moreover, Shi et al. (2016)
combined the traditional Cas9-based technology with d-integration to engineer a S. cerevisiae
strain for xylose utilization and simultaneous butanediol production. By targeting the repeated
O-sites, they were able to perform the integration of a 24-kb DNA fragment. By introducing

Cas9-mediated DSBs at the &-sites, they were able to clone up to 10 copies of a 24-kb construct.

Novel amylases with higher hydrolytic activity than AmyA and GlaA are under
investigation. In this view, different promoters and terminators could be tested for optimal

regulation of the expression of heterologous enzymes.

In conclusion, the development of a CBP yeast is of great interest for industrial
conversion of starchy biomass into ethanol. In particular, the results of this research mark one
step closer to the development of engineered yeast suitable for the direct fermentation of starch

into ethanol. In order to further assess the industrial implementation of S. cerevisiae 1L.20 dT8,

101



future studies will focus on improving the hydrolytic activity through the expression of other
groups of enzymes besides amylase. Accessory enzymes, such as pullulanases, proteases and
cellulases, will be considered to achieve a more efficient substrate utilization. Moreover,
optimizing the CRISPR/Cas9 parameters will be useful for the development of a fermenting

yeast with desirable traits for bioethanol production.
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Abstract: The use of solid starchy waste streams to produce value-added products, such as fuel
ethanol, is a priority for the global bio-based economy. Despite technological advances, bioethanol
production from starch is still not economically competitive. Large cost-savings can be achieved
through process integration (consolidated bioprocessing, CBP) and new amylolytic microbes that
are able to directly convert starchy biomass into fuel in a single bioreactor. Firstly, CBP technology
requires efficient fermenting yeast strains to be engineered for amylase(s) production. This study
addressed the selection of superior yeast strains with high fermentative performances to be used as
recipient for future CBP engineering of fungal amylases. Twenty-one newly isolated wild-type
Saccharomyces cerevisiae strains were screened at 30 °C in a simultaneous saccharification and
fermentation (SSF) set up using starchy substrates at high loading (20% w/v) and the commercial
amylases cocktail STARGEN™ 002. The industrial yeast Ethanol Red™ was used as benchmark.
A cluster of strains produced ethanol levels (up to 118 g/L) significantly higher than those of Ethanol
Red™ (about 109 g/L). In particular, S. cerevisine L20, selected for a scale-up process into a 1-L
bioreactor, confirmed the outstanding performance over the industrial benchmark, producing nearly
101 g/L ethanol instead of 94 g /L. As a result, this strain can be a promising CBP host for heterologous
expression of fungal amylases towards the design of novel and efficient starch-to-ethanol routes.

Keywords: ethanol; starchy waste; natural yeast strains; consolidated bioprocessing; broken rice

1. Introduction

In the near future, the non-renewable resources such as crude oil, coal and natural gases,
that collectively account for about 82% of global energy needs [1], will no longer be viable. Therefore,
the global communities are moving toward the search for reducing fossil oil dependence and long-term
sustainable forms of energies such as biofuels [2-6].

Among liquid biofuels, bioethanol has emerged as a clean and eco-friendly fuel that could replace
gasoline, both as pure ethanol in specially designed engines, or most widely as blends with fossil
gasoline ranging from 5 to 20% (also referred to as E5 or E20) [1,7,8]. Although the energy equivalent
of ethanol as fuel is 66% than petroleum, its combustion is 15% more efficient because of higher oxygen
content and less exhaust emissions, such as sulfur and nitrogen oxides, are produced [9]. It has been
estimated that the use of 10% ethanol blends could reduce greenhouse gasses emissions by 12-19%
compared to conventional fossil fuel [10].
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In Brazil and US, the leading producers, first generation bioethanol is obtained from sugarcane
or corn starch, respectively. However, since bioethanol market is expanding further, a good strategy
is to look for alternative feedstocks that do not compete with food supplies [11]. In this perspective,
biomasses are accounted as the fourth largest source of energy on Earth [1,12] and it is expected that
the only foreseeable primary source that could provide adequate fuel supplies for transportation sector
is waste biomass [13]. Before being processed to any added-valued compounds, solid waste streams
have to be carefully managed through the promotion of safe practices and effective technologies,
such as source separation, biological treatment and supply chain development to ensure the overall
economic feasibility of the process. A wide variety of waste organic materials, like residues from
agricultural, forest and industrial processing as well as the organic fraction of municipal solid waste,
actually contains considerable amounts of fermentable glucose, as monomers or polymers (i.e., starch,
cellulose), that have been used for biofuels, biopolymers and enzymes production [14-20].

Lignocellulosic biomasses are the most promising raw materials considering their great availability
and limited cost [11,21,22]. Along with lignocellulose, starchy waste streams with high starch content
could be exploited for bioethanol production [23-27].Indeed, starch is the most abundant form of
energy storage in plants. The structure can vary regarding the botanical species (starch content
can range from 50 to 90% in cereals, tubers and roots) and represents a high-yielding ethanol
resource [2,9,28].

The current industrial process of starch conversion into bioethanol, involves four steps:
(I) liquefaction at high temperatures (80-100 °C), (II) saccharification into glucose by thermostable
a-amylases and glucoamylases, (III) microbial fermentation to ethanol and (IV) alcohol distillation
and dehydration [29]. However, the global-scale application is hampered by high cost processing.
The feedstock (corn) is considered as the main share (60%) followed by processing expenditures
(10-20%). To ensure the economic feasibility of the overall process, the substitution of corn with
cheaper biomasses together with improved process integrations have been proposed [9,30]. The total
cost expenditure to produce bioethanol from starch could be reduced by consolidated bioprocessing
(CBP) configuration and by using a single microorganism able to both secrete hydrolytic enzymes and
ferment the resulting sugars in a single reactor [31,32]. The advantages include the direct utilization of
raw starch without pre-treatment steps, eliminating the cost for energy inputs, exogeneous enzymes,
maximizing the ethanol yield and minimizing by-product formation [33].

To date, no natural microorganism is available to perform CBP. Genome engineering, such as
heterologous gene expression, is fundamental to create a new microbial biocatalyst to be used at
industrial scale for the starch-to-ethanol processing [31]. In S. cerevisiae, heterologous gene expression
is well established. Several amylase genes have been expressed for starch conversion, mainly in
laboratory strains and, lately, also in natural and industrial strains [34-37]. However, the conversion
rate of raw feedstocks or high substrate loading was not relevant for industrial scale. Even though
good progresses have been done, the major challenge is the co-production of both amylases and
glucoamylases at optimal levels to achieve high volumetric activities. The effective conversion of raw
starch in a short timeframe could be competitive only if the fermentation abilities of the strain are not
affected in terms of ethanol yield and starch utilization [32,35,38,39].

This study looked for novel S. cerevisiae strains with superior fermenting abilities to be used as
host strains for heterologous expression of novel fungal hydrolytic enzymes with the final aim of
developing efficient CBP yeast. A collection of wild-type strains, newly isolated from a winery, has
been evaluated for fermentative performances at 30 °C under SSF regime of high substrate loading
(20% w/v) of starchy materials. A commercial mix of a-amylase and glucoamylase, STARGEN™
002, was used at optimized doses to perform starch hydrolysis. The S. cerevisine Ethanol Red™ strain,
currently applied in first and second generation bioethanol plants, served as benchmark [37].

Broken rice, where starch accounts up to 87.5% of dry matter, has been adopted as a model
of several agricultural and industrial wastes mainly composed by starch [9]. It is one of the most
abundant waste streams of rice processing with more than 45 million tons globally produced per
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year [40]. Such enormous amount of cheap biomass would be directly accessible and/or collectable at
rice processing sites [24]. Raw corn starch (Sigma-Aldrich, Milano, Italy) was used as control feedstock.

2. Results and Discussion

2.1. Isolation, Genetic Characterization and Fermentative Abilities of Novel Yeast Strains in Glucose

With the final aim of isolating and selecting strains with high fermenting performances from
glucose, the winery background was chosen since it is related to ethanol production and yeast are
expected to produce and tolerate high alcohol concentrations. Yeast strains were isolated from grape
marcs and incubated on Wallerstein Laboratory (WL) plates at 30 °C. Twenty-one isolates were
classified as S. cerevisiae and first screened for their ability to consume glucose at 30 °C in must
nutritive synthetic (MNS) minimal medium supplemented with 200 g/L glucose, as such concentration
is typical of the first generation ethanol plants after saccharification of corn [38].

Due to their relatively different phenotypic backgrounds, seven control strains of S. cerevisiae were
included in this research as benchmarks (Table 1). Three of these reference strains, namely S. cerevisiae
Fm17, M2n and MEL2, have been already exploited for ethanol production from different
lignocellulosic and starchy substrates [18,32,41,42], whereas three additional strains (S. cerevisiae
HR4, WL3, YI30), recently characterized for their inhibitors tolerance and fermenting abilities [43],
were included as additional controls. Finally, S. cerevisiae Ethanol Red™ was considered as industrial
reference strain, widely applied in both first and second generation ethanol applications [37].

Table 1. S. cerevisiae strains used in this study.

S. cerevisiae Strains Relevant Phenotype and Origin Source/Reference

L1-L21 wild-type This study
Ethanol Red™ industrial strain Fermentis

Fm17 wild-type strain with high lignocellulosic inhibitors tolerance [41]

M2n distillery strain [32]

MEL2 wild type strain from grape marcs [42]

HR4 wild-type strain from wine fermentations [43]

WL3 wild-type strain from wine fermentations [43]

YI30 wild-type strain from wine fermentations [43]

In this project, the ability of the yeast to utilize glucose was determined as fermenting vigour and
expressed in terms of grams of glucose consumed per L of MNS medium, as described in Materials
and Methods. Overall, both newly selected isolates and control strains exhibited high and comparable
level of fermenting vigour (Figure 1). The newly isolated strains S. cerevisiae L1, L2, L5, L7, L8, L9 and
L21, were not included as their fermenting abilities were lower than those of the benchmark strain
M2n, displaying the bottom fermenting vigour.

Once incubated in 200 g/L glucose, few isolates quickly consumed all the sugar within 15 days
(Figure 1). Among them, S. cerevisiae L6, L14, L15, L16 and L20 demonstrated outstanding fermentative
vigour. Interestingly, their ability outperformed those reported for S. cerevisise MEL2 and S. cerevisiae
Ethanol Red™, which showed the most favorable vigour among the reference yeast strains. Moreover,
the selected newly isolated strains disclosed fermentative efficiency higher than those recently
described from high glucose concentrations by several S. cerevisiae yeast [42,44,45]. As such, the
fermenting capabilities of the novel yeast strains are promising considering also the medium adopted
to screen for fermenting vigour. MNS broth, when compared with the formulation of other commonly
used defined media [46,47], has indeed the lowest levels of components, macro and micro-nutrients.
Therefore, yeast able to grow rapidly and efficiently ferment under nutrient limitation should be
considered very interesting for bioethanol industrial scale applications. To further assess their aptitude
to ferment starchy substrates under SSF configurations, representative of starch-to-ethanol processes,
the novel collection of yeast has been adopted to produce ethanol from broken rice and raw corn starch.
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Figure 1. Cumulative sugar utilization (g/L) of S. cerevisiae strains in MNS medium with 200 g/L
glucose. The experiment was conducted in triplicate (£SD).

2.2. Fermentative Abilities under SSF Setting on Starchy Materials

The fermentative vigour of all the strains was then evaluated on broken rice and raw corn starch
at high substrate loading (20% w/v) under oxygen-limited conditions at 30 °C. The commercial
mixture of amylases STARGEN™ 002 was supplied to support starch saccharification. Based on the
assumptions that one gram of starch is equivalent to 1.11 g of glucose [48], the final theoretical glucose
concentration achievable by complete saccharification of 20% w /v of starchy materials was 194 and
235 g/L of YNB containing 20% w /v of broken rice and corn starch, respectively.

Owing to the great volume of data generated, total cumulative glucose consumption (Figure 2)
and fermentation parameters (Table 2) are reported only for the best ten fermenting strains (namely
L11, L12, L13, L15, L16, L17, L18, L19 and L20) as well as for the top performing benchmark yeast
S. cerevisize WL3 and Ethanol Red™.
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Figure 2. Cumulative sugar utilization (g/L) of S. cerevisiae strains at 30 °C in YNB medium with 20%
w/V (a) broken rice or (b) raw corn starch in the presence of STARGEN™ 002. The experiment was
conducted in triplicate (£SD).

In the presence of broken rice, all the selected strains performed comparably and only slight
differences in fermenting vigour could be appreciated between the newly isolated and the benchmarks
(Figure 1a). The highest glucose consumption on broken rice was approximately 97% of the theoretical
content (188 g for L18 and L20 out of 194 g/L). Furthermore, broken rice was confirmed to be a
promising material for ethanol production [24] with more than 100 g/L of ethanol produced (Table 2).
Nevertheless, this substrate was not suitable for strain selection, since no significant differences, at least
in terms of fermenting vigour, were evident among the tested strains. This could be ascribed to
the native high amount of simple sugars (mainly glucose, fructose and sucrose) and proteins (8.5%
DM) of broken rice (see Materials and Methods), which could have enhanced and supported the
fermenting activities.

On the contrary, raw corn starch, with very limited values of protein (0.3% DM, see Table 4) and
no free sugars available, demonstrated to be a useful feedstock to screen for the most promising yeast
strains. As reported in Figure 1b, indeed, the ten selected novel yeast strains showed comparable but
different levels of fermenting vigour. Overall, only about 85% of glucose theoretically obtainable by
saccharification of raw corn starch was used (200 g of glucose out of 235 g/L). Noteworthy, a small
number of strains, including L13 (up to 208.9 g/L), L20 (up to 206.5 g/L) and WL3 (up to 207.9 g/L),
performed very similarly to Ethanol Red™, which clearly reaffirmed its great ability to consume
glucose (208.7 g/L) (Figure 2b). The strains demonstrating a glucose consumption significantly lower
than Ethanol Red™ were not considered as proficient fermenting yeast.

The ethanol yield, glucose and glycerol content of SSF experiments after 120 h are reported in
Table 2. Only minimal amounts of residual glucose were observed in few spent fermentation broths
(Table 2), indicating that the majority of the strains were able to completely utilize the sugar. The cluster
of selected strains produced ethanol levels significantly greater than Ethanol Red™ from both broken
rice and raw corn starch. This means that the industrial yeast S. cerevisize Ethanol Red™, although
presenting the fastest glucose consumption rates (Figure 1), was outperformed in terms of ethanol yield
by all the selected novel strains as well as by the benchmark S. cerevisine WL3, recently reported for
promising fermenting performances [43]. Glycerol was detected as a common secondary fermentation
product. According to what is reported for vinification, the concentrations of glycerol were found to
be nearly 10 times smaller than the ethanol produced [49]. To increase ethanol production as biofuel,
it is fundamental to minimize glycerol formation to better redirect the carbon flux towards ethanol.
Interestingly, all newly isolated strains together with the reference S. cerevisine WL3 produced glycerol
at comparable levels from both broken rice and raw corn starch confirming their great ability to rapidly
convert glucose into ethanol. On the contrary S. cerevisiae Ethanol Red™ showed the highest glycerol
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production when SSF was conducted on raw starch and high glycerol levels comparatively to ethanol
produced also from broken rice (Table 2).

Table 2. Ethanol, glucose and glycerol content of SSF experiment at 30 °C using as substrate broken
rice or raw corn starch. The substrate loading for each experiment was 20% (w/v). The experiment
was conducted in triplicate (SD). Yg/s, % of theoretical maximum ethanol yield per gram of glucose
equivalent available.

Broken Rice Raw Corn Starch
Residual Glveerol Ethanol Residual Glveerol Ethanol
Strain Glucose (y /L) Concentration Yg/g Glucose (y /L) Concentration Yg/g
(g/L) & (g/L) (g/L) & (g/L)

Ethanol Red™ - 8.83 £0.12  101.05 + 0.54 91 0.30 £ 0.06 10.05 +0.17  109.36 + 0.33 86
L11 - 8.75+0.02  107.70 + 0.44 97 1.68 +0.28 919+ 020  116.07 £ 0.06 91
L12 0.58 +0.14 9.03+0.03  108.39 +1.22 98 0.82 + 0.65 921+019 11622 £1.97 91
L13 0.62 +0.01 9.45 4+ 0.18 107.15 £ 0.28 97 155+ 0.76 9.63 + 0.04 116.12 £ 0.96 91
L15 - 8.90 +0.06  107.43 £0.16 97 - 8.24+0.08  117.17 £ 0.08 92
L16 - 8.93+0.04 107.77 £0.21 97 - 925+0.15 117.93 £0.14 92
L17 - 8.36 + 0.02 107.16 £ 0.66 97 - 8.53 + 0.01 116.78 £ 0.42 92
L18 - 779 £0.05 106.73 £+ 0.34 96 - 8.45+0.09 117.35+1.06 92
L19 - 8.25+0.08  107.32 £0.25 97 - 8.60 +0.11 11644 £0.21 91
L20 - 8.17 £ 0.14 107.19 £ 0.15 97 - 797 £0.09 116.98 £ 1.73 92
WL3 0.30+0.01 9.16+0.12 106.17 £ 0.36 96 0.29 £+ 0.04 9.60 +£0.07  115.05 + 0.24 90

Taken together the experiments on fermenting vigour from glucose (Figure 1) and SSF
configurations with broken rice and raw starch as substrates (Figure 2 and Table 2) indicated that the
newly isolated strains have great potential as ethanol producers, with performances even higher than
those exhibited by several benchmark yeast strains. More specifically, S. cerevisiae L20 displayed one
of the most outperforming phenotypes, especially in the early stage of fermentation, and was then
selected for further fermentation experiments at bioreactor scale.

2.3. Scale-up in 1-L Bench Fermenter

S. cerevisiae L20 together with the reference Ethanol Red™ have been investigated for SSF in 1-L
bench reactor using 20 % w /v of either broken rice or raw corn starch (Figure 3). When broken rice
was used as feedstock, the fermentation trend was similar for both strains (Figure 3). Interestingly,
the strains produced comparable ethanol levels (about 86 g/L) after 72 h of fermentation. Nevertheless,
the novel strain displayed ethanol performances always better than those of Ethanol Red™, particularly
after 24 h of SSF (Table 3), with a maximum productivity of 3.10 g/L/h, which was 1.10-fold than
that of the industrial benchmark (2.83 g/L/h). Such ethanol productivity values are of great interest
and potential application [39]. Moreover, final ethanol yields were also higher, with the novel strain
displaying 86% of the maximum theoretical instead of 83% detected for S. cerevisiae Ethanol Red™.

On raw starch, S. cerevisiae L20 confirmed to be a promising strain (Figure 3a and Table 3), with
almost 101 g/L ethanol produced within 72 h of incubation. On the contrary, as reported in Figure 3b
and Table 3, the industrial yeast produced lower alcohol values (up to 94 g/L). Fermenting parameters
were again much better for S. cerevisine L20 (Table 3), with a maximum productivity of 3.20 g/L/h,
which was 1.33-fold higher than that of the industrial benchmark (2.41 g/L/h). Ethanol yields and
carbon conversion values confirmed that the novel strain outperformed the industrial yeast further
supporting both the saccharification of starch to glucose and then glucose-to-ethanol fermentation.

Overall, as reported in Table 3, ethanol levels and efficiencies obtained by the yeast strains from
both substrates were found to be lower than those detected at smaller scale (Table 2). This finding could
be due to an increase of viscosity of the medium which was found to limit the ethanol yield in up-scaling
of high gravity SSF experiments on sweet potato [50] or to an increase of stress exposure linked to
limited transportation and elimination of CO,, toxic metabolites and additional heat generated by
agitation [51]. This calls for further experimental activities in order to optimize the scaling up of the
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process and is in agreement with lower ethanol yields recently obtained up-scaling the simultaneous
liquefaction, saccharification and fermentation (SLSF) of broken rice at high gravity [52].
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Figure 3. Ethanol, glucose and glycerol production by S. cerevisiae wild-type strains (a) L20 and (b)
Ethanol Red™ during SSF in 1-L bioreactor with 20% (w/v) of broken rice (O) and raw corn starch (@).
The experiment was conducted in duplicate and average values are presented.

Table 3. Conversion of starchy substrates at bioreactor level to ethanol and by-products by S. cerevisiae
L20 and Ethanol Red™ strains.

Feedstock S. cerevisiae 120 S. cerevisiae Ethanol Red™
Broken rice = a glucose equivalent of 198.55 g/L and a total carbon available (mol C) of 6.62
Product (g/L) 24 h 72h 24 h 72h
Glucose nd nd nd nd
Glycerol 8.40 8.70 7.54 8.12
Ethanol 74.44 87.01 67.86 85.46
CO, 71.20 83.23 64.91 81.74
Total carbon 5.13 5.96 4.67 5.84
Carbon conversion 77% 90% 71% 88%
(mol C)
YE/S (% of theoretical) 73% 86% 67% 83%
Q(g/L/h) 3.10 1.21 2.83 1.19
Qmax (g/L/h) 3.10 after 24 h 2.83 after 24 h
Raw corn starch = a glucose equivalent of 238.82 g/L and a total carbon available (mol C) of 7.93
Product (g/L) 24 h 72h 24h 72h
Glucose 1.04 nd 1.14 nd
Glycerol 7.92 8.86 6.10 8.84
Ethanol 73.10 100.84 56.02 94.20
CO, 69.92 96.46 53.58 90.10
Total carbon 5.06 6.87 3.89 6.43
Carbon conversion 64% 86% 49% 81%
(mol C)
YE/S (% of theoretical) 60% 83% 46% 77%
Q(g/L/h) 3.05 1.40 2.33 1.31
Qmax (g/L/h) 3.20 after 18 h 2.41 after 18 h

nd: not detected; Yg/s, theoretical maximum ethanol yield per gram of glucose equivalent available.
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3. Materials and Methods

3.1. Feedstocks and Commercial Enzymes

Broken rice was obtained from La Pila (Isola della Scala, Verona, Italy), dried in a forced-air oven
at 60 °C for 48 h and milled in a hammer mill to pass throughout a 1.25 mm screen. The raw material
was stored at room temperature. Starch from corn (Sigma-Aldrich) was used as benchmark substrate
for SSE. No pre-treatments were performed, and raw feedstocks were used as such. The composition in
terms of starch and protein, determined according to international standard methods [53], is reported
in Table 4. The content of fermentable sugars in broken rice, namely glucose, fructose and sucrose,
were assessed at 11.5 g/Kg on a total of sugars of 13 g/Kg.

Table 4. Composition of feedstocks used in this study.

Feedstock Dry Matter, DM (%) Protein (% DM) Starch (% DM)
Broken rice 96.0 8.5 84.0
Raw corn starch 90.3 0.3 95.3

The enzyme mix STARGEN™ 002, kindly supplied by Genencor (DuPont-Danisco group,
Itasca, IL, USA), is an optimized blend of Aspergillus kawachii o-amylase expressed in
Thricoderma reesei and glucoamylase from T. reesei that works synergistically to hydrolyze
granular starch to glucose. The enzymatic activity is 570 Glucoamylase Unit (GAU)/g
and specific gravity is 1.14 g/mL. STARGEN™ 002 was used following the supplier’s
instructions (http://www.dupont.com/content/dam/dupont/products-and-services/industrial-
biotechnology/documents/DuPont-STARGEN002-web-EN.pdf).

3.2. Yeast Strains, Isolation and Genetic Identification

A collection of twenty-one wild-type S. cerevisiae strains was isolated in 2013 from grape marcs of
a winery in Melara (Rovigo, Italy) (Table 1). After a storage of 30 days at the winery, fifty grams of
marcs were dispersed in 500 mL of sterile physiological water (0.85% NaCl), plated, after appropriate
decimal dilutions, on WL medium (Wallerstein Laboratory, Oxoid, Milano, Italy; g/L: yeast extract,
4; casein hydrolysate, 5; D-glucose, 50; KHyPOy4, 0.55; KCI, 0.425; CaCl,, 0.125; MgSOy, 0.125;
FeCls, 0.0025; MnSQOy, 0.0025; bromocresol green, 0.022) containing 200 pg/mL chloramphenicol
(Sigma-Aldrich, Italy) to contain bacterial growth and incubated at 30 °C for 72 h. After isolation, yeast
colonies were purified by growing on Yeast Peptone Dextrose (YPD; g/L: yeast extract, 10; peptone, 20;
glucose, 20) at 30°C for 48 h. Isolates were maintained at —80 °C in YPD containing 20% (v/v) glycerol.

Genetic identification was achieved by D1/D2 region sequence analysis. Amplification of D1/D2
domain was performed using primers NL1 (5-GCA TAT CAA TAA GCG GAG GAA AAG-3’) and
NL4 (5-GGT CCG TGT TTC AAG ACG G-3’) according to the protocol described by Kurtzman
and Robnett [54]. Amplification products were checked by 1% agarose gel electrophoresis and then
subjected to sequencing. Species identification was performed after BlastN alignment (http:/ /blast.
ncbi.nlm.nih.gov/Blast.cgi) of the obtained sequences with those present in the Gen-Bank public
database. A minimum sequence similarity level of 98% was considered for species identification.

3.3. Fermentative Abilities of S. cerevisiae Strains in MINS Broth Supplemented with 200 g/L Glucose

S. cerevisiae strains were assessed for their fermentative ability in MNS minimal medium (g/L:
(NH4)2S0y4, 0.3; (NH4),HPOy, 0.3; KHpPOy, 1; MgSO4-7H,0, 0.5; NaCl, 0.1; malic acid, 2; tartaric
acid, 3. mg/L: biotin, 0.02; D-pantothenic acid, 0.4; myo-inositol, 2; nicotinic acid, 0.4; thiamine, 0.4;
pyridoxine, 0.4; p-aminobenzoic acid, 0.2; H3BO3, 0.5; CuSO4-5H,0, 0.04; KI, 0.1; NaMoOy-2H;0, 0.2;
ZnSOy-7H,0, 0.4; FeCl3-6H,0, 0.4; CaCl,-2H,0, 100) supplemented with 200 g/L glucose according
to the method described by Favaro and colleagues [41]. MNS broth was specifically adopted as
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it can be considered quite similar to several poor industrial media [47,55] and can resemble the
pre-industrial scale composition of bioethanol broth, where mainly MgSO,-7H;0, (NH4),SO, and little
amounts of corn steep liquor are generally added during the fermentation step [56,57]. The commercial
strain Ethanol Red™ (Fermentis, Marcq-en-Baroeul, France), currently used for large scale bioethanol
fermentation, was included as industrial benchmark together with other yeast strains recently reported
for their high promise as bioethanol producers (Table 1).

In short, every glass serum bottle was filled with 100 mL of MNS medium and then sealed using
rubber stoppers with a needle for the removal of CO; produced during fermentation. Pre-cultures of
S. cerevisiae strains, grown overnight into YPD broth, were collected, centrifuged and washed twice
with sterile physiological water (0.85% NaCl). Yeast cells were then inoculated, with an average cell
concentration of 7.5 x 10* cells per mL, into each serum bottle containing 100 mL MNS broth. The
incubation was performed in static condition at 30 °C. The pH of medium was set at 3.5 using KOH
(5 M). Fermentative vigour was daily monitored by measuring weight loss due to CO, production.
Results were reported as grams of glucose utilized per L of MNS by using a conversion factor of
2.118 [55]. The experiments were carried out in triplicate.

3.4. Fermentative Abilities of S. cerevisiae Strains on Starchy Materials

All strains were screened for fermentative abilities in an SSF regime from broken rice and raw
corn starch. Pre-cultures were prepared in YNB broth (with amino acids: Yeast Nitrogen Base 6.7 g/L;
Sigma-Aldrich) with 2% w/v of glucose in Erlenmeyer flasks and incubated overnight at 30 °C on a
rotatory shaker at 600 rpm. Small-scale SSFs were conducted in 120-mL serum bottles with 20% (w/v)
dry substrate and appropriate nitrogen source (YNB with amino acids: 6.7 g/L; Sigma-Aldrich) in a
total volume of 100 mL of buffered medium (citrate buffer 0.1 M at pH 4). Yeast cells were inoculated
at Optical Density (OD) value of 1 and ampicillin (100 mg/L) and streptomycin (75 mg/L) were
added to prevent bacterial contamination. STARGEN™ 002 was then supplemented at ten times the
recommended dosage (11.4 g/kg of substrate). Rubber stoppers were used to set up oxygen-limited
conditions and a needle was inserted for CO, removal. Serum-bottles were incubated at 30 °C on
magnetic stirrer with agitation speed at 700 rpm. The experiments were carried out in triplicate.

The fermentative vigour was daily monitored as described above. Results were reported as grams
of glucose utilized per liter of medium by a conversion factor of 2.118 [55]. Samples were withdrawn
after 5 days, filtered through 0.22-pm and analyzed for their content by high performance liquid
chromatography (HPLC) as indicated in ‘Analytical methods and calculations’.

3.5. Scale-up of SSF in 1-L Bench Fermenter

The most promising strain, exhibiting an outstanding fermentative performance at small scale
SSE, together with the benchmark industrial yeast Ethanol Red™, was up-scaled in a 1-L bioreactor
(Applikon Biotechnology, Schiedam, The Netherlands) with a working volume of 900 mL. The BioXpert
software version 1.13 (Applikon Biotechnology) was used for data acquisition.

The broth was the same used for small-scale SSF except for pH, which was controlled at 4.0
using automatic titration of 1 M NaOH solution. To maintain oxygen-limited conditions, aeration was
not supplied. Yeast cells were inoculated at OD value of 1 and the cultures were stirred at 300 rpm
and maintained at 30 °C with a heating blanket. All parameters were controlled by my-Control unit
(Applikon Biotechnology). Samples were aseptically collected at regular intervals and kept at —20 °C.
Samples were filtered through 0.22-um and diluted for HPLC analysis performed as described below.

3.6. Analytical Methods and Calculations

Samples from small scale fermentation and bioreactor experiments were analysed for their content
in glucose, glycerol and ethanol trough liquid chromatography using a Shimadzu Nexera HPLC system,
equipped with a RID-10A refractive index detector (Shimadzu, Kyoto, Japan). The chromatographic
separations were performed using a Rezex ROA-Organic Acid H+ (8%) column (300 mm X 7.8 mm,
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Phenomenex, Torrance, CA, USA). The column temperature was set at 60 °C and the analysis was
performed at a flow rate of 0.6 mL/min using isocratic elution, with 2.5 mM H,S0O, as a mobile
phase [58].

The ethanol yield, Y/, (g of ethanol/g of utilized glucose equivalent) was determined considering
the amount of glucose equivalent available and compared to the maximum theoretical yield of 0.51 g
of ethanol/g of consumed glucose equivalent.

The volumetric productivity (Q) was intended as grams of ethanol per liter of culture per hour
(g/L/h) and the maximum volumetric productivity (Quax) was defined as the highest volumetric
productivity displayed by the S. cerevisiae strains. The theoretical CO, yields were determined based
on the ethanol produced by each yeast strain, assuming that equimolar ethanol and CO, are produced.
The percentage of carbon converted to glucose, ethanol, glycerol, and CO, was calculated on a mole
carbon basis.

Statistical analyses were assessed using the Graphpad Prism 5 package (Graphpad Software, Inc.,
San Diego, CA, USA). Descriptive statistics mean values and standard deviations were calculated.
Data were analysed also by two ways factorial Analysis of Variance (ANOVA) with Duncan test.

4. Conclusions

Developing an amylolytic fermentative organism may overcome important limitations of
starch-to-ethanol conversion. The production of alfa-amylases and glucoamylases at high titers
still remains a major challenge, despite significant technological advances. By producing efficient
amylolytic enzymes, the engineered yeast could reduce bioethanol costs and implement the large-scale
biofuel production. Nonetheless, the fermenting yeast must have promising fermenting abilities under
SSF configurations.

This paper was successful in selecting and characterizing a cluster of novel yeast strains with
fermenting abilities even higher than those of S. cerevisize Ethanol Red™, the most used yeast for
first and second generation ethanol. Ethanol yields from glucose under simple fermentation and SSF
settings were significantly improved in the case of the newly isolated strains. This finding is of great
value considering that, to obtain great additional profits, first generation ethanol plants look for an
increase of even 1% in ethanol yield.

Based on the fermentation studies, the collection of novel S. cerevisiae strains has great potential
for future application in corn-to-ethanol processes. In particular, the selected yeast L20 could be
considered as promising for the CBP of different starchy industrial residues and will be engineered for
the expression of efficient amylolytic genes.
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One sentence summary: This study demonstrates the importance of proper platform selection for bioethanol production by comparing the
fermentation profiles of a novel industrial yeast expressing fungal g-glucosidase via chromosomal integration and a known laboratory strain expressing
that gene via multicopy episomal plasmid, in presence of increasing concentrations of toxic steam-exploded sugarcane bagasse hydrolysate.
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ABSTRACT

An engineered yeast producing all the cellulases needed for cellulose saccharification could produce ethanol from
lignocellulose at a lower cost. This study aimed to express fungal g-glucosidases in Saccharomyces cerevisiae to convert
cellobiose into ethanol. Furthermore, two engineering platforms (laboratory vs industrial strain) have been considered
towards the successful deployment of the engineered yeast under simulated industrial conditions. The industrial S.
cerevisiae M2n strain was engineered through the §-integration of the g-glucosidase Pccbgll of Phanerochaete chrysosporium.
The most efficient recombinant, M2n[pBKD2-Pccbgl1]-C1, was compared to the laboratory S. cerevisiae Y294[Pccbgll] strain,
expressing Pccbgll from episomal plasmids, in terms of cellobiose fermentation in a steam exploded sugarcane bagasse
pre-hydrolysate. Saccharomyces cerevisiae Y294[Pccbgll] was severely hampered by the pre-hydrolysate. The industrial
M2n[pBKD2-Pccbgl1]-C1 could tolerate high inhibitors-loading in pre-hydrolysate under aerobic conditions. However, in
oxygen limited environment, the engineered industrial strain displayed ethanol yield higher than the laboratory
Y294[Pccbgll] only when supplemented with supernatant containing further recombinant g-glucosidase. This study showed
that the choice of the host strain is crucial to ensure bioethanol production from lignocellulose. A novel
cellobiose-to-ethanol route has been developed and the recombinant industrial yeast could be a promising platform
towards the future consolidated bioprocessing of lignocellulose into ethanol.
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INTRODUCTION

Bioethanol is considered the most viable and sustainable bio-
fuel, as it can be produced through biological conversion at large
industrial scale, resulting in the formation of less by-products
and pollution than thermochemical approaches (Srirangan et al.
2012). Also, bioethanol can share the existing infrastructure
used for the distribution of gasoline (Gnansounou and Dau-
riat 2011). The ideal substrate for bioethanol production would
be inexpensive, non-edible biomass such as lignocellulose-rich
material, including dedicated energy crops (spruce and birch)
and agricultural residues (corn stover and sugarcane bagasse)
(Olofsson, Bertilsson and Lidén 2008; Cripwell et al. 2015).

Biological conversion of lignocellulose to ethanol requires
expensive pre-treatments in order to overcome the recalcitrance
of the lignocellulosic structure and large dosages of costly cel-
lulolytic enzymes to release fermentable sugars (Abbas and
Ansumali 2010; Sindhu, Binod and Pandey 2016; Zabed et al.
2016). In addition, pre-treatment of lignocellulosic biomass gen-
erally leads to the release of inhibitory by-products (furans, weak
acids and phenolic compounds) that hamper the fermentation
step, resulting in a negative impact on the economic feasibility
of the process (Palmqvist and Hahn-Hégerdal 2000; Jonsson and
Martin 2016).

Endoglucanases, cellobiohydrolases and g-glucosidases act
synergistically to ensure the hydrolysis of the cellulose. The 8-
glucosidases play a key role as they cleave cellobiose into glu-
cose, thus, removing the feedback inhibition by the disaccha-
ride on endoglucanases and cellobiohydrolases (Lynd et al. 2002;
Taherzadeh and Karimi 2007; Alvira et al. 2010).

Saccharomyces cerevisiae is currently considered one of the
most promising platforms for consolidated bioprocessing (CBP)
development (Lynd et al. 2005; van Zyl et al. 2007; Olson et al.
2012). The major shortcoming, i.e. its inability to utilize cellulose,
could be overcome by heterologous gene expression. Numerous
studies showed the successful expression of cellulase encoding
genes in S. cerevisiae (Van Rooyen et al. 2005; Njokweni, Rose and
van Zyl 2012; Liu et al. 2015; Davison, den Haan and van Zyl 2016).
In most cases, however, laboratory yeast strains were subjected
to genetic modification. Instead, industrial yeast strains com-
monly display several phenotypic traits that would make them
particularly suited to serve as large-scale CBP platforms. Such
characteristics include higher ethanol yield, thermostability and
an increased tolerance to the inhibitors formed during the sub-
strate pre-treatment (Favaro et al. 2013a; Jansen et al. 2017). The
genetic engineering of industrial strains usually relies on chro-
mosomal integration of multiple copies of the gene of interest
at repetitive §-sequences (Favaro et al. 2010; Yamada et al. 2010;
Jansen et al. 2017; Song et al. 2017).

In this study, cellulolytic CBP yeast strains were engineered
by integration of the Saccharomycopsis fibuligera BGL1 and Phane-
rochaete chrysosporium Pccbgll genes into the §-sequences. Sac-
charomyces cerevisinze M2n[pBKD2-Pccbgl1]-C1, expressing the -
glucosidase of P. chrysosporium, has been selected and the per-
formances of the recombinant yeast were compared to those
of a laboratory strain expressing the same gene from an episo-
mal plasmid. As such, this research was specifically intended to
compare the phenotypic outputs of two engineered platforms
(laboratory vs wild type) for the production of lignocellulosic
bioethanol.

To simulate the industrial environment as closely as possi-
ble, an hydrolysate from steam pre-treated sugarcane bagasse

was used as substrate and cellobiose concentration was sup-
plemented up to 20 g/L, which is one of the highest levels so
far described in lignocellulosic pre-treated substrates (van Maris
et al. 2006; Casa-Villegas, Polaina and Martin-Navarro 2018).

MATERIALS AND METHODS
Plasmids, strains, media and growth conditions

Genotypes, phenotypes and sources of bacterial and yeast
strains used in this work are summarized in Table 1. Unless oth-
erwise stated, all chemicals were of analytical grade and were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Recom-
binant plasmids were constructed and amplified in Escherichia
coli JM109 (Promega, Fitchburg, MI, USA). Bacterial cultures were
cultivated at 37°C on a rotary shaker in Luria Bertani medium
(LB) or on LB agar (Sambrook and Russell, 2001). Ampicillin was
added to a final concentration of 100 pg/mL for the selection
of plasmid-bearing bacteria. Yeast strains were cultivated at
30°C in Yeast extract Peptone Dextrose (YPD) medium (g/L: yeast
extract, 10; peptone, 20; and glucose, 20), Synthetic Complete
(SC) medium (g/L: Yeast Nitrogen Base with ammonium sul-
phate (YNB), 6.7; glucose, 10.53; or cellobiose, 10) or 2 x SC (YNB,
13.4; glucose, 10.53; or cellobiose, 10) unless stated otherwise.
SC~URA medium was used in the case of the laboratory strain
Y294[Pccbgl1].

Sugarcane bagasse hydrolysate

Sugarcane bagasse, provided by the South African Sugarcane
Research Institute (SASRI), was analyzed for the content in
lignin, glucan, xylan, arabinan, ash and extractives using the
Laboratory Analytical Procedures for biomass analysis provided
by the National Renewable Energy Laboratory (NREL) (CO, USA).
Accordingly, sugarcane bagasse was composed on a dry weight
basis of 19% lignin, 58% glucan, 23% xylan, 3% arabinan, 4% ash
and 7% extractives.

Sugarcane bagasse hydrolysate was obtained in a steam
explosion plant equipped with a 19 L reactor vessel, a collec-
tion tank and a 40 bar electrical boiler. Milled sugarcane bagasse
samples were dried in a drying chamber to a final moisture con-
tent of 10% (w/w). Aliquots of the resulting material were loaded
into the steam pre-treatment reactor and treated at 200°C for
10 min. After the material was exploded, the hydrolysate was
removed using a locally-manufactured dead-end press with the
remaining solids having a moisture content of 40% (w/w). The
hydrolysate was refrigerated at pH 2.5 until use. Sugars and
inhibitors concentrations were analyzed by High Performance
Liquid Chromatography (HPLC).

To evaluate the fermentation performance of yeast strains on
sugarcane hydrolysate, increasing concentrations (5, 10, 20, 30,
40%, v/v) of sugarcane hydrolysate, hereafter, referred to as SH
(Sugarcane Hydrolysate), were formulated with redistilled water
and named 5% SH, 10% SH, 20% SH, 30% SH and 40% SH, respec-
tively.

DNA manipulation and plasmids construction

Restriction enzyme digestion, electrophoresis, DNA ligation,
isolation and transformation were performed using standard
methods according to Sambrook and Russell (Sambrook and
Russell 2001). DNA fragments were purified from agarose gels
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Table 1. Plasmids and strains used in this study.
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Plasmid/Strain Relevant genotype Reference

pBKD1 bla §-sites-PGK1p-PGK1t TEF1p®-KanMX-TEF17%- § (Mcbride et al. 2008)
-sites

pBKD2 bla §-sites-ENO1p-ENO1r TEF1p*-KanMX-TEF11%- § (Mcbride et al. 2008)
-sites

pBKD1-BGL1 bla §-sites-PGK1p-XYNSEC-BGL1-PGK1t (Mcbride et al. 2008)

TEF1p*-KanMX-TEF17%-§-sites

PBKD1-Pccbgllb

bla §-sites-PGK1p- XYNSEC- Pccbgllb -PGK1r

This work

TEF1p®-KanMX-TEF11%-5-sites

PBKD1-Pccbgll

bla §-sites-PGK1p- XYNSEC- Pccbgl1-PGK1rt

This work

TEF1p%-KanMX-TEF11%- §-sites

PBKD2-BGL1

bla §-sites-ENO1p- XYNSEC-BGL1-ENO1t

This work

TEF1p%-KanMX-TEF11%-5-sites

PBKD2-Pccbgllb

bla §-sites-ENO1p- XYNSEC- Pccbgllb -ENO1r

This work

TEF1p*-KanMX-TEF17%-§-sites

PBKD2-Pccbgll

bla §-sites-ENO1p- XYNSEC- Pccbgl1-ENO1r

This work

TEF1p*-KanMX-TEF11%-§-sites

E. coli ]M109

endAl, recAl, gyrA96, thi, hsdR17 (r,~, my ™), relAl,

Promega (Fitchburg, MI, USA)

supE44, A(lac-proAB), [F" traD36, proAB, laql1ZAM15]

S. cerevisiae M2n

S. cerevisiae M2n[pBKD2-Pccbgl1]-C1
S. cerevisiae Y294

S. cerevisiae Y294[Pccbgll]

Industrial distillery strain

Pccbgll multiple copy §-integration
a leu2-3112 ura3-52 his3 trp1-289
URA3 ENO1p-XYNSEC- Pccbgll-ENO1r

(Favaro et al. 2015)

This work

ATCC 201 160

(Njokweni, Rose and van Zyl 2012)

aTEF1 promoter and terminator from Ashbya gossypii

with Wizard® SV Gel and PCR Clean-Up System (Promega, Fitch-
burg, MI, USA). Restriction enzymes were supplied by New Eng-
land Biolabs (Ipswich, MA, USA) and Fermentas—Thermo Fisher
Scientific (Waltham, MA, USA). T4 DNA ligase and RNAse were
provided by New England Biolabs (Ipswich, MA, USA) and Sigma-
Aldrich (Saint Louis, MO, USA), respectively.

The protein accession numbers of S. fibuligera BGL1 and P.
chrysosporium Pccbgllb and Pccbgll are AAA34314.1, Q25BW4.1
and AAC26489.1, respectively.

The S. fibuligera BGL1 and P. chrysosporium Pccbgllb and
Pccbgll were obtained from the pBKD1-BGL1, pBKD1-Pccbgllb
and pBKD1-Pccbgll plasmids using Pacl and Ascl restriction
enzymes, respectively. The genes were subcloned into the same
restriction sites of pBKD2, generating pBKD2-BGL1, pBKD2-
Pccbgllb and pBKD2-Pccbgll, respectively.

Yeast transformation

The industrial M2n strain was engineered by §-integration.
PBKD1-BGL1 and pBKD2-BGL1 plasmids were digested using Xhol
and Puull. pBKD1- Pccbgllb, pBKD1- Pccbgll, pBKD2- Pccbgllb
and pBKD2-Pccbgll were digested with Accl and ApalLl. Transfor-
mants were selected on YPD plates supplemented with 1 M sor-
bitol and with 200 ng/mL geneticin.

Mitotic stability of the transformants was evaluated accord-
ing to Favaro et al. 2012. Strains were cultivated in non-selective
YPD broth and incubated on a rotating wheel at 30°C. A 0.1%
v/v sample was obtained daily and sequentially transferred to
5 mL batch cultures. After 120 generations, appropriate serial
dilutions were plated onto YPD agar and esculin plates with or
without supplementation with geneticin (200 pg/mL). Esculin
was used as indicator of B-glucosidase activity, as described
below. Stable transformants indicated a comparable number of
colonies both in the presence and in absence of selective pres-
sure after 48 h incubation at 30°C.

Enzyme activity assays

Antibiotic resistant S. cerevisiae strains were transferred onto
esculin plates (SC plates supplemented with 1 g/L esculin and 0.5
g/L ferric citrate) and incubated at 30°C for 2 days. The formation
of a dark halo of precipitated esculetin around the colony was
indicative of B-glucosidase activity (Njokweni, Rose and van Zyl
2012). The enzymatic activity was assessed quantitatively using
4-nitrophenyl g-D-glucopyranoside (pNPG) (Njokweni, Rose and
van Zyl 2012). Saccharomyces cerevisiae strains were grown in YPD
medium for 48 h. Samples of whole cell cultures (10 pL) were
added to a 90 pL mixture containing 88 pL 0.05 M citrate buffer
pH 5.0 and 2 pL 0.25 M pNPG in 96-well plates. After 15 min
incubation at 60°C, 100 puL 1 M Na,COs; was added to termi-
nate the enzymatic reaction. The parental S. cerevisiae M2n strain
and the recombinant S. cerevisiae Y294[Pccbgl1] laboratory strain
were used as negative and positive control strains, respectively.
The absorbance was measured at 400 nm with a Spectrafluor
microtiter reader (Tecan, Mannedorf, Switzerland).

Enzymatic activities were expressed as nkat/mL, which is
defined as the enzyme activity needed to release 1 nmol of 4-
Nitrophenol (Sigma-Aldrich, Saint Louis, MO, USA) per second
per mL of culture. Enzymatic activities were also reported as
nanokatals per gram dry cell weight (nkat/(g DCW)), which is
defined as the enzyme activity needed to release 1 nmol of 4-
nitrophenol per second per gram dry cell weight. The experi-
ments were carried out in triplicate.

Yeast strains were inoculated into 60 mL YPD medium in
250 mL Erlenmeyer flasks at an initial ODgy of 0.2 and incu-
bated at 30°C for 72 h. Samples were taken at 24 h intervals to
determine DCW as previously described (Den Haan et al. 2007).
The B-glucosidase activity was determined for the (i) the super-
natant of the cell culture, (ii) the yeast cells and (iii) the whole
cell culture at 50°C using 0.05 M citrate buffer (at pH 4.0, 5.0 and
6.0). Supernatant was obtained by centrifugation of the cell cul-
ture (4000 x g for 2 min). The initial sample volume (1 mL) was
restored by adding an appropriate amount of sterile deionized
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water to the supernatant and the pelleted cells to compare enzy-
matic activities displayed in the different systems.

Optimal pH for Pccbgll was determined at 60°C in 0.05 M cit-
rate buffer (at pH 4.0, 4.5, 5.0, 5.5 and 6.0) and 0.05 M citrate-
phosphate buffer (at pH 2.5, 3.0 and 3.5) using the cell-free super-
natant. Effect of temperature on enzymatic activity was deter-
mined at 30, 40, 50, 60 and 70°C in 0.05 M citrate buffer at the
optimal pH.

The effect of temperature on the enzymatic stability was
determined by incubating the supernatant of yeast cultures
(grown in YPD at 30°C for 48 h) in water bath at different tem-
peratures (30, 40 and 60°C) for increasing residence time. At spe-
cific intervals, ranging from 0 to 24 h and, from 1 to 20 min at
60°C, samples of the supernatant were removed and the resid-
ual enzymatic activity determined.

The stability of Pccbgll was evaluated in the presence of SH
20%. The supernatant of yeast cultures grown in YPD at 30°C for
48 h was supplemented with 20% SH. In the control condition,
the same volume of water was added instead of SH. The solu-
tions were incubated at 30°C. Samples were obtained at specific
intervals, ranging from 0 to 144 h, and the residual enzymatic
activity determined.

Growth kinetics

Yeast aerobic growth was studied in buffered (citrate buffer 0.05
M pH 5.0) and unbuffered SC medium supplemented with 10 g/L
cellobiose or the equivalent molar amount of glucose (10.53 g/L).
Saccharomyces cerevisiae Y294[Pccbgll] required supplementation
with tryptophan (76 mg/L), histidine (76 mg/L) and leucine (360
mg/L) to ensure auxotrophic growth. Media were sterilized using
a 0.22 um sterile filter. Pre-cultures were cultivated to station-
ary phase in unbuffered medium containing glucose. Cells were
centrifuged at 5400 x g for 3 min, washed twice with a saline
solution (0.9% NaCl) and used to inoculate 120 mL medium to
an (ODggo) of 0.2 in triplicate experiments and incubated at 30°C
on a rotary shaker for 100 h. Cultures were periodically sampled
to measure ODggo and to detect cellobiose, glucose and ethanol
concentration with HPLC.

Screening for inhibitor tolerance

The S. cerevisiae M2n[pBKD2-Pccbgll]-C1 and Y294[Pccbgll]
strains were assessed for the ability to sustain growth in defined
medium in the presence of sugarcane bagasse pre-hydrolysate
(SH). Yeast strains were cultivated overnight in unbuffered SC
medium containing 10.53 g/L glucose. The cultures were cen-
trifuged at 5400 x g for 3 min, washed twice with a saline solu-
tion (0.9% NaCl) and used to inoculate 5 mL of SC medium con-
taining either 10.53 g/L glucose or cellobiose (10 g/L) and glu-
cose (1 g/L) to an initial ODggo of 1.0, using 15 mL test tubes. The
media were supplemented with different concentrations of SH:
0%, 10%, 20%, 30% and 40% (v/v) and the pH adjusted to pH 5.0
with 5 M NaOH (followed by filter sterilization; 0.22 um) prior to
inoculation. Strains were cultivated for 48 h at 30°C on a rotating
mixer. The inhibitor tolerance of the strains was assessed based
on the relative growth (ODggo value, %), calculated as the ratio
between the increment in ODgg of cell cultures with or without
supplementation with SH.

O D fushy — O Dipgsh)

Relative growth = - ,
J O D fushy — O Dipssh)

where ODf and ODi indicate final and initial ODggo, respectively,
and n%SH each concentration of SH tested.

Small-scale fermentation studies

Fermentation performances were assessed in buffered and
unbuffered SC medium supplemented with glucose or cellobiose
(as described in the Growth kinetics section), containing 0% SH,
5% SH, 10% SH, 20% SH and 30% SH. In the presence of SH, the pH
was adjusted to 5.0 with 5 M NaOH. In fermentation experiments
involving the exogenous addition of recombinant -glucosidase
produced by M2n[pBKD2-Pccbgl1]-C1, volumes of supernatant of
a 24 h aerobic culture of S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 were
added to the fermentation medium to obtain a starting enzy-
matic activity of 20 nkat/mL.

Pre-cultures of yeast strains grown to early stationary phase
in unbuffered broth containing 10.53 g/L glucose were used as
inoculum. Cells were collected, washed as described in Growth
kinetics and used to inoculate 100 mL medium to an initial ODggg
of 1.0 in triplicate experiments using 120 mL glass serum bottles.
The small-scale fermentations were carried out under oxygen-
limited conditions. The bottles were sealed with rubber stop-
pers, incubated at 30°C and mixed on a magnetic stirrer. Syringe
needles pierced through the bottle stopper served for sam-
pling purposes and carbon dioxide removal. Yeast growth was
measured as absorbance at 600 nm. Samples obtained before
and during fermentation were analyzed for glucose, cellobiose,
ethanol, glycerol, furfural, HMF and acetic acid content using
HPLC.

Analytical methods, calculations and statistical
analysis

Sugars, glycerol and ethanol were detected in samples, filtered
through 0.22-pum, and diluted prior to HPLC analysis (Favaro
etal. 2017). In short, liquid chromatography analysis was accom-
plished using a Shimadzu Nexera HPLC system, with a RID-
10A refractive index detector (Shimadzu, Kyoto, Japan) and a
Phenomenex Rezex ROA-Organic Acid H* (8%) column (300
mm x 7.8 mm). The column temperature was set at 65°C and
the flow rate was 0.6 mL/min using isocratic elution, with 0.01
M H,S0,4 as a mobile phase.

The ethanol yield, (g of ethanol/g of utilized glucose
equivalent) was determined considering the amount of glu-
cose/cellobiose consumed during the fermentation and com-
pared to the maximum theoretical yield of 0.51 g of ethanol/g
of consumed glucose equivalent.

Statistical analyses were assessed using the Graphpad Prism
5 package (Graphpad Software, Inc., San Diego, California).
Descriptive statistics, mean values and standard deviations
were calculated. Data were analyzed also by two ways factorial
ANOVA (Analysis Of Variance) with Duncan test.

RESULTS AND DISCUSSION

Integrative plasmid construction and yeast
transformation

A first step towards obtaining a cellulolytic CBP yeast will be g-
glucosidase expression in the industrial S. cerevisiae M2n strain
(Favaro et al. 2015). The S. fibuligera BGL1 and the P. chrysosporium
Pccbgllb and Pccbgll previously indicated high levels of activities
when expressed in laboratory strains from multicopy plasmids
(Van Rooyen et al. 2005; Njokweni, Rose and van Zyl 2012). These
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genes were selected for integration into the §-sequences of the
M2n industrial yeast strain and the Trichoderma reesei -xylanase
2 secretion signal (XYNSEC) was provided for efficient secretion
of the p-glucosidase enzymes. BGL1, Pccbgllb and Pccbgll were,
respectively, cloned into the integrative plasmids pBKD1 (regula-
tory control of the constitutive S. cerevisiae PGK1 promoter) and
PpBKD2 (regulatory control of the constitutive S. cerevisiae ENO1
promoter).

All vectors were linearized prior to electrotransformation
of the S. cerevisiae M2n parental strain. Recombinant clones
were identified by producing black zones surrounding the
colonies upon growth on esculin plates and the strains with the
largest halos were selected. Their extracellular g-glucosidase
activity was subsequently quantified using 4-nitrophenyl-8-D-
glucopyranoside (pNPG) as substrate (see Table S1, Supporting
Information). B-glucosidase activity of the recombinants ranged
from nearly 150 to 3500 nanokatals per gram of dry cell weight
(nkat/(g DCW)) and the strain M2n[pBKD2-Pccbgl1]-C1, secreting
the P. chrysosporium Pccbgl1, selected for further study based on
the activity displayed on esculin plates and its ability to grow
on cellobiose as the only carbohydrate source (Fig. 1A and B). On
the contrary, the parental yeast demonstrated no g-glucosidase
activity or growth on cellobiose. The M2n[pBKD2-Pccbgll]-C1
strain was found to be mitotically stable as the yeast main-
tained both the geneticin resistance and the hydrolytic activity
on esculin plate.

Characterization of the recombinant g-glucosidase

The B-glucosidase activity displayed by M2n[pBKD2-Pccbgl1]-C1
was determined in whole cell culture, the supernatant and cell-
associated fraction assays. At all pH values tested, the activ-
ity in the supernatant represented about 80% of the total activ-
ity detected in the cell culture (Table 2), indicating that Pccbgll
is mostly secreted extracellularly and the XYNSEC sequence
successfully mediated the protein secretion. A portion of the
enzyme, however, remains cell-associated. This finding is con-
sistent with previous reports expressing the same Pccbgll gene
in laboratory yeast strains (Njokweni, Rose and van Zyl 2012).
Once assayed at 50°C, Pccbgl1 displayed maximum pNPG hydrol-
ysis at pH 5.0 (Fig. 1C). At pH 3.0 and 2.5, the activity was reduced
by 92 and 99%, respectively. At the optimal pH of 5.0, the activity
peaked at 60°C (Fig. 1D).

The highest enzymatic activity in cell-free supernatant was
quantified as 3500 nkat/(g DCW), after incubating a cell culture
of M2n[pBKD2-Pccbgl1]-C1 at 30°C for 48 h in rich YPD. When
cultured in defined Synthetic Complete (SC) broth, the recombi-
nant showed a 1800 nkat/(g DCW) g-glucosidase activity. Unlike
rich medium, defined media lack amino acids and other biosyn-
thetic precursors resulting in reduced growth and lower enzy-
matic activity (Hahn-Héagerdal et al. 2005; Favaro et al. 2013b).

Enzyme thermostability is a desirable attribute in industrial
processes, including bioethanol production from lignocellulosic
substrates. Therefore, the stability of the Pccbgll enzyme was
evaluated at 30°C, working temperature in industrial large-scale
fermenters (Siqueira et al. 2008), 40°C, conditions favorable to
thermotolerant yeast (Favaro et al. 2013a) and 60°C, optimal tem-
perature for Pccbgl1 (Fig. 1D). The Pccbgll displayed high stabil-
ity at 30°C and 40°C for 24 h (Fig. 1E). The enzymatic activity
was reduced to 44% within 5 min of incubation at 60°C with no
activity detected after 20 min (Fig. 1F). The ability to maintain
the hydrolytic efficiency at high temperatures results in reduced
need for enzyme replenishment, thus, lowering the cost of the
process (Bisaria and Kondo 2013). The higher activity displayed
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at 40°C indicates that Pccbgll is well suited for the expression
in thermotolerant yeast strains selected for high fermentation
yields at elevated temperatures (Favaro et al. 2013a). At 40°C the
substrate hydrolysis rate is double that of at 30°C (Fig. 1D), while
its activity remains stable at least for up to 24 h after secretion
(Fig. 1E).

Aerobic growth on glucose or cellobiose

This research was specifically intended to compare the phe-
notypic outputs of two engineered platforms (laboratory vs
wild type) for the production of ethanol from cellobiose. §-
integration applied to the laboratory yeast Y294 yielded recom-
binants expressing Pccbgll with limited enzymatic activities (up
to 470 + 19 nkat/g DCW) not comparable to those described
for M2n[pBKD2-Pccbgl1]-C1 (Table 2). The Y294[Pccbgll] strain
expressing the same gene from an episomal plasmid displayed a
B-glucosidase activity 3-fold higher (Njokweni, Rose and van Zyl
2012) than that of M2n[pBKD2-Pccbgl1]-C1 and was considered
the most suitable laboratory benchmark yeast for M2n[pBKD2-
Pccbgl1]-C1.

The industrial M2n[pBKD2-Pccbgl1]-C1 strain and the S. cere-
visiae Y294[Pccbgll] laboratory strain were then aerobically eval-
uated for their ability to consume glucose or cellobiose, in both
buffered and unbuffered SC (Fig. 2). Parental S. cerevisiae M2n was
used as reference strain.

In unbuffered broth (black lines), the M2n[pBKD2-Pccbgl1]-C1
quickly consumed the glucose, reaching a final optical density
at 600 nm (ODgqo) of 6.8 (Fig. 2A). Growth kinetics of the recom-
binant strain are comparable to those showed by the parental
M2n strain (Fig. 2B), indicating that yeast transformation and
B-glucosidase production do not cause any major metabolic
burden to the recombinant yeast. On cellobiose in unbuffered
medium, M2n[pBKD2-Pccbgl1]-C1 reached a final ODggo of 4.6
after 100 h (Fig. 2D). The recombinant strain consumed only 3.3
g/L of cellobiose. As expected, the parental M2n strain displayed
no growth on cellobiose as sole carbohydrate source (Fig. 2E).

Laboratory Y294[Pccbgll] strain reached a final ODggo of 5.5
after 48 h when cultured on glucose (Fig. 2C) and a final ODggo
of 6.2 on cellobiose in unbuffered medium (Fig. 2F). The major-
ity of cellobiose (9.5 g/L out of 10 g/L) was consumed, which is
attributed to the high copy-number expression of Pccbgll from
multicopy episomal plasmids.

The yeast strains were also evaluated in buffered SC medium
(0.05 M citrate buffer, pH5), containing glucose or cellobiose (Fig.
2, gray lines), since a change in pH significantly affects the g-
glucosidase activity (Fig. 1C). The M2n[pBKD2-Pccbgl1]-C1 and
M2n strains exhibited more biomass production on glucose in
buffered than in unbuffered medium, showing similar kinetics.
The glucose was completely depleted after 8 h. The two strains
reached similar optical densities, about 2 times higher than in
unbuffered medium (Fig. 2A and b). Increased optical density in
buffered medium can be explained by considering the dimin-
ished necessity to pump protons out of the cell in order to main-
tain a stable cytoplasmic pH, which occurs at the expense of ATP
(Piper et al. 1998). In fact, an increase in ATP requirement results
in a lower biomass yield. In addition, acidification of the cyto-
plasm causes the inhibition of essential metabolic functions,
including glycolysis (Pampulha and Loureiro-Dias 2000).

The M2n[pBKD2-Pccbgll]-C1 strain consumed all the cel-
lobiose available in the buffered system (Fig. 2D). As a conse-
quence, the final ODgy of the recombinant strain in buffered
broth containing cellobiose was 1.5-fold higher than in glucose
(Fig. 2A).
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Figure 1. Characterization of the recombinant Pccbgl1 secreted by S. cerevisiae M2n[pBKD2-Pccbgl1]-C1. Extracellular g-glucosidase activity resulted in (A) the formation
of a dark halo on SC plates containing esculin or (B) growth on cellobiose as sole carbon source. Saccharomyces cerevisiae M2n served as negative control. The secreted
Pccbgll was used to determine the effect of pH (C) and temperature (D) on g-glucosidase activity. The stability of the Pccbgll was monitored at different temperatures
over 24 h (E, F). Activity is expressed as a percentage of the highest value. Data shown are the mean values of three replicates and standard deviations are included.

Table 2. Enzymatic activity of Pccbgll secreted by M2n[pBKD2-Pccbgl1].

pH
4.0 5.0 6.0
Whole cell culture 1268 + 242 2492 + 49 1044 + 143
Supernatant 1054 £+ 13 1988 + 105 795 + 12
Cell-bound 443 + 170 649 + 9 206 + 23

M2n[pBKD2-Pccbgll] was cultured for 48 h in YPD medium. The enzymatic activity, expressed in nkat/(g DCW), was measured at 50°C at different pH values. Data

shown are the mean values of three replicates and standard deviations are included.

Fermentation is a much less efficient mechanism for energy
production than respiration and, as a result, less biomass is pro-
duced (Gombert et al. 2001). When using glucose as sole car-
bon source, M2n[pBKD2-Pccbgl1]-C1 is more prone to convert the
sugar into biomass through the least efficient aerobic fermenta-
tion (Crabtree effect), mainly in the early growth phases, when
glucose concentration is high. Instead, when cellobiose is slowly
cleaved into glucose, the sugar may never reach the concentra-
tion that triggers aerobic fermentation. In these conditions, the

sugar is then converted into energy via the more efficient respi-
ration route, thus supporting higher biomass yield.

The Y294[Pccbgll] laboratory strain reached slightly lower
optical density value than M2n[pBKD2-Pccbgll]-C1 and the
parental M2n strains. The final ODgyo Was 5.0 when cultured
in buffered medium containing glucose (Fig. 2C) and 5.8 on
cellobiose (Fig. 2F), similarly to what detected in unbuffered
medium (black lines). In cellobiose Y294[Pccbgll] did not show
final ODggo significantly higher than in glucose, which can be
explained by the quick turn over of cellobiose into glucose due to
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Figure 2. Aerobic growth kinetics from glucose or cellobiose by recombinant yeast strains expressing Pccbgll. The S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 (A, D), M2n (B, E)
and Y294[Pccbgll] (C, F) strains were aerobically cultivated in unbuffered (black lines) and buffered (grey lines) SC broth, respectively, containing glucose (10.53 g/L) (A,
B, C) or cellobiose (10 g/L) (D, E, F) as sole carbohydrate source. Data shown are the mean values of three replicates and standard deviations are included.

the increased g-glucosidase production obtained by multicopy
gene expression. Glucose concentrations as low as 0.15 g/L were
shown to cause this phenomenon in S. cerevisiae, being strongly
strain-dependent (Verduyn et al. 1984). HPLC analysis indicated
ethanol production consequently to the decrease of cellobiose in
both buffered and unbuffered medium (data not shown), further
supporting this hypothesis.

Fermentation performances on glucose and cellobiose

The S. cerevisiae M2n[pBKD2-Pccbgl1]-C1, M2n and Y294[Pccbglil]
strains were evaluated in small scale fermentations in
unbuffered and buffered SC medium containing glucose
and cellobiose as sole carbohydrate sources. The recombi-
nant M2n[pBKD2-Pccbgl1]-C1 exhibited a fermentation pattern
similar to that of the parental strain in unbuffered medium
containing glucose (Fig. 3A and B). Both yeast consumed
the entire carbohydrate source available, yielding 4.3 g/L of
ethanol after 6 h, corresponding to 80% of the theoretical
yield. Similarly, final ODgg reached about 3.40, confirming no
evident metabolic burden on strain M2n[pBKD2-Pccbgl1]-C1. The
strain M2n[pBKD2-Pccbgl1]-C1 could not utilize all cellobiose
in unbuffered medium (Fig. 3D). About 1 g/L remained after
144 h of fermentation. The strain produced 3.6 g/L of ethanol,
corresponding to 67% of the theoretical yield. As expected, the
parental M2n strain was not capable of fermenting cellobiose
(Fig. 3E).

Laboratory strain Y294[Pccbgll] showed final ethanol yield
from glucose (4.3 g/L, 80% of the theoretical) identical to the
other strains in unbuffered medium, yet at a lower fermenta-
tion rate, completely consuming glucose only after 24 h (Fig. 3C).

From cellobiose, the Y294[Pccbgll] strain exhibited a similar fer-
mentation profile to M2n[pBKD2-Pccbgl1]-C1 (Fig. 3F). However,
the laboratory strain consumed all cellobiose available, produc-
ing 4.2 g/L of ethanol, which corresponds to 78% of the theoreti-
cal yield due to the higher volumetric enzymatic activity. There-
fore, the ethanol productivity on cellobiose was similar to that
of glucose (Fig. 3C).

The use of buffer did not benefit the M2n and Y294[Pccbgl1]
strains’ fermentations (Fig. 3E and F), but was beneficial to the
cellobiose fermentation by M2n[pBKD2-Pccbgl1]-C1, which com-
pletely consumed all the disaccharide (Fig. 3D). The recombinant
strain produced 3.9 g/L of ethanol, corresponding to 73% of the
theoretical yield. As a result, cellobiose fermentation in buffered
system resulted in a 10% improvement in final ethanol concen-
tration, compared to fermentation in unbuffered broth.

Screening for inhibitor tolerance

The two engineered strains were then evaluated for their abil-
ity to withstand increasing concentrations of SH, obtained after
steam explosion of sugarcane bagasse. This substrate is one of
the most available lignocellulosic feedstocks in the world and,
together with steam pre-treatment, which is one of the most
commonly used pre-treatments (Duque et al. 2016), would result
in representative conditions for world-wide bioethanol produc-
tion.

After steam pretreatment of sugarcane bagasse at 200°C for
10 min, limited levels of sugars (mainly xylose and cellobiose)
and high inhibitor concentrations, including 3.0 g/L furaldehy-
des, more than 19 g/L weak acids and considerable levels of
aldehydes and phenolic acids were detected in the hydrolysate
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Figure 3. Ethanol production under oxygen limited conditions from glucose or cellobiose by recombinant yeast strains expressing Pccbgll. The S. cerevisiae M2n[pBKD2-
Pccbgl1]-C1 (A, D), M2n (B, E) and Y294[Pccbgli] (C, F) strains were cultivated under oxygen-limited conditions in unbuffered (black lines) and buffered (gray lines) SC
broth containing glucose (10.53 g/L) (A, B, C) or cellobiose (10 g/L) (D, E, F) as sole carbohydrate source. Data shown are the mean values of three replicates and standard

deviations are included.

Table 3. Composition of steam-exploded sugarcane bagasse
hydrolysate used in this study.

Component Concentration
Cellobiose (g/L) 1.9
Glucose (g/L) 0.9
Xylose (g/L) 7.9
Arabinose (g/L) 0.8
Formic acid (g/L) 3.0
Acetic acid (g/L) 16.3
HMF (g/L) 0.7
Furfural (g/L) 2.3
Gallic acid (mg/L) 4.5
Vanillin (mg/L) 260.0
Syringaldehyde (mg/L) 29.5
Ferulic acid (mg/L) 29.4
Vanillic acid (mg/L) 32.0
Syringic acid (mg/L) 46.0
p-Coumaric acid (mg/L) 84.9

SH (Table 3). This composition is comparable to those recently
described after sugarcane bagasse steam explosion by other
authors (Martin et al. 2002; Favaro et al. 2013a; Verardi et al. 2016).
Martin and colleagues, for instance, described the failure of their
yeast strain to ferment a steam-exploded sugarcane hydrolysate
with 7.4 g/L weak acids and 4.5 g/L furans.

The yeast strains were first evaluated then for their ability to
grow aerobically in SC medium containing either glucose (10.53

g/L) or cellobiose (10 g/L) and glucose (1 g/L) in the presence
of different concentrations of SH (0%, 10%, 20%, 30% and 40%).
ODggo was measured after 48 h of incubation. For each strain,
the tolerance was evaluated as relative growth (ODggo value, %)
by comparing the increase in ODggo observed for each tested SH
concentration and that measured in the control culture, not sup-
plemented with SH.

The M2n[pBKD2-Pccbgl1]-Clstrain exhibited the highest rela-
tive growth at each SH concentration (Table 4). In the presence of
30% SH in glucose-supplemented medium, this strain was capa-
ble of increasing the initial optical density by 44% compared to
the control, and by 28% in 40% SH. On the other hand, the growth
of Y294[Pccbgll] was severely affected when exposed to the low-
est concentration of SH. Similar results were observed in the
presence of both cellobiose and glucose, with an overall higher
growth reduction for both strains (Table 4). The general lack of
resistance to lignocellulosic inhibitors by the laboratory strain
and increased tolerance by industrial strain is consistent with
other studies found in literature (Demeke et al. 2013; Pereira et al.
2014; Favaro et al. 2016; Deparis et al. 2017; Kong et al. 2018).

Fermentation in lignocellulosic pre-hydrolysate

The M2n[pBKD2-Pccbgl1]-C1 and Y294[Pccbgll] strains were cul-
tivated under oxygen-limited conditions and evaluated in
SC containing different concentrations of SH (0%, 5%, 10%,
20% and 30%). In glucose-supplemented medium, S. cerevisiae
M2n[pBKD2-Pccbgll]-C1 confirmed its robustness as it was capa-
ble of growing significantly also in 30% SH as early as after 6 h
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Table 4. Relative aerobic growth in the presence of SH after 48 h of cultivation.

Relative growth (%)

Medium Strain 10% SH 20% SH 30% SH 40% SH

Glucose? M2n[pBKD2-Pccbgll]-C1 61 56 44 28
Y294[Pcchgll] 46 28 8 3

Cellobiose® M2n[pBKD2-Pccbgl1]-C1 79 48 32 0
Y294[Pcchgll] 63 21 0 0

2SC medium supplemented with 10.53 g/L glucose.
PSC medium supplemented with 10 g/L cellobiose and 1 g/L glucose.
Standard deviation was consistently less than 7%.

from inoculation (Fig. 4A). Moreover, glucose-to-ethanol conver-
sion was quite fast in every fermenting kinetic (Fig. 4C). The lab-
oratory strain, Y294[Pccbgll], showed little or no growth at 20%
SH or higher (Fig. 4B). The glucose consumption took longer and
Y294[Pccbgll] consumed all glucose available only by 24 h, with
the exception of 30% SH (Fig. 4D).

Overall, ethanol levels were similar for both strains, with
increased production at higher concentration of SH. In the con-
trol broth, the M2n[pBKD2-Pccbgl1]-C1 and Y294[Pccbgll] strains
produced about 4.4 g/L ethanol, corresponding to 82% of the the-
oretical, whereas the highest ethanol concentrations (nearly 6
g/L) were obtained for both strains in the presence of 30% SH,
exceeding the maximum theoretical yield (5.4 g/L). This find-
ing can be partly explained by the presence of additional fer-
mentable sugars in SH, including glucose, which amounts for
0.9 g/L (Table 3), and possibly other previously undetected sub-
strates that the yeast may have used as unconventional carbon
source(s). Furthermore, yeast metabolism may have rerouted a
significant part of the energy available to ethanol production
to detoxify inhibitors at the expense of biomass production.
This hypothesis seems to be supported by ODggo values nega-
tively correlating with SH loads and ethanol production for both
strains (Fig. 4). Moreover, HPLC analysis indicates the presence
of increasing concentrations of acetic acid in all fermentation
media, up to 6 g/L (0.1 M) in 30% SH (data not shown). The occur-
rence of several weak acids, including acetic acid, in SH is known
to promote ethanol production at the expense of biomass (Lars-
son et al. 1999; Palmqvist and Hahn-Hagerdal 2000; Pampulha
and Loureiro-Dias 2000).

In the presence of cellobiose and SH, the M2n[pBKD2-
Pccbgll]-C1 strain was not capable of producing considerable
biomass or ethanol (Fig. 5A and C). In 5% SH, the strain reached a
final ODgqp of 1.40 after 96 h. At higher SH concentrations, lower
or no biomass increase was detected. Ethanol production was
limited, ranging from 0.8 g/L in 30% SH to 1.0 g/L in 5% to 20% SH
(Fig. 4C). The available glucose, amounting to 1.0 g/L, was rapidly
consumed under all conditions, while up to 1.0 g/L of cellobiose
was fermented (Fig. 5C).

The Y294[Pccbgll] strain reached similar optical densities to
those displayed from glucose (Fig. 5B). Cellobiose was com-
pletely consumed in less than 24 h in 10% SH. However, at
higher SH concentrations, the strain performed worse than in
glucose (Fig. 4B). Complete hydrolysis of the substrate in 20% SH
required up to 48 h, while only about 40% of the available cel-
lobiose was consumed after 48 h in 30% SH (Fig. 5D). Similarly
to that observed on glucose, final ethanol production negatively
correlates with the amount of sugarcane pre-hydrolysate in the
medium, up to 20% SH. The Y294[Pccbgll] strain produced almost
6 g/L of ethanol in 20% SH, yet with a lower productivity com-
pared to the other SH concentrations. Instead, the inability to

consume all the substrate in 30% SH was reflected in the final
ethanol concentration (Fig. 5D).

Biomass production and fermentative performances from
cellobiose were severely impaired, particularly in M2n[pBKD2-
Pccbgll]-C1, by the presence of increasing concentrations of
SH under oxygen-limited conditions. A number of chemical
species typically contained in lignocellulosic pre-hydrolysates
has an inhibitory effect on cellulases, including g-glucosidases
(Jonsson, Alriksson and Nilvebrant 2013; Mhlongo et al. 2015).
The slow or limited cellobiose hydrolysis could be linked to
the inhibition or deactivation of Pccbgll mediated by the SH
inhibitors. As reported in Materials and Methods section, the
long-term exposure of Pccbgll to SH has been assessed indi-
cating no enzymatic inhibition or deactivation. The recombi-
nant protein indeed retained its 99% activity after incubation
at 30°C for 72 h in the presence of 20%SH. Therefore, the lim-
ited ability of S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 to ferment cel-
lobiose in the presence of SH should be ascribed to the low level
of B-glucosidase production rather than enzyme inhibition. The
amount of ATP obtained via the fermentative pathway is signif-
icantly lower than in aerobiosis (Lagunas et al. 1986). Therefore,
itis expected that higher cellobiose hydrolysis is required under
anaerobic conditions than in the presence of oxygen, to cope
with high amounts of inhibitors and to increase biomass. The
low amount of Pccbgll activity (about 8 nkat/mL) available in
the medium during the onset of fermentation with M2n[pBKD2-
Pccbgl1]-C1 could be responsible for an overall limited enzymatic
activity, which impedes further utilization of the available car-
bon source.

The fermentation conditions were finely tuned in presence of
a high concentration of SH (20% v/v) to improve the M2n[pBKD2-
Pccbgl1]-C1 fermentation ability. The medium composition was
doubled (2 x SC, 10 g/L cellobiose) since the amount of available
nitrogen is known to have an effect on yeast cell growth and
enzymatic activity (Hahn-Hagerdal et al. 2005). Spent medium
containing Pccbgll from a 24-h M2n[pBKD2-Pccbgl1]-C1 culture
was used to boost the conversion of cellobiose to ethanol. Ref-
erence fermentations were carried out using 2 x SC without the
addition of Pccbgll. Under the same experimental conditions,
the laboratory strain Y294[Pccbgll] displayed ethanol levels and
profiles not significantly different from those reported in Fig.
5D, using only SC broth (data not shown). This finding could be
explained considering that the laboratory strain produces high
B-glucosidase activity and the supplementation of 2 x SC and
additional B-glucosidase did not significantly yield higher enzy-
matic activity and thus neither ethanol productivity or ethanol
yield in the laboratory yeast.

On the contrary, in the absence of SH, S. cerevisiae
M2n[pBKD2-Pccbgl1]-C1 obtained increased growth and ethanol
productivity in 2 x SC (Fig. 6A) compared to SC medium (Fig.
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Figure 4. Ethanol production under oxygen limited conditions from glucose by recombinant yeast strains expressing Pccbgll in the presence of steam exploded sug-
arcane pre-hydrolysate (SH). The S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 (A, C) and Y294[Pccbgll] (B, D) strains were cultivated under oxygen-limited conditions in SC
medium supplemented with glucose (10.53 g/L) in the presence of SH (0%, 5%, 10%, 20% and 30%, v/v). The optical density (A, B), glucose (black lines) and ethanol
(dotted lines) concentrations (C, D) were monitored over time. Data points represent the mean values of three replicates and standard deviations are included.

3D). Enzymatic activity rapidly increased with cell growth and
allowed the conversion of cellobiose into 4.6 g/L ethanol, cor-
responding to 78% of the theoretical yield. The addition of the
recombinant Pccbgll (20 nkat/mlL) strongly reduced the lag-
phase observed for M2n[pBKD2-Pccbgl1]-C1 with cultivation in
SC medium (Fig. 4D and 6B). The yeast was further able to secrete
functional B-glucosidase with a final volumetric activity of 40
nkat/mL. Consequently, the quick cell growth was supported by
the rapid depletion of cellobiose. A final concentration of 4.2 g/L
ethanol was obtained, amounting to 71% of the theoretical value.
Pccbgll supplementation at the beginning of the fermenta-
tion was also beneficial in the presence of 20% SH (Fig. 6C). Sac-
charomyces cerevisiae M2n[pBKD2-Pccbgl1]-C1 was able to grow
and deplete all the available cellobiose. The enzymatic activ-
ity and cellobiose consumption rate were lower than those
reported without SH (Fig. 6B). Nevertheless, 4.3 g/L of ethanol
was produced corresponding to 73% of the theoretical value. The
above results clearly confirmed that the reduced amount of 8-
glucosidase produced by the engineered strain was the limiting
step in the fermentation of cellobiose in the presence of SH.

CONCLUSIONS

This work assessed for the first time the suitability of two
host platforms (wild vs laboratory yeast) in a novel engineered
cellobiose-to-ethanol route under simulated industrial environ-
ment.

The high enzymatic activity ensured by multicopy plasmids
is a key factor to overcome the weakness to high inhibitors

concentrations, typical of laboratory yeast. On the contrary,
S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 confirmed that industrial
strain offers higher resistance to the same stressful conditions.
This strain could be a suitable candidate for lignocellulosic
ethanol production, yet requiring supplementation of additional
B-glucosidase to allow high ethanol yield. These findings sug-
gest that the choice of a proper and robust yeast strain to be engi-
neered for cellulase(s) secretion together with the high expres-
sion levels of the recombinant genes are crucial tools towards
the successful implementation of the engineered phenotypes at
industrial level.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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Figure 5. Ethanol production under oxygen limited conditions from cellobiose by recombinant yeast strains expressing Pccbgll in the presence of steam exploded
sugarcane pre-hydrolysate (SH). The S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 (A, C) and Y294[Pccbgll] (B, D) strains were cultivated under oxygen-limited conditions in SC
medium supplemented with cellobiose (10 g/L) and glucose (1 g/L) in the presence of SH (0%, 5%, 10%, 20% and 30%, v/v). The optical density (A, B), cellobiose (black
lines) and ethanol (dotted lines) concentrations (C, D) were monitored over time. Data shown are the mean values of three replicates and standard deviations are
included.
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Figure 6. Ethanol production under oxygen limited conditions from cellobiose by S. cerevisiae M2n[pBKD2-Pccbgl1]-C1 in the presence of 20% steam exploded sugarcane
pre-hydrolysate (SH). The strain was cultivated under oxygen-limited conditions in 2 x SC supplemented with cellobiose (10 g/L) and glucose (1 g/L) (A). The effect of
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