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Abstract

Enzymes have become indispensable tools in modern bioprocessing, offering sustainable and
high-specificity alternatives to traditional chemical catalysts. In the pulp and paper industry,
cellulases and amylases are increasingly used for reducing energy consumption, water use, and
reliance on harsh chemicals. However, industrial implementation is often constrained by the
need for catalytic activity under extreme conditions, such as elevated temperatures and alkaline
pH. Successful industrial use thus requires both robust enzyme candidates and production
systems capable of achieving high titers at low cost. Bacillus subtilis is a preferred microbial host
inindustrial platforms due to its GRAS (generally regarded as safe) or QPS (qualified presumption
of safety) status and secretion capacity, yet its utility is often limited by bottlenecks in
heterologous protein expression and secretion pathway, often leading to failed projects in both

academic and industrial settings.

Within this context, this thesis presents a cohesive set of four publications that address these
challenges through enzyme discovery and host strain engineering for developing advanced tools
to enhance heterologous protein production in B. subtilis. The first paper reports on the
identification and characterization of StachCel5, a novel GH5 endoglucanase mined from the
genome of Stachybotrys chartarum, a well-known fungus producing thermostable and alkali-
tolerant cellulases. Expressed in Komagataella phaffii, StachCel5 exhibited excellent
thermostability at 50 °C, broad pH activity (pH 4-9), and strong specificity for p-1,4-glucans.
Application in pulp refining demonstrated a 25% reduction in mechanical energy demand while
improving fiber bonding and paper strength without compromising fiber integrity. These
findings underline its potential for industrial use beyond paper and pulp industry, including in

the biofuel, food, and detergent sectors.

Nonetheless, for industrial application, enzymes must be produced efficiently and at scale to be
economically viable. The second paper of this thesis focuses on developing a modular, high-titer
expression platform in B. subtilis. By employing the CRISPR-Cas9 system alongside promoter
optimization, gene copy number modulation, and secretion enhancement, a stable and scalable
AmyQ a-amylase production platform was established. A multi-copy strain was designed with
up to six chromosomal amyQ copies under the dual promoter Pomyq-Pcryza, combined with
overexpression of the chaperone PrsA and signal peptidase SppA. The engineered strain reached
titers exceeding 1,400 U/mL in a 3 L bioreactor, demonstrating industrially relevant production

capacity.
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To overcome the time-intensive process of iterative genome editing, the third and fourth papers
introduce a novel CRISPR-Cas9-based multiplex genome engineering platform for B. subtilis,
featuring a colorimetric screening system based on the crtMN operon from Staphylococcus
aureus. This operon confers a bright yellow pigmentation on the host, which is visibly lost upon
successful gene replacement, enabling rapid, PCR-free selection of successful edited clones.
Three open-access, patent-free B. subtilis KO7-S strains were constructed with one to three
chromosomal crtMN insertions, along with a CRISPR-Cas9 single-plasmid toolkit (Paper 3). This
system enables simultaneous, scarless integration of up to three gene copies in a single step,
thus dramatically accelerating strain construction timelines. Building on this chassis, the fourth
study demonstrates its use in carotenoid biosynthesis. By co-integrating multiple crtMN copies,
enhancing precursor supply through fpps overexpression, and deleting yisP, a stable B. subtilis
strain was created that produces Cso carotenoids at levels comparable to medium-copy plasmid

systems, without the drawbacks of plasmid instability or antibiotic selection.

Together, these works define a robust pipeline for industrial biocatalyst development: from the
discovery of robust enzymes suitable for process-relevant conditions, to the construction of
stable and high-expression microbial platforms. This thesis contributes practical tools and

strategies towards more sustainable, energy-efficient, and economically viable bioprocesses.

Keywords: CRISPR-Cas9; Bacillus subtilis; Pulp and Paper Industry; Microbial Cell Factories;

Strain engineering; Amylase; Cellulase
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Els enzims s’han convertit en eines indispensables en la industria moderna, ja que ofereixen
alternatives sostenibles i d’alta especificitat als catalitzadors quimics tradicionals. A la indUstria
de la pastai el paper, les cel-lulases i les amilases s’utilitzen cada cop més per a reduir el consum
energetic, I'Gs d’aigua i la dependéncia de productes quimics agressius. Tanmateix, la seva
aplicacié a escala industrial sovint es veu limitada per la necessitat que mantinguin I’activitat
catalitica en condicions extremes, com ara temperatures elevades o pH alcali. Per tant, I’éxit en
I’'ambit industrial requereix tant d’enzims robustos com de sistemes de produccié capacos
d’assolir alts rendiments a baix cost. Bacillus subtilis és un hoste habitualment escollit com a
plataforma industrial gracies al seu estatus GRAS (generalment reconegut com a segur) o QPS
(presumpcié qualificada de seguretat) i la seva capacitat de secrecié. No obstant aixo, la seva
utilitat es veu sovint limitada per colls d’ampolla en I'expressié i la secrecié de proteines
heterologues, fet que pot conduir a 'abandonament de projectes tant en I'ambit académic com

en 'industrial.

En aquest context, aquesta tesi presenta un conjunt de quatre estudis que aborden aquests
reptes mitjancant el descobriment d’enzims i I’enginyeria de soques hostes, amb I'objectiu de
desenvolupar eines que permetin millorar la produccié de proteines heterologues en B. subtilis.
El primer article descriu la identificacié i caracteritzacié de StachCel5, una nova endoglucanasa
GHS5 descoberta al genoma de Stachybotrys chartarum, un fong conegut per produir cel-lulases
termo-estables i tolerants a ambients alcalins. Expressada a Komagataella phaffii, StachCel5 va
mostrar una gran estabilitat termica a 50 °C, activitat en un ampli interval de pH (4-9) i alta
especificitat per B-1,4-glucans. L’aplicacié d’aquest enzim en el refinat de pasta va permetre
reduir en un 25% el consum d’energia mecanica, alhora que millorava I’enllag entre fibres i la
resisténcia del paper, sense afectar la integritat de la fibra. Aquests resultats també posen de
manifest el seu potencial d’aplicacié més enlla de la industria de la pasta i el paper, incloent-hi

sectors com els biocombustibles, I'alimentacid i els detergents.

Tot i aix0, per ser economicament viables, aquests enzims han de poder ser produits de manera
eficient i a gran escala. En aquest sentit, el segon article de la tesi se centra en el
desenvolupament d’una plataforma d’expressié d’alt rendiment a B. subtilis. Mitjangant I’as del
sistema CRISPR-Cas9 combinat amb I'optimitzacié de promotors, la modulacié del nombre de
copies geniques i la millora de les rutes de secrecid, es va establir una plataforma estable i
escalable per a la produccié de I'a-amilasa AmyQ. D’aquesta manera, es va dissenyar una soca

amb fins a sis cOpies cromosomiques del gen amyQ sota el promotor dual Pamyq-Pcry3a, combinat
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amb la sobreexpressid de la xaperona PrsA i la peptidasa senyal SppA. La soca obtinguda va
assolir concentracions superiors a 1.400 U/mL en un bioreactor de 3 L, demostrant una capacitat

de produccio rellevant a nivell industrial.

Per a reduir el temps que requereix la integracié genomica iterativa, el tercer i quart article
presenten una nova plataforma d’enginyeria genomica basada en CRISPR-Cas9 per a B. subtilis,
amb un sistema de cribratge colorimetric basat en I'operé crtMN de Staphylococcus aureus.
Aquest operd confereix una pigmentacié groga intensa a I’hoste, que desapareix quan la
substitucid genica és exitosa, cosa que permet una seleccié rapida i sense PCR dels clons
correctament editats. Es van construir tres soques B. subtilis KO7-S d’accés obert i lliure de
patents, amb una, dues o tres insercions cromosomiques de I'operd crtMN, juntament amb una
eina CRISPR-Cas9 basada en un sol plasmidi (Article 3). Aquest sistema permet integrar fins a
tres copies geniques de manera simultania, reduint notablement els temps de construccio de
soques. A partir d’aquesta plataforma, el quart estudi n’aplica I'Gs a la biosintesi de
carotenoides. Mitjangant la integracié de multiples copies de crtMN i I'optimitzacié del
subministrament de precursors a través de la sobreexpressié de fpps i I'’eliminacié de yisP, es va
aconseguir desenvolupar una soca estable de B. subtilis capa¢ de produir carotenoides Czp a
nivells comparables als sistemes amb plasmidis de copia mitjana, pero sense els inconvenients

de la inestabilitat plasmidica ni la necessitat d’antibiotics.

En conjunt, aquests estudis defineixen un pla de treball robust per al desenvolupament de
biocatalitzadors industrials: des del descobriment d’enzims robustos adaptats a condicions de
procés industrial fins a la construccié de plataformes microbianes estables i d’elevada expressio.
Finalment, aquesta tesi aporta eines i estratégies practiques per avancgar cap a bioprocessos més

sostenibles, eficients energeticament i viables economicament.

Paraules clau: CRISPR-Cas9; Bacillus subtilis; Industria de la pasta i el paper; Fabriques cel-lulars

microbianes; Enginyeria de soques; Amilasa; Cel-lulasa
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Introduction

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) of the United Nations has established
that the rise in global temperatures is primarily caused by increased greenhouse gas (GHG)
emissions resulting from human activities. Within this context, the global energy system is the
bedrock of modern economies and societies. However, the production and consumption of
energy accounts for 75% of GHG emissions, making it the primary driver of climate change,
which threatens human existence worldwide through more frequent heatwaves, marine heat
events, heavy rainfall, reduced crop vyields, freshwater scarcity, and rising sea levels

(International Energy Agency, 2024; Eyring et al., 2021).

Industry, being the most energy-consuming and CO,-emitting end-use sector, accounts for 39%
of total final energy consumption and 45% of CO, emissions (IEA, 2024). Since 2000, industrial
emissions have surged by around 70%, largely due to rising global demand for industrial goods.
In 2022 alone, the sector emitted 9 gigatonnes (Gt) of CO,. Although emissions experienced
minor declines in 2020 and 2022, these reductions are far from sufficient to meet the
International Energy Agency’s (IEA) Net Zero Emissions by 2050 (NZE) target, which calls for a
reduction to 7 Gt CO, by 2030 (IEA, 2021, 2023). Achieving this goal will require direct industrial
emissions to drop by nearly 25% by the end of the decade, underscoring the need for urgent
and accelerated action. Additionally, despite advancements in cleaner technologies, fossil fuels
continue to dominate the energy mix in industry, posing a major challenge for decarbonization

efforts (IEA, 2021).

The Pulp and Paper Industry (PPI) ranks among the five most energy-intensive industrial sectors
and is widely recognized as a resource-intensive industry, requiring substantial amounts of
energy, water and chemicals throughout its processes. Notably, this industry accounts for
approximately 6% of global industrial energy consumption and contributes around 2% of direct
industrial CO; emissions (Furszyfer Del Rio et al., 2022). PPI is fundamental to daily life,
producing essential materials such as tissues, coffee filters, and packaging. Global paper
production already exceeds 400 million tons annually and is projected to reach 900 million tons
by 2050, driven by the growing demand for bio-based packaging solutions and increased
paperboard consumption, particularly in developing economies (Furszyfer Del Rio et al., 2022).
While the PPl has made notable progress in reducing emissions and adopting cleaner fuels, often
cited as a reference within industrial decarbonization efforts (Bergquist & Séderholm, 2018),
greater efforts are required to significantly cut emissions and align with the Net Zero Scenario

outlined by the IPCC and IEA (IEA, 2021; Eyring et al., 2021).
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In this regard, the development of more sustainable industrial processes supports some of the

United Nations Sustainable Development Goals (United Nations, 2015):

0
0'0

Goal 6. Ensure availability and sustainable management of water and sanitation for all.

0,
°

Goal 9. Build resilient infrastructure, promote inclusive and sustainable industrialization

and foster innovation.

2
0‘0

Goal 12. Ensure sustainable consumption and production patterns.

2
0‘0

Goal 13. Take urgent action to combat climate change and its impacts.

CLEAN WATER INDUSTRY, INNOVATION 1 RESPONSIBLE 13 CLIMATE
AND SANITATION AND INFRASTRUCTURE

CONSUMPTION
AND PRODUCTION

ACTION

1.1. Sustainable impact of Biotechnology in the Pulp and Paper Industry

The introduction of biotechnology into the PPl offers a promising pathway toward more
sustainable and environmentally friendly production processes, providing additional advantages
in developing cleaner technologies that yield high-quality final products. Enzymes, in particular,
have emerged as transformative biocatalysts, offering a powerful alternative to conventional
chemical treatments by enabling cleaner technologies, lowering energy consumption and
reducing the reliance on harsh chemicals (Saira & Vauhkonen, 2024). One of the key advantages
of enzymatic applications lies in their capacity to efficiently degrade lignocellulosic materials,
thereby enhancing pulp extraction and pulp refining. This results in improved fiber separation
and flexibility, while reducing water and energy consumption. Moreover, in bleaching-stages,
lignin-degrading enzymes contribute to partial lignin removal, enhancing pulp brightness with
fewer harmful by-products. Enzymatic treatments also show significant benefits in recycled
paper processing, particularly in the deinking step. Enzymes help break down ink binders,
adhesives and other sticky contaminants from recycled materials, thus reducing chemical usage
and improving process stability (Yang et al., 2023). Overall, enzymatic processes contribute to a
more resource-efficient industry by lowering energy and chemicals consumption, improving
drainage, enhancing paper qualities and increasing bleachability (Saira & Vauhkonen, 2024;
Yang et al., 2023). A summary of enzyme applications across key steps in paper production is

illustrated in Figure 1.
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Figure 1. Diagram of enzyme applications in PPl. Arrows indicate specific stages where enzymatic
treatments can be applied, including fiber refining, bleaching, and deinking in recycled paper processing.
Enzyme interventions contribute to reduced chemical usage, improved fiber quality, and enhanced
process efficiency. Adapted and modified from Novozymes A/S (2025).

Therefore, the integration of enzymes into industrial workflows can foster the pulp and paper
sector’s transition toward more sustainable practices by reducing pollutant generation and
aligning with circular economy principles. This shift not only demonstrates the industry's
commitment to sustainability but also contributes to addressing broader global environmental
challenges. Additionally, the adoption of biotechnology can lead to significant cost reductions,
as energy typically accounts for approximately 16% of total productions costs, and up to 30% in

some regions (Furszyfer Del Rio et al., 2022).

The industrial enzymes market is projected to grow from 7.9 billion USD in 2024 to 11.2 billion

USD by 2029, at a compound annual growth rate (CAGR) of 7.2%. Specifically, the pulp and paper
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enzymes market exceeded 170 million USD in 2022 and is expected to record over 5% CAGR
between 2023 and 2032, driven by the abovementioned increasing demand for sustainable and
eco-friendly products (Global Market Insights, 2023). Enzymes employed in the PPl encompass
a diverse range of hydrolytic and oxidative enzymes, including lipases, pectinases, amylases,
laccases, xylanases, cellulases, proteases, and esterases, as well as lignin-degrading enzymes and
auxiliary enzymes such as lytic polysaccharide monooxygenases (LPMOs) (Figure 1) (Yang et al.,
2023). Among these, cellulase segment is dominating the paper and pulp market, largely due to
their effectiveness in reducing energy consumption during the refining stage, a process that
accounts for 15-27% of total energy consumption of a paper mill (Nagl et al., 2023; Saira &
Vauhkonen, 2024). On the other hand, amylases form the second largest enzyme segment and
are expected to grow rapidly in the coming years, supported by the increasing demand for
coatings with advantageous functional properties and the economic benefits of implementing

on-site starch modification at production facilities (Figure 2) (Mondal et al., 2022).

16538 17354

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032
m Amylases H Xylanases/Hemicellulase

Lipase m Cellulase

Figure 2. Projected market size of pulp and paper enzymes by product type from 2021 to 2032 (in USD
million). Reprinted from Pulp and paper enzymes market size, industry analysis, report 2032 (Global
Market Insights, 2023).

Given their prominent roles in enhancing efficiency and sustainability in the PPI, this thesis
focuses on the production of cellulases and amylases as key enzymatic solutions. However, the
successful industrial implementation of enzymes requires not only the selection of suitable
candidates for specific process conditions, but also their production at high titers. This often

presents technical and economic challenges which, if not adequately addressed, may lead to
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suboptimal performance or project failure. This work explores these constraints and provides
solutions through the studies presented in the accompanying papers, which collectively

contribute to the development of robust and scalable enzyme production strategies.
1.1.1. Cellulase application

Cellulose is the most abundant polysaccharide on Earth and the main component of cell wall
plant biomass. It is a linear homopolymer of D-glucose units linked through B-1,4-glycosidic
bonds. The hydroxyl groups on D-glucose units form strong intra- and intermolecular hydrogen
bonds, along with Van der Waals interactions, leading to a tightly ordered crystalline cellulose,
in contrast with the less organized amorphous regions within the cellulose matrix (Benalaya et
al., 2024). Complete hydrolysis of cellulose requires the cooperate action of several enzymes
known as cellulases (Figure 3). First, endoglucanases (EGs) (EC 3.2.1.4) randomly cleave internal
B-1,4 linkages within amorphous cellulose, releasing cello-oligosaccharides and exposing new
chain ends for the action of cellobiohydrolases (CBH) (EC 3.2.1.91), which act as exo-glucanases.
Second, CBHs progressively hydrolyze crystalline cellulose from both the reducing and non-
reducing ends, thus releasing cellobiose as the main product. Finally, B-glucosidases (BG) (EC
3.2.1.21) completes the catalytic process converting cellobiose into glucose (Datta, 2024;

Sutaoney et al., 2024).

Mechanical refining is a critical unit operation in PPl that modifies the morphology and
physicochemical structure of cellulose fibers to enhance their papermaking properties and
improve the mechanical strength of the final product. Refining increases fiber flexibility and
promotes pulp compaction, resulting in denser paper with lower bulk, opacity, and porosity
(Motamedian et al., 2019). During refining, fibers are subjected to random and repeated
mechanical force (tensile, compressive, shear, and bending forces), which induces several
structural irreversible changes: (i) external fibrillation, fibrils detach from the fiber surface but
remain loosely attached, significantly increasing the available surface area for inter-fiber
bonding; (ii) internal fibrillation, characterized by the disruption of hydrogen bonds between
microfibrils, enhancing water uptake, fiber flexibility, and specific volume; (iii) generation of
fines, which are small fiber fragments with high surface area that contribute to stronger fiber-
fiber interactions; and (iv) fiber cutting and shortening, which enhances fiber swelling but, if
excessive, can negatively impact fiber bonding and reduce the overall strength of the final paper
product (Gharehkhani et al., 2015; Motamedian et al., 2019). The extent of these modifications

depends on external factors such as fiber morphology, temperature, chemical environment, and
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treatment conditions. These conditions, in turn, are influenced by equipment design and

operating parameters, including pulp consistency and refining intensity (Bajpai, 2018).

Non-reducing
end
Reducing end

Crystalline region Amorphous region Crystalline region

."" Cellobiose
o Glucose

EG: Endoglucanase CBH | and II: Cellobiohydrolase  pG: B-glucosidase

Figure 3. Schematic representation of cellulose hydrolysis by the synergistic action of cellulolytic
enzymes. EGs randomly create nicks within the amorphous regions of cellulose, generating new ends.
CBHs then bind to these exposed ends and degrade cellulose in a processive manner releasing cellobiose.
Finally, the released cellobiose is converted into glucose by 8Gs, completing the saccharification process.
Figure created with Biorender.

Mechanical refining accounts for up to 30-50% of the total energy consumed in papermaking,
making it one of the most energy-intensive steps in the process, with energy demands ranging
from 150 to 500 kWh per ton of paper (Kumar et al., 2021; Saira & Vauhkonen, 2024). On the
other hand, refining significantly impacts pulp drainage and the dewatering performance on the
paper machine. Poor drainability can reduce machine runnability by increasing the time required
for water removal, ultimately raising drying energy consumption and operational costs (Austin
et al., 2011). To address these challenges, enzymatic pre-treatment of pulp with cellulases prior
to mechanical refining can improve energy efficiency. Studies have shown that cellulase
application can reduce refining energy consumption by up to 40%, thereby contributing to
more sustainable papermaking (Nagl et al., 2023; Saira & Vauhkonen, 2024). Among cellulases,
EGs are the most effective for this purpose, as they introduce weak points within cellulose fibers
and enhance fiber fibrillation. This enzymatic action reduces the mechanical energy required to
achieve comparable paper properties (Nagl et al., 2021, 2023). Conversely, CBHs and BGs are

generally not recommended for pulp treatment, as their hydrolytic activity on crystalline
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cellulose can lead to excessive fiber degradation and reduced product quality (Nagl et al., 2021,
Wang et al., 2017). Moreover, the specific demands of the PPI, such as high processing
temperatures and alkaline pH, require enzymes with robust activity and stability under harsh
conditions. Enzymes with low thermal tolerance, limited pH range, or poor catalytic efficiency
may underperform or fail entirely in industrial settings. Therefore, identifying novel cellulases
with enhanced thermostability, alkaline tolerance, and catalytic effectiveness is critical to

optimizing their industrial application (Yang et al., 2023).

In line with this objective, a key aim of the present thesis is the discovery of novel alkaline-
tolerant and thermostable EGs suitable for refining. To support this goal, Chapter 1 describes a
database mining approach used to identify putative EGs with potential application in enzymatic

refining.
1.1.2. Amylase application

Starch is one of the most abundant carbohydrate polymers in nature and represents the third
most prevalent raw material in the paper, following cellulose fiber and mineral filler (Wang et
al., 2022). Most of the starch used in PPl is for surface sizing, a process that enhances surface
strength, reduces linting, and improves the writing and printing quality of paper. Additionally,
starch is widely employed as paper coating, where it acts as a binder for pigments and adhesives.
These coatings contribute to the paper’s whiteness, brightness, gloss, opacity and surface

smoothness (Li et al., 2019; Wang et al., 2022).

Starch is a homo-polysaccharide mainly constituted by amylose and amylopectin. Amylose is a
linear chain consisting of repetitive glucose units linked by a-1,4-glucosidic linkages, while
amylopectin is highly branched, containing both a-1-4 linkages and a-1-6-glucosidic linkages in
the branching points (Zhiguang et al., 2025). Starch granules exhibit a semi-crystalline structure
with varying degrees of crystallinity, primarily due to the organized radial arrangement of
amylopectin, whereas the amorphous regions are predominantly composed of amylose. This
crystalline organization renders starch insoluble in cold water, limiting its direct industrial use
(Lacerda et al., 2024). To address this limitation, starch must undergo gelatinization, a process
in which starch granules are heated in water (typically above 50 °C). This disrupts the crystalline
nature of their structure, leading to granule swelling, rupture, and a marked increase in viscosity,
thus posing further challenges in surface sizing application (Lacerda et al., 2024; Zhiguang et al.,
2025). To overcome the viscosity-related limitations of native starch, modification strategies are
essential, particularly to reduce its molecular weight and, consequently, lower viscosity to levels

suitable for surface sizing and paper coating. Among the commonly employed methods,
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enzymatic breakdown and chemical treatments are the most prevalent. However, due to
economic and environmental considerations, enzyme-catalysed hydrolysis is often preferred,
especially in applications involving food-contact or medical-grade materials, where the use of

milder and non-toxic processes is critical (Li et al., 2019; Wang et al., 2022).

Starch hydrolysis is catalyzed by amylases, which are of great significance for biotechnology and
represent about 25% of the global enzyme market (Mondal et al., 2022). Based on their mode
of action, amylases are classified into four groups: i) a-amylase (EC 3.2.1.1) is typically a calcium-
dependent metalloenzyme that randomly catalyses the endohydrolysis of internal a-1,4-
glucosidic linkages in starch, resulting in a mixture of products composed of maltose (a-1,4-
glucose dimers), maltotriose (a-1,4-glucose trimers), and branched oligosaccharides comprising
6—8 glucose units containing both a-1,4 and a-1,6 linkages. Notably, a-amylase cannot cleave
terminal glucose residues or a-1,6-glycosidic bonds; ii) B-amylase (EC 3.2.1.2) is an exohydrolase
enzyme that removes successive maltose units from the non-reducing end of starch polymers
by cleaving a-1,4 linkages, but cannot bypass a-1,6-branch points; iii) y-amylase (EC 3.2.1.3),
commonly known as glucoamylase, hydrolyzes both a-1,4 and a-1,6 bonds, sequentially
releasing glucose monomers from the non-reducing ends of amylose and amylopectin; and iv)
debranching enzymes, such as pullulanases (EC 3.2.1.41), specifically hydrolyze a-1,6-glucosidic
linkages, aiding in the complete depolymerization of branched starch structures (Figure 4)

(Farooq et al., 2021; Mondal et al., 2022).

Among them, a-amylases are the main enzymes employed for producing enzyme-hydrolyzed
starch in surface sizing applications, offering an environmentally friendlier alternative to
chemical hydrolysis (Wang et al., 2022). However, industrial starch processing requires heating
to temperatures up to 80 °C to fully disrupt granular morphology and achieve gelatinization,
thus highlighting the need for thermostable enzymes (Lacerda et al., 2024). In this context, the
a-amylase AmyQ from Bacillus amyloliquefaciens has been widely adopted for starch
modification (Novozymes A/S, 2025; Wang et al., 2023). Additionally, a-amylases can also be
used as deinking agents in recycled paper processing, facilitating ink removal by hydrolyzing
surface starch coatings and increasing cellulose fiber accessibility (Yang et al., 2023). Given the
potential role of a-amylases in the PPI, a major focus of this thesis is the optimization of AmyQ
production in Bacillus subtilis. Specifically, Chapters 2 and 3 explore strategies to enhance
expression levels and secretion efficiency, alongside strain engineering strategies aimed at

enabling cost-effective enzyme production.
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aA: a-amylase

OO0 oligosaccharide BA: B-amylase

-0 maltose YA: y-amylase
DE: Debranching Enzyme

& Glucose

Figure 4. Scheme of starch enzymatic degradation via the synergistic action of a-amylase, B-amylase, y-
amylase and debranching enzymes. a-amylase randomly cleaves internal a-1,4-glycosidic bonds,
generating shorter oligosaccharides. B-amylase acts from the non-reducing ends to release maltose units.
y-amylase hydrolyzes both a-1,4- and a-1,6-glycosidic bonds, yielding glucose units. Debranching enzyme
(DE) acts on a-1,6 branch points, facilitating complete starch breakdown. Figure created with Biorender.

1.2. Challenges for enzyme implementation

Despite the well-recognized environmental and operational advantages of enzymes, their
broader industrial adoption is often hindered by high production costs and technical limitations.
These challenges are especially acute in cost-sensitive markets and developing economies,
where enzyme prices can be prohibitive for small and medium-sized enterprises, hampering
market penetration (Ferreira et al., 2021; Pérez-Contreras et al., 2024). The economics of
enzyme production are commonly divided into capital expenditures (CAPEX) and operational
expenditures (OPEX). CAPEX includes the initial investment for facility construction, with most
costs deriving from equipment purchase and installation. Importantly, CAPEX is strongly
influenced by the production rate and product titer, because lower productivities require larger
equipment to meet the production goals. OPEX, on the other hand, comprises the recurring
costs of plant operation; the largest contributors are feedstocks and ancillary chemicals (e.g.,
acids and bases), followed by utilities such as steam, cooling water, and aeration, as well as

downstream-processing (de Lima et al., 2022; Ferreira et al., 2018; Khootama et al., 2018).

Given the cost-sensitive nature of most industrial sectors, enzyme manufacturing must meet

stringent cost-of-goods-sold (COGS) targets to remain competitive. Therefore, decreasing
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production costs, evaluated through the titer, rate and yield metrics of the fermentation
process, is essential to achieving economic viability (Konzock & Nielsen, 2024). Beyond cost,
environmental impacts associated with enzyme production must also be addressed. This
includes the entire life cycle, from raw material procurement to final product formulation.
Significant inputs such as electricity, steam, feedstock ingredients, and water contribute heavily
to both energy consumption and GHG emissions. Thus, a holistic view of the production process
is crucial when the ultimate goal is to leverage enzyme technology to reduce global warming
potential (GWP) and facilitate a transition from the traditional linear economy (make—use—
dispose) to a circular model focused on resource efficiency (Hobusch et al., 2024; Wowra et al.,
2023). For example, at industrial scale, Novozymes A/S reported that the fermentation step
alone accounts for approximately 50% of the total environmental impact of enzyme
manufacturing. Among all contributions, electricity usage and ingredient consumption were

identified as the dominant sources of GWP (Nielsen, Oxenbgll, & Wenzel, 2007).

To address these multifaceted limitations, it is critical to optimize the cellular machinery
responsible for gene expression, ensuring that engineered microbial strains achieve high
enzyme titers (Chapter 2). In this context, modern genome editing technologies, especially
CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Repeat-CRISPR associated
protein 9), have become invaluable tools for rapidly and precisely enhancing the productivity of

industrial host strains in a time-efficient manner (Chapter 2 and 3).

Finally, enzyme functionality must be tailored to specific industrial applications. For instance, in
the paper industry, the discovery and engineering of novel enzymes with improved substrate
specificity, stability, and catalytic efficiency is crucial for further enhancing its cost-effectiveness,
and to boost its performance in processes such as bleaching, deinking, and fiber modification

(Chapter 1).
1.3. Enzyme discovery through database mining

The PPI functions in a complex setting where enzyme performance is affected by factors like pH,
temperature, and pulp composition, making it essential to find enzymes that can tolerate these
conditions (Yang et al., 2023). Microbial enzymes, which account for 85% of commercial
enzymes, are preferred due to their higher stability, better yields, easier optimization, and cost-
effectiveness compared to plant- or animal-based enzymes (Liu & Kokare, 2023; Singh et al.,

2019).
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Screening natural microbial diversity through culture-dependent microbiological methods is a
conventional approach for identifying novel biocatalysts with desirable properties. This typically
involves enrichment and isolation of microorganisms under selective conditions, followed by
taxonomic classification and enzyme identification using molecular or computational
approaches (Figure 5) (Zhu et al., 2022). However, these methods seriously limit the scope of
finding new enzymes given the fact that less than 1% of environmental microbes are cultivable
using standard laboratory techniques, thus excluding the vast majority of microbial diversity
(Pham & Kim, 2012). Conversely, advances in next-generation sequencing (NGS) technologies
and metagenomics methods have enabled direct access to environmental DNA (eDNA), allowing
exploration of previously inaccessible microbial communities that may harbour valuable

enzymatic functions (Nayfach et al., 2021; Quince et al., 2017).
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Figure 5. Schematic overview of conventional (A) and metagenomics-based (B) approaches for the

discovery of novel enzymes. Conventional methods rely on cultivation, isolation, and screening of
microorganisms, whereas metagenomics enables direct access to genetic material from environmental
samples using functional- and sequence-based screening strategies. Adapted from Zhu et al., 2022.
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Generally, culture-independent strategies fall into two categories: i) functional-based screening
(FBS), which involves the direct cloning of eDNA libraries into suitable expression systems for
activity-based assays; and ii) sequence-based screening (SBS), which leverages bioinformatic
tools to identify genes of interest based on sequence homology and functional annotation
(Figure 5) (Ariaeenejad et al., 2024). Contemporary enzyme discovery increasingly relies on in-
silico analysis of sequences, including phylogenetic analyses, sequence similarity searches,
genomic positional information, three-dimensional (3D) structural modelling, and machine
learning predictions. These approaches enable rapid and cost-effective mining of metagenomic
datasets for screening industrially relevant enzymes (Ariaeenejad et al., 2024; Robinson et al.,

2021).

Despite the UniProt Knowledgebase cataloguing approximately 253 million protein sequences,
fewer than 0.3% (around 500,000) have been manually curated, highlighting a substantial
opportunity for novel enzyme discovery through database mining (Rhizobium, 2025). Major
repositories supporting this effort include GenBank at the National Center for Biotechnology
Information (NCBI), the European Molecular Biology Laboratory (EMBL) and the DNA Database
of Japan (DDBJ) (Okido et al., 2022; Sayers et al., 2022; Thakur et al., 2025). The database mining
process can be broadly divided into two main steps: (i) identifying open reading frames (ORFs)
annotated as putative enzymes; and (ii) screening, analysing and prioritizing candidates using
bioinformatics tools (Kamble et al., 2019). Sequence homology, conserved motifs, consensus
patterns, and simple keyword-based searches are commonly used to retrieve relevant
sequences. Candidates exhibiting <80% identity to known enzymes are typically prioritized, as
they are more likely to represent novel biocatalysts while retaining essential catalytic features.
Subsequent in-silico analysis typically encompass a myriad of complementary bioinformatics
analyses to characterize physicochemical, phylogenetic and functional properties (Kamble et al.,

2019).

First, basic parameters such as molecular weight or theoretical pl can be calculated using tools
like EXPASy ProtParam (Gasteiger et al., 2003). Next, conserved domains and family assignments
are identified via NCBI’s Conserved Domain Database (CDD) and Pfam (Marchler-Bauer et al.,
2015). Homologous sequences can be retrieved with BLASTp, followed by multiple sequence
alignment using MAFFT (Katoh et al., 2002), MUSCLE (Edgar, 2004) or T-COFFEE (Notredame et
al., 2000) to highlight conserved residues and motifs critical for catalytic activity. Phylogenetic
analysis using Molecular Evolutionary Genetics Analysis (MEGA) software place candidates
within established enzyme families, providing insight into evolutionary relationships and

functional predictions (Tamura et al., 2021). Finally, 3D structural modelling using SWISS-Model
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(Waterhouse et al., 2018), Phyre2.2 (Powell et al., 2025), or AlphaFold2 (Mirdita et al., 2022)
allows structural comparison with known enzyme. These models can be superimposed using
PyMOL or Chimera to validate active-site residues and gain mechanistic insights (Rosignoli &
Paiardini, 2022). This integrated computational pipeline enables the rapid prioritization of the
most promising enzyme candidates for subsequent experimental validation and was therefore

adopted in Chapter 1.
1.4. Recombinant protein production hosts

Microorganisms represent the dominant source of industrial enzymes, accounting for over 85%
of the global enzyme market revenue. Their widespread adoption is largely attributed to key
advantages including rapid growth, ease of cultivation and genetic manipulation, broad
environmental availability, and simplified downstream processing (Liu & Kokare, 2023; Singh et
al., 2019). Ideally, a microbial production host should grow rapidly at moderate temperatures,
produce high enzyme titers, and utilize inexpensive substrates efficiently. However, identifying
a naturally occurring strain that meets all these requirements remains challenging. Many wild-
type strains exhibit limitations such as slow grow rate, low enzyme productivities, or the
generation of undesirable by-products that complicate downstream processing and
compromise industrial scalability. As a result, strain improvement and host engineering are
often necessary to optimize microbial systems for industrial enzyme production (Patel et al.,

2023).

Alternatively, a diverse array of microbial systems is employed for the heterologous expression
of recombinant proteins, ranging from eukaryotic hosts such as yeast and filamentous fungi to
prokaryotic organisms including Gram-positive and Gram-negative bacteria. The primary
consideration in host selection is typically the origin of the target protein, whether prokaryotic
or eukaryotic. Prokaryotic proteins are generally well-expressed in bacterial hosts, whereas
eukaryotic proteins, particularly those requiring post-translational modifications (PTM) for
proper folding, stability, or activity, are more effectively produced in yeast systems (Schiitz et

al., 2023).

Noteworthy, a large fraction of industrial enzymes currently on the market are produced using
hosts from the Bacillus genus, particularly B. subtilis. This prominence is mainly due to its genetic
accessibility, excellent fermentation performance, and natural ability to secrete proteins into
the extracellular medium, simplifying downstream processing (Herrmann et al., 2024; Su et al.,

2020). Given its industrial relevance, B. subtilis has been selected as the main production host
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in this thesis. Chapters 2 and 3 are dedicated to investigating and optimizing its potential for

efficient and high-yield recombinant enzyme production.

Nonetheless, several challenges such as limited PTMs, inadequate disulphide bond formation,
poor secretion efficiency, protein misfolding or aggregation, and complex purification steps can
hinder recombinant enzyme production in certain expression systems, particularly prokaryotic
hosts (Schiitz et al., 2023). To bypass these limitations, the methylotrophic yeast Komagataella
phaffii (formerly Pichia pastoris) has emerged as a preferred system for large-scale heterologous
protein production. This yeast offers several advantages, including the ability to perform
eukaryotic PTMs, efficient protein folding, and high-level secretion of recombinant proteins. Its
well-developed genetic tools, combined with the capacity to grow to high cell densities, make
this host an attractive and scalable platform for industrial enzyme manufacturing (Barone et al.,
2023; Duman-Ozdamar & Binay, 2021). Consequently, K. phaffii was chosen in Chapter 1 as the
expression system for a functional fungal enzyme, enabling its subsequent biochemical

characterization and application testing in the refining process.
1.4.1. Bacillus subtilis

B. subtilis is a low-G+C, Gram-positive, endospore-forming bacterium from the phylum Bacillota
(formerly Firmicutes), predominantly found in soil and the plant rhizosphere (Earl et al., 2008;
Hohmann et al., 2017). It has long been recognized as a model organism and is now widely used
as a microbial workhorse in industrial biotechnology. In microbial fermentation, B. subtilis is
employed for the large-scale production of heterologous proteins, predominantly enzymes, and

value-added compounds such as carotenoids (Su et al., 2020).

Several intrinsic features make B. subtilis particularly attractive for biotechnological
applications: (i) its generally recognized as safe (GRAS) or qualified presumption of safety (QPS)
status; (ii) rapid growth in low-cost media and the ability to reach high cell densities;
(iii) efficient secretion of recombinant proteins into the culture medium, which simplifies
downstream processing; (iv) lack of significant codon bias, allowing broad heterologous gene
expression; and (v) a genetically well-characterized system that is easy to manipulate (Su et al.,
2020). Importantly, the high secretion capacity of Bacillus species and related genera has
enabled the development of industrial strains capable of producing enzymes at gram-per-liter
scales (Schallmey et al., 2004; Su et al., 2020). Additionally, B. subtilis stands out as one of the

most well-studied and best-understood Gram-positive bacteria (Stllke et al., 2023).
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Within this species, strain 168 has emerged as a preferred chassis for recombinant protein
production, synthetic biology, and microbial cell factory. It offers high transformation efficiency
and a fully sequenced, well-annotated genome, making it particularly suitable for genetic
engineering and pathway optimization (Zeigler et al., 2008). Strain 168 is a domesticated
derivative of the Marburg isolate (ATCC 6051), developed through mutagenesis to improve
laboratory handling (Figure 6). While these modifications confer several benefits, such as
reduced sporulation and enhanced transformability, they may also limit certain metabolic
capabilities compared to wild-type strains (Chen et al., 2023; Zeigler et al., 2008). In fact, wild-
type strains like ATCC 6051 and NCIB 3610 have shown higher protein production in some cases,
although they retain undesirable traits for industrial use, such as excessive foaming, sporulation,
high protease activity, and a ~1000-fold lower transformation efficiency than strain 168 (Zhang

et al., 2016).
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Figure 6. Genome heritage of some of the widely used B. subtilis strains in basic research and industrial
applications. The figure illustrates the evolutionary relationships and genetic contributions from ancestral
strains, highlighting the derivation of common laboratory and production strains from parental
lineages. Genomic contributions are indicated by shading: black cells, original Marburg-like genomes;
dark brown cells, 168-like genomes; light grey, W23 genome; light brown cells, 168-W23 hybrid
genomes. Some key genetic differences include: mutations in trpC (indole-3-glycerol-phosphate
synthase), swrA (activator of swarming motility), sfp (surfactin synthetase-activating enzyme), and gudB
(glutamate dehydrogenase) genes; deletion of sigF (RNA polymerase forespore-specific sigma factor) and
extracellular protease genes (nprE, aprE, epr, mpr, nprB, vpr, bpr, wprA); and curation of the SP8
prophage. Resistance markers include ble (bleomycin), bsr (blasticidin S), and hyg (hygromycin B).
Modified from Chen et al., 2023.
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Several derivatives of 168, including WB600, WB700, and WB800, have been engineered by
sequential deletion of extracellular protease genes to enhance recombinant protein stability in
the culture medium (Wu et al., 2002; Zhang et al., 2020). Other widely used strains, such as PY79,
3NA, and PS832, are hybrids incorporating genomic regions from the W23 strain (Zeigler et al.,
2008). Of particular interest is KO7-S, a non-sporulating derivative of PY79 lacking seven

proteases and the sporulation-specific sigma factor sigfF (Zeigler, unpublished data) (Figure 6).

Its domesticated background, high genetic accessibility, and well-documented performance in
recombinant protein expression make this host a practical and effective chassis for industrial
enzyme production. Building on this platform, the derivative strain KO7-S was employed for the
expression of the model enzyme a-amylase AmyQ in this thesis (Chapter 2 and 3). KO7-S offers
several other key advantages, including high transformability, the absence of extracellular
proteases, inability to form spores, and patent-free status, all of which contribute to enhanced
protein yield and process efficiency. However, selecting a suitable host is only the initial step. To
meet the performance requirements of modern recombinant protein production, further strain
engineering is essential. Chapter 2 of this thesis focuses on optimizing key expression-related

elements in KO7-S to improve productivity, stability, and scalability of the recombinant system.
1.4.1.1. Genetic manipulation of Bacillus subtilis

- Integration vectors
Classical chromosomal modification in B. subtilis typically involves the insertion of a selectable
marker, such as an antibiotic resistance gene, via homologous recombination using integration
vectors. These vectors, which remain essential from early molecular genetics to modern
genomics, integrate into the chromosome through either single or double crossover events,
depending on the number of homologous regions. This enables a range of genetic
manipulations, including gene knockouts, gene-reporter fusions, and plasmid amplification
(Arsov et al., 2024; Dong & Zhang, 2014). However, the reliance on selectable markers restricts
the number of feasible modifications due to limited available markers and regulatory concerns
regarding antibiotic use, particularly in industrial settings. To address these limitations, marker
recycling strategies have been developed, allowing the removal and reuse of selectable markers.
These strategies primarily involve (i) counter-selectable markers (CSM), (ii) site-specific
recombinase systems (SSR), and (iii) CRISPR-Cas9-based genome editing (Su et al., 2020).

- Counter-selectable markers systems
CSM systems offer an efficient strategy for precise and scarless genome editing in B. subtilis by

enabling selection for the loss rather than the presence of a genetic marker. These systems
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typically involve integration of a construct containing a selectable marker (e.g., spectinomycin
resistance) and a toxin or repressor gene, flanked by direct repeats (DRs). The construct is
introduced at a target locus via homologous recombination under selection for the marker.
Subsequent counter-selection eliminates cells retaining the cassette (Su et al., 2020). In toxin-
based systems, expression of a toxic gene, such as upp (Fabret et al., 2002), pyrF (Suzuki et al.,
2012), and mazF (Zhang et al., 2006), is conditionally induced, killing non-recombinant cells.
Successful excision via recombination between DRs removes the cassette, preserving only the
desired genomic alteration. Repressor-based systems use repressors like xyIR (Jeong et al.,
2015), blal (Brans et al., 2004), araR (Liu et al., 2008), or lacl (Zhang et al., 2011) to suppress
expression of a second selectable marker, which becomes active only upon cassette excision.
While CSM strategies enable clean genomic modifications, their efficiency is often limited by
leaky toxin/repressor expression and the need for prior strain engineering, making them labour-

intensive and technically challenging (Dong & Zhang, 2014).

- Site-specific recombinase systems
SSR systems employ recombinases that mediate recombination between two site-specific
recognition sites, enabling targeted DNA integration, deletion, or inversion (Su et al., 2020). In
B. subtilis, commonly used SSR systems include Cre/loxP from bacteriophage P1 (Yan et al.,
2008) and FLP/FRT from Saccharomyces cerevisiae (Chen et al., 2010). These systems exhibit
significantly higher recombination efficiency compared to endogenous mechanisms used in
CSM, allowing efficient marker recycling and supporting multiple rounds of genome editing
(Dong & Zhang, 2014). Nevertheless, SSR-based methods remain labor-intensive, often require
multi-step protocols, and leave remnant sequences (scars) at the targeted site. As a more precise
and versatile alternative, CRISPR-Cas systems, especially those using the Cas9 endonuclease,
have been rapidly adapted for genome editing in B. subtilis, greatly expanding the molecular

toolbox for high-resolution and scarless genetic manipulation (Altenbuchner, 2016).

- CRISPR-Cas9 system
CRISPR-Cas systems are adaptive, heritable immune mechanisms found in approximately 40%
of bacteria and 90% of archaea, where they target and cleave invading genetic elements such as
viruses and plasmids (Makarova et al., 2020; Mojica et al., 2005). These diverse systems can be
broadly classified into two classes based on the configuration of their effector complexes: Class
I employs multi-protein assemblies, whereas Class Il relies on a single-component effector
protein (Makarova et al., 2020). Due to its simplicity and programmability, the Class Il, type Il
CRISPR—Cas9 system from Streptococcus pyogenes has become a widely used platform for

genome engineering (Doudna & Charpentier, 2014).
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The CRISPR-Cas9 immune response involves three main stages: adaptation, expression
and interference (Figure 7). During adaptation, a Cas protein complex recognizes a short
protospacer-adjacent motif (PAM: NGG for class Il type II) and cleaves a 20-nucleotide fragment
of the invading DNA (known as protospacer) (Figure 7, step 1). This fragment is integrated into
the CRISPR array (Figure 7, step 2). In the expression phase, the CRISPR array is transcribed into
pre-crRNA, which base-pairs with trans-activating crRNA (tracrRNA), forming a dual-RNA
structure (tracrRNA:crRNA), which is subsequently processed by Cas9 and RNase Ill to generate
the mature guide RNA (gRNA) complex (Figure 7, steps 3 and 4). Finally, during interference, the
gRNA guides Cas9 to a complementary DNA target flanked by the PAM sequence, enabling site-
specific cleavage via a double-strand break (DSB) (Figure 7, steps 5 and 6) (Lander, 2016;
Makarova et al., 2020).
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Figure 7. Schematic representation of the CRISPR-Cas9 adaptive immune system in Streptococcus

pyogenes. Created by Gonzalez Moraga, 2025.

A breakthrough in CRISPR-Cas9 genome editing was the development of a single-guide RNA

(sgRNA) chimera, which combines the functions of crRNA and tracrRNA into a single molecule.
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This innovation simplified the system by allowing target specificity to be reprogrammed through
substitution of the 20-bp protospacer sequence at the 5’ end of the sgRNA (Jinek et al., 2012).
Since DSBs represents one of the most precarious DNA lesions that can cause genomic instability
and cell death, organisms have evolved two main repair pathways to preserve genome integrity:
non-homologous end joining (NHEJ) and endogenous homology-directed repair (HDR). NHEJ is
an error-prone process that often introduces random insertions or deletions (indels) at the
repaired sites, while HDR enables precise, high-fidelity repair using donor DNA templates
flanked by homology arms (Figure 8) (Song et al., 2022). Importantly, due to the limited
efficiency of NHEJ in B. subtilis, HDR has become the preferred approach for CRISPR-Cas9-

mediated genome editing in this organism (Toymentseva & Altenbuchner, 2019).

Single chimeric guide RNA (sgRNA) containing features of
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Figure 8. Schematic representation of the CRISPR-Cas9 vector pJOE8999, a single-plasmid system used
in this thesis. Upon expression, Cas9 and sgRNA form a complex that specifically recognizes the target
DNA sequence (protospacer). This is only possible if this sequence is followed by the Protospacer Adjacent
Motif (PAM). Cas9 binding induces a dsDNA break, which is subsequently repaired by either non-
homologous end joining (NHEJ) or homology-directed repair (HDR). Created with Biorender.

At present, three main CRISPR-Cas9-based genome editing strategies are widely used in B.
subtilis: (i) The single-plasmid based system, in which Cas9, sgRNA, donor DNA, and other
elements are assembled within a single vector; (ii) The two-plasmid-based system, where Cas9,
sgRNA, and donor DNA are assembled on two separate plasmids, one expressing Cas9, and the
other delivering the sgRNA and donor DNA template; (iii) The chromosomally integrated system,

in which Cas9 is stably integrated into the host genome (Su et al., 2020). In this thesis, the single-

23




Introduction

plasmid based system was chosen due to its simplicity and ease of implementation

(Altenbuchner, 2016), as depicted in Figure 8.

Recent advances in CRISPR-Cas9 technology have significantly enhanced the genetic engineering
capabilities in B. subtilis. Notably, the development of rapid, all-in-one plasmid CRISPR-Cas9
systems, featuring self-curing plasmids, has accelerated iterative genome editing (Zou et al.,
2022). Additionally, Cas9 nickase variants have improved specificity and reduced cytotoxicity,
allowing more precise iterative modifications (Liu et al., 2019). The adoption of the CRISPR-Cpfl
(Cas12a) system further expanded the editing toolkit, owing to its intrinsic ability to process
crRNA arrays, making it particularly well-suited for multiplex gene editing (Wu et al., 2020).
Despite these advances, most current systems still rely on complex vector assembly or
sequential editing cycles. Efficiency tends to decline when multiple genomic loci are targeted
simultaneously, resulting in prolonged screening and validation processes. Consequently,
iterative genome modifications remain a daunting task, and continued refinement is needed to
develop robust, user-friendly platforms capable of high-throughput, scarless, and simultaneous

multilocus integration in B. subtilis in a timely fashion (Chapter 3).
1.4.1.2. Enhancing gene expression in Bacillus subtilis

The cellular abundance of a given protein is shaped by the integrated regulation of multiple
molecular processes operating across distinct stages of gene expression. At the transcriptional
level, DNA copy number and promoter strength primarily determine mRNA transcript levels.
Post-transcriptionally, mRNA stability influences transcript longevity, thereby affecting the pool
of templates available for translation. At the translational level, the ribosome binding site (RBS)
sequence plays a central role, as it determines how frequently ribosomes initiate protein

synthesis (Balakrishnan et al., 2022; Nieuwkoop et al., 2020; Salis et al., 2009).

- Promoter
In bacterial systems such as B. subtilis, one of the key factors for achieving high-level expression
of heterologous genes is the use of a strong and tightly regulated promoter. Importantly, RNA
polymerases (RNAP) and associated sigma (o) factors recognize the promoter and are recruited
by the binding of regulatory proteins to specific sites within promoters to initiate
transcription. In this regard, three types of promoter have been commonly used for the high-
level expression of heterologous proteins in B. subtilis: constitutive promoters, inducible

promoters and auto-inducible promoters (Schumann, 2007; Yu et al., 2015).
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Inducible promoters are widely used in B. subtilis for controlled gene expression, particularly
when expressing toxic proteins. These systems respond to compounds such as sugars, e.g.,
sucrose (Liu & Du, 2012), maltose (Yue et al., 2017) and xylose (Bhavsar et al., 2001) or isopropyl-
B-D-1-thiogalactopyranoside (IPTG) (Phan et al., 2012). However, reliance on chemical inducers
increases production costs and complicates large-scale fermentation, limiting industrial
scalability (Yu et al., 2015). To overcome these limitations, inducer-free alternatives have been
explored, including promoters responsive to environmental cues such as pH (Atalla & Schumann,
2003), oxygen (Hoffmann et al., 2021) or temperature (Huang et al., 2013). Among these,
constitutive and auto-inducible promoters are particularly attractive for industrial use due to
their operational simplicity. Constitutive promoters enable continuous gene expression
throughout fermentation without inducers, while auto-inducible promoters activate expression
during specific growth phases (Yang et al., 2017; Yu et al., 2015). Promoters active from the late
log to stationary phase are especially useful, enabling efficient, low-cost expression of
heterologous and potentially toxic proteins (Yu et al., 2015). Additionally, utilizing an inducer-
independent promoter offers a simpler and more robust technical set up for the production line
as there is no need for an additional feed line for inducer addition during fermentation. In this
context, several strong, inducer-independent promoters have been widely applied in B. subtilis,
including Pgpre (Chen et al., 2015), Pamye (Guan et al., 2016), P (Li et al., 2022), Pspovs (Li et al.,
2022), Pa3 (Liu et al., 2019), Pveg(Yao et al., 2023), P, (Yu et al., 2015). Notably, Pspovc has shown
superior performance, with 1.9-fold higher expression than the commonly used Pas (Liu et al.,
2018; Yang et al., 2017; Yao et al., 2023). Additionally, heterologous promoters such as Pupan
from Staphylococcus aureus (Mu et al., 2018) and Pomyq from B. amyloliquefaciens (Kawabata et

al., 2012) have been utilized to further enhance expression levels in B. subtilis.

Specifically, modifying the native Pgmyq promoter to match consensus -10 and -35 sequences
resulted in a 4-fold increase in promoter activity (Cheng et al., 2016; Widner et al., 2000). An
additional strategy to boost expression involves constructing tandem promoters, where multiple
promoter elements are arranged sequentially to initiate transcription from several start sites
(Liu et al., 2018; Yao et al., 2023). Notably, when the optimized Pamyq was combined with the
cry3A gene promoter (derived from Bacillus thuringiensis) to create the tandem promoter Pgmyq-
Pcry3a, saturating levels of mRNA could be achieved from a single-copy gene on the chromosome
(Widner et al., 2000). Notably, the high activity of the cry3A promoter in B. subtilis has been
attributed to the presence of a Shine-Dalgarno-like sequence (termed as STAB-SD), which

contributes to significantly increase mRNA half-life (Widner et al., 2000).
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The work presented in Chapter 2 utilizes a strong constitutive promoter system consisting of the
consensus a-amylase promoter from B. amyloliquefaciens P.myq and the RNA-stability enhancing
promoter from the IlIA crystal protein of B thuringiensis (Pcy3a). These two elements were
arranged in a tandem to form the Pamyq-Pcrysa promoter system, as originally described by Widner
et al. (2000), which demonstrated high efficiency in driving protein expression and contributed
to the development of a super-secreting B. subtilis strain. Chapter 2 also includes a comparative
analysis between Pomya-Pcryza and the strong constitutive promoter Pspovs. Furthermore, a novel
triple tandem promoter (Pspove-Pamya-Pery3a) Was constructed and characterized, combining the

strength of all three elements to enhance transcriptional output.

- Gene copy humber
Once a suitable promoter has been chosen, maximizing enzyme secretion in B. subtilis typically
requires increasing gene copy number (Figure 9). The higher the copy number, the greater the
expression, until a threshold is reached, beyond which no further increase is observed
(Watzlawick & Altenbuchner, 2019). Presumably, this is likely due to saturation of the post-
transcriptional machinery, shifting the bottleneck downstream of transcription (Widner et al.,
2000). To achieve gene amplification, two main strategies are commonly employed: expression
from autonomous plasmids, and chromosomal integration of multiple expression cassettes
(Watzlawick & Altenbuchner, 2019). Replicative plasmids allow high expression levels,
proportional to plasmid copy number (Schumann, 2007), but suffer from drawbacks such as
plasmid instability and the need for antibiotic selection, both of which pose challenges for

industrial use due to regulatory and environmental concerns.

In contrast, chromosomal integration is preferred for large-scale applications due to its genetic
stability and antibiotic-free maintenance. While double-crossover integration provides stable
insertions without antibiotic usage, it often results in low gene dosage unless multiple
integration events are performed (Huang et al., 2017; Yomantas et al., 2011). Single-crossover
vectors can increase gene dosage under antibiotic pressure, but the inserted copies are often
unstable without continuous selection (Young, 1984). Recent advances in CRISPR/Cas9 genome
editing have enabled the development of marker-free, plasmid-less B. subtilis strains through
iterative chromosomal integration of multiple expression cassette copies. This approach
combines genetic stability with high expression potential, eliminating the need of antibiotic
resistance markers and offering a more environmentally sustainable approach (Watzlawick &
Altenbuchner, 2019). Accordingly, this method was adopted in Chapter 2 to maximize gene

expression following promoter optimization. Nevertheless, because it relies on multiple rounds
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of integration, this method remains tedious and time-consuming, highlighting the need for

further refinement (an issue explored in Chapter 3).
1.4.1.4. Optimization of secretion machinery

Achieving high production titers in protein production process requires that all stages of gene
expression function efficiently (Figure 9). Even with maximized transcription, protein yield can
still be limited by downstream bottlenecks in the secretory pathway, often the next major
challenge in high-level protein production. B. subtilis is known for its strong secretion capacity.
However, heterologous proteins are usually secreted at lower levels than native proteins,
making it crucial to address limitations within the secretion and folding machinery (Zhang et al.,
2020). B. subtilis utilizes at least four classical protein secretion pathways: the general secretion
(Sec) pathway, the twin-arginine translocation (Tat) pathway, the pseudopilin export (Com)
pathway, and the ATP-binding cassette (ABC) transporter system (Fu et al., 2007). Among these,
the general secretion (Sec) pathway is the main transport channel, responsible for translocating
a broad range of proteins. The Tat pathway, though less commonly used, offers unique
advantages due to its distinct translocation mechanism and components, making both Sec and
Tat signal peptides (SPs) valuable tools for recombinant protein secretion (Zhang et al., 2020).
Despite structural differences, SPs for both pathways share a common architecture: a positively
charged N-terminal region (N-region), a central hydrophobic domain (H-region) and a polar C-
terminal region (C-region) containing a cleavage site for signal peptidase. Specifically, Tat-
specific SPs are distinguished by a twin-arginine motif (RR) in the N-region, longer N-domains,
and H-domains that lack helix-breaking residues (e.g. glycine or proline), which are common in
Sec-dependent SPs (Freudl|, 2018). These differences help direct proteins into the appropriate
secretion machinery. Additionally, SPs from closely related species, such as Bacillus licheniformis
and B. amyloliquefaciens, can also be effectively used to enhance secretion in B. subtilis (Fu et

al., 2007; Zhang et al., 2020).

In B. subtilis, the common secretory pathways generally involve three functional stages: (i)
presecretory protein synthesis, (ii) interaction with chaperone proteins and engagement with
the translocase complex, and (iii) transmembrane translocation, SP cleavage, protein release

and folding, and final passage through the cell wall to complete secretion (Chen et al., 2024).

In the Sec pathway, protein translocation occurs in an unfolded state and can proceed via two
modes: cotranslational and posttranslational export. In the cotranslational mode, precursor
proteins are translocated concurrently with their synthesis, a process primarily used for

membrane proteins (Freudl, 2018).
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Figure 9. Framework for the systematic and comprehensive optimization of the B. subtilis expression
system. The figure outlines key stages influencing recombinant protein yield, including expression
cassette optimization, gene dosage strategies, and the major Tat- and Sec-dependent secretion pathways.
Within the Sec-pathway, critical steps include preprotein translocation-competent state (Dnak- and GroE-
series chaperones), targeting via signal peptides (SP), translocation (translocase subunits SecYEG, SecDF,
and SecA), SP cleavage by signal peptidases (SipT, SipS), membrane clearance of SP remnants (signal
peptide peptidases SppA and RasP), and extracytosolic folding assisted by the PrsA chaperone. The Tat-
pathway is represented by TatAyCy and TatAdCd translocases. Additional engineering strategies include
modulation of cell wall composition (e.g., phosphatidylserine synthase PssA) and deletion of extracellular
proteases (Epr, Bpr, Vpr, Mpr, AprE, NprE, NprB). GOI = gene of interest. Created with BioRender.
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In the posttranslational mode of the Sec pathway, precursor proteins are released from the
ribosome in an unfolded, translocation-competent state. This state is maintained by general
cytosolic chaperones such as the GroEL-GroES and DnaK-Dnal-GrpE systems, which also
prevent protein aggregation (Freudl, 2018). The unfolded preproteins are then delivered to the
Sec translocase, where they are recognized by SecA, an ATP-dependent motor protein that
translocates them stepwise through the SecYEG channel. The SecDF complex assists this process
by exerting a proton motive force-driven pulling force from the periplasmic side of the
membrane (Tsukazaki et al., 2011). Efficient targeting to the translocase is critical, as preproteins
may be poorly recognized or rejected if not properly directed. Therefore, the SP must both
efficiently guide the protein to the translocase and be effectively cleaved by signal peptidases

(Freudl, 2018).

Signal peptidase |, particularly SipS and SipT, mediates cleavage during the late stages of
secretion. However, cleaved SP remnants remain embedded in the membrane and can interfere
with protein transport. These remnants are subsequently degraded by specialized SP
peptidases, including SppA and TepA, while RasP further facilitates membrane clearance by
removing cleaved SPs and mislocalized precursor proteins (Figure 9) (Saito et al., 2011; Yan &

Wu, 2017; Zhang et al., 2020).

After translocation across the cytoplasmic membrane, the extracytoplasmic folding factor PrsA
plays a crucial role in assisting the proper folding of secreted proteins into their active
conformations, thereby preventing aggregation and proteolytic degradation. PrsA functions as
an efficient folding catalyst, particularly for exported amylases and other industrially relevant
enzymes (Quesada-Ganuza et al., 2019; Vitikainen et al., 2001). Additionally, the efficiency of
protein passage through the cell wall is influenced by its physical and chemical properties. High
charge density and crosslinking in the peptidoglycan layer, primarily due to anionic polymers
and lipoteichoic acids, attract cationic folding cofactors (e.g., metal ions) that can facilitate post-

translocational folding (Harwood & Cranenburgh, 2008).

In contrast to the Sec pathway, the Tat pathway enables the secretion of fully folded proteins or
multimeric enzyme complexes directly into the extracellular space (Figure 9). This capability may
reduce proteolytic susceptibility and enhance enzyme yield (Zhang et al., 2020). In B. subtilis,
the Tat system comprises three TatA components (TatAc, TatAd, TatAy) and two TatC
components (TatCd, TatCy), forming two distinct translocases: TatAdCd (induced under
phosphate-limiting conditions) and TatAyCy (constitutively expressed and capable of broader

substrate translocation) (Frain et al., 2019; Zhang et al., 2020). Notably, secretion pathway
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specificity is dictated by the SP; thus, Sec-dependent proteins can be rerouted through the Tat
pathway by replacing their native SP with a Tat-specific one, offering a versatile strategy to
improve secretion performance (Liu et al., 2014). In Chapter 2, the Tat pathway is evaluated as
an alternative to the conventional Sec pathway to enhance secretion efficiency. Simultaneously,

the highly efficient AmyQ SP was employed to direct protein export via the Sec pathway.

Despite significant advances in engineering B. subtilis as a microbial cell factory, critical
bottlenecks along the protein secretion pathway, from transcription and translation to folding
and export, remain insufficiently addressed. Many current strategies target isolated steps using
plasmid-based systems, antibiotic selection, or costly inducers, which, while effective in
laboratory settings, often lack scalability due to issues such as genetic instability, regulatory
limitations, and elevated production costs. Consequently, a holistic strategy that systematically
optimizes multiple layers of gene expression and secretion is essential for developing stable,

high-performance strains suitable for industrial applications (Chapter 2).

Recent progress in genome editing, particularly through CRISPR-Cas9, combined with the deep
functional understanding of B. subtilis, now enables the construction of plasmid-free, marker-
free chassis strains with enhanced secretion capacity. These advances support the development
of robust and scalable microbial platforms for industrial enzyme production. This thesis
(Chapters 2 and 3) builds upon these innovations, aiming to contribute to the rational design of

optimized B. subtilis strains tailored for high-yield, cost-effective biomanufacturing.
1.4.2. Komagataella phaffii

In 1954, Herman Phaff isolated a methylotrophic yeast from a black oak tree in Yosemite, later
deposited as UCD-FST K-239 at UC Davis (Phaff, Miller, & Shifrine, 1956). Initially classified as P.
pastoris, molecular taxonomy advances reclassified it as Komagataella phaffii in 2005
(Kurtzman, 2005). In the 1970s, Phillips Petroleum Company isolated a related strain, NRRL Y-
11430, for methanol-based single-cell protein production, which was patented in 1980. This
strain, likely a derivative from UCD-FST K-239, was later developed for recombinant protein
expression by the Salk Institute and commercialized after its patent was acquired by Research
Corporation Technologies in 1993 (Claes et al., 2024). Widely used strains today, such as GS155
and X-33 from Invitrogen, trace their lineage to NRRL Y-11430. However, the majority of these
strains, including those distributed by Invitrogen and the RCT Pichia expression system, are
subjected to patents and material transfer restrictions that prohibit unlicensed commercial use,

limiting their accessibility for cost-effective industrial applications (Claes et al., 2024). To
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overcome these barriers, license-free strains such as BG10, jointly developed by BioGrammatics
and ATUM (formerly DNA2.0), offer a more accessible platform for commercial recombinant
protein production (Juturu & Wu, 2018). Additionally, a genomic analysis recently confirmed
that the Phaffi type strain UCD-FST K-239 is nearly identical to NRRL Y-11430. Based on this
finding, an open-access Pichia chassis strain has been developed, enabling unrestricted,

industry-standard recombinant protein production (Claes et al., 2024).

K. phaffii is a methylotrophic yeast that has emerged as a leading platform for recombinant
protein expression in both research and industrial settings (Moraes et al., 2024). As a lower
eukaryote, it combines advantageous traits of both prokaryote and eukaryote: the ease of
cultivation, fast growth and highly scalable robust bioreactor processes of bacterial systems,
along with the advanced protein secretion capabilities of eukaryotic cells (Barone et al., 2023).
Additional features of this yeast make it an ideal platform for recombinant protein production,
including: (i) a well-characterized genetic background, complete genome sequence, and
accessible molecular manipulation tools; (ii) proper protein folding and essential PTMs,
including O- and N-linked glycosylation, and disulfide bond formation; (iii) robust secretory
capacity with minimal endogenous protein secretion, facilitating high-yield expression and
simplified downstream purification; (iv) its ability to grow to high cell densities in low-cost and
renewable substrates; and (v) its GRAS or QPS status (Claes et al., 2024; Ergin et al., 2022;
Karbalaei et al., 2020; Lv & Cai, 2025). For all these reasons, K. phaffii BG10 was selected in

Chapter 1 for the heterologous expression of fungal enzymes.
1.4.2.1. Komagataella phaffii as a cell factory for recombinant proteins

K. phaffii is an attractive chassis to produce both high-value bioproducts (e.g., antibodies,
hormones, vaccines) and low-value products (e.g., food and feed enzymes, processing aids).
Successful recombinant protein expression in K. phaffii depends on the careful design of the
expression system, including strain selection, a strong promoter to achieve high expression
levels, gene dosage, codon optimization, and an effective secretory signal sequence. These
elements are crucial for efficient protein expression and subsequent translocation and post-
translational processing within the Endoplasmic Reticulum (ER) and Golgi apparatus (Juturu &

Wu, 2018).

- Promoter choice
Promoter selection is critical in K. phaffii bioprocess development as it directly influences
expression levels and dictates fermentation strategy (Garcia-Ortega et al., 2019). The two most

widely used promoters are the strong methanol-inducible alcohol oxidase 1 promoter (Paox1)
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and constitutive glyceraldehyde 3-phosphate dehydrogenase promoter (Psap). Nonetheless,
plenty of promoters are available in literature, which are also in continuous evolution (Calik et
al., 2015).

K. phaffii metabolizes methanol as a carbon source via methanol utilization (MUT) pathway,
which involves two alcohol oxidase (AOX) genes, AOX1 and AOX2. AOX1 encodes the major
enzyme, which accounts up to 30% of the total soluble proteins in cells grown solely on
methanol. Due to the high strength and regulation of its promoter, Paox: is currently the most
widely used promoter in commercial protein production. Moreover, AOX1 is repressed by most
carbon sources other than methanol, ensuring high biomass accumulation before protein

expression is induced (Barone et al., 2023; Juturu & Wu, 2018).

However, methanol presents several drawbacks in industrial settings: (i) safety risks and
expensive costs associated with storage and handling due to its flammability; (ii) its origin as a
petrochemical, limiting alignment with circular economy principles; (iii) increased oxygen
demand and heat generation during high-cell-density cultivation; (iv) formation of toxic by-
products like formaldehyde and hydrogen peroxide; and (v) elevated risk of cell lysis and

degradation of the product (Calik et al., 2015; Garcia-Ortega et al., 2019; Juturu & Wu, 2018).

As a result, there is growing interest in methanol-free expression systems. One such alternative
is Peap, Which drives the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a
highly expressed enzyme involved in glycolysis and gluconeogenesis. As a strong, constitutive
promoter, Psap enables protein expression proportional to cell mass, making it ideal for
producing non-toxic proteins that do not inhibit host cell growth (Calik et al., 2015). Pgap-based
systems typically use glucose or glycerol as carbon sources, though other substrates like
fructose, sorbitol, mannitol, ethanol, and trehalose also support expression. While the carbon
source can modulate expression levels, comparable yields have been reported with glucose and
glycerol (Garcia-Ortega et al., 2019; Waterham et al., 1997). Importantly, using renewable
feedstock, such as glycerol from the biodiesel industry or corn steep liquor from the starch
industry (Hahn-Hagerdal et al., 2005; Jia Zheng et al., 2012), further enhances the sustainability
and economic feasibility of these systems (Garcia-Ortega et al., 2019). Overall, Pgap-driven
expression systems offer a methanol-free, scalable, and cost-effective alternative for large-scale
recombinant protein production and, consequently, the enzyme expression strategy used in

Chapter 1 is based on Pgap.
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- Integrative vectors and gene dosage
The expression of any recombinant gene in K. phaffii has three phases: (i) Cloning the gene of
interest into a suitable expression vector; (ii) insertion of the vector into the host genome; and
(iii) screening of transformants to identify high expression strains (Karbalaei et al., 2020). For
stable expression, integrative vectors for Pgap-driven expression systems are widely used.
Among them, the pGAPZa vector series (Invitrogen, USA) are often employed for extracellular
protein production. However, these vectors are protected by Intellectual Property (IP) rights,
and their use in commercial manufacturing typically requires a license. Alternatively, IP-free
expression systems such as those offered by ATUM.bio and the recently developed OPENPichia
platform provide more accessible options for unrestricted use (Claes et al., 2024; Juturu & Wu,
2018). After vector integration, gene dosage can be increased by selecting for clones that have
incorporated multiple copies of the expression cassette. This is typically achieved by gradually
increasing the concentration of the selective marker, allowing isolation of so-called “jackpot

clone”, which are the transformants with the highest expression levels (Naseem et al., 2021).

- Additional factors affecting protein expression in K. phaffii
An essential factor in maximizing heterologous protein expression in K. phaffii is codon
optimization. Because codon usage can vary significantly between the host and foreign genes,
the use of rare or unfavorable codons may lead to inefficient transcription or translation, and
ultimately, low protein yields. Adapting the gene of interest to match the preferred codon usage
of K. phaffii is therefore strongly recommended to enhance expression efficiency (Majeke et al.,
2020). Another key aspect is the secretory signal sequence, which directs the recombinant
protein into the ER, the first of the yeast secretory pathway. Once inside the ER lumen, enzymes
such as Kex2 and Stel3 usually cleave the SP (Juturu & Wu, 2018). Since the efficiency of
translocation into the ER directly influences the overall secretion levels, numerous SPs have
been developed for K. phaffii to support high-yield recombinant protein secretion. Nonetheless,
the a-mating factor SP (a-MF) from S. cerevisiae is currently one of the most widely used SPs,
and is commonly incorporated into commercial expression vectors (Lv & Cai, 2025). In Chapter
1 of this thesis, K. phaffii was selected as the host for recombinant production of fungal enzymes
due to the advantages discussed throughout this section. Expression was achieved using a Pgap-
driven system, along with codon optimization, gene copy number amplification, and the a-MF

SP to maximize yield and secretion efficiency.
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2. Aims and objectives

Enzymes have become transformative tools across a wide range of industrial applications. In the
Pulp and Paper Industry, they are emerging as environmentally preferred alternatives to
conventional chemical processes, offering the potential to reduce energy consumption,
minimize water usage, and eliminate the need for harsh reagents. Despite these advantages,
industrial implementation of enzymatic solutions remains limited by the need to identify

process-compatible biocatalysts and enable their cost-effective, high-yield production at scale.

The work conducted in this thesis addresses these challenges through a two-pronged approach:
(i) the discovery of novel enzymes adapted to the physicochemical conditions of the
papermaking environmental via database mining and in silico screening, and (ii) the optimisation
of enzyme expression in B. subtilis, a well-established industrial production host. To achieve this,
the work includes the development of CRISPR-Cas9-based genome editing tools to streamline
strain engineering, as well as a systematic strategy to enhance heterologous gene expression

and protein secretion. The specific objectives of this thesis are as follows:

1- To identify novel EGs for application in the PPI:
1.1 Use of database mining and in silico screening to rapidly prioritize enzyme candidates
with potential relevance to papermaking conditions.
1.2 Heterologous expression of the selected enzymes in K. phaffii, followed by purification
and biochemical characterization of putative EGs.
1.3 Performance assessment of promising enzyme candidates within the context of the
industrial refining process used in papermaking.
2- To engineer a robust, super-secreting B. subtilis strain through systematic optimization of
the secretory pathway:
2.1 Construction of a stable, marker-free, plasmid-less strain using CRISPR-Cas9 mediated
genome editing.
2.2 Recombinant gene expression enhancement by optimizing promoter selection and
increasing gene copy number.
2.3 Identification and alleviation of rate-limiting steps in the protein secretion pathway to
maximize extracellular enzyme yield.
3- To develop a novel CRISPR-Cas9-based genome editing strategy enabling one-step,
simultaneous multi-gene integration in B. subtilis chromosome:
3.1 Design and validation of a straightforward, colorimetric screening system for rapid

identification of successful multi-locus insertions.
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3.2 Assessment of the precision, efficiency, and genomic context-dependence of the
CRISPR-Cas9 multiplex integration approach.
3.3 Leverage the colorimetric screening strains as a genetic platform for stable,

chromosomal production of Cso-carotenoids in B. subtilis.
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ABSTRACT

Keywords:
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Paper

StachCel5, a novel endo-p-1,4-glucanase from Stachybotrys chartarum IBT 7711, was identified through genome
mining and exhibited 65 % sequence identity with known glycoside hydrolase family 5 (GH5) cellulases. The
gene was codon-optimized, excluding its native signal peptide, and heterologously expressed in Komagataella
phaffii under the control of constitutive glyceraldehye-3-phosphate dehydrogenase (GAP) promoter. The purified
enzyme displayed a high specific activity of 287.6 U/mg on carboxymethyl cellulose (Na-CMC), retained over 87
% activity across pH 4-7, and maintained 77 % residual activity after 60 min at 50 °C. Structural modeling
predicted a canonical (f/a)s TIM-barrel fold, with Glu228 and Glu335 as conserved catalytic residues. Appli-
cation trials on industrial hardwood and softwood pulps demonstrated that enzymatic pre-treatment with
StachCel5 enhanced fiber fibrillation, reduced refining energy, and improved mechanical properties. In softwood
pulp, the enzyme enabled equivalent tensile strength (67.8 Nm/g) as untreated controls with 25 % fewer refining
revolutions (4500 vs 6000), reflecting significant energy savings. Improved tensile and burst indices, and pre-
served fiber integrity (zero-span tensile index) confirm the biorefining potential of StachCel5. These results
establish StachCel5 as a thermostable and pH-tolerant biocatalyst suitable for enzymatic fiber modification in
pulp and paper processing under industrially relevant conditions.

1. Introduction

significantly to the carbon footprint of paper production [6,7]. Enzy-
matic pre-treatment with cellulases, particularly endo-p-1,4-glucanases

Cellulose, the most abundant polysaccharide on Earth, constitutes a
major component of plant biomass and is composed of p-1,4-linked p-
glucose units forming crystalline and amorphous regions. Complete
hydrolysis of cellulose requires the cooperate action of cellulases,
namely endoglucanases, exoglucanases (cellobiohydrolases), and
pB-glucosidases [1]. These enzymes are pivotal in biomass valorization,
contributing to circular bioeconomy efforts and sustainable industrial
practices [2,3].

Cellulases have diverse applications across sectors, including food
processing, animal feed, textiles, detergents, and notably, the pulp and
paper industry [4,5]. In papermaking, mechanical refining modifies
pulp fibers to enhance bonding and improve paper strength, yet it is
highly energy-intensive, consuming 150-500 kWh/ton and contributing

* Corresponding authors.

(EC 3.2.1.4), has emerged as a promising strategy to reduce refining
energy (up to 40 %) by enhancing fiber fibrillation and flexibility
without over-degrading fiber integrity [7,8]. However, commercial
deployment of cellulase-assisted refining faces several technical chal-
lenges. Many fungal endoglucanases display limited activity at neutral
to alkaline pH and suffer from thermal instability under mill conditions,
which typically operate at 40-60 °C and pH 5-8 [9,10]. Additionally,
cellobiohydrolase and p-glucosidase activities are generally not consid-
ered beneficial for pulp modification, as their use may lead to excessive
fiber degradation and compromise pulp strength, thus making enzyme
selection and process tuning essential [11,12]. Therefore, identifying
new cellulases with robust activity profiles, high substrate specificity,
and compatibility with industrial conditions is critical for broader
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adoption.

Filamentous fungi remain a key source of industrial enzymes due to
their natural ability to degrade lignocellulose and secrete diverse hy-
drolases [13]. Among them, Stachybotrys chartarum is a cellulolytic
ascomycete frequently isolated from decaying cellulose-rich substrates,
including paper waste and agricultural residues [14,15]. This species is
known to produce thermostable and alkali-tolerant enzymes [16], yet its
cellulolytic arsenal remains largely unexplored. To date, only a single
lichenase from S. chartarum has been functionally characterized [17],
despite the availability of complete genome sequences for multiple
strains [18]. Recent advances in genome mining, protein modeling, and
heterologous expression platforms now facilitate the discovery and en-
gineering of novel fungal cellulases with customized properties [10,19].

In this study, we report the identification, recombinant production,
and characterization of StachCel5, a novel GH5 endo--1,4-glucanase
from S. chartarum. Using a genome mining approach, we selected a gene
encoding a putative GH5 enzyme with a fungal cellulose-binding
domain. The gene was codon-optimized and expressed in Komagataella
phaffii for extracellular secretion. We performed structural modeling and
comparative analyses, revealing conserved catalytic residues and stable
TIM-barrel architecture. Biochemical assays showed that StachCel5 ex-
hibits high specific activity, broad pH stability (4-9), and remarkable
thermal resistance at 50 °C. We further validated its application in
enzymatic pre-treatment of industrial softwood and hardwood pulps,
demonstrating improved mechanical properties with reduced refining
energy input. These results position StachCel5 as a promising candidate
for incorporation into biocatalytic formulations in the pulp and paper,
textile, and detergent industries. Its robust operational stability and
substrate specificity address key limitations of current enzymatic tools,
contributing to more sustainable and cost-effective industrial fiber
modification processes.

2. Materials and methods
2.1. Strains, plasmid and media

Escherichia coli DH5a was used as the host strain for cloning and
plasmid preparation. Chemically competent E. coli strains were pre-
pared, and the transformations were carried out as described previously
[20]. The methylotrophic yeast K. phaffii strain BG-10 and the expres-
sion vector pD915 were purchased from ATUM (Newark, California,
USA). pD915 vector contains a Saccharomyces cerevisiae-derived a-pre-
pro signal sequence for extracellular protein secretion, a constitutive
glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter for gene
expression, an alcohol oxidase 1 (AOX1) terminator, a zeocin resistance
marker for selection, and a pUC origin of replication for propagation in
E. coli. E. coli transformants were selected on low salt Luria-Bertani agar
(1 % Tryptone, 0.5 % NaCl, 0.5 % Yeast extract and 1.5 % agar) plates
supplemented with 25 pg/mL zeocin and incubated at 37 °C. For the
selection of K. phaffii transformants, YPDS agar plates (1 % Yeast extract,
2 % Peptone, 2 % Dextrose, 1 % Sorbitol,1.5 % Agar) containing 300 pg/
mL zeocin were used.

2.2. Gene identification and Bioinformatic analysis

Putative endoglucanase encoding sequences were retrieved from the
publicly available genome sequence of Stacybotrys chartarum IBT 7711
(GenBank: KL647752.1) of the National Center for Biotechnology In-
formation (NCBI), and those containing a cellulose binding domain
(CBD), given its established role in enhancing enzyme-substrate in-
teractions and improving catalytic efficiency [21] were selected and
subjected to preliminary domain analysis to assess their functional
classification.

Conserved domain analysis were performed using the NCBI
Conserved Domain Database [22]. Signal peptide prediction was carried
out using SignalP-6.0 online tool to evaluate the presence of N-terminal
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secretion signals [23]. The theoretical molecular weight (Mw) and iso-
electric point (pI) of the deduced protein were estimated using the
Expasy ProtParam tool [24]. Potential N-glycosylation sites were pre-
dicted using the NetNGlyc 1.0 server applying a threshold score of >0.5
to define likely glycosylation events [25]. A phylogenetic tree was
constructed using the neighbor-joining method based on 40 top non-
Stachybotrys BLASTp ‘hits’. Tree reconstruction was carried out using the
MEGA software (version 11), with bootstrapping of 1000 replicates
[26]. Secondary structure prediction of cellulase candidate enzyme was
performed using the Phyre2.2 online tool [27], while NetSurfP 3.0 was
used to predict the relative surface accessibility of the amino acid resi-
dues [28]. Far-UV circular dichroism (CD) spectra of StachCel5 at 2.5
uM (20 mM phosphate buffer, pH 7 at 25 °C) was collected using Jasco J-
810 spectro polarimeter (Jasco International Co., Japan) in the range of
195-250 nm using 1 mm quartz cuvette. Results have been expressed as
mean residual ellipticity (deg.cmz.dmol’l). A total of 3 spectra were
collected which were averaged and corrected by subtraction of the
blank.

Tertiary structure was predicted exclusively by AlphaFold2 Colab
[29,30] and the top-ranked structural model was selected for further
analysis. Molecular graphics and visualization of the 3D structure were
performed using the PyMOL Molecular Graphics System, Version 3.0
Schrodinger, LLC. For the identification of conserved structural features,
the amino acid sequence of StachCel5 was queried against the Protein
Data Bank (PDB) using NCBI BLASTp database [31]. The top non-
redundant sequences were aligned using the T-Coffee alignment pro-
gram [32].

2.3. Recombinant protein expression and purification

The S. chartarum cellulase gene, excluding the putative signal pep-
tide (first 16 amino acids), was codon-optimized for expression in
K. phaffii and synthetized by GenScript (Piscataway, New Jersey, USA)
(see supplementary materials, Fig. S1). The synthetic gene was cloned
into the pD915 expression vector under the control of the constitutive
GAP promoter and fused to the S. cerevisiae a-pre-pro signal peptide for
extracellular secretion. Cloning was performed using SapI (New England
Biolabs, Ipswich, MA, USA) restriction sites. The resulting construct was
transformed into E. coli DH5a for propagation, and its identity was
verified by sequencing. Next, the plasmid was linearized using the
unique AvrIl (New England Biolabs, Ipswich, MA, USA) restriction site
located within the GAP promoter and purified via sodium acetate-
ethanol precipitation. Linearized plasmid was electroporated into
K. phaffii BG-10 strain as previously described [33]. Transformants were
selected on YPDS agar plates supplemented with 300 pg/mL zeocin and
incubated at 30°C for three days. Colonies were screened for
carboxymethyl-cellulase (CMCase) activity in sterile 24-well plates
containing 900 uL BMGY medium (1 % w/v yeast extract, 2 % w/v
peptone, 100 mM pH 6.0 potassium phosphate buffer, 0.004 mg/L
biotin, 1.34 % v/v yeast nitrogen base and 1 % v/v glycerol), supple-
mented with 300 pg/mL of zeocin. A glycerol stock of wild-type K. phaffii
BG-10 was used as a negative control.

Expression of recombinant StachCel5 in cell-free supernatants was
verified by 10 % sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE). Gels were stained with Coomassie Brilliant Blue.
Protein concentration was determined using the Bradford method
employing the Bradford Protein Assay Kit (Bio-Rad; Hercules, California,
USA). Bovine serum albumin (BSA) was used to generate a standard
calibration curve for quantification.

Recombinant StachCel5 was purified from the culture supernatant of
K. phaffi grown in 300 mL BMGY medium at 28 °C and 250 rpm for 72 h.
The cell-free supernatant was first concentrated using a Vivaflow 50
tangential flow filtration system equipped with a 10 kDa molecular
weight cut-off (MWCO) membrane (Sartorius Stedim Biotech GmbH,
Gottingen, Germany). The buffer of the concentrated supernatant was
then exchanged to the equilibration buffer (20 mM phosphate buffer,
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pH 7.8) required for subsequent chromatography. The partially purified
protein was loaded onto a HiTrap Q HP 1 mL anion exchange column
connected to an AKTA start protein purification system (Cytiva Life
Sciences, Marlborough, MA, USA). The column was pre-equilibrated
with 20 mM phosphate buffer, pH 7.8, and the bound proteins were
eluted using a linear pH gradient from pH 7.8 to 4.5, using 20 mM
phosphate buffer pH 4.5. Fractions containing the target protein were
identified by SDS-PAGE, pooled, and further concentrated using the
same 10 kDa MWCO Vivaflow 50 device.

2.4. Cellulase activity assay and characterization

The hydrolytic activity of purified StachCel5 was assessed using the
3,5-dinitrosalicylic acid (DNS) method [34], which quantifies the
release of reducing sugars from polysaccharide substrates. One unit (U)
of cellulase activity was defined as the amount of enzyme that releases 1
pmol of reducing sugar per minute under the assay conditions. Standard
assays for enzyme characterization (250 pL total volume) were per-
formed using 1.5 % (w/v) sodium carboxymethyl cellulose (Na-CMC) as
substrate, with an enzyme dosage of 2 pL (700 ng), and an incubation
time of 2 min. Reactions were incubated at various temperatures and pH
intervals, as detailed below, and subsequently stopped by the addition of
750 pL of DNS reagent. The mixture was then heated at 95 °C for 5 min
for colour development, and absorbance was measured at 540 nm.

To determine the optimum pH, activity assays were performed at
65 °C using various 100 mM buffers across a pH range of 3.0-12.0: so-
dium citrate (pH 3.0-4.0), sodium acetate (pH 4.0-6.0), sodium phos-
phate (pH 6.0-7.0), Tris—HCI (pH 7.0-9.0), and sodium glycine (pH
9.0-12.0). pH stability was evaluated by pre-incubating the enzyme at
4 °C for 16 h in the respective buffers, followed by measuring residual
activity under optimal conditions (100 mM sodium acetate buffer pH 5
at 65 °C). On the other hand, optimal temperature was determined by
conducting the activity assay at temperatures ranging from 25 °C to
90 °C in 100 mM sodium acetate buffer (pH 5). Thermal stability was
assessed by incubating the enzyme in the same buffer at 50 °C, 55 °C,
and 60 °C for up to 1 h, with samples taken at different time intervals.
Residual enzyme activity was then measured under optimal assay con-
ditions (pH 5, 65 °C). Enzyme activity prior to incubation was taken as
100 % and used as the control.

To evaluate the influence of various effectors on StachCel5 activity,
individual reactions were supplemented with 10 mM of different metal
ions (Mg?*, Ca®", cu®’, Co?*t, Ba2", Fe?*, zn?*, Mn?*, Ni**, Ag?™,
Pb2"), the chelating agent EDTA, or the reducing agent f-mercaptoe-
thanol. The effects of detergents—Tween 20, Triton X-100, Tween 80,
and sodium dodecyl sulfate (SDS)—were also evaluated at a final con-
centration of 0.25 % (v/v). Each mixture was pre-incubated with the
enzyme at room temperature for 60 min, after which residual enzymatic
activity was determined using the DNS method under previously
established optimal conditions. Enzymatic activity in the absence of any
additive was defined as 100 % activity and used as the control.

Kinetic parameters of StachCel5, including the Michaelis-Menten
constant (Km) and maximum reaction velocity (Vmax), were deter-
mined under optimal conditions by incubating varying concentrations of
Na-CMC (6-21mg/mL) for 3 min. The Km and Vmax values were
derived from nonlinear regression fitting of the Michaelis-Menten
equation using GraphPad Prism 10 for Windows. All assays were per-
formed in triplicate, and the mean values were used for analysis.

2.5. Substrate specificity of StachCel5

Substrate specificity of StachCel5 was assessed by using 1.5 % (w/v)
concentrations of various polysaccharides, including insoluble crystal-
line cellulose substrates (Avicel, filter paper), laminarin, xylan from oat
spelts, potato starch, and Na-CMC (Merck KGaA, Germany), under
standard reaction conditions. Additionally, the enzyme’s activity on
synthetic substrates para-nitrophenyl-p-D-cellobioside (pNPC) and para-
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nitrophenyl-p-D-glucopyranoside (pNPG) at a concentration of 2 mM
was also evaluated. The reaction (250 pL total volume) was carried out
at 50°C for 5 min, followed by the addition of 750 pL of 1.0 M Na2COs to
terminate the reaction. The amount of para-nitrophenol released was
quantified spectrophotometrically by measuring absorbance at 405nm.
One unit of activity was defined as the amount of enzyme required to
release 1 pmol of para-nitrophenol per minute.

2.6. Laboratory refining trials, sheet forming, and paper testing using
softwood and hardwood pulp

The biorefining potential of endoglucanase StachCel5 was evaluated
through its application to industrial dried, TCF (Totally Chlorine Free)
bleached hardwood Kraft pulp from Eucalyptus globulus, supplied by
ENCE (Pontevedra, Spain) and ECF (Elemental Chlorine Free) bleached
softwood Kraft pulp, composed of 85 % Pine and 15 % Fir and Spruce,
provided by Fiber Excellence (Saint-Gaudens, France). A concentrated
crude extract from K. phaffii BG-10 expressing StachCel5 was used for
this evaluation.

Enzyme treatments were conducted on 30 g (dry weight) of pulp at
10 % (w/v) pulp consistency in 50 mM sodium acetate buffer (pH 5). The
enzyme was initially dissolved in the same buffer and then added to the
pulp suspension to ensure homogeneous distribution. The enzymatic
treatment was performed in BRAND® disposable polypropylene bags
(Merck KGaA, Germany) placed in a water bath at 40 °C for 30 min, with
an enzyme dosage of 0.5 CMCase units per gram of dry fiber. Samples
were periodically removed from the water and kneaded for 10-15 s to
ensure homogenous reaction. After the enzymatic treatment, the pulp
was heated in a water bath at 90 °C for 30 min to terminate the reaction.
The control treatment followed the same protocol but without enzyme
addition.

Refining experiments on enzyme-treated and control pulp samples
were conducted at 750, 1500, and 3000 revolutions for hardwood pulp,
and 3000, 4500, and 6000 revolutions for softwood pulp, using a Mark
VI PFI mill (Hamjern Maskin a.s., Hamar, Norway), in accordance with
ISO 5264-2. Pulp properties were measured by drainage resistance
(Schopper-Riegler number (°SR), ISO 5267-1) were measured. Hand-
sheets with a grammage of 75 + 3 g/m? were prepared using Rapid-
Kothen equipment according to ISO 5269-2 and were tested mechani-
cally according to the following standards: tensile index (ISO 1924-3),
burst index (ISO 2758), tear index (ISO 1974) and zero-span tensile
index (ISO 15361). Bendtsen air permeance (ISO 5636-3) and light
scattering (ISO 9416) were also measured. Prior to testing, the hand-
sheets were conditioned for 24 h at 23 °C and 50 % relative humidity
according to ISO-187. A total of 8-9 paper samples were tested.

2.7. Scanning Electron microscopy (SEM) studies

SEM microscopy was used to analyze the surface morphology of
paper sheets. Observations were conducted using a JEOL-6510 micro-
scope under vacuum at an operating voltage of 10 kV. Samples were
previously cut into small pieces and coated with carbon using a Cres-
sington 108 carbon coater to obtain a conductive surface.

3. Results and discussion

3.1. Database mining for novel endoglucanases, phylogenetic analysis,
and 3D structure

The publicly available GenBank non-redundant (nr) database for
Stachybotrys chartarum IBT 7711 was screened to identify putative en-
zymes with endoglucanase activity containing a carbohydrate-binding
domain (CBD). Five sequences were retrieved and subjected to pre-
liminary domain analysis and BLASTp searches to determine their
functional classification. Based on this analysis, the gene designated
stachCel5 (NCBI locus tag: S7711_.03103) was identified as a putative
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endoglucanase member of glycosyl hydrolase family 5 (GH5) and
selected for further studies (see supplementary materials, Fig. S2).

According to NCBI annotation, the selected open reading frame
(ORF) consists of 1263 bp and encodes a hypothetical protein of 402
amino acid residues (GenBank: KEY73803.1) (see supplementary ma-
terials, Fig. S3). Analysis performed through Conserved Domain Data-
base (CDD) from NCBI confirmed that StachCel5 possess a fungal
cellulose-binding module positioned between the residues Gly*' and
Ile®® and a C-terminal catalytic domain belonging to the glycosyl hy-
drolase 5 family (residues Val'®* to Gly®’!) (see Supplementary mate-
rial, Fig. S4), united by a peptide region rich in Thr and Ser residues
(residues Asn® to Gly'®%). Additionally, a putative N-terminal signal
peptide was predicted using the SignalP-6.0 server, with a probable
cleavage site between residues 16 and 17. The estimated molecular mass
and isoelectric point of StachCel5, excluding the signal peptide, were
42.8 KDa and 5.72, respectively.

Currently, GH5 is one of the largest and most diverse glycoside hy-
drolase families. While it primarily comprises endo-p-1,4-glucanase,
many GH5 members exhibit broad substrate specificity, displaying
additional activities such as mixed-linkage (f-1,3;1,4)-glucanase, xyla-
nase, galactanase and xyloglucanase functions [35]. Phylogenetic
analysis showed that StachCel5 clusters closely with GH5 endogluca-
nases from Clonostachys spp. and Paramyrothecium foliicola, (see Sup-
plementary material, Fig. S5). Sequence alignment revealed 62-65 %
identity and 99-100 % query coverage with these homologs based on
the NCBI nr protein database. Additionally, StachCel5 was positioned
near structurally characterized GH5 cellulases, including those from
Aspergillus niger, Thermoascus aurantiacus, and Penicillium verruculosum,
showing sequence identities of 60.8 %, 58.8 %, and 56.0 %, respectively,
with approximately 75 % query coverage (Fig. 1).

Secondary structure prediction using Phyre2 indicated that Stach-
Cel5 consists of approximately 24 % a-helix and 13 % f-strand (see
Supplementary Fig. S6a). This prediction was experimentally validated
by circular dichroism (CD) spectroscopy, and the CD spectra were
analyzed using BeStSel [36], confirming the presence of these secondary
structural elements (see Supplementary Fig. S6b). The three-
dimensional (3D) structure of the enzyme was modeled using Alpha-
fold2, which has demonstrated exceptional accuracy in protein structure
prediction [37]. The top ranked model was selected (see Supplementary
material, Fig. S7) and subsequently visualized with PyMOL for further
structural and functional analyses (Fig. 2a).

To identify the catalytic site of StachCel5 and gain insights into its
molecular mechanism, its amino acid sequence was aligned with those
of experimentally characterized GH5 family cellulases from A. niger
[PDB ID: 51771, T. aurantiacus [PDB ID: 1GZJ], and P. verruculosum [PDB
ID: 6TPC]. The alignment revealed that residues Glu®*?8 and Glu®® are
evolutionarily conserved and likely represent the catalytic residues of
StachCel5 (Figs. 1 and 2b). To further validate this hypothesis, the 3D
structural model of StachCel5 was superimposed onto the GH5 endo-
glucanase from A. niger (PDB ID: 5177) (Fig. 2c). The comparison
revealed a high degree of structural similarity, particularly in the
conserved (p/a)s-barrel fold architecture characteristic of GH5 enzymes,
commonly known as the TIM-barrel, including alignment of the catalytic
residues in both structures (Fig. 2c). This structural congruence is
consistent with the sequence alignment results and supports the iden-
tification of Glu?*® and Glu®*® as the catalytic residues mediating
glycosidic bond hydrolysis via a general acid-base catalysis mechanism,
with Glu??® functioning as the proton donor and Glu®*® serving as the
nucleophile [38]. The distance between these residues plays a critical
role in determining the catalytic mechanism: retaining enzymes typi-
cally exhibit a distance of approximately 5.5 A, whereas inverting en-
zymes show about 10 A between catalytic residues [39]. In the predicted
3D structure of StachCel5, the distance between Glu*?® and Glu®®® was
measured at 4.9 A (Fig. 2¢), suggesting that the enzyme likely follows a
retaining mechanism, as commonly observed among GH5 family
members [38]. Furthermore, analysis of the predicted surface
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accessibility indicates that both catalytic residues are situated in a
buried region within the protein core. Notably, sequence and structural
analyses also reveal that other highly conserved residues are also pre-
dicted to be buried. This spatial arrangement is characteristic of many
endoglucanases, where the catalytic residues reside in a well-defined
cleft or pocket. Such partial burial serves to stabilize the electrostatic
environment and ensures precise orientation of catalytic groups, which
is essential for efficient substrate turnover. Although buried, these res-
idues remain functionally accessible via a solvent-accessible channel
that allows substrate entry and product release [40,41].

3.2. Heterologous expression and purification of the recombinant
endoglucanase StachCel5

The yeast K. phaffii (commonly known as Pichia pastoris) is among the
most widely used hosts for extracellular protein secretion, mainly due to
its low secretion of endogenous proteins, which significantly simplifies
downstream purification of the target protein [42]. Moreover, none of
its native secreted proteins have been reported to display activity on
lignocellulosic biomass, making K. phaffii an ideal host for the heterol-
ogous expression of fungal biomass-degrading enzymes [43]. The inte-
grative vector pD915 and the K. phaffii BG-10 strain were employed as
the heterologous expression system for StachCel5. The stachCel5 gene
from S. chartarum devoid of its signal peptide was synthesized with
codon optimized for K. phaffii. This gene was cloned into the pD915
vector, generating an o-prepro signal sequence-stachCel5 fusion
construct under the control of the constitutive GAP promoter. The
resulting plasmid was then transformed into K. phaffii BG-10 cells for
recombinant expression. Recombinant clones were screened to identify
the top-performing-secretory clone, exhibiting the highest carbox-
ymethyl cellulase (CMCase) activity in culture supernatants (see section
2.3 for details). This screening aimed to isolate the so-called jackpot
clone, characterized by a high copy number of the integrated expression
cassette, which displayed the highest CMCase activity of 168 + 13.1 U/
mL (Fig. 3a). SDS-PAGE analysis of the cell-free culture supernatant
revealed a prominent band with an estimated molecular weight of
approximately 55 kDa (Fig. 3b). Although this observed molecular
weight exceeds the theoretical molecular weight of 42.8 kDa predicted
in silico, such discrepancy might be attributed to protein glycosylation,
which can alter migration patterns in SDS-PAGE [44]. In particular, the
presence of N-linked glycans, as well as potential hyperglycosylation,
common for heterologous proteins expressed in K. phaffii, may explain
the observed size difference. Supporting this, in silico analysis with the
NetGlyc 1.0 Server, predicted two N-glycosylation sites at Asn>® and
Asn'®® in the StachCel5 sequence (Fig. 1). Additionally, K. phaffii is
known to add O-linked glycans to serine and threonine residues, which
may occur in the peptide linker connecting the fungal cellulose-binding
domain (fCBD) and the catalytic domain of StachCel5 [44,45]. Stach-
Cel5 was purified to homogeneity from K. phaffii culture supernatants by
ion exchange chromatography (Fig. 3c) and subsequently characterized.

3.3. Biochemical characterization of novel StachCel5

The activity of purified StachCel5 enzyme on carboxymethyl cellu-
lose (CMC) was initially assessed across a range of pH values, with the
enzyme retaining over 87 % of its activity at pH values between 4 and 7
and still maintained approximately 50 % of its maximum activity at
alkaline pH 9 (Fig. 4a). At the optimal pH of 5, maximum activity of
StachCel5 was observed at 65 °C, within a temperature range of 25 to
90 °C (Fig. 4b). Furthermore, StachCel5 exhibited stability over a broad
pH range of pH 3 to pH 10, retaining 90-100 % activity. However, its
activity significantly decreased at extreme pH values of pH 2 and pH 11,
where only 49 % and 26 % of maximum activity were retained,
respectively (Fig. 4c), thus indicating a strong stability of the StachCel5
enzyme. In thermal stability studies, StachCel5 demonstrated the
greatest stability at 50 °C, retaining over 77 % residual activity after 60
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Fig. 1. Multiple sequence alignment of GH5 family endoglucanases retrieved by BLASTp against the PDB database, highlighting conserved amino acid residues in
StachCel5. Identical and similar residues are shaded in black and grey, respectively. Conserved catalytic glutamate residues, serving as the nucleophile and general
acid/base in GH5 cellulases, are indicated by red boxes. Other key conserved active site residues are marked with asterisk (*). Position of cysteine residues are
indicated with arrows. Predicted N-glycosylation sites in StachCel5 with a potential score > 0.5 are highlighted in purple boxes. Accession details and sequence
identities to StachCel5 are as follows: 5177 (A. niger, 60.8 %); 1GZJ (T. aurantiacus, 58.8 %); 6TPC (P. verruculosum, 56 %); SHNN (Xanthomonas axonopodis pv. citri,
38.4 %); 4LX4 (Stutzerimonas stutzeri A1501, 31.4 %); 3QR3 (Trichoderma reesei, 31.5 %); 5SD8W (Ganoderma lucidum, 34 %); and StachCel5 (this study). RSA:
predicted Relative Surface Accessibility of StachCel5. Residues with RSA values >25 % are considered exposed (shown in red), while those with RSA < 25 % are
Elassiﬁed as buried (shown in blue).

<

Fig. 2. Analysis of the predicted 3D structure of StachCel5. (a) Top ranked 3D structure model of StachCel5 predicted by Alphafold2 Colab. (b) Detailed view of the
active site, highlighting highly conserved residues (R144, H188, Y190, N227, H230, W265, H293, Y295, W368) surrounding the catalytic glutamates E228 and E335
(shown as red sticks). (c) Superposition of StachCel5 (magenta) with the GH5 endoglucanase from A. niger (PDB ID: 5177; yellow). The inset depicts the superimposed
catalytic residues of StachCel5 (E228 and E335, red sticks) and endoglucanase 5177 (blue sticks). The distance between the catalytic glutamates is indicated in red.

All figures were generated using PyMOL.

min of incubation. At higher temperatures, the enzyme showed residual
activities of about 60 % and 20 % after 15 min of incubation at 55 and
60 °C, respectively (Fig. 4d).

A comparative analysis of the enzymatic properties of StachCel5 with
previously reported GH5 enzymes reveals both similarities and notable
differences (Table 1). While most cellulases within the GH5 family
exhibit optimal activity under acidic conditions (pH 3-5) and moderate
temperatures (50 to 70 °C), StachCel5 demonstrates a broad pH activity
range (pH 4-7), enhancing its applicability in biotechnological pro-
cesses that operate under acidic to near-neutral conditions. The enzyme
demonstrated high specific activity on CMC (287.6 + 12.3 U/mg),
positioning it among the most active GH5 family members, though still
below the exceptionally active AnCel5A from Aspergillus niger (1726 U/
mg) [46]. The combination of StachCel5’s broad pH tolerance and
elevated optimal temperature (65 °C) enhances its industrial relevance
for applications demanding robust enzymatic performance under
diverse operational conditions [4,9].

To further characterize StachCel5, the effects of various metal ions
and chemical reagents on its enzymatic activity were evaluated as
shown in Fig. 4e. Among the metal ions tested, most exhibited no sig-
nificant influence on StachCel5 activity, with the exception of Mn?* and
Co%*, which caused a slight improvement, whereas Zn>" and Ag**
decreased enzymatic activity by 21 % and 78 %, respectively. Notably,
EDTA did not completely inhibit enzymatic activity, suggesting that

StachCel5 is not dependent on metal ions for its catalytic function.
Similarly, the addition of p-mercaptoethanol had no effect on enzymatic
activity, indicating that disulfide bonds are not critical for maintaining
the active conformation of StachCel5. Regarding the effects of de-
tergents, no significant changes in activity were observed in the presence
of Tween 20, Tween 80, or Triton X-100, whereas SDS completely
abolished StachCel5 activity (Fig. 4e), an effect observed for other GH5
endoglucanases too [47].

A comparative analysis of kinetic parameters among GH5 endoglu-
canases from different organisms highlights the distinct catalytic per-
formance of StachCel5 (Table 2). StachCel5 exhibited a moderate
substrate affinity with a Km of 9.77 mg/mL and a high Vmax of 898.4 U/
mg. Its turnover number (Kcat) reached 635.7 s’l, placing it among the
top-performing GH5 enzymes reported to date. Although AnCel5A from
Aspergillus niger showed a higher catalytic efficiency (Kcat/Km = 227
mL/s/mg) [46], StachCel5 outperformed several fungal homologs such
as MtEG5-1 from Myceliophthora thermophila (Kcat/Km = 13.9 mL/s/
mg) [52] and GH5 from Fomitopsis meliae (Kcat/Km = 10.78 mL/s/mg)
[50]. Notably, StachCel5 exhibited higher specific activity and Vmax
compared to the widely used TrCel5A from Trichoderma reesei, a
benchmark endoglucanase commonly incorporated into industrial
biomass deconstruction enzyme cocktails [56]. The kinetic profile of
StachCel5 indicates an efficient catalytic mechanism that balances
substrate binding and turnover, positioning it as a promising candidate
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Fig. 3. Expression of recombinant endoglucanase StachCel5 in K. phaffii BG-10. (a) CMCase activity measured in culture supernatants of the wild-type K. phaffii BG-
10 strain (WT) and the recombinant strain (StachCel5) expressing StachCel5. (b) SDS-PAGE analysis of culture supernatants from WT and recombinant K. phaffii BG-
10 strains. (¢) SDS-PAGE of purified StachCel5 from recombinant K. phaffii BG-10. Lane 1: culture supernatant before purification; Lane 2: purified StachCel5 fraction;

Lane M: molecular weight marker.
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Fig. 4. Characterization of purified StachCel5 on 1.5 % carboxymethyl cellulose (CMC). (a) Effect of pH on enzyme activity at 65 °C (b) Effect of temperature on
enzyme activity at pH 5.0 (c) pH stability of StachCel5, with 100 % residual activity corresponding to the activity at pH 5.0 before incubation (d) Thermostability
assays of StachCel5, with 100 % residual activity corresponding to the activity before incubation (e) Effect of 10 mM metal ions, EDTA, p-Mercaptoethanol (BME) and
detergents (0.25 %) on StachCel5 activity. The activity of StachCel5 in the absence of any solute was taken as 100 % (control). A relative activity of 100 % under the
optimal conditions (pH 5 and 65 °C) corresponds to an absolute activity of 168.4 + 4.2 U/mL. Results are expressed as the average of triplicate assays =+ the standard

error of the mean.
for biomass hydrolysis and other biotechnological applications.

3.4. Substrate specificity of novel StachCel5

Activity profiling of StachCel5 on various substrates revealed strong
specificity for p-1,4-glucosidic linkages in CMC, displaying an activity of
287.6 + 12.3U/mg, and for mixed p-1,4 and p-1,3-glucosidic linkages in
lichenan, with an activity of 480.4 + 24.3U/mg under optimal condi-
tions. Family GH5 contains enzymes with diverse specificity, including
cellulose endo-f-1,4-glucosidase (EC 3.2.1.4), endo-p-1,3/4-glucosidase
(EC 3.2.1.6), glucan endo-p-1,3-glucosidase (EC 3.2.1.39) as well as

other specificities (https://www.cazy.org/GH5 activity.html). Stach-
Cel5 shows higher activity on lichenan (with $-1,4 and p-1,3-glucosidic
linkages) than with CM-cellulose (with all p-1,4 glucosidic linkages), but
no activity on laminarin with f-1,3 glucosidic linkages. It indicates hy-
drolase activity on f-1,4-linkages with a specificity closer to endo-p-1,3/
4-glucosidase (EC 3.2.1.6) as commonly found in the GHS5 family
[40,57].

In contrast, StachCel5 exhibited no hydrolytic activity toward xylan
or starch. Moreover, no activity was detected against insoluble crystal-
line substrates such as Avicel and filter paper, or synthetic substrates
PNPC and pNPG (data not shown). These findings emphasize the highly



J. Ferrando et al.

Table 1
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Properties comparison of StachCel5 with other fungal endoglucanases of family GH5. All properties are based on carboxymethyl cellulase (CMCase) activity. Not

indicated (n.i.).

Enzyme Organism Optimum pH Optimum TM (°C) Specific CMC activity (U/mg) References
StachCel5 Stachybotrys chartarum 4-7 65 287.6 +12.3 This study
Cel5A Thermoascus aurantiacus 4 70 45 [48]
TrCel5A Trichoderma reesei 5 55 220.57 [49]
AnCel5A Aspergillus niger 4 70 1726 + 19 [46]
GH5 Fomitopsis meliae 4.8 70 302.90 [50]
AgCMCase Aspergillus glaucus 5 55 175.3 + 5.1 [51]
MEG5-1 Moyceliophthora thermophila 4-5 70 n.i. [52]
GlCel5A Ganoderma lucidum 3-4 60 104+ 3 [53]
EGII Penicillium verruculosum 4.5 70 50 [54]
EGL2 Humicola grisea 5 75 31.9 [55]
Table 2
Kinetic parameters of StachCel5 compared with other fungal GH5 endoglucanases. All values are based on carboxymethyl cellulase (CMCase) activity. n.i., not
indicated.
Enzyme Organism Km (mg/mL) Vmax (U/mg) Kcat (s’l) Kcat/Km (mL/s/mg) References
StachCel5 Stachybotrys chartarum 9.77 +£ 0.9 898.4 + 15 635.7 £ 10.6 65.4 +7.1 This study
Cel5A Thermoascus aurantiacus 37 82.6 n.i. n.i. [48]
TrCel5A Trichoderma reesei 2.1 220.57 n.i. n.i. [49]
AnCel5A Aspergillus niger 7.64 +£ 0.4 2786 + 79 1625 + 46 227 +£ 21 [46]
GH5 Fomitopsis meliae 12 556.58 129.41 10.78 [50]
AgCMCase Aspergillus glaucus 7.22 mM 343.81 +2.77 n.i. n.i. [51]
MtEG5-1 Moyceliophthora thermophila 6.11 91.74 84.96 13.9 [52]

specific endo-f-1,4-glucanase activity of StachCel5. Based on this data,
StachCel5 can be classified within the GH5_5 subfamily, which pre-
dominantly comprises secreted bacterial and fungal enzymes exhibiting
solely endo-p-1,4-glucanase activity (EC 3.2.1.4), with nearly half con-
taining a carbohydrate-binding module [35].

In a nutshell, the novel endoglucanase StachCel5 demonstrates
strong potential to advance biotechnological applications in demanding
industrial processes, such as biofuel production, waste treatment, and
lignocellulosic biomass bioconversion, where the performance of con-
ventional cellulases is frequently compromised by harsh operational
conditions [58].

3.5. Biotechnological application of StachCel5 in pulp biorefining

To evaluate the industrial applicability of StachCel5, its functional
potential as a refining aid was examined under controlled laboratory
conditions using both softwood and hardwood pulps. One of the key
properties for assessing the outcome of the refining process is pulp
drainability, characterized by the Schopper-Riegler number (°SR),
which is mainly influenced by fiber external fibrillation and the presence
of fine elements. As refining progresses, drainability typically decreases

a Softwood
45
40 | ~Noenzyme -~StachCels 40
35 A
—
é 30 - 27 33,5
25 o
E 20,5 26
220 19
Q15 13
10 18,25
5 -
0
0 3000 4500 6000

PFI revolutions

due to increased fiber bonding and the formation of a denser fiber
network, thus retaining water more effectively and increasing the °SR
number [59,60]. Treatment with StachCel5 significantly enhanced the
refining degree for both softwood and hardwood pulps, as evidenced by
a higher °SR in enzyme-treated pulps compared to the untreated control
(Fig. 5). In softwood pulp, a notably higher °SR of 40 at 6000 revolutions
was reached in comparison to 33.5 in control (Fig. 5a), while hardwood
pulps showed a modest but meaningful increase from 29.3 to 31.8°SR at
3000 revolutions (Fig. 5b). These findings indicate that StachCel5
effectively promotes fiber modification, accelerating the refining pro-
cess and potentially reducing energy consumption.

Other important properties used to assess the degree of refining in
the paper handsheets include air permeance and the light scattering
coefficient, both of which are expected to decrease as the refining degree
increases due to enhanced fiber bonding and fiber flexibility, leading to
a denser paper with a decreased opacity and porosity [61,62]. In line
with this expectation, a slight but consistent decrease in both properties
was observed in enzyme-treated paper handsheets compared to the
untreated control. Specifically, air permeance values in enzyme-treated
hardwood pulps declined by 2 % to 14 %, and by up to 20 % in softwood
pulps. Likewise, light scattering coefficients were reduced by 2 % to 4 %
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Fig. 5. Evolution of the degree of refining. Schopper-Riegler number (°SR) as a function of PFI refiner revolutions during laboratory refining of control (no enzyme)
and StachCel5-treated pulps for (a) softwood and (b) hardwood. Enzyme treatments were applied at 0.5 CMCase units per gram of dry fiber for 30 min.
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across different refining levels for both pulp types. These reductions
provide evidence that the enzymatic treatment exerted a measurable
effect on fiber morphology and sheet structure (see Supplementary
material, Fig. S8). The results suggest that low-dose application of
StachCel5 promotes external fibrillation by selectively cleaving cellulose
chains at the fiber surface without inducing fiber damage or generating
fines, thus improving inter-fiber bonding and paper strength properties
[11,63]. Notably, StachCel5 enabled the attainment of a desirable
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refining degree with a reduced number of refiner revolutions, particu-

larly in softwood pulp, thereby contributing to lower energy consump-
tion during mechanical treatment.

3.6. Physico-mechanical properties of paper handsheets

To further evaluate the industrial applicability of StachCel5 in pulp
refining, the balance between effective fiber modification and the
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preservation of fiber integrity was examined. As an endoglucanase,
StachCel5 catalyzes the hydrolysis of internal $-1,4-glycosidic linkages
in cellulose, potentially facilitating fiber modification. However, if not
carefully dosed, excessive hydrolysis may result in fiber over-
degradation and increased fines content, ultimately impairing the
physico-mechanical properties of the resulting handsheets [6,64]. To
assess these outcomes, tensile strength index, burst index, tear index,
and zero-span tensile index were measured in both untreated (control)
and StachCel5-treated softwood and hardwood pulps, providing insight
into the enzyme’s effect on fiber and paper quality (Fig. 6).

The tensile index is crucial for assessing the refining process in the
papermaking process, as it increases with the number of revolutions,
primarily due to a denser paper structure and enhanced inter-fiber
bonding through increased internal and external fibrillation [8,65].
Notably, softwood treated pulp followed a similar trend to the control
but demonstrated a markedly enhanced refining efficiency, achieving
the control’s maximum tensile index (66.9 Nm/g at 6000 PFI revolu-
tions) at only 4500 revolutions (67.8 Nm/g), thus demonstrating a ~ 25
% reduction in mechanical energy required (Fig. 6a). A similar trend was
observed in hardwood pulp, though less pronounced, with tensile index
values reaching 56.9 Nm/g at 1500 revolutions and 69.3 Nm/g at 3000
revolutions, compared to 52 Nm/g and a maximum of 65.9 Nm/g in the
untreated counterpart, respectively (Fig. 6b). Tensile-related properties
such as tensile energy absorption (T.E.A.), which is a measure of the
paper’s work to failure, and elongation exhibited parallel improvements
(see Supplementary material, Fig. S9), supporting the enzyme’s role as a
refining aid. Notably, enzyme-treated handsheets demonstrated a su-
perior T.E.A.—porosity profile relative to controls (see Supplementary
material, Fig. S10), a key requirement for high-performance sack papers,
which must resist mechanical stress during filling while maintaining
adequate air resistance [66]. Furthermore, at a given drainage level

International Journal of Biological Macromolecules 320 (2025) 145969

(°SR), softwood pulps treated with StachCel5 showed higher tensile
strength than untreated samples, indicating improved fiber develop-
ment at comparable dewatering resistance (Fig. 7a). A similar, albeit less
pronounced, effect was observed in hardwood pulp (Fig. 7b). These
enhancements suggest potential energy savings in subsequent stages of
papermaking, particularly during drying [67].

The burst index is a critical parameter for packaging-grade papers, as
it reflects the material’s ability to resist rupture under hydrostatic
pressure, thereby improving durability during handling and transport
[68]. In this study, StachCel5 treatment led to an increase in burst
strength in handsheets produced from both softwood and hardwood
pulps. For softwood pulp, the enzyme-treated sample reached a burst
index of 4.69 kPa-m?/g at 6000 PFI revolutions, compared to 4.45
kPa-m?/g for the untreated control. This improvement mirrors the en-
ergy savings observed for tensile index, suggesting enhanced fiber
bonding at reduced refining intensity. Hardwood pulp also showed
notable gains, with the treated sample achieving a maximum burst index
of 4.13 kPa-m?/g at 3000 revolutions, relative to 3.86 kPa-m?/g in the
control (Fig. 6a). The enhancements in both tensile and burst indices are
consistent with increased fiber bonding capacity, leading to the forma-
tion of a denser, more compact fibrous structure [6,65].

This structural compaction is further corroborated by scanning
electron microscopy (SEM) of the handsheet surfaces (Fig. 8), which
revealed a more uniformly bonded fiber network in enzyme-treated
samples. These morphological improvements correspond with
increased resistance to airflow and a reduced light scattering coefficient,
indicating a tighter fiber matrix (Supplementary Fig. S8). Conversely,
SEM images of unrefined pulps showed no significant differences in
surface morphology, confirming that enzymatic action alone cannot
replace mechanical refining (Supplementary Fig. S11). However, these
findings demonstrate that StachCel5 facilitates energy-efficient fiber
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Fig. 8. Scanning electron microscopy (SEM) images of refined paper sheets produced from softwood (SW) and hardwood (HW) pulps. Handsheets were obtained
after laboratory PFI refining at 3000 revolutions for SW and 1500 revolutions for HW.

development by reducing refining intensity without compromising key
mechanical properties.

In contrast to tensile and burst indices, the tear index primarily re-
flects the intrinsic strength of individual fibers and typically declines
with increased refining intensity, due to fiber shortening and degrada-
tion. This effect can be further amplified by cellulase activity, which
may exacerbate fiber damage through additional hydrolysis [6,69,70].
To assess potential impacts on fiber integrity, we evaluated both the tear
index and the zero-span tensile index of the resulting handsheets. In
softwood pulp, enzymatic treatment produced only minor changes in the
tear index, while the zero-span tensile index remained largely un-
changed, indicating that intrinsic fiber strength was generally preserved
(Fig. 6a). Notably, StachCel5 enabled higher tear index values at a given
tensile index relative to the control, and at reduced PFI revolutions
(Fig. 7a). The response in hardwood pulp differed, displaying a distinct
performance profile (Fig. 7b). In this case, the tear and zero-span tensile
indices remained like those of the control, indicating that StachCel5
facilitates an increase in tensile index at a given tear index, which also
implies potential energy savings (Fig. 6b).

The results presented in this study suggest a fiber-type-dependent
response to enzymatic treatment, with softwood pulps exhibiting
greater potential for performance enhancement under the applied con-
ditions. Such differential responses have been previously reported and
are likely influenced by differences in substrate composition and fiber
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morphology, factors that play a critical role in determining enzymatic
efficiency and outcome [8,11]. This may be partially attributed to the
higher hemicellulose content typically found in hardwood compared to
softwood, although it also depends on the organism source [71,72].
Since hemicellulose is known to inhibit cellulase activity by limiting its
access to cellulose, its abundance could explain the reduced effect of
enzymatic treatment on the refining degree in hardwood relative to
softwood [73].

Overall, our findings are consistent with previous studies demon-
strating the effectiveness of enzymatic pre-treatment in pulp biorefining.
Comparable to commercial fungal cellulases (e.g., from T. reesei),
StachCel5 enhanced both tensile and burst indices while enabling
approximately 25 % reduction in refining energy for softwood pulp.
Notably, at a low enzyme dosage (0.5 CMCase/g dried pulp, 30 min),
StachCel5 achieved comparable or superior improvements in strength
properties without compromising tear index, a common drawback of
more aggressive cellulase treatments [6,8,11,71].

4. Conclusions

This study reports the discovery and characterization of StachCel5, a
novel GH5 endo-f-1,4-glucanase from S. chartarum, identified via
genome mining and heterologously expressed in K. phaffii. The enzyme
exhibited broad pH stability (pH 4-8), thermostability at 50 °C, and high
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specific activity on carboxymethyl cellulose, indicating strong suit-
ability for industrial applications. Functionally, StachCel5 enhanced
pulp refining efficiency, particularly in softwood pulp, by promoting
fiber fibrillation and inter-fiber bonding while reducing mechanical
energy input. Importantly, it preserved intrinsic fiber strength, main-
taining or improving tear index at equivalent tensile strength levels.
These outcomes suggest that StachCel5 improves fiber quality without
inducing excessive fiber degradation, distinguishing it from other fungal
endoglucanases. StachCel5 combines robust biochemical properties
with favorable performance in pulp biorefining, offering a promising
biocatalyst for energy-efficient, strength-preserving enzymatic treat-
ment of lignocellulosic materials under industrially relevant conditions.
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ATGAAGACTTTAGCATTTTTAGGAGTACTTGCCGGTACAGTTTCTGCTCAAGCAACAGCAGGACCTTGG
GCTCAGTGTGGAGGAATGAATTGGACTGGTGCCACAGTATGCACCTCTGGTCACACATGCTCTTTTATC
AACGATTGGTACTCCCAGTGCATACCAGGTACACCTACTACTACCAGAGTTACATCATCAACTCGAACC
ACCATCTCTACTTCCACCCGTACTTCTTCTGCTAGTAGAACCTCTACCACCTCTACCACTACATCCTCAGTC
CCTGCTCCTACAGGTTTCCGTTGGTTTGGAGTTGATGAGTCTGTTGCTGAATTTGGTCAAGGATACTATC
CTGGCGAATATGGAACTCATTTCCGTTTTCCTGATGAAGCTGCTATTAGTACACTGATTGGTGAAGGAA
TGAATACCTTCAGGATCAGTTTTGCTATGGAAAGGCTGTCTCCCAATGGCTTGACAGGAGCCTTTGATG
CTGGTTACTTGGCTAATTTAACACGAACGATCAACTACGTTACTGGACGTGGTGTTTATGCTGTTTTGGA
CCCTCATAACTATGGACGATATAGGGGTAACATTATTACAGATGTGACCGCATTTGGAGCATGGTGGG
AGAGGCTTGCAACAGGATTTAGGACCAATCAAAGAGTGATCTTCGATACTAATAACGAGTACCACACA
ATGGACCAACAGCTGGTTTTTAATCTTAATCAAGCAGCTATCGATGCAATCAGAAGAGTTGGCGCTACT
TCTCAATGGATTTGGGTAGAAGGAAATCAATGGACAGGAGCATGGTCTTGGGTCGATGTTAATGACTC
ACTGAAAGCATTGACCGATCCTCAGAACTTGCTTGTTTACCAGATGCATCAGTATTTGGATTCCGATTCC
TCAGGTACCCATGAGGAATGTGTTTCCGGTACTATTGGCGTTGAGAGAGTCAGAAGGGCCACTCAATG
GCTGAGAGATAACAACAAGATAGGAGTTATTGGAGAATTTGCTGGAGCAGCCAACCCTACATGTCGTA
CTGCTGTTACCGGTTTATTGGCTTTCCTTAGAGAAAATAGTGACGTTTGGACCGGTGCTTTATGGTGGG
CAGCTGGTCCTTGGTGGTCCGACTACATGTACTCTTACGAACCACCTTCCGGTGCTGCCTACGTCTACTA
TAACTCTCTATTGCGTCAGTATGCCATAAGATAA

Fig. S1 Codon-optimized stachCel5 gene for expression in Komagataella phaffii. The predicted
signal peptide is highlighted in yellow.



Hypothetical protein S7711_02738 [Stachybotrys chartarum IBT 7711] = GH1 family
Hypothetical protein S7711_03125 [Stachybotrys chartarum IBT 7711] = GH1 family
Hypothetical protein S7711_02093 [Stachybotrys chartarum IBT 7711] = GH7 family
Hypothetical protein S7711_03903 [Stachybotrys chartarum IBT 7711] = GH6 family

Hypothetical protein S7711_03103 [Stachybotrys chartarum IBT 7711] = GHS5 family

Fig. S2 Putative cellulases from Stachybotrys chartarum IBT 7711 retrieved from the NCBI
database. Accession numbers corresponds to predicted proteins containing glycosyl hydrolase
catalytic domains and carbohydrate-binding domains (CBDs). Proteins S7711 02738 and
S7711_03125 were excluded based on their glycosyl hydrolase families not being associated
with endo-B-1,4-glucanase activity. BLASTp analysis indicated that S7711 02093 and
S§7711 03903 share high sequence similarity with exoglucanases, whereas S7711 03103
showed greater homology to known endoglucanases. Given the interest in identifying a novel
endoglucanase, S7711_03103 was selected for further characterization in this study.

MKTLAFLGVLAGTVSAQATAGPWAQCGGMNWTGATVCTSGHTCSFINDWYSQCIPGTPTTTRVTSSTRT
TISTSTRTSSASRTSTTSTTTSSVPAPTGFRWFGVDESVAEFGQGYYPGEYGTHFRFPDEAAISTLIGEGMNTF
RISFAMERLSPNGLTGAFDAGYLANLTRTINYVTGRGVYAVLDPHNYGRYRGNIITDVTAFGAWWERLATG
FRTNQRVIFDTNNEYHTMDQQLVFNLNQAAIDAIRRVGATSQWIWVEGNQWTGAWSWVDVNDSLKAL
TDPQNLLVYQMHQYLDSDSSGTHEECVSGTIGVERVRRATQWLRDNNKIGVIGEFAGAANPTCRTAVTGL
LAFLRENSD VWTGALWWAAGPWWSDYMYSYEPPSGAAYVYYNSLLRQYAIR

Fig. S3 StachCel5 aminoacid sequence. Signal peptide is highlighted in yellow.
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Fig. S4 Structural analysis of StachCel5. Schematic representation of conserved domains in the
StachCel5 protein, highlighting the glycoside hydrolase family 5 (GH5) catalytic domain and the
carbohydrate-binding domain (CBD).



GH5 StachCel5 Stachybotrys chartarum IBT 7711 KEY73803.1
GHS5 cellulase Clonostachys rhizophaga CAH0032946.1
GHa cellulase Clonostachys byssicola CAH0002537.1
Hypothetical protein Clonostachys chloroleuca KAKT229479.1
GH5 cellulase Clonostachys rosea f. rosea IK726 CAG9938678.1
GHS cellulase Clonostachys solani CAH0045308.1
GH5 endoglucanase 3 Paramyrothecium folicola KAI9147586.1
GH5 Cladorrhinum sp. PSN259 KAK4167116.1
Glycoside hydrolase Cladorrhinum sp. PSN332 KAK3889891.1
GH5 endoglucanase Cladorrhinum samala KAK4456986.1
Glycoside hydrolase Podospora fimiseda KAK4224774 .1
Hypothetical protein Truncatella angustata KAH8199019.1
Hypothetical protein Chaetomium olivicolor KAL2129712.1
GH5 Parathielavia appendiculata XP 062652830.1
GH5 Endoglucanase 3 Staphylotrichum longicolle KAG7292758 1
Hypothetical protein Mycothermus thermophilus KAL1837204.1

GH5 protein Thermothelomyces thermophilus ATCC 42464 XP 003659014.1
[ Hypothetical protein Corynascus sepedonium KAL2147692.1
Endo-14-beta-glucanase Corynascus similis CBS 632.67 KAL2193722.1

_|:G\ymslde hydrolase Parachaetomium inaequale KAK4044372.1

Glycoside hydrolase Chaetomidium leptoderma KAK4156620.1
Endoglucanase-like protein Thermochaetoides thermophila DSM 1495 XP 006695916.1
GH5 endoglucanase Madurella fahali GAB1310721.1
GH5 endoglucanase Colletotrichum orbiculare MAFF 240422 TDZ16374.1
GH5 endoglucanase Colletotrichum spinosum TDZ33066.1
GH5 endoglucanase Colletotrichum trifolii TDZ48347 1
GH5 endoglucanase Colletotrichum sidae TEA13192.1
GH5 endoglucanase 3 Colletotrichum truncatum XP 036578494 1
GHS endoglucanase 3 Colletotrichum sojae KAF6802231.1
BH5 cellulase Colletotrichum gloeosporicides Cg-14 EQB58155.1
GHS endoglucanase Colletotrichum sp. CLE4 KAL2876265.1
Cellulase Colletotrichum phormii XP 0604392721
Hypothetical protein Fusarium decemcellulare KAJ3543481.1
GH5 cellulase Fusarium albosuccineum KAF4470251.1
GHS5 Endoglucanase Neonectria magnoliae KAKT425039.1
BH5 Dactylonectria estremocensis KAH7126438.1
L Hypothetical protein Fusarium sp. NRRL 66182 KAF5023471.1
4|—7|:GHE endoglucanase Fusarium torreyae KAJ4251460.1
Hypothetical protein Fusarium sarcochroum KAF4966883.1
GH5 endoglucanase Coniochaeta pulveracea RKU45309.1

0.050

Fig. S5 Phylogenetic analysis of StachCel5. Phylogenetic tree showing the relationship
between StachCel5 and closely related GH5 proteins. The 40 non-Stachybotrys sequences were
retrieved from the NCBI database as the top BLASTP hits against the StachCel5 protein sequence.
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Fig. S6 Predicted secondary structure of StachCel5. (a) Secondary structure content predicted
using Phyre2, showing the distribution of a-helices, B-sheets, and coil regions along the amino
acid sequence. (b) Circular dichroism (CD) spectrum of StachCel5.
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Fig. S7 Evaluation of the predicted 3D Alphafold2 models of the StachCel5 enzyme. Residues
with a pLDDT score > 90 indicate exceptionally high confidence, scores between 70 and 90
reflect high confidence, scores from 50 to 70 indicate low confidence, and scores below 50
correspond to very low confidence in the predicted structure.
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Fig. S8 Evolution of air permeability and light scattering coefficient of handsheets during
refining. Measurements were taken for control (no enzyme) and StachCel5 endoglucanase-
treated samples from (a) softwood and (b) hardwood pulps.
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Abstract: Achieving commercially significant yields of recombinant proteins in Bacillus subtilis
requires the optimization of its protein production pathway, including transcription, translation,
folding, and secretion. Therefore, in this study, our aim was to maximize the secretion of a reporter
x-amylase by overcoming potential bottlenecks within the secretion process one by one, using a
clustered regularly interspaced short palindromic repeat-Cas9 (CRISPR-Cas9) system. The strength of
single and tandem promoters was evaluated by measuring the relative x-amylase activity of AmyQ
integrated into the B. subtilis chromosome. Once a suitable promoter was selected, the expression
levels of amyQ were upregulated through the iterative integration of up to six gene copies, thus
boosting the a-amylase activity 20.9-fold in comparison with the strain harboring a single amyQ
gene copy. Next, x-amylase secretion was further improved to a 26.4-fold increase through the
overexpression of the extracellular chaperone PrsA and the signal peptide peptidase SppA. When the
final expression strain was cultivated in a 3 L fermentor for 90 h, the AmyQ production was enhanced
57.9-fold. The proposed strategy allows for the development of robust marker-free plasmid-less
super-secreting B. subtilis strains with industrial relevance.

Keywords: Bacillus subtilis; CRISPR-Cas9; heterologous protein; secretion pathway; bottleneck

1. Introduction

The Gram-positive bacterium Bacillus subtilis is widely used as a bacterial workhorse
in microbial fermentations for the mass production of heterologous proteins. Several
features of this bacteria are advantageous for biotechnological applications, including
(i) its generally recognized as safe (GRAS) or qualified presumption of safety (QPS) status;
(ii) rapid growth in usually inexpensive media, typically reaching high cell densities in large-
scale fermentations; (iii) secretion of recombinant proteins into the culture medium, which
simplifies its purification and eliminates the need for cell lysis; and (iv) ease of handling
and manipulation, with genetically well-characterized expression systems. Therefore,
the high secretion capacity of Bacillus species and their close relatives has enabled the
development of industrial strains capable of producing enzymes at the scale of several
grams per liter [1,2]. However, this capacity for the high-titer production of commercially
relevant enzymes is limited by several bottlenecks within the protein production process,
spanning from transcription and translation to folding and secretion, thus significantly
reducing the overall yield of extracellular enzymes [3-5]. Briefly, the main bottlenecks
within the secretory pathway of B. subtilis can be summarized as follows:

(A) At the transcriptional level, it is a pre-requisite to amplify the expression of the
gene of interest, which is commonly achieved using strong or inducible promoters and
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high-copy-number vectors [6,7]. However, the resulting strains harbor antibiotic resistance
markers, which limits their industrial application due to legal restrictions and concerns
related to antibiotic usage. Consequently, the construction of environmentally friendly
multicopy strains is preferred [8-10]. (B) In the cytoplasm, the overexpressed proteins are
prone to forming insoluble aggregates and inclusion bodies, rendering the protein inactive.
By promoting the proper folding of proteins, which thus retain their biological activity, the
overexpression of the GroE and DnaK series of intracellular chaperones has resulted in an
enhanced expression of many enzymes [11-13]. (C) Within the membrane, the overexpres-
sion of exoproteins can cause jamming of the translocation machinery, thereby reducing the
yield of secreted proteins. To overcome this barrier, several approaches have been adopted:
(C.1) exploitation of the Tat pathway to reroute Sec-dependently secreted enzymes [14,15];
(C.2) overexpression of the translocon SecYEG [16,17]; (C.3) overexpression of the signal
peptide processing enzymes SipS and SipT [18]; (C.4) overexpression of the signal peptide
peptidase SppA, which cleaves remnant signal peptides left in the cell membrane after
the action of SipS and SipT [19]; (C.5) overexpression of the signal peptide peptidase RasP,
which prevents perturbation of the membrane and cell envelope [20]; and (C.6) cell surface
engineering by modulating the expression of relevant cell surface enzymes, such as phos-
phatidylserine synthase (PssA) and cardiolipine synthase (ClsA), which have been shown
to dramatically increase the overall presence of anionic membrane phospholipids, thus
eliciting a higher secretion of enzymes [21]. (D) Once the membrane has been crossed and
the extracytoplasmic compartment reached, overexpression of the major extracytoplasmic
folding factor PrsA prevents proteolytic degradation while facilitating proper folding, thus
enhancing the production of recombinant proteins [18,22]. A schematic representation of
the aforementioned steps for the efficient expression of secreted proteins is depicted in
Figure 1.

Intensive efforts have been made to surmount these limitations, focusing primarily
on the engineering of expression vectors to allow for the overexpression, deletion, or
genetic modification of individual steps in the overall production of specific extracellular
recombinant proteins [23,24]. Although significant improvements have been reported, in
many cases targeting specific genes, the use of plasmids, expensive inducers, and antibiotic
selection markers hampers the application of the newly engineered strains to large-scale
fermentation. Here, we outline for the first time a systematic analysis encompassing
CRISPR-Cas9 genome editing modifications of most of the genes involved in the secretion
of extracellular proteins, from transcription and translation to folding and secretion. As
its expression is easy to measure, the x-amylase AmyQ was chosen as a readout to assess
the effect of each genetic modification, with the ultimate goal of constructing a stable,
environmentally friendly B. subtilis producer strain with practical application to industry.

Firstly, saturating levels of the specific amyQ message were reached by inserting
six gene copies at ectopic sites within the B. subtilis chromosome under the control of a
strong synthetic promoter. Secondly, we consecutively targeted various components of
the post-transcriptional machinery, focusing on chaperones, folding processes, translocon
systems, membrane stress factors, and metabolic loads, aiming to maximize the ability of
B. subtilis to secrete the extracellular c-amylase AmyQ. Using this approach, we successfully
debottlenecked the exoprotein secretion route at every level, resulting in a 26-fold increase
in AmyQ expression. The ability of the newly constructed strain to produce the a-amylase
AmyQ was verified using a 3 L fermentor, showing that the super-secreting engineered
strain of B. subtilis holds commercial potential. We believe this work can provide a better
understanding of the cellular mechanisms in the protein production pathway of this
commonly used expression host and may offer some promising avenues for heterologous
protein secretion in B. subtilis.
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Figure 1. Schematic representation of strategies to overcome the main bottlenecks limiting the efficient
expression of a secreted protein in Bacillus subtilis. (A) At the transcriptional level, maximum expres-
sion of the gene of interest (GOI) is achieved by using strong promoters, optimized signal peptides
(SPs), and gene amplification. (B) In the cytoplasm, intracellular GroE and DnaK chaperones prevent
protein aggregation. (C) Membrane modification strategies to enhance protein secretion include (C.1)
exploiting the Tat pathway; (C.2) overexpressing the SecYEG translocon; (C.3-C.5) optimizing signal
peptide processing of signal peptidases SipT and SipS and signal peptide peptidases SppA and RasP;
and (C6) cell surface engineering by constructing PssA and ClsA mutants. Lastly, (D) overexpression
of extracytoplasmic PrsA aids in proper protein folding and prevents degradation. Created with
BioRender.com (accessed on 2 May 2024).

2. Results
2.1. The Effect of Single and Tandem Promoters on the Expression of Recombinant AmyQ
w-Amylase in B. subtilis

The parental B. subtilis strain (BS1) inherently possesses a functional amyE gene, which
encodes an extracellular amylase. Thus, we began by knocking out this gene to render the
resulting BS2 strain inactive for amylase production (Figure Sla), thereby avoiding interfer-
ence with the a-amylase screening method. Subsequently, BS2 was used as the initial strain
for genetic manipulation. One of the most cost-effective and efficient methods to achieve
high production of recombinant proteins is optimization of the promoter at the transcrip-
tional level, as this element enables gene expression and regulation [10,25,26]. Maximizing
the gene expression commonly involves using constitutive promoters. Accordingly, we
initially selected the strong spoVG promoter to drive the expression of the x-amylase amyQ
gene, as this widely used promoter is capable of delivering high-level gene expression in
B. subtilis [27]. Thus, using the pJOE8999.1 plasmid as a backbone [28] and specific primers
(Table S1), the pJOE3 vector was engineered for the in-frame replacement of the spoVG gene
from strain BS2 with the amyQ gene, placing its expression under the control of the spoVG
promoter (Pg,,vc-amyQ) in strain BSQla (Figure 2a). The strength of this promoter was
evaluated by culturing BSQ1la in a production medium at 37 °C and 220 rpm for 48 h, which
resulted in x-amylase secretion into the medium of about 24.86 &= 1.53 U/mL (Figure 2b).
This value served as a reference (control) for further analysis.
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Figure 2. Construction, expression, and secretion of AmyQ «-amylase in strains BSQ1a, BSQ1b,
BSQlc, and BSQ1d. (a) Schematic representation of the BSQla-BSQ1d strain construction system
using plasmids pJOE3-6. The 20 nt guide sequence targeting spoVG (for pJOE3 and pJOE5), amyE
(for pJOE4), and ywbN (for pJOE6) was inserted into the Bsal sites of pJOE8999.1. The homologous
repair template for each plasmid was inserted using the Sfil site. The BSQla strain harbors an amyQ
copy at the spoVG locus under the control of the spoVG promoter (Pspovg-amyQ). BSQ1b possesses an
amyQ copy placed at the amyE locus under the control of double promoter Ppyg-Peryza- In BsQlc,
the amyQ gene is inserted at the spoVG locus under the control of triple promoter PspovG-Pamyq-Leryza-
Integration of the amyQ gene containing the YwbN’ signal peptide at the ywbN site yielded strain
BSQ1d. In this strain, AmyQ secretion occurred through the Tat secretion pathway, whereas strains
BSQla-c secreted AmyQ through the Sec pathway. (b) Extracellular AmyQ activity and dry cell
weight (DCW) in engineered Bacillus subtilis BSQ1la-BSQ1d strains. BS2 was used as a control strain.
The error bars represent the average & standard deviation of three biological replicates. (c¢) SDS-PAGE
analysis of supernatants and cell extracts derived from strains BS2, BSQ1b, and BSQ1d. The expected
molecular weight of 55 kDa for AmyQ protein is indicated by the arrow. Lane M shows the molecular
weight marker.

Next, we explored the possibility of using two or more tandem promoters to further
improve the expression levels of the amyQ gene, as this strategy has been shown to be
effective [29-31]. Thus, the dual tandem promoter Pg,0-Pcry34, composed of the engi-
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neered amy(Q promoter and the cry3A promoter (Figure S2), and the triple tandem promoter
PspovG-Pamyg-Peryzawere constructed using specific primers (Table S1) and inserted into the
backbone vector pJOE8999.1 to yield plasmids pJOE4 and pJOES5, respectively. The two con-
structs were subsequently inserted into the B. subtilis chromosome to obtain the recombinant
strains BSQ1b (Pyyo-Perysa-amyQ) and BSQ1c (Psyovc-Pamyo-Peryza-amyQ). The identity
of each recombinant strain was confirmed by PCR and Sanger sequencing (Figure S1b—d).
A comprehensive scheme depicting the construction of each AmyQ-producing strain is
provided in Figure 2a. The strength of the tandem promoters to drive amyQ expression
was evaluated by culturing both strains in production media, and the levels of secreted
a-amylase were compared with the control. Additionally, the dry cell weight (DCW) of
each strain was calculated (Figure 2b). The maximum value of x-amylase activity was
122.8 + 4.4 U/mL in strain BSQ1b (the Pgyy0-Pery34 promoter), which was 4.9-fold higher
compared to BSQla, whereas the a-amylase activity in the BSQ1c strain (the Pyov6-Pamyo-
P¢y3apromoter) was about 1.2-fold lower than in BSQ1b. Notably, while the DCW of
strains BSQla and BSQ1b was similar (about 4.3 and 4.7 g/L, respectively), that of BSQlc
was markedly lower (3.7 g/L). Conclusively, the dual promoter Pyy0-Pery34 led to the
most pronounced expression level of amyQ among the promoters investigated here, and
consequently, strain BSQ1b was selected for further studies.

2.2. Secretory Expression of AmyQ via the Non-Classical (Tat) Secretion Pathway

Previous studies have shown that overexpression of secreted proteins in B. subtilis can
cause jamming at the cell membrane due to a shortage of Sec pathway components [11,32].
However, B. subtilis also possesses the twin-arginine translocation (Tat) system, which
facilitates the transport of fully folded proteins across membranes [33-35]. Therefore,
seeking to harness the Tat pathway as a complementary secretion route, the widely used
twin-arginine signal peptide of B. subtilis YWbN [14,36,37] was engineered (YwbN’), as
described by Yang and coworkers [38], and placed in frame with the amyQ gene (strain
BSQ1d) (Figure Sle), with the aim of redirecting AmyQ amylase secretion to the Tat pathway.
A scheme of the proposed alternative secretion route for AmyQ and the construction of
strain BSQ1d is depicted in Figure 2a. Surprisingly, the a-amylase activity assays showed
no activity in the culture supernatant of the recombinant BSQ1d strain (Figure 2b). SDS-
PAGE analysis revealed a prominent band with the expected molecular mass (55-kDa) for
AmyQ in the supernatants of strain BSQ1b, which secretes AmyQ through the Sec pathway,
but this band was found in neither the supernatant nor the cell extract of strain BSQ1d
(Figure 2c). These results suggest that SPy,n’ cannot direct the extracellular secretion
of AmyQ using the Tat pathway, and the use of this route was therefore discarded for
further studies.

2.3. Maximizing amyQ Expression by Inserting Multiple amyQ Gene Copies into the
B. subtilis Chromosome

To ascertain whether amyQ expression could be achieved independently of the in-
tegration site, multiple copies of the amyQ gene were placed under the control of the
previously selected double promoter Py 0-Pery34 and were independently inserted into
the BS2 chromosome, one by one. Each expression cassette (Pyy0-Pery3a-amyQ), hereafter
named amyQ_Ec, was inserted at ectopic sites within the BS2 chromosome, which were
chosen based on their potential to be deleted without affecting strain growth [39,40]. The
sets of vectors, integration sites, and primers are provided in the Materials and Methods
section, and the resulting strains were named BSQle (amyQ_Ec at pksG), BSQ1f (amyQ_Ec
at ppsE), BSQ1g (amyQ_Ec at cotB), BSQ1h (amyQ_Ec at yIbP), and BSQ1i (amyQ_Ec at veg)
(Figure 3a). Enzymatic assays and DCW analysis showed that each of the strains harboring
one copy of amyQ_Ec secreted similar levels of x-amylase to the medium, with activity
values of 115.5-122.8 U/mL. This indicates that the integration of amyQ_Ec at the selected
ectopic sites did not affect its expression. Similarly, comparable DCW values were obtained
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Figure 3. Construction and analysis of Bacillus subtilis strains with multiple amyQ expression cassette
(amyQ_Ec) integrations. (a) Schematic representation of the construction system for strains BSQ1b,
BSQle-i, and BSQ2-6. Individual integration of amyQ_Ec at the amyE, pksG, ppsE, cotB, yIbP, and veg
loci yielded BSQ1b, BSQle, BSQ1f, BSQ1g, BSQ1h, and BSQ1i, respectively. Iterative integration of
amyQ_Ec yielded strains BSQ2 (AamyE, ApksG), BSQ3 (AamyE, ApksG, AppsE), BSQ4 (AamyE, ApksG,
AppsE, AcotB), BSQ5 (AamyE, ApksG, AppsE, AcotB, AylbP), and BSQ6 (AamyE, ApksG, AppsE, AcotB,
AylbP, Aveg) containing two to six amyQ copies, respectively. (b) Extracellular AmyQ activity and dry
cell weight (DCW) in engineered B. subtilis strains. The error bars represent the average + standard
deviation of three biological replicates. (c) SDS-PAGE showing the protein supernatants from
BSQ1b (1), BSQ2 (2), BSQ3 (3), BSQ4 (4), BSQ5 (5), and BSQ6 (6). Supernatants were prepared
from cells incubated at 37 °C and 220 rpm for 48 h, cleared by centrifugation, and 15 pL of cleared
supernatant proteins was loaded onto the SDS-PAGE gel in each lane. The estimated molecular
weight for AmyQ protein of 55 kDa is indicated by an arrow. Lane M corresponds to the molecular

weight marker.
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The first dedicated step in the protein secretion route is the transcription of a particular
gene into mRNA. To achieve maximum expression, one of the most adopted strategies is to
amplify the copy number of the gene of interest [8,26,41]. The higher the copy number, the
greater the expression, until the point is reached where increasing the gene copy number
no longer results in increased expression [9]. In this context, iterative genome editing was
performed using successive double, triple, quadruple, quintuple, and sextuple amyQ_Ec
integration to yield strains BSQ2 (amyQ_Ec at amyE and pksG), BSQ3 (amyQ_Ec at amyE,
pksG, and ppsE), BSQ4 (amyQ_Ec at amyE, pksG, ppsE, and cotB), BSQ5 (amyQ_Ec at amyE,
pksG, ppsE, cotB, and ylbP), and BSQ6 (amyQ_Ec at amyE, pksG, ppsE, cotB, ylbP, and veg).
The identity of each recombinant strain was successfully confirmed by PCR and Sanger
sequencing (Figure S1f-j). A comprehensive diagram of the multiple integration sites of
amyQ_Ec in each strain is provided in Figure 3a.

a-amylase assays revealed a continuous increase in the levels of enzymatic activity
until the copy number of amyQ_Ec reached the value of six. The x-amylase secretion by
strain BSQ2 was almost two-fold higher compared to BSQ1b (122.8 &= 4.4 U/mL), reaching
a value of 240.4 & 8.0 U/mL (two-fold; p < 0.05). Strains BSQ3, BSQ4, and BSQ5 secreted
higher levels of x-amylase compared to strain BSQ?2, albeit the rates of increase were lower,
reaching values of 315.7 & 18.4 U/mL (2.6-fold; p < 0.05), 415.7 £ 21.1 U/mL (3.4-fold;
p < 0.05), and 501.2 & 13.5 U/mL (4.1-fold; p < 0.05), respectively. Finally, strain BSQ6
exhibited about 520.6 £ 20.2 U/mL of a-amylase activity (4.2-fold; p < 0.05), which was
similar to strain BSQ5 (no significant differences; p > 0.05), suggesting the levels of the
amyQ-specific message had saturated the post-transcriptional machinery of this strain
(Figure 3b). SDS-PAGE analysis of the supernatants from the various strains (Figure 3c)
showed an increasingly prominent band of 55 kDa, which corresponds to the molecular
weight of AmyQ. Overall, the levels of x-amylase activity were notably increased, being
20.9-fold higher in BSQ6 than the values observed in the initial BSQ1la strain (Table 1).

Table 1. Cumulative effect on AmyQ a-amylase activity of successive modifications with significant
positive effects. Dry cell weight (DCW) values of the engineered strains are also shown. Experiments
were carried out in triplicate, and data are presented as mean values + standard deviation.

Amylase Cumulative Increase 2

Strain Activity (U/mL) Total Fold Change p-Value b DCW (g/L)
BSQla 249+ 15 1 43 +0.1
BSQ1b 122.8 +4.4 49 <0.001 47 +0.2
BSQ2 2404 + 8.0 9.7 <0.001 47 +0.1
BSQ3 315.7 £ 184 12.7 0.003 48 +£0.2
BSQ4 415.7 £ 21.1 16.7 0.003 46 +0.1
BSQ5 501.2 +13.5 20.2 0.004 434+04
BSQ6 520.6 £+ 20.2 20.9 0.3 45+0.2
BSQ6_7 579.0 £ 25.4 23.3 0.04 434+03
BSQ6_9 604.3 +13.5 24.3 0.004 € 43402
BSQ6_11 656.8 +24.3 26.4 0.03 44+ 0.01
BSQ6_11_F d 1439.2 +92.7 57.9 <0.001 224+ 0.7

2 The increase by one significant edition after another in the total fold change. ® p-value from Student’s t-test of
each strain compared with the precedent strain. ¢ p-value from Student’s t-test compared with BSQ6. 4 BSQ6_11
values in a 3 L fermentor at 90 h.

2.4. Enhancing AmyQ Secretion in the BSQG6 Strain through Genome Modification of the Sec
Pathway and Other Potential Post-Transcriptional Bottlenecks

Previous studies have indicated that saturating levels of mRNA expression may
potentially lead to the saturation of the secretory machinery, thus hindering effective
protein secretion [26]. In this scenario, it has been shown that the overexpression of some
components of the secretory machinery can facilitate the secretion and proper folding of
the protein of interest [3,11,42]. Therefore, to comprehensively circumvent the potential
bottlenecks lying downstream of transcription, we adopted an approach based on targeting
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several post-transcriptional constraints and evaluated the effect of these mutations in strain
BSQ6. Hence, a set of strains harboring genome modifications within the Sec pathway
secretion route were constructed using the CRISPR-Cas9 system. Firstly, a truncation or
deletion of the hag, pssA, yusX, or hrcA genes was independently performed in BSQ6 to
obtain strains BSQ6_1, BSQ6_2, BSQ6_3, and BSQ6_4, respectively. Secondly, the insertion
of an extra copy of the signal peptidase sipT gene at the thrC site, placed under the control
of the dual promoter Pyy0-Pery34, led to the construction of strain BSQ6_5. Thirdly, the
in-frame replacement of the spoVG, ygeZ, sigX, and pel genes with rasP, sppA, the operon
secYEG, and prsA allowed for the overexpression of these genes in strains BSQ6_6, BSQ6_7,
BSQ6_8, and BSQ6_9, respectively. Finally, strain BSQ6_10 was designed to contain a
functionally active GudB protein. To this end, a 9 bp direct repeat, which produced a
cryptic product in strains derived from B. subtilis 168, was deleted within the wild-type
gqudB gene sequence [43]. Figure 4a provides a comprehensive schematic representation
of the multiple modifications in strain BSQ6. The identity of each recombinant strain was
verified by PCR and Sanger sequencing (Figures S1k-r and S3).

The ability of the BSQ6 strain mutants to secrete x-amylase into the media and their
DCWs were individually evaluated using shake-flask cultures (Figure 4b). Only two of
the ten mutants analyzed, BSQ6_7 (harboring an extra copy of the sppA gene) and BSQ6_9
(harboring an extra copy of prsA), exhibited significantly enhanced amyQ expression,
with 1.1- and 1.2-fold higher AmyQ secretion compared to strain BSQ6 (both p < 0.05),
respectively (Table 1). Instead, BSQ6_6 (harboring an extra copy of the rasP gene) and
BSQ6_8 (harboring an extra copy of the operon secYEG) showed reduced levels of «-
amylase activity, both being 1.2-fold lower than the parental strain. Notably, strain BSQ6_2
(with a truncated copy of the pssA gene) showed a prominent growth defect, and therefore
the levels of x-amylase secreted into the media were dramatically reduced. The rest of
the mutants displayed values of x-amylase activity similar to the control BSQ6 strain (all
p > 0.05) (Figure 4b).
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Figure 4. Expression and secretion of AmyQ a-amylase by Bacillus subtilis BSQ6 variants. (a) Depiction
of the multiple BSQ6 mutant strains. Strains BSQ6_1 to BSQ1_3 possess a truncated copy of the
hag, pssA, and yusX genes, respectively, achieved by adding a premature stop codon. Strain BSQ6_4
has a clean deletion of the hrcA gene. Strains BSQ6_5 to BSQ6_9 were constructed to contain an
extra copy of the sipT, rasP, sppA, secYEG, or prsA genes, respectively, under the control of strong
promoters. A functional gudB gene was restored in strain BSQ6_10 by deleting 9 bp. Strain BSQ6_11
with combinational overexpression of sppA and prsA. RBS (ribosome binding site). (b) Extracellular
AmyQ activity and dry cell weight (DCW) in engineered B. subtilis strains. The error bars represent
the average + standard deviation of three biological replicates. BSQ6 was used as a control.

Subsequently, to further develop our B. subtilis strain as a high expressor of the
AmyQ a-amylase, we investigated whether the double mutant BSQ6_11, carrying both
beneficial mutations (overexpression of sppA and prsA), could enhance AmyQ production.
As detailed in Table 1, BSQ6_11 displayed outstanding secretion of the AmyQ «x-amylase,
with a remarkable 26.4-fold increase compared to the initial strain BSQla.

2.5. Scale-Up of a-Amylase Production in a 3 L Fermentor

The expression efficiency of BSQ6_11 was further explored in a 3 L fermentor. The
fermentor was inoculated with 4% (v/v) of freshly cultured BSQ6_11 grown in production
medium at 37 °C for 18 h. To maintain cell growth and x-amylase production, we chose a
fed-batch strategy with pulse feeding of highly concentrated sucrose (250 g/L and 580 g/L)
and soy peptone (250 g/L), which were fed intermittently in two pulses of 0.12 L in response
to an increased DO signal. During the growth phase (Figure 5), the maximum biomass in
the fermentor reached a DCW of 27.8 g/L at 78 h. The activity of x-amylase in the medium
was continuously increased and reached a maximum of 1439.2 + 92.7 U/mL at 90 h, with
a productivity of 16 U/mL h. This was 2.2-fold greater than the x-amylase activity in
the fermentation supernatant of the same BSQ6_11 strain in the shake-flask cultures and
corresponded to a remarkable 57.9-fold higher AmyQ secretion compared to the parental
strain BSQ1a (Table 1). The high activity of x-amylase indicated that the engineered strain
BSQ6_11 was a suitable host for the industrial production of the AmyQ «-amylase.
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Figure 5. Production of a-amylase AmyQ in recombinant strain BSQ6_11 in 3 L fermentor. AmyQ
production and DCW were monitored as a function of time. Solid square: x-amylase activity in
medium. Solid circle: DCW. Red arrows indicate pulse feedings at 24 and 48 h. Error bars indicate
the standard deviation from the mean of the three experimental data replicates.

3. Discussion

Despite the extensive knowledge available on the secretion of enzymes by B. subtilis,
we believe there is scope for improving its capacity to overproduce commercially significant
enzymes. The B. subtilis secretory pathway can be divided into three stages: transcription,
translocation and folding, and secretion [44]. Along this pathway, each step is a potential
bottleneck for high-level production, and these restrictions should be identified if the yields
of heterologous proteins are to be improved. Here, we used the CRISPR-Cas9 system to
systematically tackle, one by one, the different steps throughout the secretion route of B.
subtilis. By employing this approach, it was possible to pinpoint targets whose modification
could enhance the capacity of the secretion machinery, thus maximizing the secretion of the
reporter AmyQ o-amylase in B. subtilis, as well as constructing an environmentally friendly
super-secreting B. subtilis strain with practical application to industry.

To enhance or appropriately adjust the gene expression levels in B. subtilis, it is essential
to study the promoters that regulate transcription levels, as they constitute one of the most
important elements for facilitating the high production of recombinant proteins [45,46].
Thus, we evaluated the capacity of single, double, and triple promoters to dictate the
expression of the AmyQ «-amylase and found the expression strength of the double
promoter (Pgyy0-Pery34) to be the greatest (Figure 2b). This outcome was probably due to
the presence of mRNA stabilization sequences, which have been shown to increase the
expression of industrial enzymes [47,48]. As strength is not necessarily correlated with the
number of copies of the promoter [45], the weakness of PyovG-Pamyo-Peryza might have
been caused by aligning more than two promoters [49]. Additionally, differences in origin
can influence the cooperativity of the tandem promoter.

Once a suitable promoter has been chosen, achieving the maximum secretion of a
particular enzyme in B. subtilis almost always requires the amplification of the gene copy
number. This is accomplished by either using high-copy-number replicative plasmids or
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inserting multiple copies of the desired gene into the chromosome [8,9]. Hence, environ-
mentally friendly, plasmid-less, marker-free multicopy-amyQ strains were constructed by
sequentially inserting up to six amyQ gene copies under the control of the Pyy0-Pery3a
promoter at ectopic sites within the B. subtilis chromosome. As shown in Table 1, the higher
the copy number of the amyQ_Ec cassette, the higher the amy(Q gene expression, until at the
sixth copy, the levels of x-amylase activity were similar to those achieved with five copies.
Comparably to our results, the group of Altenbuchner showed that the integration of five
copies of the B-glucosidase ganA into the chromosome of B. subtilis was required to achieve
the maximum expression [9], whereas in the case of the protease aprL, only one copy was
sufficient [26]. This discrepancy might stem from a lower translation initiation rate owing
to different gene sequences downstream of the start codon [50], indicating that the number
of copies necessary to achieve the maximum expression is variable and depends on each
specific gene. In any case, at this point, we could conclude that the levels of amyQ-specific
mRNA had saturated the post-transcriptional machinery, and the bottleneck for expression
had shifted downstream of transcription.

To elucidate which other factors might impede the AmyQ production process, we
targeted essential genes involved in the post-transcriptional stage and non-essential Sec
pathway components, aiming to improve the secretion of recombinant AmyQ in B. subtilis.
After transcription, the first step toward the successful secretion of the newly formed
pre-protein in B. subtilis requires the action of intracellular chaperones that prevent inap-
propriate folding or aggregation of the pre-protein within the cell [51]. Previous reports
show that inactivation of the repressor HrcA enables the overexpression of intracellular
chaperones [52], and the secretion of the AmyS a-amylase has been significantly enhanced
using this approach [13]. However, contrary to expectations, hrcA deletion exerted no
significant effect on AmyQ production and therefore cannot be considered a bottleneck in
our B. subtilis x-amylase production system.

B. subtilis possesses a well-developed and highly efficient Sec pathway that is com-
monly exploited for the production of industrial enzymes. However, an alternative system,
the Tat pathway, exists to facilitate the transport of proteins that fold too tightly or rapidly
in the cytosol and compatibility with the Sec pathway [53]. The nature of the signal peptide
directs the nascent protein to the Sec or Tat translocase, which is efficiently cleaved by signal
peptidases [54] prior to the export of the protein to the extracytoplasmic compartment.
Here, we used the signal peptide of the typically Tat-secreted YwbN protein [34,55] to
evaluate whether this route was compatible with AmyQ a-amylase secretion, which we
hoped would be enhanced via both routes simultaneously. Although successful secretion
of alkaline o-amylase has been achieved using an engineered Tat-dependent YwbN signal
peptide [38], its application in our study resulted in no «-amylase activity being detected
in the extracellular media (Figure 2b). Our findings are in agreement with previous re-
ports pointing to Tat incompatibility with AmyL a-amylase secretion, probably due to the
inability of the protein to fold in the cytoplasm, a prerequisite for Tat secretion [14].

High gene expression levels may result in the saturation of the Sec translocon ca-
pacity, which may be due to a shortage of translocons or the unavailability of signal
peptidases [18,21]. Therefore, the effect of both artificial secYEG operon overexpression
and signal peptidase sipT overexpression on AmyQ secretion was evaluated. While the
extra copy of the sipT gene resulted in a slight 1.02-fold improvement in AmyQ production,
the overexpression of secYEG unexpectedly diminished x-amylase activity (Figure 4). Al-
though increasing the number of translocons [16] and the overexpression of SipT [18] can
be accompanied by a concomitant increase in the amount of exoenzymes, in other cases,
these modifications have had a negligible or even a reducing effect [11], which indicates
they have an inconsistent impact on amylase secretion. In the present study, we verified
that the translocon SecYEG and the signal peptidase SipT have different effects on the
secretion of different proteins.

Bottlenecks in the late stages of protein secretion in B. subtilis include the extracellular
chaperone prsA [18] and the signal peptide peptidases SppA and RasP [20,56]. Gratifyingly,
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PrsA overexpression significantly enhanced AmyQ production, with the values of secreted
a-amylase exceeding those of BSQ6 by 16%. This result is in line with those of previous
studies that have highlighted PrsA as a primary bottleneck in o-amylase secretion, as it facil-
itates the folding process of mature proteins into a stable and active conformation [11,18,22].
Additionally, the insertion of an extra copy of the sppA gene under the control of the strong
promoter ygeZ [57] significantly increased the «-amylase activity by 11% compared to BSQ6
(Figure 4). This is in agreement with a previous study, which found that the overexpression
of sppA enhanced the production of x-amylase in Bacillus licheniformis, suggesting that
this peptidase is necessary for the efficient processing of cleaved signal peptides and to
maintain the proper secretion of mature proteins across the membrane under conditions
of hyper-secretion [19]. Intriguingly, the overexpression of RasP severely impaired the
secretion of AmyQ), in contrast with previous research in which its overexpression markedly
improved the secretion of the AmyAc a-amylase [20]. Our hypothesis is that excessive RasP
may have some unknown harmful effects on the physiological characteristics of B. subtilis,
resulting in a significant drop in x-amylase production.

Acquiring a systematic and thorough understanding of Sec pathway components
and non-associated Sec pathway proteins that might facilitate target protein secretion
could be the key to significantly increasing the yield of recombinant proteins. Indeed,
besides optimizing the Sec-related components, this study aimed to further engineer
the B. subtilis host as a chassis to improve the production of the AmyQ o-amylase. To
achieve this, firstly, the B. subtilis cell surface was modified by knocking out the pssA gene.
Previous reports have suggested that the deletion of this gene results in the increased
presence of anionic membrane phospholipids in B. subtilis, leading to a higher amount of
a-amylase being released into the medium [21]. Conversely, pssA deletion caused severe
growth arrest, indicating that this gene is vital for maintaining the viability of Bacillus
cells under the conditions of high amyQ gene expression. Secondly, reduced expression
of the oligoendopeptidase YusX or YusZ has been associated with high secretion levels
of enzymes in B. subtilis [58]. Nonetheless, the ability to secrete AmyQ in AyusX mutants
remained stable, indicating a negligible effect.

Lastly, we wanted to ascertain whether knocking out specific genes to increase the
growth rate of B. subtilis would result in higher productivities, as previously reported [39].
To investigate this hypothesis, two strategies were adopted. On the one hand, we examined
the effect of deleting the non-essential /:1g gene on the growth rate of BSQ6. The rationale
for this approach was that the metabolic energy wasted on expressing the subunit flagellin
protein (hag gene), one of the most highly expressed genes in the B. subtilis genome [59],
could be redirected toward the synthesis of x-amylase protein and essential genes, resulting
in an increased growth rate, as described in previous studies [60]. However, no significant
differences in the growth rate or x-amylase production were observed in BSQ6_1 lacking
the hag gene. This is not surprising considering that metabolism self-regulation by the
cell can often minimize the performance of knock-out strains [61]. On the other hand, we
wanted to re-establish the activity of the gudB gene, encoding glutamate dehydrogenase
(GDH), a gene truncated in the strain B. subtilis 168 and its derivatives. As our production
medium contained soy peptone, which is rich in amino acids of the glutamate family,
we speculated that restoring GudB activity would allow for more efficient utilization of
nitrogen sources and therefore confer a growth advantage compared to cells lacking a
functional enzyme [43]. However, no significant differences between the strains were
observed. As B. subtilis carries an additional GDH enzyme encoded by the rocG gene,
our hypothesis is that although soy peptone is rich in glutamate, the final concentration
used in this study may not have been high enough for an additional GDH enzyme to be
advantageous [62].

In this work, two pulses of fresh nutrients (sucrose and peptone) proved to be optimal
for enhancing AmyQ production in a 3 L fermentor. In pulse fed-batch fermentation, the
substrate concentration is kept within certain limits by the pulses to meet the requirements
of B. subtilis metabolism, thus avoiding starvation and directing the energy obtained from
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the substrates towards both maintaining cellular metabolism and producing the x-amylase
AmyQ. Accordingly, this strategy resulted in a 2.2-fold enhancement of x-amylase activity
(1439 U/mL) in comparison to in the shake flasks (657 U/mL). Remarkably, the level of
secreted AmyQ reached at the fermentor stage was higher than the value of 1100 U/mL for
AmyQ o-amylase activity achieved in previous studies by using the high-copy pKHT10
plasmid in B. subtilis [63,64].

This is the first report that describes an improvement in o-amylase extracellular
production levels in B. subtilis by merely using the CRISPR-Cas9 system, rendering an
industrial strain devoid of plasmids and antibiotic selection markers and bypassing the need
for expensive inducers. Although the impact of gene modifications within the secretory
pathway of heterologous proteins might be variable, probably depending on each specific
gene, we consider the strategy presented in this work to obtain the maximum secretion
levels from multiple copy gene insertion, along with combinational Sec pathway analysis,
a promising approach that will facilitate the construction of robust, ecologically safe,
industrial strains of B. subtilis in forthcoming years.

4. Materials and Methods
4.1. Bacterial Strains, Plasmids, and Culture Conditions

All the bacterial strains and plasmids used in this study are listed in Tables 2 and 3,
respectively. Escherichia coli DH5« served as the host for cloning and plasmid prepara-
tion. Chemically competent E. coli strains were prepared and the transformation protocol
performed as described previously [65]. B. subtilis BS1, which is an asporogenous strain
(AsigF) with reduced lysis (AlytC) and deficient in seven extracellular proteases (AnprE,
AaprE, Aepr, Ampr, AnprB, Avpr, Abpr), was used as a host for AmyQ expression. B. subtilis
was transformed according to the method of Yasbin et al. [66], using plasmid DNA isolated
from the rec* strain E. coli Turbo (New England Biolabs, Ipswich, MA, USA). The plasmid
pJOES8999.1 [28], an E. coli/B. subtilis shuttle vector harboring the CRISPR-Cas9 system,
was used to edit the B. subtilis genome. Transformants of E. coli and B. subtilis were selected
on Luria—Bertani (LB) agar plates at 37 °C, supplemented with appropriate antibiotics.
To select plasmids in E. coli, kanamycin was used at a final concentration of 30 nug/mL,
while for B. subtilis, kanamycin was used at a final concentration of 6 nug/mlL, as well as
erythromycin and lincomycin at 2 pg/mL and 25 pg/mL, respectively. All the strains were
incubated under shaking conditions at 200 rpm. All the experiments were repeated at least
three times, and mean values were used for comparisons.

Table 2. Strains used in this study.

Strain Characteristics Reference

E. coli DH5« Zz;;;lé l;lci(je;l)sljllég phoA ginV44 ®80" lacZ(del)M15 gyrA96 recAl relAl Laboratory stock
E. ol NEB® turbo RO 210 TS end AL it Sstsmariys S Laboratory stock
B. subtilis strains

BSO AnprE, AaprE, Aepr, Ampr, AnprB, Avpr, Abpr, AsigF BGSC

BS1 BSO derivative, AlytC Laboratory stock
BS2 BS1 derivative, AamyE This work
BSQla BS2 derivative, anyQ (Pspovc) knock-in mutant (AspoVG) This work
BSQ1b BS1 derivative, amyQ (Pauyq-Perysa) knock-in mutant (AamyE) This work
BSQlc BS2 derivative, amyQ (Pspovc-Pamyo-LPeryza) knock-in mutant (AspoVG) — This work
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Table 2. Cont.

Strain Characteristics Reference
BSQ1d BS2 derivative, amyQ (SwabNr) knock-in mutant (AywbN) This work
BSQle BS2 derivative, anyQ (Pamyg-Pery34) knock-in mutant (ApksG) This work
BSQ1f BS2 derivative, anyQ (Pamyg-Pery34) knock-in mutant (AppsE) This work
BSQlg BS2 derivative, amyQ (Pamyq-Perysa) knock-in mutant (AcotB) This work
BSQ1h BS2 derivative, amyQ (Pamyq-Perysa) knock-in mutant (AylbP) This work
BSQ1i BS2 derivative, anyQ (Pamyg-Pery34) knock-in mutant (Aveg) This work
BSQ2 BSQ1b derivative, amyQ double knock-in mutant (AamyE, ApksG) This work
BSQ3 BSQ2 derivative, amyQ triple knock-in mutant (AamyE, ApksG,AppsE) ~ This work
BSO4 ]zi(lgs’jc ?Ae;;zfgi\g(?otzng quadruple knock-in mutant (AamyE, This work
BSQS5 ]zinSALE t:lzrci;;z;t/izey,lzg)yQ quintuple knock-in mutant (AamyE, ApksG, This work
BSQ6 ]zi(p)SALE t:lzrci;%t’izey,lzgygvigduple knock-in mutant (AamyE, ApksG, This work
BSQ6_1 BSQ6 derivative, Ahag This work
BSQ6_2 BSQ6 derivative, ApssA This work
BSQ6_3 BSQ6 derivative, AyusX This work
BSQ6_4 BSQ6 derivative, AhrcA This work
BSQ6_5 BSQ6 derivative, sipT knock-in mutant (AthrC) This work
BSQ6_6 BSQ6 derivative, rasP knock-in mutant (AspoVG) This work
BSQ6_7 BSQ6 derivative, sppA knock-in mutant (AygeZ) This work
BSQ6_8 BSQ6 derivative, secYEG knock-in mutant (AsigX) This work
BSQ6_9 BSQ6 derivative, prsA knock-in mutant (Apel; erm") This work
BSQ6_10 BSQ6 derivative, restored gudB gene This work
BSQ6_11 BSQ6 derivative, sppA and prsA knock-in mutant (AygeZ, Apel, erm”) This work

BGSC: Bacillus Genetic Stock Center.

4.2. DNA Manipulations

Standard molecular techniques were carried out following the standard methods [67].

The genes encoding engineered prsA (Figure S4) and the «-amylase amyQ gene harboring
its native signal peptide and the dual promoter Py, 0-Pery3a (Figure S2) were synthesized
by NZYtech (Lisboa, Portugal). Chromosomal DNA was extracted from B. subtilis strains
using the NZY Tissue gDNA Isolation kit). Plasmid DNA was isolated from E. coli using
the NZYSpeedy Miniprep kit. Digested DNA fragments from agarose gel and amplified
DNAs in PCRs were isolated using the NZYGelpure kit. All kits and enzymes were
purchased from NZYtech (Lisboa, Portugal). Gibson assembly was performed according to
the manufacturer’s instructions (Invitrogen, Waltham, MA, USA). All the DNA constructs
were sequenced by Macrogen (Seoul, Republic of Korea).

4.3. Construction of the Integration Vectors for amyQ Ouverexpression and Sec
Pathway Modulation

All the integration vectors and primers used in this study are listed in Tables 2 and S1,
respectively. In all cases, the integration vectors were constructed using the pJOE8999.1
plasmid as the parental plasmid and required two consecutive steps: (i) cloning specific
sgRNA and (ii) cloning a specific editing template.
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4.4. Cloning of sgRNA

The design of sgRNA for gene editing of B. subtilis was accomplished using the
sgRNA Designer tool, provided by the Broad Institute [68]. For sgRNA construction
targeting each desired gene, two complementary oligonucleotides were ordered (Macrogen,
Seoul, Republic of Korea) with the respective overhangs, annealed, and cloned into the
vector pJOE8999.1. In brief, both complementary oligonucleotides were mixed at a final
concentration of 10 pM in annealing buffer (10x stock containing 100 mM Tris-HCI pH
7.5,1 M NaCl, and 1 mM ethylenediaminetetraacetic acid (EDTA) (pH 8)), kept at 98 °C
for 5 min, and slowly cooled to room temperature. Then, the annealed oligonucleotides
were treated with polynucleotide kinase to phosphorylate the 5" ends, according to the
manufacturer’s instructions (Invitrogen, Waltham, MA, USA), and ligated with the Bsal-
cleaved and dephosphorylated plasmid pJOE8999.1 to incorporate specific target sequences
into the vector.

4.5. Cloning of the Editing Templates

In a second step, to construct the editing templates, two homologous arms of a similar
length and the desired template to be inserted were separately amplified and then fused
together by splicing with overlap extension PCR (SOEing-PCR, Table S2). The resulting
PCR product was digested with Sfil and ligated into the Sfil-digested pJOE8999.1 vector to
obtain each editing plasmid.

For the construction of the knock-out plasmids pJOE2, pJOE12, pJOE13, pJOE14,
pJOEL15, and pJOE20, the corresponding sgRNA and homologous repair template were
inserted into the plasmid pJOE8999.1 using the following primers: TS2F/TS2R (sgRNA tar-
geting amyE), P2_1F/P2_1R and P2_2F/P2_2R (template for amyE deletion); TS12F/TS12R
(sgRNA targeting hag), P12_1F/P12_1R and P12_2F/P12_2R (template for hag deletion);
TS13F/TS13R (sgRNA targeting pssA), P13_1F/P13_1R and P13_2F/P13_2R (template for
pssA deletion); TS14F /TS14R (sgRNA targeting yusX), P14_1F/P14_1R and P14 2F/P14 2R
(template for yusX deletion); TS15F/TS15R (sgRNA targeting hrcA), P15_1F/P15_1R and
P15_2F/P15_2R (template for hrcA deletion); and TS20F/TS20R (sgRNA targeting gudB),
P20_1F/P20_1R and P20_2F/P20_2R (template for gudB restoration). In the pJOE12, pJOE13,
and pJOE14 editing plasmids, the repair template was designed to remove 6 bp of the
native sequence to insert a Xhol restriction site and 5 bp of a random sequence, causing
gene frameshift mutation and consequently a loss of function. The removal of 9 pb of
cryptic gudB using pJOE20 restored gudB function instead. However, pJOE2 and pJOE15
were designed to produce a partial deletion of the corresponding gene, leaving only a few
amino acids intact.

In an analogous manner, the knock-in plasmids pJOE3, pJOE4, pJOES, pJOES6, pJOE7,
pPJOES, pJOE9, pJOE10, pJOE11, pJOE16, pJOE17, pJOE1S, and pJOE19 were constructed us-
ing the following primers: TS3F/TS3R (sgRNA targeting spoVG), P3_1F/P3_1R, P3_2F/P3_2R,
and P3_3F/P3_3R (template for Py,,yc-amyQ integration), P5_1F/P5_1R, P5_2F/P5_2R,
and P5_3F/P5_3R (template for PyyovG-Pamyo-Perysa-amyQ integration), P17_1F/P17_1R,
P17_2F/P17_2R, and P17_3F/P17_3R (template for rasP integration); TS4F/TS4R (sgRNA
targeting amyE), P4_1F/P4_1R, P4_2F/P4_2R, and P4_3F/P4_3R (template for Pomyo-Perysa-
amyQ integration); TS6F/TS6R (sgRNA targeting ywbN), P6_1F/P6_1R, P6_2F/P6_2R,
and P6_3F/P6_3R (template for SP,pn-amyQ integration); TS7F/TS7R (sgRNA target-
ing pksG), P7_1F/P7_1R, P7_2F/P7_2R, and P7_3F/P7_3R (template for Pomyo-Perysa-
amyQ integration); TS8F /TS8R (sgRNA targeting ppsE), P8_1F/P8_1R, P8_2F/P8_2R, and
P8 _3F/P8_3R (template for Py 0-Pery34-amyQ integration); TS9F/TSIR (sgRNA targeting
cotB), P9_1F/P9_1R, P9_2F/P9_2R, and P9_3F/P9_3R (template for Ppy,q-Perysa-amyQ
integration); TS10F/TS10R (sgRNA targeting y/bP), P10_1F/P10_1R, P10_2F/P10_2R, and
P10_3F/P10_3R (template for Ppyy0-Perysa-amyQ integration); TS11F/TS11R (sgRNA target-
ing veg), P11_1F/P11_1IR, P11_2F/P11_2R, and P11_3F/P11_3R (template for Py, 0-Pery34-
amyQ integration); TS16F/TS16R (sgRNA targeting thrC), P16_1F/P16_1R, P16_2F/P16_2R,
P16_3F/P16_3R, and P16_4F/P16_4R (template for sipT integration); TS1I8F/TS18R (sgRNA
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targeting yqeZ), P18_1F/P18_1R, P18_2F/P18_2R, and P18_3F/P18_3R (template for sppA
integration); and TS19F/TS19R (sgRNA targeting sigX), P19_1F/P19_1R, P19_2F/P19_2R,
P19_3F/P19_3R, P19_4F/P19_4R, and P19_5F/P19_5R (template for secYEG overexpres-
sion). The latter template was constructed using Gibson assembly following the manufac-
turer’s instructions.

Due to cloning issues during prsA template construction, a different approach based
on Gibson assembly was adopted for prsA insertion at the pel locus. Four different frag-
ments were amplified by PCR, corresponding to the (i) 5" pel homologous region (primers
AF/AR); (ii) the erythromycin resistance gene from the pBS2EXylIR plasmid (BF/BR
primers); (iii) synthetic prsA (primers CF/CR); and (iv) the 3’ pel homologous region
(primers DF/DR). The amplicons were designed to allow Gibson assembly to occur follow-
ing the manufacturer’s instructions (Thermo Fischer Scientific, Waltham, MA, USA). The
resulting reaction mixture was used as a template to amplify the 8 kb fragment using the
primers AF/DR, which served as donor DNA for B. subtilis transformation [69].

Table 3. Plasmids used in this study.

Plasmid Characteristics Reference
pBS2EXyIRPxylA Plasmid containing the xylose-inducible promoter/xylose repressor system  [70]
pJOE8999.1 Puanp-cas9, pUC, pE194%, kan’ [28]
pJOE2 amyE gene knock-out plasmid derived from pJOE8999.1 This work
amyQ gene (Pspovc) knock-in plasmid derived from pJOE8999.1. .
pJOE3 Integration at the spoVG locus. This work
pJOE4 tIzmyQ gene (Pamyo-Pery3a) knock-in plasmid derived from pJOE8999.1. This work
ntegration at the amyE locus.
amyQ gene (Pspovc-Pamyq-Pery3a) knock-in plasmid derived from .
PJOES pJOEB999.1. Integration at the spoVG locus. This work
amyQ gene (SP,ypN’) knock-in plasmid derived from pJOE8999.1. .
pJOE® Integration at the ywbN locus. This work
pJOE7 izmyQ gene (Pamy@-Pery3a) knock-in plasmid derived from pJOE8999.1. This work
ntegration at the pksG locus.
pJOES amyQ gene (Pamyo-Pery3a) knock-in plasmid derived from pJOE8999.1. This work
Integration at the ppsE locus.
pJOE9 amyQ gene (Pamyg-Pery3a) knock-in plasmid derived from pJOE8999.1. This work
Integration at the cotB locus.
pJOEI0 amyQ gene (Pamyq-Perysa) knock-in plasmid derived from pJOE8999.1. This work
Integration at the yIbP locus.
pJOE11 tlzmyQ gene (Pamyo-Pery3a) knock-in plasmid derived from pJOE8999.1. This work
ntegration at the veg locus.
pJOE12 hag gene knock-out plasmid derived from pJOE8999.1 This work
pJOE13 pssA gene knock-out plasmid derived from pJOE8999.1 This work
pJOE14 yusX gene knock-out plasmid derived from pJOE8999.1 This work
pJOE15 hrcA gene knock-out plasmid derived from pJOE8999.1 This work
sipT gene knock-in plasmid derived from pJOE8999.1. .
pJOEL6 Integration at the thrC locus. This work
rasP gene knock-in plasmid derived from pJOE8999.1. .
pJOEL7 Integration at the spoVG locus. This work
pJOE18 sppA gene knock-in plasmid derived from pJOE8999.1. This work

Integration at the ygeZ locus.
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Table 3. Cont.

Plasmid Characteristics Reference
JOE19 secYEG artificial operon knock-in plasmid derived from pJOE8999.1. This work

P Integration at the sigX locus.

pJOE20 gudB gene restoration plasmid derived from pJOE8999.1 This work

4.6. Plasmid Curing and Genome Edition Modifications

To cure the plasmid from recombinant strains, edited colonies were passaged three
times on LB agar plates (without any antibiotics) at 50 °C for 24 h. Plasmid curing yielded
the optimum results when the cells were streaked for single colonies at each passage.
Colonies cured of the editing plasmid were confirmed by streaking them onto LB agar
plates containing kanamycin or no antibiotics; colonies cured of plasmids fail to grow at
37 °C. The identity of each genome modification in the mutant strains was verified by
colony PCR using the relevant primers and Sanger sequencing (Table S1 and Figure S1).

4.7. Quantification of a-Amylase Activity in Shake Flasks

Overnight cultures of recombinant B. subtilis strains in production medium (12 g/L
sucrose, 18 g/L peptone, 2 g/L (NH4),SOy4, 18.3 g/L KoHPO4-3H,0, 6 g/L KHyPOy,
1 g/L Na*citrate, 0.2 g/L MgSO,4-7H,0, 1 g/L CaCly, 0.12 g/L FeSO4-7H,0, 30 mg/L
MnSO4-H,0O, 12 mg/L CuSO4-HyO, and 12 mg/L ZnCl,) were diluted to 0.1 ODgg in
25 mL of production media and grown at 37 °C and 220 rpm for 48 h. The culture super-
natant, which was used as the crude enzyme solution, was obtained at various intervals
during cultivation by centrifugation at 8000 x g for 20 min at 4 °C. The enzyme activity
was calculated by incubating 1 uL of the supernatant with 250 uL of 0.75% (w/v) soluble
starch solution (prepared in Tris-HCl buffer at a pH of 6.5) as a substrate for 1 min at 80 °C.
The reaction was terminated by adding 0.75 mL of 3,5-dinitrosalicylic acid (DNS) reagent,
followed by incubating the mixture in a boiling water bath for 5 min. Absorbance was read
at 540 nm and compared to a standard curve. One unit (IU) of amylase activity was defined
as the amount of enzyme that liberated 1 umol of maltose from soluble starch per minute
under the assay conditions.

4.8. SDS-PAGE Analysis

After the growth of the cells for 48 h at 37 °C and 220 rpm in production media,
8 mL of the cells was harvested by centrifugation (12,000x g, 10 min, 4 °C) to obtain
supernatant (crude enzyme solution) and a cell pellet, which was then resuspended in
800 pL of 0.05 M Tris-HCl with a pH of 7. The crude cell extract was prepared using
an ultrasonic homogenizer (Bandelin Sonoplus HD 3100, Berlin, Germany) for 1 min at
70% amplitude using the following cycle: work 1 s, stop 1 s. After centrifugation, the
supernatant of the lysate and the supernatant of the cell cultures were analyzed using
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with a 10%
separation gel. Proteins were visualized with Coomassie Brilliant Blue.

4.9. Dry Cell Weight

The dry cell weight (DCW) of the parental strain BS1 was determined by centrifuging
10 mL of BS1 culture broth at 12,000 g for 15 min at 4 °C. The resulting pellet was washed
three times in 0.9% (w/v) NaCl solution before drying it in an oven at 105 °C to obtain
a constant weight. ODgpy was monitored using a Genesys 30 visible spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and used to convert the optical density
at 600 nm (ODgp) into the DCW. According to the formula, 1 ODgg was equivalent to
0.352 g/L. This formula was used to calculate the DCW of each recombinant strain.
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4.10. Three-Liter Fermentor Experiments

Seed culture was started by inoculating 50 mL of the production medium into a
500 mL shake flask with a 20 puL sample of frozen glycerol stock (stored at —80 °C). The
resulting cultures were incubated at 37 °C and 220 rpm for 18 h. In a 3 L fermentor
(Sartorius AG, Gottingen, Germany), the fermentation medium (30 g/L sucrose, 30 g/L
peptone, 2 g/L (NH4)2804, 18.3 g/L KzHPO4'3H20, 6 g/L KH2PO4, 1 g/L Na*citrate,
0.2 g/LMgSO4-7H,0, 1 g/L CaClp, 0.12 g/L FeSO4-7H,0, 30 mg/L MnSO4-H,O, 12 mg/L
CuSO4-H,0, and 12 mg/L ZnCl,) was inoculated with seed cultures at a ratio of 4% (v/v).
Fed-batch fermentation with pulse feeding was started as a 0.9 L batch and was carried out
at 37 °C, maintaining the pH at 7 by using 4 M H3PO, and 2 M NaOH and the dissolved
oxygen (DO) at approximately 40% by cascading the agitation speed between the ranges
of 700-1000 rpm and injecting air mixed with pure oxygen. Two pulse feeds of 0.12 L at
24 h and 48 h were added to the fermentor. The first pulse contained 250 g/L sucrose
and 250 g/L soy peptone, along with other nutrients, whereas in the second pulse, the
sucrose was increased to 580 g/L and was fed in when the dissolved oxygen concentration
in the reactor increased abruptly, indicating complete consumption of the carbon source.
At defined time intervals, the medium was sampled. The culture supernatant was obtained
by centrifugation at 12,000 g for 15 min at 4 °C and used as the crude enzyme solution for
further analysis.

4.11. Statistical Analysis

All the samples were analyzed in triplicate, and the data are presented as the
mean =+ standard deviation for each sample point. All the data were collected to ana-
lyze the variance at p < 0.05, and a t test was applied to compare the mean values using the
R-jamovi statistical software (version 2.5).

5. Conclusions

Selecting a suitable promoter along with increasing the gene copy number proved
to be the most important determinants to achieve the highest levels of amyQ expression.
However, once the levels of the gene-specific message had saturated the post-transcriptional
machinery, we found that the deficiency of the PrsA lipoprotein and the accumulation of
signal peptides in the cytoplasmatic membrane constituted the most critical rate-limiting
steps in our AmyQ protein production system, achieving a stunning 57.9-fold increase in
enzyme activity and the production of AmyQ compared to the control at the fermentor
stage. This high-level production provides a basis for enhanced industrial production of
the a-amylase AmyQ. We believe this approach could be also valuable in the expression of
other enzymes in B. subtilis.
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Figure S1. PCR verification of B. subtilis mutants. (a) amyE deletion in BS2 strain. BS1 strain was used as control; (b) Psovs-amyQ
integration in BSQla. BS2 strain was used as control; (c) Pamya-Peryza-amyQ (amyQ_Ec) integration in BSQ1b strain. BS1 strain was
used as control; (d) Pspove-Pamya-Perysa-amyQ integration in BSQ1c strain. BS2 strain was used as control; (e) amyQ gene with SPyusw
integration in BSQ1d. BS2 strain was used as control; (f) amyQ_Ec integration in BSQle. BS2 strain was used as control; (g) amyQ_Ec
integration in BSQ1f. BS2 strain was used as control; (h) amyQ_Ec integration in BSQ1g. BS2 strain was used as control; (i) amyQ_Ec
integration in BSQ1h. BS2 strain was used as control; (j) amyQ_Ec integration in BSQ1i. BS2 strain was used as control; (k) insertion
of Stop codon within hag and yusX genes in BSQ6_1 and BSQ6_3, respectively. PCR product digested with Xhol; (l) insertion of Stop
codon within pssA gene in BSQ1_2. pssA, PCR product. Xhol, PCR product after digestion with Xhol; (m) hrcA deletion in BSQ6_4.
BSQ6 strain was used as control; (n) sipT integration in BSQ6_5. BSQ6 strain was used as control; (0) rasP integration in BSQ6_6.
BSQ6 strain was used as control; (p) sppA integration in BSQ6_7. BSQ6 strain was used as control; (q) secYEG operon integration in
BSQ6_8. BSQ6 strain was used as control; (r) prsA integration in BSQ6_9. BSQ6 strain was used as control. M corresponds to the
molecular weight marker. For knock-out strains, the following corresponding verification primer pairs were used: P1_1F/P1_2R (for
IytC), P2_1F/P2_2R (for amyE), P12_1F/P12_2R (for hag), P13_1F/P13_2R (for pssA), P14_1F/P14_2R (for yusX) and P15_1F/P15_2R
(for hrcA); whereas for knock-in strains the following primers were used: P5_1F/P5_3R (for spoVG site), P4_1F/P4_3R (for amyE
site), P6_1F/P6_3R (for ywbN site), P7_1F/P7_3R (for pksG site), P8_1F/P8_3R (for ppsE site), P9_1F/P9_3R (for cotB site),
P10_1F/P10_3R (for y/bP site), P11_1F/P11_3R (for veg site), P16_1F/P16_3R (for thrC site), P18_1F/P18_3R (for ygeZ site),
P19_1F/P19 _5R (for sigX site), P20_1F/P20_2R (for gudB site) and pelF/pelR (for pel site).



TGCTGTCCAGACTGTCCGCTGTGTAAAAATAAGGAATAAAGGGGGGTTGACATTATTTTACTGATATGTATAATATAA
TTTGTATAAGAAAATGTCGAAACGTAAGATGAAACCTTAGATAAAAGTGCTTTTTTTGTTGCAATTGAAGAATTATTA
ATGTTAAGCTTAATTAAAGATAATATCTTTGAATTGTAACGCCCCTCAAAAGTAAGAACTACAAAAAAAGAATACGTT
ATATAGAAATATGTTTGAACCTTCTTCAGATTACAAATATATTCGGACGGACTCTACCTCAAATGCTTATCTAACTAT
AGAATGACATACAAGCACAACCTTGAAAATTTGAAAATATAACTACCAATGAACTTGTTCATGTGAATTATCGCTGTA
TTTAATTTTCTCAATTCAATATATAATATGCCAATACATTGTTACAAGTAGAAATTAAGACACCCTTGATAGCCTTAC
TATACCTAACATGATGTAGTATTAAATGAATATGTAAATATATTTATGATAAGAAGCGACTTATTTATAATCATTACA
TATTTTTCTATTGGAATGATTAAGATTCCAATAGAATAGTGTATAAATTATTTATCTTGAAAGGAGGGATGCCTAAAA
ACGAAGAACATTAAAAACATATATTTGCACCGTCTAATGGATTTATGAAAAATCATTTTATCAGTTTGAAAATTATGT
ATTATGATAAGAAAGGGAGGACAAACATGATTCAAAAACGAAAGCGGACAGTTTCGTTCAGACTTGTGCTTATGTGCA
CGCTGTTATTTGTCAGTTTGCCGATTACAAAAACATCAGCCGTTAACGGCACACTTATGCAATACTTCGAATGGTACA
CACCTAACGATGGCCAACATTGGAAACGTCTTCAAAACGATGCTGAACATCTTTCTGATATCGGCATCACAGCTGTTT
GGATACCTCCTGCTTACAAAGGCCTTTCTCAATCTGATAACGGCTACGGCCCTTACGATCTTTACGATCTTGGCGAAT
TCCAACAAAAAGGCACAGTTCGTACAAAATACGGCACAAAATCTGAACTTCAAGATGCTATCGGCTCTCTTCATTCTC
GTAACGTTCAAGTTTACGGCGATGTTGTTCTTAACCATAAAGCTGGCGCTGATGCTACAGAAGATGTTACAGCTGTTG
AAGTTAACCCTGCTAACCGTAACCAAGAAACATCTGAAGAATACCAAATCAAAGCTTGGACAGATTTCCGTTTCCCTG
GCCGTGGCAACACATACTCTGATTTCAAATGGCATTGGTACCATTTCGATGGCGCTGATTGGGATGAATCTCGTAAAA
TCTCTCGTATCTTCAAATTCCGTGGCGAAGGCAAAGCTTGGGATTGGGAAGTTTCTTCTGAAAACGGCAACTACGATT
ACCTTATGTACGTTGATGTTGATTACGATCATCCTGATGTTGTTGCTGAAACAAAAAAATGGGGCATCTGGTACGCTA
ACGAACTTTCTCTTGATGGCTTCCGTATCGATGCTGCTAAACATATCAAATTCTCTTTCCTTCGTGATTGGGTTCAAG
CTGTTCGTCAAGCTACAGGCAAAGAAATGTTCACAGTTGCTGAATACTGGCAAAACGATGCTGGCAAACTTGAAAACT
ACCTTAACAAAACATCTTTCAACCAATCTGTTTTCGATGTTCCTCTTCATTTCAACCTTCAAGCTGCTTCTTCTCAAG
GCGGCGGCTACGATATGCGTCGTCTTCTTGATGGCACAGTTGTTTCTCGTCATCCTGAAAAAGCTGTTACATTCGTTG
AAAACCATGATACACAACCTGGCCAATCTCTTGAATCTACAGTTCAAACATGGTTCAAACCTCTTGCTTACGCTTTCA
TCCTTACACGTGAATCTGGCTACCCTCAAGTTTTCTACGGCGATATGTACGGCACAAAAGGCACATCTCCTCGTGAAA
TCCCTTCTCTTAAAGATTCTATCGAACCTATCCTTAAAGCTCGTAAAGAATACGCTTACGGCCCTCAACATGATTACA
TCGATCATCCTGATGTTATCGGCTGGACACGTGAAGGCGATTCTTCTGCTGCTAAATCTGGCCTTGCTGCTCTTATCA
CAGATGGCCCTGGCGGCTCTAAACGTATGTACGCTGGCCTTAAAAACGCTGGCGAAACATGGTACGATATCACAGGCA
ACCGTTCTGATACAGTTAAAATCGGCTCTGATGGCTGGGGCGAATTCCATGTTAACGATGGCTCTGTTTCTATCTACG
TTCAAAAATAAGGTAATAAAAAAACACCTCCAAGCTGAGTGCGGGTATCAGCTTGGAGGTGCGTTTATTTTTTCAGCC
GTATGACAAGGTCGGCATCAGGTGTGACAAATACGGTATGCTGGCTGTCATAGGTGACAAATCCGGGTTTTGCGCCGT
TTGGCTTTTTCACATGTCTGATTTTTGTATAATCAACAGGCACGGAGCCGGAATCTTTCGCCTTGGAAAAATAAGCGG
CGATCGTAGCTGCTTCCAATATGGATTGTTCATCGGGATCGCTGCTTTTAATCACAACGTG

Figure S2. amyQ gene and dual promoter (Pamya-Pcry3a) sequence with codon optimization for B. subtilis. The signal peptide SPamyq is
marked in bold. Promoter and terminator are underlined.



Cryptic gudB gene in B. subtilis BS1 strain due to a duplication of 9 bp:

ATGGCAGCCGATCGAAACACCGGTCATACAGAAGAGGACAAACTTGATGTATTAAAATCAACCCAAACCGTAATACATAAGGCT
CTGGAAAAATTGGGATATCCCGAAGAGGTATACGAATTGTTAAAAGAGCCGATGAGATTATTAACGGTAAAAATACCTGTTCGT
ATGGACGACGGTTCAGTAAAGATTTTCACAGGATATCGTGCGCAGCACAATGACTCTGTCGGTCCAACGAAAGGCGGGATACG
TTTTCACCCGAACGTAACAGAAAAAGAGGTGAAGGCGGTGAAGGCGCTTTCAATTTGGATGAGTTTAAAATGCGGCATAATTG
ATCTTCCATATGGCGGTGGTAAAGGCGGAATTGTTTGTGATCCAAGGGATATGTCGTTTAGAGAGCTGGAGCGTCTGAGCAGA
GGGTATGTCAGAGCGATCAGCCAAATTGTCGGCCCGACAAAAGACGTGCCGGCACCGGATGTATTTACAAACTCACAAATCAT
GGCTTGGATGATGGATGAGTATTCAAGAATTGATGAATTTAATTCGCCTGGATTTATTACAGGCAAACCGCTTGTGCTTGGCGG
ATCTCACGGGAGAGAATCTGCGACAGCAAAAGGTGTTACCATCTGTATTAAAGAAGCGGCTAAGAAGAGAGGCATCGATATTA
AAGGTGCGCGTGTCGTTGTCCAAGGCTTCGGAAACGCGGGAAGCTATTTGGCAAAATTTATGCATGATGCGGGGGCAAAAGTT
GTCGGCATCTCAGATGCGTATGGCGGACTTTATGATCCGGAAGGCCTTGATATCGATTATTTACTCGACCGACGCGACAGCTTC
GGTACCGTAACAAAGCTTTTCAACGATACCATTACCAACCAAGAGCTGCTGGAGCTGGATTGTGATATTCTCGTTCCTGCTGCGA
TTGAAAATCAAATTACAGAAGAAAATGCCCATAATATCCGGGCTAAAATTGTCGTTGAAGCAGCGAACGGACCAACAACGCTTG
AAGGAACAAAAATTCTTTCAGACCGGGACATTCTGCTTGTACCAGACGTGCTGGCAAGTGCCGGTGGCGTAACAGTTTCTTATT
TTGAATGGGTTCAGAATAACCAAGGCTTCTACTGGAGTGAAGAAGAGGTAGAAGAAAAATTAGAAAAAATGATGGTCAAATCA
TTTAACAATATTTACGAAATGGCTAACAACCGAAGAATTGACATGAGGCTCGCTGCATATATGGTCGGCGTTCGCAAAATGGCT
GAAGCTTCGCGTTTTAGAGGCTGGATATAA

Sequencing results of restored gudB gene in BSQ6_10 strain with removed 9-bp direct repeat:

ATGGCAGCCGATCGAAACACCGGTCATACAGAAGAGGACAAACTTGATGTATTAAAATCAACCCAAACCGTAATACATAAGGCT
CTGGAAAAATTGGGATATCCCGAAGAGGTATACGAATTGTTAAAAGAGCCGATGAGATTATTAACGGTAAAAATACCTGTTCGT
ATGGACGACGGTTCAGTAAAGATTTTCACAGGATATCGTGCGCAGCACAATGACTCTGTCGGTCCAACGAAAGGCGGGATACG
TTTTCACCCGAACGTAACAGAAAAAGAGGTGAAGGCGCTTTCAATTTGGATGAGTTTAAAATGCGGCATAATTGATCTTCCATA
TGGCGGTGGTAAAGGCGGAATTGTTTGTGATCCAAGGGATATGTCGTTTAGAGAGCTGGAGCGTCTGAGCAGAGGGTATGTCA
GAGCGATCAGCCAAATTGTCGGCCCGACAAAAGACGTGCCGGCACCGGATGTATTTACAAACTCACAAATCATGGCTTGGATG
ATGGATGAGTATTCAAGAATTGATGAATTTAATTCGCCTGGATTTATTACAGGCAAACCGCTTGTGCTTGGCGGATCTCACGGG
AGAGAATCTGCGACAGCAAAAGGTGTTACCATCTGTATTAAAGAAGCGGCTAAGAAGAGAGGCATCGATATTAAAGGTGCGCG
TGTCGTTGTCCAAGGCTTCGGAAACGCGGGAAGCTATTTGGCAAAATTTATGCATGATGCGGGGGCAAAAGTTGTCGGCATCTC
AGATGCGTATGGCGGACTTTATGATCCGGAAGGCCTTGATATCGATTATTTACTCGACCGACGCGACAGCTTCGGTACCGTAAC
AAAGCTTTTCAACGATACCATTACCAACCAAGAGCTGCTGGAGCTGGATTGTGATATTCTCGTTCCTGCTGCGATTGAAAATCAA
ATTACAGAAGAAAATGCCCATAATATCCGGGCTAAAATTGTCGTTGAAGCAGCGAACGGACCAACAACGCTTGAAGGAACAAA
AATTCTTTCAGACCGGGACATTCTGCTTGTACCAGACGTGCTGGCAAGTGCCGGTGGCGTAACAGTTTCTTATTTTGAATGGGTT
CAGAATAACCAAGGCTTCTACTGGAGTGAAGAAGAGGTAGAAGAAAAATTAGAAAAAATGATGGTCAAATCATTTAACAATAT
TTACGAAATGGCTAACAACCGAAGAATTGACATGAGGCTCGCTGCATATATGGTCGGCGTTCGCAAAATGGCTGAAGCTTCGC
GTTTTAGAGGCTGGATATAA

Figure S3. Sanger sequencing results of gudB gene in BSQ6_10 strain. The 9-bp repeat (GTGAAGGCG) is marked in bold.

AATAGCCAACATTGACATTATTTTACTGATATGTATAATATAATTTGTATAAGAAAATGAGAGGGAGAGG
AAACATGAAGAAGATTGCAATTGCGGCGATTACAGCGACAAGCGTGCTGGCTCTCAGCGCATGCTCTGGC
GGCGATTCTGAAGTTGTTGCTGAAACAAAAGCTGGCAACATCACAAAAGAAGATCTTTACCAAACACTTA
AAGATAACGCTGGCGCTGATGCTCTTAACATGCTTGTTCAAAAAAAAGTTCTTGATGATAAATACGATGT
TTCTGATAAAGAAATCGATAAAAAACTTAACGAATACAAAAAATCTATGGGCGATCAACTTGATCAACTT
ATCAAACAAAANGGCGAAGATTTCGTTAAAGAACAAATCAAATACGAACTTCTTATGAAAAAAGCTGCTA
AAGATAACATCAAAGTTACAGATGATGATGTTAAAGAATACTACGATGGCCTTAAAGGCAAAATCCATCT
TTCTCATATCCTTGTTAAAGAAAAAAAAACAGCTGAAGAAGTTGAAAAAAAACTTAAAAAAGGCGAAAAA
TTCGAAGATCTTGCTAAAGAATACTCTACAGATGGCACAGCTGAAAAAGGCGGCGATCTTGGCTGGGTTG
GCAAAGATGATAACATGGATAAAGATTTCGTTAAAGCTGCTTTCGCTCTTAAAACAGGCGAAATCTCTGG
CCCTGTTAAATCTCAATTCGGCTACCATATCATCAAAAAAGATGAAGAACGTGGCAAATACGAAGATATG
AAAAAAGAACTTAAAAAAGAAGTTGAAGAACAAAAACTTAACGATCAAACAGAACTTCAATCTGTTATCG
ATAAACTTGTTAAAGATGCTGATCTTAAAGTTAAAGATAAAGAACTTAAAAAACAAGTTGATCAACGTCA
AGCTCAAACATCTTCTTCTTCTTAACCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCT
TTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGTGGGCC
TTTCTGCGTTTATA

Figure S4. Sequence of synthetic prsA gene used in this study. Promoter is underlined and terminator is in italics



3E Sequence Purpose Rk
me 9 P Product
TS1
E 5' —TACGAAAAATGTAATTATTGTAGG
Ts1 Target sequence for lytC gene deletion
R 5' — AAACCCTACAATAATTACATTTTT
PCR of homology template for lytC gene deletion 2101
::— 5" — AAGGCCAACGAGGCCGAACTACTGTACCTGATACAAC
p1 Upstream lytC gene homologous arm 1108
1R_ 5 — GGTGTTCCCATGCCTCGAGAATAATTACATTTTTAGTCTGCATC
::‘ 5’ — CTCGAGGCATGGGAACACCTGCTGTTTCTTC
P1 Downstream lytC gene homologous arm 993
2R_ 5 — AAGGCCTTATTGGCCTCTCTCGTTCCAAGATTAGCC
T2,
E 5" — TACGACAGCACCGTCGATCAAAAG
182 Target sequence for amyE gene deletion
R 5 — AACCTTTTGATCGACGGTGCTGT
PCR of homology template for amyE gene deletion 1766
::_ 5’ — AAGGCCAACGAGGCCGAGTTATTCATTGCAGAAGCGCA
P2 Upstream amyE gene homologous arm 890
1R_ 5’ — GTTGTATCCCCTGCCAGAACCAAATGAAAC
;:‘ 5 — GTTCTGGCAGGGGATACAACCAACGCAAAAGTG
P2 Downstream amyE gene homologous arm 876
ZR_ 5" —AAGGCCTTATTGGCCGTGGCTCCAAACAGGAAGC
TS3
E 5’ — TACGAAATCAGACATGCTCGGACG
Ts3 Target sequence for spoVG replacement
R 5’ — AAACCGTCCGAGCATGTCTGATTT
PCR of homology template for spoVG gene replacement 2894
for amyQ gene (single promoter)
:':" 5" — AAGGCCAACGAGGCCCGGGCCTTATTCACAAGGG
P3 Upstream spoVG gene homologous arm 530
1R_ 5 —CTTTCG TGAATCATAGTAGTTCACCACCTTTTCCC
::— 5’ — GTGAACTACTATGATTCAAAAACGAAAGCGGAC
p3 amyQ gene amplification 1829
ZR_ 5 — GGTTATTTTCACGTTGTGATTAAAAGCAGCG
:i‘ 5’ — GCTTTTAATCACAACGTGAAAATAACCAAAAAGCAAGGACTG
P3 Downstream spoVG gene homologous arm 535
3R_ 5" — AAGGCCTTATTGGCCTTACTGTTCCATCGTCTCTGCTG
PCR of homology template for amyQ gene integration at 4476
amyE site
::_ 5’ — AAGGCCAACGAGGCCGAGTTATTCATTGCAGAAGCGCA
pa Upstream amyE gene homologous arm 951
1R_ 5’ — GCGGACAGTCTGGACAGCAGATCGACGGTGCTGTAAGCT
;:— 5" — AGCTTACAGCACCGTCGATCTGCTGTCCAGACTGTCCGC
Pa_ 5— amyQ gene amplification 2557
2R CCATGCATGAAGAATGGTTCCTCACGTTGTGATTAAAAGCAGCGAT
::‘ 5" — ATCGCTGCTTTTAATCACAACGTGAGGAACCATTCTTCATGCATGG
P4 Downstream amyE gene homologous arm 968
3R_ 5’ — AAGGCCTTATTGGCCCTTCAAATAAAGCACTCCCGC
PCR of homology template for spoVG gene replacement
s for amyQ gene (triple promoter) 4297
1F_ 5’ — AAGGCCAACGAGGCCCTTGCGAAAAGAAGCATGAAAAC
PS5 Upstream spoVG gene homologous arm
1R_ 5 — CCCTATATAAAAGCATTAGTGTATC 864
;5:‘ 5’ — ACACTAATGCTTTTATATAGGGTGCTGTCCAGACTGTCCG
PS amyQ gene amplification 2557
2R_ 5 — GGTTATTTTCACGTTGTGATTAAAAGCAGCG
::‘ 5" — GCTTTTAATCACAACGTGAAAATAACCAAAAAGCAAGGACTG
ps Downstream spoVG gene homologous arm 876
3R_ 5" — AAGGCCTTATTGGCCATTAACTCCGAGCGTTTCTTGG
TS6

5 — TACGTTTAAAATGGGGAGCGATGG

Target sequence for ywbN replacement



TS6

5’ — AAACCCATCGCTCCCCATTTTAAA

P6_
1F

P6_
1R

P6_
2F

P6_
2R
P6_
3F
P6_
3R

5 — AAGGCCAACGAGGCCCTCAGTGGAAAAAGGAGACC

5 -

GATTTTGAATTGTCCCGTCTGTGAATTTG GGCTTTTTTCTCTGTTTAT
CGCTCATGATGTTACAAAACT

5 -
CACAGACGGGACAATTCAAAATCGGGAGCGATGGCAGGGGCAGCCGTT
GCGGTTAACGGCACACTTATGCAAT

5 — GCATGCGTATAAAGCAGAACCCACGTTGTGATTAAAAGCAGC

5 — GGTTCTGCTTTATACGCATGC

5 — AAGGCCTTATTGGCCGTTTCCAGTGCTGATTTGAATG

PCR of homology template for ywbN gene replacement
for amyQ gene (Tat pathway)

Upstream ywbN gene homologous arm

amyQ gene amplification

Downstream ywbN gene homologous arm

3521

1062

1736

723

Table S1. Primers designed in this study.



Name Sequence Purpose PCR Product
TS7F 5’ — TACGGAGGTGTTTCAAATAGATCC

Target sequence of pksG gene for amyQ gene integration
TS7R 5’ — AAACGGATCTATTTGAAACACCTC

PCR of homology template for amyQ gene integration at pksG site 4069
P7_1F 5’ — AAGGCCAACGAGGCCCTTGGTGCTTTAATGGATCTTTC

Upstream pksG gene homologous arm
P7_1R 5 —CAGAGCAAGTGATCAGCAATTC 928
P7_2F 5 —GAATTGCTGATCACTTGCTCTGTGCTGTCCAGACTGTCCG

amyQ gene amplification 2557
P7_2R 5 —CGTAGGAAAAACAGCCAATTCGCACGTTGTGATTAAAAGCAGCG
P7_3F 5 —CGAATTGGCTG CCTACG

Downstream pksG gene homologous arm 384
P7_3R 5 —AAGGCCTTATTGGCCCGCAAACGCAATAAATGCTTTC
TS8F 5’ — TACGACCGTCAGAAATCCCAGGCG

Target sequence of ppsE gene for amyQ gene integration
TS8R 5 — AAACCGCCTGGGATTTCTGACGGT

PCR of homology template for amyQ gene integration at ppsE site 4005
P8_1F 5 —AAGGCCAACGAGGCCGATTAAACTGAACGCAGACTTGC

Upstream ppsE gene homologous arm 686
P8_1R  5'-CTAGAAGAGCGACTGCTCAACATAC
P8_2F 5'— GTTGAGCAGTCGCTCTTCTAGTGCTGTCCAGACTGTCCG

amyQ gene amplification 2557
P8_2R 5'— CAGGAGCAACGACAAGATTAAAGCACGTTGTGATTAAAAGCAGCG
P8_3F  5'—-CTTTAATCTTGTCGTTGCTCCTG

Downstream ppsE gene homologous arm 762
P8_3R 5 —AAGGCCTTATTGGCCGACGTGTAATTGCTGTTTCTGAC
TSOF 5’ — TACGCACTATAGTATAATGGCCGT

Target sequence of cotB gene for amyQ gene integration
TS9R 5’ — AAACACGGCCATTATACTATAGTG

PCR of homology template for amyQ gene integration at cotB site 3892
P9_1IF 5'- AAGGCCAACGAGGCCCACAAGAGGAACTTTGGAAGG

Upstream cotB gene homologous arm 670
P9_1R  5'-CATCAAGATCACCAGGCTATTC
P9_2F 5'-GAATAGCCTGGTGATCTTGATGTGCTGTCCAGACTGTCCG

amyQ gene amplification 2557
P9_2R 5'-GTTACTGTATATCGTGGAGGTCCACGTTGTGATTAAAAGCAGCG
P9_3F 5'— GACCTCCACGATATACAGTAAC

Downstream cotB gene homologous arm 665
P9_3R 5'— AAGGCCTTATTGGCCGCTGGTATTGTATTCACCTCG
TS10F  5'-TACGGCTTATCAACTATAAAACGC

Target sequence of y/bP gene for amyQ gene integration
TS10R 5'-AAACGCG ATAGTTGATAAGC

PCR of homology template for amyQ gene integration at y/bP site 4171
P10_1F 5'-AAGGCCAACGAGGCCGATAAGCTGGCGTTGTCAG

Upstream ylbP gene homologous arm 780
P10_1R 5'—ACAAATCTCCCCCTTTGTTG
P10_2F 5'-CAACAAAGGGGGAGATTTGTCACGTTGTGATTAAAAGCAGC

amyQ gene amplification 2557
P10_2R 5'— AATAGGCCGGTTGTTTTGA GCTGTCCAGACTGTCCG
P10_3F 5'—- AAATCAAAACAACCGGCCTATT

Downstream ylbP gene homologous arm 834
P10_3R 5'-AAGGCCTTATTGGCCAAGCATGCGGATCATACAAC
TS11F  5'-TACGCTGACGTTAAAAGCAAACGG

Target sequence of veg gene for amyQ gene integration
TS11R  5'-AAACCCGTTTGCTTTTAACGTCAG

PCR of homology template for amyQ gene integration at veg site 4137
P11_1F 5'-AAGGCCAACGAGGCCGCCAATATCAGCATCAGGAG

Upstream veg gene homologous arm 797
P11_1R 5'—-TGCATCCACCTCACTACATTT
P11_2F 5'— AAATGTAGTGAGGTGGATGCACACGTTGTGATTAAAAGCAGC

amyQ gene amplification 2557
P11_2R 5'— CAAAAGGTTCACTGCCCGTTATGCTGTCCAGACTGTCCG
P11_3F 5'— TAACGGGCAGTGAACCTTTTG

Downstream veg gene homologous arm 783

P11_3R

5'-AAGGCCTTATTGGCCAGCCACCGGAATTACCTTC




PCR

Name Sequence Purpose Product
TS12F 5’ — TACGAGGTCTTCGCATCAACCGTG
Target sequence for hag gene deletion
TS12R 5’ — AAACCACGGTTGATGCGAAGACCT
PCR of homology template for hag gene deletion 1880
P12_1F 5 — AAGGCCAACGAGGCCGCGGGATTCCAGGCTTTTTAG
Upstream hag gene homologous arm 837
P12_1R 5’ — CATCTCCCCTAAGATCTCGAGTTGATGCGAAGACCTGAAGAAAG
P12_2F 5’ — CTCGAGATCTTAGGGGAGATGACGCAGCAGGT
Downstream hag gene homologous arm 1043
P12_2R 5 — AAGGCCTTATTGGCCGTTCAATTGATCATCCCCTATGC
TS13F 5’ — TACGACGATAGGAAACTTCATTTG
Target sequence for pssA gene deletion
TS13R 5’ — AAACCAAATGAAGTTTCCTATCGT
PCR of homology template for pssA gene deletion 2036
P13_1F 5 — AAGGCCAACGAGGCCCTATGTTTCTACTCG
Upstream pssA gene homologous arm 1021
P13_1R 5’ — AGCAATCCCTATCGCTCGAGGAAGTTTCCT
P13_2F 5 — CTCGAGCGATAGGGATTGCTGGCGATTCAT
Downstream pssA gene homologous arm 1015
P13_2R 5 — AAGGCCTTATTGGCCGATTCGTCAGCTCTA
TS14F 5’ — TACGCTTGAAACCTATAAAGCGCG
Target sequence for yusX gene deletion
TS14R 5’ — AAACCGCGCTTTATAGGTTTCAAG
PCR of homology template for yusX gene deletion 2013
P14_1F 5" — AAGGCCAACGAGGCCTTCCGCTTTTTCAGGCTGTC
Upstream yusX gene homologous arm 990
P14_1R 5’— TCCCAGCCCAGTCCTCGAGTTTATAGGTTTCAAGCCGGAATC
P14_2F 5 — CTCGAGGACTGGGCTGGGAGAATGTCCTGA
Downstream yusX gene homologous arm 1023
P14_2R 5’ — AAGGCCTTATTGGCCACGCACAGCCAGCTTGATG
TS15F 5 — TACGTATTAAATCGGCACAGCCGG
Target sequence for hrcA gene deletion
TS15R 5’ — AAACCCGGCTGTGCCGAATTTAATA
PCR of homology template for hrcA gene deletion 2019
P15_1F 5 — AAGGCCAACGAGGCCCGTGCTAAAGCCCTCAAGC
Upstream hrcA gene homologous arm 1005
P15_1R 5 — GTCCGAAGTCACCAGCAGCTGACGATTTGTTAAC
P15_2F 5 — GCTGCTGGTGACTTCGGACTTGTCAAAAG
Downstream hrcA gene homologous arm 1014
P15_2R 5’ — AAGGCCTTATTGGCCCTTTCAGCGTATGATTTAAGGTG
TS16F 5’ - TACGACGGGATCATTTAAAGATCG Target sequence of thrC gene for sipT gene
TS16R 5’ — AAACCGATCTTTAAATGATCCCGT integration
PCR of homology template for thrC gene
i 3369
replacement for spiT gene
P16_1F 5 — AAGGCCAACGAGGCCGATGGGAATTGTGAACGGCAC
Upstream thrC gene homologous arm 1017
P16_1R 5’ — GCGGACAGTCTGGACAGCATTTAAATGATCCCGTAGGATTGACG
P16_2F 5 — CGTCAATCCTACGGGATCATTTAAATGCTGTCCAGACTGTCCGC
Pamya-cryza amplification 728
P16_2R 5’ — GTATTCGTATTT CCTCGGTCATGTTTGTCCTCCCTTTCTTATCAT
P16_3F 5 — ATGATAAGAAAGGGAGGACAAACATGACCGAGGAAAAAAATACGAATAC
sipT gene amplification 582
P16_3R 5’ — TGCCACAGCCATAACCATTCCTTGGCTATTATCGGTTCAGTGTTCA
P16_4F 5 — TGAACACTGAACCGATAATAGCCAAGGAATGGTTATGGCTGTGGCA
Downstream thrC gene homologous arm 1042
P16_4R 5 — AAGGCCTTATTGGCCTGAATCAAAGCCGGGGCCTA
Gibson assembly primers for prsA gene integration at 8109
pel site
AF 5’ — GCTCCTACTGAAAGATTCAGC
Upstream pel gene homologous arm 2702
AR 5’ — GCCATGTCACTATTGCTTCAGGTCCAAATCATACTCCGGATC
BF 5 — GATCCGGAGTATGATTTGGACCTGAAGCAATAGTGACATGGC erythromycin resistance gene amplification from —
7
BR 5’ — GTAAAATAATGTCAATGTTGGCTATTCAGGATGGCCTTCTGCTTAG PBS2EXxyIRPxyIA
CF 5’ — CTAAGCAGAAGGCCATCCTGAATAGCCAACATTGACATTA AC
Synthetic prsA gene amplification 1064
CR 5’ — GATTTCACATTAGCAGAAGCATCTATAAACGCAGAAAGGCCCAC
DF 5 — GTGGGCCTTTCTGCGTTTATAGATGCTTCTGCTAATGTGAAATC
Downstream pel gene homologous arm 2622
DR 5’ — CACTTGATCGTTGACGCTTAC
pelF 5 — GTCTTAGCTCACGACGATGA
PCR for prsA integration verification
pelR 5’ —TCCCC CCATTCTACTCCT




Name Sequence Purpose PCR Product

PCR of homology template for spoVG gene replacement for rasP gene 3009
P17_1F 5" — AAGGCCAACGAGGCCCTTGCGAAAAGAAGCATGAAAAC

Upstream spoVG gene homologous arm 864
P17_1R 5’ — CGCTATAACTGTATTCACGAACATAGTAGTTCACCACCTTTTCCC
P17_2F 5 — GGGAAAAGGTGGTGAACTACTATGTTCGTGAATACAGTTATAGCG

rasP gene amplification 1269
P17_2R 5’ — CAGTCCTTGCTTTTTGGTTATTTTTTACAAAAACAGCCGCTGGATAT
P17_3F 5’ — ATATCCAGCGGCTGTTTTTGTAAAAAATAACCAAAAAGCAAGGACTG

Downstream spoVG gene homologous arm 876
P17_3R 5" — AAGGCCTTATTGGCCATTAACTCCGAGCGTTTCTTGG
TS18F 5 — TACGTAACGCAGACAAGGCGATTG

Target sequence for ygeZ replacement
TS18R 5" — AAACCAATCGCCTTGTCTGCGTTA

PCR of homology template for ygeZ gene replacement for sppA gene 2213
P18_1F 5" — AAGGCCAACGAGGCCGGTGGATTTATGAGTCTTCTTGAGC

Upstream ygeZ gene homologous arm 586
P18_1R 5 — GGGCGGTGTATCCCTCCTTC
P18_2F 5 — GAAGGAGGGATACACCGCCCATGAATGCAAAAAGATGGATTGC

sppA gene amplification 1008
P18_2R 5’ — CATATAACTTCTCCTCGTTTCTATTCTACTTCGCATAGAGATACATC
P18_3F 5" — AATAGAAACGAGGAGAAGTTATATG

Downstream ygeZ gene homologous arm 619
P18_3R 5" — AAGGCCTTATTGGCCCATGTCAGGG CAAGCAC
TS19F 5’ — TACGTACATTTGACTGGGATACAC

Target sequence for sigX replacement
TS19R 5" — AAACGTGTATCCCAGTCAAATGTA

PCR of homology template for sigX gene replacement for artificial secYEG operon 3476
P19_1F 5" — AAGGCCAACGAGGCCAGTCATGAGCTGAGAACAC

Upstream sigX gene homologous arm 856
P19_1R 5 — GTTGGAGATTGTTTTAAACAATTGAAACCCCTCCGTTCAC
P19_2F 5 — GTGAACGGAGGGGTTTCAATTGTTTAAAACAATCTCCAACTTTATGC

secY gene amplification 1296
P19_2R 5" — GTAAAAGACCTCCACAATTTCTAGTTTTTCATAAATCCACGGTAG
P19_3F 5" — CGTGGATTTATGAAAAACTAGAAATTGTGGAGGTCTTTTACATGC

secE gene amplification 200
P19_3R 5 — CACCTCCAGACTCACTTATTCAACTATTAAACGAATTAATTGAG
P19_4F 5 — TTAATTCGTTTAATAGTTGAATAAGTGAGTCTGGAGGTGTATGG

secG gene amplification 252
P19_4R 5 — CTGAGGCGAACGATGGTCTTCTATAGGATATAAGCAAGCGCAATC
P19_5F 5 — GCTTGCTTATATCCTATAGAAGACCATCGTTCGCCTCAG

Downstream sigX gene homologous arm 872
P19_5R 5" — AAGGCCTTATTGGCCAATCATCAACTTCTGACTCC
TS20F 5" — TACGAAAAGAGGTGAAGGCGGTGA

Target sequence for gudB replacement
TS20R 5" — AAACTCACCGCCTTCACCTCTTTT

PCR of homology template for gudB repair 1203
P20_1F 5" — AAGGCCAACGAGGCCGAAGATCTAGGGTCACATACG

Upstream gudB gene homologous arm 596
P20_1R 5’ — CCAAATTGAAAGCGCCTTCACCTCTTTTTCTG
P20_2F 5’ — GAGGTGAAGGCGCTTTCAATTTGG

Downstream gudB gene homologous arm 607

P20_2R 5 — AAGGCCTTATTGGCCGAATATCACAATCCAGCTCCAG




Table S2. Splicing with overlap extension PCR (SOEing-PCR) program.

OVERLAPP?;TENSION TEMPERATURE TIME

STEP 1

Initial Denaturation 95°C 5 minutes
95°C 30 seconds

15 cycles X°C* 1:30 minutes
72°C X minutes **

Final Extension 72°C 5 minutes

STEP 2

Initial Denaturation 95°C 5 minutes
95°C 30 seconds

30 cycles Xec* 30 seconds
72°C X minutes **

Final Extension 72°C 5 minutes

Hold 4°C

** Depending on the melting temperature (Tm) of the primer
** Depending on the length of the fragment to be amplified






Publications

4.3. Chapter 3 Expanding the CRISPR-Cas9 toolbox in Bacillus subtilis

4.3.1. Paper 3: Barriers to simultaneous multilocus integration in Bacillus subtilis tumble down:
development of a straightforward screening method for the colorimetric detection of one-step
multiple gene insertion using the CRISPR-Cas9 system

4.3.2. Paper 4: Metabolic engineering of Bacillus subtilis toward the efficient and stable

production of C30-carotenoids.

105






Ferrando et al. Microbial Cell Factories (2023) 22:21 Micro bl a | Ce| | Factories
https://doi.org/10.1186/5s12934-023-02032-2

RESEARCH Open Access

. . . ®
Barriers to simultaneous multilocus ot

integration in Bacillus subtilis tumble down:
development of a straightforward screening
method for the colorimetric detection

of one-step multiple gene insertion using
the CRISPR-Cas9 system

Jordi Ferrando'", Oriana Filluelo'", Daniel R. Zeigler? and Pere Picart'”

Abstract

Background Despite recent advances in genetic engineering tools for effectively regulating and manipulating
genes, efficient simultaneous multigene insertion methods have not been established in Bacillus subtilis. To date,
multilocus integration systems in B. subtilis, which is one of the main industrial enzyme producers and a GRAS (gener-
ally regarded as safe) microbial host, rely on iterative rounds of plasmid construction for sequential insertions of genes
into the B. subtilis chromosome, which is tedious and time consuming.

Results In this study, we present development and proof-of-concept of a novel CRISPR-Cas9-based genome-editing
strategy for the colorimetric detection of one-step multiple gene insertion in B. subtilis. First, up to three copies of the
crtMN operon from Staphylococcus aureus, encoding a yellow pigment, were incorporated at three ectopic sites within
the B. subtilis chromosome, rendering engineered strains able to form yellow colonies. Second, a single CRISPR-Cas9-
based plasmid carrying a highly specific single guide RNA (sgRNA) targeting crtMN operon and a changeable editing
template was constructed to facilitate simultaneous insertion of multiple gene-copies through homology-directed
repair (HDR). Upon transformation of engineered strains with engineered plasmids, strains harboring up to three
gene copies integrated into the chromosome formed white colonies because of the removal of the crtMN operon,
clearly distinguishable from yellow colonies harboring undesired genetic modifications. As a result, construction of a
plasmid-less, marker-free, high-expression stable producer B. subtilis strain can be completed in only seven days, dem-
onstrating the potential that the implementation of this technology may bring for biotechnology purposes.

Conclusions The novel technology expands the genome-editing toolset for B. subtilis and means a substantial
improvement over current methodology, offering new application possibilities that we envision should significantly
boost the development of B. subtilis as a chassis in the field of synthetic biology.
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Background

Bacillus is a genus of gram-positive, rod-shaped bacteria,
which due to their wide distribution, safety in work, ease
of cultivation, and susceptibility to genetic transforma-
tion, have been widely used to produce heterologous pro-
teins [1, 2]. B. subtilis and related Bacillus strains are the
dominant enzyme-producing microorganisms in applied
and industrial microbiology owing to their ability to
secrete enzymes at very high levels [3-5], in addition to
their extensive use to produce drug precursors, platform
compounds, biofuels and biopolymers [6, 7]. To achieve
maximum expression of a particular gene in Bacillus,
it is highly desirable to amplify the copy number of the
gene of interest [8]. To this end, a traditional approach
involves the introduction of replicative plasmids, where
the level of gene expression is dictated by the copy num-
ber of the plasmid in the cells [9]. However, the use of
antibiotic resistance markers limits their use in industrial
applications due to both the genetic instability of many
recombinant plasmids in the absence of selection and
the restrictions and concerns derived from the massive
abuse of antibiotics, promoting the emergence of bacte-
rial resistance.

Protein expression attributed to a single copy of the
integrated gene usually results in lower yields of prod-
uct compared to the use of high copy-number vectors.
To circumvent this limitation, the use of a single-cross-
over integrative vector, which creates direct repeats of
the target fragment upon its insertion into the chromo-
some, offers the possibility of amplifying the integrated
plasmid by growing cultures in increasing concentra-
tions of the selective antibiotic and, therefore, ampli-
fying gene dosage in the chromosome [10]. However,
although some reports indicate that gene amplification
is stable under non-selective conditions [11, 12], other
authors show that integrated plasmid copies are gradu-
ally lost in the absence of selection [13-15], resulting in
unstable strains not suitable for industrial applications.
On the other hand, gene-replacement strategies based
on double-crossover recombination integrative plas-
mids allow introduction of mutations that are stable
in the absence of ongoing selection. Nevertheless, this
approach has the disadvantage that resulting strains
have low gene dosage unless multiple rounds of gene
insertion are performed [16—18], until reaching expres-
sion levels comparable to that of cells carrying multi-
ple copies of a recombinant plasmid. Therefore, the
construction of environmentally friendly, marker-free
industrial strains of B. subtilis with multicopy genes is

limited by the availability of selection markers, involv-
ing labor-intensive methods of introducing recycling
markers. Such methods for optimal marker recycling in
B. subtilis have been developed based on: (i) counter-
selectable markers such as mazF, blal, ysbC and uppC
[19-23]; (ii) site-specific recombinase systems such
as Cre/LoxP and FLP/FRT [24, 25]; and (iii) the A-Red
phage mediated single-stranded DNA recombination
system [26], thus allowing the removal of the selecta-
ble marker once the desired chromosome modification
is performed in order to reuse it in further rounds of
modification. Nevertheless, these methods are still time
consuming, laborious, and quite inefficient.

CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeat-CRISPR associated protein) sys-
tems, especially with nuclease Cas9, were rapidly
adapted for genome editing in B. subtilis, thus facili-
tating the introduction of gene mutations, deletions,
and insertions [27-30]. Typically, a single plasmid con-
taining the Cas9 endonuclease is targeted to a specific
site by a 20-nucleotide sgRNA also present in the vec-
tor. By means of homologous recombination with a
plasmid-cloned editing template, this system enables
genome editing and cell survival. The introduction of
the CRISPR-Cas9 system simultaneously removed the
need for selection markers in genome editing and radi-
cally increased editing efficiencies, becoming one of the
most powerful tools for genome engineering in B. sub-
tilis [31-35]. However, to the best of our knowledge, no
editing efficiencies have been reported for simultane-
ous integration of multiple genes in B. subtilis, possibly
due to the low integration efficiencies achieved during
the process.

For the first time, the present study aimed to develop
both a CRISPR-Cas9-mediated genomic multigene
insertion method in B. subtilis and a colorimetric high-
throughput screening method for identification of mul-
ticopy clones. To this end, the crtMN operon encoding
yellow pigment from S. aureus was first integrated into
the B. subtilis chromosome at three ectopic sites, thus
obtaining a yellowish-pigmented strain. Using a single
CRISPR-Cas9-based plasmid harboring a unique high-
efficiency target site and changeable editing template,
we developed a white/yellow colorimetric screening
for white colonies because of the removal of the crtMN
operon, which if still present leads to the formation of
yellow colonies in B. subtilis. Thus, an easy, fast, and
suitable method to identify white clones for genomic
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double- (DGI) and triple-gene integration (TGI) in a
single step was established. By using this technology,
we were able to construct plasmid-less, marker-free sta-
ble producer strains harboring up to three copies of an
a-amylase gene inserted into the B. subtilis genome in
only one week. Additionally, we expanded this technol-
ogy for the fine-tuning of gene expression by switching
a constitutive promoter for a xylose-inducible pro-
moter based on the xylose-repressor system. This sys-
tem extends the repertoire of molecular toolboxes for
genetic manipulations and biotechnological endeavors
by enabling simultaneous integration of multiple gene
copies, which we anticipate will enhance the develop-
ment of B. subtilis as a platform to produce important
enzymes and other commodities.

Results

Genetic manipulation of colony color in B. subtilis

In S. aureus, the yellow C30 carotenoid 4,4'-diaponeu-
rosporene is synthesized by the 2385-bp crtMN operon
[36]. It has been reported that plasmid-mediated recom-
binant expression of this operon in B. subtilis results in
a colony color change from white to yellow [37]. In this
study, we wanted to ascertain whether a strain harboring
the crtMN operon inserted into its chromosome would
also produce yellow colonies, as a preliminary step to
implement our colorimetric screening method. For this
purpose, the pJOE8999 plasmid, which has been widely
used for CRISPR-Cas9-mediated engineering in B. subti-
lis [27], was used to exchange the spo VG gene of recipient
B. subtilis strain (BsMNO) with the crtMN operon, set-
ting the expression of the encoded yellow C30 carotenoid
under the control of the strong spoVG promoter (P, ),
and flanked by rho-independent transcriptional termi-
nator (T,,, ) downstream of the same gene [38]. The
employed editing vector, denoted as pJOE891, contained
a sgRNA targeting the spoVG gene and a homology repair
expression cassette (MN_Ec) composed of the 530-bp
upstream flanking genomic region of spoVG followed
by the crtMN operon and the 535-bp downstream flank-
ing genomic region of spoVG (Fig. 1). Upon transforma-
tion of BsMNO with pJOE891, we obtained the BsMN1

(See figure on next page.)
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strain, which satisfactorily produced the yellow pigment,
thus turning the B. subtilis colonies from white to yellow
in color. Next, a set of 2 vectors was constructed, namely
pJOE892 and pJOE893. The first one was engineered
to replace the extracellular amylase gene of B. subtilis
(amyE) with MN_Ec, rendering the BsMN2 strain inac-
tive for amylase production. The latter was constructed
to facilitate the insertion of the MN_Ec into the already
inactivated extracellular protease aprE gene to obtain
BsMN3 strain. Noticeably, both constructs contained
the 530 bp upstream arm and the 535-bp downstream
arm flanking genomic region of spoVG. Next, iterative
genome editing was performed by a successive double-
and triple-MN_Ec integration to yield strains BsMN4
and BsMNS5, harboring two and three copies of MN_Ec
integrated at specific sites, respectively. A comprehen-
sive scheme for the construction of each yellow pigment-
producing strain is depicted in Fig. la. Using specific
primers, the identity of each recombinant strain was
demonstrated by PCR verification and Sanger sequenc-
ing, showing that MN_Ec was successfully inserted into
the B. subtilis chromosome (Fig. 1b). Irrespective of
the crtMN operon copy number, all engineered strains
formed yellow-pigmented colonies with a highly similar
appearance on LB-agar plates, corroborating the success-
ful expression of the yellow C30-carotenoid (Fig. 1c).

Establishment of a white/yellow colorimetric screening
method

The basis of the CRISPR-Cas9-mediated white/yellow
colorimetric screening method proposed in this work
is the generation of double-strand breaks (DSBs) at
crtMN operon target sites in yellow-pigmented strains
and their repair through HDR, thus enabling selection
for white colonies because of the removal of the crtMN
operon, which if still present will lead to the formation
of yellow colonies. However, it is crucial that DSBs gen-
erated by this system are exclusively repaired through
HDR because the NHE] (non-homologous end join-
ing) system may lead to unintended rearrangements at
the target region [39], which may consequently inter-
fere with the screening system. Thus, to explore the

Fig. 1 Schematic representation of BSMN1-BsMNS5 strains construction system. a Integration of MN_Ec at spoV/G locus using plasmid pJOE891,
yielding BsMN1. MN_Ec integration at amyE locus using plasmid pJOE892, to yield BsMN2. MN_Ec integration at aprE locus using plasmid pJOE893,
yielding BsMN3. BsMN4 strain contains two MN_Ec copies integrated at spoV/G and amyE locus sites, whereas BsMN5 contains three MN_Ec copies
integrated at spoV/G, amyE and aprE locus sites. DSB: double-strand breaks. b Confirmation of the spoV/G, amyE and aprE genes replacement for the
MN_Ec in BsMNS5 strain. Lanes 1, 3 and 5 corresponds to amplification bands of 4134-bp, 4883-bp and 5124-bp using primers P17F/P17R, P18F/P18R
and P19F/P19R to verify MN_Ec integrations at spoV/G, amyE and aprE locus sites with gDNA from BsMN5 as template, respectively. Lanes 2, 4 and 6
corresponds to amplifications bands of 2043-bp, 3413-bp and 1830-bp using the same primers with gDNA from BsMNO as control. M corresponds
to the molecular marker weight. ¢ LB-agar plates showing white/yellow colonies of strains BSMNO-BsSMN5
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ability of the unwanted NHE] system to repair DSBs
produced at the crtMN operon site, a high-scoring
sgRNA sequence targeting the crtMN operon (5-ACC
AGAAGATCAAAGAAAAGCGG-3') was identified
using the online sgRNA Designer tool provided by the
Broad Institute [40]. This target site was determined
to be unique following BLASTN analysis against the B.
subtilis chromosome, and the closest homolog had 5
mismatches, which thereby prevents off-target effects.
Plasmid pJOE8999 was engineered to contain this tar-
get sequence yielding pJOE894, which was used to
transform BsMN1-BsMN3 strains. The lack of colonies
obtained upon transformation (Table 1) demonstrated
that the introduction of a DSB at the c¢rtMN operon is
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lethal for the cells unless we provide an editing tem-
plate, ensuring that NHE] system will not disturb the
colorimetric screening method.

Development, evaluation, and validation of novel
CRISPR-Cas9 system for simultaneous insertion of multiple
gene-copies

To demonstrate the functionality of the CRSIPR-
Cas9-based white/yellow screening method, we first
constructed plasmid pJOE895. This plasmid was engi-
neered to contain a homology repair expression cas-
sette (Q_Ec) composed of the 530-bp homologous
region upstream of spoVG, followed by a synthetic
1829-bp DNA fragment coding for amylase gene

Table 1 Summary of efficiency results and CFU for SGI, DGl and TGl using plasmids pJOE894, pJOE895 and pJOE896. Experiments
were carried out in triplicates and data are presented as mean values =+ standard deviation

Gene integration Plasmid CFU/ug plasmid® No. of Kan" white % Kan® white clones  Efficiency for Purpose
number clones (% white (total no. of colonies  Kan® white clones
clones) tested)® (%)<
SGI pJOE894Y 0 0 0 0 NHEJ functionality in B.
(spoV/G locus) subtilis
pJOE8Y5® 150421 147£18(982+14) 95 (40) 100 (8/8) AcrtMN (Q_Ec) knock-in
at spoVaG site
pJOE896f 53+7 4945(9274+27) 90 (40) 100 (8/8) AcrtMN (Qxyl_Ec) knock-
in at spoV/G site
SGl pJOEB94 0O 0 0 0 NHEJ functionality in B.
(amyE locus) subtilis
pJOE895 147432 143+£30(9754+06) 925 (40) 100 (8/8) AcrtMN (Q_Ec) knock-in
at amyE site
pJOE896 42+4 38+£2(90+3.8) 87.5 (40) 100 (8/8) AcrtMN (Qxyl_Ec) knock-
in at amyk site
SGI pJOEB94 0O 0 0 0 NHEJ functionality in B.
(aprE locus) subtilis
pJOE895  139+£34 137433 (986+£04)  97.5 (40) 100 (8/8) AcrtMN (Q_Ec) knock-in
at aprk site
pJOE896 61£11 55£8(90.6+5.9) 95 (40) 100 (8/8) AcrtMN (Qxyl_Ec) knock-
in at aprk site
DaGl pJOE895  138+22 95+ 15(688+2.8) 92.5 (40) 100 (18/18) AcrtMN (Q_Ec) double
(spoVG + amyk) knock-in at spoVG and
amyE locus site
pJOE8Y96 38+9 4+3(10+828) 100 (12) 100 (12/12) AcrtMN (Qxyl_Ec) triple
knock-in at spoV/G and
amyE locus site
TGl pJOE895 120+ 19 6+£2(49+12) 944 (18) 100 (17/17) AcrtMN (Q_Ec) triple
(spoVG 4 amyE + aprE) knock-in at spoVG, amyE
and aprE locus site
pJOEB96 3546 0 0 0 AcrtMN (Qxyl_Ec) triple

knock-in at spoVG, amyE
and aprE locus site

@Total number of transformants

b Clones were tested after three passages at 50 °C

¢ Clones that showed PCR products out of total number of clones analyzed by colony PCR is depicted in parenthesis

9 pJOE894 contains no repair template
€ pJOE895 contains Q_Ec (2894-bp) as a repair template
fbJOE896 contains Qxyl_Ec (4476-bp) as a repair template
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amyQ from Bacillus amyloliquefaciens and the 535-bp
homologous region downstream of spoVG. We used
an a-amylase as a secreted reporter system due to easy
quantification of its extracellular production in pro-
duction media. The rationale behind our procedure
is that transformation of yellow-pigmented strains
(BsMN1-BsMN5) with pJOE895 will allow the selective
cleavage of the chromosome at specific sites with an
integrated crtMN operon. After chromosome cleavage,
homologous recombination with editing template will
restore chromosome integrity and replace the crtMN
operon with Q_Ec, thus leading to the formation of
white colonies in successful edits (BsQ1-BsQ5). Con-
versely, unsuccessful genome edits will keep the crtMN
operon intact, and the bacterial colonies will thus
remain yellow. A scheme of the molecular mechanism
proposed for the colorimetric detection of multiple
crtMN operon replacement for amyQ gene is depicted
in Fig. 2.

Here, as a proof of principle, we tested the possibility
of one-, two- and three-copy amyQ gene integration into
the B. subtilis chromosome in a single step. For this appli-
cation, BsMN1-BsMN5 strains were transformed with
pJOE895 and resulting transformants were selected on
LB plates supplemented with kanamycin (to select for the
plasmid) at 37 °C for 24 h. After incubation, the resultant
colonies showed a filamentous aspect with irregular bor-
ders and without significant differences in their colony
color (Fig. 3a—e). These filamentous colonies were imme-
diately streaked on new LB plates with kanamycin and
mannose and incubated at 37 °C for an additional 24 h.
The following day, we could readily distinguish between
yellow and white bacterial clones in resulting strains
(BsQ1-BsQ5) (Fig. 3f—j). Noticeably, some filamentous
colonies derived from double- (DGI) and triple-amyQ
gene integration (TGI) were unable to grow in the new
plate. We then patched randomly selected white clones
derived from each single amyQ-gene integration (SGI),
DGI and TGI onto LB plates without antibiotics at 50 °C
to facilitate plasmid curing, which was achieved for most
of the white clones tested after three passages at 50 °C
(Table 1). The plasmid-cured cells were checked by col-
ony-PCR using the outer primers from the specific inser-
tion sites to confirm the successful integrations. All white
clones tested contained the desired replacements, as con-
firmed by checking the size of PCR fragments spanning
the desired integration and by DNA sequencing (Fig. 3k).
Overall, this meant it took around one week to construct
a high-copy B. subtilis strain harboring three amyQ gene
copies ready for characterization or another round of
genetic manipulation (see Fig. 4). These results validate
our procedure to discern between unedited yellow colo-
nies from edited white colonies. Furthermore, the power

Page 6 of 15

and convenience of the high-throughput colorimetric
screening method was duly proved, demonstrated by its
ability for the rapid in vitro screening of large number of
transformants and a dramatic decrease in the rate of false
positives, allowing the identification of multigene inser-
tion B. subtilis strains with 100% positivity among all
clones tested (Table 1).

This procedure was also employed to monitor inte-
gration efficiency by simply counting colony color upon
transformation. Therefore, integration efficiencies were
systematically calculated as the ratio of the number of
white colonies (correctly edited transformants) to the
total number of transformants (white colonies plus yel-
low colonies). The simultaneous integration efficiency
achieved for TGI was very low (4.9% 4= 0.8%), significantly
lower than efficiency achieved for DGI (68.8 +£2.8%). In
contrast, very high efficiencies that ranged from 97.5
to 98.6% for single amyQ gene integration (SGI) were
achieved (Table 1). Moreover, CFUs were counted to ana-
lyze cell growth with no significant differences observed
in the total number of transformants obtained from SGI,
DGI, and TGI (Table 1). Gratifyingly, not only was the
goal of inserting two- and three-gene copies into the B.
subtilis chromosome in a single step accomplished for
the first time by this novel methodology, but also the sim-
ple and fast identification of positive clones with desired
genetic modifications.

Expanding the genetic toolbox for promoter switching

A key aspect of the novel editing strategy presented here
is that a unique sgRNA along with changeable editing
template would be sufficient for simultaneous targeting
and insertion of multiple gene copies in B. subtilis. Hence,
the flexibility of editing template construction opens the
possibility of using this system to insert any gene under
the control of desired promoters, which are indispensa-
ble control elements to accurately regulate expression of
target proteins [41]. To begin exploring this application,
we aimed to switch the P, controlling amyQ gene
expression for the xylose-inducible promoter xylose-
repressor system (P,,). For this purpose, an engineered
editing template (Qxyl_Ec) composed of 536-bp homol-
ogous upstream arm, followed by the 3405-bp amyQxyl
gene (amyQ gene under the control of P, ) and 535-bp
homologous downstream arm, was constructed and
inserted into the plasmid pJOE894 to yield pJOE896. We
placed a stop codon at position+ 6 (relative to crtM gene
start codon) in the homologous upstream arm to prevent
expression from the spoVG promoter. Upon transforma-
tion of yellow-pigmented strains with pJOE896, we were
again able to recover white colonies from SGI and DGI
integration experiments (Fig. 5a, b), although with very
low efficiency for the double integrations (10% =+ 8.8%;
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Fig. 2 Outline of the proposed molecular mechanism of crtMN operon replacement for amyQ gene. a First step is to transform
yellowish-pigmented BsMNS5 strain with pJOE895 editing plasmid. Insets show MN_Ec integrated at spoVG, amyE, and aprE locus sites. b Upon
transformation, the expression of Cas9 is guided by a specific sgRNA targeting multiple crtMN operon, thus generating DSBs at spoV/G, amyE and
aprE locus sites within BsSMN5 chromosome. Insets depict homologous recombination with editing template provided by the plasmid, resulting
in the replacement of three crtMN operon with three amyQ gene-copies, in a single step. Successful edited colonies (BsQ5) will appear as white
clones, in contrast to unedited colonies that will remain yellow. ¢ The final step is to verify the loss of the plasmid and the identity of the genome

modification

Table 1). In contrast, no white colonies for TGI were
observed in three independent experiments (Fig. 5c,
Table 1). After curing of the plasmid, all recovered white
clones tested contained the desired Qxyl_Ec insertion,

as verified by PCR amplification and Sanger sequenc-
ing (Fig. 5d), thus confirming the successful insertion
of two Qxyl_Ec copies into the B. subtilis chromosome.
Finally, we observed a marked decrease in the number of
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Fig. 3 Transformation of pJOE895 plasmid and BsMN1-BsMN5-targeting plasmid. a—e Resulting colonies after transformation in LB plates with
kanamycin. f-j Resulting clones after restreaking obtained transformants in LB plates with kanamycin and mannose. k PCR verification of randomly
selected white clones derived from BsQ5 strain (as shown in panel j). The three crtMN operon replacements for amyQ gene were confirmed by
visualization of correctly sized PCR products using P17F/P17R primers (spoV/G site), P18F/P18R (amyk site) and P19F/P19R (aprE site), corresponding
to lanes 2 to 8, which showed a reduction in size relative to control product with same primers (lane 1) at different locus sites. M corresponds to the

molecular weight marker

CFUs (35 to 61 CFU/ug DNA) in comparison to previous
experiments with pJOE895 (120 to 150 CFU/ug DNA,
Table 1).

Monitoring amylase AmyQ secretion on liquid cultures

The effect of multiple Q_Ec and Qxyl_Ec copies
inserted into the B. subtilis chromosome in the release
of extracellular amylases was investigated by culturing
recombinant strains in amylase production media and
measuring the values of a-amylase activity secreted to
the media. Strain BsQ2, which had a truncated copy of
the amyE gene in the chromosome, rendering the strain
inactive for amylase production, was used to evalu-
ate the effect of one Q_Ec insertion and compared to

BsQ4 and BsQ5 with two and three copies, respectively.
Enzymatic assays showed that the higher the copy
number of Q_Ec, the greater the values of a-amylase
activity secreted to the media, achieving a value of
21.9+2.1 U/ml in BsQ2, which was doubled in BsQ4
(40.2+£5.9 U/ml) and almost tripled in BsQ5 (53 +2.7
U/ml) (Fig. 6a). Although BsQxyl2 and BsQxyl4 showed
low levels of a-amylase activity in production media
(4.940.9 U/ml and 7.0 1.3 U/ml, respectively), seem-
ingly resulting from basal promoter activity, a-amylase
activity was highly induced with xylose: 24.7 2.2 U/
ml and 42.5+4.8 U/ml, respectively (Fig. 6a), demon-
strating the tight regulation of amyQ gene expression
achieved through this system. Overall, these results
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Fig. 4 Schematic diagram of the white/yellow colorimetric screening method for the one-step mu\tip\e gene insertion detection in B. subtilis
using the CRISPR-Cas9 system. Day 1: Transformation of B. subtilis with a single plasmid carrying a specific sgRNA targeting crtMN operon and
desired editing template. Day 2: Transformants were spread on a LB plate containing kanamycin and mannose. Day 3: Resulting white clones were
restreaked on LB-agar plates and incubated at 50 °C. Day 4-5: White clones were cured from the plasmid after three passages at 50 °C. Day 6:
Colonies were replicated on LB plates with and without kanamycin. Day 7: Antibiotic sensitive colonies were then subjected to PCR verification and

Sanger sequencing to verify their identities

confirm the dependence of extracellular amylase activ-
ity on amyQ gene copy-number and promoter type,
thus highlighting the importance of multicopy strains
for maximizing gene expression. Noticeably, we dem-
onstrated that engineering the editing template could
allow gene of interest expression with high precision.
The stability of strains BsQ5 and BsQxyl4 in the pro-
duction of amylase AmyQ without antibiotic selection
was tested. Overnight cultures of both strains in LB
were diluted 1:1000 in the same medium. The cells were
grown in shaking flasks at 37 °C to stationary phase and

diluted again 1000-fold. This was repeated five times
and in the last transfer, when the stationary phase was
reached, strains were cultured in production media and
a-amylase activity was determined. Figure 6b shows that
both strains produced similar levels of a-amylase activ-
ity for at least 100 generations (every round of growth to
stationary phase corresponds to about ten generations
without antibiotic supplementation), demonstrating that
this technology is a valuable tool for constructing stable
producer B. subtilis strains.
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Fig. 5 Transformation of BsMN2, BsMN4 and BsMN5 with pJOE896 plasmid. a-c Resulting white and yellow clones after transformation and
restreaking of the obtained colonies in LB plates with kanamycin and mannose. d PCR verification of randomly selected white clones derived from
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Fig. 6 Detection of a-amylase activity in engineered B. subtilis strains. a a-amylase activity derived from supernatants of strains: BsQ2, BsQ4, BsQ5,
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Discussion

Various high efficiency, simultaneous multilocus integra-
tion methods based on two-plasmid CRISPR-Cas9 sys-
tems have been implemented in E. coli [42, 43], yeasts
[44, 45], and fungi [46, 47], making them suitable host
cells to be used as a chassis in the field of synthetic biol-
ogy. However, although the emergence of the CRISPR/
Cas9 system has led to numerous new applications and
developments in B. subtilis [29, 30, 48-51], efficient
methods for simultaneous gene insertion in B. subtilis
have not yet been reported. The increase of gene copy
number and its integration into multiple neutral sites is
the most promising way to achieve high yield and stable
productivity, as a preliminary step for industrial strain
development [16-18, 52, 53]. However, although this
strategy is a valuable approach for the construction of
multicopy B. subtilis strains, it relies on iterative rounds
of plasmid construction for sequential insertions of gene
copies into the B. subtilis chromosome, which is tedious
and time consuming. This prompted us to investigate
new methods to facilitate multigene insertions in a single
step, therefore bypassing the big efforts needed for multi-
step construction of plasmids and time-consuming cur-
ing of the plasmids in iterative genome editing.

The single-plasmid-based CRISPR-Cas9 system estab-
lished in this study is preferred over genome engineering
methods based on two-plasmid systems because of both
the higher plasmid transformation efficiencies achieved
and a marked decrease in the burden of the host strain
[54]. This technology boasts two unique features that
facilitate the simultaneous insertion of multiple gene
copies into the B. subtilis chromosome. First, an invari-
able sgRNA was selected to reduce the off-target effects
of endonuclease Cas9 and to ensure high specificity for
the crtMN operon. Second, a changeable editing template
containing the gene of interest flanked with homologous
arms was demonstrated to be sufficient to replace the
crtMN operon with the desired gene and allow white/yel-
low screening for successful insertions.

Although HDR efficiency using a single-plasmid system
is greatly dependent on the length of the homologous
repair template [51], our results corroborated that 530-
bp homology arms were enough to allow multicopy inte-
gration with high efficiency. Additionally, we observed
that the natural NHE] system present in B. subtilis is too
weak to repair DSBs in B. subtilis, which is in accordance
with previous reports [51, 55]. Hence, as a proof of prin-
ciple, the novel genome-editing method has been proven
to be efficient for the simultaneous insertion of three
2894-bp, and two 4476-bp fragments containing Q_Ec
and Qxyl_Ec, respectively, with Qxyl_Ec being the larg-
est fragment reported to be integrated into the B. subtilis
genome using the CRISPR-Cas9 system, so far.
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The simultaneous insertion of three Qxyl_Ec copies
into the B. subtilis genome was unsuccessful. We pro-
pose that the reason for failure might be associated with
the size of the editing template. Qxyl_Ec is 4476-bp,
which may be too large to efficiently initiate the double
exchange, thus significantly lowering the probability for
the insertion of more than one gene at a time. Therefore,
for further practical application using this system, the
size of the editing template should be carefully consid-
ered for expression cassettes longer than 3-kb.

Despite the very low efficiencies achieved for DGI
and TGI, the colorimetric screening method adopted in
this work represents a good solution to tackle the issue
of low editing efficiencies achieved in multiplex genome
editing, allowing the straightforward identification of
positive clones with the desired genetic changes. Remark-
ably, this procedure resulted in saving time and cost and
allowed the rapid and convenient construction of high-
level expression of multicopy genes encoding secreted
a-amylase in B. subtilis in only seven days.

Multilocus integration experiments resulted in the
isolation of recombinant colonies showing a filamen-
tous aspect, forming colonies with irregular borders and
different sizes. The presence of this colony type may be
related to the SOS response in B. subtilis. We suspect
that the bacteria were edited during growth, thus caus-
ing some damage to the B. subtilis DNA which, as pre-
viously reported, triggers a physiological response called
the SOS response [56], thus inhibiting cell division and
causing bacteria to appear filamentous [33, 57-59].
Although most of the colonies grew normally after being
subcultured on mannose plates, the growth of a few colo-
nies was impaired, which irremediably led to cell death.
We suspect that this phenomenon might be due to their
inability to repair damaged DNA, which is supported by
a similar observation recently reported by the group of
Guo [33].

The versatility and wide range of applicability of
the novel technology is considerable and was demon-
strated in this study by engineering editing template to
allow the replacement of constitutive P, for xylose-
inducible P, As one of the main difficulties in genetic
engineering and synthetic biology is how to control
the expression of a certain protein at a given level, our
system provides an efficient, and facile approach for
achieving desired production goals by selecting a suita-
ble promoter element to accurately regulate expression
of target proteins. For each application, the only requi-
site is to engineer the editing template to contain the
desired cargo (gene of interest with or without modi-
fications) flanked by 530-bp homologous arms to ena-
ble its multiple insertion under the control of desired
promoter. In the case that higher levels of protein
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production are required, the use of dual and multiple
tandem promoters has been shown to enhance produc-
tivity in B. subtilis [60—62], which can be also achieved
by rational design of the editing template to contain the
synthetic promoter. Conversely, if temporal control of
gene expression is needed, the use of inducible promot-
ers is of great interest, especially for the fine induction
of difficult to express or toxic proteins [63]. Conclu-
sively, editing template engineering strategies will allow
fine-tuning of multicopy gene expression, which was
successfully evaluated by means of a model protein,
amylase AmyQ from B. amyloliquefaciens in this study.
While the strategy presented here has been adopted
for B. subtilis, we hope that this methodology will be
applicable not only to other Bacillus species but to
other relevant bacterial strains used in industrial appli-
cations, such as Pseudomonas putida and Corynebac-
terium glutamicum, among others [64]. Strains and
plasmids developed in this work will be publicly avail-
able to the scientific community through the Bacillus
Genetic Stock Center (https://bgsc.org/).

Conclusions

Efficient multigene integration methods have not been
developed in the model gram-positive B. subtilis, which
is considered one of the dominant bacterial work-
horses in microbial fermentation. For the first time, a
simple, rapid, and convenient approach to facilitate the
simultaneous insertion of up to three gene copies in B.
subtilis was established through the development of a

Table 2 Strains used in this study

Page 12 of 15

high-throughput colorimetric screening method com-
bined with the use of a single CRISPR-Cas9-based plas-
mid carrying a unique high-efficiency target site and a
changeable editing template with 530-bp homologous
arms. Additionally, we demonstrated that the system
could be adapted to modulate the promoter controlling
the expression of the gene of interest by rational design
of the editing template. This novel technology can be
potentially used as a routine method for the construc-
tion of marker-free, plasmid-less, high-expression sta-
ble producer strains in a timely fashion, which provides
promising prognoses for future developments of B. sub-
tilis as a microbial cell factory in industrial settings.

Methods

Strains, media and growth conditions

Escherichia coli strain DH5a was used as the host strain
for routine molecular cloning and plasmid construc-
tion operations. For transformation of B. subtilis, plas-
mid DNA was isolated from the rec™ strain E. coli Turbo
(New England Biolabs). B. subtilis strain BsMNO, an
asporogenous strain with seven protease genes inacti-
vated, was purchased from the Bacillus Genetic Stock
Center (BGSC, Ohio) and served as the recipient strain
for the genome editing experiments. Chemically com-
petent E. coli cells and transformation protocol were
performed as described previously [65]. B. subtilis
strains were transformed according to the method pre-
viously described [66]. The strains involved in this study
are listed in Table 2. Strains were propagated in Lysog-
eny Broth (LB) medium (10 g/L tryptone, 5 g/L yeast

Strain Genotype or description

Source/Reference

E. coli DH5a thuA2 lac(del)U169 phoA ginVv44 ©80" lacZ(del)M15 gyrA96 recAl relAT endAT thi-1 hsdR17
F'proA+ B+ laclq NlacZM15 / fhuA2 Alac-proAB) ginV galK16 galE15 R(zgb-210:Tn10)TetS endAT thi-1  Laboratory stock

E. coli NEB® turbo
AhsdS-mcrB)5

B. subtilis strains

Laboratory stock

BsMNO AnprE AaprE Aepr Ampr AnprB Avpr Abpr Asigk Laboratory stock
BsMN1 BsSMNO with AspoV/G (MN_Ec) knock-in mutant This study
BsMN2 BsMNO with AamyE (MN_Ec) knock-in mutant This study
BsMN3 BsMNO with AaprE (MN_Ec) knock-in mutant This study
BsMN4 BsMNO with AspoVG AamyE (MN_Ec) double knock-in mutant This study
BsMN5 BsMNO with AspoVG AamyE AaprE (MN_EC) triple knock-in mutant This study
BsQ1 BsSMNT with AMN_Ec (Q_Ec) knock-in mutant This study
BsQ2 BsMN2 with AMN_Ec (Q_Ec) knock-in mutant This study
BsQ3 BsSMN3 with AMN_Ec (Q_Ec) knock-in mutant This study
BsQ4 BsMN4 with AMN_Ec (Q_Ec) double knock-in mutant This study
BsQ5 BsMNS5 with AMN_Ec (Q_Ec) triple knock-in mutant This study
BsQxyl2 BsMN2 with AMN_Ec (Qxyl_Ec) knock-in mutant This study
BsQxyl4 BsMN4 with AMN_Ec (Qxyl_Ec) double knock-in mutant This study
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extract, and 10 g/L NaCl) and on LB agar (15 g/L agar)
plates at 37 °C. The plasmid used for the expression of the
CRISPR-Cas9 constructs is based on vector pJOE8999
[27]. Kanamycin was used for screening in E. coli and B.
subtilis at final concentrations of 30 pg/mL and 6 ug/mL,
respectively. To induce the CRISPR-Cas9 system in B.
subtilis cells, 0.5% D-mannose was added.

Plasmid construction

The plasmids and primers used in this study are listed in
Additional file 2: Tables S1 and S2, respectively. All plas-
mids construction were performed using the pJOE8999
plasmid as the parental plasmid and required two con-
secutive steps: (i) cloning specific sgRNA; and (ii) cloning
specific editing template.

Cloning of sgRNA

For sgRNA construction targeting each specific gene, two
complementary oligonucleotides were ordered (Mac-
rogen, Korea) with the respective overhangs, annealed
and cloned into the vector pJOE8999. In brief, both
complementary oligonucleotides were mixed at a final
concentration of 10 puM in annealing buffer (10 x stock
contained 100 mM Tris-HCl pH 7.5, 1 M NaCl and 1 mM
Ethylenediaminetetraacetic acid (EDTA) (pH 8), kept
at 98 °C for 5 min and slowly cooled to room tempera-
ture. Then, the annealed oligonucleotides were treated
with polynucleotide kinase to phosphorylate the 5" ends,
according to manufacturer’s instructions (Invitrogen),
and ligated to Bsal cleaved and dephosphorylated plas-
mid pJOE8999 to incorporate specific target sequences to
the vector.

Cloning of editing template

In a second step, to construct editing templates, two
homologous arms of similar length and the desired cargo
to be inserted were separately amplified and were then
fused together by splicing with overlap extension PCR
(SOEing-PCR, Additional file 2: Table S3). Regarding the
desired cargo, the amyQ gene was synthesized by Nzy-
tech (Portugal) with codon optimization for B. subtilis
(Additional file 1: Fig. S1), and cloned into pBS2EXxyl-
RPxylA vector by using restriction sites Xbal and Pstl,
resulting in the plasmid pBS2EXxyIRPxylA_Q. This plas-
mid was used as a template for amyQ and amyQxyl gene
amplifications, whereas pHY_crtMN vector provided
by the Maeda’s group [37], was used as a template for
crtMN operon amplification. SOEing-PCR products of
the expected size along with pJOE8999 plasmids harbor-
ing specific target sequence were digested with Sfil and
ligated with T4 DNA-ligase (Nzytech) to incorporate the
desired cargo to the corresponding editing plasmid. All
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plasmids were verified by Sanger sequencing. A more
detailed explanation for the construction of each editing
plasmid is given in the supplementary material (Addi-
tional file 1: Fig. 52-S6).

Construction of multicopy strains and plasmid curing
After transformation of B. subtilis strains with editing
plasmids, resulting colonies obtained on LB agar plates
with kanamycin were streaked into LB agar plates sup-
plemented with kanamycin and 0.5% of D-mannose
and incubated at 37 °C for 24 h. After incubation, white
colonies were selected among yellow colonies and pas-
saged three times on LB agar plates (without any anti-
biotics) at 50 °C for 24 h to cure the plasmid. Plasmid
curing achieved best results when cells are streaked for
single colonies at each passage. The colonies cured of
editing plasmid were confirmed by streaking them onto
LB agar plates containing kanamycin or no antibiot-
ics; colonies cured of plasmid fail to grow at 37 °C. The
presence of multiple gene copies was verified by colony
PCR using relevant primers and Sanger sequencing
(Additional file 2: Table S3).

Quantification of a-amylase activity in liquid cultures
Overnight cultures of recombinant B. subtilis strains
in production medium (12 g/L sucrose, 18 g/L pep-
tone, 2 g/L (NH,),SO,, 18.3 g/L K,HPO,-3H,0, 6 g/L
KH,PO,, 1 g/L Na' citrate, 0.2 g/L MgSO,-7H,0,
0.12 g/L FeSO,-7H,0, 30 mg/L MnSO,-H,0, 12 mg/L
CuSO,-H,O and 12 mg/L ZnCl,) were diluted to 0.1
ODg in 25 mL of production media and were grown
at 37 °C and 220 rpm for 2 days. In the case of xylose-
inducing experiments, 1% xylose was added at ODgy,
between 0.6 and 0.8 and strains were then cultured
for additional 48 h at same conditions. After 48 h, the
culture supernatants were obtained by centrifugation
at 8000 g for 20 min at 4 °C and were used as crude
a-amylase samples. The standard assay mixture con-
tained 1.5% soluble starch in a final volume of 0.25 ml
of 50 mM Tris—HCI buffer at pH 6.5. The mixture was
assayed with 2 pl of the a-amylase solution and incu-
bated at 80 °C for 2 min. Next, the reaction was stopped
by the addition of 0.75 mL of 3,5- dinitrosalicylic acid
(DNS) reagent then heated for 5 min in boiling water
bath and cooled on ice. The absorbance was read at
540 nm and compared to a standard calibration curve
for maltose (Additional file 1: Fig. S7). One unit of
amylase activity was defined as the amount of enzyme
which liberated 1 umol of maltose from soluble starch
per minute under the assay conditions [67].
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TAAGAAAGGGAGGACAAACATGATTCAAAAACGAAAGCGGACAGTTTCGTTCAGACTTGTGCTTATGTGCACGCTGTTATTTG
TCAGTTTGCCGATTACAAAAACATCAGCCGTTAACGGCACACTTATGCAATACTTCGAATGGTACACACCTAACGATGGCCAA
CATTGGAAACGTCTTCAAAACGATGCTGAACATCTTTCTGATATCGGCATCACAGCTGTTTGGATACCTCCTGCTTACAAAGG
CCTTTCTCAATCTGATAACGGCTACGGCCCTTACGATCTTTACGATCTTGGCGAATTCCAACAAAAAGGCACAGTTCGTACAA
AATACGGCACAAAATCTGAACTTCAAGATGCTATCGGCTCTCTTCATTCTCGTAACGTTCAAGTTTACGGCGATGTTGTTCTT
AACCATAAAGCTGGCGCTGATGCTACAGAAGATGTTACAGCTGTTGAAGTTAACCCTGCTAACCGTAACCAAGAAACATCTGA
AGAATACCAAATCAAAGCTTGGACAGATTTCCGTTTCCCTGGCCGTGGCAACACATACTCTGATTTCAAATGGCATTGGTACC
ATTTCGATGGCGCTGATTGGGATGAATCTCGTAAAATCTCTCGTATCTTCAAATTCCGTGGCGAAGGCAAAGCTTGGGATTGG
GAAGTTTCTTCTGAAAACGGCAACTACGATTACCTTATGTACGTTGATGTTGATTACGATCATCCTGATGTTGTTGCTGAAAC
AAAAAAATGGGGCATCTGGTACGCTAACGAACTTTCTCTTGATGGCTTCCGTATCGATGCTGCTAAACATATCAAATTCTCTT
TCCTTCGTGATTGGGTTCAAGCTGTTCGTCAAGCTACAGGCAAAGAAATGTTCACAGTTGCTGAATACTGGCAAAACGATGCT
GGCAAACTTGAAAACTACCTTAACAAAACATCTTTCAACCAATCTGTTTTCGATGTTCCTCTTCATTTCAACCTTCAAGCTGC
TTCTTCTCAAGGCGGCGGCTACGATATGCGTCGTCTTCTTGATGGCACAGTTGTTTCTCGTCATCCTGAAAAAGCTGTTACAT
TCGTTGAAAACCATGATACACAACCTGGCCAATCTCTTGAATCTACAGTTCAAACATGGTTCAAACCTCTTGCTTACGCTTTC
ATCCTTACACGTGAATCTGGCTACCCTCAAGTTTTCTACGGCGATATGTACGGCACAAAAGGCACATCTCCTCGTGAAATCCC
TTCTCTTAAAGATTCTATCGAACCTATCCTTAAAGCTCGTAAAGAATACGCTTACGGCCCTCAACATGATTACATCGATCATC
CTGATGTTATCGGCTGGACACGTGAAGGCGATTCTTCTGCTGCTAAATCTGGCCTTGCTGCTCTTATCACAGATGGCCCTGGC
GGCTCTAAACGTATGTACGCTGGCCTTAAAAACGCTGGCGAAACATGGTACGATATCACAGGCAACCGTTCTGATACAGTTAA
AATCGGCTCTGATGGCTGGGGCGAATTCCATGTTAACGATGGCTCTGTTTCTATCTACGTTCAAAAATAAGGTAATAAAAAAA
CACCTCCAAGCTGAGTGCGGGTATCAGCTTGGAGGTGCGTTTATTTTTTCAGCCGTATGACAAGGTCGGCATCAGGTGTGACA
AATACGGTATGCTGGCTGTCATAGGTGACAAATCCGGGTTTTGCGCCGTTTGGCTTTTTCACATGTCTGATTTTTGTATAATC
AACAGGCACGGAGCCGGAATCTTTCGCCTTGGAAAAATAAGCGGCGATCGTAGCTGCTTCCAATATGGATTGTTCATCGGGAT
CGCTGCTTTTAATCACAACGTGA

Figure S1. amyQ gene sequence with codon optimization for B. subtilis. The ribosomal binding site is marked in
bold and the signal peptide is underline.
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Figure S2. Construction system of vector pJOE891 (a) Diagram showing the editing repair template construction
(MN_Ec) design consisting of crtMN operon flanked by spoVG homologous arms. (b) Physical map of pJOE891
vector containing pUCori, E. coli replication origin; pE194ts, B. subtilis temperature-sensitive replication origin;
kanR, kanamycin resistance marker; cas9, Cas9 encoding gene; Pmanr, mannose-inducible promoter of Cas9
encoding gene; ‘gRNA, binding scaffold for Cas9; Pyam, semisynthetic promoter of the sgRNA; lacPOZ’, lacZ a
fragment; oop ter, A oop terminator; T7P, T7 promoter. Insets show the insertion of spoVG gene target sequence

(TS1F/TS1R primers) and editing repair template (3450-bp) in the Bsal and Sfil sites of the pJOE891 vector,
respectively.
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Figure S3. Construction system of vector pJOE892. (a) Diagram showing the editing repair template construction
design consisting of MN_Ec flanked by amyE homologous arms. (b) Physical map of pJOE892 vector. Insets show
the insertion of amyE gene target sequence (TS2F/TS2R primers) and editing repair template (4883-bp) in the
Bsal and Sfil sites of the pJOE892 vector, respectively.
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Table S1. Plasmids used in this study.

Plasmid Description Source/Reference
Plasmid pHY300PLK containing the crtMN operon from Staphylococcus

pHY_crtMN aureus (1)
pJOE8999 Pmanp-cass, PUC, pE194%, kan® (2)
pBS2EXxyIRPxylA Plasmid containing the xylose-inducing promoter xylose-repressor system (3)
pBS2EXxyIRPxylA_Q Plasmid pBS2EXxyIRPxylA containing the amyQ gene This study
pJOE891 Plasmid used to replace the spoVG locus for MN_Ec This study
pJOE892 Plasmid used to replace the amyE locus for MN_Ec This study
pJOE893 Plasmid used to replace the aprE locus for MN_Ec This study
pJOE894 Plasmid used to confirm that the NHEJ system is not active in B. subtilis This study
pJOE895 Plasmid used for the simultaneous insertion of multiple Q_Ec copies This study
pJOE896 Plasmid used for the simultaneous insertion of multiple Qxyl_Ec copies This study

Table S2. Primers designed in this study.

Name Sequence Purpose PCR Product
TS1F 5' —TACGTTACGCCGCGTGAATACCGA

Target sequence for spoVG gene replacement
TS1R 5' — AAACTCGGTATTCACGCGGCGTAA

PCR of homology template for spoVG replacement for crtMN operon (MN_Ec) 3450-bp
P1F 5 — AAGGCCAACGAGGCCCGGGCCTTATTCACAAGGG

upstream spoVG gene homologous arm 530-bp
P1R 5 — AAATTCATATCCATCATTGTCATAGTAGTTCACCACC C
P2F ' — GAAAAGGTGGTGAACTACTATGACAATGATGGATATGAATTT

¥-6 GGTGGTGAACTACTATGAC GATGG G crtMN operon amplification 2385-bp

P2R 5 —TCCTTGCTTTTTGGTTATT ATACGCCCCGCTCAAT
P3F 5 — ATTGAGCGGGGCGTATAAAAAAATAACCAAAAAGCAAGGA

downstream spoVG gene homologous arm 535-bp
P3R 5 — AAGGCCTTATTGGCCTTACTGTTCCATCGTCTCTGCTG
TS2F 5 — TACGACAGCACCGTCGATCAAAAG

Target sequence for amyE gene replacement
TS2R 5 — AAACCTTTTGATCGACGGTGCTGT

PCR of homology template for amyE replacement for crtMN operon 4883-bp
P4F 5 — AAGGCCAACGAGGCCGAGTTATTCATTGCAGAAGCGCA

upstream amyE gene homologous arm 724-bp
P4R 5 — ACCGATGTGAAGACTGGAGAA
PSF 5~ TTCTCCAGTCTTCACATCGGTTCGGGCCTTATICACAAGGG Expression cassete containing crtMN operon amplification (MN_Ec) 3450-bp
P5R 5 — TTACTGTTCCATCGTCTCTGCTG
P6F 5’ — CAGCAGAGACGATGGAACAGTAAGCGGTTCTCTTCCCCATTGA

downstream amyE gene homologous arm 709-bp
P6R 5 — AAGGCCTTATTGGCCTACGTTTTGAGGCGCTGCG
TS3F 5 — TACGTAGAGAGAGCACAGATACGG

Target sequence for aprE gene replacement
TS3R 5" — AAACCCGTATCTGTGCTCTCTCTA

PCR of homology template for aprE replacement for crtMN operon 5124-bp
P7F 5 — AAGGCCAACGAGGCCGCTCATACAAGCTTCTTGCC

upstream aprE gene homologous arm 822-bp
P7R 5" — CACTCTTTACCCTCTCC AA
PaF 5~ TTAAAAGGAGAGGGTAAAGAGTGTCGGGCLTTATTCACAAGGG Expression cassete containing crtMN operon amplification (MN_Ec) 3450-bp
P8R 5 — TTACTGTTCCATCGTCTCTGCTG
POF 5 — CAGCAGAGACGATGGAACAGTAATAGTAAAAAGAAGCAGGTTCCT

downstream aprE gene homologous arm 852-bp
P9R 5 — AAGGCCTTATTGGCCCTTTACGCTTTGCGTTCTCG




Table S2. Primers designed in this study (continued).

Name Sequence Purpose PCR Product
TS4F  5'— TACGACCAGAAGATCAAAGAAAAG Target sequence for crtMN operon replacement
TS4R 5 — AAACCTTTTCTTTGATCTTCTGGT
PCR of homology template for crtMN operon replacement for
amyQ gene (Q_Ec) 2894-bp
P1F 5 — AAGGCCAACGAGGCCCGGGCCTTATTCACAAGGG
upstream spoVG gene homologous arm 530-bp
P10R 5 - CTTTCGTTTTTGAATCATAGTAGTTCACCACC ccc
P11F 5 — GTGAACTACTATGATTCAAAAACGAAAGCGGAC P
amyQ gene amplification 1829-bp
P11R 5 - GGTTA CACGTTGTGATTAAAAGCAGCG
P12F 5 -GC AATCACAACGTGAAAATAACCAAAAAGCAAGGACTG
downstream spoVG gene homologous arm 535-bp
P3R 5’ — AAGGCCTTATTGGCCTTACTGTTCCATCGTCTCTGCTG
Cloning the amyQ gene in plasmid pBS2EXxyIRPxylA using Xbal-
Pstl sites
P13F  5'- GGTCTAGAGATAAGAAAGGGAGGACAAACA o o L
amyQ gene with ribosome-binding site amplification 1850-bp
P13R  5'-TACTGCAGCACGTTGTGATTAAAAGCAGCG
PCR of homology template for crtMN operon replacement for
amyQ-xyIR gene (Qxyl_Ec) 4670-bp
P1F 5'— AAGGCCAACGAGGCCCGGGCCTTATTCACAAGGG .
upstream spoVG site homologous arm 630-bp
P14R  5'-TTATTGATCTTCTGGTAACAAGTCA
P15F  5'-TGACTTGTTACCAGAAGATCAATAATGGCCGACTTTAGATATTTTCGT P
amyQxyl gene amplification 3405-bp
P15R  5'-TGGATGCGTACTTGCACCTGCCACGTTGTGATTAAAAGCAGCG
P16F 5'- GCAGGTGCAAGTACGCATCCA
downstream spoVG site homologous arm 635-bp
P3R 5" — AAGGCCTTATTGGCCTTACTGTTCCATCGTCTCTGCTG
Validation primers used in the genome editing experiments
P17F 5'- TTCAGGCTCCTCAAACCGCA 4134-bp (crtMN operon)
PCR verification with outside primers for gene insertion at spoVG
P17R  5'—- TTACCAGTCTGGTAAGCGGC site 3578-bp (amyQ gene)
5154-bp (amyQxyl gene)
P18F 5'—GAGTTATTCATTGCAGAAGCGCA 4883-bp (crtMN operon)
PI8R  5'— TACGTTTTGAGGCGCTGCG PCR verification with outside primers for gene insertion at amyE site 4327-bp (amyQ gene)
6098-bp (amyQxyl gene)
P19F 5'—-GCTCATACAAGCTTCTTGCC 5124-bp (crtMN operon)
P19R  5'— CTTTACGCTTTGCGTTCTCG PCR verification with outside primers for gene insertion at aprE site 4568-bp (amyQ gene)

6339-bp (amyQxyl gene)




Table S3. Splicing with overlap extension PCR (SOEing-PCR) program.

OVERLAPPIE);TENSION TEMPERATURE TIME

STEP 1

Initial Denaturation 95°C 5 minutes
95°C 30 seconds

15 cycles X°C* 1:30 minutes
72°C X minutes **

Final Extension 72°C 5 minutes

STEP 2

Initial Denaturation 95°C 5 minutes
95°C 30 seconds

30 cycles X°C* 30 seconds
72°C X minutes **

Final Extension 72°C 5 minutes

Hold 4°C

** Depending on the melting temperature (Tm) of the primer
** Depending on the length of the fragment to be amplified
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Metabolic engineering of Bacillus subtilis 2
toward the efficient and stable production
of C5,-carotenoids

Oriana Filluelo'?, Jordi Ferrando'" and Pere Picart' ®

Abstract

Commercial carotenoid production is dominated by chemical synthesis and plant extraction, both of which are
unsustainable and can be detrimental to the environment. A promising alternative for the mass production of
carotenoids from both an ecological and commercial perspective is microbial synthesis. To date, C;, carotenoid
production in Bacillus subtilis has been achieved using plasmid systems for the overexpression of biosynthetic
enzymes. In the present study, we employed a clustered regularly interspaced short palindromic repeat-Cas9
(CRISPR-Cas9) system to develop an efficient, safe, and stable Cs, carotenoid-producing B. subtilis strain, devoid of
plasmids and antibiotic selection markers. To this end, the expression levels of crtM (dehydrosqualene synthase)
and crtN (dehydrosqualene desaturase) genes from Staphylococcus aureus were upregulated by the insertion of
three gene copies into the chromosome of B. subtilis. Subsequently, the supply of the Cs, carotenoid precursor
farnesyl diphosphate (FPP), which is the substrate for CrtMN enzymes, was enhanced by expressing chromosomally
integrated Bacillus megaterium-derived farnesyl diphosphate synthase (FPPS), a key enzyme in the FPP pathway,
and abolishing the expression of farnesyl diphosphate phosphatase (YisP), an enzyme responsible for the
undesired conversion of FPP to farnesol. The consecutive combination of these features resulted in a stepwise
increased production of Cy, carotenoids. For the first time, a B. subtilis strain that can endogenously produce C;,
carotenoids has been constructed, which we anticipate will serve as a chassis for further metabolic engineering
and fermentation optimization aimed at developing a commercial scale bioproduction process.

Key points

- Overexpression of chromosomally integrated crtMN genes improved C;, carotenoid production
- Overexpression of FPPS and branch pathway attenuation further enhanced C;, carotenoid yield
- A stable plasmid-less, marker-less C;, carotenoid-producing B. subtilis strain was constructed

Keywords B. subtilis, C;, carotenoids, CRISPR-Cas9, Metabolic engineering
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Introduction

Terpenoids (also known as isoprenoids) constitute one of
the largest and structurally most diverse groups of natu-
ral products with diverse biological functions (Zhang
and Hong 2020). An economically important class of
terpenoids are the carotenoids, which are ubiquitous
lipid-soluble pigments responsible for the red, yellow,
and orange colors of plants, algae, fungi, and bacteria
(Cardoso et al. 2017). Although commercial carotenoid
production is dominated by chemical synthesis and plant
extraction, these processes are not sustainable or ecologi-
cal. Carotenoids are chemically synthesized under harsh
conditions, generating byproducts and hazardous waste,
whereas sourcing carotenoids from plant extracts is gen-
erally dependent on the seasons and geographic areas,
which cannot always be standardized (Siziya et al. 2022).
Therefore, microbial production is emerging as one of
the most promising safe and environmentally friendly
options to satisfy the fast-growing demands for carot-
enoids (Siziya et al. 2022).

B. subtilis is generally recognized as safe (GRAS), has
a high growth rate, and is easy to genetically manipulate
and cultivate, with a wide substrate range (Earl, 2008;
Schallmey et al., 2004). In addition, it is one of the high-
est producer of isoprene (the smallest terpenoid) among
eubacteria, thus constituting an ideal microbial host for
use as a terpenoid cell factory (Kuzma et al. 1995; Wagner
et al. 2000; Julsing et al. 2007; Moser and Pichler 2019;
Guan et al. 2015). This bacterium is able to initiate ter-
penoid biosynthesis from simple carbon sources through
the methylerythritol 4-phosphate (MEP) pathway, a route
with eight enzymatic reactions leading to the synthesis
of isopentenyl diphosphate (IPP; C5) and dimethylallyl
diphosphate (DM APP; C5), the universal precursors of all
terpenoids (Guan et al. 2015). The consecutive condensa-
tion of IPP and DMAPP is catalyzed by prenyl diphos-
phate synthase (IspA) to produce starting precursors for
the synthesis of different classes of terpenoids: geranyl
diphosphate (GPP; C10), a monoterpenoid precursor;
farnesyl diphosphate (FPP; C15) for the production of
sesquiterpenoids, triterpenoids and C,,-carotenoids, and
geranylgeranyl diphosphate (GGPP; C20), the precur-
sor of diterpenoids and carotenoids (Moser and Pichler
2019). Most carotenoids contain a 40-carbon backbone
(Cy4 carotenoids), including p-carotene, lycopene and
astaxanthin, whereas those with 30-carbon backbones
(C4 carotenoids), such as 4,4’-diaponeurosporene (DNP)
and 4,4’- diapolycopene (DLP), are synthesized by a lim-
ited group of bacteria, including Staphylococcus aureus
(Marshall and Wilmoth 1981), and Heliobacteria spp.
(Takaichi et al. 1997). Genes responsible for Cs, carot-
enoid biosynthesis in S. aureus have been characterized
(Pelz et al. 2005; Wieland et al. 1994).) The first dedi-
cated enzyme in the C,, carotenoid synthetic pathway is
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CrtM (dehydrosqualene synthase), which catalyzes the
head-to-head condensation of two molecules of FPP to
dehydrosqualene. The enzyme CrtN (dehydrosqualene
desaturase) then converts dehydrosqualene to the yel-
low C;, carotenoid, DNP, a relatively unstable compound
that can suffer further oxidation by CrtMN to yield DLP.
The action of these two enzymes probably constitutes the
most common route of C,, carotenoid biosynthesis in
bacteria. Notably, these yellow pigments have attracted
interest from the pharmaceutical industry owing to their
powerful antioxidant activities (Yoshida et al. 2009), as
well as their role as immunomodulators, significantly
enhancing the immune system (Jing et al. 2017, 2019; Liu
et al. 2016, 2017). Consequently, microbial cell engineer-
ing approaches aimed at improving C,, carotenoid yields
are required to achieve industrial-scale production.

To date, the metabolic engineering of B. subtilis toward
enhanced C;, carotenoid production has focused on
using two-plasmid systems comprising pHY_crtMN
(Yoshida et al. 2009), mediating crtMN gene overexpres-
sion under tetracycline selection, and xylose-inducible
pHCMCO04G (Xue et al. 2015), mediating stable over-
expression of all MEP pathway enzymes under non-
selection conditions (Abdallah et al. 2020). However,
two-plasmid systems may impose a metabolic burden
on the host cells, leading to lower growth rates and
increased productivity costs (Wu et al. 2016). Another
drawback is the high-cost of the inducer compounds
and, more importantly, the requirement for antibiotic
usage, which is restricted by governmental regulations
and can thus hinder the establishment of a commercially
viable industry. On the other hand, very little work has
been done to explore the effects of modulating crtMN
gene expression and other competing branch pathways
(which can limit FPP availability) on Cs, carotenoid pro-
duction, leaving room for improvement. In this study,
we initially compared the expression levels of plasmid-
based and chromosomally integrated crtMN genes, and
then implemented CRISPR-Cas9-based metabolic engi-
neering strategies to achieve an efficient Cs, carotenoid-
producing strain of B. subtilis, a bacterium that naturally
produces yellow pigments (Fig. 1). Thus, with the aim of
increasing the supply of the carotenoid precursor FPP, we
planned (i) to introduce a chromosomally integrated copy
of FPPS (farnesyl diphosphate synthase), and (ii) to abol-
ish the activity of a competing branch pathway that uses
FPP. With this approach, it was envisaged that we could
construct a stable and efficient C,, carotenoid-produc-
ing B. subtilis strain that was plasmid- and marker-free,
an attribute of paramount importance for its potential
development into a commercially viable bioprocess.
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Fig. 1 Metabolic pathways associated with terpenoid biosynthesis in
B. subtilis and engineering strategies for the production of yellow Cj,
carotenoids 44-diaponeurosporene and 4,4-diapolycopene (Cs, path-
way). Foreign genes are marked in red. Yellow arrows outlined in black
indicate the reactions reinforced by chromosomic overexpression of the
fops gene (farnesyl diphosphate synthase) from B. megaterium DSM 319,
crtM (squalene desaturase) and crtN (dehydrosqualene desaturase or di-
apophytoene desaturase) genes from S. aureus, and deletion of the yisP
(farnesyl diphosphate phosphatase) gene, yielding the Cs, carotenoid
pigments 4,4"-diaponeurosporene and 4,4-diapolycopene. Enzymes in
the MEP (Methylerythritol 4-phosphate) pathway: 1-deoxy-D-xylulose-
5-phosphate synthase (Dxs); 1-deoxy-D-xylulose-5-phosphate reduc-
toisomerase or 2-C-methyl-D-erythritol 4-phosphate synthase (Dxr, also
known as IspC); 2-C-methyl-D-erythritol 4-phosphate cytidylyltrans-
ferase (IspD); 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase
(IspE); 2-C-methyl-D-erythritol  2,4-cyclodiphosphate synthase  (IspF);
(B)-4- hydroxy-3-methylbut-2-enyl-diphosphate synthase (IspG); 4-hy-
droxy-3- methylbut-2-enyl diphosphate reductase (/spH); and isopentenyl-
diphosphate delta-isomerase (Idi). Geranyltransferase (IspA, also known as
YqiD) refers to the B. subtilis gene responsible for the supply of GPP (geranyl
diphosphate) and FPP (farnesyl diphosphate) precursors

Materials and methods

Bacterial strains

The E. coli NEB* turbo strain (New England Biolabs) was
used as the host strain for routine molecular cloning and
plasmid construction operations, and B. subtilis KO7-S
(Bacillus Genetic Stock Center), an asporogenous strain
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Table 1 Bacterial strains and plasmids used in this study
Strain Genotype or description Source/Reference
E. coli NEB® turbo F'proA+B+Ilaclg Laboratory stock
NaczZM15/fthuA2 Alac-
proAB) gInV galKi16
galE15 R(zgb-210:Tn10)TetS

B. megaterium DSM Source of fpps gene DSM

319

B. subtilis 168 KO7-S  AnprE AaprE Aepr Ampr AnprB- BGSC
Avpr Abpr AsigF

BsMNO B. subtilis KO7-S strain harbor- This study
ing the plasmid pHY_crtMN

BsMN1 Contains one crtMN gene- Ferrando et al.,
copy integrated into the 2023
genome

BsMN2 Contains two crtMN gene- Ferrando et al,,
copies integrated into the 2023
genome

BsMN3 Contains three crtMN gene-  Ferrando et al,,
copies integrated into the 2023
genome

BsMN4 B. subtilis KO7-S strain This study
harboring the plasmid
PBSOE_crtMN

BsMN5 BsMN3 strain with an fpps This study
gene from B. megaterium
replacing the sigX gene

BsMN6 BsMNS5 strain with a trun- This study
cated copy of the yisP gene

Plasmid Description Source/Reference

pHY_crtMN Plasmid pHY300PLK contain- Yoshida et al. 2009
ing the crtMN operon from
Staphylococcus aureus

pPBSOE Plasmid containing the Popp et al. 2017
xylose-inducing promoter
xylose-repressor system

pJOE8999 PmanP-cas9, pUC, pE194ts,  Altenbuchner

kanr 2016

pJOE8999_VG_MN  Plasmid used to replace the  Ferrando et al,,

spoV/G locus for the crtMN 2023
genes
PBSOE_crtMN Plasmid containing crtMN This study
genes under the control of
xylose-inducing promoter
pJOE8999. Plasmid used to replace the  This study
sg_sigX_fpps sigX locus for the fpps gene
pJOEB999.5g_AyisP  Plasmid used to delete the  This study

yisP gene

with seven inactivated protease genes, was used as a host
strain for Cs, carotenoid production. DNA isolation and.

manipulations were carried out using standard proto-
cols. The bacterial strains employed in this research are
listed in Table 1.

Medium and culture conditions

E. coli strains were cultured in Luria-Bertani (LB)
medium at 37 °C, while B. subtilis KO7-S strains were
grown in Tryptic Soy Broth (TSB) (17 g/l tryptone, 3 g/l
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soytone, 2.5 g/l dextrose, 5.0 g/l NaCl, 2.5 g/l K,HPO,)
or Bacillus subtilis 1 (BS1) medium, typically used in
industrial fermentation (Wenzel et al. 2011). The BS1
medium contained standard salts (in g/l: 2 (NH4)2SO4;
18.3 K2HPO4-3H20; 6 KH2PO4; 1 Na+-citrate; 0.2
MgSO4-7H20), trace metals (in mg/l: 120 FeSO4-7H20;
30 MnSO4-H20; 12 CuSO4-5H20; 12 ZnCl2) and was
supplemented with 12 g sucrose/l and 18 g soybean
meal/l (Sigma Aldrich). All strains were incubated at 37
°C on a rotatory shaker at 200 rpm. When necessary, the
growth media were supplemented with antibiotics at the
following concentrations: 30 pg/ml kanamycin for E. coli,
and 6 pg/ml kanamycin or 10 pg/ml tetracycline or 2 ug/
ml erythromycin for B. subtilis. To induce the CRISPR-
Cas9 system in B. subtilis cells, 0.5% D-mannose was
added.

Plasmid construction and primers

The plasmids used in this study are listed in Table 1 and
the primers in Table S1. For the insertion of crtMN genes
into the pBSOE vector (Popp et al. 2017), the pHY_crtMN
plasmid (Yoshida et al. 2009) was used as a template to
amplify crtMN genes using primers P1F/P1R. The result-
ing DNA amplicon was treated with EcoRI and Spel and
cloned into the replicative plasmid pBSOE for the con-
struction of the xylose-inducible pBSOE_crtMN vector.
CRISPR-Cas9-mediated genome editing in B. subtilis
was performed using the pJOE8999 vector as the paren-
tal plasmid, according to a previously described method
(Altenbuchner 2016).

Chromosomal integration of the fpps gene

To generate the sigX gene replacement by the fpps gene,
oligonucleotides for 20 pb gRNA (TS1F and TS1R) were
synthesized and ligated to Bsal-digested pJOE8999.
sigX-targeting gRNA containing pJOE8999 was named
pJOE8999.g_sigX. A repair template for fpps integration
into the sigX gene was constructed in vitro by overlap
extension PCR of three fragments as follows: the 800-
bp upstream flanking genomic region of sigX (P2F/P2R
primers) followed by the fpps gene (P3F/P3R primers)
and the 800-bp downstream flanking genomic region of
sigX (P4F/P4R primers). Homologous arms were ampli-
fied using the B. subtilis KO7-S chromosome as a tem-
plate, while the fpps gene was amplified using genomic
DNA from B. megaterium DSM 319. The fused fragment
was digested with Sfil and then ligated into pJOE8999.g_
sigX, which had also been digested with Sfil to obtain the
editing plasmid pJOE8999.g_sigX_fpps, used for FPPS
overexpression.

Deletion of the yisP gene
To generate the yisP knockout mutant, a procedure simi-
lar to the one described above was performed. Primers
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TS2F and TS2R targeting the yisP gene were synthe-
sized and ligated to the vector, thus obtaining plasmid
pJOE8999.g_yisP. A 1.6 kb repair template, containing the
800-bp upstream region and 800-bp downstream region
of the yisP gene, was PCR-amplified using the B. subtilis
KO7-S genome as a template. Primer sets P5F/P5R and
P6F/P6R were used to amplify each fragment and fused
together by overlapping PCR. The repair template was
further digested with Sfil for ligation with pJOE8999.g_
yisP to obtain the editing plasmid pJOE8999.sg_AyisP,
which was used to delete the yisP gene.

Transformation and plasmid curing

The well-established plasmids (1 pg) were then trans-
formed to B. subtilis KO7-S according to the standard
methods described by Yasbin and coworkers (Yasbin et
al. 1975). For the CRISPR-Cas9-induced genome editing,
the resulting transformants were passaged three times
on LB agar plates (without any antibiotics) at 50 °C for
24 h to cure the plasmid. The colonies were confirmed
as cured of the editing plasmid by streaking them onto
LB agar plates containing kanamycin or no antibiotics;
plasmid cured colonies fail to grow at 37 °C. To confirm
whether the desired insertion or deletion in the genome
of B. subtilis had been performed, a colony PCR was con-
ducted to amplify the target fragments from the bacterial
chromosome and validated by further Sanger sequencing.

Extraction of carotenoids from B. subtilis

Carotenoids were extracted from the engineered B. subti-
lis cells according to the literature (Xue et al. 2015) with
some modifications. Briefly, recombinant strains were
inoculated in 50 ml TSB at an optical density (ODg,) of
0.05 and cultured for 24 h at 37 °C (250 rpm). In the case
of xylose-inducing experiments, 1% xylose was added at
an ODg, of 0.6, and strains were then cultured for an
additional 24 h in the same conditions. Samples were col-
lected by centrifugation at 8000 g for 15 min and washed
with 1 ml TE buffer (10 mM Tris/HCl, 1 mM EDTA,
pH 8.0). The cells were resuspended in 500 pl TE buffer.
To extract the carotenoids, cell suspensions were lysed
with 25 ul of 100 mg/ml lysozyme, followed by incuba-
tion for 15 min at 37 °C. The cell lysate was then trans-
ferred into a glass tube, covered in aluminum foil to avoid
light exposure, and centrifuged for 20 min at 2100 g. The
supernatant was removed, and 1 ml acetone was added
to the pellets. These were vortexed for 4 min, heated for
2 min in a water-bath at 55°C, and then vortexed again
for 2 min. After centrifugation at 2300 g for 15 min, the
supernatants were collected and transferred to a new
glass tube. The acetone extraction was repeated four
times. Next, the acetone extracts were evaporated, and
the remaining carotenoids were dissolved in 100 pl ace-
tone and collected in HPLC vials, prior to their analysis
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Table 2 Comparison of dry cell weight, titer and yield of C;,
carotenoids produced by engineered B. subtilis strains and
relative increase compared to the control strain

Strain DCW (g/L Titer Ca- Yield Ca- Relative
culture) rotenoids rotenoids increase®
(mg/L (mg/g
culture) DCW)?
BsMNO 1.36+0.09 1.01+0.08 0.74+0.07 1
BsMN1 1.23+0.13 240+0.13 1.95+0.12 264
BsMN2 1.35+0.05 296+0.07 2.19+0.08 296
BsMN3 143+0.06 330+0.11 2314016 312
BsMN4 1.87+£0.16 4.22+023 226+0.32 3.05
BsMN5 1324009 449+0.19  339+033 458
BsMN6 147+0.08 651+0.12 442+0.19 597
BsMN6© 298+0.14 9114036  320+024  NA?

2 The total amount of carotenoids was measured in triplicate (+standard
deviation)

® The relative increase is calculated as the amount of carotenoids produced in
the engineered B. subtilis strain divided by the amount of carotenoids produced
in the control strain (BsSMNO) harboring the pHYCrtMN vector

€ Strain cultured in BST medium

9 Not applicable

using an HPLC system. Cell dry weight was determined
by pelleting and drying a fraction of the culture.

HPLC analysis of carotenoids

Carotenoid extracts were analyzed with a Shimadzu
HPLC system equipped with a Gemini® NX-C18 col-
umn (5 pm, 110 A, 250x4.60 mm) and a UV/VIS detec-
tor at 25 °C. The mobile phase consisted of acetonitrile
and water (85:15%) at a flow rate of 2 ml/min. DNP
and DLP were identified from their absorption spec-
tra and quantified by comparing their peak areas using
an standard calibration curve prepared with known
amounts of B-carotene (quantified by absorbance), then
multiplying by the molar extinction coefficient (e) of
[-carotene (138,900 M—1 cm—1 at 450 nm) (Britton et
al., 2004), and dividing by the € value for the carotenoid
in question (147,000 M—1 cm—1 at 440 nm for DNP,
185,000 M—1 cm—1 at 470 nm for DLP) (Furubayashi et
al. 2014). Production weights of carotenoids were then
normalized to the dry cell weight (DCW) of each culture.

Results

Dependence on thecrtMNgene copy number in
C;ocarotenoid production

A set of plasmid-less, marker-free B. subtilis strains
harboring one (BsMN1), two (BsMN2) or three copies
(BsMN3) of crtMN genes in their chromosomes under
the control of the constitutive spoVG promoter were
previously constructed by our research group, but not
characterized (Ferrando et al. 2023). Therefore, to inves-
tigate the effect of multiple crtMN gene copy expression
on the intracellular accumulation of C, carotenoids, cells
of a stationary overnight culture in TSB were diluted
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Fig.2 Quantitative analysis of C5, carotenoids produced by engineered .
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malized to the dry cell mass of each culture. The amount of DNP is indi-
cated in orange and the amount of DLP in yellow. The experiments were
performed in triplicate

to an ODg, of 0.05 in TSB and grown in shake flasks at
220 rpm and 37 °C for 24 h. Then, samples were taken to
quantify both the DCW and the total amounts of DNP
and DLP by HPLC. The latter were calculated as mg/g
DCW to allow comparison between the strains. The
parental B. subtilis strain (BsMNO) containing only the
pHY_crtMN plasmid was used as a control.

After 24 h of growth, all engineered B. subtilis strains
had an ODy, of 7-8, with DCW values of 1.23-1.47 g/L,
showing a slight increase in DCW as the crtMN gene
copy number increased (Table 2). HPLC chromatogram
analysis revealed two major peaks at 450 nm, which
eluted at 2.4 and 2.8 min, with absorption spectra for
each peak identical to those of DLP and DNP, respec-
tively (Fig. S1) (Takaichi 2000; Takaichi et al. 1997). As
the two peaks were present in the chromatograms of all
samples, both compounds were calculated individually
as well as together as total carotenoids, with the results
provided in Fig. 2; Table 2. Surprisingly, the BsMN1
strain harboring a single copy of crtMN genes produced
a titer of 2.40+0.13 mg/L carotenoids with a yield of
1.95£0.12 mg/g DCW, which was already more than a
2-fold increase in total carotenoid production compared
to strain BsMNO containing the pHY_crtMN plasmid
(0.7410.12 mg/g DCW). We observed that DCW and
carotenoid yield slightly increased with increasing crtMN
copy number and the highest titer of 3.30+0.11 mg/L
carotenoids was achieved in BsMN3, with a yield of
2.31%£0.16 mg/g DCW, which constituted a 3.12-fold
increase in carotenoid production compared to BsMNO
(Fig. 2 and Table 2). The yield obtained in BsMNO was
comparable with previously reported values (Xue et al.,
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2015; Abdallah et al. 2020), which demonstrates the feasi-
bility and robustness of the comparative studies.

The low carotenoid yield obtained in BsMNO sug-
gested that crtMN genes are poorly expressed through
the pHY_crtMN plasmid. To test this hypothesis, we
cloned the crtMN genes in the xylose-inducible medium
copy number pBSOE plasmid (Popp et al. 2017), which
is particularly useful for overcoming bottlenecks in pro-
tein overproduction generated by limited expression of
targeted genes (Toymentseva et al. 2012). The B. subti-
lis strain bearing the pBSOE_crtMN plasmid (BsMN4)
showed a higher cell growth compared to BsMNO —
BsMN3 strains, with a DCW of 1.87 g/L, probably due
to the addition of an extra carbon source (D-xylose
inducer) to the media. As expected, BsMN4 exhibited a
notable increase in carotenoid yield (3.05-fold) compared
to BsMNO, demonstrating a higher expression of crtMN
genes through this plasmid (Table 2). More importantly,
the yield obtained for strain BsMN4 was similar to that of
BsMN3, indicating that plasmid-bearing and multicopy
strains had a comparable performance.

Optimization of the C;, carotenoid biosynthetic pathway

In the C;, carotenoid metabolic pathway in B. subtilis,
farnesyl diphosphate synthase (IspA) converts the uni-
versal terpenoid precursors DMAPP and IPP to FPP,
which is the substrate for CrtMN enzymes in Cs, carot-
enoid biosynthesis (Fig. 1). In order to further improve
the production of Cs, carotenoids, we aimed to increase
the FPP supply, as studies report that enhanced FPP
availability drives metabolic flux toward their synthesis
(Xue et al. 2015; Abdallah et al. 2020; Song et al. 2021).
This has been achieved previously by introducing either
an extra copy of ispA to release the theoretical bottleneck
within the metabolic pathway or an improved variant of
the enzyme with enhanced catalytic properties (Zhao
et al. 2013). In the present study, farnesyl diphosphate
synthase (encoded by the fpps gene) from B. megate-
rium DSM 319, which is an active highly specific enzyme
exclusively yielding FPP (Hartz et al., 2018), was overex-
pressed to enhance the FPP pool. To this end, plasmid
pJOE8999.sigX_fpps was constructed for the replace-
ment of the sigX gene of BsMN3 (codifying for sigma
factor SigX) with the fpps gene, setting the expression
of the encoded FPPS under the control of a strong sigX
promoter (Song et al. 2016), and strain BsMN5 was gen-
erated (Fig. 3a). The insertion of the fpps gene in cured
transformant cells was confirmed by diagnostic PCR
(Fig. 3d) and further Sanger sequencing. Fermenta-
tion studies revealed a remarkable 46.8% increase in the
production of C,, carotenoids compared with BsMN3
(Fig. 2and Table 2). Additionally, BsMN5 grew at a simi-
lar rate to the parental strain BsMN3, indicating that the
overexpression of FPPS did not affect cell growth in TSB
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medium. Based on these results, we surmised that heter-
ologous expression of FPPS in B. subtilis is beneficial for
the construction of a high-yielding C,, carotenoid-pro-
ducing strain.

Branch pathway engineering to increase C;, carotenoid
production

To provide enough FPP for C;, carotenoid biosynthe-
sis, it is crucial to attenuate branch pathways that use
this precursor as the starting material. In the biosyn-
thesis of farnesol lipids, each FPP molecule is converted
to farnesol by the action of farnesyl diphosphate phos-
phatase (YisP) (Fig. 1); therefore, this branch pathway
was selected as a candidate for engineering. Plasmid
pJOE8999_AyisP was constructed to knock out a 770-
bp fragment of yisP in strain BsMN5 and inactivate the
function of YisP, thus blocking the synthesis of farnesol
in the newly generated strain BsMNG6 (Fig. 3b and c). Dis-
ruption of the yisP gene in resulting transformants was
confirmed by PCR amplification, as previously (Fig. 3e),
and further verified by sequencing. The positive clone
was cured from the plasmid and subjected to fermenta-
tion for 24 h to measure the production of DLP and DNP.
Again, BsMNG6 growth was similar to the parental strain
BsMNS5, indicating that yisP disruption in BsMNG6 did not
affect cell growth. However, Cy, carotenoid production in
strain BsMNG6 was significantly enhanced, being 130.4%
relative to BsMNG5 after fermentation (Fig. 2; Table 2).
Overall, combining the simultaneous overexpression of
farnesyl diphosphate synthase, dehydrosqualene syn-
thase, and dehydrosqualene desaturase encoded by fpps,
crtM and crtN, respectively, and the disruption of the
yisP gene positively affected C,, carotenoid production in
strain BsMN6, which was up to 6-fold higher compared
to the control strain BsMNO (Fig. 2; Table 2).

Stability of BsMNG6 in C;, carotenoid production and its
cultivation in industrial fermentation medium

The stability of C,, carotenoid production in strain
BsMNG6 without antibiotic selection was tested. An over-
night culture of BsMNG6 in TSB was diluted 1:1000 in
the same medium. The cells were grown in shake flasks
at 37 °C to the stationary phase and diluted again 1000-
fold. This was repeated five times and in the last transfer,
when the stationary phase was reached, the strain was
cultured again in TSB and the C,, carotenoid yield was
determined. As shown in Fig. 4a, BsMNG6 produced sim-
ilar levels of C;; carotenoids for at least 50 generations
(every round of growth to stationary phase corresponds
to about ten generations without antibiotic supplemen-
tation, calculated by dividing the length of the exponen-
tial growth phase (about 300 min) by the doubling time
of BsMN6 (approximately 30 min) in TSB medium),
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Fig. 3 Engineering of the genome-integrated farnesyl diphosphate synthase (FPPS) and disruption of farnesyl diphosphate phosphatase (YisP) in B.
subtilis. (@) pJOE8999.g_sigX_fpps was designed to allow the replacement of the sigX gene from B. subtilis by the fpps gene from B. megaterium under the
control of a strong promoter Ps/g)(' (b) pJOE8999.g_AyisP was constructed for the disruption of the yisP gene from B. subtilis (c) Upon transformation, the
resulting B. subtilis strain harboring both genomic modifications along with three gene-copies of the crtMN genes under the control of the constitutive
promoter Py, was designated as BsMN6. (d) Confirmation of the sigX gene replacement by fpps in the BsMN5 strain. Lane 1 corresponds to an ampli-
fication band of 2.5 kb using primers P2F/P4R to verify fpps integration at the sigX locus site in BSMNS5. Lane 2 corresponds to an amplification band of
2.25 kb using the same primers in recipient strain BsMN3. M corresponds to the molecular marker weight. (e) Confirmation of the yisP gene disruption in
strain BsMN6. Lane 1 corresponds to an amplification band of 1.75 kb using primers P5F/P6R to verify yisP deletion in BSMN6. Lane 2 corresponds to an
amplification band of 2.5 kb using the same primers in recipient strain BsMN5. M corresponds to the molecular marker weight

demonstrating that BsMNG6 achieved a high yield of Cj,
carotenoids with stable productivity.

To date, recombinant production of C,, carotenoids in
B. subtilis has been exclusively tested by culturing engi-
neered strains in TSB medium at the shake flask level
(Yoshida et al. 2009; Xue et al. 2015; Abdallah et al. 2020).
However, TSB is a nutritious medium designed to sup-
port the growth of a wide variety of microorganisms, and
inappropriate for B. subtilis fermentation on an indus-
trial scale due to its high cost. We therefore decided to
investigate the capacity of strain BsMN6 to accumu-
late Cs, carotenoids in BS1, a commonly used industrial

bacterial feed (Wenzel et al. 2011). To this end, BsMN6
was cultured for 24 h in TSB and BS1 media before ana-
lyzing DCW and C,, carotenoid production. As shown
in Fig. 4b and ¢; Table 2, BsMN6 was able to double
the cell biomass concentration when grown in BS1
medium (2.98+0.14 g/L culture) compared to the same
strain growing in TSB medium (1.47+0.08 g/L culture).
Although the yield of C,, carotenoids obtained in TSB
(4.42+0.19 mg/g DCW) was higher compared to BS1
medium (3.20£0.24 mg/g DCW), the titer of C,, carot-
enoids obtained in the latter was 40% higher than the titer
obtained in TSB, reaching a value of 9.11£0.36 mg/L C,,
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Fig. 4 Stability and Cy,carotenoid production in strain BsMNG. (a) C;, carotenoid production in the BsMNG6 strain diluted 1000-fold and grown to the
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cultured in TB and BS1 media, after 24 h of fermentation. The error bars represent the average + standard deviation of three biological replicates

carotenoids. This indicates that BS1 medium can stimu-
late cell growth and had a significantly positive effect on
the C;, carotenoid titer in comparison with TSB.

Discussion

The market demand for carotenoids is continuing to
grow due to their antioxidant, anti-inflammatory, and
anticancer properties. In particular, the biotechnological
production of carotenoids to replace artificial pigments is
rapidly gaining interest, despite technological, economic,
and legislative limitations. E. coli and B. subtilis strains
have been engineered to accumulate C;, carotenoids
utilizing suitable expression vectors for relevant crtMN
genes, the overexpression of MEP pathway enzymes, and
the concomitant use of antibiotic drugs and plasmids.
However, the current trend in industrial bioprocesses is
to circumvent the use of antibiotic selection markers by
developing marker-free production systems due to con-
cerns derived from the massive overuse of antibiotics. In
many areas of biotechnology, restrictions on antibiotic
usage have been imposed by regulatory authorities (Min-
gon et al,, 2015). In the present work, we constructed a
plasmid-less, marker-free strain of B. subtilis, a bacterium
that can naturally produce C,, carotenoids in the absence
of any inducer or antibiotic compound. Optimization
steps involving crtMN gene dosage and an enhanced
supply of the precursor FPP were carried out using the
CRISPR-Cas9 system, resulting in the generation of an
efficient, safe, and stable Cs, carotenoid-producing B.
subtilis strain.

Reliance on the use of plasmids and antibiotic selection
markers constitutes a major limiting factor for the imple-
mentation of an optimal B. subtilis chassis able to execute
the functions needed for efficient Cs, carotenoid produc-
tion. To bypass this limitation, an interesting option is to

maintain the cloned genes by genome integration, thus
ensuring high stability in the absence of antibiotic selec-
tion pressure. Nevertheless, the main drawback of this
approach is that the resulting strains have a low gene dos-
age unless multiple gene copies are integrated into the
genome (Yomantas et al. 2011; Huang et al. 2017; Wang
et al. 2004), until reaching expression levels comparable
to those of cells carrying multiple copies of a recombi-
nant plasmid. Our study clearly shows that the low copy
number pHY_crtMN plasmid (5-15 per cell), a deriva-
tive of pHY_300PLK (Ishiwa and Shibahara 1985), is an
unfavorable vector for maximizing crtMN gene expres-
sion. We hypothesize that the reason for the low expres-
sion achieved is that c¢rtMN genes are the second and
third genes transcribed from the promoter of the tetra-
cycline resistant gene (Isamu Maeda personal commu-
nication). Within an operon, the expression of a gene at
the first position is expected to be higher compared to
the gene at the second position, which in turn should be
more expressed than a gene at the third position (Lim et
al. 2011). In contrast, Cy, carotenoid production in cells
carrying multiple copies of the xylose-inducible medium
copy number pBSOE_crtMN plasmid (15-25 per cell)
was significantly improved; more importantly, its per-
formance was comparable to the plasmid-less strain
harboring three crtMN gene copies in the chromosome.
Presumably, when these conditions occur, increasing
the copy number no longer enhances expression levels
(Widner et al. 2000) and the potential bottlenecks in Cs,
carotenoid production rely on the expression of other
rate-limiting enzymes in the biosynthetic pathway. Nota-
bly, the insertion of three crtMN gene copies into the B.
subtilis chromosome debottlenecked an unexplored rate-
limiting step in the C;, carotenoid biosynthetic route
and at the same time alleviated the need for antibiotic
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selection for plasmid maintenance. Moreover, its stabil-
ity and potential ecological safety suggests that the engi-
neered B. subtilis strain has great promise as an efficient
C,, carotenoid cell factory with practical application in
industrial settings (Garcia-Moyano et al. 2020; Su et al.
2020).

To further improve the B. subtilis carotenoid produc-
tion capacity, we focused on modulating some of the
well-recognized regulatory elements that tightly control
the metabolic flux to Cs, carotenoid biosynthesis from
the universal precursors DMAPP and IPP. Specifically,
our aim was to enhance the FPP pool and also amelio-
rate its consumption by removing the competing path-
way vyielding farnesol. The first attempt to overexpress
the fpps gene from B. megaterium resulted in a significant
improvement (1.46-fold) of C,, carotenoid production.
This result is in accordance with a previous study that
achieved 1.36-fold higher carotenoid yields by introduc-
ing an extra copy of the homologous fpps gene from B.
subtilis (ispA) (Xue et al. 2015). The additional expres-
sion of the fpps gene from Saccharomyces cerevisiae
also increased the supply of the precursor FPP (Song et
al. 2021). We therefore conclude that the heterologous
expression of FPPS from B. megaterium increased C30
carotenoid biosynthesis in B. subtilis, similarly to the val-
ues obtained when an extra copy of the native IspA was
overexpressed (Xue et al. 2015). It has also been reported
that attenuation of a competing FPP-consuming path-
way toward C55 heptaprenyl diphosphate contributed
to a 1.15-fold increase in terpenoid synthesis (Song et
al. 2021). Accordingly, we assumed that abolishing non-
essential expression of yisP, the only phosphatase that
catalyzes the conversion of FPP to farnesol, would also
lead to less FPP consumption in this competing path-
way, and the resulting extra FPP could be used by CrtMN
enzymes to increase C,, carotenoid yield. In the AyisP
mutant, known to exhibit no FPP phosphatase activity
(Feng et al. 2014), excess FPP was distributed to increase
the carotenoid yield in the engineered strain 1.39-fold
(Fig. 2; Table 2). Thus, for the first time, the role of yisP
knockout in an increased accumulation of Cs, carot-
enoids in B. subtilis was demonstrated.

Cell engineering techniques have been previously used
to improve Cs, carotenoid productivity in E. coli and B.
subtilis. E. coli strains were engineered to accumulate
C,, carotenoids, with production levels ranging from
0.5 mg/ gDCW to 10.8 mg/L (Chae et al. 2010; Kim et
al. 2010, 2022; Takemura et al. 2021). B. subtilis has also
been engineered using two-plasmid systems comprising
pHY_crtMN (Yoshida et al. 2009), mediating crzMIN gene
overexpression, and xylose-inducible pHCMCO04G (Xue
et al. 2015), mediating stable overexpression of all MEP
pathway enzymes. In total, the yield of Cs, carotenoids
achieved was 21 mg/g DCW, the highest production in
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B. subtilis reported to date (Abdallah et al. 2020). In the
present study, the combination of chromosomal overex-
pression of farnesyl diphosphate synthase, dehydrosqua-
lene synthase and dehydrosqualene desaturase encoded
by fpps, crtM and crtN, respectively, with the simul-
taneous disruption of the yisP gene, resulted in a titer
of 9.11 mg/L C,, carotenoids, and a yield of 4.42 mg/g
DCW. Although the C;, carotenoid accumulation is simi-
lar to that achieved in E. coli strains and lower (4.7-fold)
than in B. subtilis overexpressing the eight enzymes of the
MEP pathway, it should be noted that we only focused on
improving the last three steps downstream of the MEP
pathway. Consequently, one could expect that combining
both strategies would serve to obtain a superior produc-
tive strain. Additionally, we demonstrated that routinely
used industrial bacterial feed (antibiotic- and xylose-
inducer-free) may provide a cost-effective bioprocess for
the industrial production of C,, carotenoids. In a nut-
shell, taking advantage of its inherent capacity to synthe-
size Cg, carotenoids, we have developed a plasmid-less,
marker-free, B. subtilis strain that can serve as a stepping
stone for further genetic engineering and fermentation
process optimization targeted at a sustainable and effi-
cient production of C;, carotenoids.
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Figure S1: HPLC chromatogram and absorption spectra of Cj, carotenoids

Table S1: Primers designed in this study
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Figure S1. Analysis of C;, carotenoids produced by engineered B. subtilis strains. a) Chromatogram of

C;o carotenoids separated by HPLC. The quantity of each Cj;, carotenoid was determined by

comparing HPLC profiles peak areas to that of a B-carotene standard curve. The two major peaks

correspond to

4,4’-diapolycopene (peak 1) and 4,4’-diaponeurosporene (peak 2) at 450 nm. b) UV/Vis absorption

spectra for compound corresponding to individual peak 1 (4,4’-diapolycopene) and c) UV/Vis

absorption spectra for compound corresponding to individual peak 2 (4,4’-diaponeurosporene).



Table S1. Primers designed in this study*.

Name

P1F

P1R

TS1F
TS1R

P2F
P2R

P3F
P3R

P4F
P4R

TS2F
TS2R

PSF
P5R

P6F
P6R

Sequence

Purpose
PCR for crtMN genes cloning into pBSOE

5’ — CCGGAATTCTAAGGAGGAAAAACATATGACAATGATGGATATGAATTT  PCR product containing crtMN genes flanked by

5 — GGACTAGTTTATACGCCCCGCTCAAT

5" — TACGTACATTTGACTGGGATACAC
5" — AAACGTGTATCCCAGTCAAATGTA

5" — AAGGCCAACGAGGCCAGTCATGAGCTGAGAACAC
5 — CATTTGAAACCCCTCCGTT

5 — AACGGAGGGGTTTCAAATGGTGAATGAAATGAATTTAAAAGAG
5 — TGAGGCGAACGATGGTCTTTAACTATCACGTTTTGCTATATA

5" — AGACCATCGTTCGCCTCA
5" — AAGGCCTTATTGGCCAATCATCAACTTCTGACTCC

5" — TACGCGGTAAACAACATCTATGGA
5" — AAACTCCATAGATGTTGTTTACCG

5" — AAGGCCAACGAGGCCAGAAGGATAGATGAGCAGGG
5 — CTCATTGCTGGTAAGCTTCTTT

5" — AAAGAAGCTTACCAGCAATGAGAAAACACCCGGCCTTGATTGA
5" — AAGGCCTTATTGGCCTGGCCATGTCCACATCTATC

EcoRl and Spel

Target sequence for sigX gene replacement

PCR of homology template for sigX
replacement for fpps
upstream sigX gene homologous arm

fpps gene amplification

downstream sigX gene homologous arm

Target sequence for YisP gene deletion

PCR of homology template for YisP gene
deletion
upstream yisP gene homologous arm

downstream yisP gene homologous arm

* Sfil restriction sites are indicated in bold. EcoRI restriction site is underlined and Spel restriction site is doble underlined
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5. General discussion

Biocatalysis has emerged as a key driver of the bio-based economy, with enzymes increasingly
integrated into industrial processes due to their environmental and economic advantages over
traditional chemical catalysts (Molina-Espeja et al., 2023). However, in the PPI, enzymes must
retain activity under harsh conditions, including high temperatures, alkaline pH, and prolonged
processing times, which often hinder their performance (Yang et al., 2023). Therefore, the
discovery and development of robust novel enzymes with enhanced stability and catalytic
efficiency under such conditions is critical to advancing greener, safer, and more sustainable
industrial operations (Molina-Espeja et al., 2023). This thesis presents four interconnected
papers that collectively advance biocatalysis by bridging enzyme discovery with host strain
engineering. It begins with the identification of industrially robust enzymes suited to demanding
process conditions and progresses toward the development of optimized microbial platforms
for their efficient, high-level production (Figure 10). By integrating targeted enzyme selection
with rational host design, these contributions provide a practical and scalable framework for
enabling more sustainable, energy-efficient, and economically viable bioprocesses in industrial

biotechnology.

In Chapter 1 of this thesis, a novel EG candidate was identified from the publicly available
genome of Stachybotrys chartarum IBT 7711, an ascomycete commonly associated with
cellulosic substrates (lbrahim et al., 2022). This organism is known to produce a cellulolytic
system with reported alkali resistance and thermostability, traits highly desirable for biocatalysts
used in PPI applications (Picart et al., 2008). Among five putative cellulases retrieved from
genomic data, the gene designated stachCel5 (NCBI locus tag: S7711_03103) was selected based
on its modular architecture, which is typical of efficient fungal cellulases. Domain analysis
revealed a configuration consisting of an N-terminal cellulose-binding domain (CBD) and a C-
terminal GH5 catalytic domain, an arrangement frequently associated with high endo-B-1,4-
glucanase activity and substrate affinity (Neis & da Silva Pinto, 2021). These structural features
support its potential as a promising biocatalyst for PPI processes requiring enzymatic resilience

in alkaline and thermophilic environments (M. Yang et al., 2023).

Additionally, the predicted N-terminal SP in StachCel5 supports its secretion, consistent with a
functional role in extracellular polysaccharide degradation. Phylogenetic analysis placed
StachCel5 in close proximity to EGs from Clonostachys and Paramyrothecium species, indicating
potential evolutionary conservation of function. Sequence identity of 60-65% with these

homologs, along with strong BLASTp alignment coverage with experimentally characterized GH5
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EGs from Aspergillus niger, Thermoascus aurantiacus, and Penicillium verruculosum reinforced
its classification as a member of GH5. Structural modeling with AlphaFold2 and superposition
onto the crystal structure of the A. niger GH5 EG (PDB ID: 5177) confirmed conservation of the
canonical (B/a)s TIM-barrel fold and the spatial arrangement of the catalytic residues. Sequence
alignment identified Glu??® and Glu3*® as the putative catalytic residues, aligning with known
catalytic motifs of GHS enzymes (Drula et al., 2022). Notably, the inter-residue distance of 4.9 A
between the catalytic glutamates suggests that StachCel5 likely operates via a retaining

mechanism, consistent with the catalytic behavior of most GH5 EGs (Planas, 2023).

Building on the selection of StachCel5 as a promising EG candidate, K. phaffii was employed as
the heterologous expression system in Paper 1. While prokaryotic hosts such as Escherichia coli
and B. subtilis are widely used for recombinant protein production due to their fast growth rates,
well-characterized genetics, and cost-effective cultivation, they present notable limitations for
the expression of complex eukaryotic proteins, particularly fungal enzymes (Schiitz et al., 2023).
In the case of B. subtilis, which is the primary expression host optimized throughout this thesis
(Chapters 2 and 3), its secretion capacity and GRAS or QPS status make it a valuable industrial
platform. However, it lacks the PTM machinery (such as glycosylation and disulfide bond
formation) required for the proper folding, stability, and activity of many eukaryotic enzymes.
E. coli shares similar constraints and often forms inclusion bodies when expressing complex
proteins, requiring additional refolding steps that can compromise activity and yield. In contrast,
eukaryotic hosts such as yeasts and filamentous fungi offer more suitable expression
environments for fungal enzymes due to their ability to perform essential PTMs and facilitate
correct protein folding and secretion. K. phaffii, in particular, combines the benefits of high cell
density growth, strong promoters, and efficient secretion pathways, while maintaining relatively
low production costs compared to higher eukaryotes (Schiitz et al., 2023; K. Zhang et al., 2020).
Its ability to produce active, properly folded fungal enzymes renders it a strategic choice for the
initial biochemical characterization of StachCel5. Therefore, K. phaffii was used in Paper 1 to
enable functional expression and robust characterization of StachCel5 under conditions that
better reflect its native folding requirements. In contrast, Papers 2, 3, and 4 focused on adapting
B. subtilis to express more scalable, prokaryote-compatible enzyme variants suitable for

industrial deployment.
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Figure 10. Overview of the thesis workflow, integrating enzyme discovery, host strain engineering, and
new genome editing tools to enable robust and scalable production of industrially relevant enzymes. A
novel endoglucanase, StachCel5, was identified through database mining and selected for its high stability
and performance in pulp refining (Chapter 1). To enable high-level enzyme production, a modular B.
subtilis platform was developed via promoter tuning, gene amplification, and secretion enhancement
(Chapter 2). A CRISPR-Cas9-based multiplex genome editing system with colorimetric screening was
further introduced for rapid, simultaneous gene integration. This colorimetric system also enabled stable
production of C3o carotenoids, demonstrating its flexibility (Chapter 3). Created with Biorender.
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The stachCel5 gene was codon-optimized for K. phaffii and engineered to replace its native SP
with the yeast a-factor secretion signal, a commonly used strategy to enhance extracellular
secretion in this host (Lv & Cai, 2025). Expression was driven by the constitutive GAP promoter,
enabling continuous enzyme production without induction. This approach was effective, as
StachCel5 was successfully secreted into the culture medium. Although the theoretical
molecular weight of StachCel5 is predicted to be 42.8 kDa, SDS-PAGE analysis of the culture
supernatant revealed a prominent band at approximately 55 kDa. This shift is consistent with
post-translational glycosylation, a frequent modification in K. phaffii-expressed proteins
(Bernardi et al., 2019). Supporting this, bioinformatic analysis predicted two putative N-
glycosylation sites at Asn®® and Asn'®8,

Although the GH5 family are known for their catalytic versatility, including endo-B-1,4-
glucanase, mixed-linkage B-1,3/1,4 glucanase, xylanase, and galactanase activities (Aspeborg et
al., 2012), StachCel5 exhibited a remarkably narrow substrate range, with high specificity for B-
1,4-glucosidic linkages. StachCel5 demonstrated robust activity, outperforming several fungal
homologs except for AnCel5A from A. niger (Table 1). Notably, no detectable activity was
observed on laminarin, a polysaccharide composed solely of B-1,3-glucosidic linkages. This lack
of activity implies that StachCel5 acts specifically at B-1,4 linkages, and the enhanced
performance on lichenan relative to carboxymethyl cellulose (CMC) may reflect increased
substrate accessibility or a favorable conformation due to the mixed-linkage structure.
Moreover, StachCel5 showed no activity on a broad range of alternative polysaccharides and
model substrates, including xylan, starch, Avicel, filter paper, and synthetic substrates para-
nitrophenyl-B-D-cellobioside (pNPC) and para-nitrophenyl-B-D-glucopyranoside (pNPG). The
absence of activity against these substrates underscores the enzyme’s substrate specificity.
Collectively, these results support the classification of StachCel5 as a highly specific endo--1,4-
glucanase targeting amorphous cellulose, and its assignment to the GH5_5 subfamily, which
primarily comprises secreted fungal and bacterial enzymes with this activity (EC 3.2.1.4)

(Aspeborg et al., 2012; Neis & da Silva Pinto, 2021).

Biochemical characterization revealed that StachCel5 is a robust enzyme, retaining over 87% of
its maximal CMCase activity between pH 4 and 7, and approximately 50% activity at alkaline
pH 9. This broad pH tolerance surpasses that of many fungal GH5 EGs, enhancing its potential
for diverse industrial processes (Table 1) (Ferrando et al., 2025; Rodrigues & Odaneth, 2021).
The enzyme exhibited optimal activity at pH 5 and 65 °C, consistent with closely related fungal
homologues. Kinetic analysis further emphasized its industrial relevance. Although StachCel5

exhibited a moderate substrate affinity (Km = 9.77 mg/mL) and high maximal velocity (Vimax =
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898.4 U/mg), its turnover number (K.t = 635.7s™) and catalytic efficiency (Keat/Km =
65.4 mL/s/mg) rank it among the more efficient fungal GH5 EGs (Table 1). While not as
catalytically potent as the highly active AnCel5A from A. niger (Zheng et al., 2022), StachCel5
outperformed several fungal homologs, including TrCel5A from Trichoderma reesei, a widely
used benchmark EG in industrial enzyme cocktails (Neis & da Silva Pinto, 2021), thus highlighting
its competitiveness for biomass deconstruction. Further characterization showed that StachCel5
retained activity in the presence of various metal ions and chemical agents. The enzyme
remained active with EDTA, indicating metal-independent catalysis, and was unaffected by B-
mercaptoethanol, suggesting disulfide bonds are not essential for its activity. However, activity
was completely inhibited by SDS, a behavior consistent with other fungal GH5 EGs (Escuder-
Rodriguez et al., 2022).

Table 1. Optimal properties comparison of StachCel5 with other fungal endoglucanases of family GH5.

All properties are based on carboxymethyl cellulase (CMCase) activity. Not indicated (n.i.). Modified from
Ferrando et al., 2025.

Specific
Enzyme pH T,M aZtivity K Vinax Kc‘l" Kear/ Kim References
(°c) (mg/mL)  (U/mg)  (s?)  (ml/s/mg)
(U/mg)
StachCel5 4-7 65 287.6 9.77 898.4 635.7 65.4 This study
. . (Dave et al.,
Cel5A 4 70 45 37 82.6 n.i. n.i. 2015)
. . (Samanta et
TrCel5A 5 55 220.6 2.1 220.6 n.i. n.i. al,, 2012)
(Jie Zheng
AnCel5A 4 70 1,726 7.6 2786 1,625 227 etal., 2022)
(A. Patel &
GH5 4.8 70 302.9 12 556.6 129.4 10.8 Shah, 2021)
. . (z. Lietal.,
AgCMCase 5 55 175.3 7.2 mM 343.8 n.i. n.i. 2018)
. (zhou et al.,
MtEG5-1 5 70 n.i. 6.1 91.7 85 13.9 2023)

Given its broad pH and temperature tolerance, high specific activity on cellulose, and resistance
to metal ions and chemical agents, StachCel5 emerges as a highly promising EG for pulp
modification, where selective fiber treatment is critical for improving paper properties and
reducing energy consumption. Beyond its relevance to the PPI, these robust features position
StachCel5 as a versatile biocatalyst for a wide range of industrial applications, including food and
beverage processing, bioethanol production from lignocellulosic waste, and the development of
detergents and textile formulations (Rodrigues & Odaneth, 2021). Accordingly, the final part of

this first chapter evaluated its potential as a refining aid in pulp processing. When applied to
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pulp refining, StachCel5 significantly improved refining efficiency, particularly in softwood pulps.
Treated pulp samples exhibited higher drainability resistance (°SR), while handsheets produced
from these pulps showed reduced air permeability and lower light scattering, key indicators of
enhanced fiber bonding and sheet density (Ahadian et al., 2023; Gharehkhani et al., 2015;
Krysztof et al., 2021). These findings were corroborated by scanning electron microscopy (SEM),
which revealed a denser and more uniformly bonded fiber network following enzymatic

treatment.

Given that paper must often perform under mechanical stress, assessing its physico-mechanical
properties is essential to determine its end-use suitability. Among these, tensile and burst
indices are key indicators of paper strength. The tensile index reflects the maximum force a
paper can withstand when stretched, while the burst index indicate how much pressure a paper
can handle before rupturing (Bhardwaj et al., 2023; Kerekes et al., 2021). Across all refining
intensities, StachCel5-treated pulps consistently outperformed untreated controls in both
parameters. Notably, equivalent mechanical strength was achieved with fewer PFI revolutions,
demonstrating that enzyme pretreatment enabled substantial energy savings. For example, a
tensile index of 66.9 Nm/g achieved at 6,000 revolutions in untreated pulp was matched at only
4,500 revolutions (67.8 Nm/g) in enzyme-treated pulp, representing a 25% reduction in refining
energy. Importantly, this improved performance was not accompanied by fiber degradation.
This was evidenced by the stable tear index, which is strongly influenced by fiber length, and the
zero-span tensile index, a direct indicator of intrinsic fiber strength (Zeng et al., 2012). These
findings indicate that the low enzyme dosage applied in Paper 1 selectively modified fiber
surfaces without causing excessive hydrolysis, fiber shortening, or fines generation, which could
otherwise impair the physico-mechanical properties of the handsheets (Park et al., 2025).
Interestingly, the refining improvement was more pronounced in softwood than hardwood
pulps, likely due to the higher hemicellulose content in hardwood, which may limit enzyme
accessabiliy to cellulose (Haske-Cornelius et al., 2020; Malgas et al., 2020; Nagl et al., 2022).
Overall, the novel GH5 endo-B-1,4-glucanase StachCel5, identified via genome mining from S.
chartarum, demonstrated broad pH stability (pH 4-8), thermal stability at 50 °C, and high
specific activity on CMC. Beyond its robust biochemical profile, StachCel5 functioned as an
effective and energy-efficient refining aid, enhancing fiber bonding and mechanical strength
while reducing mechanical input, thus offering a sustainable alternative for pulp and paper

processing.

Once a suitable enzyme is identified for industrial application, the next critical step toward

reducing manufacturing costs and meeting growing global demand is the optimization of the
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production strain (Figure 10). High protein titers are essential, as they enable smaller
fermentation volumes, reduce downstream processing burdens, and ultimately enhances the
overall economic viability of the process (Abbate et al., 2023; Pothakos et al., 2018). Given that
a substantial proportion of industrial enzymes are produced using Bacillus species, particularly
B. subtilis (Su et al., 2020), Chapter 2 focused on engineering a super-secreting B. subtilis KO7-S
strain suitable for the industrial production of AmyQ, a well-characterized a-amylase widely
used in the PPIl. Achieving commercially viable yields in B. subtilis requires systematic
optimization across multiple stages of protein production, including transcription, translation,
folding, and secretion. In line with this, Chapter 2 employed a rational, stepwise genome
engineering strategy using CRISPR-Cas9 to construct an environmentally friendly, plasmid-free
production chassis. Unlike plasmid-based systems or traditional marker-recycling methods, the
chromosomal integration strategy employed here offers several advantages for industrial
application, including improved genetic stability, elimination of antibiotic resistance markers

and the use of expensive inducers, and a more streamlined strain development process.

A critical initial step in enhancing recombinant protein production is optimizing the expression
cassette, particularly the promoter, which governs the timing and level of gene transcription
(Nieuwkoop et al., 2020). In this context, single, dual, and triple promoter configurations were
evaluated to drive amyQ expression. Among them, the dual promoter Puymyq-Pcrysa yielded the
highest a-amylase activity, reaching 122.8 + 4.4 U/mL, a 4.9-fold improvement over the strong
constitutive Ps,0v6 promoter (Table 2). This enhancement likely reflects the synergistic effect of
o*-dependent consensus sequences in Pymyq and mRNA-stabilizing elements within P¢ys4, both
known to boost transcription and mRNA stability in B. subtilis (Widner et al., 2000). Notably, the
use of strong constitutive promoters to drive consistent expression levels eliminated the need
for costly inducers, facilitating scalability and compatibility with continuous bioprocessing. In
parallel, the secretion route was also evaluated, as the choice of SP determines whether the
enzyme is exported via the Sec or Tat pathway (Zhang et al., 2020). While the Sec pathway is the
predominant route for industrial enzymes, and was in deep analyzed in Paper 2, the potential
of Tat-dependent secretion by fusing AmyQ to a Tat-specific SP was also investigated. However,
no extracellular a-amylase activity was detected, indicating that AmyQ is incompatible with Tat-
mediated export. This result is consistent with previous findings for other a-amylases and
suggests that these enzymes are unable to fold appropriately in the cytoplasm to meet the

folding requirements of the Tat system (Kolkman et al., 2008).

Following expression cassette optimization, the next logical strategy to maximize gene

expression was to increase gene copy number. Traditionally, this is achieved through high-copy-
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number plasmids or sequential chromosomal integrations. However, these classical approaches
are constrained by the limited availability of selection markers, reliance on marker-recycling
protocols, and often result in genetic scars that complicate industrial approval (Su et al., 2020).
To overcome these limitations, Paper 2 employed the CRISPR-Cas9 genome editing system to
construct environmentally friendly, plasmid-free, markerless B. subtilis strains with up to six

chromosomal copies of the amyQ gene, each controlled by the strong dual promoter Pamyq-Pcry3a.

Ectopic integration sites were carefully selected based on their non-essential nature, ensuring
cell viability and minimizing unintended physiological effects. Several of these loci have
previously been shown to be dispensable, and their targeted deletion can, in some cases,
enhance production performance (Aguilar-Suarez et al., 2024; Xu et al., 2023). Moreover, the
integration strategy enabled simultaneous removal of native amylases (amyE), secondary
metabolite clusters (pksG, ppsE), and genes involved in biofilm formation (veg) or sporulation
(cotB), thereby reducing metabolic burden and further optimizing the strain for industrial
enzyme production. Interestingly, no significant differences in growth or enzyme yield were
observed across the various genomic integration sites, indicating functional equivalence under
the tested conditions. As expected, a-amylase production increased with gene copy number,
plateauing beyond five copies (Table 2), likely due to limitations in transcriptional or
translational capacity. This saturation effect mirrors findings for other recombinant proteins,
where optimal gene dosage is context-dependent and influenced by expression cassette
architecture, codon usage, and translational dynamics (Watzlawick & Altenbuchner, 2019;
Widner et al., 2000).

Table 2. Effect on AmyQ a-amylase activity of successive modifications with significant positive effects
in B. subtilis KO7-S. Modified from Ferrando et al., 2024.

Amylase activity at 48 h. Total fold

Strain Modification
(U/mL) change
BSQla Pspove-amyQ 249+1.5 1
BSQ1b Pamya-Perysa-amyQ 122.8+4.4 4.9
BSQ2 2(Pamya-Peryza-amyQ) 240.4 £ 8.0 9.7
BSQ3 3(Pamya-Peryza-amyQ) 315.7+18.4 12.7
BSQ4 A(Pamya-Peryza-amyQ) 415.7+21.1 16.7
BSQ5 5(Pamya-Perysa-amyQ) 501.2 +13.5 20.2
BSQ6 6(Pamya-Perysa-amyQ) 520.6 +20.2 20.9
BSQ6_11 6(Pamya-Pcrysa-amyQ) + PrsA + SppA 656.8 +24.3 26.4
BSQ6_11* 6(Pamya-Pcrysa-amyQ) + PrsA + SppA 1439.2 £92.7 57.9

*Values in a 3 L bioreactor at 90 h.
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These results highlight that while increasing gene dosage can significantly boost protein yields,
careful design of regulatory elements within the expression cassette is equally critical to reduce
the time-consuming process of iterative gene integration. In support of this, a range of modular
toolkits, such as BioBrick Box 1.0 (Radeck et al., 2013) and 2.0 (Popp et al., 2017), ProUSER 2.0
(Falkenberg et al., 2021), and the more recently introduced SubtiToolKit (Caro-Astorga et al.,
2025), have been developed to enable rapid screening and optimization of expression constructs

in B. subtilis, streamlining the development of robust industrial production strains

As a final step in the systematic strain engineering strategy, Paper 2 addressed post-translational
bottlenecks that often limit efficient protein secretion in B. subtilis. Specifically, the
overexpression of the chaperone PrsA and the SP peptidase SppA significantly improved
extracellular a-amylase yields. PrsA, a well-characterized extracellular chaperone, facilitates the
proper folding of secreted proteins in the extracytoplasmic space, while SppA prevents the
accumulation of uncleaved SPs, a common issue in overexpressing strains (Cai et al., 2017,
Quesada-Ganuza et al., 2019). These targeted modifications led to a final shake flask yield of 657
U/mL, corresponding to a 26.4-fold increase relative to the baseline single-copy Psyovs-driven

strain (Table 2).

To confirm industrial scalability, the engineered strain was cultivated in a 3 L stirred-tank
fermenter, where it achieved 1439.2 U/mL of a-amylase activity with a productivity of 16 U/mL:-h
(Table 2). Beyond high productivity, the use of a marker-free, genome-integrated system also
confers enhanced genetic stability, eliminates the need for antibiotic selection, and improves

regulatory compliance, key advantages for industrial enzyme production.

In summary, the work presented in Chapter 2 outlines a rational and modular strain optimization
pipeline for B. subtilis, leveraging promoter engineering, gene dosage tuning, and post-
translational enhancement to construct a genetically stable, high-yield production platform. This
approach not only sheds light on key expression bottlenecks limiting recombinant protein
production in B. subtilis but also highlights the utility of CRISPR-Cas9-based genome editing as a
versatile and efficient tool for accelerating strain development in industrial biotechnology.
Nonetheless, a notable limitation of the strategy described in Chapter 2 was the inherently
iterative nature of multigene integration. Despite the use of CRISPR-Cas9 to streamline the
editing process, sequential chromosomal insertion of multiple gene copies still required multiple
rounds of plasmid-construction, transformation, selection, and validation. As such, the approach
remains time-consuming and labor-intensive, emphasizing the need for more efficient multiplex

genome editing platforms to further accelerate industrial strain development.
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Multiplex genome editing in B. subtilis using CRISPR systems has seen remarkable progress,
particularly for introducing multiple point mutations, as shown in Cas9n- and Cpfl-based
strategies (Liu et al., 2019; Wu et al., 2020). However, when it comes to simultaneous gene
deletions or insertions, these systems fall short of industrial needs, with editing efficiencies
dropping sharply or failing altogether beyond two loci. For instance, Cpfl-based approaches
achieved knockouts at only two loci simultaneously, while insertions were limited to a single
chromosomal site, severely restricting its utility for complex strain engineering (Wu et al., 2020).
Compounding these technical barriers is the dependency on dual-plasmid systems, which adds
layers of complexity to cloning and transformation workflows, ultimately hindering the pace of

strain construction.

These shortcomings underscore a critical technological gap in current genome engineering
toolkits: the lack of a simple, robust, and scalable method for multi-site gene integration in B.
subtilis. To overcome this bottleneck, Chapter 3 introduces a streamlined, one-step platform for
multiplexed chromosomal integration of target genes at distinct chromosomal loci. This
approach represents a major advancement in the genetic engineering of B. subtilis, offering a
practical solution to accelerate the construction of next-generation production strains tailored

for industrial biotechnology.

Given the inherently low editing efficiencies associated with multiplex gene insertions, Paper 3
prioritized the development of a rapid, visual and efficient screening system to identify
successful multi-locus integrants, eliminating the need for labor-intensive, low-throughput PCR-
based validation. As the number of targeted loci increases, conventional screening methods
become increasingly burdensome and impractical, posing a major bottleneck for scalable
genome engineering. To address this, the study implemented, for the first time, a colorimetric
selection system based on the crtM and crtN carotenoid biosynthesis genes from Staphylococcus
aureus, which confer a vivid yellow pigmentation when expressed in B. subtilis (Yoshida et al.,
2009). This visually distinct phenotype offers a robust, substrate-free, and equipment-
independent readout for identifying edited colonies. Unlike conventional screening systems
such as X-gal/LacZ, chromoproteins, or fluorescent proteins, which often rely on expensive
substrates, specialized detection equipment, or might suffer from toxicity and metabolic burden
at high expression levels, the crtMN system is biologically well-tolerated, and compatible with
high-throughput applications. Additionally, carotenoid production has been reported to
enhance oxidative stress resistance in B. subtilis, providing a potential side benefit under CRISPR-
associated stress conditions (Yoshida et al., 2009). By enabling simple and scalable visual

screening, this system greatly accelerates the identification of successful multi-locus integrants,
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paving the way for more efficient implementation of complex genome editing strategies in B.

subtilis.

The core innovation of the method developed in Paper 3 lies in using crtMN insertions as
removable colorimetric markers for CRISPR-Cas9-mediated genome editing. In this system,
successful gene integration is visually confirmed by the loss of yellow pigmentation, as the
incoming DNA construct replaces the crtMN operon at the target locus. Edited colonies thus
appear white, enabling rapid, substrate-free, and equipment-independent identification of
correct integrants. This simple yet powerful visual readout eliminates the need for PCR-based
screening, greatly streamlining multiplex genome engineering. To implement this method, three
patent-free B. subtilis KO7-S strains were constructed, each harboring one, two, or three
chromosomal copies of crtMN, integrated at well-characterized loci: spoVG, aprE, and amyE.
These insertions were achieved by targeting a synthetic expression cassette (MN_Ec),
comprising the crtMN operon flanked by 530 base pairs (bp) upstream and 535 bp downstream
homology arms of the spoVG gene. The operon was expressed under the strong endogenous
Pspove promoter and terminated by a rho-independent Tspov6 terminator, resulting in stable and
vivid yellow pigmentation across strains. This design enables precise and modular replacement
of crtMN with desired constructs at multiple loci, making it a versatile platform for one-step

multiplex editing in B. subtilis.

Building on the crtMN-tagged strains, Paper 3 introduced a streamlined, single-plasmid CRISPR-
Cas9 platform to enable simultaneous multilocus genome editing in B. subtilis. This system
leverages a single, invariant sgRNA designed to specifically target the crtMN sequence with high
precision and minimal off-target activity. By using the same crtMN-targeting sgRNA across all
loci, the approach simplifies vector design and ensures consistency in editing. The editing
template, tailored to the desired gene insertion, is flanked by standarized spoVG homology
arms. These arms match those used in the crtMN cassettes previously integrated at the spoVG,
aprE, and amyeE loci, thereby enabling HDR at any or all of these sites. Upon Cas9-induced DSBs
at the crtMN loci, HDR facilitates the seamless replacement of crtMN with the new construct.
Successful integration is instantly visualized by a loss of yellow pigmentation, as colonies lacking
crtMN appear white, thus being a clear, substrate-free readout that eliminates PCR screening.
This method offers a robust, scalable, and visually traceable system for high-efficiency multiplex

editing, greatly accelerating strain development workflows.

To validate the system’s performance, the amyQ gene was used as a model for testing single-,

double- and triple-locus integrations. The initial editing template (Q_Ec) enabled replacement
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of crtMN with amyQ under the control of constitutive Psovs. Single-gene integrations (SGI)
exhibited very high efficiency (97.5-98.6%), while double-gene integrations (DGI) achieved
moderate efficiency (68.8%). In contrast, triple-gene integration (TGl) displayed a marked
decline in efficiency (4.9% * 0.8%), highlighting the critical utility of the colorimetric screening
system for rapidly identifying correctly edited clones. Notably, all white colonies tested carried

the expected genetic replacement, confirming the system’s accuracy and reliability.

The versatility of the platform was further demonstrated by modifying the expression cassette.
A new editing template (QXyl_Ec), placing amyQ under the control of the inducible P,y promoter,
was designated to evaluate the system's compatibility with larger constructs. This 4,476 bp
insert was successfully integrated at one and two loci, although double insertion efficiency
dropped to ~10%, and no triple integration insertions were observed. This decline was attributed
to the increased insert size, compared to Q Ec (2,894 bp), highlighting the importance of
template size as a limiting factor in multiplex integration (Huang et al., 2022). Overall, these
results demonstrate that while the system is robust and flexible, careful optimization of
template architecture is essential to maximize editing efficiency across multiple loci. A notable
advantage of this genome editing strategy lies in its modular and reusable design: only the
editing template needs to be adapted for each new application, while the same sgRNA targeting
the crtMN sequence can be consistently reused, greatly simplifying the workflow. Moreover, the
single-plasmid-based CRISPR-Cas9 system established in Paper 3 offers clear benefits over dual-
plasmid approaches, including reduced transformation and vector construction complexity.
Although HDR efficiency is influenced by the length of the homologous arms (Tian et al., 2022),
our findings confirm that the 530-bp of flanking sequences are sufficient to support efficient
multicopy integration. Moreover, we observed that the natural NHEJ system present in B.
subtilis is too weak to repair DSBs, which is in accordance with previous reports (Toymentseva
& Altenbuchner, 2019). Despite a reduction in editing efficiency for multiple insertions, the
colorimetric screening strategy developed in this thesis provides a powerful, cost-effective, and
user-friendly solution to bypass these limitations. The distinct loss of yellow pigmentation upon
successful editing enables rapid and reliable identification of positive clones, accelerating strain

development workflows.

Remarkably, this system enabled the construction of B. subtilis strains expressing secreted a-
amylase from multiple chromosomal loci in just seven days, demonstrating its speed and
efficiency. The system’s broad applicability was further validated through promoter swapping,
allowing customized control of gene expression. Importantly, both the CRISPR-Cas9 plasmid and

the engineered crtMN-tagged B. subtilis KO7-S strains are publicly available and free from
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intellectual property restrictions, promoting open-access adoption. Combined with the KO7-S
host’s favorable industrial traits (lack of extracellular proteases and non-sporulating phenotype),
this toolbox provides a robust and scalable platform for developing high-performance protein

secretion strains tailored for biotechnological applications.

Although carotenoid production was not an initial focus of this thesis, the robust yellow
pigmentation observed in the engineered B. subtilis strains from Paper 3 sparked further
investigation into their potential for carotenoid biosynthesis. This distinct and stable phenotype
not only confirmed the functionality and reliability of the colorimetric screening system but also
highlighted B. subtilis as a promising chassis for the sustained and efficient production of
carotenoids. The unexpected strength and consistency of pigment expression underscored the
strain’s compatibility with heterologous isoprenoid pathways, thus revealing an untapped
potential for metabolic engineering. Based on this observation, Paper 4 pivoted toward
developing B. subtilis as a cell factory for Cso-carotenoid biosynthesis, laying the groundwork for
expanding its role beyond protein secretion into the production of high-value pigments and

other terpenoid-derived compounds.

Given the rising demand for sustainable carotenoids due to their antioxidant properties and high
industrial value (Siziya et al., 2022), Paper 4 addressed key limitations in this microbial
production system by focusing on gene dosage optimization, metabolic flux redirection, and
regulatory compatibility. While B. subtilis naturally synthesizes farnesyl pyrophosphate (FPP), a
central precursor in carotenoid biosynthesis, it does not natively produce Cso carotenoids. These
compounds are typically synthesized by bacteria such as Staphylococcus aureus through the
crtM and crtN genes, which encode enzymes converting FPP into 4,4'-diaponeurosporene and
subsequently into 4,4'-diapolycopene, the characteristic yellow Cso carotenoids (Yoshida et al.,
2009). To reconstitute this pathway in B. subtilis, up to three chromosomal copies of crtMN were
integrated at the spoVG, aprE, and amyE loci, under the control of the strong native spoVG
promoter as established in Paper 3. This scarless, multi-copy chromosomal integration strategy
not only circumvented the instability and metabolic burden of plasmid-based expression
systems, but also effectively resolved gene dosage limitations. Remarkably, the resulting strain
achieved carotenoid titers comparable to those obtained with a medium-copy-number plasmid
(pBSOEXYIRP from Popp et al., 2017, ~15-25 copies per cell), demonstrating that stable
chromosomal expression can rival plasmid-based production yields. To further boost precursor
availability, the fpps gene from Bacillus megaterium, encoding farnesyl diphosphate synthase
(Hartz et al., 2018), was genomically integrated, enhancing FPP synthesis. In parallel, deletion of

yisP, a gene diverting FPP toward farnesol lipid biosynthesis (Feng et al., 2014), redirected
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metabolic flux toward carotenoid production. Together, these interventions led to a 6-fold

increase in carotenoid yield compared to a strain harboring a single crtMN copy.

Overall, Chapter 3 showcases a streamlined and modular CRISPR-Cas9 platform for multiplex
genome editing in B. subtilis, combining precise multi-locus insertion with a robust colorimetric
screening method based on the crtMN operon. Beyond its primary utility in genome engineering,
this study demonstrates the broader applicability of crtMN as both a selectable marker and a
functional biosynthetic module. These findings highlight B. subtilis as a versatile chassis for the
stable and efficient production of industrially relevant Cs;o carotenoids, expanding its

biotechnological potential beyond protein secretion.

Ultimately, this thesis provides a blueprint for accelerating the construction of high-
performance B. subtilis strains and broadens the biotechnological scope of this GRAS/QPS
organism beyond its traditional roles, paving the way toward its use in next-generation
biofactories for sustainable bioproduction. Collectively, by combining advanced enzyme
discovery with scalable, precise microbial engineering tools, this thesis lays the groundwork for

more efficient, sustainable, and innovative solutions in industrial biotechnology.

Looking ahead, the tools and strategies established in this thesis provide a foundation for

multiple avenues of future research and potential applications:

- The discovery and characterization of StachCel5 exemplify the untapped potential of
underexplored microbial genomes for industrial enzyme development. While its efficacy in
pulp refining has been demonstrated in this thesis, its favorable properties point to broader
applications in biomass valorization processes, including biofuel production, textile
treatment, agricultural waste conversion, and nanocellulose production. Moreover,
StachCel5 represents a strong candidate for further protein engineering, particularly with
the advent of Al-driven design tools (Singh et al., 2025; Wang et al., 2025), which could be
employed to improve its thermostability, catalytic efficiency, or substrate specificity to
better align with industrial demands.

- On the microbial engineering front, the stepwise genome editing strategy applied to
construct high-producing B. subtilis strains offers a modular, plasmid-free, and
environmentally friendly alternative to traditional approaches. To further enhance strain
productivity, this framework could be integrated with transcriptomic analyses and ribosome
profiling to identify rate-limiting steps in protein synthesis and secretion (Wang et al., 2024).

In parallel, CRISPR interference (CRISPRi) represents a powerful high-throughput tool for
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systematically screening genes that indirectly influence protein production, thereby
uncovering novel targets for strain optimization (Zhang et al., 2024).

The multilocus genome editing system developed in this thesis may serve as the bedrock for
future refinements. One promising direction involves the use of Cas nickase to promote HDR
via single-strand breaks, thereby enhancing editing efficiency while reducing cytotoxicity.
Coupled with strategies that inhibit nick re-ligation and employ heterologous recombination
systems, editing efficiency could be further improved (Liu et al., 2019; Wu et al., 2020).
Moreover, boosting the natural competence of B. subtilis through overexpression of the
competence regulators comK and comS may increase transformation efficiency and co-
editing success (Deng et al., 2021). The visual screening platform could likewise be refined
by incorporating shorter chromogenic or fluorescent markers, streamlining high-throughput

editing workflows as recently demonstrated in this strain (Caro-Astorga et al., 2025).
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6. Conclusions

A novel GH5 endo-B-1,4-glucanase (StachCel5) is identified from Stachybotrys
chartarum through genome mining and bioinformatic analysis, demonstrating the
effectiveness of in silico discovery strategies for industrial enzymes from underexplored
fungi.

Heterologous expression in Komagataella phaffii enables efficient secretion and
production of active StachCel5, validating this yeast as a robust host for fungal enzyme
expression.

Structural analysis reveals that StachCel5 follows a retaining catalytic mechanism, with
conserved glutamate residues (Glu??® and Glu3*®) embedded in a TIM-barrel fold typical
of GH5 endoglucanases.

StachCel5 exhibits high specific activity on carboxymethyl cellulose, broad pH stability
(4-9), and notable thermostability at 50 °C, supporting its suitability for industrial
conditions.

The enzyme shows strict specificity for B-1,4-glucan linkages, with no activity on xylan,
laminarin, starch, crystalline cellulose, or synthetic analogs, confirming its potential as a
precise tool for targeted cellulose modification.

StachCel5 shows resistance to inhibition by most metal ions and common reagents such
as EDTA and B-mercaptoethanol, while being completely inhibited by SDS, consistent
with related GH5 enzymes.

Kinetic characterization (Km = 9.77 mg/mL, Vimax = 898.4 U/mg, Keat = 635.7 57, Keot/Kim =
65.4 mL/s/mg) places StachCel5 among the top-performing fungal GH5 endoglucanase
reported to date, combining high turnover rates with favorable substrate affinity.

In refining trials, StachCel5 improved pulp fibrillation and inter-fiber bonding in
softwood pulp, reduced mechanical energy input, and enhanced paper tensile and burst
strength while preserving fiber integrity, thus highlighting strong biorefining potential.
A stepwise CRISPR-Cas9 genome engineering framework has been established to
construct stable, high-expression, and marker-free Bacillus subtilis strains for industrial
enzyme production.

Among tested configurations, the dual promoter Pomyq-Pcysa has yielded the highest

expression in B. subtilis.

173



Conclusions

Iterative chromosomal integration of up to six copies of the amyQ gene has resulted in
a 20.9-fold increase in a-amylase production, with expression plateauing beyond five
copies.

Analysis of rate-limiting steps has identified secretion bottlenecks, including limited
PrsA chaperone availability and signal peptide accumulation, providing clear targets for
further strain development.

The Tat secretion pathway is incompatible with AmyQ export under the tested
conditions.

The final engineered B. subtilis strain, BSQ6_11, has achieved a final 58-fold increase in
AmyQ production in a 3L bioreactor, demonstrating the industrial potential of the
CRISPR-Cas9 strain engineering approach.

A single-plasmid CRISPR-Cas9 system for B. subtilis has been developed to enable
simultaneous multilocus integration of up to three gene copies in a single step, coupled
with a novel crtMN-based colorimetric selection system that allows rapid visual
screening of edited clones without PCR.

Single and double gene insertions have shown high editing efficiencies (>90% and ~69%,
respectively), while triple insertions have remained feasible though less efficient (~5%).
Editing efficiency has been inversely correlated with the size of the editing template,
highlighting the need for optimization in large-fragment genome integration.
Homology arms of 530-bp have proven sufficient for high-efficiency homologous
recombination in multiplex editing applications.

The CRISPR-Cas9 platform has been validated through successful, accurate multi-locus
integration of amyQ, enabling rapid development of stable, high-expression strains.
Beyond genome editing, the crtMN pigmentation system has been repurposed for
stable chromosomal production of Cso carotenoids, achieving titers comparable to
medium-copy plasmid systems.

Integration of fpps and deletion of the competing yisP gene have enhanced precursor
flux and led to a final 6-fold increase in carotenoid production, showcasing the

engineered strain’s value for metabolic engineering.
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