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GENERAL INTRODUCTION

A SHORT HISTORY OF MICROORGANISMS AS CELL FACTORIES

In the late 18th century, Antonie van Leeuwenhoek made his famous microscopic ob-
servations of “animalcules” (“little animals”), which we now know as bacteria. In the century
after that, Louis Pasteur made his ground-breaking discoveries on the spoilage of wine and
milk, revealing that bacterial activity was the cause of this phenomenon. He also postulated
that if bacteria could spoil wine and milk from the air, they also might be the cause of human
disease. This theory was confirmed in the late 19th century by Robert Koch, who showed
that Bacillus anthracis was the direct causative agent of anthrax. He was also the first one
to establish methods to grow pure bacterial cultures in the laboratory as we do nowadays.
Although micro-organisms such as bacteria and yeast had been used already for centuries
in basic biotechnological processes such as those for making bread, wine, beer and sake,
it was only after the discovery of bacteria as organisms and fermentation as a process that
people consciously started to exploit bacteria (as well as other microbes such as yeast and
fungi) as cell factories. In the late 19th century, beer brewers started to use pure yeast cul-
tures in order to make their process more reliable and the taste of their beer more constant.
During World War |, also other fermentation products started to be used as replacements for
products for which a shortage occurred, such as acetone as solvent for the explosive cor-
dite and lactic acid as hydraulic fluid — both products were made by bacterial fermentation
and it was around this time that the word ‘biotechnology’ was coined for these processes,
in which raw material was converted to valuable products by biological systems. From this
time onwards, the field of biotechnology in general, and microbial biotechnology in particu-
lar, has been ever-expanding and more and more useful products made by microbes were
discovered. Biotechnology took an even larger flight after the discovery of the structure of
DNA by Watson and Crick in 1953 (Watson & Crick, 1953) and the subsequent discovery of
a technique to transfer DNA from one bacterium to another and from eukaryotes to bacteria
in the 1970’s (Cohen & Chang, 1973; Morrow et al., 1974). The ability to modify the genome
and with that the production capacities of the host organism, created a whole new range
of possibilities to develop microorganisms into efficient cell factories for the production of
valuable compounds such as medicines, food, chemicals and fuels.

THE BIOREFINERY

Whereas in a traditional oil refinery valuable products are made from raw fossil materi-
als (oil), in a biorefinery valuable compounds are produced from raw renewable materials
(biomass) by microbial fermentation (Figure 1). Like in a traditional refinery, in a biorefinery
a wide range of products can be made in different, integrated streams of the refinery, in



which waste products of one production stream can be used as substrate or input of another
stream. Also comparable to a traditional refinery, the products in a biorefinery can range
from fuels that can be directly used, to so-called building block chemicals that can be used
in further processes such as polymerization to create for example bio-plastics. Examples
of such building blocks are lactic acid and succinic acid, which can be used as a basis for
generating polymers such as plastics, nylons, solvents, pharmaceuticals, cosmetics and
food ingredients such as preservatives (Bozell & Petersen, 2010). A major advantage of
using microbial conversion of biomass instead of chemical conversion is the optical purity
that can generally be achieved via microbial metabolism. Examples of products that can
only be produced as racemic mixtures via chemical synthesis, but rather in their pure opti-
cal forms by microbes are 2,3-butanediol (2,3-BDO), malate and lactate. To create uniform
polymers of these molecules, optically pure building blocks are required (Nair & Laurencin,
2007). Whereas this requires an extra purification step when produced chemically, they
can be purified relatively easily when produced by microbes containing only one of the
stereo-selective enzymes.

With the growing global demand for fuels and chemicals and because of the environ-
mental impact of the use of fossil resources, the production of fuels and chemicals from
renewable resources in a biorefinery is generally considered to be an attractive green alter-
native. The initial focus of the green industry was mainly on bio-fuels (mainly bio-ethanol),
but green chemicals are gaining attention. In 2013, the global market size for alcohols was
110 billion USD and is expected to grow with 4.4% until 2020, whereas the market for orga-
nic acids and polymers was 3.5 billion USD and 0.6 billion USD, respectively, with expected
respective growths of 8.8% and 13.5% until 2020 (Deloitte, 2014). One of the major con-
cerns with the biological processes is that often food resources such as corn or sugar beet
are used as raw material, potentially creating competition between fuels and chemicals and
the human food chain. Therefore, current research focuses on the development of ‘second
generation’ bio-fuels and chemicals, which are derived from non-food biomass such as
non-edible parts of crops, agricultural, forestry and household waste. This is challenging as
the pure sugars used in first generation biorefineries can be easily utilized by the microorga-
nisms that are currently used as production hosts, whereas the second generation biomass
consists of lignocellulose. Lignocellulose consists of tightly packed sugar chains containing
different types of sugars, which is harder to utilize and requires both additional pre-treat-
ment to make these substrates accessible to enzymatic hydrolysis as well as the addition of
hydrolytic enzymes to generate fermentable sugars. ‘Third generation’ alternatives such as
syngas fermentation and photosynthetic processes are also considered but these are very
recently emerged strategies that require time to be developed (Sheldon, 2011).

In order to make the second generation large scale biorefineries (Figure 1) economically
and ethically feasible, the production costs need to be reduced and non-food substrates
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need to be used. There are ample possibilities to achieve cost reduction in each step of
12 the biorefinery such as using cheaper substrates; optimizing pre-treatment; reducing en-
zyme load; reducing operational costs such as required tanks, cooling and contamination
costs; optimizing the microorganisms to produce more of the compound of interest and less
by-products; and optimizing down-stream processing. For example, different operation mo-
des using separated or simultaneous saccharification of the biomass by hydrolytic enzymes
and fermentation by the microbes are possible (Figure 1). This will be further explained in
Chapter 2. To shift from food to non-food resources, either the current organisms can be
engineered, or different organisms can be used that are either naturally capable to degra-
de this type of biomass or can do so in a cheaper way together with hydrolytic enzymes.
This thesis describes the development of a thermophilic novel potential platform organism.
Chapter 2 will elaborate further on how the use of a thermophilic organism can aid in achie-
ving cost reduction and what the challenges are in the development of these novel produc-

tion organisms.

Biomass is
shredded and
pretreated
to make
lignocellulose
accessible to
EnIymes

9 Down-stream

processing: products
are separated and
purified.

Biomass is
harvested and
deliverad to

biarefinery
Enzymes break down Microbes ferment
lignocellulose chains sugars into products.
into sugars. |

Step 3 & 4 simultanecusly =
Simultaneous Saccharification and Fermentation (55F)
Step 3:enzymes not added but produced by microbes =
Consolidated BloProcessing (CBP)

Figure 1. The biorefinery. Different modes of separate or simultaneous saccharification and fermentation
are depicted with step 3 and 4. Figure adapted from U.S. Department of Energy Genome Programs: http://
genomics.energy.gov.



CRITERIA FOR AN IDEAL PRODUCTION ORGANISM

For many products, there are natural producers that are very efficient in producing that
specific compound, but these organisms often have drawbacks such as high nutrient or
oxygen requirements, as will be further discussed in Chapter 2. Furthermore, using a speci-
fic organism for a specific product requires different cultivation conditions for each organism
and each product, which is very inconvenient as the process needs to be optimized for each
organism. When a single platform organism is used that can be engineered to make diffe-
rent products, culture conditions will be rather constant and experience in culturing the or-
ganism can be more widely applied. There are many non-natural products with high market
values that can only be produced by engineered organisms (Ro et al., 2006), creating the
absolute requirement for genetic accessibility and a platform organism. For the production
of green chemicals and fuels in a biorefinery, ideally one such organism is used. The choi-
ce of organism has a large influence on the production costs and therefore, the organism
should be as ideal as possible. A list of characteristics of such a platform organism would
look as follows:

1. Genetically accessible
 To obtain maximum yields and high titres in order to maximize profit, minimize waste

streams and cheapen downstream processing costs.

2. High productivity, titre and yield.

» This most likely has to be engineered, stressing the importance of point 1.

« For a high productivity, a fast metabolism is required.

» To obtain high productivity, titre and yield, also tolerance against high product and
substrate concentrations is important.

3. Flexible in substrate: capable of utilizing a wide range of carbon sources (either raw
lignocellulose or in an efficient SSF process), as well as flexibility in this due to for
example seasonal changes in biomass composition.

4. Robust against contamination and infection (meaning that fast growth or highly
specific conditions are advantageous, as well as phage-resistance) as well as against
fluctuations in pH, temperature and gas supply (see also points 4, 5 and 6).

5.  Thermophilic
» Lowers contamination risks and no need for expensive sterilisation.

* Many thermophiles have a large growth temperature range, which provides
robustness against temperature fluctuations.

* Reduces cooling costs.

* Increases product and substrate solubility.

» Enables direct product removal as a cheap downstream processing of volatiles
produced above their evaporation temperature.

-
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* In the case of the desire to use an efficient simultaneous saccharification and
fermentation (SSF) process it should be a moderate thermophile rather than
a hyperthermophile, as commercially available hydrolytic enzymes also have
their optimum at these temperatures (50-60°C). Also, at extremely thermophilic
temperatures caramelization and Maillard reactions might become problematic,
making a moderate thermophile preferred.

6. In case of organic acid production: capable of low-pH growth and production (acid-
resistant)

* In case the pH is well below the product’s pKa, produced organic acids can be
directly recovered in the acid form, decreasing downstream processing costs and
waste streams from base addition.

» Lowers contamination risks and no need for expensive sterilisation.

» Generally provides robustness against pH fluctuations.

7. Facultatively anaerobic

» Compared to aerobic organisms: reduces or eliminates aeration costs. In case of
aerated processes, provides more robustness against fluctuations in oxygen supply.

» Compared to anaerobic organisms: easier to handle, no need for specific anaerobic
cultivation facilities or special (reducing) treatment of the media and no inhibition of
SSF-enzymes by reduced medium conditions (Podkaminer et al., 2012).

8. Simple and cheap nutritional requirements

* Reduces medium costs

It is questionable whether a culturable organism exists that has all the above features.
Especially the combination between high temperature and organic acid resistance at low
pH is very rare. Also, many organisms are capable of growth at low pH but they are not able
to produce high titres of organic acids when the pH is below the product’'s pKa value, as
they are not capable of maintaining normal cellular pH under these conditions (Cotter & Hill,
2003). The currently most used platform organisms are E. coli and S. cerevisiae. Although
remarkable results have been achieved with these organisms, they still have drawbacks
such as limited substrate-utilizing capacities, their mesophilic nature and oxygen require-
ments. Especially the use of a thermophilic organism could further reduce the costs of the
process compared to mesophiles, as will be discussed in more detail in Chapter 2.

THE METABOLICALLY VERSATILE FAMILY OF BACILLACEAE

The main focus of this thesis are thermophilic bacilli, belonging to the family Bacillaceae,
which is part of the phylum Firmicutes, the class Bacilli and the order Bacillales (Figure
2). Altogether, facultatively thermophilic bacilli offer many advantages of the points listed
above: they have the advantages listed for thermophiles and facultative anaerobes, are



known to degrade a wide range of carbon sources; they are robust against culture condition
fluctuations as many of them have a wide temperature and pH growth range; and many of
them are able to grow on minimal or relatively simple and cheap media, especially when
compared to for example LAB. More detail and various examples of thermophilic bacilli
currently used for green chemical production will be provided in Chapter 2.

The Bacillaceae family contains a very diverse collection of organisms, ranging from the
Gram positive model organism Bacillus subtilis to pathogens such as B. anthracis, probiotic
species such as Bacillus coagulans and compost-degrading thermophiles such as Geo-
bacillus caldoxylosilyticus. The Bacillaceae are very diverse in habitat, ranging from the
intestinal tract to soil, compost and hot springs, and the family contains both mesophilic and
strictly thermophilic organisms, as well as ‘facultatively thermophilic’ organisms that grow at
mesophilic as well as moderately thermophilic temperatures. Examples of species belon-

100 | Geobacillus kaustophilus BGSC 90A1T X60618.1
Geobacillus thermoleovorans BGSC 96A1T Z26823.1

Geobacillus stearothermophilus DEM 22T FIN428694.1
Geobacillus thermodenitrificans DEM 465T NR 043021.1
Geobacillus caldoxylolyticus DSM 12041T NR 02587081
Geobacillus thermoglucosidans DSM 2342T NE. 043022.1
95 L Geobacillus toebii BGSC 99A1T FN428690.2
Anoxybacillus flavithermus subsp. flavithermus DSM 2641T Z26932.1

Aeribacillus pallidus DSM 3670T NR 026515.1

Bacillus halodurans ATCC 27357T AJ302708.1

Bacillus smithii DSM 4216T NR 036987.1

74 Bacillus thermocopriae SgZ7T NE. 109664.1
Bacillus coagulans DSM 1T NE. 113727.1
Bacillus cereus ATCC 14579T AE016877.1
78 Bacillus subtilis subsp. subtilis 168T X60646.1
4100,;@11145 ticheniformis DSM 13T CP000002.3
Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842T CE834233.1
0 Lactobacillus plantarmum subsp. plantarum ATCC 14917T AJ265482.1
E{ rLactococcus lactis subsp. cremoris ATCC 192537T AB100802.1

100 L Lactococeus lactis subsp. lactis ATCC 19435T AB100803.1
Clostridium thermocellum DSM 1313T NC 009012.1

40

00 Caldicellulosiruptor bescii DSM 6723T CP001393.1

20 Thermoanaerobacterium saccharolyticum DSM 7060T L09169.1
o5 Thermoanaerobacter ethanolicus TW-200T L09162.1

0.02

Figure 2. Phylogenetic tree based on 16S rRNA gene sequences. The tree shows the position of se-
veral Bacillus type strains, as well as several other industrially important Firmicutes, especially thermophilic
Clostridia type strains and Lactic Acid Bacterium type strains. The sequences were aligned with Mega6
software using Clustal, after which the Neighbour Joining method was used to create the phylogram and
bootstrap analysis was performed using 1000 replicate analyses. GenBank accession numbers are indi-
cated behind the strain names.
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ging to the latter group are B. coagulans, Bacillus licheniformis and Bacillus smithii (Naka-
mura et al., 1988; O’'Donnell et al., 1980). Remarkably, many of the strict thermophiles such
as Geobacillus thermoglucosidans, Geobacillus toebii and G. caldoxylosilyticus are found
in warm environments such as self-heating compost heaps and hot springs, as well as in
temperate or even cold environments such as soil or sea water. This wide range of habitats
might be caused by the wide-spread ability of bacilli to sporulate: as their spores are able to
survive extremely harsh conditions, it is likely that DNA of many different bacilli species can
be found in many different environments (Zeigler, 2014). In industrial applications, sporula-
tion is often undesirable as it is a possible way for genetically modified organisms (GMOs)
to survive outside the contained factory environment. On the other hand, for many probiotic
applications with wild-type, safe organisms, sporulation is very useful as it allows the cells
to pass the low-pH stomach and reach the intestinal tract.

Besides in temperature, the family Bacillaceae is also highly diverse in metabolism and
physiology. Differences in secondary metabolism causes species such as B. anthracis and
some Bacillus cereus strains to be pathogenic, and several others to be very good produ-
cers of anti-bacterial compounds (bacteriocins) (Abriouel et al., 2011). Whereas some spe-
cies are strictly aerobic such as Geobacillus kaustophilus, many are facultative anaerobes
capable of growth under microaerobic conditions (Hussein et al., 2015). There are no strictly
anaerobic Bacillaceae; the related class of Clostridia contains the strict anaerobes within
the phylum Firmicutes.

As described in Chapter 2 and 3, most currently used organisms are not well capable of
utilizing lignocellulose or all lignocellulose-derived sugars and these should be engineered
to do so. This is achieved by inserting either hydrolytic enzymes for direct biomass degra-
dation, or by inserting genes to degrade certain sugars, mainly C5 sugars, so all compo-
nents of lignocellulose can be degraded in cooperation with externally added hydrolytic
enzymes in an SSF process. Organisms naturally capable of degrading lignocellulose or
lignocellulose-derived sugars are generally more efficient at doing this than engineered
microbes. An extensive discussion of the enzyme systems and capabilities of different or-
ganisms has been reviewed in (Blumer-Schuette et al., 2013). Especially fungi are very
good raw biomass degraders, but many of them are not genetically accessible or hard to
culture due to mycelia. Therefore, they are mainly used as a source for enzymes. Within
the Firmicutes, the anaerobic clostridia are the best raw biomass degraders with species
of Clostridium,. Thermoanaerobacter(ium) and Caldicellulosiruptor. Many of these species
are either only cellulolytic or hemicellulolytic and are used in co-cultures of either wild-type
(Svetlitchnyi et al., 2013; Wongwilaiwalin et al., 2010) or engineered (Argyros et al., 2011)
strains. Within the bacilli, several Geobacilli are hemicellulolytic and no reports exist on
truly cellulolytic species, although some cellulolytic enzymes are encoded in the genome
(Brumm et al., 2015; De Maayer et al., 2014; Hussein et al., 2015). However, a very common



feature of Firmicutes is the ability to utilize a wide range of carbon sources including C5 and
06 sugars. Especially in the thermophilic species this creates the ideal organism for green
chemical production in an SSF setting. In this thesis, the focus is not on organisms contai-
ning hydrolytic enzyme systems but rather on those capable of utilizing both the C_ and C_
fraction from biomass in an efficient SSF process. In Chapter 3 of this thesis, several diffe-
rent species belonging to the genera Aeribacillus, Anoxybacillus, Bacillus, Caldibacillus and
Geobacillus will be described, after which the rest of the thesis will focus on Bacillus smithii.

N
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THESIS OUTLINE

As introduced briefly above in Chapter 1, the use of microbes for the production of
chemicals and fuels has a long history, but becomes increasingly relevant nowadays as
an alternative for the large-scale production of fuels and chemicals. This thesis describes
the development of a novel thermophilic platform organism for the production of green
chemicals starting from its isolation, characterization and genome sequencing, to the deve-
lopment of genetic tools and subsequent transcriptomics and metabolomics studies of the
mutant strains.

Chapter 2 provides an introduction to green chemicals and their production in a bio-
refinery via microbial fermentation. The impact of different production systems, substrates
and organisms is discussed and extremophiles are introduced as production hosts. Whe-
reas extremophiles have a long tradition as a source of enzymes, their application as cell
factories for the production of green fuels and chemicals has emerged only recently. This
Chapter provides an overview of thermophiles currently used for green chemical producti-
on, discussing the advantages and challenges when using these organisms. As one of the
major challenges is the development of genetic tools for thermophilic platform organism,
this Chapter also provides an overview of currently available transformation, integration and
counter-selection tools for the construction of gene deletions in these organisms. As an
extension of this, the diversity and understanding of the metabolism of thermophiles, as well
as further options for optimization of their genetic toolkit is further discussed in Chapter 7.

Chapter 3 describes the isolation and screening of facultatively anaerobic, thermophilic
bacilli from compost in order to select a potential new thermophilic platform organism for
green chemical production. The isolate with most potential for this was selected based on
sugar utilization, organic acid production and genetic accessibility. The isolate meeting all
selection criteria was B. smithii ET 138, for which further characterization is described in
the form of fermentation on C_and C_ carbon sources and using different pH-values. In this
Chapter, genetic accessibility is also described for two other strains of B. smithii, among
which type strain DSM 4216". For both the isolate and the type strain, the optimization of the
electroporation protocol is described. This is the first report of B. smithii being genetically
accessible.

To identify metabolic potential and to perform metabolic engineering, the genomes of B.
smithii strains DSM 4216" and ET 138 were sequenced. Chapter 4 describes the full ge-
nome sequence of B. smithii DSM 4216". After standard annotation via the RAST pipeline,
several pathways commonly present in bacilli could not be found in the B. smithii genome.
A second analysis based on protein domains was performed in an attempt to identify these
pathways. In this Chapter, the differences in the genome between B. smithii and related
organisms are discussed.



The further development of B. smithii into a platform organism is described by the esta-
blishment of genetic tools in Chapter 5. As L-lactate is the main product of the species under
micro-aerobic conditions, a clean gene deletion system was developed via which the /dhL
gene was deleted from both B. smithii strain ET 138 and strain DSM 4216". The removal
of this gene required a laborious screening procedure and therefore, a counter-selection
system was developed based on the toxicity of high X-gal concentration in the presence of
a lacZ gene. Using this system, the genes encoding sporulation-specific sigma factor sigF
and pyruvate dehydrogenase subunit E1-a pdhA were consecutively removed from ET 138
AldhL. In this Chapter, also an initial characterization of the mutant strains is discussed,
showing the elimination of L-lactate production and a strong decrease in anaerobic growth
and production capacities after IdhL removal, a sporulation-deficient phenotype after sigF
deletion and elimination of acetate production and creation of acetate auxotrophy after
pdhA deletion.

In Chapter 6, the characterization of the mutant strains is extended to transcriptomics,
metabolomics, enzyme assays and overexpression of potential NAD"-regenerating rescue
pathways. When comparing the /dhL and ldhL-sigF mutants to the wild-type, transcriptomi-
cs and metabolomics data suggested a bottleneck in glycolysis at the NADH-generating
glyceraldehyde-3-phosphate dehydrogenase step. Also, a cycle around pyruvate was ob-
served via pyruvate dehydrogenase and a strongly overexpressed glyoxylate shunt. When
heterologously overexpressing NAD"-generating p-lactate dehydrogenase, the anaerobic
growth and production capacities of the IdhL-mutant could largely be restored. However,
when the native pyruvate carboxylase and NAD"-generating malate dehydrogenase were
overexpressed in an attempt to direct metabolism towards dicarboxylic acid production,
hardly any effect was observed. Subsequent enzyme assays show an increased activity of
malic enzyme, re-creating the cycle around pyruvate observed earlier in the transcriptomics
data without overexpressions. Altogether, this Chapter provides insight into the metabolism
of B. smithii and indicates directions for further engineering steps.

Chapter 7 summarizes the work described in this thesis, places the research in a broa-
der context and provides an overview of future challenges and possibilities for the use and
study of thermophilic bacilli in general and B. smithii in particular. Some of the differences
in metabolism between B. smithii and other bacteria as well as the diversity of metabolism
found in thermophiles as described in several chapters of this thesis will be further discus-
sed. Also, further engineering steps to redirect metabolism towards succinate in B. smithii
are discussed based on the results described in Chapter 6, as well as requirements for
improving the genetic toolbox described in Chapter 5 in order to be able to perform this

engineering.
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CHAPTER 2

SUSTAINABLE PRODUCTION OF BIO-BASED CHEMICALS BY
EXTREMOPHILES

This chapter has been published as:
Bosma, E.F., van der Oost, J., de Vos, W.M., van Kranenburg, R. 2013. Sustainable
production of bio-based chemicals by extremophiles. Current Biotechnology, 2(4), 360-379.
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ABSTRACT

To improve microbial fermentation as an efficient way to sustainably produce green
chemicals from renewable resources, novel production organisms are being explored. Ex-
tremophiles in general, and moderate thermophiles in particular, offer important advantages
over well-known mesophilic biotechnology hosts, such as Escherichia coli and Saccharomy-
ces cerevisiae. These advantages include robust performance at temperatures that allow
high substrate and product solubility, decreased contamination risk and growth conditions
that match with the optimal conditions for enzymes used in saccharification processes, allo-
wing efficient simultaneous saccharification and fermentation. In this review we will evaluate
the use of extremophiles for the production of bio-based chemicals, with the main focus on
the potential of these organisms for efficient production of bulk products such as platform
chemicals. Examples include the application of thermophilic Bacillus and Clostridium spe-
cies for organic acid production. Furthermore, we will discuss the development of genetic
tools for biotechnologically-relevant extremophiles, as this is crucial for optimizing their spe-
cific production capacities, as well as for developing them as industrial platform organisms.

KEYWORDS

Biorefinery, Building block chemicals, Extremophiles, Genetic tool development, Green
chemicals, Halophiles, Metabolic engineering, Sustainability, Thermophiles



INTRODUCTION

Nowadays, the vast majority of fuels and chemicals are derived from fossil resources.
However, there is a trend to focus on a future where energy and fuels are expected to be
supplied by several sustainable sources such as sunlight, water, wind and biomass (FitzPa-
trick et al., 2010). For the production of chemicals, however, the alternatives for petroche-
mical resources are rather limited. Whereas autotrophic systems are being considered for
the long term, the near future will most likely see lignocellulosic biomass as a resource for
the production of chemicals as a feasible alternative to petrochemicals (Lan & Liao, 2013;
Oliver et al., 2013; Sheldon, 2011). Biomass can offer a sustainable and reliable alternative
to petrochemicals since it is renewable, regionally available, reduces the carbon footprint of
chemicals and fuels, and it can contribute to a more stable and profitable agricultural eco-
nomy (Sheldon, 2011). Moreover, the production of chemicals from biomass is economically
interesting since it has an extremely large added value compared to energy production,
while it demands only a fraction of the resources (FitzPatrick et al., 2010). It has been es-
timated that in the United States, only 3% of the fossil resources are currently used for the
production of chemicals, against 97% for energy usage. However, the added value of this
3% chemicals is $375 billion, against $520 billion for the remaining 97% directed at energy
usage (FitzPatrick et al., 2010).

A wide range of green building block chemicals can be produced from biomass by mi-
crobial fermentation. Building block chemicals are simple, versatile compounds that serve
as a basis for many different bulk chemicals such as plastics or nylons. Examples of bio-ba-
sed building blocks are organic acids such as lactic acid and succinic acid. A shortlist of the
most valuable green building block chemicals was made in 2004 by the US Department of
Energy (Werpy et al., 2004) and updated in 2010 (Bozell & Petersen, 2010). All chemicals
on the DOE-list have the potential to directly replace current oil-based products. Several
bio-based chemicals such as lactic acid have a long tradition of sustainable production by
industrial biotechnology, but in order to offer a large-scale alternative to petrochemicals they
need to become more cost-competitive and switch from food to non-food substrates. Part
of the process efficiency and costs are determined by the choice of the organism used for
fermentative conversion of biomass to products. In this regard, a highly interesting and use-
ful group of organisms are the extremophiles. Extremophiles have already been used for a
long time in applications such as bioremediation and detoxification and especially as a sour-
ce of enzymes that are stable under harsh conditions, so-called ‘extremozymes’ (Kumar et
al., 2011; Morozkina et al., 2010). The use of extremophiles as whole-cell biocatalysts is a
relatively new field and initially focussed mainly on fuel production, which has recently been
reviewed elsewhere (Chang & Yao, 2011; Taylor et al., 2009). Since a few years, extremop-
hiles, and especially thermophiles, have also been developed for the industrial production

N
w

CH 2. EXTREMOPHILES FOR GREEN CHEMICALS



24

of chemicals in a biorefinery approach. The biorefinery concept is similar to that of an oil
refinery, but based on renewable biomass instead of fossil resources. The biomass can be
converted to chemicals and fuels via combinations of microbial fermentation and chemical
processing in which several production processes can be integrated to minimize waste and
optimize revenues (Wellisch et al., 2010). In this review, we will discuss the development of
the use of extremophiles for the cost-efficient, sustainable production of bio-based chemi-
cals in a biorefinery.

EXTREMOPHILES IN A BIOREFINERY CONCEPT

In a biorefinery, chemicals and fuels are produced by micro-organisms that ferment
pre-treated biomass into one or more products, which are then separated and purified in
downstream processing. In current first generation bio-based processes, mostly purified
sugars from edible biomass (such as corn, tapioca, sugar cane, and sugar beet) are used
as substrate since they yield readily fermentable sugars (glucose and sucrose). However, in
order to make bio-based processes more sustainable, substrates should not interfere with
the food and feed chain. Thus, ideally the substrate is derived either from cheap, non-food
biomass such as corn stover, sugar cane bagasse or wheat straw (Kim & Dale, 2004), or
from non-edible energy crops such as switchgrass or miscanthus (Robbins et al., 2012).
These substrates form the basis of the second generation bio-based processes that do
not compete with food supply. These non-food substrates consist mainly of lignocellulo-
se, which is made up of cellulose, hemicellulose and lignin. Cellulose consists of glucose
polymers, whereas hemicellulose consists of a mixture of pentoses and hexoses, mainly
xylose, glucose, arabinose, galactose and mannose. Lignin consists of polyphenolic rings
that cannot be degraded by most bacteria and is often even inhibitory to the microbial fer-
mentation process as it may generate toxic phenolics during pre-treatment of the biomass.
Pre-treatment of lignocellulosic material is required to make the cellulose and hemicellulose
accessible for saccharolytic enzymes. The method of pre-treatment has a large influence
on the digestibility of the biomass and different types of biomass require different types of
pre-treatment (Leu & Zhu, 2013). Pre-treatment methods can involve physical treatment
such as milling and irradiation (Peng et al., 2013), chemical treatment such as lime-tre-
atment (Chang et al., 1998), or a combination of physical and chemical methods such as
alkaline treatment with steam explosion (Playne, 1984). An extensive description of pre-tre-
atment methods and the effects of these on biomass composition and digestibility is out of
the scope of this review, but these topics have been recently reviewed elsewhere (Agbor
et al., 2011; Leu & Zhu, 2013; Zhao et al., 2012a). Because of its toxicity, lignin is either re-
moved prior to fermentation, or pre-treatment is performed in such a way that the lignin is



depolymerised or degraded (Lynd et al., 2002; Taylor et al., 2012). The phenolics generated
by lignin during pre-treatment are hydrophobic compounds that easily dissolve into the cell
membrane, thereby increasing membrane fluidity and permeability and causing cell leak-
age (Heipieper et al., 1991). The relatively rigid membranes of extremophiles might render
some of these organisms more resistant to such membrane-disruptive molecules compa-
red to mesophilic organisms. Other toxic compounds that can be released during pre-tre-
atment are aldehydes, organic acids and ketones (Taylor et al., 2012). An ideal production
organism should be resistant to these compounds as much as possible in order not to inhibit
the fermentative production process. In well-known mesophilic production organisms such
as E. coli, several resistance mechanisms to pre-treatment inhibitors are known, which be-
sides general stress responses also include degradation or transformation pathways using
specific reductases and dehydrogenases to transform ketones and aldehydes initially into
their corresponding alcohols and organic acids, and subsequently into harmless metaboli-
tes (Kroutil et al., 2004; Lasko et al., 2000). In extremophiles, these mechanisms have not
yet been extensively studied, although there are indications for degradation pathways that
target for example phenolic compounds and furans (Taylor et al., 2012; Walton et al., 2010).
Also, Gram positive bacteria might have a higher resistance to such compounds because of
their cell envelope architecture that consists of a rigid cell wall covering a single membrane
(Taylor et al., 2012). Inhibitors and mechanisms of resistance in bacteria and yeast have
recently been reviewed elsewhere (Taylor et al., 2012).

After pre-treatment, the (hemi)cellulose polymers need to be saccharified to monomeric
sugars by enzymes and fermented into products by the micro-organisms. For these steps
there are several options of either separate or simultaneous saccharification and fermentati-
on. Consolidated bioprocessing (CBP) is the most integrated variant, in which the organism
produces all enzymes necessary to hydrolyse the pre-treated biomass and no additional
enzymes are added (Kambam & Henson, 2010; Lynd et al., 2002). A partly integrated vari-
ant is simultaneous saccharification and fermentation (SSF), in which saccharification and
fermentation are performed in one reactor, but enzymes are still added to hydrolyse the
polymeric biomass into monomeric sugars which are then simultaneously fermented by the
microbes within the same reactor (Kambam & Henson, 2010; Lynd et al., 2002). In some
literature, a distinction is made between SSF, in which hemicellulose and cellulose fractions
are being separated, and SSCF (simultaneous saccharification and co-fermentation), in
which these two fractions are utilized simultaneously (Kambam & Henson, 2010; Olofsson
et al., 2008). Whether SSF or SSCF is used depends on for example biomass composition,
pre-treatment methods and on the organism used for fermentation: organisms that are not
able to ferment pentose sugars such as many industrially applied yeast strains are more
suited for an SSF-setting. In this review we will use the most commonly used term ‘SSF’ for
both processes. The least integrated and least cost-efficient option is separated hydrolysis
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and fermentation (SHF) in which two separate steps are needed for the action of enzymes
and microbes, for example because enzymes and microbes have different optimum tem-
peratures or pH (Kambam & Henson, 2010; Lynd et al., 2002). The choice of production
organism can make a significant difference in the costs, since the addition of enzymes in
SSF and SHF is one of the main cost drivers in the process of bio-based chemical produc-
tion (Buschke et al., 2012; Kambam & Henson, 2010). Commercially available hydrolytic
enzymes work optimally around 50°C and pH 4-5 (Kambam & Henson, 2010), which does
not match the optimum of currently used mesophilic organisms such as Escherichia coli or
Saccharomyces cerevisiae. For SSF, the use of an organism matching the optimum tempe-
rature and pH of the hydrolytic enzymes will reduce costs. It has been shown that when a
moderately thermophilic Bacillus coagulans with the same optimum temperature and pH as
the enzymes is used, a three times lower enzyme dosage is needed in SSF, and productivi-
ties are significantly increased compared to when using a mesophilic production organism
since fermentation time is reduced (Ou et al., 2009)E. Another advantage of SSF compared
to SHF is the reduced risk of enzyme product inhibition, since the hydrolysis products are
immediately consumed by the microbes in the SSF setting (Weber et al., 2010). For CBP, it
is also necessary that the organism of choice utilizes the polymeric substrates. The ability
to utilize polymeric substrates is not strictly related to growth conditions, but extremophiles
are known for their metabolic diversity and several moderate and extreme thermophiles are
known to be able to convert polymeric substrates into fuels and chemicals in a CBP-setting,
such as Thermoanaerobacterium thermosaccharolyticum on xylan (Saripan & Reungsang,
2013), Clostridium clariflavum on xylan and cellulose and the mixture of these two sub-
strates (Sizova et al., 2011), Clostridium thermocellum on cellulose (Tripathi et al., 2010) or
Caldicellulosiruptor spp. on several steam-explosion-pre-treated lignocellulosic substrates
(Svetlitchnyi et al., 2013). Also in an SSF or SHF setting, the organism should have a wide
substrate range in order to efficiently utilize all sugars present in the biomass. Current pro-
duction organisms such as E. coli or S. cerevisiae are often not naturally capable of utilizing
the Cs-fraction. Although they have been successfully engineered to utilize C5-sugars, orga-
nisms that are naturally able to do this are usually more efficient, especially in simultaneous
utilization of C_- and C_-sugars. Several thermophiles have been shown to efficiently utilize
both the Cs— and Ce—sugars derived from lignocellulosic biomass, such as the simultaneous
fermentation of C - and C_-sugars by Thermoanaerobacterium saccharolyticum (Shaw et
al., 2008) and Bacillus coagulans (Ou et al., 2011).

Next to cost reduction via SSF, a thermophilic organism offers more advantages such
as reduced cooling costs after pre-treatment of the feedstock when operating at a higher
temperature compared to mesophiles (Kambam & Henson, 2010; Taylor et al., 2009). In
addition, rates of chemistry processes are generally accelerated at higher temperatures,
and substrate and product solubility are often increased (Taylor et al., 2011). Furthermore,



contamination risks are lowered since most common contaminants are mesophiles (Ouy-
ang et al., 2013; Qin et al., 2009; Sakai & Yamanami, 2006; Zhao et al., 2010). The lowered
contamination risk is not only an advantage of thermophiles, but also of other extremophiles
such as halophiles, which are organisms tolerant to high salt concentrations (Tan et al.,
2011) since all these organisms grow at unusual and extreme conditions that prevent most
common contaminants to grow. Another advantage of using extremophiles is that these
organisms are highly robust and generally capable of withstanding fluctuations in conditions
such as pH and temperature which might occur in a large scale reactor. Preferably, a pro-
duction organism should also be anaerobic or facultatively anaerobic, since aeration adds
significantly to the process costs. In addition, oxygen transfer in large scale reactors is low,
leading to oxygen-limited conditions which limit productivities (Weusthuis et al., 2011). Many
of the ethanol-producing thermophiles used in CBP settings are strict anaerobes, and most
chemical-producing extremophiles are facultative anaerobes.

In summary, besides producing high amounts of product at high yields, the ideal biore-
finery-organism should be able to utilize all sugars present in biomass, either directly from
biomass in a CBP process, or with the help of enzymes in an SSF process at elevated tem-
peratures. The use of anaerobic thermophiles offers ample advantages over most current
production organisms. Hence, it is crucial that these organisms are further explored and
developed in order to improve the production of green chemicals and fuels by microbial fer-
mentation. One of the reasons why mesophilic hosts such as Escherichia coli, Saccharomy-
ces cerevisiae, Bacillus subtilis and Corynebacterium glutamicum are currently used for
green chemical and fuel production is that for these species genetic tools are well establis-
hed, enabling their use as platform organisms in a biorefinery. The use of extremophiles as
platform organisms can only be established if genetic tools are available. The development
of genetic tools for biotechnologically relevant extremophiles is an emerging research field,
which will be discussed later in this review. First, several examples will be discussed of
extremophiles for the production of green building block chemicals (Table 1) and polymers,

including their advantages, shortcomings and future directions.

EXAMPLES OF GREEN BUILDING BLOCK CHEMICAL
PRODUCTION BY EXTREMOPHILES

LAcTic AciD

Lactic acid has been produced at industrial scale for many years. The majority of lactic
acid is produced biotechnologically by microbial fermentation, and mainly targeted at the
food and pharmaceutical market as an acidulant, flavour and preservative (Hofvendahl &
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Hahn—Hagerdal, 2000). Nowadays, it is becoming a bulk building block, in particular for
the chemical production of the green polymer poly-lactic acid (PLA) that can be applied
in bioplastics. Chemically, lactic acid can be produced by the hydrolysis of lactonitrile de-
rived from petrochemical-based acetaldehydes (Wee et al., 2006). A major advantage of
microbial production of lactic acid over its chemical synthesis is that the enzyme-catalysed
microbial production yields a significantly higher optical purity. Whereas chemical synthesis
always yields racemic mixtures, microbial production can yield purities of over 99.5% of
either L(+)- or D(-)-lactic acid by using either L- or D-lactate dehydrogenase, respectively
(Figure 1) (Wee et al., 2006). For the production of PLA it is necessary to have an optically
pure lactic acid monomer (Nair & Laurencin, 2007), which makes microbial fermentation the
preferred production process. In order to make lactic acid more economically viable for the
bulk chemical market, further cost reductions are needed. Also, in order to expand the mar-
ket, non-food substrates should be used, for which it is not favourable to use the traditional
lactic acid bacteria (LAB). Although LAB are efficient producers of lactate from the currently
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Figure 1. Metabolic pathways discussed in text. Dashed arrows indicate pathways in which intermediate
molecules are formed but not depicted. Dotted line indicates that the same molecule is used in different pa-
thways. PPP: pentose phosphate pathway; PKP: phosphoketolase pathway; BDO: butanediol. Enzymes (in-
dicated by numbers) and relevant abbreviations: 1: pyruvate formate lyase (PFL); 2: pyrvate dehydrogenase
(PDH) 3: L-lactate dehydrogenase (L-LDH); 4: D-lactate dehydrogenase (D-LDH); 5: phosphotransace-
tylase (PTA) and acetate kinase (ACK); 6: acetate kinase; 7: acetaldehyde dehydrogenase and ethanol
dehydrogenase; 8: acetolactate synthase (ALS); 9: spontaneous decarboxylation; 10: diacetyl reductase;
11: acetylbutanediol hydrolase; 12: racemase; 13: acetolactate decarboxylase; 14: L-2,3-butanediol de-
hydrogenase; 15: meso-2,3-butanediol dehydrogenase; 16: D-2,3-butanediol dehydrogenase. References
used: (Beauprez et al., 2010; Celinska & Grajek, 2009; Hofvendahl & Hahn—Hagerdal, 2000; Otagiri et al.,
2010; Tanaka et al., 2002; Thauer, 1988; Wang et al., 2012b).



used substrates glucose and sucrose, they are not well capable of converting Cs—sugars
(Abdel-Rahman et al., 2011). Besides, LAB require high amounts of complex nitrogen sour-
ces, which add significantly to the costs (Abdel-Rahman et al., 2011; Jang et al., 2012). For
example, an osmotic-tolerant Lactobacillus casei obtained via random mutagenesis and
screening produced 198 g/L lactate at an average productivity of 5.5 g/L/h on 210 g/L gluco-
se in an aerated reactor supplemented with biotin and 20 g/L yeast extract (Ge et al., 2011).
Recently, several examples (Table 1) have shown that lactic acid-producing thermophiles
might have substantial advantages over the traditional LAB. Not only do these organisms
have the general advantages of fermentation at elevated temperatures as mentioned befo-
re, but many thermophiles are also able to utilize inexpensive carbon sources, require less
complex nitrogen sources and in most cases no aeration is required. In this section, we will
discuss several of the examples shown in Table 1 in more detail.

Due to the use of different fermentation conditions in different studies (Table 1), it is hard
to compare all strains with each other. Still, some interesting observations can be made. So
far, all studies on lactate production by extremophiles are on thermophilic or alkaliphilic ba-
cilli. This group of organisms can naturally utilize both 05 and C6 sugars, requires relatively
little nutrients, and consists of facultative anaerobes, making them both easy to handle in
the laboratory and enabling fermentation without expensive aeration. Also, several of the
strains have been shown to perform well at pH values as low as 5.0, which matches the
optimum pH of many commercial cellulases used in SSF (Ou et al., 2009; Patel et al., 2005;
Wang et al., 2012a). As mentioned earlier, SSF at 50°C and pH 5.0 reduces enzyme costs
and improves productivity (Ou et al., 2009). Furthermore, in several of the listed studies
(Table 1), the advantage of using thermophiles to prevent contaminations is shown by the
use of non-sterile fermentation conditions, in which neither medium nor reactor are steri-
lized prior to fermentation (Qin et al., 2009; Ye et al., 2013; Zhao et al., 2010; Zhou et al.,
2013b). This not only reduces costs by omitting an energy-demanding sterilization step, but
also prevents sugar loss during sterilization (Zhou et al., 2013b). Furthermore, thermophilic
B. coagulans is able to utilize both Cs- and Ca-sugars efficiently and simultaneously (Ou et
al., 2011). In 2006, Patel et al. selected three B. coagulans strains from a collection of 380
isolates from 77 environmental samples for the production of L-lactic acid at 50°C and pH
5.0 from xylose in a minimal medium (Patel et al., 2006). Isolation on minimal medium is
important in order to find industrially relevant strains that do not require expensive nutrients
such as yeast extract. It was shown that all three isolated strains fermented both xylose and
glucose to lactate at high yields, and were also able to efficiently ferment cellulose in an
SSF setting. In later studies, two of the strains (17C5 and 36D1) were shown to efficiently
produce lactate from sugar cane bagasse and crystalline cellulose in SSF processes (Table
1) and the third strain, P4-102B, was used to develop genetic tools, which will be discussed
later (Patel et al., 2006; Rhee et al., 2007; Wang et al., 2011a).
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Traditional LAB are either unable to utilize pentoses, or they convert pentoses to lactate
and acetate in an equimolar amount by using the phosphoketolase pathway (PKP) (Ab-
del-Rahman et al., 2011), whereas the B. coagulans isolates of Patel et al. were shown to
use the homolactic pentose phosphate pathway (PPP), which maximises the yield of lactate
per pentose (Patel et al., 2006) (Figure 1). As an exception to most LAB, Lactococcus lactis
10-1 was shown to use a combination of PKP and PPP, thereby slightly increasing the yield
on xylose to 0.67 g/g (Tanaka et al., 2002). Lactobacillus plantarum has been engineered
to metabolize pentoses via the PPP and this resulted in a yield of 89% of the theoretical
maximum (Okano et al., 2009). The yield of B. coagulans C106 on xylose is 0.98 g/g or
98% of the theoretical maximum, making it superior to LAB in Cs-utilization (Yeetal., 2013).

Besides B. coagulans, also another Bacillus sp. has recently been described for L-lac-
tate production. This is a thermophilic B. licheniformis, and its use constitutes the only pro-
cess so far that uses a completely minimal medium (Wang et al., 2011b). In most cases B.
coagulans requires less complex nitrogen sources than traditional LAB and in some cases
only 2.5 g/L of the relatively cheap corn steep liquor (CSL) is used. However, still complex
nitrogen sources are used in almost all fermentation studies published to date. In the case
of B. licheniformis, the strain was evolved to be able to perform well in minimal medium
(Wang et al., 2011b). The use of such laboratory evolution as a tool to optimize production
strains in combination with metabolic engineering has more often been shown to be a po-
werful tool and has recently been reviewed (Portnoy et al., 2011). Another B. licheniformis
strain has been shown to be able to convert saccharified liquid of municipal food waste
(‘model kitchen refuse’ or MKR) efficiently to lactic acid (Sakai & Yamanami, 2006). Several
other thermophilic bacilli utilizing non-food or waste substrates have been described, either
in efficient SSF processes such as B. coagulans DSM 2314 on wheat straw (Maas et al.,
2008) or after pre-hydrolysis of the substrate such as B. coagulans MXL-9 on hydrolysed
hard-wood extract (Walton et al., 2010) (Table 1).

Since the pre-treatment and hydrolysis still remain costly steps in lignocellulose-deri-
ved fuel and chemical production (Barakat et al., 2013; Hasunuma & Kondo, 2012), most
industrial processes still rely on edible crops, which are mostly sucrose and corn starch
or the glucose derived from that (Chen & Patel, 2012; Mojovi¢ et al., 2012). Therefore,
some authors anticipate that in the near future substrates will likely remain to be mainly
starch-like materials and thus focus on improving fermentation capabilities on starch (Zhou
et al., 2013b). An important factor is the substrate tolerance of the strain, since often high
substrate concentrations have an inhibitory effect. In the case of substrate inhibition, fed-
batch strategies can be used. However, the process is simplified by adding high amounts
of substrate at once, which stresses the importance of finding strains more tolerant to high
substrate concentrations. Therefore, a B. coagulans strain was isolated that showed the
highest glucose tolerance and utilization reported so far, namely from 240 g/L glucose it
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produced 210 g/L L-lactate with a productivity of 3.5 g/L/h. Also, this strain was able to
efficiently utilize starch in a non-sterile SSF fermentation at 50°C and pH 6.0 (Zhou et al.,
2013b). In SSF and other hydrolysate fermentations, substrate inhibition might be less of
a problem, depending on the efficiency of the used saccharification enzymes. However,
in these processes the tolerance to other inhibitory products such as furans and acetate
becomes important. Walton et al. used a B. coagulans strain that was found to not only be
tolerant to inhibitors, but even metabolize them (Walton et al., 2010).

In many industrial lactic acid fermentations, the pH is controlled by adding Ca(OH)2 or
CaCOs, creating calcium-lactate in the fermentation broth. The advantage of trapping lacta-
te as calcium-lactate is that product inhibition is reduced (Ou et al., 2011). This was clearly
shown by Ye et al., who showed an almost 2-fold higher productivity at a 2-fold increased
sugar concentration when the pH was regulated by Ca(OH)2 instead of NaOH (Ye et al.,
2013). However, during lactic acid purification in downstream processing, H2804 needs to
be added to obtain lactic acid out of the calcium-lactate, thereby forming insoluble CaSO4
(gypsum). In this way, approximately one ton of crude gypsum is produced for every ton of
lactic acid (Datta & Henry, 2006). A solution for this might be to control the pH with NaOH
instead of CaCO3, which does not yield gypsum and allows lactic acid to be obtained via
alternative downstream processing methods (Meng et al., 2012; Qin et al., 2010). However,
most organisms are not tolerant to the high concentrations of Na* established in this way,
thereby reducing the final titres that can be reached. Qin et al. used random mutagenesis
to obtain a sodium-lactate tolerant strain (strain Na-2) from parent strain B. coagulans 2-6.
The mutant strain reached an approximately two times higher cell dry weight than its parent
strain and produced 10.5% more lactic acid after 38h of fermentation (Qin et al., 2010). In
this study, also the effect of aeration and agitation was tested. In accordance with other pu-
blications, it was found that aeration had a positive effect on growth but a negative effect on
lactate production since more by-products were formed. Since a higher cell density would
make the culture more resistant to the sodium lactate, the authors tested a dual-phase
fermentation in which the culture was aerated during the first 12h, after which aeration was
switched off. In this way, 106 g/L lactate was produced at 3.53 g/L/h from 140 g/L glucose
at pH 6.0 and 50°C, using NaOH as a neutralizing agent (Qin et al., 2010). Although the-
se are interesting results, a drawback of a dual phase system is that it requires aerated
fermenters, which substantially adds to the costs on an industrial scale because reactors
should be equipped with gas supply. The same set-up is used by Meng et al., who used an
alkaliphilic, thermotolerant Bacillus sp. to produce lactate with NaOH as neutralizing agent.
Alkaliphiles are organisms growing optimally at a pH above 9.0 and are generally also
resistant to monovalent ions such as sodium ions (Meng et al., 2012). Another interesting
feature of this strain is its nutrient requirements: its optimum nitrogen source was 20 g/L pe-
anut meal, which is a cheap by-product of oil extraction from peanut seeds in China. Using



a single-pulse fed-batch fermentation in which the pH was controlled at 9.0, this strain has
been reported to produce 180 g/L lactate at 1.61 g/L/h at 98.6% yield in 112h from in total
205 g/L glucose (Meng et al., 2012). An overview of other biotechnological applications of
alkaliphiles can be found in (Sarethy et al., 2011), but most of these are not yet relevant for
green chemical production.

Patel et al. found only one of their 380 B. coagulans isolates to be genetically accessible
(Patel et al., 2006), indicating that the majority of the B. coagulans strains are not genetically
accessible and are therefore mainly suitable for L-lactate production, which many of them
produce in a homo-fermentative way (Patel et al., 2006). To date, two strains have been
found to be transformable by exogenous DNA. Strains DSM 1 and QZ19 (originally strain
P4-102B from Patel et al.) were engineered to efficiently produce optically pure D-lactate
instead of L-lactate (van Kranenburg et al., 2007; Wang et al., 2011a) (Table 1). A different
metabolic engineering strategy was applied to the two strains, resulting in different me-
tabolic patterns. In DSM 1, the native IdhL gene encoding L-lactate dehydrogenase was
exchanged with the L. delbrueckii IdhA gene, encoding D-lactate dehydrogenase, yielding a
homolactic strain in which by-products were below the detection limit. This strain produced
28 g/L pure D-lactic acid from 30 g/L glucose (van Kranenburg et al., 2007). Strain DSM 1
was further used for establishing a genetic toolbox using the Cre-lox system (Kovacs et al.,
2010), which will be discussed in the section on genetic tools. In strain QZ19, first an IdhL
deletion mutant was made, which showed decreased growth and sugar consumption, an
increased production of ethanol, acetoin and D-2,3-butanediol (2,3-BDO) and only a small
increase in D-lactate production. Therefore, the alsS gene (Figure 1) was deleted in order to
prevent acetoin and 2,3-BDO production. At pH 7.0 this double knockout strain was able to
grow, but it produced only minor amounts of D-lactate and in total only 5% of the amount of
acids produced by the wild type, and it did not grow at pH 5.0. After in total 278 days of me-
tabolic evolution by serial transfers of the double knockout strain, the strain was able to pro-
duce 99.8 g/L D-lactate from 108 g/L glucose in 72h at 50°C and pH 5.0. Also, the evolved
strain was able to efficiently function in an SSF process on cellulose at 50°C and pH 5.0. It
was shown that in the evolved strain, a glycerol dehydrogenase had acquired D-LDH acti-
vity through two point mutations, thus improving D-lactate production (Wang et al., 2011a).
This is another example of the power of laboratory evolution for strain improvement.

OTHER BUILDING BLOCK CHEMICALS: 2,3-BUTANEDIOL, ACETOIN AND SUCCINIC
ACID

As already mentioned above, the use of extremophiles for the production of chemicals
is a relatively new field and has so far mainly focussed on lactic acid. Partly hampered by
the lack of genetic tools to create platform organisms, there are not that many examples
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yet of the use of these organisms for other products, although recently two examples have
been published.

The same parent strain of B. licheniformis that was used to develop a strain that pro-
duces L-lactate in minimal medium from glucose or xylose (Wang et al., 2011b), has been
used to create an IdhL knockout strain that produces chirally pure D-2,3-BDO. The latter
product can potentially be applied as a liquid fuel as well as as a platform chemical for the
pharmaceutical, food, agro or fine chemical industries. 2,3-BDO has 3 isoforms: dextro,
levo and meso. In chemical synthesis the chiral purification is a costly step, but like with
lactic acid, the pure forms can be produced by microbes (Figure 1), which makes microbial
fermentation for 2,3-BDO economically very interesting (Zeng & Sabra, 2011). The best cur-
rent producer of meso-2,3-BDO is a randomly mutated Klebsiella pneumonia SDM strain
which in a glucose fed-batch fermentation supplemented with 8.27 g/L CSL produced 150
g/L meso-2,3-BDO in 38h with a productivity of 4.21 g/L/h and a yield of 0.48 g/g (Ma et
al., 2009), which is close to the theoretical maximum of 0.5 g 2,3-BDO per g glucose. Most
organisms so far produce meso- or L-2,3-BDO, whereas B. licheniformis BL5 produces
pure D-2,3-BDO, which has an important application as antifreeze for which the meso- and
L-form cannot be used. The strain produced 13.8 g/L pure D-2,3-BDO from 27 g glucose in
12h (average productivity 1.08 g/L/h), at a yield of 0.43 g/g with a maximum productivity of
2.35 g/L/h (Wang et al., 2012b). For comparison, the known mesophilic 2,3-BDO producer
Klebsiella oxytoca produces 90.8 g/L 2,3-BDO from 187.8 g glucose in 60h with an average
productivity of 1.51 g/L/h and a yield of 0.48 g/g (Ji et al., 2010). B. licheniformis is a class |
organism, making it preferred over the mesophilic Klebsiella spp., which are class Il patho-
gens. Moreover, because of its ability to ferment at pH 5.0 and 50°C, B. licheniformis BL5
is well suited for use in an economically viable SSF setting (Wang et al., 2012b). Although
several by-products were still present and further metabolic engineering could optimize 2,3-
BDO titres and yields, this is the first report on a thermophilic 2,3-BDO producer, illustrating
the importance of genetic tools to develop these bacteria into platform organisms.

Recently, a newly isolated Geobacillus sp. was reported to be the first thermophile to
naturally produce 2,3-butanediol and acetoin as major products and also showed the ability
to utilize galactose, mannitol, arabinose and xylose, creating potential for lignocellulose
utilization in an SSF process (Xiao et al., 2012) (Table 1). A mixture of acetoin and 2,3-BDO
is easy to separate due to their different boiling points (Xiao et al., 2012). Acetoin excretion
is unusual in the genus Geobacillus, but with the newly isolated strain a maximum acetoin
yield of 0.40 g/g could be achieved on 20 g/L glucose, which is 82% of the theoretical maxi-
mum (Xiao et al., 2012). At 20 g/L glucose no 2,3-BDO was observed, but when 220 g/L
glucose was used, also 2,3-BDO was produced and 155 g/L glucose remained unutilized,
resulting in a yield of 69%, which is significantly lower than the initial 82%. The authors
indicate that bacterial growth was not influenced by substrate inhibition, but that acetoin



Table 2. Overview of completed genome sequences of extremophiles relevant for the production

of green chemicals.

Organism Gen. Current Size CDR G+C Pl. Reference

9 acc. product (Mbp) (nr) % '
Bacillus coagulans 36D1 nd  Lactate 355 3449 47 - (2%2‘%3 etal,
Bacillus coagulans 2-6 nd Lactate 3.07 3052 47 + (Suetal, 2011a)
Bacillus coagulans DSM1 T + Lactate 3.02 3437 47 nd (Suetal, 2012)
Bacillus licheniformis 10-1 nd 2,3-BDO  4.32 4650 46 - (Lietal, 2012)
Bacillus licheniformis 5-2 nd 2,3-BDO 416 4452 46 - (Lietal, 2012)
Geobacillus thermoglucosidans (Zhao et al.,
TNO-09.020 nd n.a. 375 4400 44 nd 2012b)
Geobacillus thermoglucosidans GOLD; Mead et
C56-YS93 nd n.a. 3.99 4135 44 + al. 2011
Thermoanaerobacter (Hemme et al.,
pseudethanolicus 39E rel+  Ethanol 236 2243 35 - 54
Thermoanaerobacter sp. X514 rel + Ethanol 246 2349 35 - %?;‘;me etal,
Thermoanaerobacter mathranii GOLD; Hemme
DSM 11426 T rel + Ethanol 2.31 2361 34 " etal, 2010
Thermoanaerobacter GOLD; Hemme
ethanolicus JW200 + FEthanol 309 3449 34 - gl 2011
Thermoanaerobacterium GOLD; Shaw et
thermosaccharolyticum M0795 rel + Ethanol 278 2921 34 * al., 2012
Thermoanaerobacterium GOLD; Herring et
saccharolyticum JW/SL-YSags ~ * ~ FEthanol 2722931 35+ "on00
Thermoanaerobacterium ther- GOLD; Hemme
mosaccharolyticum DSM 5717 rel + Ethanol 279 2830 34 " etal, 2010
Clostridium thermocellum (Feinberg et al.,
DSM 1313 + Ethanol 3.56 3102 39 = 201
Clostridium thermocellum GOLD; Wu et al.,
ATCC 274057 nd n.a. 3.84 3335 39 - 2007
Caldicellulosiruptor bescii (Kataeva et al.,
DSM 67257 + Ethanol 2.91 2662 35 + 2009)
Several Caldicellulosiruptor 2.40- 2322- 35- (Blumer-Schuette
spp. nd  EthanolM, 597 2707 36 " etal, 2011)
Caldicellulosiruptor (van de Werken
saccharolyticus nd Hz 297 2679 35 " etal, 2008)
Caldicellulosiruptor obsidiansis (Elkins et al.,
OB47" nd n.a. 2.53 2389 35 " 2010)

List includes strains that are used for chemical production, strains that are relevant for fuel production and
have been shown to be genetically accessible, and strains of which several related strains of the same spe-
cies are genetically accessible (indicated as ‘rel +). Abbreviations: n.a.: not applicable; Gen. acc.: genetic
accessibility; CDR: number of predicted coding regions; Pl.: plasmid; GOLD: Genome Online Database; nd:
not determined/no data. Note that “G. thermoglucosidans” was previously named “G. thermoglucosidasius”

(Coorevits et al., 2012).
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and 2,3-BDO production is a growth-associated phenomenon (Xiao et al., 2012). This is a
potentially interesting process and organism and there is some room for improvement by
process engineering, e.g. by using a fed-batch strategy as was successfully applied by Ma
et al. for Klebsiella sp., in which the glucose concentration was kept at 20-30 g/L maximal-
ly (Ma et al., 2009). At about the same time as the publication of the 2,3-BDO-producing
Geobacillus sp., the genomes of two newly isolated thermophilic B. licheniformis strains
were published (Li et al., 2012) (Table 2). In the genome announcement it is mentioned that
these two organisms naturally produce 2,3-BDO at yields of 96%, but these results have
not yet been published (Li et al., 2012).

Another very interesting building block chemical is succinic acid, which was listed by
the DOE as one of the most high-potential building blocks (Bozell & Petersen, 2010; Werpy
et al., 2004). Several mesophiles have been reported to naturally produce high amounts
of succinic acid (Guettler et al., 1999; Kuhnert et al., 2010; Lee et al., 2002; Nghiem et al.,
1997), but so far only one thermophile is known that naturally produces high amounts of
succinate (Table 1). Clostridium thermosuccinogenes is able to grow on several different
carbon sources in a medium containing relatively low amounts of complex nutrients (Sridhar
& Eiteman, 2001). Its succinate yield on glucose is comparable to that of mesophilic natural
succinate producers (Beauprez et al., 2010; Sridhar & Eiteman, 2001). However, little lite-
rature is available on this strain and fermentation data on substrate concentrations above
5 g/L have not been reported. Hence, it is hard to estimate the potential of this organism.

EXAMPLES OF POLYMER PRODUCTION BY EXTREMOPHILES

Polyhydroxyalkanoates (PHAs) are polymers that many micro-organisms accumulate
as intracellular energy storage compounds when there is excess carbon but little other
nutrients are available (Quillaguaman et al., 2010). PHAs are biodegradable and produced
from renewable resources by microbes, which makes them well suited as a sustainable
alternative for traditional petrochemical-based polymers (Quillaguaman et al., 2010). Indu-
strial production is currently achieved with E. coli (Quillaguaman et al., 2010), but in order to
expand the markets PHAs should become more price-competitive with traditional oil-based
polymers. Several thermophiles and halophiles have been shown to accumulate PHAs and
they might be interesting alternative production hosts.

Poly(3-hydroxybutyrate) (P(3HB)) is the most common PHA-form synthesized by micro-
bes (Quillaguaman et al., 2010). Recently, it was shown that when grown in a mineral salts
medium on glucose, moderately thermophilic Chelatococcus sp. MW10 produced up to 55
wt% at a cell density of 12.7 g/L in a 42 L batch culture with a P(3HB) yield of 0.14 g/g at



50°C (lbrahim & Steinbuchel, 2010). The only disadvantage of this strain is that it is not able
to utilize xylose and hardly able to utilize glycerol (Ibrahim et al., 2010), which makes it rather
limited in carbon utilization abilities. Ibrahim et al. isolated P(3HB)-accumulating thermophi-
lic bacteria using minimal medium containing different carbon sources and Nile red to stain
for hydrophobic cellular inclusions. This resulted in several PHA-producing isolates at 50°C,
whereas at 60°C only low cell densities were observed and no PHA production was found
(Ibrahim et al., 2010).

Like thermophiles offer the advantage of lowering cooling costs and every type of ex-
tremophile offers the advantage of lowering contamination risks, extremophiles other than
thermophiles might offer different advantages for particular processes. For example, the
use of halophiles could make downstream processing of intracellular compounds such as
P(3HB) easier since the organisms lyse in the absence of salts, which simplifies the ex-
traction of the compounds (Don et al., 2006; Oren, 2010). Moreover, the use of halophiles
can reduce medium cost if they can grow in non-sterilized sea water. This possibility was
shown using Halomonas sp. SK5 for P(3HB) production (Rathi et al., 2013). Using non-ste-
rilized sea water with oil palm trunk sap (OPTS), a substrate obtained from felled oil palms,
this organism produced P(3HB) up to 24% of its cell weight at a cell density of 2.4 g/L in
48h. In artificial sea water this was higher with 44 wt% at a biomass of 2.8 g/L (Rathi et
al., 2013), but nevertheless the use of sea water is an interesting perspective. Another ha-
lophilic PHA-production organism is the archaeon Haloferax mediterranei, which has little
nutritional requirements and utilizes several carbon sources (Rodriguez-Valera et al., 1983).
This organism was used to produce a co-polymer of poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (P((3HB)-co-3HV)), a stronger and more thermo-resistant PHA-variant. Most
strains producing this compound require co-feeding of propionate, but Haloferax mediter-
ranei could produce P((3HB)-co-3HV) on pure glucose (Don et al., 2006). The halophilic
Y-proteobacterium Halomonas boliviensis might also be a promising candidate since it can
accumulate PHA up to 88% of its cell dry weight (Quillaguaman et al., 2006).

Although the above mentioned organisms show potential for the production of biode-
gradable plastics, none of them is currently used on a larger scale. Other biotechnological
applications of halophiles have been reviewed elsewhere (Oren, 2010) and the use of halop-
hiles and archaea for PHA production has also been reviewed more extensively elsewhere
(Poli et al., 2011; Quillaguaman et al., 2010).
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POLYSACCHARIDE-UTILIZING EXTREMOPHILES

Isolation and screening studies are very important to explore the potential of naturally
occurring organisms that have characteristics such as a broad substrate range, that have
the ability to form certain products, or that are able to perform well under extreme condi-
tions. In the previous sections, several isolation studies were described that were aimed
at finding extremophiles suitable for the efficient production of specific products. Next to
screening for products, screening for the utilization of complex substrates is very important
to develop sustainable fermentation technologies, especially for CBP-setups. Here, we will
discuss several examples of the isolation of polysaccharide-utilizing extremophiles. The
focus is on isolation because most of the polysaccharide-utilizing isolates are used for
bio-fuel production (reviewed in (Olson et al., 2012)), but isolations might as well be targeted
at the conversion of polymers to chemicals. Also, the ethanol-producing, polymer-utilizing
extremophiles might be used for green chemical production if genetic tools are developed,
which will be discussed in the next section. Most thermophilic strains isolated on polyme-
ric substrates are heterofermentative Firmicutes, to which also the above-described bacilli
belong.

Several anaerobic, cellulolytic, thermophilic bacteria were isolated by Ozkan et al. on
minimal medium, after which their fermentation products and cellulolytic capacities at 55°C
were determined (Ozkan et al., 2001). Most of the strains isolated by Ozkan et al., of which
the majority was shown to be Clostridium thermocellum, produced ethanol and acetate as
their major fermentation products, but several strains also produced lactate and one strain
produced lactate as its major product. All isolates were also tested for restriction endonu-
clease activity to estimate their potential genetic accessibility (Ozkan et al., 2001), which
was examined subsequently (Tyurin et al., 2004). Nowadays, C. thermocellum is one of
the best-studied cellulolytic thermophiles with potential use in CBP-processes, for which
several genetic tools have been developed, as will be discussed later in this review. In
another study, thermophilic microbial communities were enriched at 55°C from self-heated
compost and the microbial diversity of this stable cellulose-enrichment was examined. In
3 different enrichments, 3-18 different strains were found and identified to all belong to the
family Clostridiaceae (1zquierdo et al., 2010). In a subsequent study, nine cellulolytic isolates
were obtained from the enrichments (Sizova et al., 2011). These were shown to be different
from C. thermocellum, but displayed similar cellulolytic activity and two isolates also showed
hemicellulolytic activity and utilized xylan and cellulose simultaneously (Sizova et al., 2011).
C. thermocellum is not capable of utilizing the hemicellulose fraction and is therefore often
used in very efficient co-cultures with hemicellulolytic species (Demain et al., 2005). Me-
thods to isolate cellulose-utilizing organisms, including an overview of different substrates
and enzymes have been extensively reviewed by McDonald et al. (McDonald et al., 2012).



Close relatives of Clostridia are Thermoanaerobacter species, which are strictly anae-
robic, thermophilic Gram positives that have potential for lignocellulose utilization. Balk et
al. isolated a novel Thermoanaerobacter thermohydrosulfuricus subsp. carboxydovorans,
strain TLO, from a geothermal spring in Turkey (Balk et al., 2009). It was proposed to be a
novel subspecies because of differences in lipid composition compared to close relatives
and also because of its ability to use CO as an electron donor, which is converted to H2 and
COz. The strain showed a wide growth range of 40-80°C and pH 4.5-9.0, with its optimum at
70°C and pH 6.5 and it was able to utilize a wide range of substrates, including xylan, pectin,
starch, cellobiose and to a lesser extent also carboxymethyl cellulose (CMC). The major
end product of sugar fermentation of the new isolate was lactate, whereas many other Ther-
moanaerobacter spp. produce mainly ethanol and hydrogen. However, for several strains
of this species genetic tools have been developed, so they also have potential for the pro-
duction of chemicals. Interestingly, the product formation of strain TLO was pH-dependent.
At pH 4.5-5.0, lactate was produced at 1.7 mol/mol glucose with ethanol as a by-product at
0.1 mol/mol glucose, whereas at pH 9.0, acetate was produced at 1.6 mol/mol glucose and
lactate only at 0.4 mol/mol glucose. The homolactic fermentation at low pH combined with
the ability to utilize a wide range of substrates makes strain TLO an interesting candidate for
lactic acid production. Furthermore, its ability to utilize CO makes it a candidate for cheap
production of H, (Balk et al., 2009).

The genus Caldicellulosiruptor is another example of complex biomass-degrading
thermophiles belonging to the class of Clostridia. Members of the anaerobic Gram-positive
bacterial genus Caldicellulosiruptor are the most extremely thermophilic cellulolytic orga-
nisms known with an optimum growth temperature of 70°C and they contain a large array
of genes involved in polysaccharide utilization (van de Werken et al., 2008). Caldicellulo-
siruptor spp. produce ethanol or hydrogen, with lactate and acetate as major by-products
(Bielen et al., 2013; Yee et al., 2012) and are also able to grow on a chemically defined me-
dium (Willquist & van Niel, 2012). Several (hemi)cellulolytic Caldicellulosiruptor strains, as
well as several strains of the less well-known clostridial Caloramator species, were isolated
by a high-throughput method using flow cytometry to isolate single cells (Hamilton-Brehm
et al., 2012). This method had previously been used for isolating marine bacteria, but had to
be optimized for isolation of thermophilic anaerobes by sparging the flow cytometer with N2
and subsequent plating in 96-wells plates in an anaerobic chamber (Hamilton-Brehm et al.,
2012). In another study, several Caldicellulosiruptor and Thermoanaerobacter strains were
isolated on filter paper, as well as on unwashed, pre-treated poplar wood in order to isolate
strains resistant to inhibitors released during pre-treatment (Svetlitchnyi et al., 2013). Both
species were shown to efficiently utilize several lignocellulosic substrates directly to ethanol
in mono-culture as well as in mixed cultures (Svetlitchnyi et al., 2013).

A less well-known process for which extremophiles have been isolated is the sustai-
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nable production of hemp fibres. These fibres are produced by bast fibre plants on which
they are embedded in a pectic polysaccharide network. To be able to use these fibres in
the textile and paper industry they need to be separated from the woody core. Nowadays,
this is performed by processes that can damage the fibres or by processes that are highly
environmentally unfriendly. An alternative process is enzymatic treatment, but no suita-
ble process has been developed so far. Valladares Juarez et al. (Valladares Juarez et al.,
2009) searched for a whole-organism solution to sustainably and efficiently utilize the pectin
surroundings of the hemp fibres while keeping the fibres intact. The organism should be
thermophilic to prevent contamination of the process and alkaliphilic because an alkaline
pH helps to remove the initial breakdown products of pectin. A Geobacillus thermoglucosi-
dans strain PB94A was isolated at 65°C which could grow on hemp pectin and did not have
cellulose activity, which is important in order not to degrade the fibres. Using this organism,
finer fibres of higher quality could be produced than is possible with conventional processes
(Valladares Juarez et al., 2009). This is an elegant example of the possibilities offered by
extremophiles for creating more sustainable and efficient processes.

DEVELOPMENT OF GENETIC TOOLS FOR EXTREMOPHILES

Several extremophiles naturally produce building block chemicals or polymers in an
enantiomeric pure form. Some organisms do this in a homofermentative way, meaning that
they produce one product with hardly any by-products. Heterofermentatives on the other
hand produce a mixture of several organic acids and/or alcohols. To make microbial pro-
duction processes economically viable, it is necessary to optimize titres and yields by me-
tabolic engineering. In the case of heterofermentatives, metabolic engineering can reduce
by-product formation, thereby lowering downstream processing costs and increasing pro-
duct yields. For homofermentatives, mainly lactate producers, fluxes can be increased to
achieve higher titres, the enantio-specificity can be changed, or fluxes can be redirected to
alternative products. Altogether, the development of genetic tools is a crucial step towards
creating a versatile extremophilic platform organism for the production of green chemi-
cals. Genetically accessible extremophilic organisms that have potential to serve as such
platform organisms (Table 3) are mainly low G+C, thermophilic, Gram positive (facultative)
anaerobes belonging to the phylum Firmicutes which were described in the previous secti-
ons. The development of competency methods, gene transfer systems and genetic tools for
thermophilic ethanol-producing bacteria has recently been reviewed by Taylor et al. (Taylor
et al., 2011). Many of the organisms described by Taylor et al. are polysaccharide-utilizing
organisms mentioned also in the previous section of this review. These organisms can po-
tentially be used in CBP-processes, making it very interesting to modify these organisms



to produce chemicals in a CBP-process. Here, we will focus on the most recent examples
and also include chemical-producing organisms which we described in previous sections
and that are mainly suitable in SSF-processes. Since genome sequencing is an important
tool to establish a rational engineering strategy, to enable identification of mutations after
laboratory evolution via re-sequencing and to simplify cloning genomic regions of interest,
an overview of all currently sequenced extremophilic organisms relevant for the production
of green chemicals or fuels is shown in Table 2.

TRANSFORMATION METHODS

To start metabolic engineering, a transformation system is required, for which there are
many options such as electroporation, natural transformation and protoplast transformation.
The first issue hampering genetic tool development is that genetic accessibility appears to
be not only species-specific, but sometimes even strain-specific. This often relates to the
presence of strain-specific defence systems that prevent the entry of foreign DNA such
as restriction modification (RM)-systems or CRISPR-Cas systems (Tock & Dryden, 2005;
Westra et al., 2012). Strain-specificity makes it hard to copy genetic tools from a strain that
is shown to be genetically accessible to a strain that might be a better production host.
Although defence systems may hamper genetic tool development, they might on the other
hand be important for acquiring phage resistance in an industrial setting. An example of
the successful circumvention of RM-systems in bacilli is the protoplast transformation with
in vivo methylated plasmid DNA in Bacillus sp. N16-5, which is a facultative alkaliphile and
secretes organic acids. It was found to possess a Type |l restriction endonuclease (REase)
system. When a plasmid containing the Type Il methyl-transferase (MTase) of Bacillus sp.
N16-5 was cotransformed to E. coli together with the expression vector with the gene of in-
terest, the transformation efficiency increased with a factor ten. Together with an optimized
protoplast transformation protocol, the maximum efficiency was 1.1x10° transformed colo-
nies per ug plasmid DNA (CFU) (Gao et al., 2011). For comparison, electrotransformation of
E. coli can yield a CFU up till 5x10" (Hanahan et al., 1991; Xue et al., 1999). RM was also
found to constitute a barrier to transformation in Caldicellulosiruptor bescii, an organism
that might be used in CBP-processes. In vitro methylation of DNA prior to transformation
to E. coli with a unique a-class N4-Cytosine methyltransferase from C. bescii was requi-
red for transformation (Chung et al., 2012). In contrast, in B. coagulans it was shown that
in vitro methylation or changing the source-host of DNA did not increase transformation
efficiencies (Rhee et al., 2007; van Kranenburg et al., 2007). In C. thermocellum effects
of factors affecting transformation efficiency such as methylation and cell-wall-weakening
agents were strain-specific (Tyurin et al., 2004). For this species, an electroporation method
was developed using a custom-built electroporator. For three different strains, efficiencies
of up to 5x10* transformants per ug DNA were achieved (Tyurin et al., 2004).
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Table 3. Genetically accessible extremophiles relevant for the production of green chemicals

Organism

Available genotypes

Transformation method

B. coagulans
P4-102B

B. coagulans
DSM 1"

B. licheniformis
BL5/8

Bacillus sp.
N16-5

M. thermoacetica
ATCC 39073

G. thermoglucosidasius
NCIMB 11955 & DL33

C. bescii
DSM 67257

C. thermocellum
DSM 1313

C. thermocellum
DSM 1313

T. mathranii
BG1

Thermoanaerobacter &

Thermoanaerobacterium spp.

T. aotearoense
SCUT27

T. saccharolyticum
JW/SL-YS485

T. tengongensis
CGMCC1.2430

T. ethanolicus
JW200

AldhL AalsS

AsigF

AldhL

EV only

ldh*

AldhL ApfiB pdh*

ApyrF

Apta

Apta AldhL

AldhL gldA*, AldhL adhE*

several

AldhL

AldhL AackA Apta

AhisG

EV only

Electroporation

Electroporation with Ts plasmid

Protoplast transformation with Ts
plasmid

Protoplast transformation + in vivo
methylation

Electroporation

Electroporation

Electroporation + in vitro methylation

Electroporation, custom-built

Electroporation, custom-built

Electroporation, custom-built

Natural competence

Electroporation of protoplasts

Electroporation

Natural transformation with Ts plasmid

Electroporation of protoplasts

n.a.: not applicable; EV: empty vector; *: overexpression; Ts: thermosensitive.



and fuels.

Integrant selection method

Current product

Ref.

Screening

Cre-lox system

Screening

n.a.

pyrF-based counter-selection

Screening

pyrF-based counter-selection

pyrF-based counter-selection + antibiotic cassette
insertion

hpt and thyA/tdk — based counter-selection

Linear (non-replicating) DNA + antibiotic cassette
insertion

Screening (antibiotic cassette insertion)

Screening (antibiotic cassette insertion)

Antibiotic cassette insertion, non-replicating plasmid
(only E. coli ori)

n.a.

D-lactate

L-lactate

D-2,3-butanediol

Organic acids

Acetate/
L-lactate

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

(Wang et al., 2011a)

(Kovacs et al., 2010)

(Wang et al., 2012b)

(Gao et al., 2011)

(Kita et al., 2012)

(Cripps et al., 2009)

(Chung et al., 2012)

(Tripathi et al., 2010)

(Argyros et al., 2011)

(Yao & Mikkelsen, 2010b),
(Yao & Mikkelsen, 2010a)

(Shaw et al., 2010)

(Cai et al., 2011)

(Shaw et al., 2008)

(Liu et al., 2012)

(Peng et al., 2006)
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Genetic accessibility might be taken into account when isolating novel green chemical
producers, even though this is a highly laborious procedure. An example of screening for
genetic accessibility after isolation of novel production organisms has been shown by Patel
et al. who isolated 380 B. coagulans strains for lactate production and found only one of
their isolates being transformable with plasmid DNA by electroporation (Patel et al., 2006).
An E. coli/Bacillus shuttle vector and an electroporation method were developed for the
genetically accessible B. coagulans P4-102B strain isolated by Patel et al., yielding a maxi-
mum of 1x10* colonies per ug DNA (Rhee et al., 2007). Optimal electroporation settings
appeared to be plasmids-specific, while natural and chemical competence did not yield
any transformants (Rhee et al., 2007). Subsequently, this strain was engineered to produce
D-lactate instead of L-lactate, which was achieved by a combination of rational metabolic
engineering and adaptive evolution as described earlier (Wang et al., 2011a). The deve-
lopment of shuttle vectors is often required since most extremophiles show relatively low
transformation efficiencies, which disables the use of PCR or ligation products for direct
transformation and therefore the constructs should first be transformed into E. coli. An
extensive overview of requirements for thermophilic vectors has recently been published
(Taylor et al., 2011). In our own work, we are evaluating the genetic accessibility of thermop-
hilic Bacillus and Geobacillus species using shuttle vectors and electroporation. In line with
the findings described above, we observe that genetic accessibility is highly strain-specific.
Most of the tested strains are not genetically accessible using the protocols available in
literature, although a slight change in electroporation settings can make a large difference
and this also appears to be strain-specific, which makes it hard to screen many isolates
(unpublished data). A shuttle vector that appears to be suitable for many strains is pNW33n,
which is also used for electroporation of for example C. thermocellum (Olson & Lynd, 2012)
and G. thermoglucosidans (Taylor et al., 2008).

Wang et al. tested genetic accessibility for thermophilic, lactate-producing B. lichenifor-
mis BL3 and found the electroporation method of Rhee et al. for B. coagulans and several
other competency methods not to yield any transformants. When using protoplast trans-
formation they initially found one or two colonies per ug DNA. Optimization experiments
showed that the best choice of regeneration medium was different for different plasmids.
Finally, they achieved 25 transformants per ug DNA using an E. coli/Bacillus shuttle vector
(Wang et al., 2012b).

A number of B. licheniformis strains are known to be naturally competent (Gwinn &
Thorne, 1964), and lately, two strains were shown to possess genes to develop compe-
tence (Kovacs et al., 2009), but natural competence has not been shown for strain BL3.
Recently, several examples of induced natural competence in mesophilic Bacillus species
have been published (Hoffmann et al., 2010; Mironczuk et al., 2008). In mesophilic B. /i-
cheniformis DSM 13, comP was found to be inactivated by an insertion element. Highly



competent strains could be obtained when the coding region of comP was replaced with a
functional copy in combination with inducible expression of comK, the key regulator for the
transcription of competence genes (Hoffmann et al., 2010). B. cereus was shown to beco-
me competent when the B. subtilis comK gene was heterologously expressed (Mironczuk
et al., 2008). Natural competence in B. cereus had not been shown before, even though
most genes required for competence could be identified (Mironczuk et al., 2008). Also in
thermophilic B. coagulans DSM 1 natural competence genes were identified (Kovacs et
al., 2009), but even though its comK was shown to recognize several comK-responsive
elements, overexpression of comK did not induce reproducible DNA-uptake (Kovacs et
al., 2013). On the other hand, natural competence has been shown to be an efficient way
of DNA-uptake in thermophilic Thermoanaerobacterium and Thermoanaerobacter species
(Shaw et al., 2010), which are mainly hydrogen and ethanol producers but also produce
significant amounts of organic acids. Natural competence in Thermoanaerobacterium and
Thermoanaerobacter was discovered because a non-pulsed control during an electropora-
tion experiment yielded more transformants than the pulsed ones. It was then found that
the only step required for transformation is a cell outgrowth period, which was confirmed
using a natural transformation protocol in which DNA was added during different growth
stages, after which cells were allowed to grow for two more hours before plating on selecti-
ve medium. Cells were found most competent during exponential growth and did not require
any external factors to develop competency. Importantly, using this protocol transformation
with linear DNA containing regions homologous to the genome was also possible with an
efficiency of 5.7x10° in T. saccharolyticum JW/SL-YS485, which makes integration into the
genome significantly easier (Shaw et al., 2010). By now, a number of different transformati-
on protocols and genetic tools have been developed for several Thermoanaerobacter and
Thermoanaerobacterium species (Cai et al., 2011; Desai et al., 2004; Kita et al., 2012; Liu et
al., 2012; Mai et al., 1997; Peng et al., 2006; Shaw et al., 2011; Shaw et al., 2010; Shaw et
al., 2008; Yao & Mikkelsen, 2010b) (Table 2).

INTEGRATION METHODS

Integration of DNA into the genome is required for stable gene insertion or deletion.
Whether integrants can easily be detected is determined by the combination of transforma-
tion and recombination efficiencies. The transformation efficiency determines the number
of cells that have taken up DNA, whereas the recombination efficiency determines the
number of integration events into the genome. The use of non-replicative plasmids, linear
DNA fragments or ligation products allows for selection of direct integration into the genome
and simplifies screening for integrants. However, this is generally only possible when trans-
formation efficiencies are high (Biswas et al., 1993). Since extremophiles mostly show rela-
tively low transformation efficiencies, only replicating plasmids can be used, which makes
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screening for integration events laborious if recombination efficiencies are not exceptionally
high. A method to overcome the low transformation/recombination efficiency barrier while
still enabling the use of a non-replicating plasmid is using an integration vector with a con-
ditional replicon, such as a thermosensitive plasmid. The replicon of such a plasmid is not
stable at high temperatures, thereby disabling plasmid replication at elevated temperatures
(Olson & Lynd, 2012). This can be a powerful tool especially for thermophiles since they
usually have a large temperature range. For example, a thermosensitive integration plas-
mid is transformed to B. coagulans and plated below 50°C in order to enable screening for
transformants (Kovacs et al., 2010; van Kranenburg et al., 2007; Wang et al., 2011a). Sub-
sequently, the temperature is increased to 50°C or higher, disabling plasmid replication and
enabling selection for integration events into the genome via Campbell recombination over
the homologous regions cloned into the integration plasmid (Kovacs et al., 2010; van Kra-
nenburg et al., 2007; Wang et al., 2011a). Also Wang et al. used a thermosensitive plasmid
for constructing their D-2,3-BDO-producing B. licheniformis. With only 25 transformants per
Hg DNA this strain showed very low efficiencies, but using a thermosensitive plasmid never-
theless enabled gene deletions (Wang et al., 2012b). Recently, a computer algorithm was
used to predict temperature-sensitive variants of the often-used E. coli/Geobacillus shuttle
vector pNW33n, so it can be used for easier integration in C. thermocellum, which grows at
45-62°C (Olson & Lynd, 2012). The development of such an algorithm might be extended to
plasmids for other extremophilic species as well.

In some thermophiles, the combined transformation and recombination efficiencies are
high enough to be able to transform the strains with non-replicating DNA, simplifying inte-
gration. In C. bescii it was shown to be possible to integrate non-replicating plasmids into
the genome despite a low transformation efficiency of 50 transformants per uyg DNA, alt-
hough the authors indicate this might be an underestimation due to low plating efficiencies
of the strain (Chung et al., 2012). Thermoanaerobacter mathranii BG1 can be transformed
with linearized, non-replicating plasmid DNA (Yao & Mikkelsen, 2010a; Yao & Mikkelsen,
2010b). This is also possible in Thermoanaerobacterium aotearoense, which was transfor-
med with linearized, non-replicating plasmid DNA via electroporation of protoplasts (Cai et
al., 2011; Mai et al., 1997). In all these three cases, an antibiotic resistance cassette flanked
by homologous regions of the gene of interest was cloned into the plasmid/fragment. Be-
cause the plasmid was unable to replicate, double crossover knockout mutants could rea-
dily be obtained due to insertion of the antibiotic cassette in the target gene. The drawback
of these mutants is that the antibiotic cassette is still inserted, requiring further development
of a markerless gene deletion method. In many studies, the gene of interest is replaced by
an antibiotic cassette. Although in the case of transformation with linear DNA this method
simplifies screening for double-crossover mutants, it disables the re-use of antibiotic mar-
kers for further research and the acquired antibiotic resistance is highly undesired in an



industrial organism. Since the number of markers that can be used at high temperatures is
limited (Taylor et al., 2011), methods enabling the re-use of markers are especially important
for use in thermophiles.

Although it is possible to create mutants by homologous recombination without repla-
cing the gene of interest with an antibiotic resistance cassette, this may require more scree-
ning. Also, when transformation with linear DNA is not possible and a (thermosensitive)
plasmid is used, screening for double crossovers might be very laborious due to the lack of
pressure for double crossover events. An example is the creation of a AldhL AalsS mutant
of B. coagulans QZ19 (originally P4-102B) for D-lactate production (Wang et al., 2011a).
After obtaining single crossover integration of a thermosensitive plasmid conveying antibi-
otic resistance, further culturing without antibiotic pressure generally yields both wild type
revertants and the desired double crossover knockout mutants. However, since there is no
positive selection for the double crossover and plasmid removal, and the wild-type may
have a growth advantage over the knockout, obtaining such a knockout may be very labo-
rious (Wang et al., 2011a). Another Bacillus-related organism for which similar genetic tools
are now firmly established, is the facultatively anaerobic thermophile Geobacillus thermog-
lucosidans. This organism is capable of converting a wide range of substrates into ethanol,
formate, lactate and acetate. Taylor et al. set up a shuttle vector-based electroporation
method for this species (Taylor et al., 2008), which has been successfully used for metabo-
lic engineering of two strains of this species by Cripps et al. to improve ethanol production
(Cripps et al., 2009). By using a thermosensitive plasmid and homologous recombination
without leaving antibiotic markers the IdhL and pfIB genes were inactivated. Also, the same
integration system was used to up-regulate the expression of pyruvate dehydrogenase by
replacing the promoter (Cripps et al., 2009).

COUNTER-SELECTION SYSTEMS

As indicated above, methods are required to easily obtain the second recombination
and cure the plasmid after obtaining a single crossover with a (thermosensitive) plasmid.
Such methods are known as counter-selection tools, in which there are positive selection
methods for both insertion of the plasmid via a single crossover and its subsequent removal
by double crossover. For current platform organisms like E. coli, such systems are well es-
tablished, but for extremophiles they are just emerging.

An example of a counter-selection system is the pyrF-system (Figure 2A). The pyrF
gene encodes the enzyme orotidine 5-phosphate decarboxylase, which is required for a
step in pyrimidine biosynthesis, i.e. the conversion of orotidine 5-phosphate to UMP and
COz. In addition, PyrF catalyses the conversion of the unnatural 5-fluoroorotic acid (5-FOA)
to 5-fluorouridine 5-monophosphate, which is further metabolized to toxic 5-fluorodeoxyu-
ridine 5-monophosphate (Suzuki et al., 2012). In the presence of uracil, the pyrF gene can

IS
©

CH 2. EXTREMOPHILES FOR GREEN CHEMICALS



50

Apyrl sirain strain containing ¢ivA but not rdhk and hpt

chrom.
chrom.

I T (- ipr 2.0k

fellk +ab.
: tFLDR

chrom.

D
45°C

- . - . +ab.1
B _ transfor- | us [IWTRIpil ds |
Apta Aack strain niation | _—

chrom.
}

transfor-
mation |

60°C

+ab.1

lp = J - | wii b 2o
transfor- e | FITA transfor- 45°C
mation 2 m -ab. mation 2 +ab.2

chrom. (R chiom. TR €
=dn. =-an,

chrom, — s I s |

Figure 2. Overview of counter-selection and antibiotic-cassette removal systems used in thermophiles for
targeted double crossovers. Abbreviations: chrom.: chromosome; us: upstream flanking region; ds: downstream
flanking region; g.o.i.: gene of interest; ab.: antibiotic; abR: antibiotic-resistance gene. A: pyrF-system. After insertion
of the pyrF-containing plasmid into a ApyrF strain, single crossovers can be obtained by selecting for restoration of
the uracil auxotrophy. Double crossovers are obtained by adding 5-fluoroorotic acid (5-FOA), which will be toxic for
strains still harbouring the pyrF-plasmid, and by adding uracil to select for strains being uracil auxotrophs due to lack
of pyrF. Based on (Kita et al., 2012; Suzuki et al., 2012) B: pta-ack-system. In this case, linear DNA fragments were
used for transformation, which allows simple and direct screening for double crossovers, but the system can also be
used with plasmid DNA. First, the pta and ack genes for acetate formation need to be deleted, resulting in a strain
resistant against haloacetate compounds such as fluoroacetate (FA). This strain is then transformed with DNA contai-
ning pta, ack and an antibiotic-resistance gene, which replace the gene of interest via the flanking regions. Successful
double crossover and thus insertion of the three genes is detected by antibiotic resistance. In a second transformati-
on, the strain is transformed with fused flanking regions of the gene of interest and cultured on FA, thereby deleting
the pta, ack and an antibiotic-resistance gene since FA is toxic when pta and ack are present. Based on (Shaw et
al., 2011). C: tdk-hpt system. After selecting transformants based on antibiotic-resistance, double crossovers can be
detected by growing the culture on antibiotics and fluoro-deoxyuracil (FUDR), to which the strains will be resistant due
to loss of tdk (which together with the native thyA makes the strain sensitive to FUDR) after they have recombined and
cured the plasmid. Subsequently, clean knockouts created by a second crossover event can be detected by culturing
on 8-azahypoxannthine (AZH), to which strains will be resistant when they have recombined and lost the hpt and
antibiotic-resistance gene. Based on (Argyros et al., 2011). D: Cre-/ox system. Using a thermosensitive plasmid, in a
first step the gene of interest is replaced by an antibiotic resistance gene flanked by lox sites, enabling selection for
antibiotic resistance. In a second transformation, a second thermosensitive plasmid coding for the Cre-recombinase
and conveying a different antibiotic resistance is inserted. The Cre-recombinase recombines the lox66 and lox71 sites
to a lox72 site, thereby cleaving out the first antibiotic-resistance gene. Based on (Kovacs et al., 2010).



easily be inactivated by growing the target strain on toxic concentrations of 5-FOA, thereby
selecting for spontaneous or targeted pyrF-mutants which will be resistant to 5-FOA and
auxotrophic for uracil. Expression of the pyrF gene on a plasmid in the absence of uracil can
then be used as a selection marker for plasmid uptake or insertion based on restoration of
uracil prototrophy, and as a subsequent counter-selection for double crossover and plasmid
loss based on 5-FOA resistance (in the presence of uracil) (Tripathi et al., 2010). The py-
rF-system has been used in many organisms, including the thermophilic bacteria Moorella
thermoacetica, T. saccharolyticum, Geobacillus kaustophilus and C. thermocellum (Kita et
al., 2012; Shaw et al., 2011; Suzuki et al., 2012; Tripathi et al., 2010).

Although the pyrF-system simplifies the detection of double crossovers due to the coun-
ter-selection of plasmid loss, the ratio between wild type and mutant double crossovers
might still be an issue in the case of essential genes that are hard to delete due to evo-
lutionary pressure. In those cases, screening systems might be needed to discriminate
mutants from wild type. An example of such a screening system is the culturing of potential
ldhL-mutants on CaCO3-containing plates, on which mutants that produce less acids due to
IdhL-disruption will form a smaller clearing zone around the colony because less CaCO3 is
converted to calcium-lactate (Wang et al., 2011a). However, such a system cannot be used
in most cases and therefore, many studies so far still use insertion of an antibiotic cassette
to simplify discrimination between wild type and mutant double crossovers. Another elegant
way of overcoming this problem was shown by Shaw et al. (Shaw et al., 2011) (Figure 2B).
Natural transformation with linear DNA fragments was used for transformation, enabling
direct selection for double crossovers. Instead of the pyrF gene deletion combined with
5-FOA resistance, the pta and ack genes were deleted, resulting in strains that are resistant
against haloacetate compounds such as fluoroacetate (FA) and that do no longer produce
acetate. Subsequently, the Apta-ack strain was transformed with DNA containing the pta
and ack genes together with a kanamycin resistance cassette that is flanked by fragments
homologous to the IdhL gene. Due to the use of linear DNA fragments, double recombi-
nants can directly be identified by kanamycin resistance and FA sensitivity. Next, these
kanamycin-resistant mutants were transformed with linear fragments containing fused flan-
king regions of the /dhL-gene, thereby removing the kanamycin resistance and pta and ack
genes, yielding FA-resistant strains (Shaw et al., 2011). Like the pyrF-system, this method
is based on the selection of strains resistant to other compounds than antibiotics, using
double selections. However, the reason why the pta-ack system yields final mutants without
antibiotic markers is that two rounds of recombination around the same gene are used.
After the first round positive selection for kanamycin resistance is performed and in the se-
cond round, when antibiotic resistance is no longer present, positive selection is based on
FA-resistance due to the removal of pta and ack together with the kanamycin cassette. The
same result could be obtained with the pyrF-system if the same two-round recombination
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would be used. The initial knockout of pta and ack does not use any antibiotic resistance
but is purely based on FA-resistance of pta-ack knockouts. In the case of the work of Shaw
et al. this was enabled by the possibility to transform with linear DNA, but in other cases
screening for random mutations could yield the same knockouts.

The pyrF-counter-selection system creates strains that are uracil auxotroph and thus
essentially have a growth-defect which needs to be restored, creating an extra step in the
strain development. The same holds true for the pta-ack system, unless this is used in a
strain that should be deficient in acetate production. Therefore, efforts were successfully
made to establish a markerless gene deletion method for C. thermocellum and T. sac-
charolyticum that did not require any growth-affecting deletions such as pyrF (Figure 2C).
Instead of pyrF, hpt was deleted, which is a gene coding for a purine-reassimilating protein
that can lead to cellular toxicity in the presence of the purine analogue 8-azahypoxanthine
(AZH) (Argyros et al., 2011). If hpt is absent, this does not lead to a growth defect but elimi-
nates AZH-toxicity, thereby creating a counter-selection tool. The second part of the selec-
tion tool is also based on nucleic acid metabolism by using the toxicity of fluoro-deoxyuracil
(FUDR) in the presence of the enzymes thymidine kinase (encoded by fdk) and thymidylate
synthetase (encoded by thyA). Tdk converts FUDR to fluoro-dUMP, which inhibits ThyA
(Argyros et al., 2011). A counter-selection tool was established by combining C. thermo-
cellum native thyA with T. saccharolyticum tdk expression, which together make the strain
sensitive to fluoro-deoxyuracil (FUDR). To make mutants, transformants were obtained by
screening for antibiotic resistance encoded on the plasmid. Subsequently, the screen for
integration and plasmid curing was based on FUDR-resistance since tdk is encoded by the
plasmid and is lost after the first crossover events. In a final step, AZH-resistant colonies
were selected that lost the antibiotic-hpt cassette and thus showed a clean deletion geno-
type. This resulted in a very easy selection of mutants (Argyros et al., 2011). By selecting
for two double crossover events, this system eliminates the possibility of obtaining wild
type revertants. Furthermore, this system has the advantage of not leaving any antibiotic
resistance.

Well-known systems to remove inserted antibiotic cassettes are for example the Cre-lox
and FLP/FRT-system. Recently, a Cre-lox system was developed for thermophilic B. coagu-
lans DSM 1 (Figure 2D). In this case, the system was used to delete the sigF gene, creating
a sporulation-deficient strain, which can be desirable for safety reasons when genetically
modified organisms are used (Kovacs et al., 2010). Using a thermosensitive plasmid, in a
first step the sigF gene was replaced by a lox66-cat-lox71 cassette via homologous recom-
bination over the flanking regions of sigF which were cloned next to the lox66-cat-lox71
cassette, conveying chloramphenicol resistance via the cat gene. In a second step, ano-
ther plasmid coding for the Cre-recombinase and harbouring tetracycline resistance was
transformed to a colony with a double crossover replacement of sigF by lox66-cat-lox71.



The Cre-recombinase recombines the lox66 and lox71 sites to a lox72 site, which is not
recognized anymore by Cre-recombinase, thereby removing the cat gene and enabling the
re-use of the same marker. Subsequently, the same system with the same markers was
used to delete the /lacZ gene from the B. coagulans DSM 1 AsigF genome in order to use
this gene as a reporter for promoter activities (Kovacs et al., 2010). The Cre-lox system is a
highly useful tool since it leaves no antibiotic resistance markers. It is not entirely markerless
since it leaves a small lox72 site, but since this site is different from the starting /ox66 and
lox71 and is no longer recognized by Cre, this does not interfere with subsequent integration
events using the same system. Only prerequisites are that at least two different antibiotic
resistance markers should be available for the target host, that the plasmids used can easily
be cured, and that the Cre-recombinase should be functionally produced.

Our own experience with creating double crossovers in thermophilic Bacillus species is
that recombination is generally fast and efficient (unpublished data). However, a major pro-
blem is that often single colonies contain mixed genotypes of single crossovers over both
flanking regions, wild type and knockout. This emphasises the importance of an efficient
counter selection system in order to cure the plasmid and eliminate single crossovers. Me-
thods that can also separate knockout and wild type genotypes are even more preferred,
such as the hpt-tdk-system described above.

CONCLUSIONS

Extremophiles, especially thermophiles, are an extremely interesting and promising
group of microbes to be used as production hosts for green bulk chemicals. Their versatile
metabolic capacities to utilize a wide range of substrates makes them very suitable for
next generation processes in which non-food biomass is used. Furthermore, their ability
to thrive under extreme conditions offers advantages such as a lowered contamination
risk and lower production costs due to eliminating the need for sterilization. Thermophiles
offer also other advantages such as lower enzyme costs in SSF settings and more efficient
hydrolysis. Although many of the extremophiles require less complex nitrogen sources than
traditionally used mesophiles, adaptive evolution experiments might further decrease the
requirement for complex nitrogen sources to make the processes more economically via-
ble. Isolation and screening studies can yield novel interesting extremophilic organisms.
The exploration of the potential of extremophiles for chemical production has only just emer-
ged, and more studies are needed to achieve higher productivities, titres and yields. An
important requirement to make such improvements is the development of genetic tools. For
several extremophiles such tools are already available, but these are mostly used for optimi-
zation of ethanol production. Engineering these organisms for the production of chemicals
would be an important next step.
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ABSTRACT

Thermophilic bacteria are regarded as attractive production organisms for cost-efficient
conversion of renewable resources to green chemicals, but their genetic accessibility is
a major bottleneck in developing them into versatile platform organisms. In this study, we
aimed to isolate thermophilic, facultatively anaerobic bacilli that are genetically accessi-
ble and have potential as platform organisms. From compost, we isolated 267 strains that
produced acids from 05 and C6 sugars at temperatures of 55°C or 65°C. Subsequently, 44
strains that showed the highest production of acids were screened for genetic accessibility
by electroporation. Two Geobacillus thermodenitrificans isolates and one Bacillus smithii
isolate were found to be transformable with plasmid pNW33n. Of these, B. smithii ET 138
was the best-performing strain in lab-scale fermentations and was capable of producing
organic acids from glucose as well as from xylose. It is an acidotolerant strain able to
produce organic acids until a lower limit of approximately pH 4.5. As genetic accessibility
of B. smithii had not been described previously, six other B. smithii strains from the DSMZ
culture collection were tested for electroporation efficiencies and we found the type strain
DSM 4216" and strain DSM 460 to be transformable. The transformation protocol for B.
smithii isolate ET 138 was optimized to obtain approximately 5x10° colonies per pg plasmid
PNW33n. Genetic accessibility combined with robust acid production capacities on C_and
C6 sugars at a relatively broad pH range make B. smithii ET 138 an attractive biocatalyst for
production of lactic acid and, potentially, other green chemicals.

KEYWORDS

thermophilic bacilli, electroporation, transformation, isolation, strain selection, biotechnology,
green chemicals, Bacillus smithii, genetic accessibility, compost, screening, organic acids



INTRODUCTION

Green chemicals are sustainable bio-based alternatives for chemicals based on fossil
resources. Biomass is considered an attractive renewable resource for the production of
such green chemicals. Major challenges for using biomass are to develop cost-effective
production processes and to convert substrates that go beyond first-generation pure su-
gars. In this perspective, the use of microbial fermentation processes that convert lignocel-
lulosic sugars is gaining considerable attention. For particular products natural producers
can be used, but often E. coli and S. cerevisiae are used as platform organisms, because
of their well-known physiology and ease of engineering for the production of many different
products (Chen et al., 2013; Hong & Nielsen, 2012).

In general, most organisms used for the production of green chemicals and fuels are
mesophiles and current processes are still mainly based on first generation feedstocks, i.e.
sucrose from sugar beet or sugarcane or glucose derived from starches from corn or ta-
pioca. Although engineering of platform organisms broadens the spectrum of possible sub-
strates (Buschke et al., 2012), the efficiency of the process could be increased by the use of
organisms naturally capable of degrading lignocellulose-derived sugars (Blumer-Schuette
et al., 2013). To further increase the efficiency and reduce the costs of the microbial produc-
tion of green chemicals, moderately thermophilic hosts offer several advantages as com-
pared to mesophilic hosts, including i) reduced cooling costs, ii) lower contamination risk,
iii) increased substrate and product solubility and iv) temperature optima of these bacteria
matching those of enzymes used for simultaneous saccharification and fermentation (SSF),
lowering the enzyme load and costs (Ou et al., 2009). The use of anaerobic or facultatively
anaerobic bacteria eliminates the need for expensive aerated industrial reactors. For SSF,
facultative anaerobes have the advantage over strict anaerobes that reduction of the medi-
um is not necessary, as reduced medium has been shown to inhibit saccharolytic enzymes
(Podkaminer et al., 2012).

Altogether, organisms of particular interest for the production of green chemicals from
lignocellulose in an SSF setting are (facultatively) anaerobic thermophiles that can grow in
minimal medium and ferment a wide range of substrates including 05 and C6 sugars. They
can potentially be used as platform organisms if they are genetically accessible. A number
of facultatively anaerobic thermophilic hosts has been studied for green chemical and fuel
production (reviewed in (Bosma et al., 2013; Taylor et al., 2009)), such as Bacillus coagulans
for lactic acid (Ma et al., 2014; Wang et al., 2011a), Bacillus licheniformis for 2,3-butanediol
(Li et al., 2013; Wang et al., 2012b) and Geobacillus thermoglucosidans for ethanol pro-
duction (Cripps et al., 2009). Examples of strictly anaerobic thermophiles that have been
studied for biofuel production are Clostridium thermocellum (Shao et al., 2011; Veen et al.,
2013), several Caldicellulosiruptor spp. (Chung et al., 2014; Svetlitchnyi et al., 2013; Wil-
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Iquist & van Niel, 2012) as well as Thermoanaerobacterium spp. and Thermoanaerobacter
spp. (Bhandiwad et al., 2014; Saripan & Reungsang, 2013; Svetlitchnyi et al., 2013; Yao &
Mikkelsen, 2010b). For each of these species, one or more strains have been shown to be
genetically accessible and engineering tools have been developed (Bosma et al., 2013; Tay-
lor et al., 2011). Still, it is desirable to further develop more efficient production organisms
and improved genetic tools. On the one hand this will enable a better understanding and
exploitation of the diversity in metabolism found in thermophilic organisms and on the other
hand this will expand the genetic toolbox for thermophiles, which at the moment is still rather
limited compared to those available for mesophilic platform organisms.

In this study we aimed to extend the collection of potential industrial platform organisms
by isolating thermophilic, facultatively anaerobic bacilli and selecting a suitable production
host by screening for 05 and 06 sugar utilization, organic acid production, fermentation per-
formance and genetic accessibility in order to select a new biocatalyst that has the potential
to be developed into a platform organism.

RESULTS

|SOLATION, INITIAL SELECTION AND IDENTIFICATION

Thermophiles able to grow on minimal medium (TMM) at 55°C or 65°C were obtained
from compost (Table 1). Single colonies (842) from the dilution series of compost samples
were transferred to plates containing different carbon sources (glucose, sucrose, xylose, or
arabinose). All colonies grew on glucose, and 584 colonies also grew on one or both of the
05 sugars xylose and arabinose at 55°C or 65°C. These 584 colonies were then inoculated
into liquid TMM supplemented with a pH indicator under microaerobic conditions. Glycerol
stocks were made of 267 strains that showed both growth and acidification in liquid culture
on glucose (Table 1). To select the best acid-producing strains, all 267 isolates were ino-
culated in duplicate in TMM liquid medium supplemented with glucose, CaCO3 and 0.5 g/L
yeast extract and grown for 48 h under microaerobic conditions, after which HPLC analysis
was performed. For each isolation condition, strains were found that either produced rela-
tively high quantities of total products, or showed products that were rarely found among
strains isolated under the same conditions. A total of 35 strains was selected from the five
different isolation conditions (Table 1 and S1) to make pure cultures to screen for genetic
accessibility. For ten isolates (ET 011, ET 072, ET 129, ET 130, ET 131, ET 144, ET 230, ET
239, ET 261, ET 267), purification revealed distinct morphologies and resulted in more than
one pure culture from the same original colony (e.g. 144-1 and 144-2). The 44 pure cultures
were identified by 16S rRNA gene sequence analysis (Figure 1). The majority of strains was



Table 1. Overview of the number of isolates per step for each isolation condition.

Nr of colonies Nr of strains Nr of Nr of strains

Strain  selected from |g;c::l:|;ngu;2g" strains selected ba-

Isolation condition® (ET) dilution series : acidified sed on HPLC

and inocula-
nrs and plated on . L and data and
ted into liquid ee e
4 sugars . stocked purified
medium

1: TMMscr 65°C  001-054 257 217 53 5

2: TMMscr+CaCO, 65°C  055-131 260 151 77 5

3: TMMscr+CaCO, 55°C  132-157 65 45 26 7

4: TMMglc+CaCO, 65°C  158-213 130 77 56 5

5: TMMglc+CaCO, 55°C  214-267 130 94 55 13

Total 842 584 267 35

@ Abbreviations: scr: sucrose; glc: glucose.

b Tested sugars were D-glucose, D-xylose, L-arabinose and sucrose. To be selected, strains should grow
on at least one of the 05 sugars.

°The final 35 selected strains were purified, resulting in 44 pure cultures, which were subsequently tested
for genetic accessibility.

identified as Geobacillus thermodenitrificans, followed by Bacillus thermocopriae, Geoba-
cillus caldoxylosilyticus, Bacillus coagulans and Aeribacillus pallidus. One strain of Bacillus
smithii was obtained. The highest species diversity was obtained with isolation condition 5,
whereas this was the lowest in conditions 1 and 4, in which mainly G. thermodenitrificans
were found. As expected, at 65°C mainly Geobacillus species were obtained, whereas at
55°C also Bacillus species were found and the species diversity was larger.

HPLC data for the tube test for the selected strains are shown in Table S1. Independent
of the species, all strains produced mainly lactate, with acetate as the major by-product and
succinate as a minor by-product. Gas production was not analyzed. All strains, except for
Bacillus smithii, also produced small amounts of one or more other minor products such
as ethanol, 2,3-butanediol (2,3-BDO), formate, propionate or malate. By-products varied
not only between species, but also between strains of the same species. For example,
Geobacillus thermodenitrificans ET 236 and ET 251 produced malate, ethanol, formate and
2,3-BDO, whereas G. thermodenitrificans ET 136 did not produce detectable amounts of
malate and 2,3-BDO, but higher amounts of ethanol, and G. thermodenitrificans ET 241 did
not produce any ethanol. Most B. thermocopriae strains produced propionate. The addition
of CaCO3 in the tubes might have enhanced production of C4-dicarboxylic acids, but these
were never observed as major products. The highest titer of these products was reached by
strain G. caldoxylosilyticus ET 208, with 0.58 g/L succinate and 0.18 g/L malate, together
constituting 15% of its total production, with its main products being lactate and acetate.
The total amount of products varied strongly from 1.27 g/L to 7.61 g/L. On average, strains
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isolated in condition 5 (glucose 55°C with CaCOs) produced most acids, while strains from
condition 2 (sucrose 65°C) produced the least and strains isolated at 55°C on average pro-
duced more acid compared to the 65°C-isolates. No difference was observed in average
production between strains isolated on sucrose and glucose.

SCREENING FOR GENETIC ACCESSIBILITY BY ELECTROTRANSFORMATION

The 44 selected pure cultures were tested for their transformation efficiency by electro-
poration. Depending on the species, slightly modified versions of either a Bacillus (Rhee et
al., 2007) or a Geobacillus (Taylor et al., 2008) protocol were used to prepare competent
cells. Subsequently, the obtained cell suspensions were electroporated using E. coli— (Geo)
bacillus shuttle vector pNW33n. Strains that were successfully transformed with pNW33n
were B. smithii strain ET 138 and G. thermodenitrificans strains ET 144-2 and ET 251.
Transformation was confirmed by colony PCR and by isolating plasmid DNA from the trans-
formed strains, which was subsequently confirmed to be pNW33n by restriction analysis of
the isolated plasmid DNA from the transformants (G. thermodenitrificans strains ET 144-2
and ET 251) or from retransformed E. coli (B. smithii ET 138) (Figure S1). Transformation of
G. thermodenitrificans strains ET 144-2 and ET 251 according to the Geobacillus protocol
(with settings 2.0 kV, 25 uF and 200 Q in a 2 mm cuvette) resulted in 6 and 4 colonies per
pug DNA, respectively. B. smithii strain ET 138 made competent according to the Bacillus
protocol and electroporation settings (Rhee et al., 2007) yielded 3 colonies per ug DNA,
whereas the Geobacillus electroporation settings yielded 33 colonies per uyg DNA for this
strain. Subsequent retesting of other Bacillus isolates with the Geobacillus settings did not
result in any transformants. For strains ET 144-2 and ET 251, transformation was reprodu-
cible but not always successful, whereas transformation for ET 138 was highly reproducible
despite the low efficiency. For fourteen strains, occasionally colonies also appeared when
no DNA was added during electroporation, while the strains did not grow on chlorampheni-
col prior to transformation (Table S1). None of the colonies formed by these strains tested
positive in the PCR on the pNW33n repB-cat-gene combination. As transformation is cru-
cial for the development of an organism into an efficient platform organism, only the three
transformable strains were selected for further studies.

FERMENTATION AND GROWTH CHARACTERISTICS OF TRANSFORMABLE STRAINS

Transformable isolates B. smithii ET 138 and G. thermodenitrificans ET 144-2 and ET
251 were tested in 1 L pH-controlled fermentations on glucose. Similar to the results of the
acidifying tube tests, for all three strains, lactate was the major product and acetate the
second most abundant product, with succinate as minor by-product (Table 2). For all three
strains, ethanol production was observed in one of the two duplicate fermentations, while
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this was not observed during the tube experiments for B. smithii ET 138 (Table S1). G. ther-
modenitrificans ET 251 showed very low titers and productivity in the reactor, namely a total
of 6.58 £1.35 g/L with 0.05 £0.01 g/L/h (Table 2), even though it performed well in tubes
(Table S1). G. thermodenitrificans ET 144-2 produced a total of 14.80 +4.03 g/L products,
but showed a rather low productivity of 0.08 £0.01 g/L/h (Table 2). In contrast, B. smithii ET
138 outperformed the other strains both in product titer and productivity with 19.35 +2.34
g/L at 0.14 £0.01 g/L/h (Table 2). As it was also outperforming the other two isolates in
transformation efficiency, B. smithii ET 138 was selected for further studies.

Table 2. Fermentation performance of transformable isolates.

Products (g/L)*

. Time Av. prod.
Strain (h) Lac Ace Suc Mal Eth  Total (g/L/h)°
B. smithii 135 18.15 0.95 0.09 nd 016 19.35 0.14
ET 138 +8 +3.03 045 +0.00 +0.22 +2.34 +0.01
G. thermodenitrificans 190 13.22 1.01 0.29 0.06 0.21 14.80 0.08
ET 144-2 +70 +3.26 +0.16 +0.22 +0.08 +0.30 14.03 +0.01
G. thermodenitrificans 132 5.70 0.68 0.15 nd 0.04 6.58 0.05
ET 251 +11 +1.38 +0.05 10.04 +0.06 +1.35 +0.01

The results shown are the averages of duplicates; standard deviations are indicated in italics after the ‘t’.
@ Abbreviations: Lac: lactate, Ace: acetate, Suc: succinate, Mal: malate, Eth: ethanol, nd: not detected.
® Av. prod.: average productivity. Calculated by dividing total products by fermentation time.

Table 3. Fermentation of B. smithii ET 138 at different pHs.

Products (g/L)°

pH Tzhm)e Lac Ace Suc Total A‘Zg?:ﬁ:;c
45 43° 3.3 0.3 0.0 3.6 0.08
5.5 43 9.9 0.3 0.1 10.3 0.24
141 14.0 0.6 0.1 147 0.10
6.5 43 10.5 0.3 0.0 10.8 0.25
141 211 0.6 0.1 21.8 0.15

@ At pH 4.5, no more acids were produced after 43 h so no further time points are shown.
® Abbreviations: Lac: lactate, Ace: acetate, Suc: succinate.
 Av. prod.: average productivity. Calculated by dividing total products by fermentation time.



B. smithii ET 138 showed growth at the tested temperatures between 37 and 63°C, with
optimal growth between 51 and 57°C and no growth at 66°C or higher. The optimum pH
was found to be 6.5, with little difference between pH values of 6.0-7.0 (data not shown). In
further experiments, growth conditions were kept at 55°C and pH 6.5. The lowest initial pH
value still supporting growth was 4.5. To further evaluate the ability of B. smithii ET 138 to
ferment at low pH, fermentations in pH-controlled reactors were performed at pH 4.5, 5.5
and 6.5 (Table 3). During the first 43 h of fermentation, product titers and productivities at
pH 5.5 and 6.5 were almost identical with 10.3 g/L at 0.24 g/L/h and 10.8 g/L at 0.25 g/L/h,
respectively. After 141 h, both titer and productivity were 1.5-fold lower at pH 5.5 compared
to pH 6.5 (Table 3). At pH 4.5 the strain was still able to grow and produce for 43 h, but titer
and productivity were reduced to 3.6 g/L and 0.08 g/L/h. Hardly any acid was produced
after 43 h, indicating severe acid stress (Table 3). At pH 5.5 and 6.5 the relative product
distributions were equal with 96.5% lactate, 3% acetate and 0.5% succinate. At pH 4.5, this
changed slightly to 91% lactate, 8% acetate and 1% succinate.

Next, we evaluated the ability of B. smithii ET 138 to ferment xylose (Figure 2 and S2),
which is the most abundant sugar in lignocellulose next to glucose. The medium was chan-
ged from TMMY to TVMY and lower substrate concentrations of 20 g/L were used to de-
crease browning of the medium with xylose, which was observed when using 30 or 25 g/L
xylose, probably due to a Maillard reaction. The growth curve on both substrates was highly
similar (Figure 2 and S2). On both glucose and xylose, growth stopped after approximately
24 h while the acid production continued with only a small decrease in productivity, indica-
ting that production is uncoupled from growth. The product profile on both substrates was
found to be similar with lactate being the major product, i.e. 91% (13.9 g/L) on xylose and
92% (17.46 g/L) on glucose, with an optical purity of 99% L-lactate. On both sugars, acetate
was the major by-product, followed by minor amounts of succinate and malate (Figure 2). In
the xylose fermentation, two unknown peaks were observed in the HPLC spectrum, which
were analyzed by NMR. One peak was identified as xylitol and was produced in amounts
of approximately 1.5 g/L. The other peak was likely to be an acetylated form of xylose but
could not be further identified with certainty. Whereas glucose is completely consumed at
the end of fermentation, xylose is not. This might be related to browning of the medium after
approximately 70 h, which was also observed at 25 g/L xylose concentrations (Figure S2)
and was followed by a slight pyruvate accumulation.
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Figure 2. Fermentation of B. smithii ET 138 on xylose and glucose. Fermentation was carried outin 1 L
TVMY supplemented with 20 g/L xylose or glucose, at 55°C, pH 6.5, 150 rpm and without any gas addition.
Grey line with plus-symbol: ODSOO; open circles: xylose or glucose; filled diamonds: lactate; closed squares:
acetate; crosses: malate and succinate; closed triangles: pyruvate. During the xylose fermentation, brow-
ning of the medium was observed after approximately 70 h.

OPTIMIZATION OF TRANSFORMATION FOR B. SMITHII ET 138 AND OTHER

B. smiITHII STRAINS

The electroporation protocol for B. smithii ET 138 was optimized for increased transfor-
mation efficiencies. Out of 5 different tested electroporation settings (Table S2), the best
was found to be 2.0 kV, 25 uF, 400 Q in a 2 mm cuvette, resulting in 160 colonies per ug
DNA (Table 4). Induction of antibiotic resistance by addition of a sub-lethal (1000x diluted)
concentration of antibiotics after 2 h of recovery as described for B. coagulans (van Kra-
nenburg et al., 2007) had no effect (Table S2). In contrast, the recovery medium had a large
impact. Changing the original RG2 recovery medium (LB2 with 121 g/L sucrose and 10 g/L
glucose) to LB2 resulted in an increase in transformation frequencies to ~1000 colonies per
pug DNA. Transformation efficiency could be further increased to ~2000 by growing the cells
in larger flasks prior to making them competent to allow for more aeration and faster growth
(Table 4). Substituting the SG-buffer for the Geobacillus-electroporation buffer strongly re-
duced efficiencies to 40 colonies per ug DNA (Table S2). Lastly, we tested smaller amounts
of added plasmid DNA. In all initial experiments, 1.0-2.5 yg DNA was added. Using only 20
ng DNA for transformation of B. smithii ET 138 resulted in a maximum efficiency of ~5000
colonies per ug DNA (Table 4). Storage of competent cells at -80°C was tested for periods
up to one year and did not affect the transformation efficiency.



We also tested B. smithii strains from the DSMZ culture collection for transformation to
evaluate their genetic accessibility. Using the optimized protocol for ET 138, a transforma-
tion efficiency of 10-100 colonies per pg plasmid DNA was obtained for type strain DSM
4216, which is approximately 20-200 times lower than that for strain ET 138 with the same
conditions. Also for DSM 4216, different electroporation conditions and recovery media
were tested (data not shown). For DSM 4216, the difference between recovery medium
LB2 and RG2 was less pronounced than for ET 138. The best settings for DSM 4216"
were 1.5 kV, 25 uF, 600 Q in a 1 mm cuvette with recovery for 3 h in LB2, yielding 10-200
colonies per ug plasmid DNA. Under the tested conditions, transformation for the type
strain was found to be less reproducible than for isolate ET 138. The optimal settings for
type strain DSM 4216 and isolate ET 138 were used to evaluate transformation of 5 more
publically available B. smithii strains. Of those strains, only DSM 460 generated transfor-
mants (25 colonies per ug DNA) but no attempts for further optimization were made. The
best and most reproducibly transformable B. smithii strain so far is our isolate ET 138 with
a maximum of ~5000 colonies per ug DNA.

Similar attempts to increase transformation efficiencies by changing electroporation set-
tings and buffers for ET 144-2 were unsuccessful (data not shown). For strain ET 251, no
transformation optimization was performed because this strain showed poor fermentation
performance (Table 2).

Table 4. Optimization of electrotransformation for B. smithii ET 138.

Electroporation

settings

Prametsr Tl Ml W Q Ot we Resweny o
Settings® 0.483 175 15 25 600 1 1 RG2 3
Settings’ 0.483 1.75 2.0 25 200 2 1 RG2 33
Settings 0.424 2.9 2.0 25 400 2 0.7 RG2 157
Recovery medium  0.519 1.75 2.0 25 400 2 1 LB2 960
Recovery medium  0.519 1.75 2.0 25 400 2 1 RG2 5
Fast growth? 0.539 1 2.0 25 400 2 25 LB2 1900
pg DNA added? 0.617 1.3 2.0 25 400 2 0.2 LB2 2409
pg DNA added? 0.617 1.3 2.0 25 400 2 0.02 LB2 5118

?Final OD60 after the indicated number of hours (°) when growing cells prior to making them competent.

> Number of hours cells had grown before making them competent.

“RG2 is LB2 with 121 g/L sucrose and 10 g/L glucose (Rhee et al., 2007).

¢ CFU: colony forming units per ug DNA. Using fresh cells or cells stored at -80°C did not change CFUs.

¢ Settings from (Rhee et al., 2007).

" Settings based on (Narumi et al., 1992), same settings as used for screening of Geobacillus strains.

9In these experiments, after overnight growth, cells were transferred to 500 mL Erlenmeyer flasks or
1 L bottles (having a similar bottom surface) instead of to a 250 mL Erlenmeyer to allow for more aeration.
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DISCUSSION

In this study we aimed at isolating thermophilic bacilli that are genetically accessible and
our isolation conditions were aimed at finding industrially relevant strains: minimal medium
was used, temperature was set to moderately thermophilic temperatures, both micro-aero-
bic and anaerobic conditions were applied during the isolation procedure to find facultative
anaerobes, and utilization of both C, and C_ sugars was evaluated. Using 5 different isola-
tion conditions, we isolated 267 strains from compost, of which 44 were identified by 16S
rRNA gene sequencing that all belonged to the family Bacillaceae. The observed abun-
dance of the genera Bacillus and Geobacillus (notably G. thermodenitrificans) among the
isolates from the thermophilic compost is in line with a recent report describing the microbial
succession during thermophilic composting (Li et al., 2014). In contrast to Li et al., we did not
find any Ureibacilli and B. licheniformis but isolated several B. coagulans strains and one B.
smithii (Li et al., 2014). These differences might be explained by the fact that for isolation we
used a minimal medium and compost that consisted solely of plant material, whereas the
other study made use of rich LB medium and compost that contained both plant material
and manure (Li et al., 2014; Wang et al., 2011b).

Product formation on glucose was evaluated for all our isolates. In general, the product
profiles are in line with other reports on thermophilic bacilli (Fong et al., 2006; Patel et al.,
2006; Wang et al., 2011b). Whereas these studies mainly focused on a particular species or
strain, our data provide a comparison of several thermophilic Bacillus species and strains
grown under the same conditions. This revealed homogeneity in the main products lac-
tate and acetate, whereas a large diversity was observed in the formation of by-products
between species as well as between strains of the same species. This diversity creates
opportunities for the use of these organisms for the production of different chemicals and
their use as platform organisms or source of enzymes and pathways. G. thermoglucosidans
DSM 2542" and B. coagulans DSM 1" were included as benchmarks because these two
organisms have been studied for production of ethanol (Atkinson et al., 2008) and lactate
(van Kranenburg et al., 2007), respectively, and both are genetically accessible (Kovacs et
al., 2010; Taylor et al., 2008; van Kranenburg et al., 2007). B. smithii ET 138 was the only
strain from our study that had genetic accessibility and product titers comparable to the
benchmark organisms.

To the best of our knowledge, this is the first large-scale screen of genetic accessibi-
lity among different species of thermophilic bacilli. Although several thermophilic Bacillus
species have been described to be genetically accessible (Blanchard et al., 2014; Gao et
al., 2011; Rhee et al., 2007; Suzuki & Yoshida, 2012; Taylor et al., 2008; van Kranenburg et
al., 2007; Wang et al., 2012b), often laborious protocols such as protoplast transformation
are required. Moreover, for each species highly variable transformation efficiencies have



been reported for a limited number of strains, suggesting that genetic accessibility is very
strain-specific. Strain-specificity is also implicated by Patel et al. who reported only one of
their B. coagulans isolates to be genetically accessible (Patel et al., 2006). This is supported
by our findings: in the first isolation round, only 2 out of 25 tested G. thermodenitrificans
isolates were genetically accessible and no G. stearothermophilus or B. coagulans strains
were transformable under the tested conditions. After testing the electrotransformation for
all selected isolates, 3 strains were transformable: B. smithii ET 138 and G. thermodenitri-
ficans ET 144-2 and ET 251, of which ET 138 was the most reproducible. A second isola-
tion round, in which we enriched strains in reactors, resulted in four G. thermoglucosidans
strains that could be reproducibly transformed and one G. toebii strain that was not repro-
ducibly transformable (data not shown). Further optimization of the protocols per strain or
the use of other transformation methods such as protoplast transformation or conjugation
might increase the amount of transformable strains, but for high throughput engineering and
use as platform organism, electroporation is a fast and convenient method. As B. smithii
ET 138 outperformed the other strains in both fermentation and transformation via simple
electroporation, we focused optimization experiments on this strain. The optimized electro-
poration efficiency of B. smithii ET 138 of 5x10° using pNW33n is close to that found in B.
coagulans P4-102B with 1x10* using pNW33n (Rhee et al., 2007) and G. thermoglucosi-
dans with 1x10* using E. coli-Geobacillus shuttle vector pUCG18 (Taylor et al., 2008).

B. smithii was originally re-classified from B. coagulans (Nakamura et al., 1988), but
contrary to B. coagulans, genetic accessibility has not been reported previously. B. smithii
has been described for the production of several biotechnologically interesting enzymes
such as nitrile hydratase (Takashima et al., 2000), endoinulinase (Gao et al., 2009) and al-
kaline lipase (Lailaja & Chandrasekaran, 2013). Its biotechnological potential was further re-
ported in an isolation study targeted at xylose-utilizing, ethanol-tolerant ethanol-producers
(Qi et al., 2011), as well as during lignocellulose-based composting, where B. smithii was
among three bacterial compost isolates showing ligninolytic activity (Jurado et al., 2014).
Several B. smithii strains were isolated from a sugar beet factory and shown to harbour
glycosylated S-layer proteins and to secrete lactic acid as their main product (Messner et
al., 1997). The sugar beet factory isolates showed temperature curves ranging from 37°C
to 65°C, although not all strains grew at 37°C and the type strain did not grow at 65°C. The
sugar beet extraction plant that was used as isolation source was around pH 4.5, indicating
acid tolerance of the strains (Messner et al., 1997). In line with these findings, our isolated
strain ET 138 grows between 37°C and 65°C, with highly similar growth rates between 51
and 57°C and it is still well able to grow and produce acids at pH 5.5 and even to some
extent at pH 4.5. Such robustness against temperature and pH fluctuations is an important
advantage in industrial applications to increase process stability. Another useful industrial
property is its capacity to uncouple growth and acid production. Its robustness, combined
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with the ability to efficiently utilize C5 and C6 sugars present in lignocellulosic substrates
and being genetic accessible, makes B. smithii makes B. smithii an attractive biocatalyst for
lactic acid production, having the potential to be developed into a novel platform organism.
Genome sequencing is currently on-going, as well as the development of genetic tools to
allow its further exploitation by metabolic engineering.

CONCLUSIONS

Thermophilic bacilli able to ferment glucose and xylose can readily be isolated from
compost. All produce lactic acid and acetic acid under micro-aerobic conditions, while pro-
duction of other products such as succinate, malate, ethanol, formate, 2,3-butanediol, or
propionate is variable. Genetic accessibility via electroporation is scarce and strain-depen-
dent. We have isolated B. smithii ET 138 and established an efficient transformation proto-
col. The combination of fermentation robustness and genetic accessibility makes this strain
an attractive biocatalyst and candidate for further development into a platform organism for
production of green chemicals from renewable resources.

MATERIALS AND METHODS

MEDIA, CULTIVATION METHODS AND STRAINS

Thermophile Minimal Medium (TMM, adjusted from (Fong et al., 2006)) contained per L:
8.37 g MOPS and 100 mL 10x concentrated Salt Solution (TSS-10x, containing per L: 2.3
g K.HPO,; 5.1 g NH,CI; 50 g NaCl; 14.7 g Na_SO,; 0.8 g NaHCO ; 2.5 g KCI; 18.7 g Mg-
CI2.6HZO; 4149 CaCI2.2HZO; 0.08 g SrCI2.6HZO; 0.08 g H3BOa; 9.0g NaNOs). The pH was
set at 6.94 at room temperature unless indicated otherwise, the medium was autoclaved for
20 min at 121°C and cooled to max. 80°C , after which substrate and 10 mL per L of 1 mM
FeSO,.7H O in 0.4 M tricine was added.

TMMY is TMM supplemented with 0.5 g/L yeast extract (Roth, Germany).

Thermophile Vitamin Medium with Yeast extract (TVMY) resembles TMMY, with the
exception that SrCI2.6HZO, HBBO3 and NaNO3 is omitted and that metal and vitamin mix-
tures are added after sterilization. Metal mix (1000x concentrated) contained per L: 16.0
g MnCI2.6H20; 109 ZnSO4; 2049 HSBO3; 01g CuSO4.5HZO; 01g NazMoO4.2H20; 1049
CoCI2.6H20; 7049 FeSO4.7HZO. Vitamin mix (1000x concentrated) contained per L: 0.1 g
thiamine; 0.1 g riboflavin; 0.5 g nicotinic acid; 0.1 g panthothenic acid; 0.5 g pyridoxamine,
HCI; 0.5 g pyridoxal, HCI; 0.1 g D-biotin; 0.1 g folic acid; 0.1 g p-aminobenzoic acid; 0.1 g



cobalamin.

LB2 contained per L: 10 g tryptone (Oxoid, United Kingdom), 5 g yeast extract (Roth),
100 mL TSS-10x. pH was set to 6.94 — 7.00 at room temperature.

TGP2 (adjusted from (Taylor et al., 2008)) contained per L: 17 g tryptone (Oxoid), 3 g
neutralized soy peptone (Oxoid), 100 mL TSS-10x. pH was set to 6.94 — 7.00 at room tem-
perature. After autoclaving, 4 mL/L sterile 60% glycerol and 4 g/L filter sterilized 200 g/L
sodium pyruvate were added.

For all tube and plate cultures, carbon substrates were used at a concentration of 10 g/L.
For cultivation in reactors, carbon substrates were used in a concentration of 30 g/L unless
indicated otherwise. Substrates were added separately as 50% sterile solutions after auto-
claving of the medium; xylose and arabinose were filter sterilized and glucose and sucrose
were autoclaved. For plates, 5 g/L gelrite (Roth) was added. The acid indicator bromocresol
purple was used to monitor acidification in plates and tubes. Anaerobic cultivation of plates
was performed in an anaerobic jar (Oxoid) containing a GasPak (Oxoid). All strains were
routinely grown at their isolation temperature (55°C or 65°C), unless stated otherwise. All
strains obtained from DSMZ were routinely grown at 55°C.

To evaluate the optimum temperature of strain ET 138, cells were grown overnight from
glycerol stock in 10 mL LB2 at 55°C and next morning diluted to an OD__ of 0.05 in 20 mL
TMMY supplemented with 10 g/L glucose in 50 mL Greiner tubes and incubated in water
baths at different temperatures without shaking. A second experiment was performed in
the same way, but with the overnight cultures grown at the same temperatures as to which
they were transferred next morning. Tested temperatures were 37, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54, 57, 60, 63, 66 and 69°C. All these experiments were performed in triplicate.
The same experimental set-up was used to evaluate the optimum pH of ET 138, but then
the temperature was set at 55°C and the initial pH of the medium was varied from 3.0 to 7.0
with intervals of 0.5. For pH values from 3.0-5.5, MES buffer was used instead of MOPS.

The following strains were obtained from DSMZ (Germany): G. thermoglucosidans DSM
25427, B. coagulans DSM 17, B. smithii DSM 42167, B. smithii DSM 459, B. smithii DSM
460, B. smithii DSM 2319, B. smithii DSM 2320 and B. smithii DSM 2321.

SAMPLING, ISOLATION AND INITIAL SELECTION

Fresh compost samples were collected from two compost heaps at Recom Ede (NL)
on August 5, 2010, both consisting solely of plant material. One heap was sieved through
a 2-3 cm mesh and the other through a 1-2 cm mesh. The heaps are mixed every two
weeks, resulting in an environment suitable for isolating facultatively anaerobic organisms.
The temperature of the compost was 75°C at +30 cm depth and sampling material was
taken from the surface until £ 30 cm depth. Samples were taken by scraping compost into
a plastic jar, transported to the laboratory (+ 20 min) at ambient temperature to the lab and

~
RN

CH 3. ISOLATION AND CHARACTERIZATION OF THERMOPHILIC BACILLI



72

stored at 4°C until use (1-4 weeks).

Five different conditions were applied during the isolation procedure, namely: 1: sucrose
at 55°C, 2: sucrose at 65°C supplemented with 5 g/L CaCOs, 3: sucrose at 55°C supple-
mented with 5 g/L CaCOS, 4: glucose at 65°C supplemented with 5 g/L CaCO3, 5: glucose
at 55°C supplemented with 5 g/L CaCOa. In all conditions, TMM was used containing the
indicated carbon source and were kept the same throughout the whole procedure for each
condition. The isolation procedure was as follows: for each of the two compost types, 5 g
compost was added to a 250 mL Erlenmeyer flask containing 50 mL TMM medium supple-
mented with the indicated carbon source and shaken for 6 h at 120 rpm at either 55°C or
65°C. After 6 h, dilution series were plated on the same medium containing 5 g/L GelRite
(Roth) and grown anaerobically for 24-48 h at either 55°C or 65°C. Subsequently, single
colonies were picked and each colony was streaked to 4 plates, containing TMM with either
glucose, xylose, arabinose or sucrose and incubated anaerobically for 24-48 h at the same
temperature. Strains grown on 3 or more sugars, of which at least one C_and one C_sugar,
were inoculated into 8 mL of their isolation medium containing bromocresol purple in 15
mL screw-capped tubes and incubated without shaking for 24-48 h at 55 or 65°C. For the
conditions containing CaCOS, this was added to the tubes as 500 uL autoclaved solution
containing 80% (v/v) CaCO3 grains. For strains that grew and acidified the medium, glycerol
stocks were made by addition of 60% (v/v) glycerol to make 15% (v/v) and stored at -80°C.

In order to perform a production-based screening, all isolated strains were inoculated in
duplicate from glycerol stocks into 8 mL TMMY supplemented with 10 g/L glucose and 500
uL of 80% CaCO3 in 15 mL tubes, placed horizontally while shaking at 40 rpm and incuba-
ted for 48 h at their isolation temperature (55°C or 65°C), after which OD600 and pH were
measured and HPLC analysis was performed. Based on HPLC results, pure cultures were
made for selected strains by transferring single colonies twice on TMMY plates supplemen-
ted with 10 g/L glucose before finally transferring them to the same medium in liquid form
to make stocks after 24-30h of growth. Pure cultures were subjected to 16S identification
and used for further studies.

16S RRNA IDENTIFICATION AND PHYLOGENETIC ANALYSIS

A little material from single colonies was transferred from plates to a PCR tube using
a sterile toothpick and subsequently incubated in a microwave for 1.5 min at 800W. PCR
mix was added containing 2.5 U DreamTaq DNA polymerase (Fermentas, UK), DreamTaq
buffer (Fermentas), 1 mM dNTPs (Fermentas), 0.2 uM primers GM3 (AGAGTTTGATCAT-
GGC) and GM4 (TACCTTGTTACGACTT) and MilliQ water to a total volume of 50 yL. PCR
products were checked on agarose gel. Products were purified either by Genedet PCR
purification kit (Fermentas), GeneJet Gel Extraction kit (Fermentas) or by a sequencing
company, being either BaseClear (NL) or GATC (DE). GM3 and GM4 sequences were



assembled to one sequence using CloneManager and manually curated and trimmed until
1358 bp, after which BLASTn was used for identification against the 16S database. Mega6
software (Tamura et al., 2013) was used for creating the alignment using Clustal (Thompson
et al., 1994) after which the Neighbour Joining method (Saitou & Nei, 1987) was used to
create the phylogram and bootstrap analysis (Felsenstein, 1985) was performed using 1000
replicate analyses.

TESTING GENETIC ACCESSIBILITY

Depending on their 16S rRNA gene-based genus identification, strains selected in the
initial selection were subjected to a transformation protocol for either Geobacillus (Taylor
et al., 2008) or Bacillus (Rhee et al., 2007) with slight modifications as follows: strains were
grown overnight at their isolation temperature in 10 mL medium in a 50 mL Greiner tube
and next morning, cultures were diluted to an OD600 of 0.08 in 100 mL medium for Bacilli
and 50 mL medium for Geobacilli. For strains belonging to the genus Bacillus, LB2 medium
was used and for strains belonging to the Geobacillus genus, TGP2 medium was used, with
the exception of Geobacillus strains that grew better on LB2 (isolates ET 036, ET 050, ET
130, ET 144-2 and ET 261-3). Cultures were grown until they reached an OD___of 0.45-0.65
for Bacilli, and around 1.00 for Geobacilli. After washing 3x with SG buffer for Bacilli (per
L: 171.2 g sucrose, 0.2 g MgCl,, 50 mL glycerol) or 4x with electroporation buffer for Geo-
bacilli (per L: 91 g sorbitol, 91 g mannitol, 100 mL glycerol), final pellets were resuspended
in 240 uL SG buffer for Bacilli, and 900 pL electroporation buffer for Geobacilli, after which
cells were either stored at -80°C or electroporation was performed directly. Electroporation
settings were 2.0 kV, 25 pF, 200 Q in a 2 mm cuvette (based on (Narumi et al., 1992)) for all
strains. Additional settings were tested as follows: 1.5 kV, 25 pF, 600 Q in a 1 mm cuvette
(Rhee et al., 2007) for Bacilli strains ET 138, ET 143, ET 224, ET 226, ET 229, ET 230-1,
ET 239-2, ET 244, ET 261-1 and ET 263; 2.5 kV, 25 pF, 600 Q in a 1 mm cuvette (Taylor et
al., 2008) for Geobacilli strains ET 006, ET 011-1, ET 036, ET 042, ET 050 and ET 208; 2.5
kV, 25 pF, 600 Q in a 2 mm cuvette (based on (Taylor et al., 2008)) for ET 006, ET 036, ET
042, ET 050, ET 072, ET 129 and ET 208. Recovery was performed at 3°C below the isola-
tion temperatures for 3 h in RG2 medium (LB2 with 121 g/L sucrose and 10 g/L glucose) for
Bacilli and for 2 h in LB2 or TGP2 supplemented with 0.5% (w/v) glucose for Geobacilli. G.
thermoglucosidans DSM 2542" and B. coagulans DSM 1" were used as positive controls.
All strains were tested with plasmid pNW33n (Bacillus Genetic Stock Centre) and 7 pug/mL
chloramphenicol was added to the plates after transformation. Negative controls were per-
formed by electroporating without adding any plasmid DNA.

Colonies appearing after transformation were streaked to a new plate and grown over-
night, after which grown streaks were subjected to colony PCR as described above, using
primers BG3464 (AACTCTCCGTCGCTATTGTAACCA) and BG3465 (TATGCGTGCAACG-
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GAAGTGAC). To confirm transformation, positive colonies were inoculated into 10 mL LB2
or TGP2 supplemented with 7 ug/mL chloramphenicol in a 50 mL tube and grown overnight
at their isolation temperature. From this culture, plasmid was extracted using the GeneJET
Plasmid Miniprep Kit (Fermentas) with 4 mg/mL lysozyme (Sigma, USA) added to the resus-
pension buffer, in which resuspended pellets were incubated for 30 min at 37°C. Extracted
plasmid was used for PCR as described above and restriction analysis using 550-650 ng
plasmid DNA with Fermentas enzymes Stul and Hindlll for 2 h at 37°C. Plasmid extraction
on non-transformed strains was used as negative control. In case of inconclusive band
patterns, the isolated plasmid DNA was transformed to E. coli DH5x and subsequently
re-isolated and digested.

FERMENTATIONS

Pre-cultures of transformable isolates were grown overnight from glycerol stocks in 10
ml LB2 at 55°C in a 50 mL Greiner tube without shaking. Next morning, 10 mL culture was
transferred to 40 mL TMMY medium supplemented with 30 g/L glucose in a 250 mL Erlen-
meyer flask and incubated at 55°C without shaking. When the cultures reached an OD600
of 0.3-0.7 (exponential growth phase), 20 mL was used to inoculatea reactor containing 1
L TMMY medium without MOPS and supplemented with 30 g/L glucose. Glass reactors
of 2 L working volume were used (Applikon, The Netherlands) under control of an ADI
1010 Bio-controller (Applikon) with an ADI 1025 Bio-console. Temperature was controlled at
55°C, stirring speed was 150 rpm and pH was maintained at 6.5 unless stated otherwise by
addition of 3 M KOH. Growth was monitored off-line by absorbance at 600 nm (ODGOO)
sugar and fermentation products were measured by high-pressure liquid chromatography
(HPLC).

Fermentations of ET 138 at different pHs were performed in the same way as described

and

above, but overnight cultures were transferred to TMMY medium with the same pH as the
reactor (either 4.5, 5.5 or 6.5), and pH of the reactors were controlled at pH 4.5, 5.5 or 6.5.

For the comparison of ET 138 on glucose and xylose, pre-cultures were inoculated
from glycerol stock and grown overnight at 55°C in 10 mL TVMY medium supplemented
with either 10 g/L glucose or 10 g/L xylose in a 50 mL tube at 150 rpm. Next morning, 1 mL
culture was transferred to 50 mL of the same medium in a 250 mL Erlenmeyer flask at 55°C
and 150 rpom. When this culture reached an OD600 of 0.5-0.7, 20 mL was used to inoculate a
reactor. In the reactor, 1 L TVMY medium without MOPS was used, supplemented with 20
or 25 g/L xylose or glucose, as indicated.



ANALYTICAL TECHNIQUES

Sugars and fermentation products were quantified using an HPLC system from Thermo
containing a P2000 pump, an AS3000 autosampler, a UV/VIS1000 detector and an RI-150
refraction index detector. A Shodex RSpak KC-811 cation-exchange column was used with
a mobile phase of 3 mM HZSO4 and operated at 0.8 mL/min and 80°C. All samples were
diluted 1 on 1 with 10 mM DMSO in 0.04 N HZSO4. p-lactate and L-lactate were distinguis-
hed via enzymatic assay kits (MegaZyme D-LATE and K-DATE).

Unknown peaks observed in the HPLC spectrum in the xylose fermentation were col-
lected from HPLC, freeze-dried and analyzed by NMR by Biqualys (NL). NMR-identification
was confirmed by running the corresponding standards on HPLC.

GENBANK ACCESSION NUMBERS

All the 16S rRNA gene sequences generated in this study have been submitted to the
GenBank database with accession numbers KP010222-KP010265.

Type strains used for the phylogenetic tree were trimmed to the same 1358 bp as the
isolates and were derived from the following GenBank accession numbers: NR_043021.1
(G. thermodenitrificans DSM 465), NR_036987.1 (B. smithii DSM 4216), NR_109664.1 (B.
thermocopriae SgZ7), NR_115727.1 (B. coagulans DSM 1), NR_026515.1 (A. pallidus DSM
3670), NR_043022.1 (G. thermoglucosidans DSM 2542), NR_028708.1 (G. caldoxylosily-
ticus DSM 12041).
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SUPPLEMENTARY DATA

Table S1. Growth, end product formation and genetic accessibility of selected isolates.

Sugars supporting growth®

Strain Identification’ Isol> G S X A CFU®
ET 138 B. smithii 3 + + + +/- 3
DSM 1 B. coagulans T + - - - 20°
ET 236 G. thermodenitrificans 5 +/- + + + 0
S o I
ET 224 B. coagulans 5 +/- +/- + +/- 0
ET 251 G. thermodenitrificans 5 + +/- +/- +/- 4
e fSgMovlss o e e w0
DSM 2542  G. thermoglucosidans T +8 +8 +° -8 2300
ET 130 G. caldoxylosilyticus R T S U
ET 186 G. thermodenitrificans 4 +- + +/- +/- 0
ET 144 ; BG t?ﬁgTrggZZZ?z'ificans 3 *h- *h- * *h- ; g
ET 241 G. thermodenitrificans 5 +- +/- + +/- 0
ET 050 G. thermodenitrificans 1 +/- + ++ - bg
ET 208 G. caldoxylosilyticus 4 +/- +/- - +/- bg
ET129 G Gemedeniiioans 2 Y Yt - ipg
ET 143 B. thermocopriae 3 + + + +/- res
ET 072 G. thermodenitrificans 2+ o+ - 1;5:
ET 157 G. thermodenitrificans 3 + +/- +/- - 0
ET 136 G. thermodenitrificans 3 + ++ + + 0
ET 244 B. thermocopriae 5 + +/- +- +/- 0
ET 226 B. thermocopriae 5 +/- +/- +++ +/- 0



Products (g/L)*

Lac Ace Suc Mal Eth For 2,3-BDO Prop Total OD600
674 081 007 761  1.425
+018  +0.02  +0.00 nd nd nd nd nd  ,016  +0.058
637 036 013 018  0.04 . 0.10 7T 1467
+0.76  +0.05 +0.05 +0.30 +0.07 +0.02 +116 0147
537 115 013 047 004 007 0.05 4 697 0833
+0.60 +0.07 +0.01 +011 +0.02 +0.04 +0.01 +0.85  +0.006
503 087 015 . 007 . 0.04 4 668 0928
+0.22  +019  +0.04 +0.00 +0.03 +0.27  +0.041
447 072 020 4 - . 0.06 4 620 0852
+012  +0.02  +0.00 +0.01 £0.03  +0.011
489 085 013 041 043  0.00 0.07 L4 618 0876
+0.03 +0.02 +0.00 +0.01 +0.02 +0.00 +0.01 +0.03  +0.002
471 091 014 012 g 002 o 4 591 0538
+0.37 4000 +0.04 +0.02 +0.01 +0.39  +0.076
439 092 021 003 009 014 g 002 581 0695
£0.19 003 005 +0.02 +013  +0.15 +0.01 026  +0.195
459 076 018  0.08 4 004 . 4 564 0578
£0.37 4004 +0.01 +0.01 +0.00 +0.40  +0.048
412 092 021 007 4 002 0.04 4 537 0803
£0.39  +0.01 +0.07 +0.03 +0.00 +0.06 1049  +0.168
363 102 015 012 021 011 0.08 g 532 o081
+0.34 +0.03 +0.02 010 +0.18 +0.02 +0.01 +0.06  +0.101
399 098 016  0.01 4 006 0.03 4 523 0662
+0.89 +0.07 +0.05 +0.01 +0.05 +0.05 +1.00  +0.018
372 101 042 009 g 002 0.05 4 500 061
+0.49  +0.24 +0.02 +0.04 +0.00 +0.07 +0.85  +0.125
314 106 057 0.6 g 004 . g 498 0881
+0.80 014 +0.20 +0.03 +0.01 +118  +0.081
356 099 016  0.08 4 002 o 4 481 0579
+0.48 006 +0.04 +0.02 +0.01 +0.36  +0.082
281 107 015 4 026 020 001 009 460 0719
+0.33  +017  +0.04 +0.15  +0.12 +0.01 +0.08 +0.90  +0.095
348 081 010 iy 4 oot 011 4 452 0356
+0.41  +018  +0.01 +0.00 +0.15 +0.45  +0.020
345 094 007 o 4 oo 0.03 4 449 0553
£0.03 +0.06  +0.01 +0.00 +0.02 +0.03  +0.028
246 114 016 4 050 016 4 003 445 0564
+0.07 +0.01  +0.03 +042  +0.04 £0.02  +0.58  +0.090
346 036 001 o o » 004 002 389 0403
+0.38  +0.02  +0.00 £0.00 000 +0.41  +0.054
341 038 002 . . . 001 002 384 0663
+018  +0.01  +0.01 £0.01 %000 021  +0.020
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Table S1 continued.

Sugars supporting growth®

Strain Identification’ Isol? G ] X A CFU®
ET 225 A. pallidus 5 +/- +/- + +/- bg
ET 039 G. thermodenitrificans 1 + + + + bg
ET261 3G hemodemioans 5t Tt g
ET 145 G. thermodenitrificans 3 + +/- + +/- 0
ET 200 G. thermodenitrificans 4 + +/- + +/- 0
ET 036 G. thermodenitrificans 1 + + + + bg
ET 156 G. thermodenitrificans 3 ++ ++ + +/- 0
ET 042 G. thermodenitrificans 1 + + + + 0
ET 229 B. coagulans 5 +- +/- + +/- 0
ET 267 1+2: G. thermodenitrificans 5 + +/- + +/- 1/2: 0
ET 011 1+2: G. thermodenitrificans 1 + + + + 21::;)9
ET 081 G. thermodenitrificans 2 + + ++ - bg
ET 230 1+2: B. coagulans 5+ 4+ bt KS:
ET 263 B. thermocopriae 5 + +/- + +/- 0
ET 159 G. thermodenitrificans 4 +/- +/- +/- +/- 0
ET 160 G. thermodenitrificans 4 +/- +/- - +/- bg

" The selection based on products was made prior to making pure cultures — the identification
shown is that after making pure cultures; in cases where the pure culture was split in multiple
species both are shown because in this selection round it was still a mixed culture. In the CFU-co-
lumn, the identification for the subcultures is provided after the corresponding strain sub-number
(e.g. 1, 2, or 3) as this was performed after making pure cultures.

?Isol: isolation condition (see Table 1).

® Sugars used in the selection step in the isolation procedure (see Table 1), prior to making pure
cultures. Abbreviations: G: glucose; S: sucrose; X: xylose; A: arabinose; na: not applicable.

* Cultures were analyzed by HPLC after 48 h of growth at their isolation temperature (55 or 65°C)
in 15 mL screw-capped tubes with 8 mL TMM + 0.5 g/L yeast extract + 10 g/L glucose + CaCO3.
Transformable strains are shown in bold. Two genetically accessible Bacillus type strains known
from literature for green chemical or fuel production were taken along as reference strains, e.g.
G. thermoglucosidans DSM 2542" (Cripps et al., 2009) and B. coagulans DSM 1" (Kovacs et al.,
2010; van Kranenburg et al., 2007). Data are the average of duplicates; standard deviations are



Products (g/L)*

Lac Ace Suc Mal Eth For 2,3-BDO Prop Total OD600
3.07 0.63 0.07 nd nd nd nd 0.03 3.79 0.558
+0.87 +0.00 +0.03 +0.01 +0.89 +0.033
2.57 0.92 0.07 0.04 nd 0.02 nd nd 3.62 0.481
+0.08 +0.07 +0.03 0.01 +0.00 +0.19 +0.010
1.96 1.14 0.06 nd 0.23 0.20 nd 0.03 3.62 0.613
+0.17 +0.10  +0.02 +0.01 +0.09 +0.00 +0.02 +0.014
1.91 1.18 0.11 nd 0.24 0.10 0.01 nd 3.54 0.505
+0.03 +0.09 +0.06 +0.05 +0.02 +0.01 +0.14 +0.029
2.65 0.64 0.16 0.07 nd nd nd nd 3.53 0.729
+0.01 +0.25 +0.04 +0.05 +0.34 +0.055
2.50 0.80 0.08 0.12 nd 0.02 nd nd 3.52 0.456
+1.41 +0.31 +0.07  £0.11 +0.01 +1.69 +0.052
2.34 0.90 0.16 0.02 nd 0.01 0.04 nd 3.46 0.448
+1.02  +0.20 +0.11  10.02 +0.01 +0.05 +1.36 +0.083
2.36 0.89 0.03 0.07 nd 0.02 nd nd 3.37 0.627
+0.21 +0.07  +0.01 +0.03 +0.01 +0.27 +0.106
2.83 0.47 0.03 nd nd nd nd 0.02 3.35 0.373
+1.61 +0.03  +0.02 +0.00 +1.67 +0.045
219 0.83 0.05 0.11 0.03 0.02 nd nd 3.22 0.432
+0.90 +0.00 +0.03 +0.15 +0.04 +0.00 +1.13 +0.048
2.00 0.79 0.08 0.08 0.14 0.02 nd nd 3.11 0.539
+0.91 +0.22  +0.03  +0.01 +0.20 +0.00 +1.35 +0.117
2.03 0.93 0.07 0.06 nd 0.01 nd nd 3.10 0.740
+0.20 +0.11 +0.00 +0.02 +0.00 +0.08 +0.091
2.34 0.66 0.04 nd nd nd nd 0.02 3.06 0.419
+1.00 +0.00 0.01 +0.00 +1.01 +0.072
1.72 0.85 0.03 nd 0.24 0.05 nd nd 2.89 0.600
+0.54 +0.16  +0.01 +0.10  +0.00 +0.80 +0.098
0.74 0.67 nd nd nd 0.05 nd 0.01 1.46 0.253
+0.02  +0.06 +0.01 +0.00 +0.06 +0.001
0.69 0.53 nd nd nd 0.04 nd 0.00 1.27 0.315
+0.03  +0.03 +0.06 +0.01 +0.11 +0.103

indicated in italics after the ‘+’. nd = not detected; nd" = a very high malate peak with a large shoulder
was observed, indicating the presence of another product besides or instead of malate but this was not
further evaluated. Abbreviations: Lac: lactate; Ace: acetate; Suc: succinate; Mal: malate; Eth: ethanol;

For: formate; 2,3-BDO: 2,3-butanediol; Prop: propionate.

® CFU = colony forming units per ug DNA after electrotransformation with pNW33n. Transformation
was confirmed by isolating plasmid material and subsequent PCR and restriction analysis (Figure S1).
Res = naturally resistant to chloramphenicol; nr = not reproducible, bg = background colonies after
electroporation, also when no DNA was added, while these strains did not grow on chloramphenicol
prior to transformation — colonies by these strains did not test positive in PCR. Results are shown for
pure cultures, e.g. 239-1 and 239-2 are ‘1:0 2:bg’ meaning 239-1 showed 0 colonies and 239-2 showed
background colonies.

® As reported by (van Kranenburg et al., 2007).

’ Acid production from these sugars as determined by (Jung et al., 2009).

® Acid production from these sugars as determined by (Suzuki et al., 1983).

~
©

CH 3. ISOLATION AND CHARACTERIZATION OF THERMOPHILIC BACILLI



pu 8LLS N cal 4 c00 00¥ °14 0¢c €l 2190 G-98 ,YNa B oz
pu 60v¢ N cal 4 0 00¥ °14 0¢c €l 2190 §-98 ,YNa B gz
4453 pu N cal 4 3 00¥ 14 0¢ el [4%X0] §-98 JmoiBised vz
pu 006} N cal 4 4 00¥ °r4 0¢ 3 6€G°0 §-98 JmoiBised €2
pu 0 N oY 4 3 00¥y 14 0¢ x4 ¥S¥°0 0l-NS Jayng  ¢¢
0 (014 N cal 4 3 00v 14 0¢ g ¥S¥°0 0L-NS Jayng  1¢
pu S N od 4 3 00¥ 14 0¢c Sl 6150 §-98 wnipsw 99y 0¢
pu 096 N cal 4 3 00v 14 0¢ Sl 6150 §-98 wnipsw 99y 61
pu 0 N od 4 3 00¥ 14 0¢ (x4 [44)0] §-98 wnipsw 99y 8|
pu 069 N cal 4 3 00v 14 0¢c (x4 2es0 §-98 wnipsw 99y /|
pu 9¢ N od 4 3 00¥ 14 0¢ g l4 4} 01-9S 081 ‘loIsdklD gL
9Ly 96/ N [4<h! 4 3 00¥ 14 0¢ *4 144} 0l-98 081 ‘loIsdklD Gl
pu I N oY 4 3 00¥ 14 0¢ X4 150 §-OS wnipaw 99y |
Evy 90¥ N 4= 4 3 00y 14 0¢ (x4 ¥16°0 §-OS wnipsw 99y €|
pu 0 N oY 4 3 00vy 14 0¢ (x4 ¥.G°0 §-OS wnipsw 99y ¢l
6vlL (475 N cal 4 3 00vy 14 0¢ (x4 ¥.G°0 §-O8 wnipsw 99y ||
pu L N od 4 3 00vy 14 0¢c vl 890 §-98 ao ot
pu 0L N oY 4 3 0ov 14 0¢ 'l 41 40] §-98 ao 6
1G1 pu N oY 4 20 00v S¢ 0¢ 6¢C o G-OS sbupes 8
L pu N oY 4 20 00¢ 14 0¢c 6¢C ia4 G-OS sbupes L
€Ll pu N oY 3 20 00¢ 4 S 6¢C ev'o G-9S sBupes 9
pu 43 N oY 4 3 00¢ 14 0¢c 6¢C ¥ev'o §-98 sbunies S
pu € A oY 4 S 00¢ 14 0¢c Sl 0050 §-98 ‘Has+081 WD 14
pu €€ N XS] 4 3 00¢ 14 (4 SLL €870 §-98 HOS+091 WO €
pu 8 A od 3 l 009 14 N Sl 0050 §-98 HOS+091 WO 4
pu € N oY 3 3 009 °14 S SL) €870 §-OS H9s+281 WO 3

,08-N40  USeN4D QB WD ,wnipaw oy wweneAny yNabd 5 4 M moiBjosiyH ,goleuld aeyng  pabueyo usjpweled  IN

"8€1 13 /Iy}IWs "g 10} UOKEULIOJSUBI0N}I3] J0 UuoReziwndQ ‘ZS alqel

80



& | 17110vE JINMHAOWY3IHL 40 NOILVZIY31LOVHVYHO ANV NOILY10SI “€ HO

"UoIjeISk BI0W IO} MOJ[E 0} JoAsWwuag Jw

0GZ & 0} Jo peajsul (90e)INS WOHOQ Jejiwis e Buiney) sapjoq 7 | 10 syse|} Jahswuali3 Jw 00G O} paiidjsuel) a1em S92 ‘Ymoib Jybiluleno Jaye ‘sjuswiiadxe esay u) ,
‘paulwlialep

jou = pu *(,08-,) D,08- Ul 8belo}s Jsye 1o (ysaly,) usjedwod way) Buiyew saye Apoalip pajesodoljos|e Jayye a1em s||80 "YNQ Brl Jad spun Buiwioy Auojod N4
"ouU = N :s8Ah = A "A1en0oal Jo Uz Jaje peppe sem [00jusydweIolyo pain|ip 000L/L JOU JO JBYIBUM .

(2002 "le 10 ®ayy) 8soon|b /6 Q| pue esosons /6 Lzl yim g1 s1 Oy,

‘Juajedwod way) Bupew aioyaq umolb pey sjj@o SInoy 10 JaquInN ¢

‘Jusjedwod way} Bupjew o} Joud sjj9o BuimolB usym (;) sinoy Jo Jequinu pajesipul ay} Jeye o leuld ,

"(800z “Ie 1o Joke] )

|09030.d SNjj1oBqOBS WO} JBYN( [o}uUBW [0}AI0S = NS (L00Z “[E 1 @8Yy) [090}0.d Snjjroeg woly 1ayng 0182416 8so1ons = 5 *|0199A|6 Jo 9% sy} sejeolpul 0L 10 G |
‘sulel)s snjjroeqoe9 Jo Bujuaalos 1o} pasn se sbules ayj ale yoiym (2661

“|e Ja lwnJeN) uo paseq uo paseq sbues aie ¢ IN (2002 “Ie 1@ @ayy)/e }o 99yy Aq paquosap se |020joid |eulblio 8y} Si | IN “Sjuswiiadxa Jualayip 8)edlipul saul



82

Figure S1. Restriction analysis of plasmid DNA extracted from isolates and control strain trans-
formed with pNW33n. Restriction was performed with Stul and Hindlll; pNW33n digested with Stul and
Hindlll yields bands of 282 and 3955 bp. M: Fermentas 1 kb DNA ladder. For each digestion reaction, 550-
650 ng isolated plasmid DNA was used. A: Plasmids isolated from G. thermodenitrificans strains ET 144-2
and ET 251 transformed with pNW33n. B: Plasmids isolated from G. thermodenitrificans strains ET 144-2
and ET 251 prior to transformation with pNW33n (negative control) C: Plasmids isolated from E. coli DH50
transformed pNW33n (original source) and after retransformation with plasmids isolated from B. smithii ET
138 transformants and G. thermoglucosidans DSM 2542 transformants.
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Figure S2. Fermentation of B. smithii ET 138 on 25 g/L xylose and glucose. Fermentation was carried
outin 1L TVMY supplemented with 25 g/L xylose or glucose, at 55°C, pH 6.5, 150 rpm and without any gas
addition. Grey line with plus-sign: OD600; open circles: xylose or glucose; filled diamonds: lactate; closed
squares: acetate; crosses: malate and succinate; closed triangles: pyruvate. During the xylose fermentati-
on, severe browning of the medium was observed after approximately 70h.









CHAPTER 4

COMPLETE GENOME SEQUENCE OF THERMOPHILIC BAcILLUS
SMITHII TYPE STRAIN DSM 42167

Submitted for publication.
Bosma, E.F., Koehorst, J.J., van Hijum, S.A.F.T., Renckens, B. Vriesendorp, B., van de
Weijer, A.H.P., Schaap, P.J., de Vos, W.M., van der Oost, J., van Kranenburg, R.




86

ABSTRACT

Bacillus smithii is a facultatively anaerobic, thermophilic bacterium able to use a variety
of sugars that can be derived from lignocellulosic feedstocks. Combined with its genetic ac-
cessibility it is a potential new host for biotechnological production of green chemicals from
renewable resources. We determined the complete genomic sequence of the B. smithii
type strain DSM 42167, which consists of a 3,368,778 bp chromosome (GenBank accessi-
on number CP012024) and a 12,514 bp plasmid (GenBank accession number CP012025),
together encoding 3880 genes. Genome annotation via RAST was complemented by a pro-
tein domain analysis. Some unique features of B. smithii central metabolism in comparison
to related organisms included the lack of a standard acetate production pathway with no
apparent pyruvate formate lyase, phosphotransacetylase, and acetate kinase genes, while
acetate was the second fermentation product.

KEYWORDS

Bacillus smithii, genome sequence, lactic acid, thermophile, thermophilic bacillus,
biotechnology



INTRODUCTION

Bacillus smithii is a facultatively anaerobic, thermophilic Gram positive bacterium, origi-
nally identified as Bacillus coagulans (Hammer, 1915; Nakamura et al., 1988). Similar to its
close relative B. coagulans, B. smithii has biotechnological potential as it is able to ferment a
range of carbon sources (Nakamura et al., 1988) into lactate and other green building block
chemicals (Bosma et al., 2015a; Bosma et al., 2015b). The production of such green che-
micals at elevated temperatures from lignocellulosic biomass has the potential to lower pro-
duction costs of these chemicals. Compared to currently used mesophilic production hosts,
such as Lactic Acid Bacteria (LAB) or Escherichia coli, the amount of enzymes needed for
hydrolysis of lignocellulose is ~3-fold lower around 50-60°C, which is the temperature of
moderately thermophilic temperatures (Ou et al., 2009). Furthermore, fermentation at higher
temperatures decreases contamination risks and cooling costs and increases product and
substrate solubility (Bosma et al., 2013; Taylor et al., 2009). In order to enable the develop-
ment of B. smithii as a platform organism, genetic tools were recently developed for it (Bos-
ma et al., 2015a; Bosma et al., 2015b). To fully exploit the biotechnological potential of this
species and to gain insight into its metabolic pathways, we sequenced the genome of the B.
smithii type strain. Reconstruction of the central metabolic pathways based on the genome
reveals some remarkable differences with its close relative B. coagulans.

ORGANISM INFORMATION

CLASSIFICATION AND FEATURES

B. smithii DSM 4216 is a motile, spore-forming, rod-shaped (0.8-1.0 by 5.0-6.0 um (Na-
kamura et al., 1988)/0.5-1.0 by 2.0-6.0 um, Figure 1), facultatively anaerobic, facultatively
thermophilic bacterium with wide ranges of both temperature (25-65°C) and pH (5.5-7.0)
(Nakamura et al., 1988). An electron micrograph of B. smithii DSM 4216 is shown in Figure
1. Based on existing literature (Nakamura et al., 1988), HPLC analysis (Bosma et al., 20153;
Bosma et al., 2015b) and API-tests, it is concluded that the species is able to ferment a
range of carbon sources into mainly lactate, with acetate as the major by-product and minor
amounts of succinate and malate (Table 1).

In order to compare the B. smithii DSM 4216" genome to other fully sequenced Bacillus
genomes, a phylogenetic tree was constructed based on 16S rRNA and the analysis of
protein domains of B. smithii DSM 4216" and other currently available Bacillus genomes
(Figure 2, and Figure 2 Chapter 1) (Worm et al., 2014). These analyses indicated that B.
smithii is most closely related to B. coagulans and Bacillus thermocopriae, which are both
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moderately thermophilic or thermotolerant species (Han et al., 2013; Nakamura et al., 1988).

The B. smithii type strain DSM 4216" was isolated from cheese (Hammer, 1915; Na-
kamura et al., 1988), but other B. smithii strains have been isolated from compost (Bosma
et al., 2015a; Jurado et al., 2014), hot spring soil (Qi et al., 2011), and a sugar beet factory
(Messner et al., 1997). It is a free-living organism that was shown to be non-cytotoxic (LUc-
king et al., 2013). In addition, the safety of the probiotic B. smithii TMBI 12 was recently
reported in piglets studies (Suitso et al., 2014). Basic morphological and physiological featu-
res have been described by Nakamura et al.(Nakamura et al., 1988). Genetic accessibility,
a wide temperature and pH range and the ability to utilize a wide range of carbon sources
in a relatively minimal medium make B. smithii an interesting new host for biotechnological
applications (Bosma et al., 2015a; Bosma et al., 2015b).

Figure 1. Scanning electron micrographs
of B. smithii DSM 4216".
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Figure 2. Phylogenetic tree based on 16S rRNA gene sequences (left) and protein domains (right).
A comparison is included (horizontal lines) between the two trees, showing the position of Bacillus smithii
DSM 4216 relative to other Bacillus strains, as well as several industrially important Lactic Acid Bacterium
strains. Only strains were used for which a complete genome sequence is available (as on 18 September
2014) in order to be able to perform the domain-based analysis. The 16S sequences were aligned using
DECIPHER (R) (Wright, 2013) and the distance analysis was performed using a Jukes-Cantor correc-
tion. Phylogenetic analysis of all domains was performed by re-annotation of all proteins from selected
genomes using InterProScan 5-RC7 and transformed into a absence-presence matrix. Distance was
calculated using a standard Euclidean distance and clustering was performed by complete method using
hclust. Tree comparison was performed by dendextend.
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GENOME SEQUENCING INFORMATION

GENOME PROJECT HISTORY

The B. smithii type strain was selected based on the biotechnological relevance of the
species as described above. The initial lllumina sequencing was performed in March 2012
and the genome was closed by PacBio sequencing in June 2013. The final, closed geno-
me sequence consisting of 1 chromosome and 1 plasmid was deposited in GenBank (nr
CP012024 and CP012025) and released for public access on 8 July 2015. A summary of
the project information and its association with MIGS version 2.0 compliance (Field et al.,
2008) is shown in Table 2.

GROWTH CONDITIONS AND GENOMIC DNA PREPARATION

B. smithii DSM 4216 was obtained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ). DNA was isolated from B. smithii DSM 4216" cultures grown
overnight at 55°C in 100 mL LB2 and TVMY-glucose (Bosma et al., 2015a) in a 250 mL
Erlenmeyer. 10 mL of the cultures was harvested by centrifugation for 15 min at 4°C and
4816 x g, after which DNA was isolated using the Epicentre Master Pure Gram Positive
DNA Purification kit according to the manufacturer’s protocol. DNA integrity was confirmed
on a 1.0 % agarose gel and concentrations were measured using Qubit (Life Technologies),
after which DNA integrity was re-evaluated by the sequencing company before sequencing.

Table 2. Project information of the whole genome sequence of B. smithii DSM 4216,

MIGS ID Property Term
MIGS 31 Finishing quality Finished
Mate-pair (average 4,260 bp), paired-end (average 273
MIGS-28 Libraries used bp), PacBio (2,075 and 2,775 kbp)
MIGS 29 Sequencing platforms lllumina and PacBio
lllumina paired-end: 187x, lllumina mate pair: 311x,
MIGS 31.2  Fold coverage PacBio: 56x
CLCbio Genomics Workbench 5.0, SSPACE Premium 2.0,
MIGS 30 Assemblers GapFiller 1.10
MIGS 32 Gene calling method RAST and protein domain analysis
Locus Tag BSM4216
Genbank ID CP012024 (chromosome) and CP012025 (plasmid)
GenBank Date of Release 8 July 2015
BIOPROJECT PRJNA258357
MIGS 13 Source Material Identifier Biotechnological

Project relevance

DSM 4216"




GENOME SEQUENCING AND ASSEMBLY

The genome of B. smithii DSM 4216" was sequenced by BaseClear BV (NL) using
lllumina HiSeq2000 mate-pair and paired-end sequencing for the initial sequencing and as-
sembly, followed by PacBio sequencing to fully close the genome sequence. The average
length of the paired-end samples was 273 bp and that of the mate-pair samples 4,260 bp.
The sequence reads were filtered and trimmed based on Phred quality scores, assembled
into contigs using the “De Novo Assembly” option of the CLCbio Genomics Workbench ver-
sion 5.0 and further assembled into scaffolds using SSPACE Premium version 2.0 (Boetzer
et al., 2011). This initial sequencing resulted in 6,185,516 reads, which were assembled into
214 contigs and 27 scaffolds. The coverage of the paired-end reads was 187x and that of
the mate pair reads was 311x. For gap closure, sequencing was performed using a PacBio
SMRT cell and quality was again assessed based on Phred scores. PacBio sequencing
resulted in 90,013 reads with an average read length of 2,075 kbp and a coverage of 56x.
The contigs were assembled into super-scaffolds using alignment of the PacBio reads with
BLASR (Chaisson & Tesler, 2012), which was then used to determine the order of and dis-
tance between the contigs using a modified SSPACE Premium version 2.3 (Boetzer et al.,
2011). This resulted in 5 scaffolds, after which a second PacBio run was performed, which
resulted in 114,294 reads with an average length of 2,775 kbp. These results were analyzed
in the same way as the first PacBio-round, after which gaps in the super-scaffolds were
closed using GapFiller 1.10 (Boetzer & Pirovano, 2012), resulting in the final genome of 1
chromosome and 1 plasmid. Two small scaffolds (<450 bp) were found to be contaminants
and removed from the data set.

Structural variations (SVs; small nucleotide polymorphism and small insertions and de-
letions) in the paired end and mate paired lllumina reads were compared to the PacBio sca-
ffolds at the CMBI Nijmegen using an in-house developed tool RoVar (S. A. F. T. van Hijum,
V. C. L. de Jager, B. Renckens, and R. J. Siezen, unpublished data; http://trac.nbic.nl/rovar).
Repeat masking of the reference sequence was done by (i) creating 30-bp fragments, (ii)
aligning these fragments to the PacBio reference sequence by using BLAT (Kent, 2002)
with a tile size of 6, and (iii) masking regions to which fragments align perfectly in multiple
positions in the reference sequence. lllumina read alignment performed by BLAT with a tile
size of 6 and alignment events were allowed provided that SVs were at least 4 bp from the
end of a given read. SVs were used for further analysis provided that they were supported
by at least 5 unique forward and 5 unique reverse reads and at most 1% of the reads were
allowed to suggest an alternative allele. A total of 14 SVs were corrected in the B. smithii
4216" PacBio assembly.

©
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GENOME ANNOTATION

The corrected PacBio assembly was subjected to RAST annotation (Aziz et al., 2008)
using default parameters. The following tools were used to predict gene functions (Table 4):
Aragorn for tRNAs (http://mbio-serv2.mbioekol.lu.se/ARAGORN/), RNAmmer (http://www.
cbs.dtu.dk/servicess/RNAmmer/) for rRNA, and CRISPR-finder for CRISPR repeats and
spacers (http://crispr.u-psud.fr/Server/). The annotation was manually curated by running a
BLAST of all genes and comparing starts and stops to the best hits. Via this method, also
pseudogenes were manually identified.

As several pathways commonly found in bacilli were not identified by RAST in B. smithii,
an analysis based on protein domains was performed on the B. smithii DSM 4216" genome
using InterProScan 5 (version 5RC7, 27th January 2014) (Koehorst & Van Dam, in prep.).
This has been shown to be a powerful tool for identifying previously unknown protein func-
tions, for example in determining microbial syntrophic interactions (Worm et al., 2014). The
domain-based annotation was compared to the manually curated RAST annotation, after
which duplicates were removed and genes identified uniquely via the domain-analysis were
added. In total 142 extra genes were annotated via this method, of which all except 4 were
hypothetical proteins. For 209 genes, the protein domain annotation resulted in the addition
of EC-numbers to the annotation that had not been assigned via RAST.

GENOME PROPERTIES

The genome of B. smithii DSM 4216" consists of a circular chromosome of 3,368,778
base pairs with a GC content of 40.8% and a plasmid of 12,514 base pairs and a GC content
of 35.9% (Table 3). Figure 3 shows a map of the DSM 4216" plasmid and chromosome.
On the chromosome, a total of 3880 genes were identified, of which 3627 were annotated
as protein-coding genes, of which 81 are assigned ‘putative’ or ‘probable’ functions, 1472
are hypotheticals or genes with unknown function (38.2%) and the remaining had a defined
function. Out of the total chromosomal genes, 126 genes are pseudogenes and 94 are
tRNAs, 33 are rRNA genes, 122 are genes with signal sequences for secretion and 795
are genes with a transmembrane domain (Table 4). The rRNA genes are clustered in 11
operons, which is relatively many and is thought to be linked to the capacity to grow fast
in different conditions (Lee et al., 2009). Eight of these operons were found on the forward
strand and 3 on the reverse strand. Six of the operons appear to be positioned approxima-
tely opposite of each other on the two strands, while the remaining five are located very clo-
sely to the origin and to each other on the forward strand. The plasmid DNA was predicted
to contain 18 genes, of which 5 have a function assigned, 11 are hypotheticals and 2 are
mobile element associated proteins. The COG-distribution of genes is shown in Table 5.



Table 3. Summary of the B. smithii DSM 4216" genome: one chromosome and one plasmid.

Label Size (Mb) Topology GenBank accession nr
Chromosome 3,368,778 Circular CP012024
Plasmid 12,514 Circular CP012025

Piasmid

Chromuosome

Figure 3. Chromosome and plasmid map of B. smithii DSM 4216. The outer circle represents base pair
numbers; red are genes on the forward strand and blue on the reverse; the inner circle represents GC skew
in which red is a positive GC content and green a negative.
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Attribute

Table 4. Genome statistics of

0,
Value hofTotal g smithii DSM 4216".

Genome size (bp)

DNA coding (bp)
DNA G+C (bp)

3,381,292 100.0 @ This is excluding 126 pseudogenes.
2,799,365 82.8
1,378,026 40.8

DNA scaffolds 2

Total genes 3880 100.0

Protein coding genes 3627° 93.5

RNA genes 127 3.3

Pseudo genes 126 3.2

Genes in internal clusters ND

Genes with function prediction 2063 531

Genes assigned to COGs 2619 67.4

Genes with Pfam domains 2596 66.8

Genes with signal peptides 122 3.1

Genes with transmembrane helices 795 20.5

CRISPR repeats 69

Code Value %age Description ;23I:ssa.stl:)Tizferc?f
J 162  4.46  Translation, ribosomal structure and biogenesis with general COG
A 0 0.00 RNA processing and modification :?len;tional catego-
K 179 4.92  Transcription The total is based on
L 160 4.40 Replication, recombination and repair :)r:'gtgtnai:ggmgze%fes
B 1 0.03 Chromatin structure and dynamics in the RAST-annota-
D 28 0.77 Cell cycle control, Cell division, chromosome partitioning :[/(\?i(tjhg:r?zr-r\];l(usfgﬁ)
\ 31 0.85 Defense mechanisms cut-off of 0.00001.

T 125 3.44  Signal transduction mechanisms

M 132 3.63  Cell wall/membrane biogenesis

N 64 1.76 Cell motility

U 42 1.16 Intracellular trafficking and secretion

(e} 92 2.53 Posttranslational modification, protein turnover, chaperones

C 156 4.29 Energy production and conversion

G 174 4.79 Carbohydrate transport and metabolism

E 291 8.01 Amino acid transport and metabolism

F 74 2.04 Nucleotide transport and metabolism

H 107 2.94  Coenzyme transport and metabolism

| 94 2.59 Lipid transport and metabolism

P 154 4.24 Inorganic ion transport and metabolism

Q 70 1.93 Secondary metabolites biosynthesis, transport and catabolism

R 382 10.51  General function prediction only

S 236 6.49 Function unknown

- 1321  36.34 Notin COGs




COMPARISON TO OTHER GENOMES

As the number of available genome sequences from thermophilic bacilli is still rather limited
and B. smithii also grows at mesophilic temperatures, we compared its genome properties to those
of thermophilic bacilli as well as to those of several commonly studied mesophilic bacilli (Table 6).
Compared to its close relative B. coagulans, B. smithii has a slightly larger genome with a lower GC
content. Compared to most mesophilic bacilli, its genome is smaller and it has a higher GC content
than B. cereus but lower than B. halodurans and B. subtilis. As will be discussed in the next section,

the genome content differs from its close relatives in several ways.

Table 6. Comparison of several published complete genome sequences of the genus Bacillus.

Species / strain Genome oo on opps2 Plasmid o o ihs  Reference
size (bp) number

B. smithii DSM 42167 3,368,778 40.8 3635 1 TT This study

B. coagulans DSM1™ 3,018,045 47.2 3437 0 TT (Su et al,, 2012)

B. coagulans 36D1 3,552,226 46.5 3306 0 TT (Rhee et al., 2011)

B. coagulans 2-6 3,073,079 47.3 2985 1 TT (Su et al,, 2011a)

A. flavithermus WK1 2,846,746 41.8 2863 0 TT (Saw et al., 2008)

B. licheniformis 10-1 4317010 459 4650 0 7 (Lietal, 2012 Liet
al,, 2013)

B. licheniformis DSM13" 4,222,748 46.2 4286 0 TT (Veith et al., 2004)

B. cereus ATCC 14579 5,426,909 35.3 5366 1 MP (Ilvanova et al., 2003)

B. halodurans C-125 4,202,353 437 4066 0 MP (Takami et al., 2000)

B. subtilis 168" 4,214,810 43.5 4100 0 MP (Kunst et al., 1997)

G. thermoglucosidans

TNO-09.020* 3,75 Mb 43.9 4300 0 TP (Zhao et al., 2012b)

G. thermodenitrificans 4 550319 489 3499 1 TP (Feng etal, 2007)

NG80-2
(Takami et al.,

G. kaustophilus HTA426 3,544,776 52.0 3498 1 TP 2004a; Takami et al.,
2004b)

G. thermoleovorans 3,596,620 523 3887 0 TP (Sakaffetal, 2012)

CCB_US3_UF5

Currently available thermophilic Bacillus genomes are shown, as well as a selection of genomes of mesop-
hilic model organisms.

*Sequence not fully closed.

" GC% of chromosome and plasmid combined as weighted average.

2 Open Reading Frames as a total on chromosome and plasmid(s).

® MP: mesophile, TP: thermophile, TT: thermotolerant (grows at mesophilic as well as thermophilic tempe-
ratures).
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EXTENDED INSIGHTS

CENTRAL CARBON METABOLISM AND MAIN PRODUCT PATHWAYS

To be able to use B. smithii as a host for biotechnological purposes, it is important to
understand its metabolic pathways. In the B. smithii DSM 4216" genome, all genes invol-
ved in glycolysis, gluconeogenesis, pentose phosphate pathway, TCA-cycle and glyoxylate
shunt could be identified, but not the complete sets of genes for the phosphoketolase and
Entner-Doudoroff pathways. Uptake systems for all sugars shown to support growth in the
API-test were annotated by the RAST annotation. The organization of the xylose catabolic
operon is similar to that found in B. coagulans XZL4 (Su & Xu, 2014). A reconstruction of
the central carbon metabolism of B. smithii DSM 4216" is shown in Figure 4. An L-lacta-
te dehydrogenase gene was annotated, which is in accordance with L-lactate being the
major fermentation product of B. smithii (Bosma et al., 2015a; Bosma et al., 2015b). After
RAST annotation, the methylglyoxal pathway was identified only towards p-lactate, but an
in-depth analysis of protein domains also revealed the presence of all genes necessary
for -lactate production via methylglyoxal. Based on 16S rRNA gene and complete protein
domain analysis (Figure 2), the closest relative of B. smithii is B. coagulans. However, when
reconstructing the metabolic network of B. smithii, several remarkable differences between
B. smithii and B. coagulans as well as other bacilli were observed. The most striking diffe-
rence with bacilli in general is the absence of the genes coding for phosphotransacetylase
and acetate kinase, which form the standard acetate production pathway in bacteria. This
was confirmed by the domain-based analysis. Moreover, we also could not identify these
two genes in the genome sequence of B. smithii strain 7_3_47FAA, which is available from
a metagenome database. The fact that B. smithii produces significant amounts of acetate
from glucose (Bosma et al., 2015a; Bosma et al., 2015b) indicates that an alternative pa-
thway is involved, which is currently being investigated. Furthermore, candidate genes for
pyruvate formate lyase, pyruvate decarboxylase and pyruvate oxidoreductase could not be
found in the genomes of both DSM 4216" and 7_3_47FAA via either RAST or domain-ba-
sed analysis. Therefore, pdhc-encoded pyruvate dehydrogenase complex is most likely the
only enzyme responsible for the conversion of pyruvate to acetyl-CoA. This is confirmed by
a pdhA-knockout strain of B. smithii strain ET 138, which is unable to grow without acetate
supplementation and did not produce any acetate (Bosma et al., 2015b).

Another difference with B. coagulans is the lack of a catabolic alsSD-operon in B. smit-
hii, coding for the enzymes acetolactate synthase and acetolactate decarboxylase. This is
in accordance with the absence of 2,3-butanediol production (Bosma et al., 2015a; Bosma
et al., 2015b). The anabolic acetolactate synthase small and large subunit genes ilvBH (also
called a-acetohydroxyacid synthase) are present. These genes are mainly involved in the



isoleucine and valine biosynthetic pathways (Blomqvist et al., 1993). On the other hand,
both an S- and an S/R-acetoin specific 2,3-butanediol dehydrogenase gene were identified
in the genome. Although several alcohol dehydrogenases were found in the genome, no
bifunctional acetaldehyde dehydrogenase-alcohol dehydrogenase adhE could be found,
which is in accordance with the absence of alcohol production in the majority of B. smithii
fermentations (Bosma et al., 2015a).

AMINO ACID AND VITAMIN BIOSYNTHESIS PATHWAYS

Microorganisms used for biotechnological purposes should have minimal nutrient requi-
rements, as the addition of yeast extract, vitamins or amino acids is costly. The organisms
should therefore preferably contain the pathways to synthesize vitamins, amino acids, pu-
rines and pyrimidines. In B. smithii DSM 4216, all amino acid biosynthetic pathways could
be identified. Pathways for de novo synthesis and salvage pathways of pyrimidines and
purines were also identified. Complete vitamin biosynthesis pathways were identified for
cobalamin, riboflavin, tetrahydrofolate, panthothenate, p-aminobenzoic acid, nicotinic acid
and pyridoxal, but not for thiamine, ascorbate, pyridoxamine and D-biotin.

HoST-DEFENSE SYSTEMS

Robustness against infection is crucial for industrial microorganisms. Host-defense
systems can confer such robustness, but might also hinder genetic accessibility of the orga-
nism. In the genome of B. smithii DSM 4216, several host-defense systems are annotated:
a type llI-s restriction endonuclease, a 5-methylcytosine-specific restriction related enzyme,
a type | restriction-modification system and a CRISPR-Cas Type I-B system. The CRISPR-
Cas genes show the typical type I-B gene arrangement (Makarova et al., 2011), but seem to
be partly duplicated around the CRISPR locus with a second locus containing cas6, cas8a/
cst1, cas7 (originally annotated as ‘CRISPR-associated negative autoregulator) and cas5
after the CRISPR repeats. The CRISPR-finder tool (http://crispr.u-psud.fr/Server/) was used
to identify CRISPR repeats and spacers in the area around the Cas-genes (bp 2772458-
2798619). Three CRISPR-loci were identified (CRISPR 1, 3 and 4) as well as one questio-
nable locus (CRISPR 2). Using CRISPRTarget (bioanalysis.otago.ac.nz/ CRISPRTarget/),
some of the spacers were found to have hits with potential protospacer target sequences
against Bacillus sp. and B. subtilis plasmid DNA, and against S. thermophilus, Lactococcus,
Enterococcus and Campylobacter phage DNA.
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Figure 4. Reconstruction of central carbon metabolism of B. smithii DSM 4216". Blue lines indicate
pathways of which the EC-number was identified only via domainome analysis; grey lines indicate pathways
unidentified by both RAST annotation and domainome analysis.

Abbreviations: XI: xylose isomerase; XK: xylulokinase; PTS: phosphotransferase system; GK: glucokinase;
glpF: glycerol facilitator; glyK: glycerol kinase; Gly3P-DH: glycerol-3-phosphate dehydrogenase; PGI: gluco-
se-6-phosphate isomerase; G6PDH: glucose-6-phosphate dehydrogenase; 6PGDH: 6-phosphogluconate
dehydrogenase; RPI: phosphopentose isomerase; RPE: phosphopentose epimerase; TKL: transketolase;
TAL: transaldolase; FBP: fructose bisphosphatase; PFK: phosphofructokinase; FBA: fructose bis-phosp-
hate aldolase; TPI: triosephosphate isomerase; GAP: glyceraldehyde 3-phosphate dehydrogenase; PGK:
phosphoglycerate kinase; PGM: phosphoglycerate mutase; ENO: enolase; PCK: phosphoenol pyruvate
carboxykinase; PPC: phosphoenol pyruvate carboxylase; PYK: pyruvate kinase; PYC: pyruvate carboxy-
lase; PDHC: pyruvate dehydrogenase complex; ME: malic enzyme; MDH: malate dehydrogenase; MQO:
malate:quinone oxidoreductase; CS: citrate synthase; ACN: aconitase; ICL: isocitrate lyase; MS: malate
synthase; ICD: isocitrate dehydrogenase; OOR: 2-oxoglutarate reductase; ODH: 2-oxoglutratae dehydro-
genase; SCS: succinyl-CoA synthetase; SDH: succinate dehydrogenase; FH: fumarate hydratase; ALS:
acetolactate synthase; NOD: non-enzymatic oxidative decarboxylation; BDH: butanediol dehydrogenase;
ACH: acetoin dehydrogenase; LDHL: L-lactate dehydrogenase; ACDH: acetyl-CoA dehydrogenase; ADH:
alcohol dehydrogenase; ACS: acetyl-CoA synthetase; MGS: methylglyoxal synthase; MGR: methylglyoxal
reductase; GLXI: glyoxalase I; GLXII: glyoxalase Il; LADH: lactaldehyde dehydrogenase.

CONCLUSIONS

This report describes the complete genome sequence of Bacillus smithii type strain
DSM 4216". The species has biotechnological potential due to its efficient conversion of
both 05 and 06 sugars at 55°C to lactic acid, combined with its genetic accessibility. Its cen-
tral carbon metabolism is different from its close relative B. coagulans as it lacks the alsSD
operon, as well as the pta-ack acetate production pathway and the pfl gene.
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ABSTRACT

Microbial conversion of biomass to fuels or chemicals is an attractive alternative for
fossil-based fuels and chemicals. Thermophilic microorganisms have several operational
advantages as a production host over mesophilic organisms, such as low cooling costs,
reduced contamination risks and a process temperature matching that of commercial hy-
drolytic enzymes, enabling simultaneous saccharification and fermentation at higher ef-
ficiencies and with less enzymes. However, genetic tools for biotechnologically relevant
thermophiles are still in their infancy. In this study we developed a markerless gene deletion
method for the thermophile Bacillus smithii and we report the first metabolic engineering of
a potential platform organism. Clean deletions of the /dhL gene were made in two B. smithii
strains (DSM 4216" and compost isolate ET 138) by homologous recombination. Whereas
both wild-type strains produced mainly -lactate, deletion of the /dhL gene blocked L-lac-
tate production and caused impaired anaerobic growth and acid production. To facilitate
the mutagenesis process, we established a counter-selection system for efficient plasmid
removal based on lacZ-mediated X-gal toxicity. This counter-selection system was applied
to construct a sporulation-deficient B. smithii AldhL AsigF mutant strain. Next, we demon-
strated that the system can be used repetitively by creating B. smithii triple mutant strain ET
138 AldhL AsigF ApdhA, from which also the gene for the «-subunit of the E1 component
of the pyruvate dehydrogenase complex is deleted. This triple mutant strain produced no
acetate and is auxotrophic for acetate, indicating that pyruvate dehydrogenase is the major
route from pyruvate to acetyl-CoA. In this study, we developed a markerless gene deletion
method including a counter-selection system for thermophilic Bacillus smithii, constituting
the first report of metabolic engineering in this species. The described markerless gene
deletion system paves the way for more extensive metabolic engineering of B. smithii. This
enables the development of this species into a platform organism and provides tools for
studying its metabolism, which appears to be different from its close relatives such as B.
coagulans and other bacilli.

KEYWORDS

Bacillus smithii; thermophile; lactate dehydrogenase; sporulation; pyruvate dehydrogenase;
counter-selection system



INTRODUCTION

Microbial conversion of biomass to fuels such as ethanol or hydrogen, or to green che-
mical building blocks such as organic acids has gained increasing attention over the last
decade (Bozell & Petersen, 2010; Werpy et al., 2004). Thermophilic microorganisms have
several advantages over mesophilic organisms for use as microbial production hosts. Fer-
mentation at high temperatures lowers cooling costs and contamination risks and increases
product and substrate solubility (Bhalla et al., 2013; Ma et al., 2014; Studholme, 2014).
Moreover, the optimum temperature of moderate thermophiles matches that of commercial
hydrolytic enzymes, enabling simultaneous saccharification and fermentation at higher effi-
ciencies and with less enzymes compared to mesophilic bacteria (Ou et al., 2009).

Despite the aforementioned advantages of thermophiles, mesophilic model organisms,
such as Escherichia coli and Saccharomyces cerevisiae are still preferred production or-
ganisms, as these are well-studied and genetic tools are available to enable their use as
versatile platform organisms (Chen et al., 2013; Hong & Nielsen, 2012). Genetic tools for
biotechnologically relevant thermophiles are recently emerging for different species, but
most are still in their infancy or highly strain-specific. Several strictly and facultatively anae-
robic thermophiles have been engineered for green chemical and fuel production, as has
been reviewed recently (Bosma et al., 2013; Taylor et al., 2011). Most engineering efforts in
thermophiles have so far been directed at ethanol production, but recently also examples
for chemical production have been shown such as Thermoanaerobacterium aotearoense
for lactate production (Yang et al., 2013), Bacillus licheniformis for 2,3-butanediol production
(Wang et al., 2012b), and Bacillus coagulans for p-lactate production (Kovacs et al., 2010;
Wang et al., 2011a). The development of genetic tools for thermophilic organisms is crucial
to fully understand their metabolic versatility and to establish a thermophilic production plat-
form for green chemical and fuel production. For industrial applications, markerless gene
deletions should be made such that no antibiotic resistance genes or other scars are intro-
duced into the target genome. This is especially important when working with thermophilic
organisms as the number of available markers is limited, requiring re-use of the marker
(Bosma et al., 2013; Taylor et al., 2011).

Recently, we isolated a thermophilic Bacillus smithii strain capable of degrading 05 and
C6 sugars at a wide range of temperatures and pHs (Bosma et al., 2015a) and demonstrated
electrotransformation of several Bacillus smithii strains with plasmid pNW33n. In the current
study, we developed a clean gene deletion method and counter-selection system for this
species and applied this to create multiple markerless gene deletions both in the previously
isolated B. smithii ET 138 (Bosma et al., 2015a) and in the type strain B. smithii DSM 4216".
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RESULTS

CONSTRUCTION OF MARKERLESS LDHL DELETION MUTANTS

B. smithii ET 138 can be transformed with E. coli-Bacillus shuttle vector pNW33n with
an efficiency of 5x10° colonies per ug DNA (Bosma et al., 2015a). To obtain mutants in strain
ET 138, we planned to use a protocol similar to that used for Geobacillus thermoglucosi-
dans (recently renamed from G. thermoglucosidasius (Coorevits et al., 2012)), which applies
pNW33n-derivatives as thermosensitive integration plasmid (Cripps et al., 2009). To create
a markerless L-lactate dehydrogenase (/dhL) knockout strain from which the IdhL gene was
entirely deleted, ~1000 bp regions flanking the /dhL gene and including the start and stop
codon were cloned and fused together in plasmid pNW33n. Double homologous recombi-
nation of this plasmid with the ET 138 chromosome will fuse the start and stop codons of
the gene, thereby removing the entire gene in-frame without leaving any marker (Figure 1).
B. smithii ET 138 was transformed with p?WUR732 and colonies were transferred once at
55°C on LB2 plates containing chloramphenicol. Subsequent PCR analysis of 7 colonies
already showed integration of the plasmid DNA without the temperature increase normally
performed with thermosensitive integration systems (Cripps et al., 2009). A mixture of single
crossover integrants via both upstream and downstream regions together with no-integra-
tion (either caused by replicating plasmids or randomly integrated plasmids) genotype was
observed in 1 colony, 1 colony showed a mixture of downstream crossover and wild-type
genotype, and 5 colonies showed no single crossovers but only wild-type genotype. Serial
transfer of the colonies containing single crossovers in liquid medium combined with re-
plica plating to identify double recombinants repeatedly resulted in only wild-type double
crossover mutants. The mixed genotype persisted after several subculturings on plates
containing 7 and 9 pug/mL chloramphenicol in an attempt to obtain pure genotypes. After 4
transfers, however, also a colony was found that contained a mixture of double crossover
knockout genotype together with upstream single crossover and wild-type genotype. After
this point, we added glycerol or acetate as carbon sources to allow for a metabolism with
minimal impact of the IdhL deletion. After streaking this colony to an LB2 plate containing
10 g/L glycerol, colonies were obtained that had lost the wild-type genotype but contained
a mixture of both single crossovers and a double crossover knockout genotypes. A pure
double crossover knockout genotype was observed after two transfers on the more defined
TVMY medium supplemented with acetate at 65°C, creating strain ET 138 AldhL (Figure
2A).

Similar to strain ET 138, also type strain B. smithii DSM 4216" is transformable with
pNW33n, with efficiencies of around 2x10? colonies per ug DNA (Bosma et al., 2015a). After
transformation of strain DSM 4216" with /dhL-knockout construct pWWUR733 and transfer of
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Figure 1. lllustration of markerless knockout construction in B. smithii. A pNW33n-derived plasmid
containing the 1000 bp-flanking regions of a gene of interest (‘g.0.i.’) is introduced into the cell via electro-
poration, plated on LB2 containing chloramphenicol at 55°C and subjected to PCR analysis to check for
single crossovers using primers ‘Fw-chrom’ and ‘Rv-plasmid’. Colonies containing single crossovers are
transferred to plates without chloramphenicol, after which PCR screening is performed to check for double
crossovers using primers ‘Fw-chrom’ and ‘Rv-chrom’. If the 2™ recombination occurs via the same flank as
the 1° recombination, a wild-type genotype will be the result. If the 2™ recombination occurs via the other
flank, this results in a knockout genotype. To delete the IdhL gene, only PCR screening was performed and
no lacZ gene was present on the plasmid. For creating the sigF and pdhA mutants, the plasmid also con-
tained the lacZ gene. In those cases, lacZ counter-selection was performed by plating an overnight culture
on LB2 plates containing 100 pg/mL X-gal, resulting in toxic concentrations of the X-gal cleavage product in
the presence of lacZ, resulting in small blue colonies still containing the plasmid (either replicating plasmid
or inserted in the genome via single crossover) and white colonies that have cured the plasmid. Abbreviati-
ons: g.0.i.: gene of interest; cat: chloramphenicol acetyltransferase; chrom.: chromosome; us: upstream; ds:
downstream; Cm: chloramphenicol; primers are indicated with black hooks.
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colonies to a new plate at 55°C, PCR on 30 colonies showed mixtures of wild-type geno-
type and both single crossovers for all tested colonies. Contrary to what was observed with
strain ET 138, several subculturings on TVMY supplemented with acetate at temperatures
varying between 55°C and 65°C did not result in a pure mutant genotype for derivatives
of DSM 4216". However, after the substrate was changed from acetate to lactate, a pure
double-crossover knockout colony was obtained after two transfers, creating strain DSM
4216" AldhL (Figure 2A).

ESTABLISHMENT OF A LACZ-COUNTER-SELECTION SYSTEM

Purifying the mixtures of plasmid integrated into the B. smithii genome via single and
double crossovers during the construction of the IdhL-mutant strains required laborious
PCR-screening. To simplify the screening procedure, a counter-selection tool was desirable
to select against plasmid presence. A lacZ-counter-selection method has been described for
the Gram-negative mesophile Paracoccus denitrificans, which is based on toxicity of high
X-gal concentrations in the presence of B-galactosidase activity encoded by a lacZ-gene
on the integration plasmid (van Spanning et al., 1991). In the genome sequence of B. smithii
ET 138 (unpublished data) no /acZ gene could be identified and the strain did not form blue
colonies on plates containing X-gal. The lacZ gene from B. coagulans under control of the
B. coagulans pta-promoter (Kovacs et al., 2010) was cloned into pNW33n, creating plasmid
pWUR734. Introduction of p?WWUR734 into B. smithii ET 138 resulted in blue colonies in the
presence of 25 mg/L X-gal. When B. smithii ET 138 harbouring pWUR734 was grown in the
presence of 100 mg/L X-gal, the blue colonies were significantly smaller than on 25 mg/L,
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Figure 2. Gel-electrophoresis of PCR products from amplified target genes IdhL (A), sigF (B) and
pdhA (C). Order of strains in all three parts of the picture: M: Thermo Scientific 1kb DNA ladder, 1: DSM
4216" wild-type, 2: DSM 4216" AldhL, 3: ET 138 wild-type, 4: ET 138 AldhL, 5: ET 138 AldhL AsigF, 6: ET
138 AldhL AsigF ApdhA. The original gel pictures without cropping are provided in Figure S1 (for Figure
2A and B) and S2 (for Figure 2C). (A) Amplification of the region 1000 bp up- and downstream of the ldhL
gene using primers BG 3663 and 3669. The wild-type genotype results in a product of 3036 bp, whereas
the complete deletion of the /dhL gene is confirmed by a shift of the product to 2094 bp. (B) Amplification of
the region 1000 bp up- and downstream of the sigF gene using primers BG 3990 and 3991. The wild-type
genotype results in a product of 3040 bp, whereas the complete deletion of the sigF gene is confirmed by
a shift of the product to 2278 bp. (C) Amplification of the region 1000 bp up- and downstream of the pdhA
gene using primers BG 4563 and 4564. The wild-type genotype results in a product of 3390 bp, whereas
the complete deletion of the pdhA gene is confirmed by a shift of the product to 2280 bp.



indicating toxicity of the X-gal cleavage product at high X-gal-concentrations (Figure S3). To
test the lacZ-counter-selection system, we chose sigF (spollAC) as the first knockout target
gene, which is involved in the onset of Bacillus sporulation (Yudkin, 1987) (Figure 1). Trans-
formation of strain ET 138 AldhL with sigF-knockout vector pWWUR735 containing the ~1000
bp flanking regions of sigF yielded only blue and no white colonies, indicating functional
expression of the B. coagulans pta::lacZ construct. Colony PCR on 8 colonies showed a
mixture of single crossovers, wild-type and double-crossover knockout genotypes for 6
colonies and no single crossover but only double-crossover knockout and wild-type geno-
types for 2 colonies. The latter 2 colonies, however, failed to grow after transfer to new LB2
plates. To obtain pure knockout strains, the counter-selection was applied by growing the
colonies containing the mixed genotype of single and double crossovers overnight in 10 mL
LB2 at 55°C, after which dilution series were plated on LB2 supplemented with 100 mg/L
X-gal. A mix of large white (1-3 mm) and small blue (< 1 mm) colonies was obtained for all
6 cultures (Figure S3). Colony PCR on 3 white colonies from one of the cultures showed
the presence of one pure knockout, one pure wild-type and one mix of wild-type and sin-
gle-crossover genotypes. The colony showing the pure knockout genotype was inoculated
into liquid LB2, after which DNA was isolated and PCR analysis confirmed the knockout
genotype and absence of plasmid, creating strain ET 138 AldhL AsigF (Figure 2B).

CONSTRUCTION OF MARKERLESS TRIPLE MUTANT

To evaluate whether the lacZ-counter-selection method can be used repeatedly to de-
lete multiple genes and to evaluate acetate production pathways in B. smithii ET 138, the
a-subunit of the E1 component of the pyruvate dehydrogenase complex pdhA was targeted
for deletion in strain ET 138 AldhL AsigF using the lacZ-counter-selection system. Based
on genome analysis, pyruvate dehydrogenase appears to be the only route to acetyl-CoA
in B. smithii (unpublished data). Therefore, the mutant strain was expected to be depen-
dent on acetate to form acetyl-CoA and the medium was supplemented with acetate at
all times after transformation. After transformation with pdhA-knockout vector pWUR737
containing the ~1000 bp flanking regions of pdhA, cells were plated on TVMY supple-
mented with acetate and chloramphenicol. PCR on 15 colonies showed 13 colonies with a
mixture of wild-type genotype together with both single crossovers, 1 colony with a mixture
of wild-type and downstream crossover and 1 colony with a pure downstream crossover.
After one transfer of the downstream crossover colony on LB2 medium supplemented with
acetate without chloramphenicol, a colony was picked showing a mixture of downstream
crossover, wild-type and double crossover knockout genotypes. This colony was subjected
to the counter-selection protocol by plating on 100 mg/L X-gal after overnight growth in
liquid LB2, resulting in a mixture of small blue and large white colonies. From the 32 white
colonies tested in PCR, 12 still showed single crossovers, 16 returned to wild-type and 4
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showed a clean double crossover knockout genotype, creating triple mutant ET 138 AldhL
AsigF ApdhA (Figure 2C).

CONFIRMATION OF SPORULATION DEFICIENCY

To confirm that strain ET 138 AldhL AsigF was unable to form spores, a Schaeffer-Ful-
ton staining was performed (Figure 3). In the wild-type and the /dhL-mutant (Figure 3A and
B) many spores were observed as indicated by the presence of green spheres, whereas
no spores were observed in the ldhL-sigF-double mutant (Figure 3C). Pasteurisation of
cultures of the wild-type and the AldhL-strain resulted in colony counts of >5x10° and 3x10°
per mL of cells, respectively. As expected, no colonies were observed after Pasteurisation
of a culture of the AldhL AsigF double mutant, while colony counts for the control treatment
were >5x10° per mL of cells for all 3 strains. Both assays confirm that the removal of the
sigF gene results in a sporulation-deficient phenotype.

GROWTH AND PRODUCTION CHARACTERISTICS OF MUTANT STRAINS

To evaluate growth and fermentation characteristics of the mutant strains, both strains
ET 138 and DSM 4216" and all derived mutants were grown in tubes for 24 h under mi-
cro-aerobic conditions (Table 1). Whereas both ET 138 and DSM 4216 wild-type strains
produce mainly L-lactate (+ 95.5% of total products), the deletion of /dhL reduces L-lactate
production to values around or below the detection limit, as shown by HPLC analysis com-
bined with p- and L-lactate-specific enzyme assays (Table 1). For both strains, the main
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Figure 3. Schaeffer-Fulton staining on ET 138 wild-type and mutants. Cultures used were grown aero-
bically overnight in LB2 medium at 55°C and subsequently kept at room temperature for 24h, after which the
staining was performed. Pink-stained cells indicate intact cells, whereas spores are green-blue. A: strain ET
138 wild-type, in which sporulation is observed. B: strain ET 138 AldhL, in which sporulation is observed. C:
strain ET 138 AldhL AsigF, where no sporulation is observed due to removal of the sigF gene.



product shifts from L-lactate to acetate, with minor amounts of p-lactate, malate and succi-
nate and increased concentrations of pyruvate compared to the wild-types. Both the OD_ |
and the final product titre of the mutants are about half that of the wild-types. Strain ET 138
AldhL AsigF did not show significant differences compared to strain ET 138 AldhL (Table
1). When the volume was increased from 25 to 40 mL in 50 mL tubes to further decrease
the amount of oxygen present, the mutant strains showed even further reduced growth and
production compared to the wild-type (data not shown). Similar results were obtained in 1
L pH controlled reactors (Table S1). Complementation of strain ET 138 AldhL AsigF with
its native IdhL gene and promoter expressed from pNW33n restored growth and L-lactate
production to around wild-type levels (Table 1). Triple mutant ET 138 AldhL AsigF ApdhA
was unable to grow without acetate supplementation and produced mainly p-lactate and
pyruvate. In this strain, very minor amounts of (-lactate (0.39 +0.02 mM) were observed.
The final OD600 of this strain was on average comparable to the single and double mutant,
but it showed less variation (Table 1).

Table 1. HPLC analysis of B. smithii ET 138 and DSM 4216" wild-type and mutant strains.

Products (mM) and measurement method'

Enzymatic HPLC

Strain L-lac  p-lac Lac Ace Pyr Mal Suc oD

600

15.85 0.73 20.67 912  0.21 0.06 0.27 0.785
+2.22 0.08 +1.25 +0.49 +0.11 £0.02 0.10 +0.209

0.02 411 4.95 12.40 148 035 057 0.466
+0.03 +0.86 +3.36 #3.16 +1.14 x0.07 0.22 +0.057

20.55 0.87 2618 825 078 0.05 061 1.036
+4.09 +0.05 +7.66 *2.59 031 0.08 +0.16 +*0.136

DSM 4216 wild-type

DSM 4216 AldhL

ET 138 wild-type

008 108 173 1433 076 033 072 0581
ET 138 AldhL £0.09 +0.32 048 +554 +0.82 +015 +0.22 +0.289
006 095 158 1097 070 027 060 0672

ET 138 AldhL AsigF +0.05 020  +0.62 213 +0.41 0.08 +0.16 +0.102
039 1117 1150 -319° 826 112 185 0696

B 2
ET 138 AldhL AsigF ApdhA® (0o 4047  +207 124 082 +014 +0.37 +0.119

ET 138 AldhL AsigF + 18.13 1.1 18.99 732 024 0.08 039 0.831
pWUR736 +3.82 +0.40 +5.19 #1.33 0.16 *0.18 *0.177 =%0.200
ET 138 AlldhL AlsigF + 014 257 317 1014 094 007 036 0.535
pNW33n +0.04 +1.30 +113 091 053 +£0.12 +0.08 =+0.062

2212  0.69 2142 563 065 0.05 034 0.849
+3.69 +0.10 +1.51 %115 0.07 £012 +0.14 =+0.076

Strains were grown in 25 mL TVMY supplemented with 10 g/L glucose in 50 mL Greiner tubes at 55°C for
24 h after transfer from a 10 mL-overnight culture. p- and -lactate were distinguished via enzymatic assays,
for which the lowest detection limit was 0.04 mM. The values shown are the results of three to fourteen
independent experiments; numbers in italics are standard deviations.

" Abbreviations: L-lac: L-lactate, p-lac: p-lactate, Ace: acetate, Pyr: pyruvate, Mal: malate, Suc: succinate.

2 These cultures were supplemented with 3 g/L ammonium acetate.

ET 138 wild-type + pNW33n
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DISCUSSION

In this study, we developed an integration and counter-selection system for markerless
and consecutive gene deletion in thermophilic B. smithii. As L-lactate is the main fermenta-
tion product of B. smithii, the IdhL-gene was selected as the first knockout target in order
to use this bacterium for the production of other products. Wang et al. reported a laborious
screening procedure when constructing a B. coagulans AldhL strain and indicated that
only 1 in 5000 colonies showed a knockout genotype after double crossover (Wang et al.,
2011a). We observed a similar bias in B. smithii for the second crossover to result only in
wild-type revertants. Furthermore, in single colonies we observed mixtures of either up-
stream or downstream single crossovers, wild-type and double crossover knockout geno-
type, even after several transfers targeted at purifying the colony. These mixed genotypes
were not only observed for the /dhL deletion, but also for the sigF and pdhA deletions. For
E. coli, such mixed genotypes have been described to occur during recombineering with
linear DNA fragments, where it has been attributed to polyploidy, i.e. the existence of mul-
tiple chromosomes (Boyle et al., 2013). The copy number of the genome of our organism
is currently unknown, but in general this number is likely to be higher when cells are grown
in rich medium compared to minimal medium (Boyle et al., 2013). Transformation attempts
with B. smithii grown on minimal medium were not successful (data not shown), but when
cells were grown on minimal medium after crossovers had occurred, the purification of pure
genotypes was relatively fast and easy. Switching to minimal medium to overcome mixed
genotype issues might be a useful approach for other species as well.

In other thermophilic bacilli, integration events were reported after the growth tempera-
ture had been increased (Cripps et al., 2009; van Kranenburg et al., 2007). Integration of the
pNW33n-derived knockout plasmids in B. smithii without increasing the temperature indica-
tes either a highly efficient recombination machinery, or plasmid instability already at 55°C,
although this temperature is regarded as permissive for pNW33n (Cripps et al., 2009). In
both B. smithii strains, we observed very stable plasmid integration into the genome via sin-
gle crossover recombination in colonies grown on plates without antibiotic pressure. As this
integrational stability hampered purification of pure double crossover knockouts, a coun-
ter-selection method was developed to select against plasmid presence. Most frequently
used counter-selection systems are based on either auxotrophy or antibiotic resistance.
The lacZ-system is fundamentally different in enabling clean gene deletions and re-use
of the marker without inducing auxotrophies, as has been demonstrated in the mesophilic
a-proteobacterium Paracoccus denitrificans (van Spanning et al., 1991). The system can
readily be used without making any prior gene deletions if the target strain does not possess
B-glycosidase activity, as is the case in B. smithii. The system is based on the formation of
toxic concentrations of inodxyl derivatives such as 5-bromo-4-chloro-3-indol, which is the



cleavage product of 5—bromo-4-chIoro—3—indonI-B—D—galactopyranoside (X-Gal). Recently,
indoxyl derivatives were shown to inhibit the growth of a wide variety of species growing at
different temperatures, indicating that this system might be more widely applicable (Angelov
et al., 2013).

The lacZ-counter selection system considerably simplified the purification of single ge-
notypes and enabled rapid and clean deletion of the sigF gene of ET 138 AldhL to create a
sporulation-deficient strain. The system can be used repetitively to make multiple sequential
deletions in the same strain as shown by the generated triple mutant ET 138 AldhL AsigF
ApdhA. For both the sigF and the pdhA deletion, around 33% of the tested colonies were
false positive after counter-selection, as they were white while still having a single cros-
sover, which might be due to spontaneous disruption of the /acZ coding sequence or its
promoter. Even with 33% false-positive white colonies, the screening for mutants is signifi-
cantly simplified when using the lacZ-counter-selection system. A drawback of the system is
that it does not force the double crossover in the direction of the knockout and can result in
wild-type revertants. Whenever possible, cultivation conditions should be chosen such that
the knockout cells will not have a large disadvantage over the wild-type cells. During this
study, culturing in liquid medium resulted only in wild-type revertants, whereas knockouts
were successfully obtained when the cultures were kept on plates. Supplementation of the
plates with the gluconeogenic substrates acetate or lactate might have further reduced the
disadvantage of knockouts over wild-types.

Removal of the sigF gene from B. smithii ET 138 resulted in a sporulation-deficient
strain. Sporulation deficiency is desired in industrial settings both for practical and safety
reasons. B. smithii was shown to have highly thermo-resistant spores (Lucking et al., 2013;
Stoeckel et al., 2014) and was found to be the most dominant species together with Geo-
bacillus pallidus (recently renamed to Aeribacillus pallidus (Coorevits et al., 2012)) as highly
thermostable spores in food. Both species were found to be non-cytotoxic (Llcking et al.,
2013). The sigF-gene has been targeted successfully to create sporulation-deficient strains
in several other bacilli as well as in Clostridia, such as in B. coagulans (Kovacs et al., 2010),
B. licheniformis (Fleming et al., 1995; Wang et al., 2005), B. subtilis (Yudkin, 1987) and
Clostridium acetobutylicum (Jones et al., 2011).

Removal of the Idhl-gene from B. smithii ET 138 and DSM 4216 eliminated L-lactate
production in both strains to values around or below the detection limit, which is similar to
an IldhL-knockout B. coagulans (Wang et al., 2011a), a close relative of B. smithii. A lac-
tate racemase was not found in the ET 138 genome, but the methylglyoxal pathway was
annotated towards both p- and L-lactate (unpublished data) and this pathway is most likely
the origin of the trace amounts of lactate observed in triple mutant ET 138 AldhL AsigF
ApdhA. Products such as acetoin, 2,3-butanediol, formate and ethanol have not been de-
tected in any of the B. smithii mutant strains, while these were observed in B. coagulans

-
-
w

CH 5. MARKERLESS GENE DELETIONS IN BACILLUS SMITHII



114

AldhL (Wang et al., 2011a). The absence of these products is in line with the absence of
the acetolactate decarboxylase and pyruvate-formate lyase genes from the B. smithii ge-
nomes (unpublished data). The B. smithii IdhL-mutants produced mainly acetate and some
p-lactate and showed reduced growth and acid production under micro-aerobic conditions,
which was restored by plasmid-based complementation in strain ET 138 AldhL AsigF. The
deficiency in anaerobic capacities is likely to be caused by the redox imbalance that results
from the elimination of its main NAD"-regeneration pathway and the apparent lack of an
alternative NAD"-regeneration pathway, such as that to 2,3-butanediol. The lack of these
pathways potentially makes B. smithii an interesting platform organism as only the /dhL
gene needs to be removed in order to eliminate production, after which the desired product
pathways can be inserted.

Acetate was the main fermentation product of the B. smithii strains lacking the ldhL
gene, but the standard pathway to acetate via acetate kinase and phosphotransacetylase
as well as a pyruvate-formate lyase gene are absent in the genomes of both strains ET 138
and DSM 4216" (unpublished data). To remove acetate production, the pdhA gene encoding
the o-subunit of the E1 component of the pyruvate dehydrogenase complex, was removed
from strain ET 138 AldhL AsigF. The resulting strain ET 138 AldhL AsigF ApdhA did not
produce acetate and was unable to grow without acetate supplementation. This implies that
pyruvate dehydrogenase is the main enzyme responsible for pyruvate to acetyl-CoA, which
is in line with the absence of a pfl gene. Acetate utilization was previously suggested as a
rescue pathway for redox balance in Lactococcus lactis AldhL (Hols et al., 1999). We tested
acetate supplementation of strain ET 138 AldhL AsigF but this did not improve growth or
production (data not shown).

CONCLUSIONS

In this study, we established a clean gene deletion system for B. smithii using lacZ
counter-selection. We constructed /dhL mutants in the type strain B. smithii DSM 4216"
and compost isolate strain ET 138. In the latter strain, triple mutant AldhL AsigF ApdhA
was constructed, which does not produce L-lactate and acetate and is no longer capable
of forming spores. Although further studies and modifications are needed to restore anae-
robic growth and production capacities, the lacZ-counter-selection system combined with
mutant-specific culturing strategies provides a tool for the construction of markerless gene
deletions in thermophilic B. smithii. This enables the development of this species into a plat-
form organism and provides tools for studying its metabolism, which appears to be different
from its close relatives such as B. coagulans and other bacilli.



MATERIALS AND METHODS

BACTERIAL STRAINS AND GROWTH CONDITIONS

Strains used in this study are listed in Table 2. All B. smithii strains were routinely cultu-
red at 55°C unless stated otherwise. E. coli DH5c was grown at 37°C. For growth experi-
ments with strain ET 138 AldhL AsigF ApdhA, 3 g/L ammonium acetate was added to all
media at all times. For all tube and plate cultures, carbon substrates were used in a concen-
tration of 10 g/L unless stated otherwise. Substrates and acetate were added separately as
50% autoclaved solutions after autoclavation of the medium. For plates, 5 g/L Gelrite (Roth)
was added. Unless indicated otherwise, chloramphenicol was added in concentrations of
25 pg/mL for E. coli and 7 pg/mL for B. smithii.

Thermophile Vitamin Medium with Yeast extract (TVMY) contained per L: 8.37 g MOPS;
0.5 g yeast extract (Roth), 100 mL 10x concentrated Eight Salt Solution (ESS), 1 mL filter
sterile 1000x concentrated vitamin solution, and 1 mL filter sterile 1000x concentrated me-
tal mix. ESS contained per L: 2.3 g K2HPO4; 5149 NH4CI; 50 g NaCl; 14.7 g Na2804; 0.8
g NaHCOS; 25 gKCl; 18.7 g MgCIZ.GHZO; 41 g CaCI2.2H20). 1000x concentrated metal
mix contained per L: 16.0 g MnCI2.6H20; 1.0g ZnSO4; 20g HSBO3; 01g CuSO4.5H20; 0.1
g Na,MoO,.2H,0; 1.0 g CoCl, .6H,0; 7.0 g FeSO,.7H O. 1000x concentrated vitamin mix
contained per L: 0.1 g thiamine; 0.1 g riboflavin; 0.5 g nicotinic acid; 0.1 g panthothenic acid;
0.5 g pyridoxamine, HCI; 0.5 g pyridoxal, HCI; 0.1 g D-biotin; 0.1 g folic acid; 0.1 g p-amino-
benzoic acid; 0.1 g cobalamin. The pH of TVMY was set to 6.94 at room temperature and
the medium was autoclaved for 20 min at 121°C, after which vitamin solution, metal mix and
substrate were added.

LB2 medium contained per L: 10 g tryptone (Oxoid), 5 g yeast extract (Roth), 100 mL
ESS. The pH was set to 6.95 at room temperature and the medium was autoclaved for 20
min at 121°C. For all mutant strains, vitamins and metals as described above for TVMY
were also added to LB2.

Table 2. B. smithii strains used in this study.

Strain Description Reference/origin
DSM 4216" Wild-type, type strain of the species DSMz

DSM 4216" AldhL DSM 4216" with clean IdhL-deletion This study

ET 138 Wild-type, natural isolate (2%‘3;':)5‘ etal,

ET 138 AldhL ET 138 with clean IdhL-deletion This study

ET 138 AldhL AsigF ET 138 AldhL with clean sigF-deletion This study

ET 138 AldhL AsigF ApdhA ET 138 AldhL AsigF with clean pdhA-deletion This study

DSMZ: Deutsche Sammlung von Microorganismen und Zellkulturen, Germany.
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To evaluate product profiles and growth, cells were inoculated from glycerol stock into
10 mL TVMY supplemented with 10 g/L glucose in a 50 mL Greiner tube and grown over-
night at 55°C and 150 rpm. Next morning, 250 uL cells was transferred to 25 mL of the
same medium in 50 mL Greiner tubes and incubated at 55°C and 150 rpm for 24 h, after
which OD600 was measured and fermentation products were analysed.

PLASMID CONSTRUCTION

Plasmids and primers used in this study are shown in Table 3 and 4. Genomic DNA from
B. smithii strains was isolated using the MasterPure™ Gram Positive DNA Purification Kit
(Epicentre). E. coli DH5a heat shock transformation was transformed according to standard
procedures (Sambrook et al., 1989). All restriction enzymes and polymerases were obtain-
ed from Thermo Scientific. PCR products were gel-purified from a 0.8% agarose gel using
the Zymoclean™ Gel DNA Recovery Kit.

For the construction of ET 138 IdhL-knockout vector pWWUR732, the flanking regions of
the IdhL gene were PCR-amplified from genomic DNA using primers BG3633 and BG3637
(upstream, 923 bp) and BG3638 and BG3636 (downstream, 928 bp) using Phusion poly-
merase. DSM 4216" /dhL-knockout vector p?WUR733 was created using the same primers,
resulting in a 913 bp upstream region and 935 downstream. After gel-purification, an over-
lap extension PCR was performed in which the upstream and downstream region were
fused using primers BG3633 and BG3636, making use of the complementary overhang
in primers BG3637 and BG3638. The resulting PCR product was again gel-purified and
subsequently cut with EcoRI and Sall using the restriction sites included in primers BG3633
and BG3636, as was plasmid pNW33n. After restriction, the fusion product and pNW33n

Table 3. Plasmids used in this study.

Plasmid Description Reference/origin
pNW33n E. coli-Bacillus shuttle vector, cloning vector, Cm~® BGSC

pWUR?732  IdhL-KO vector for ET138: pNW33n+/dhL-flanks This study
pWUR733  IdhL-KO vector for DSM 4216: pNW33n+/dhL-flanks This study

PWUR734  pNW33n+B. coagulans P -lacZ (Kovacs et al., 2010);

this study

pWUR735  sigF-KO vector for ET138: pWUR734+ET 138 sigF-flanks This study
IdhL-restoration vector for ET138: pNW33n+/dhL-gene from ET 138 .

PWUR736 under its native promoter (525 bp us of /dhL) This study

pWUR737  pdhA-KO vector for ET138: pWUR734+ET 138 pdhA-flanks This study

Cm®: chloramphenicol resistance gene; KO: knockout; BGSC: Bacillus Genetic Stock Centre, USA; us:
upstream; bp: base pairs.



were ligated using T4 ligase (Thermo Scientific) for 1 h at room temperature and transfor-
med to heat shock competent E. coli DH5x.

To create lacZ-containing plasmid pWUR734, primers BG3887 and BG3888 were used
to generate the B. coagulans Ppta-lacZ promoter-gene fusion fragment by PCR using plas-
mid pPTA-LAC as template (Kovacs et al., 2010). The resulting fragment was cloned into
pNW33n using Sacl and BspHI and transformed to heat shock competent E. coli DH5c.

The ET 138 sigF flanking regions fragments of the knockout-plasmid pWUR735 were
generated by using primers BG3971 and BG3972 (downstream, 970 bp) and BG3973 and
BG3974 (upstream, 976 bp). The flanks were fused by PCR using primers BG3971 and
BG3974, cloned into pWUR734 using EcoRI and Sall and transformed to heat shock com-
petent E. coli DH5x. Plasmid pWUR737 containing the pdhA flanks in pWUR734 was con-
structed in a similar manner, using primers BG4522 and BG4523 to generate the pdhA
upstream flank (1011 bp) and BG4524 and BG4525 to generate the pdhA downstream flank
(1037 bp) by PCR. The flanks were fused by PCR using primers BG4522 and 4525 and
cloned into pWUR737 using EcoRI and Sall.

For construction of ET 138 /dhL-complementation plasmid pWUR736, the IdhL gene
with its native promotor (until 525 bp upstream of the gene) was amplified from the ET 138
genome using primers BG4534 and BG4535. The fragment was cloned into pNW33n using
HindlIl and Xbal.

Transformed E. coli DH5a colonies were picked and inoculated into 5 mL LB containing
25 pg/mL chloramphenicol, after which plasmids were isolated using the GeneJET Plasmid
Miniprep Kit, Thermo Scientific and the integrity of the cloned fragments was confirmed
by DNA sequencing (GATC, Germany). Plasmids for transforming ET 138 and DSM 4216"
were extracted from DH5a via maxiprep isolation (Genomed Jetstar 2.0).

COMPETENT CELL PREPARATION AND ELECTROPORATION OF B. SMITHII

B. smithii was transformed by electroporation as described previously (Bosma et al.,
2015a). In brief, ET 138 cells were grown overnight at 55°C in 10 mL LB2 in a 50 mL Greiner
tube and next morning diluted to an OD600 of 0.08 in 100 mL LB2 in a 500 mL Erlenmeyer
flask or 1 L bottle. Cells were grown to an OD600 between 0.45 and 0.65 and made compe-
tent as described previously (Rhee et al., 2007). Electroporation was performed applying
settings of 2.0 kV, 25 uF and 400 € in a 2 mm cuvette for ET 138 and 1.5 kV, 25 yF and
600 Q in a 1 mm cuvette for DSM4216" (ECM 630 electroporator, GeneTronics Inc.). 2-5 ug
plasmid DNA was added to the cells for electroporation and LB2 medium was used for re-
covery at 52°C for 3 h. After overnight growth on LB2 plates containing 7 pg/mL chloramp-
henicol and in the case of lacZ-containing plasmids also 20 ug/mL X-gal at 52°C, several
colonies were streaked to a fresh plate and grown overnight at 55°C, after which colony
PCR was performed to confirm the presence of the plasmid and check for integration.

N
=
~N

CH 5. MARKERLESS GENE DELETIONS IN BACILLUS SMITHII



118

Table 4. Primers used in this study.

BG nr Sequence 5-3’ Purpose
Check plasmid
3464 AACTCTCCGTCGCTATTGTAACCA i
3465 TATGCGTGCAACGGAAGTGAC Check plasmid
presence
3633 GCCGTCGACCATTTGCAGTAGGTCTCGATC IdhL-us-Fw
3636 GCCGAATTCTAGGTCACCAAAGACGAAATTG IdhL-ds-Rv
3637 GCTCCCTTTGTATGGTCGTTTACATAATAAGAAACTCCTTTCGTCATTTC  ldhL-us-Rv
s635  GAAATGACGAAAGGAGTTTCTTATTATGTAAACGACCATACAAAGG- b LodeFu
GAGC
3664 AGGGCTCGCCTTTGGGAAG Int. check, in
plasmid
3663 ATCGCGTGAAATGTTCTAATGG Int. check /dhL
on chr.-Fw
3669 AACCGATGCCGTTGATTAAAG Int. check ldhL
on chr.-Rv
3887 GCCGAGCTCTTGCCGGAATTCTTTCAC pta-lacZ-Fw
3888  GCCTCATGACTATTTTTCAATTACCTGCAAAATTTTC pta-lacZ-Rv
3971  GCCGAATTCAGCTAATCTTGTTGACGGTTTTC sigF-ds-Fw
3972 GTAACTAAGGAGTCGTGCCTTAACGATTCATGTGCTTTTTTTTG sigF-ds-Rv
3973 CAAAAAAAAGCACATGAATCGTTAAGGCACGACTCCTTAGTTAC sigF-us-Fw
3974 GCCGTCGACCTCTGATTTAGAAGATGGAGGTTTT sigF-us-Rv
3990 CGCCTATTCTTTTCGCTAAAATCGG Int. check sigF
on chr.-Fw
3991 ATAAGCTGCAGAGGGATATACAC Int. check sigF
on chr.-Rv
4534  GCCTCTAGAATTGGTCATTTGATTAGA ET 138 [dhL+
prom.-Fw
4535 GCCAAGCTTTTAAGAAAGTACTTTATT ET 138 ldhL+
prom.-Rv
4522  GCCGAATTCGAGGTACATAGCCCGGAATC pdhA-us-Fw
4523  GTCATTTGCGGCATGGCTTACATTCGTGTCACCTCTTCCTTTC pdhA-us-Rv
4524  GAAAGGAAGAGGTGACACGAATGTAAGCCATGCCGCAAATGAC pdhA-ds-Fw
4525 GCCGTCGACCATCCTCATAACGGCCATCC pdhA-ds-Rv
4563  GTTTCACATACCATTTAACGATTT Int. check pdhc
on chr.-Rv
4564  GTCAATAGGTGCAAATGGATTTTC Int. check pdhc

on chr.-Fw

us: upstream flanking region; ds: downstream flanking region; Fw: forward primer; Rv: reverse primer; Int.:
integration; chr.: chromosome; prom.: promoter.



B. smiTHII COLONY PCR

Colony PCR on B. smithii was performed using the InstaGene Matrix protocol (BioRad)
with several modifications: colonies were picked and resuspended in 200 uyL MQ water in
a 1.5 mL Eppendorf tube and centrifuged at 13200 rpm for 2 min. The supernatant was re-
moved, 100 L InstaGene Matrix was added to the pellet and this was incubated at 55°C for
30 min. After this, the mixtures were vortexed at high speed for 10 s and incubated at 99°C
in a heat block (Eppendorf) for 8 min, vortexed again for 10 s and centrifuged at 13200 for
3 min. Subsequently, 10 uL of the resulting supernatant was used per 25 uL PCR reaction
and the remainder was stored at -20°C for later use.

CONSTRUCTION OF B. SMITHII ET 138 AND DSM 4216 LDHL MUTANTS

B. smithii ET 138 was made competent and electroporated with pWUR732. After trans-
formation, colonies were subjected to colony PCR using primers BG3663 and BG3669 to
distinguish double crossover wild-type and knockout genotypes, BG3664 and BG3669 to
check chromosomal integration of the plasmid and BG3464 and BG3465 to check plas-
mid presence. A colony showing both upstream and downstream integration as well as
wild-type genotype was picked and streaked to a fresh LB2 plate supplemented with 7 ug/
mL chloramphenicol and grown overnight at 55°C, which was repeated one more time at 7
pg/mL chloramphenicol and then twice at 9 ug/mL chloramphenicol. From the last plate, a
colony was picked that showed both wild-type and double-crossover knockout genome, as
well as a single crossover via the upstream region. After overnight growth on LB2 supple-
mented with 7 pg/mL chloramphenicol and 1% glycerol at 55°C, a colony was picked that
did no longer show the wild-type genotype. This colony was transferred twice on TVMY
supplemented with 50 mM ammonium acetate at 65°C, resulting in a pure knockout geno-
type. Genomic DNA isolation was performed on liquid cultures grown overnight in TVMY
containing 50 mM ammonium acetate to confirm the knockout genotype and lack of plas-
mid. The PCR product from primers BG3663 and BG3669 was purified (Zymo DNA Clean
& Concentrator) to confirm correct deletion of the gene by sequencing.

B. smithii DSM4216" was made competent and transformed with p?WUR733, colonies
were streaked to a new LB2 plate with 7 pg/mL chloramphenicol and checked for integra-
tions as described for B. smithii ET 138. A colony showing wild-type genotype as well as
both upstream and downstream integration was picked and streaked to a fresh LB2 plate
supplemented with 9 ug/mL chloramphenicol and grown overnight at 55°C. Subsequent-
ly, it was transferred 3 more times on the same medium at 55°C and once at 65°C, after
which 1 transfer was performed on LB2 containing 7 ug/mL chloramphenicol and 1% (v/v)
glycerol at 55°C. Next, the colony was transferred several times on TVMY containing 50
mM ammonium acetate at 55°C and 65°C. During the whole procedure, colony PCR using
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the above-mentioned primers was performed and only colonies showing single crossover
(combined with wild-type genotype) were transferred. Subsequently, a colony showing dou-
ble crossover knockout genotype mixed with wild-type and single crossovers was purified
by transferring to TVMY containing 50 mM ammonium acetate 5 more times at 60°C and
then 2 times on TVMY containing 50 mM lactate. Genomic DNA isolation was performed
on liquid cultures grown overnight in TVMY containing 50 mM lactate to confirm the knoc-
kout genotype and lack of plasmid. The PCR product from primers BG3663 and BG3669
was purified (Zymo DNA Clean & Concentrator) to confirm correct deletion of the gene by
sequencing.

CONSTRUCTION OF B. SMITHII ET 138 ALDHL ASIGF MUTANT USING LACZ

COUNTER-SELECTION

After transformation of B. smithii ET 138 AldhL with plasmid pWUR735, blue colonies
were transferred to new LB2 plates supplemented with 7 ug/mL chloramphenicol twice at
55°C. Subsequently, colony PCR was performed using primers BG3990 and BG3991 to
distinguish double crossover wild-type and knockout genotypes, and primers BG3990 and
BG3664 to check chromosomal integration of the plasmid and BG3464 and BG3465 to
check plasmid presence. Several colonies showing a mixture of single crossovers, wild-ty-
pe and double-crossover knockout genotype were transferred to 10 mL LB2 in 50 mL tubes
and grown overnight at 55°C, after which dilution series were plated on LB2 supplemented
with 100 pg/mL X-gal. After overnight growth, white colonies were picked and transferred
twice for overnight growth at 55°C on LB2 plates, after which colony PCR was performed
to distinguish wild-type from double-crossover knockout genotype. Genomic DNA isolation
was performed on liquid culture grown overnight in LB2 to confirm the knockout genotype
and lack of plasmid. The resulting PCR product was purified (Zymo DNA Clean & Concen-
trator) to confirm correct deletion of the gene by sequencing and glycerol stocks were made.

CONSTRUCTION OF B. smiTHII ET 138 ALDHL ASIGF APDHA MUTANT USING

LACZ COUNTER-SELECTION

B. smithii ET 138 AldhL AsigF was transformed with plasmid pWUR737 and recovery
and plating was performed at 52°C on TVMY containing 50 mM ammonium acetate, 7 ug/
mL Cm and 20 ug/mL X-gal. Next day, blue colonies were streaked to new plates containing
the same medium without X-gal and grown overnight, after which colony PCR was perfor-
med using primers BG4563 and BG4564 to distinguish double crossover wild-type and
knockout genotypes and BG4564 and BG3664 to check chromosomal integration of the
plasmid. Several colonies showing either single crossover and/or double crossover were
transferred to fresh TVMY containing 50 mM ammonium acetate plates containing antibi-



otics and grown overnight at 52°C, after which the same colony PCR was performed on
the new colonies. One colony that showed only downstream crossover, whereas the others
showed only upstream crossover, did not grow any further on TVMY containing 50 mM
ammonium acetate and thus was transferred to LB2 containing 50 mM ammonium acetate
plates without antibiotics and subjected again to colony PCR after overnight growth. One
colony showing a strong double crossover knockout band was transferred to LB2 containing
50 mM ammonium acetate and grown overnight, after which it was inoculated into 10 mL
liquid LB2 containing 50 mM ammonium acetate in a 50 mL tube and grown overnight at
55°C and 150 rpm. Subsequently, dilution series were plated on LB2 containing 50 mM am-
monium acetate supplemented with 100 ug/mL X-gal. After overnight growth, white colonies
were streaked to a new plate LB2 containing 50 mM ammonium acetate and subjected to
colony PCR. Several colonies showing pure knockout genotype were inoculated into 10 mL
LB2 containing 50 mM ammonium acetate and grown overnight. Genomic DNA isolation
was performed on liquid cultures grown overnight in LB2 to confirm the knockout genotype
and lack of plasmid, after which the resulting PCR product was purified (Zymo DNA Clean
& Concentrator) to confirm correct deletion of the gene by sequencing.

SPORULATION ASSAYS

For the Schaeffer-Fulton staining (Schaeffer & Fulton, 1933), B. smithii strains ET 138
wild-type, ET 138 AldhL and ET 138 AldhL AsigF were grown aerobically overnight in LB2
medium at 55°C and subsequently kept at room temperature for 24h, after which a droplet
of the cell culture was added to a microscopy slide and allowed to air-dry. The sample was
heat fixed above a gas flame and covered with a piece of absorbance paper, after which
the slide was flooded with 50 g/L malachite green (4-[(4-dimethylaminophenyl)phenyl-met-
hyl]-N,N-dimethylaniline) and heated to steam twice. The absorbance paper was removed
and the slide was washed with tap water, after which it was flooded with 25 g/L safranin for
30 seconds, washed with tap water, dried with paper and evaluated under the microscope
(Carl Zeiss Primo Star 1000x magnification with Olympus Soft Imaging Solutions Camera
and analySIS 5.0 imaging software).

For the pasteurization assay, strains ET 138 wild-type, ET 138 AldhL and ET 138 AldhL
AsigF were grown for 24h in 10 mL LB2 in a 50 mL Greiner tube. 1 mL culture was transfer-
red to a 1.5 mL reaction tube in duplicate, of which one tube was incubated at 60°C for 45
minutes as a control and one at 85°C for 45 minutes. After this, a 100x dilution was plated
on LB2 and incubated overnight at 55°C, after which colonies were counted.
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ANALYTICAL METHODS

Sugar and fermentation products were quantified using a high-pressure liquid chroma-
tography (HPLC) system (Thermo) equipped with a UV1000 detector operating on 210 nm
and a RI-150 40°C refraction index detector and containing a Shodex RSpak KC-811cati-
on-exchange column. The mobile phase consisted of 5 mM H_SO, and the column was
operated at 0.8 mL/min and 80°C. All samples were diluted 1:1 with 10 mM DMSO in 0.04N
HZSO4. L-lactate and p-lactate kits from Megazyme (K-LATE and K-DATE) were used to
distinguish between L-lactate and p-lactate according to the manufacturer’s protocol.
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Figure S1. Original gel Figure 2 exposure 1 - for A and B. This figure shows the original gel for Figure 2
A and B. It is the same gel as in Figure C/additional file 2, but with a shorter exposure time.
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Figure S2. Original gel Figure 2 exposure 2 - for C. This file shows the original gel for Figure 2 C. It is
the same gel as in Figure A-B/additional file 1, but with a longer exposure time.
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Figure S3. B. smithii AldhL AsigF after counter-selec-
tion on plates containing 100 pg/mL X-gal. This figure
shows the difference in colony size on 100 pg/mL X-gal
after lacZ counter-selection. Blue colonies still contain the
plasmid-encoded /acZ gene and are smaller than the white
colonies. White colonies have lost the plasmid and thus
are not inhibited by the high concentration of the X-gal cle-
avage product.

Table S1. Fermentation analysis of B. smithii ET 138 wild-type and mutant
strains in 1 L pH-controlled bioreactors after +24 h.

Products (mM)'

ET 138 strain Lac Ace Pyr Mal Suc Total ODGW
wild-type 7314 397 034 267 034 8046 0.891
AldhL 182 372 315 119 012 10.01 0.251
AldhL AsigF 117 342 218 012 156 846 0.232

AldhL AsigF ApdhA  1.03 -1.33 6.43 nd®> 0.5 760 0.236

Cells were grown for 22.5 h (wild-type, single and double mutant) or 28 h (triple
mutant) in 1 L TVMY medium containing 30 g/L glucose in a 2 L reactor at 55°C
and pH 6.5, without any gas additions.

" Abbreviations: Lac: lactate, Ace: acetate, Pyr: pyruvate, Mal: malate, Suc: suc-
cinate.

2 nd: not determined: in the case of strain AldhL AsigF ApdhA, malate could not
be separated precisely from pyruvate due to high pyruvate concentrations.
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ABSTRACT

Chemicals and fuels produced from renewable biomass by microbial fermentation are
an attractive alternative for products derived from fossil resources. To reach economic
feasibility, low production costs are required. We propose a thermophilic organism as pro-
duction host to decrease production costs compared to a mesophilic host. However, the use
of thermophiles as whole cell catalysts is hampered by (1) a lack of genetic tools and (2)
insufficient knowledge about their metabolic properties. In this study, we used transcripto-
mics and metabolomics during controlled cultivation conditions to examine the metabolism
of Bacillus smithii ET 138 and previously constructed mutant strains, lacking different com-
binations of genes coding for L-lactate dehydrogenase (/dhL), sporulation-specific sigma
factor sigF, and pyruvate dehydrogenase E1 a-component (pdhA). B. smithii strains lac-
king the IdhL gene show a strong reduction in anaerobic growth rate and yield. We ob-
served increased amounts of intracellular dihydroxyacetone phosphate and glyceraldehy-
de-3-phosphate as well as decreased amounts of intermediates of lower glycolysis and the
TCA-cycle. Transcriptomics analysis furthermore showed increased expression of genes
encoding most enzymes of glycolysis and gluconeogenesis, and of a cycle around pyruvate
via pyruvate dehydrogenase, the glyoxylate shunt and phosphoenol pyruvate carboxykina-
se. Growth and production capacities were partially restored by expression of an NAD*-ge-
nerating p-lactate dehydrogenase gene from Lactobacillus delbrueckii subsp. bulgaricus in
the B. smithii IdhL mutant. By simultaneously overexpressing native pyruvate carboxylase
and malate dehydrogenase genes we attempted to redirect carbon flux towards dicarboxy-
lic acid production and provide the cells with a means to regenerate NAD". However, the
increase in malate and succinate production was low and pyruvate still accumulated. Enzy-
matic analysis indicated that this might be caused by an increased activity of malic enzyme,
suggesting a similar redirection of the metabolism towards pyruvate as deduced from the
transcriptomics data. The insight gained into the unusual metabolism of B. smithii and that
of the mutants lacking /dhL can be used to design future engineering strategies to use B.
smithii as a platform organism for the production of organic acids.

KEYWORDS

Bacillus smithii, thermophile, IdhL, sigF, pdhA, pyc, mdh, lactate, succinate, malate, pyruvate,
genetic tool development, metabolomics, metabolic engineering, transcriptomics



INTRODUCTION

There is a growing demand for fuels and chemicals produced from renewable resour-
ces to replace products derived from fossil resources. To compete with their petrochemical
counterparts in an economically feasible way, the costs to produce green chemicals and
fuels still need to be further reduced. A prerequisite for the cost-effective production of a
metabolite by microbial fermentation is a high productivity of the target compound with
little or no side products, which can be achieved by rerouting of metabolic fluxes via me-
tabolic engineering. To do so, an effective genetic engineering toolbox is required, as well
as understanding of the metabolism of the host organism. As these two criteria are mainly
met for model systems such as E. coli and S. cerevisiae, these organisms are among the
most widely used platform organisms for biotechnological chemical and fuel production. To
further reduce the costs of the process, the use of a moderately thermophilic, facultatively
anaerobic host has several advantages such as reduced cooling costs, less contamination
risk and reduction of the amount of required commercial sets of saccharolytic enzymes as
these have their optimum around 50-60°C (Bosma et al., 2013; Ou et al., 2009; Taylor et
al., 2009).

Previously, we isolated the genetically accessible moderate thermophile B. smithii ET
138 from compost (Bosma et al., 2015a) and established a markerless gene deletion system
for it (Bosma et al., 2015b). Subsequently, we constructed three mutant strains, lacking dif-
ferent combinations of the genes coding for L-lactate dehydrogenase IdhL, sporulation-spe-
cific sigma factor sigF and pyruvate dehydrogenase E1 o-component pdhA (Bosma et al.,
2015b). The removal of IdhL was found to lead to a drastic decrease in growth and acid
production under anaerobic conditions, as apparently no alternative NAD'-regenerating
metabolic pathways are available or sufficiently expressed under these conditions in this or-
ganism. A similar modification in its close relative B. coagulans resulted in normal growth at
neutral pH and either 2,3-butanediol production (Wang et al., 2011a) or ethanol production
(Su et al., 2011b). The absence of the alsSD operon and the bifunctional adhE from the ge-
nome explains that B. smithii cannot produce such compounds. In thermophilic Clostridium
thermocellum, removal of IdhL does not change growth of the strain, whereas simultaneous
removal of IdhL and pta leads to a reduction in growth (Veen et al., 2013), although this is
likely caused by disruption of the ATP-generating pathway to acetate rather than by a redox
imbalance. Next to lacking alternative NAD"-regenerating pathways besides /dhL, B. smithii
does also not possess the canonical route to acetate production via pta and ack. Despite
the importance of Idh and the highly variable behaviour of strains lacking this gene, only a
limited amount of studies are available that investigate transcriptomics and metabolomics
of these strains — examples of such studies being on for Streptococcus mutans (Mehmeti et
al., 2011), C. thermocellum (Veen et al., 2013) and Bacillus cereus (Laouami et al., 2011). As
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B. smithii is lacking several canonical pathways in its central carbon metabolism, it appears
to differ from currently investigated strains lacking /dhL. In this study, we compared the
wild-type strain and its isogenic knock-out mutants via transcriptomics and metabolomics.
Furthermore, several genes were evaluated for the complementation of the mutant phe-
notype. The results indicate an accumulation of upper glycolytic intermediates, decreased
amounts of intermediates of lower glycolysis and TCA-cycle intermediates, and a futile cycle
around pyruvate, providing an explanation for the low yield of TCA-intermediate production
after overexpression of pyruvate carboxylase and malate dehydrogenase.

RESULTS AND DISCUSSION

TRANSCRIPTOMICS ANALYSIS OF B. SMITHII WILD-TYPE AND MUTANTS

The main fermentation product of B. smithii ET 138 is L-lactate (Bosma et al., 2015a).
To develop this species into a platform organism, we deleted the /dhL gene to eliminate
L-lactate production. Subsequently, we constructed a double mutant which also lacks the
sigF gene, creating a sporulation-deficient strain. A triple mutant AldhL-AsigF-ApdhA was
constructed to eliminate acetate production by removing the pyruvate dehydrogenase E1
o-component pdhA (Bosma et al., 2015b) (Table 1). Removal of the IdhL gene leads to a
strong reduction in anaerobic growth and production capacities (Figure 1, Table 1). We

—&— wild-type products = AldhL products —&— AldhL AsigF products AldhL AsigF ApdhA products

- &= wild-type growth == AldhL growth = 4= AldhL AsigF growth AldhL AsigF ApdhA growth
250

1

r 09

200

0.8

07

i
a
<]

0.6

- 0.5

Products (mM)
0D600

i
o
15}

0.4

F03

50

0.2

F 01

0f T T T T T 0

0 24 48 72 96 120
Time (h)

Figure 1. Fermentation graph for RNA-samples. Sampling points are indicated with a red bar for wild-ty-
pe, single and double mutant and with a green bar for the triple mutant. The same sampling points were
used for the metabolomics analysis.
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Figure 2. Mapped expression values in micro-aerobic fermentations of B. smithii ET 138 wild-type
and mutant strains. Colours indicate sub-pathways: green is pentose phosphate pathway, blue glycolysis,
purple pyruvate metabolism, red TCA-cycle. Line thickness corresponds to expression value. Pictures were
generated using iPath. A. Growth phase (exponential phase, 2 hours). B. Production phase (late expo-
nential/early stationary phase, 22.5 hours). Abbreviations: pep: phosphoenol pyruvate; pyr: pyruvate; oaa:
oxaloacetate; IdhL: L-lactate dehydrogenase; pck: PEP carboxykinase; pyk: pyruvate kinase; pyc: pyruvate
carboxylase; pdhc: pyruvate dehydrogenase complex; acs: acetyl-CoA synthetase; odh: 2-oxoglutarate
dehydrogenase; icdh: isocitrate dehydrogenase; 6pgdh: 6-phosphogluconate dehydrogenase; gap: glyce-
raldehyde-3-phosphate dehydrogenase; fba: fructose 1,6-bis-phosphate aldolase; cs: citrate synthase.




performed RNA-sequencing and metabolomics to gain insight into the impact of the /dhL
deletion and its combination with the sigF and pdhA deletions on transcript and metabolite
levels to identify metabolic bottlenecks in these mutant strains. RNA-sequencing was per-
formed on the wild-type and all three mutant strains in pH-controlled reactors in 1 L working
volume under micro-aerobic conditions during early exponential (2-3.5 h) and late exponen-
tial/early stationary (21-28 h) phase (Figure 1). The first sample is referred to as ‘growth’.
As the mutant cells did not show a clear transition from exponential to stationary phase but
both mutant and wild-type cells still actively produced acids at the second sampling point,
this sampling point is called ‘production’ (Table 1, Figure 1). The complete set of expression
values can be found in Table S1. Comparison of wild-type and single (/dhL) mutant reveals
a large set of differentially expressed genes (Table 2, Table S1). The additional deletion
of the sigF gene in the IdhL-sigF double mutant does not have a large additional effect on
gene expression compared to the single mutant (Table 2, Table S1). These two strains are
expected to behave similarly as the only difference is sporulation gene sigF, which is known
to not have any further metabolic effects (Fleming et al., 1995; Jones et al., 2011; Kovacs et
al., 2010; Wang et al., 2005; Yudkin, 1987).

A global overview of the transcriptomics results for central carbon metabolism revealed
specific patterns over time and marked differences between wild-type and mutants (Figure
2). A clear transition of activity from upper glycolytic genes to /dhL was observed in the
wild-type strain over time. In the single and double mutant strains, the entire glycolysis is
more active than in the wild-type at both time points and glycolytic genes are less de-acti-
vated over time than in the wild-type. In addition, the pck gene and the genes involved in the
glyoxylate shunt are highly active in the production phase in the single and double mutants
(Figure 2B). The glyoxylate shunt is generally regarded as a typical aerobic pathway, but it
was reported to be activated under oxygen-limited conditions in an E. coli strain lacking pta,
ack and Idh (Zhu et al., 2013). All of these genes are all absent in the B. smithii AldhL mu-
tants as the pta and ack genes are not present in the B. smithii genome (unpublished data).

Table 2. Number of differentially expressed genes in B. smithii ET 138 wild-type and mutant strains.

WG | sG DG 6 | WP | sP DP e | For gxplanation of the 2-Iette'r code'ab-
breviations see Table 1. Differentially

WG X 65 102 80 345 expressed genes are those that are at
least 4-fold up-or downregulated. In the
SG | 307 X 22 252 table, the columns are divided by the
rows. For example, WG/SG=307 means
DG | 407 21 X 349 that 307 genes are differentially higher
16 | 244 X 249 | expressed in WG than in SG and thus
downregulated in SG compared to WG,
WP | 447 X 200 | 220 | 356 | and SG/WG=65 means that 65 genes
are differentially higher expressed in SG
SP 241 34 X 32 than in WG and thus upregulated in SG

compared to WG. Empty squares mean
that these values have not been calcu-

TP 47 | 237 x | lated.

DP 233 346 M X

-
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The transcriptional profile of the triple mutant is more similar to the wild-type than to that of
the single and double mutants, except for an increased expression of the genes encoding
the non-deleted parts of the pyruvate dehydrogenase complex, as well as that coding for
isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase.

A more detailed overview of central carbon metabolism transcriptional and metaboli-
te profiles in the IdhL and IdhL-sigF mutants compared to the wild-type in the production
phase is shown in Figure 3. In the single and double mutant, the gapB gene coding for the
NADPH-dependent, gluconeogenic, glyceraldehyde 3-phosphate dehydrogenase is 5-7
times upregulated compared to the wild-type in the production phase, whereas the expres-
sion of this gene is not changed in the triple mutant. The NAD*-dependent, glycolytic, gapA
is 4-fold upregulated in the single and double mutant but 3-fold downregulated in the triple
mutant at both time points. As this is the NAD"-dependent step in glycolysis, it is likely that
this step creates a bottleneck in the IdhL-knockouts as these are hampered in regenerating
NAD®. The upregulation of the gapA gene might indicate that the cells attempt to increase
this reaction by upregulating gene expression while not being able to perform it due to a
lack of NAD". The bottleneck at the gapA step is supported by metabolomics data, in which
glyceraldehyde-3-P accumulates in the ldhL-mutant (Figure 3). The lack of gapA upregulati-
on in the triple mutant strain might be caused by the fact that this strain does not form extra
NADH via pyruvate dehydrogenase (Figure 3) and thus faces a less severe NAD*-shortage
than the single and double mutants. The observation that this strain does not grow better
than the single and double mutant, despite an apparently improved redox balance, is likely
because it can only form acetyl-CoA via energy-requiring acetate uptake. Although the /dhL
mutants are likely to suffer from redox imbalance, the redox-sensitive transcriptional regula-
tor rex was not found to be differentially expressed (Table S1), whereas this was found in for
example an E. feacalis IdhL mutant (Mehmeti et al., 2011). In all three mutant strains at both
time points, a strong upregulation was observed of the operon encoding glucose-6-phosp-
hate isomerase and the two oxidative pentose phosphate pathway (0PPP) genes encoding
6-phosphogluconate dehydrogenase and glucose-6-phosphate-1-dehydrogenase, the en-
zymes that form NADPH. These enzymes might form a futile cycle together with GapB, or
they might shuttle carbon into other pathways such as the purine and xanthine pathways,
which were also found to be upregulated. The B. smithii genome does not code for a trans-
hydrogenase, but cycles created by the oPPP, gapA-B and malic enzyme might provide a
means for the cells to perform transhydrogenase-like activities. A seemingly futile cycle of
highly activated genes in the IdhL and IdhL-sigF mutants compared to the wild-type was
observed in the genes surrounding pyruvate via upregulated expression of pyk/ppdk, pdhc,
icl, ms, mdh and pck (Figure 3). In order to gain more insight into the metabolism, the double
mutant AldhL-AsigF and the wild-type were subjected to a metabolomics analysis, after
which the transcriptomics and metabolomics data were combined (Figure 3).



METABOLOME ANALYSIS OF CENTRAL CARBON METABOLISM

Metabolomics analysis was performed on the wild-type and the AldhL-AsigF strain on
samples from the same reactor conditions and similar time points as the RNA-sequen-
cing analysis (Figure 3). Initial metabolomics studies were performed by a non-targeted
approach on triplicate samples of B. smithii ET 138 wild-type and AldhL-AsigF at 2 h and 21
h (see Table S2 for fermentation data). Samples were analysed both from the medium and
the cells. To evaluate both the influence of different variables and the statistical significan-
ce of the data, a PCA-analysis was performed. PCA analysis of the fermentation medium
samples showed that the largest differences were caused by the strains, followed by the
time (Figure S1). PCA-analysis of the cell samples showed a large heterogeneity of the
wild-type samples at 21 h and one outlier sample for each strain at the early sampling time
point (Figure S2). Due to the large heterogeneity, only few metabolites could be identified
that changed significantly in the untargeted metabolomics approach. Moreover, most me-
tabolites in central carbon metabolism could not be identified via this approach. To improve
the identification of these compounds, a second round of analysis was performed using a
targeted approach on a subset of the samples, excluding the outliers based on the PCA
analysis (Table S2). We compared both analytic platforms by calculating Pearson’s coeffi-
cients for metabolites that were measured with both platforms, which were mainly TCA-cy-
cle intermediates and amino acids and showed a good overall correspondence between the
methods (Table S3). Most glycolytic and pentose phosphate pathway (PPP) intermediates
were measured only with the targeted approach and could not be compared.

Combining the transcriptomics data with the targeted metabolomics data of the pro-
duction phase samples showed increased amounts of upper glycolytic intermediates and
decreased amounts of lower glycolytic intermediates in the double mutant compared to
the wild-type (Table 3, Figure 3). Fructose-6-P and fructose-1,6-bis-P were similar in con-
centration, whereas that of the triose-phosphates (glyceraldehyde-3-phosphate (GAP) and
dihydroxyacetone phosphate (DHAP)) increased ~3-fold in the double mutant. The con-
centration of 1,3-bis-phosphoglycerate was 2-fold lower in the double mutant compared to
the wild-type, whereas that of the lower glycolytic intermediates from 2-phosphoglycerate
until PEP was ~5-8 decreased (Table 3, Figure 3). This supports the bottleneck at the NA-
DH-producing GAP-dehydrogenase step that was also suggested by the transcriptomics
data. The observed increased transcription of pyk and decrease of phosphorylated inter-
mediates 2-PGA, 3-PGA and PEP in the /dhL-sigF mutant strain is in line with the decrease
in the concentrations of 3-PGA and PEP in stationary cells of L. lactis overexpressing pyk,
although that strain was not deficient in /dh (Ramos et al., 2004). The transcriptomics data
also suggested futile cycling at the level of pyruvate (Figure 3). Although pyruvate inside the
cell is lower in the mutant strain, extracellular levels are around 19-fold higher than in the
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Figure 3. Detailed mapping of relative expression values and intra- and extracellular metabolite
concentrations in B. smithii ET 138 AldhL-AsigF compared to wild-type at 21 hours (‘P’ samples).
Legend see next page.



Table 3. Intracellular metabolite measurements in B. smithii ET 138 fermentations.
Concentrations in umol/g cell dry weight'

UDP-Glucose 0.01 +0.00 0.01£0.00  0.00 +0.00 0.00 +0.00

ij'sgl’fee Glucose 15.61 £5.56 > > 34.58 +4.83
Trehalose < < < <

Glucose-6P < 0.19 £0.04 < 0.20 +0.01

Fructose-6P < 0.05 +0.01 < 0.07 £0.00
Fructose-1,6-bisP 0.03 £0.04 0.44 £0.14  0.00 +0.01 0.51 +0.04
Dihydroxyacetone-P 0.15 +£0.07 0.39£0.10 012 £0.02 1.02 £0.45

Glycolysis  Glyceraldehyde-3P 0.03 +0.01 0.08 £0.04  0.01 £0.00 0.25 +0.09
py?unvdate 1,3-bis-phosphoglycerate 0.01 +0.01 0.04 +0.01  0.00 +0.00 0.02 +0.01
metabolism  3-phosphoglycerate < 1.10 £0.24 < 0.13 £0.02
2-phosphoglycerate 0.01 0.09 +0.06 < 0.01
Phosphoenolpyruvate 0.00 +0.00 0.01 £0.00 0.00 +0.00 0.00 +£0.00

Pyruvate 0.06 +0.01 119 +£0.38  0.08 +0.01 0.44 +0.08

Lactate 44.44 +11.14 884.05 +364.17 31.82 +2.04 56.05 £13.48

Citrate 013 0.51+£0.20  0.11 £0.00 0.15 +£0.02

TCA cycle Fumarate 0.03 0.36 £0.07  0.01 £0.00 0.12 £0.00
Malate < 0.26 +0.07 < <

Ribulose-5P < 0.02 < <

Pentose Ribose-5P 0.03 0.09 +0.01 < 0.02
phosphate  Erythorse-4P 0.01 0.01 £0.00 < 0.01 £0.00
pathway Xylose-5P < < < <
Sepheptulose-7P < < < <

"Values in italics behind the + sign are standard deviations, all values are averages of duplicate experiments
and technical triplicates. Light grey values were close to or below the lowest standard. A ‘<’ indicates a value
that was below the lowest standard and could not be measured, a >’ means above highest standard. Glyce-
raldehyde-3P and Citrate measurements were compromised by high glucose concentrations.

? Lactate levels were measured in peak areas and not quantified.

Figure 3 (p. 136). Detailed mapping of relative expression values and intra- and extracellular me-
tabolite concentrations in B. smithii ET 138 AldhL-AsigF compared to wild-type at 21 hours (‘P’
samples). Arrow thickness indicates relative expression of ET 138 AldhL-AsigF compared to the wild-type.
Boxed metabolites represent intracellular metabolites, whereas circles next to a metabolite indicate ex-
tracellular data. No box or circle means not measured. Colours indicate fold changes up or down in ET 138
AldhL-AsigF compared to wild-type. Abbreviations: PTS: phosphotransferase system; GK: glucokinase;
PGI: glucose-6-phosphate isomerase; G6PDH: glucose-6-phosphate dehydrogenase; 6PGDH: 6-phosp-
hogluconate dehydrogenase; RPI: phosphopentose isomerase; RPE: phosphopentose epimerase; TKL:
transketolase; TAL: transaldolase; FBP: fructose bisphosphatase; PFK: phosphofructokinase; FBA: fructo-
se bis-phosphate aldolase; TPI: triosephosphate isomerase; GAP: glyceraldehyde 3-phosphate dehydroge-
nase; PGK: phosphoglycerate kinase; PGM: phosphoglycerate mutase; ENO: enolase; PCK: phosphoenol
pyruvate carboxykinase; PPC: phosphoenol pyruvate carboxylase; PYK: pyruvate kinase; PYC: pyruvate
carboxylase; PDHC: pyruvate dehydrogenase complex; ME: malic enzyme; MDH: malate dehydrogenase;
MQO: malate:quinone oxidoreductase; CS: citrate synthase; ACN: aconitase; ICL: isocitrate lyase; MS:
malate synthase; ICD: isocitrate dehydrogenase; OOR: 2-oxoglutarate reductase; ODH: 2-oxoglutratae de-
hydrogenase; SCS: succinyl-CoA synthetase; SDH: succinate dehydrogenase; FH: fumarate hydratase;
LDHL: L-lactate dehydrogenase; ACDH: acetyl-CoA dehydrogenase; ALDH: acetaldehyde dehydrogenase;
ADH: alcohol dehydrogenase; ACS: acetyl-CoA synthetase; MGS: methylglyoxal synthase.
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wild-type (Table 1 and 3). It is unclear whether the low intracellular concentrations of PEP,
pyruvate and C -dicarboxylic acids are a result or a cause of the observed cycle around
pyruvate, but the block in the upper glycolysis and subsequent lower concentrations of all
downstream metabolites might cause an upregulation of these genes in order to replenish
intermediates. The latter option together with the upregulation of both gapA and gapB sug-
gests that improved growth may be achieved by engineering of the gapA cofactor specificity
towards NADP" and providing the cells with both the native and the engineered variant, as
has been reported previously for other systems (Bommareddy et al., 2014; Fillinger et al.,
2000).

The non-targeted metabolomics approach furthermore revealed a 2-fold increase in
several fatty acids in the double mutant samples in the production phase. As fatty acid
biosynthesis produces NADP’, its increased activity might be related to the upregulation of
the oPPP which requires NADP*. The energy charge based on measured AMP, ADP and
ATP concentrations was comparable in wild-type and mutant cells with 0.936 and 0.958 at
2 hand 0.779 and 0.761 at 21 h, respectively. Such a slight decrease at the end of the log
phase has been generally observed (Chapman et al., 1971; Kahru et al., 1982).

In the PPP, metabolite levels of ribose-5-P and ribulose-5-P were also slightly decre-
ased in the double mutant (Table 3, Figure 3), which is in line with the strong upregulation of
the genes of the oPPP and the subsequent purine/xanthine metabolism (Table S1), which
might withdraw metabolites from the oPPP. Xanthine permease was also highly upregulated
in the double mutant, but no higher levels of xanthine were observed by the untargeted ap-
proach in the medium in the production phase compared to the growth phase or the blanc
sample at 0 h. The purine biosynthesis pathway was among the most strongly upregula-
ted pathways in all mutant cells, whereas the pyrimidine pathway was not affected. In the
wild-type, this pathway is active in the growth phase but almost completely inactivated in
the production phase, while for all three mutant strains this pathway remains equally active
at the second time point. This might be explained by the fact that the mutants do not fully
reach stationary phase or do not show typical exponential growth, but keep on growing with
very low growth rate, while the wild-type is about to enter stationary phase at 22.5 h and
therefore needs to synthesize less building blocks for growth (Figure 1).

METABOLOME AND TRANSCRIPTOME ANALYSIS OF AMINO ACID METABOLISM
In several organisms, amino acid production has been shown to be a way of maintaining
redox balance under fluctuating environmental conditions or after gene deletions (Kengen
& Stams, 1994; Kim et al., 2013; Shimizu et al., 2010; Veen et al., 2013). In B. smithii ET 138
AldhL-AsigF, only alanine and glycine were produced and excreted (Table 4/S4). Between
2 and 21 h, the wild-type produced a negligible amount of 6.23 yM of alanine (0.008% of
total C-moles produced) and consumed instead of produced glycine. The mutant produced



592.39 uM alanine, constituting ~8% of total C-moles produced and a very small amount of
glycine (21.08 uM, constituting 0.2% of total C-moles) (Table 1/S2/S4). This is different from
observations in C. thermocellum, in which an IdhL-pta mutant produced amino acids to a
lesser total percentage but in a greater variety. In that strain, especially amino acids were
produced that require little ATP and generate NAD" or NADP* (Veen et al., 2013). Alanine
production from pyruvate via alanine dehydrogenase consumes NADH and yields NAD" but
requires ammonia. Alanine dehydrogenase showed no significant changes in expression
in the double mutant compared to the wild-type at 21 h, but its expression was 7.7-fold in-
creased at 2 h. Nevertheless, the flux through this NAD"-generating pathway is apparently
insufficient under the tested conditions to support normal growth of the mutant cells.

Table 4. Intracellular amino acid measurements in B. smithii ET 138 fermentations.

Concentrations in pmol/g cell dry weight'

Amino acid wild-t);gg wiId-:);;zat: AldhL- Asigz AldhL- Af;g:
valine < 0.23 £0.04 < 0.12
leucine 0.03 +0.01 0.05 +0.01 0.06 +£0.00 0.17 +0.08
isoleucine 0.01 £0.00 0.02 +0.00 0.03 +0.00 0.07 £0.03
alanine < 3.29 £0.78 < 0.61 £0.12
glycine < 0.13 £0.03 0.07 £0.00 0.10 £0.00
phenylalanine 0.02 +0.02 0.45 +0.04 0.03 +0.00 0.06 +0.01
tryptophan < < < 0.03 +0.01
tyrosine 0.02 0.38 £0.01 0.02 +£0.00 0.17 £0.23
proline < < < <
serine < 0.15 £0.05 < <
threonine < < < 013
cysteine < < < <
methionine < < < 0.03 +0.01
asparagine < < < <
glutamine < 0.58 = < 1.18 £0.23
aspartic acid < 0.48 +0.17 < <
glutamic acid < < < 1.85 +0.29
lysine 0.25 3.87 £+0.43 0.12 £0.04 0.88 £0.05
histidine < 0.06 < 0.06

"Values in italics behind the * sign are standard deviations, all values are averages of dupli-
cate experiments and technical triplicates. Orange values were close to or below the lowest
standard. A ‘<’ indicates a value that was below the lowest standard and could not be measu-
red. Arginine was not measured.
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Most other amino acids were present either in higher or in equal amounts outside the
cell in the mutant compared to the wild-type (Table S4), meaning that the mutant consumes
less amino acids from the medium. This is likely caused by the fact that the mutant grows
less well than the wild-type and therefore needs less amino acids from the medium. Inside
the cells there were also differences in amino acid contents between the strains (Table 4),
although the reasons for this are unclear. Glutamate, tryptophan, threonine and methionine
were not detectable in the wild-type but accumulate over time in the mutant, whereas serine
and aspartate showed the opposite (Table 4). Also alanine was present in higher amounts
in the wild-type in the production phase, whereas this is excreted only by the mutant. Se-
veral amino acids are completely depleted from the medium in the production phase by the
wild-type (Table S4), making amino acid supplementation an option for medium optimiza-
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Figure 4. Plasmid-based expression of B. smithii ET 138 IdhL and Lactobacillus delbrueckii IdhA in
B. smithii strains. For comparison, the previously published data of native /dhL expression in the mutant
strain of ET 138 are also included in the graph (Bosma et al., 2015b). Samples were taken after 24 h of
growth in 25 mL TVMY medium with glucose in 50 mL tubes, resembling micro-aerobic conditions. Data
shown are averages of 6-14 experiments and error bars indicate standard deviations. A. ODGOO. B. Lactate
production. Lactate was determined via b- and L-lactate specific enzymatic assays; only the main isomer of
lactate is shown in the graph as the other form is produced in negligible levels close to the detection limit
(Bosma et al., 2015b).



HETEROLOGOUS EXPRESSION OF D-LACTATE DEHYDROGENASE

The activity of L-lactate dehydrogenase (LDH-L) is likely the main NAD"-regenerating
route under oxygen-limited conditions in B. smithii and based on transcriptomics and me-
tabolomics, the observed limitation of growth and production in strains lacking ldhL are
largely caused by the inability to regenerate NAD". To further test this hypothesis and si-
multaneously redirect metabolism to another industrially relevant product, we expressed the
Lactobacillus delbrueckii subsp. bulgaricus IdhA gene under the B. smithii IdhL promoter.
This IdhA gene has successfully been used for p-lactate production in B. coagulans (Ko-
vacs et al., 2010; van Kranenburg et al., 2007). Heterologous expression of [dhA in ET 138
showed a significantly lower average production compared to plasmid-based expression of
the native IdhL gene in the /dhL mutant, but with a very large standard deviation (Figure 4).
The plasmid-based expression of the IdhL gene in the IdhL mutant also showed a rather
large standard deviation, but less pronounced than p-lactate expression and the average
difference with the wild-type is insignificant. The rather poor reproducibility might be caused
by yet unexplained differences between different batches of cells, which might be related to
fluctuating plasmid expression efficiencies or plasmid copy number (unpublished observati-
ons). Remarkably, the wild-type strain could not be transformed with the plasmid containing
the IdhA gene.

Altogether, IdhA does not give full complementation but this might be explained by the
factors mentioned above. As both the plasmids containing b- and L-lactate dehydrogena-
ses significantly improve growth and production compared to the mutant containing the
empty vector, NAD"-regeneration might be a major cause of the growth problems in our
IdhL-mutant strains. Alternatively, NAD"-regeneration is not the only problem in the mutant
cells and IldhL or L-lactate play other roles as well. In B. subtilis, LDH-L was shown to use
both NADH and NADPH (Romero et al., 2007). Expression of the E. coli transhydrogenase
udhA restored anaerobic growth capacities almost to wild-type levels in these cells, sugge-
sting that LDH-L plays a transhydrogenase-like role in maintaining NADH/NADPH balance
(Romero et al., 2007). Enzyme assays in our strain indicated that B. smithii LDH-L is unable
to use NADPH, while its close relative B. coagulans showed similar enzyme activities with
NADH and NADPH (data not shown). Thus, LDH-L does not play a transhydrogenase-li-
ke role in B. smithii. Also, the addition of -lactate to the growth medium did not enhance
growth of the mutant strain (data not shown). Complementation of the mutant strain with a
gene coding for a catalytically dead LDH-L might provide further insight in a possibly regu-
latory role of LDH-L in this organism.
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OVEREXPRESSION OF NAD *-GENERATING PATHWAYS TO PRODUCE DICARBOXYLIC

ACIDS

Next, we aimed to provide the mutant cells with a different NAD"-regenerating route,
which would simultaneously redirect metabolism towards a product of biotechnological re-
levance. Dicarboxylic acids such as malate and succinate can be used as green building
block chemicals and have a large market potential (Bozell & Petersen, 2010; Werpy et al.,
2004). To redirect metabolism in our mutant strains towards these reductive TCA-cycle
products, we overexpressed the genes for either native pyruvate carboxylase pyc, malate
dehydrogenase mdh, or pyc-mdh simultaneously in strain ET 138 AldhL-AsigF under the B.
coagulans pta-promoter. This promoter has been shown previously to drive lacZ expression
in B. smithii (Bosma et al., 2015b) and initial tests showed it was also efficiently driving lacZ
if this was placed behind another gene together with a Shine-Dalgarno sequence when
grown on glucose or xylose (data not shown). The enzyme MDH interconverts oxaloace-
tate and malate, with an NAD" produced for each molecule of malate. Overexpression of
this enzyme has been successfully used in E. coli to enhance succinate production (Liang

Table 5. Product profiles after 24 h of growth of B. smithii ET 138 AldhL-AsigF strains overexpres-
sing several native genes.

Products (mM)’

Growth . Gene on
condition Plasmid plasmid Lac Ace Pyr Mal Suc ODGou
1.00 9.05 0.68 0.37 024 0636
PNW33n  none £0.32 4245  +0.94  +0.65 012  +0.022
1.38 9.28 0.72 012  055° 0639
PWUR826  pyc +0.63  +169  +043 016  +0.07  +0.109
Bottles®
0.94 9.30 0.92 047 033 0642
PWUR827  mdh +0.08 125 076 025 017  +0.022
169  10.84 0.76 0.84 085 0614
PWURB28  pyc-mdh 050 1015 073  +0.56  +0.13  +0.050
oNW33n  none 0.40 6.01 0.91 0.47 006 0430
Reactors®  pWUR826 pyc 1.31 8.19 2.55 0.46 0.04 0.509
PWUR828  pyc-mdh 152 5.67 219 152 029 0370

" Abbreviations: Lac: lactate; Ace: acetate; Pyr: pyruvate; Mal: malate; Suc: succinate; nd: not determined.
2 Strains were grown in 50 mL TVMY medium with glucose in 120 mL rubber-capped bottles for 24 h. Data
are the average of 3 experiments for pNW33n, pWUR826 and pWUR828 and 2 for p?WURS827; numbers in
italics indicate standard deviations.

% Strains were grown in 1 L TVMY medium with glucose in pH-controlled reactors for 24 h.

* Indicates a significant difference (p < 0.05) with the empty vector (pNW33n) strain.



et al.,, 2011; Zhu et al., 2013). As our organism lacks a fumarate reductase, and succinate
dehydrogenase strongly favours conversion in the direction of fumarate (Cecchini et al.,
2002), it might not be possible to produce succinate without heterologous expression of a
fumarate reductase. Nevertheless, overexpression of malate dehydrogenase in our strain is
expected to lead to malate production. To ensure sufficient flux towards oxaloacetate and
in an attempt to relieve to observed pyruvate accumulation (Table 1), also co-expression of
mdh with the native ET 138 pyc was investigated.

Initial tests were performed in 120 mL rubber-capped bottles containing 50 mL TVMY
supplemented with 10 g/L glucose (Table 5). Expression of pyc was confirmed by SDS-
PAGE analysis (data not shown) and resulted in a 2.3-fold increase of succinate production
from 0.24 £0.12 mM to 0.55 £0.07 mM (Table 5). Expression of mdh was also confirmed on
protein gel (data not shown) but did not alter the production profile significantly (Table 5).
When pyc and mdh were co-expressed, succinate production became slightly higher com-
pared to the pyc-strain and was increased 3.5-fold compared to the empty vector. Malate
production did not significantly change but was slightly lower in the pyc and madh strains and
highest in the pyc-mdh strain. The addition of CO2 in the form of NaHCO3 in different con-
centrations did not significantly alter the production profile (data not shown), indicating that
COZ-suppIy is not limiting at this point. To further test these strains under more controlled
conditions, they were grown in 1 L pH-controlled reactors for 24 h (Table 5). Similar obser-
vations were made as in the bottle test, with the highest increase in malate and succinate
production being 5-fold compared to the empty vector strain in the pyc-mdh strain (Table 5).
Furthermore, pyruvate levels were increased compared to the empty vector control. This is
unexpected as pyc-mdh would supply the cells with a means to further metabolize pyruvate
and regenerate NAD". Also, contrary to our observation in B. smithii, in an E. coli Idh-pfl
double mutant which was unable to grow anaerobically, mdh overexpression resulted in
improved growth and high succinate production (Liang et al., 2011). E. coli lacks a pyc gene,
but heterologous expression of this gene has been shown to result in increased succinate
production (Gokarn et al., 2000; Sanchez et al., 2005). In our strains overexpressing pyc or
pyc-mdh, growth was only moderately improved and succinate and malate levels were only
slightly increased. Transport of malate does not appear to be the major bottleneck at this
point, as the wild-type is still able to excrete more malate (Table 1).

To evaluate whether the observed pyruvate accumulation and lack of dicarboxylic acid
production was due to reflux from malate to pyruvate via malic enzyme, enzyme assays
were performed on samples taken from the reactor for the empty vector and pyc-overex-
pressing strains after 50 h of cultivation. At that time point, the pyc strain had produced 7.10
mM pyruvate, 0.98 mM succinate and 0.38 mM malate, whereas this was only 2.00 mM,
0.15 mM and 0.01 mM respectively for the empty vector strain. The genome of B. smithii ET
138 encodes both NAD(H)- and NADP(H)-dependent malic enzymes and malic enzyme is
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known to be able to work in both directions between malate and pyruvate, although in natu-
re the most common direction is towards pyruvate (Lerondel et al., 2006; Stols & Donnelly,
1997), so both cofactors were tested in both directions (Figure 5). Malic enzyme activity in
the direction to pyruvate was observed with NADP™ as a co-factor and was 4-fold higher
in the pyc-overexpressing strain than in the empty vector strain (Figure 5A). In the reverse
direction, from pyruvate to malate, activity was observed with both cofactors in both strains
and the differences between the two strains were less pronounced, although also in this
case the pyc-overexpressing strain showed a slightly higher activity (Figure 5B). Altogether,
these results indicate an increased activity of mainly NADP*-dependent malic enzyme in
the pyc-overexpressing strain compared to the empty vector strain. These results might
explain the observed pyruvate accumulation in the pyc-strain (and pyc-mdh-strain) via reflux
through NADP*-dependent malic enzyme. This mechanism shows similarities to the malate
shunt in C. thermocellum, which uses MDH and ME to produce pyruvate in the absence of
PYK (Taillefer et al., 2015; Zhou et al., 2013a). Also, this suggests a cycle between malate
and pyruvate via the overexpressed pyruvate carboxylase and the native malic enzyme,
and might explain why the increase in growth and in malate (or succinate) production in
the overexpression mutants is less than expected. These observations are in line with the
observed cycle around pyruvate via pyk/ppdk, pdhc, icl, ms, mdh and pck as suggested by
the transcriptomics data. If pyc is overexpressed, malic enzyme takes over or adds to the
role of pck and flux is again re-directed to pyruvate.
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Figure 5. Malic enzyme activity assays in B. smithii ET 138 AldhL AsigF containing empty vector pNW33n
and overexpressing native pyc from plasmid pWUR826. Samples were taken after 50 h of growth in 1 L pH-con-
trolled fermentations (Table 5), after which cell free extracts were prepared which were used in the assay. Abbrevia-
tions: Spec. act.: specific activity (in Units per mg protein). A. Assay using malate as initiator and oxidized co-factor.
B. Assay using pyruvate as initiator and reduced co-factor.



Although NAD"-regeneration appears to be the major bottleneck in the mutant strains
lacking IdhL, overexpression of mdh caused a reflux to pyruvate while providing an alterna-
tive NAD+-regenerating route. To prevent redirection of flux to pyruvate and force flux into
the TCA-cycle, most likely malic enzyme and PEP-carboxykinase have to be deleted or
engineered to favour the reverse reaction, and a reductive TCA-branch needs to be hetero-
logously inserted. Alternatively, the bottleneck is created already in upper glycolysis at the
GAPDH level. To solve this, the co-factor specificity of GapA could be engineered to use
NADP" instead of NAD" and both the native and engineered enzymes could be inserted to
allow for more flexibility at this step.

CONCLUSIONS

In this study, we examined the metabolism of B. smithii after deletion or overexpression
of metabolic genes by transcriptomics, metabolomics and enzyme assays. In strains lac-
king the IdhL gene, alternative NAD'-regeneration pathways do not seem to be sufficiently
available to maintain a wild-type level of anaerobic growth and production. The main bott-
leneck appears to be gapA, the NADH-producing step in glycolysis. Metabolites upstream
of this enzyme accumulate, whereas metabolites downstream of this enzyme were found
to be less present in the mutant compared to the wild-type. Furthermore, transcriptomics
revealed futile cycling around pyruvate. If pyruvate was forced into the TCA-cycle via over-
expression of pyc, an increase in malic enzyme activity was observed, recreating the reflux
towards pyruvate. Further research for example aiming at co-factor engineering of gapA
should show if the cycling around pyruvate is related to the bottleneck in upper glycolysis,
or that pck and malic enzyme should also be targets of future metabolic engineering.

Table 6. Strains used in this study.

Strain Description Reference/origin

E. coli DH5x Cloning host Lab stock

O.P. Kuipers, RUG'

E. coli TG90 Cloning host (Lopilato et al., 1986)

B. smithii strains:

ET 138 Wild-type, natural isolate (Bosma et al., 2015a)
ET 138 AldhL ET 138 with clean IdhL-deletion (Bosma et al., 2015b)
ET 138 AldhL AsigF ET 138 AldhL with clean sigF-deletion ~ (Bosma et al., 2015b)

ET 138 AldhL AsigF with clean

ET 138 AldhL AsigF ApdhA pahA-deletion

(Bosma et al., 2015b)

" RUG: Rijksuniversiteit Groningen/University of Groningen.
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MATERIALS AND METHODS

BACTERIAL STRAINS AND GROWTH CONDITIONS

Strains used in this study are listed in Table 6. All B. smithii strains were routinely cul-
tured at 55°C, unless stated otherwise. E. coli DH5c and TG90 were grown at 37°C. For
strain ET 138 AldhL-AsigF-ApdhA, 3 g/L ammonium acetate was added to all media at
all times. For all tube and plate cultures, substrates were used in a concentration of 10
g/L unless stated otherwise. Substrates and ammonium acetate were added separately as
50% autoclaved solutions after autoclavation of the medium. For plates, 5 g/L gelrite (Roth)
was added for B. smithii strains and 10 g/L agar (Difco) for E. coli strains. Unless indicated
otherwise, chloramphenicol was added in concentrations of 25 ug/mL for E. coli DH5x, 15
pg/mL for E. coli TG90, and 7 pg/mL for B. smithii strains.

Thermophile Vitamin Medium with Yeast extract (TVMY) and LB2 medium were used as
described previously (Bosma et al., 2015a).

For enzyme assays, cells were either sampled from the reactors after 50 h, or grown
overnight from glycerol stocks in 10 ml TVMY containing 10 g/L glucose at 55°C in a 50
mL Greiner tube at 150 rpm. After overnight growth, 100 uL was transferred to 10 mL fresh
medium and cells were grown for 4-6 h, after which cell extracts were prepared.

FERMENTATIONS

Fermentations were performed as described previously with minor modifications (Bos-
ma et al., 2015a). Pre-cultures were grown overnight from glycerol stocks in 10 ml TVMY
containing 10 g/L glucose at 55°C in a 50 mL Greiner tube at 150 rpm. Next morning, 1
mL of the culture was transferred to 50 mL TVMY containing 10 g/L glucose in a 250 mL
Erlenmeyer flask and incubated at 55°C and 150 rpm. When the cells reached an OD_ |
of 0.3-0.4, 20 mL was used to inoculate the reactor containing 1 L TVMY medium without
MOPS and supplemented with 27 g/L glucose.

Fermentations were all in batch mode and performed in 2 L glass reactors (Applikon)
under control of an ADI 1025 Bio-console and an ADI 1010 Bio-controller (Applikon) contai-
ning 1 L working volume. Temperature was controlled at 55°C, stirring speed was controlled
at 150 rpm, pH was maintained at 6.5 by addition of 3 M KOH and growth was monitored by
absorbance at 600 nm (ODGOO). Sugar and fermentation products were measured by HPLC.
For plasmid-containing strains, chloramphenicol was added twice per day to maintain a
concentration of 7 mg/L, assuming a half-life time of 100 h for chloramphenicol at 55°C
(Taylor et al., 2011).

Cell dry weight (CDW) of the fermentation broth was determined of 25 mL sample, which
was centrifuged at 4816 x g at 4°C for 15 min, after which the supernatant was discarded.



The pellet was resuspended in 10 mL dH20 and pelleted again. A second resuspension
was performed in 1 mL dH20 and the cells were transferred to an aluminium dish of which
the tare weight was determined, after which the cell suspension was allowed to dry at 120°C
overnight and weight was determined.

SAMPLING PROCEDURE FOR METABOLOMICS

The sampling procedure was performed according to the protocol as described by Me-
tabolomic Discoveries (Meilkner et al., 2014), with some modifications as follows. From the
fermentation broth, a sample of 50-100 mL was taken (sampling time ~2 s), of which 15
or 50 mL was immediately used for quenching, while the remainder was kept on ice for
determination of cell dry weight (CDW), microscopic analysis and cell count. The 15/50 mL
sample was transferred to a pre-cooled 50 mL Falcon tube, which was immediately dipped
into a -40°C ethanol bath for 50 s with intervals of 10 s and inverting the tubes in between
to cool the samples to ~4°C. The cooled cell suspension was poured onto a filter (Pall 0.45
um PVDF) in a 47 mm filter system (Millipore Sterifil aseptic system) attached to a vacuum
pump. The filter had been equilibrated just prior to sample by operating it twice with 5 mL
ice-cold 0.9% NaCl. After filtration of the sample, the filter was washed twice with ice-cold
0.9% NaCl, after which the filter was added to a Falcon tube, immediately dipped into liquid
nitrogen, kept on dry ice and subsequently stored at -80°C until further processing. Extrac-
tion buffer (80% methanol + C Sorbitol as internal standard) was pipetted ~10 times over
the filters in dry-ice to obtain a concentration of 10 mg/mL CDW. After extraction, samples
were shipped on dry ice for analysis. Prior to the first analysis, the extraction buffer was
washed again several times over the filter, the cell suspension was treated in a ball mill and
cell debris was removed.

RNA ISOLATION AND LIBRARY PREPARATION

RNA isolation was performed by the phenol extraction based on (van Hijum et
al., 2005). For each RNA isolation, 25-100 mL culture was centrifuged at 4°C and 4816 x
g for 15 min and immediately used for RNA isolation. After removal of the medium, cells
were resuspended in 0.5 mL ice cold TE buffer (pH 8.0) and kept on ice. All samples were
divided into two 2 mL screw-capped tubes containing 0.5 g zirconium beads, 30 yL 10%
SDS, 30 uL 3 M sodium acetate (pH 5.2), and 500 L Roti-Phenol (pH 4.5-5.0, Roth). Cells
were disrupted using a Fastprep apparatus (MP Biomedicals) at speed 6 for 40 seconds
and centrifuged at 4°C and 10,000 rpm for 5 min. 400 pL of the water phase from each
tube was transferred to a new tube, to which 400 pL chloroform-isoamyl alcohol (Roth) was
added, after which samples were centrifuged at 4°C and 18400 x g for 3 min. 300 pL of the
aqueous phase was transferred to a new tube and mixed with 300 pL of the Lysis buffer
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from the High Pure RNA Isolation Kit (Roche). Subsequently, the rest of the procedure from
this kit was performed according to the manufacturer’s protocol, except for the DNAse in-
cubation step, which was performed for 45 min. Integrity and concentration of the isolated
RNA was checked on Nanodrop-1000 and on the Bioanalyzer (BioRad experion RNA Std-
Sens) according to the manufacturer’s protocol. All samples had a RIN value of at least 8.0,
had a concentration above 200 ng/uL and contained minimally a total of 15 pg.

Further processing of the samples and RNA-sequencing were performed by Base-
Clear (NL). The rRNA fraction was depleted from the total RNA using the Ribo Zero Kit
(Epicentre), after which the TruSeq RNA-Seq kit (Illumina) was used for mRNA library pre-
paration. Subsequently, the mRNA library was fragmented and converted to double-stran-
ded cDNA with fragment lengths of 100-200 bp. DNA adapters were ligated to both ends
of the fragments and subjected to PCR amplification, after which the resultant library was
checked on the Bioanalyzer. RNA-sequencing was performed using the lllumina HiSeq
2500 platform using 50 cycles single-read protocol.

PLasmiD CONSTRUCTION, TRANSFORMATIONS AND COLONY PCR

Plasmids and primers used in this study are shown in Table 7 and 8. Genomic DNA
from B. smithii strains was isolated using the MasterPure™ Gram Positive DNA Purificati-
on Kit (Epicentre). Transformation and colony PCR of B. smithii strains was performed as
described previously (Bosma et al., 2015a). Heat shock transformation of E. coli strains
was performed according to standard procedures (Sambrook et al., 1989). Transformed E.
coli colonies were picked and inoculated into 5 mL LB containing chloramphenicol, after
which plasmid was isolated (using the GeneJET Plasmid Miniprep Kit, Thermo Scientific)
and subsequently subjected to PCR analysis, after which correct plasmids were sent for
sequencing (GATC, Germany) to confirm the sequence of the inserted regions. Plasmids
for transforming B. smithii were extracted from E. coli via maxiprep isolation (Genomed
Jetstar 2.0). All restriction enzymes and polymerases were obtained from Thermo Scienti-
fic. Purification of PCR products was performed after running on a 0.8% agarose gel using
the Zymoclean™ Gel DNA Recovery Kit. For all PCR reactions, Phusion polymerase with
HF-buffer was used.

For the construction of P::ldhL-IdhA vector pWURS825, primers BG 5478 and 5479 were
used to amplify the /dhL promoter from genomic DNA of B. smithii ET 138 and primers BG
5476 and 5683 for the IdhA gene from plasmid pJS26 (van Kranenburg et al., 2007). After
gel purification, an overlap extension PCR was performed in which the promoter and gene
were fused using primers BG 5478 and 5683, making use of the complementary overhang
in primers BG 5479 and 5476. The resulting PCR product was again gel-purified and sub-
sequently cut with Xbal and BamHI using the restriction sites included in primers BG 5479
and 5476, as was plasmid pNW33n. After restriction, the fusion product and pNW33n were



Table 7. Plasmids used in this study.

. . E. coli .
Plasmid Description host' Reference/origin
pNW33n E. coli-Bacillus shuttle vector, cloning vector, cmR BGSC

IdhL-restoration vector for ET138: pNW33n with
pWUR736  IdhL gene from ET 138 under its native promoter DH50¢  (Bosma et al., 2015b)
(525 bp us of IdhL)
WURs25  PNW33n with L. delbrueckii IdhA gene under B. 7690 I;éf/:é‘gdgt Al 2010: van
P smithii ET 138 IdhL-promoter (525 bp us of /dhL) - y
Kranenburg et al., 2007)
pNW33n with B. smithii ET 138 pyc gene under This study;
PWURB26 B. coagulans DSM 1 pta-promoter DH5 (Kovacs et al., 2010)
pNW33n with B. smithii ET 138 mdh gene under This study;
PWUR827 B. coagulans DSM 1 pta-promoter DH5 (Kovacs et al., 2010)
pWURS28 pNW33n with B. smithii ET 138 pyc and mdh TG90 This study;

genes under B. coagulans DSM 1 pta-promoter

(Kovacs et al., 2010)

"The E. coli strain that was used for the construction of the plasmid.
Abbreviations: Cm®: chloramphenicol resistance gene (chloramphenicol acetyltransferase); BGSC: Bacillus
Genetic Stock Centre, USA; us: upstream; bp: base pairs.

Table 8. Primers used in this study.

BG nr Sequence 5-3’

Purpose

4122
4268
4269

4270

4441
4446

4447
4448

4449

4450

4451
5476

5478
5479

5683

GAGCTCCGTTGCCGGAATTCTTTCAC
GCCTCTAGAAAGTTTATACTAAAGAAGCCATGAC
GATTTTTTTACGCTTCAACGCCAACACGCATTCCTCCAAGTCCAT

ATGGACTTGGAGGAATGCGTGTTGGCGTTGAAGCGTAAAAAAATC

GCCTCTAGATTGCCGGAATTCTTTCACAG
GACTTGGAGGAATGCGTGATGAAAAAGATCGAGAAAGTG

GCCGTCGACTTATTTTTGCAGCTCAATCAGTA
CACTTTCTCGATCTTTTTCATCACGCATTCCTCCAAGTC

GAAGTTCCTCCTTATTATGGATTTATATTTATTTTTGCAGCTCAAT-
CAGTA

TACTGATTGAGCTGCAAAAATAAATATAAATCCATAATAAGGAG-
GAACTTC

GCCGTCGACTTATACTAAAGAAGCCATGACG
AATGACGAAAGGAGTTTCTTATTATGACTAAAATTTTTGCTTAC

GCCTCTAGAATTGGTCATTTGATTAGATCCCCTTA
GTAAGCAAAAATTTTAGTCATAATAAGAAACTCCTTTCGTCATT

GCCGGATCCTTAGCCAACCTTAACTGGAG

P_pta-Fw, Sacl site
mdh-Ryv, Xbal site

P_pta-Rv, overhang
with 4270

mdh-Fw, overhang
with BG 4269

P_pta-Fw, Xbal site

pyc-Fw, overhang
with BG 4448

pyc-Ry, Sall site

P_pta-Rv, overhang
with BG 4446

pyc-Ry, overhang
with BG 4450

mdh-Fw, overhang
with BG 4449

mdh-Rv, Sall site

ldhA-Fw, overhang
with BG 5479

P_ldhL-Fw, Xbal site

P_IldhL-Rv, overhang
with BG 5476

ldhA-Rv, BamHI site

Fw: forward primer; Rv: reverse primer; P_: promoter.
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ligated using T4 ligase (Thermo Scientific) for 1 h at room temperature and transformed to
heat shock competent E. coli TG90.

A similar procedure was followed for construction of the other plasmids. For pyc-overex-
pression plasmid pWUR826, primers BG 4441 and 4448 were used to amplify the pta pro-
moter from plasmid pPTA-LAC (Kovacs et al., 2010) and primers BG 4446 and 4447 for the
pyc gene from genomic DNA of B. smithii ET 138. The fragments were fused using BG 4441
and 4447 and cloned into pNW33n using Xbal and Sall. To construct the pyc-mdh double
overexpression plasmid pWUR828, the same procedure as for p?tWUR826 was followed, but
primer BG 4447 was replaced by BG 4449, which contains a Shine-Dalgarno sequence and
has overhang with the forward primer for the mdh gene BG 4450. BG 4450 and 4451 were
used to amplify the mdh gene from genomic DNA of B. smithii ET 138. Subsequently, the
P-pta-pyc and mdh fragments were fused using primers BG 4441 and 4451, after which the
fragment was cloned into pNW33n using Xbal and Sall.

For mdh-overexpression plasmid pWURB827, primers BG 4122 and 4269 were used to
amplify the pta promoter from plasmid pPTA-LAC (Kovacs et al., 2010) and primers BG
4270 and 4268 for the mdh gene from genomic DNA of B. smithii ET 138. The fragments
were fused using BG 4122 and 4268 and cloned into pNW33n using Xbal and Sall.

CELL EXTRACT PREPARATION AND ENZYME ASSAYS

For cell free extract (CFE) preparation, 10 mL culture was centrifuged at 4816 x g
at 4°C for 10 min. The cell pellet was resuspended in 1 mL ice-cold buffer (25 mM Tris-HCI
pH 7.0) and transferred to a 2 mL Eppendorf tube, after which cells were disrupted via so-
nication for 3x 30 s on 20% power, with 30 s breaks in between sonication rounds using a
Sonifier B-12 Power Supply (Branson Sonic Power, 3 mm pin). Cells were kept on ice at all
times. Subsequently, the cell suspension was centrifuged for 10 min at 16,000 x g at 4°C,
after which the supernatant was transferred to a new Eppendorf tube and used as CFE for
enzyme assays and protein determination. Protein determination was performed using Roti
Nanoquant (Roth) according to the manufacturer’s protocol.

Unless stated otherwise, enzyme assays were performed in a HITACHI U-2001 spec-
trophotometer in plastic cuvettes at 340 nm at 55°C, water and buffer were pre-warmed
to 55°C and total volume was 1 mL. Negative controls were measured without adding the
initiator to measure the background of the CFE and this value was subtracted from the value
with initiator.

Malic enzyme assays were performed as described previously in quartz cuvettes (Srid-
har et al., 2000). The complete reaction mixture consisted of: 0.1 M Tris-HCI (pH 7), 0.5 mM
NAD(P)H or NAD(P)*, 5 mM MnCIz, 20 mM NH4CI, 50ul cell free extract, and 2 mM malate
or pyruvate was used as initiator. The preferred direction was determined by using malate
and oxidized co-factor or pyruvate and reduced co-factor. Co-factor preference of the en-



zyme was determined by either using NAD" or NADP®. Additional control was performed
by determining the composition of the assay mixture by HPLC before and after adding the
initiator (pyruvate or malate).

Lactate dehydrogenase assays were performed as described previously (Goel et al.,
2012) and contained 0.1 M Tris-HCI (pH 7), 2 mM MgSO4, 3 mM fructose-1,6-bis-phospha-
te, 0.3 mM NADH or NADPH, while 6 mM pyruvate was used as initiator.

ANALYTICAL METHODS

Sugar and fermentation products were quantified as described previously (Bosma et
al., 2015a).

Non-targeted metabolomics analysis was performed by Metabolomic Discoveries (DE).
Derivatisation and analyses of metabolites by a GC-MS 7890A mass spectrometer (Agilent,
Santa Clara, USA) were carried out as described (Lisec et al., 2006). Metabolites were
identified in comparison to the Metabolomic Discoveries’ database of standards. The LC
separation was performed using hydrophilic interaction chromatography with a ZIC-HILIC
3.5 um, 200 A column (Merck Sequant, Umea Sweden), operated by an Agilent 1290 UPLC
system (Agilent, Santa Clara, USA). The LC mobile phase was a linear gradient from 90% to
70% acetonitrile over 15 min, followed by linear gradient from 70% to 10% acetonitrile over
1 min, 3 min wash with 10% and 3 min re-equilibration with 90% acetonitrile. The flow rate
was 400 pl/min, injection volume 1 pl. The mass spectrometry was performed using a 6540
QTOF/MS Detector (Agilent, Santa Clara, USA). The measured metabolite concentration
was normalized to the internal standard. Metabolites that were present in less than 20% of
all samples independent of the replicate group were filtered out, as were metabolites that
were present in less than 33% within a replicate group. Significant concentration changes
of metabolites in different samples were analyzed using appropriate statistical test proce-
dures. All statistical analyses were performed using R-project (Team, 2012). A p-value of
p<0.05 was considered as significant. ATP, ADP and AMP (Sigma-Aldrich) were measured
by a targeted approach using in-matrix calibrations with authentic standards.

Targeted metabolomics analysis was performed at the Technical University Delft (NL)
on a subset of the samples also used at Metabolomic Discoveries (Table S2). Metabolite
concentrations were determined by isotope dilution mass spectrometry (Wu et al., 2005),
i.e. 20 uL of "*C yeast cell extract was added to 50 uL of sample prior to MS analysis as
internal standard. The amino acids Ala, Gly, Val, Leu, lle, Pro, Ser, Thr, Meth, Asp, Phe, Cys,
Glu, Lys, Asn, GIn, Tyr, His, Trp were measured by GC-MS (GC 7890A, MS 5975C Agilent
Technologies, USA) with PTV injection system (Gerstel GmbH, Germany). The freeze-dried
sample was derivatized using 80 uyL MTBSTFA (N-methyl-N-t-butyldimethyl-silyltrifluo-
roacetamide, purchased from Sigma-Aldrich) reacting for 1 h at 50°C in a heating block.

The central carbon metabolism intermediates Pyr, Fum, Mal, aKG, DHAP, G6P and
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trehalose were also determined using GC-MS, but the derivatization was performed using
50 pL MOX (O-methoxyamine hydrochloride at 20 g/L in pyridine) and 80 yL of MSTFA
(N-methyl-N-trimethylsilyltrifuoroacteamide, Thermo Scientific). The metabolites FBP, PEP,
Succ, T6P and G1P were determined using LC-MS with settings described in (van Dam et
al., 2002; Wahl et al., 2014). The concentrations were determined based on the ">C/*C ratio
and a standard calibration line using 100 pL of sample and 20 uL of *C yeast cell extract
(Wahl et al., 2014).

Transcriptomics bioinformatics analysis was performed as follows. The FASTQ sequen-
ce reads were generated using the lllumina Casava pipeline version 1.8.3. Initial quality
assessment was based on data passing the lllumina Chastity filtering. Subsequently, reads
containing adapters and/or PhiX control signal were removed using a BaseClear-in-house
filtering protocol. The second quality assessment was based on the remaining reads using
the FASTQC quality control tool version 0.10.0. The quality of the FASTQ sequences was
enhanced by trimming off low-quality bases using the “Trim sequences” option of the CLC
Genomics Workbench version 6.0.4. The quality-filtered sequence reads were used for fu-
rther analysis with the CLC Genomics Workbench. First an alignment against the B. smithii
ET 138 genomes and calculation of the expression values was been performed using the
“RNA-Seq” option. Subsequent comparison of expression values and statistical analysis
was performed with the “Expression analysis” option. The used expression value was the
Reads per Kilobase of exon model per Million mapped reads (RPKM) (Mortazavi et al.,
2008).
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Table S1. Absolute and relative expression values in B. smithii ET 138 strains.

Separate Excel file, available on request.
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Table S3. Comparison of both measurement platforms via Pearson’s coefficients.

untargeted measurements targeted measurements Pearsons
Metabolite extracellular |aver wt 2 aver wt 21 aver dko 2 aver dko 21|aver wt 2 aver wt 21 aver dko 2 aver dko 21| coefficient
Alanine 0.24 0.20 0.29 1.48| 126.41 132.64 164.55
Asparagine 0.14 0.07 0.17 0.06) 23.83 0.36 34.43
Aspartic acid 0.20 0.24 0.15 0.08 27.36 0.00 84.09
Glutamic acid 0.13 0.09 0.15 0.08| 50.82 0.00 95.31
Glycine 1.61 0.09 1.55 1.60 58.57 2.15 65.02
Isoleucine 0.36 0.01 0.45 0.12 52.30 0.00 67.45
Leucine 237.27 4.07 247.27 113.59 89.81 0.62 122.41
Lysine 0.84 0.31 0.78 0.31] 57.17 1.75 57.57
Phenylalanine 0.04 0.02 0.08 0.03 29.39 1.07 47.26
Proline 0.06 0.01 0.06 0.02] 18.87 0.00 21.66
Serine 0.42 0.03 0.42 0.02] 54.36 0.00 78.82
Threonine 0.25 0.07 0.31 0.05 44.14 0.00 59.96
Tryptophan 1.77 1.84 2.06 1.22 6.46 0.88 9.30
Tyrosine 3.01 3.42 2.89 1.17 34.31 1.02 45.24
Valine 0.78 0.07 0.91 0.31] 74.77 8.98 93.50
untargeted measurements targeted measurements Pearsons
Metabolite extracellular |aver wt 2 aver wt 21 aver dko 2 aver dko 21|aver wt 2 aver wt 21 aver dko 2 aver dko 21| coefficient
Fumaric acid 12.10 25.85 11.78 12.31 0.86 14.30 0.87
Malic acid 0.03 0.22 0.03 0.01 211 29.65 2.36
Succinic acid 0.24 1.29 0.34 0.23 42.72 259.18 40.58
D-alpha,alpha'-Trehalose 1.61 1.00 2.12 0.97| 39.99 0.00 65.60
dihydroxyacetone phospha 0.96 6.83 1.12 1.53 0.58 0.93 0.20
untargeted measurements targeted measurements Pearsons
Metabolite intracellular  |aver wt 2 aver wt 21 aver dko 2 aver dko 21|aver wt 2 aver wt 21 aver dko 2 aver dko 21| coefficient
Alanine 0.01 0.03 0.00 0.01] 0.00 3.29 0.00 0.61
Glycine 0.01 0.03 0.02 0.01] 0.00 0.13 0.07 0.10]
Valine 0.00 0.01 0.00 0.01] 0.00 0.23 0.00 0.12
Leucine 0.00 0.00 0.00 0.01] 0.03 0.05 0.06 0.17
Isoleucine 0.00 0.00 0.00 0.00] 0.01 0.02 0.03 0.07
Proline 0.00 0.00 0.00 0.00] 0.00 0.00 0.00 0.00|
Serine 0.00 0.01 0.00 0.00] 0.00 0.15 0.00 0.00|
Threonine 0.00 0.00 0.00 0.01] 0.00 0.00 0.00 0.13
Methionine 0.00 0.01 0.00 0.01] 0.00 0.00 0.00 0.03
Aspartic acid 0.00 0.03 0.00 0.04] 0.00 0.48 0.00 0.00
Phenylalanine 0.00 0.05 0.00 0.01 0.02 0.45 0.03 0.06
Glutamic acid 0.00 0.01 0.00 0.17| 0.00 0.00 0.00 1.85
Lysine 0.01 0.21 0.02 0.06) 0.25 3.87 0.12 0.88
Asparagine 0.00 0.00 0.01 0.00] 0.00 0.00 0.00 0.00
Tyrosine 0.00 0.02 0.01 0.01] 0.02 0.38 0.02 0.17
Histidine 2.71 3.20 2.55 4.67| 0.00 0.06 0.00 0.06
Tryptophan 0.00 0.00 0.00 0.00] 0.00 0.00 0.00 0.03
Arginine 0.00 0.00 0.00 0.00] 0.00 0.00 0.00 0.00
untargeted measurements targeted measurements Pearsons
Metabolite intracellular aver wt 2 aver wt 21 aver dko 2 aver dko 21|aver wt 2 aver wt 21 aver dko 2 aver dko 21| coefficient
Glucose-6-phosphate 0.00 0.01 0.00 0.02 0.00 0.19 0.00
Fumaric acid 7.92 8.70 8.37 8.54 0.03 0.36 0.01
Malic acid 0.00 0.01 0.00 0.00] 0.00 0.26 0.00
2-oxo-Glutaric acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00
dihydroxyacetone phospha 0.63 0.76 0.65 0.99 0.15 0.39 0.12

Colour legend:
Untargeted measurements are in relative peak areas; targeted measurements are in 0.90-1.00
umoles. ‘aver’ means ‘average’, in which for both measurements the same duplo is used. 0.70-0.89
Values in blue were below the detection limit in the targeted approach and therefore set 0.50-0.69
to 0 for calculations. Empty cells for the Pearson’s coefficient mean that it could not be -0,00-0.49
calculated due to values being 0. <0.00
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Figure S1. PCA plot of extracellular samples. PC1 represents the differences caused by the strain
and PC2 represents differences caused by time (in hours, with time points being O h, 2 h and 21 h). The
differences between the strains (PC1) are responsible for 39.3% of all variances and the difference in time
(PC2) is responsible for 20.7% of all variances found in the samples. Abbreviations: DKO: strain ET 138
AldhL-AsigF (‘double knockout’); WT: strain ET 138 wild-type.
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Figure S2. PCA plot of intracellular samples. PC1 represents the differences caused by the strain
and PC2 represents differences caused by time (in hours, with time points being 0 h, 2 h and 21 h). The
differences between the strains (PC1) are responsible for 33.2% of all variances and the difference in time
(PC2) is responsible for 22.3% of all variances found in the samples. Abbreviations: DKO: strain ET 138
AldhL-AsigF (‘double knockout’); WT: strain ET 138 wild-type.
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THESIS SUMMARY

Due to the globally increasing demand for chemicals and fuels and the high environmen-
tal impact and limited amount of fossil resources, there is a growing interest in green che-
micals and fuels derived from renewable resources. As described in Chapter 1, one of the
most feasible alternatives on the short term is microbial conversion of the sugars in biomass
to fuels and chemicals in a biorefinery. Especially the microbial production of chemicals
from biomass is attractive as the biomass demand is lower than for fuels, thus requiring
only a fraction of the biomass, while the profits on chemicals are significantly larger and
markets for green chemicals are expected to grow 2-3 times faster than those for bio-fuels.
One of the major bottlenecks in green chemical and fuel production is that most current
production processes use sugars derived from food resources, which results in competition
with the food and feed chain. To be economically and ethically feasible, non-food biomass
should be used as a resource, which is often difficult with currently used production orga-
nisms. Also, to be economically feasible, the costs of green chemicals and fuels need to
be further reduced to be below the costs of products based on fossil resources. To do so,
other organisms than the currently most-used platform organisms such as Escherichia coli
and Saccharomyces cerevisiae should be used. Ideally, this alternative organism is gene-
tically accessible, has high productivity, titre and yield, is flexible in carbon source, robust,
moderately thermophilic, acidophilic, facultatively anaerobic and has little nutritional requi-
rements. The organisms that come closest to these criteria are thermophilic bacilli, which
form a diverse class of organisms in the family of Bacillaceae. This thesis describes the
isolation, characterization and metabolic engineering of Bacillus smithii, a novel potential
thermophilic platform organism.

Chapter 2 provides more detail on the use of thermophilic microorganisms as platform
organisms for green chemical production in a biorefinery concept. Non-food biomass con-
sists of tightly packed lignocellulose, which needs to be degraded to fermentable monome-
ric sugars by hydrolytic enzymes. In the biorefinery, hydrolytic enzyme mixtures can either
be added in a separate reactor in the biorefinery after which the sugars are fermented by
the microbes in another reactor (separated hydrolysis and fermentation, SHF), or they can
be added to the same reactor containing the microorganisms (simultaneous saccharifica-
tion and fermentation, SSF). Alternatively, the enzymes can be produced by the organism
itself (consolidated bioprocessing, CBP), but CBP is still mostly being developed at labora-
tory scale. SSF requires less reactors than SHF and is therefore a potentially economically
interesting setup if the optimum conditions for the enzymes and the production organism
are similar. As commercially available enzyme mixtures have their optimum temperature
around 50-60°C, using a moderately thermophilic organism would reduce the costs of the
SSF process by reducing the amount of required enzyme. Also, thermophilic processes are



less prone to contaminations, and substrate and product solubility are increased. Ideally,
the organism is not strictly anaerobic but facultatively anaerobic, as aeration is costly, but
fully anaerobic conditions inhibit SSF-enzymes. Several successful examples of the appli-
cation of facultatively anaerobic thermophiles for green chemical production from lignocel-
lulose in an SSF setting are for example Bacillus coagulans for lactic acid production and
Bacillus licheniformis for 2,3-butanediol production. However, whereas strongly developed
genetic toolboxes are available for current mesophilic production organisms, these tools are
still in their infancy for thermophilic organisms. Such tools are required to optimize produc-
tion and to study metabolism. Thermophilic organisms show a wide variety in metabolism
and in many cases the metabolism of these organisms is still poorly understood, hampering
full optimization. Chapter 2 furthermore provides an overview of transformation, integra-
tion and counter-selection methods currently used for thermophiles, such as the Cre-lox
system, pyrF counter selection and double homologous recombination systems based on
pta-ack and tdk-hpt. Although several deletion mutants have been constructed using these
methods, not all of them are entirely markerless and most are not suited as high-throughput
engineering tools, stressing the need for further research in this area.

Despite several facultatively anaerobic thermophiles being described as genetically ac-
cessible, this feature is still one the major bottlenecks in developing these organisms into
platform organisms. Therefore, in Chapter 3, we set out to isolate a facultatively anaerobic,
moderately thermophilic bacterium that was genetically accessible and produced high titers
of organic acids. A total of 267 strains of different thermophilic bacilli species were isolated
from compost and screened for 05 and C6 sugar utilization and acid production. The 44 best
strains were screened for genetic accessibility via electroporation. Only 3 strains tested
positive for this, namely Geobacillus thermodenitrificans strains ET 144-2 and ET 251 and
B. smithii strain ET 138. In subsequent evaluations in lab-scale bioreactors at 55°C and pH
6.5 on glucose, the two G. thermodenitrificans strains performed poorly whereas B. smithii
performed well with high titers, yields and productivity of mainly lactate. In similar lab-scale
reactors, this strain also performed well on xylose and at pH 5.5 and was still able to per-
form for 48 at pH 4.5. The electroporation protocol for this strain was optimized, resulting
in a maximum efficiency of 5x10° colonies per ug plasmid pNW33n. Two other B. smithii
strains, among which the type strain DSM 4216", were also shown to be transformable with
pNW33n. This is the first time that genetic accessibility is described for B. smithii and it is
the first step towards developing it into a platform organism, for which it appears to be suita-
ble based on its efficient C_and C, sugar utilization and acid production profile.

In order to perform metabolic engineering and create a platform organism, the genome
sequence of the organism needs to be determined. Therefore, Chapter 4 describes the
complete genome sequence of B. smithii DSM 4216". The genome was sequenced using
lllumina HiSeq2000 mate-pair and paired-end sequencing, followed by PacBio sequen-
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cing to close remaining gaps. The genome consists of a 3,368,778 bp chromosome and a
12,514 bp plasmid, together encoding 3886 genes, and has a GC-content of 40.8%. The
complete pathways for glycolysis, pentose phosphate pathway and TCA-cycle were identi-
fied, but not those for the phosphoketolase and Entner-Doudoroff pathways. After the initial
RAST-annotation of the completed genome sequence, several canonical genes were not
identified and a second round of annotation was performed via analysis of protein domains.
This method identified candidate genes for the methylglyoxal pathway to both p- and -lac-
tate and confirmed the absence of the genes for the canonical acetate production pathway
in bacteria formed by phosphotransacetylase pta and acetate kinase ack, as well as the
absence of pyruvate-formate lyase pfl. Whereas the latter is in line with the absence of for-
mate production and observed more commonly in bacilli, the absence of pta and ack was
remarkable as acetate is the second product of B. smithii under micro-aerobic conditions
and its main product under aerobic conditions, and the two genes are present in all bacilli
genomes known so far. Both genes were also absent in the publically available genome of
B. smithii strain 7_3_47FAA, which was sequenced during a metagenome study, and in
the genome of our isolate strain ET 138. This suggests that the absence of these genes is
typical for B. smithii and that its metabolism is different from closely related species such
as B. coagulans.

In order to become a platform organism and to study its atypical metabolism, a genetic
toolbox needs to be established for B. smithii. Chapter 5 describes the development of a
markerless gene deletion method for B. smithii. For strains ET 138 and DSM 42167, the
IdhL gene was markerlessly removed via double homologous recombination using plasmid
pNW33n. Despite the replicative nature of this plasmid at 55°C, single crossover integrants
were readily obtained. After several transfers on a more defined medium containing acetate
or lactate, mixtures were obtained of single crossovers via both upstream and downstream
flanks and double crossover wild-type and mutant genotypes. A pure double crossover
deletion mutant was obtained after several transfers and PCR-based screenings. As the
presence of mixed genotypes made the process very laborious, a counter-selection me-
thod was established in strain ET 138 to select against plasmid presence and more easily
obtain pure double crossovers. We used the lacZ-counter-selection system, which is based
on the toxicity of high X-gal concentrations in the presence of the plasmid-encoded /lacZ
gene. Using this method, the sporulation-specific sigma factor sigF and pyruvate dehy-
drogenase complex E1-oc pdhA were consecutively removed from the B. smithii ET 138
genome in a markerless way. An initial evaluation of the growth and production profiles of
the mutant strains in tubes showed that removal of the IdhL gene eliminates L-lactate pro-
duction and causes a severe decrease in anaerobic growth and production capacities. This
is different from /dhL mutants of its close relative B. coagulans, which produces ethanol or
2,3-butanediol, suggesting that alternative NAD*-regenerating pathways are not sufficiently



available in B. smithii. This is in line with the absence of genes encoding acetolactate decar-
boxylase alsD and a bifunctional alcohol dehydrogenase adhE from the B. smithii genome.
B. smithii mutants lacking the sigF gene were unable to sporulate and removal of the pdhA
gene eliminated acetate production and rendered the strains auxotrophic for acetate. The
latter confirms the observation that a pfl gene is not encoded in the B. smithii genome and
that pyruvate dehydrogenase is the only route from pyruvate to acetyl-CoA.

In Chapter 6, we continue the characterization of the metabolism of the mutant strains
described in Chapter 5 in a more detailed way via lab-scale fermentations, transcriptomics,
metabolomics, enzyme assays and overexpression of several genes. Transcriptomics and
metabolomics suggest that a major bottleneck is created at glyceraldehyde-3-phosphate
dehydrogenase, the NADH-producing step in glycolysis. Compared to the wild-type, the
mutant accumulates metabolites upstream of this enzyme and shows a decrease in the
concentrations of metabolites downstream of it. Both the genes encoding the glycolytic
NADH-producing GapA and the gluconeogenic NADP*-producing GapB were upregula-
ted, as well as most other genes involved in glycolysis, gluconeogenesis and the pentose
phosphate pathway. Further downstream in the metabolism, transcriptomics suggested a
cycle around pyruvate via highly upregulated expression of pyruvate dehydrogenase, the
glyoxylate shunt and phosphoenol pyruvate carboxykinase. Plasmid-based heterologous
expression of an NAD'-generating p-lactate dehydrogenase partially restored growth and
production capacities in B. smithii AldhL. To evaluate another NAD"-regenerating route
and direct flux towards succinate, native pyruvate carboxylase pyc and NAD*-generating
malate dehydrogenase mdh were overexpressed in B. smithii AldhL. Only a minor incre-
ase in malate and succinate levels was observed and pyruvate production remained high.
Subsequent enzyme assays showed an increased activity of malic enzyme in the strains
overexpressing pyc compared to the empty vector strains. This is in line with the cycle
around pyruvate suggested by the transcriptomics data. Altogether, these data suggest that
NAD"-regeneration is a major but possibly not the only bottleneck in the B. smithii strains
lacking /dhL, and that metabolism is strongly directed to pyruvate. This provides insight into
the metabolism of B. smithii, which appears to be different from closely related species, and
provides directions for future engineering steps.
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GENERAL DISCUSSION

Green alternatives for fossil resource-based fuels and chemicals are gaining increased
attention. As described in Chapter 1 and 2, several alternatives are available and the feasi-
bility differs per application, with microbial conversion of biomass being one of the most
feasible alternatives for green chemical production. The choice of the production organism
is important for many factors in the process and this is a rapidly developing research field. In
this thesis, we described the development of B. smithii as a novel production host for green
chemical production. After isolating B. smithii ET 138, and developing a genetic system
for and performing metabolomics and transcriptomics studies on this strain, there are still
many open questions about its metabolism and the genetic system needs further improve-
ment. This final chapter will place the preceding chapters in perspective by discussing the
relevance of screening for novel production organisms, the variety in metabolism and what
this implies for engineering strategies in these new organisms in general and B. smithii in
particular, as well as directions for future development of B. smithii as production host and
its required genetic tools.

THE IDEAL PRODUCTION ORGANISM AND THE IMPORTANCE OF SCREENING NEW

ORGANISMS

Current model organisms such as E. coli and S. cerevisiae have been engineered to
achieve very high titres of a wide range of both natural and unnatural compounds. The
metabolic flexibility exhibited by these organisms in combination with metabolic engineering
is astonishing. Their long history of study has resulted in a degree of understanding of
these organisms that makes it possible to achieve remarkable results. On one hand the
development of a novel organism gives ample advantages as ‘you get what you screen for’:
enabling the selection of an organism that meets desired criteria as listed in Chapter 1. On
the other hand a novel organism poses a large challenge as the history and concomitant
degree of understanding present for model organisms is lacking and all tools and knowled-
ge has to be built from scratch, which is time-consuming and can be risky. In this regard, es-
pecially genetic accessibility is a crucial, tricky and often neglected feature. In many studies,
an organism is isolated that has many advantageous properties, that ferments very fast and
is well capable of producing a certain compound, but very often the subsequent attempts to
develop a genetic system fail, disabling the use of the strain for anything else than its natural
product. Only few studies take genetic accessibility into account when isolating novel orga-
nisms. Narumi et al. describe the screening of 52 isolates and 15 commercially available
strains of G. stearothermophilus (at that time called Bacillus stearothermophilus) for electro-
poration (Narumi et al., 1992). The authors do not describe the total number of transforma-



ble strains but only the optimization of the protocol for the strain that was best transformable
after the screening (Narumi et al., 1992). Patel et al., on the other hand, do not mention how
many strains they screened exactly, but only note that they found one B. coagulans isolated
to be transformable (Patel et al., 2006). Kita et al. initially developed a genetic system for the
thermophilic autotroph Moorella thermoacetica that required pre-methylation of the plasmid.
Subsequently they started screening for strains that were more easily genetically accessible
and did not require pre-methylation (Kita et al., 2013). The authors did not only screen for
transformation, but immediately for integration of an antibiotic resistance gene in the geno-
me via the pyrF-system (Kita et al., 2013). The genome sequence of the easier-transfor-
mable strain revealed that this strain lacks a restriction-modification (RM-)system that likely
explains the better transformability (Tsukahara et al., 2014). We have made similar obser-
vations in B. smithii, in which the type strain is less transformable than our isolate and also
encodes an extra RM-system (Chapter 4). This was further supported by the fact that about
10-fold more colonies were obtained for the B. smithii type strain when it was transformed
with pNW33n plasmid DNA isolated from a transformed B. smithii DSM 4216" strain instead
of E. coli DH5a (unpublished results). The strong strain-specificity observed by us and the
studies mentioned here was also suggested by Studholme et al., who performed a phyloge-
netic analysis of transformable thermophilic bacilli and indicate that the feature is not limited
to a certain species but rather more widely distributed and strain-specific (Studholme et al.,
1999), further stressing the importance of screening multiple strains of a species.

In our experience, the two major bottlenecks when screening for the ideal novel platform
organism were i) the combination of genetic accessibility and good fermentation perfor-
mance, and ii) the reproducibility (or: robustness) of growth and fermentation performance
of the strains. Regarding the first point, in general there often seems to be a trade-off
between genetic accessibility and other key properties such as fermentation performance,
sugar utilization and growth conditions (especially nutrient and oxygen requirements). The
two genetically accessible strains of G. thermodenitrificans described in Chapter 3 were
performing very poorly in fermentations compared to other strains, but these others were
not genetically accessible. A similar remark was made by Patel et al., who found only one
B. coagulans isolate to be genetically accessible. This isolate was performing less well
than other isolates in fermentations, but was nevertheless used for further studies (Patel et
al., 2006). Regarding the second point, we found several strains that on some occasions
outperformed our selected strain B. smithii in lab-scale fermentations (Chapter 3, data not
shown) but on other occasions hardly grew under the exact same conditions. These is-
sues have also been touched upon recently by Hussein et al. (Hussein et al., 2015) for G.
thermoglucosidans. As reproducibility and reliability is a key feature of a robust production
strain, this was a major criterion for our selection for both fermentation and genetic acces-
sibility. The reproducibility might increase with increasing understanding of the metabolism,
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as very little is known about the reasons for the irreproducibility (Hussein et al., 2015), which
is a problem less frequently encountered when working with well-known model organisms.

The main advantage of screening for a novel organism is that criteria can be set such
that it has characteristics that are crucial for an efficient process but that are lacking in cur-
rently used organisms. As the metabolic diversity in nature is very large, this gives ample
opportunities to find a suitable organism, although being able to cultivate these organisms
is already a challenge in itself and the subsequent understanding of its metabolism will be
laborious. In order to make full use of the capacities of the organism, its metabolism needs
to be fully understood, which is a time-consuming but exciting process.

UNDERSTANDING METABOLISM, AND CONSEQUENCES OF THE DIVERSITY IN

CENTRAL CARBON METABOLISM FOR METABOLIC ENGINEERING

During the course of the study described in this thesis, the major bottleneck in deve-
loping our new isolate into a platform organism and especially for succinate production,
was the lack of understanding of its metabolism. Its metabolism shows some remarkable
differences to closely related species, such as the lack of the canonical acetate production
pathway (Chapter 4, 5 and 6). This is an observation made more frequently with novel or-
ganisms, as the metabolic diversity is large and most organisms differ at crucial points from
well-known model organisms such as LAB, B. subtilis and E. coli. Also differences between
Gram-positive and Gram-negative organisms should not be underestimated — as E. coli
is still the most-used organism for metabolic engineering for green chemical production,
most knowledge is on this organism. Regulation and pathways can differ significantly with
Gram-positives, making it impossible to extrapolate E. coli results to predict the behaviour
of bacilli. A well-known example is the different role of the PTS-system in catabolite repres-
sion (Saier et al., 1996). Also within a group of more closely related organisms there is a
wide variety in metabolism, as briefly touched upon in Chapter 1. Besides differences in for
example carbon source utilization capacities, also seemingly subtle differences such as the
absence or presence of one gene can have a large impact on the outcome of metabolic
engineering and carbon fluxes in general.

Especially around the phosphoenol pyruvate-pyruvate-oxaloacetate (PEP-pyr-OAA)
node there is variety of single gene differences that have a large impact on carbon flows
and engineering strategies, as this is a crucial branching point for many valuable metaboli-
tes and an important switch and regulation point between glycolysis, gluconeogenesis and
the TCA-cycle (Sauer & Eikmanns, 2005) (Figure 1). For example, C. thermocellum lacks a
pyruvate kinase gene to form pyruvate from PEP, while this gene is present in close relati-
ves such as T. saccharolyticum (Deng et al., 2013; Zhou et al., 2013a). Two candidate genes
present in the genome of C. thermocellum that could convert PEP to pyruvate were pyruva-
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te-phosphate dikinase (ppdk) and PEP synthase (peps). The latter one was hardly expres-
sed and therefore assumed not to play a critical role in glycolysis, while ppdk was also not
critical as deletion of this gene did not affect growth (Zhou et al., 2013a). It was then sugge-
sted that a so-called ‘malate shunt’ was responsible for pyruvate formation via GDP-linked
PEP carboxykinase to convert PEP to oxaloacetate, NADH-linked malate dehydrogenase
to convert oxaloacetate to malate and NADP-linked malic enzyme to convert malate into
pyruvate (Zhou et al., 2013a). The presence of the malate shunt instead of a pyruvate kinase
(pyk) gene had important implications for the subsequent engineering of the strain towards
ethanol production. Initial attempts to increase ethanol yields in C. thermocellum by deletion
of by-product pathways such as acetate and lactate did not increase ethanol yields (Argyros
et al., 2011) while this had been a successful strategy in T. saccharolyticum (Shaw et al.,
2008). Only when NADH availability was increased by expressing the pyk gene from T. sac-
charolyticum in C. thermocellum in combination with either decreased PEP carboxykinase
expression or deleted malic enzyme and partially deleted malate dehydrogenase (Figure 1),
the ethanol yield increased 3-fold (Deng et al., 2013). Overall, glycolysis in C. thermocellum
seems to be atypical with a GTP- instead of ATP-dependent glucokinase, a PPi- instead
of an ATP-dependent phosphofructokinase and the replacement of pyruvate kinase by the
malate shunt (Zhou et al., 2013a). All these findings were only confirmed after extensive
characterization via enzyme assays, as in initial genome annotations several of the genes
were predicted to be present but never experimentally verified (Zhou et al., 2013a), stres-
sing the importance of experimental validation of genome annotation.

Another example of a major effect caused by the presence or absence of genes around
PEP-pyr-OAA is with PEP carboxylase (ppc), PEP carboxykinase (pck) and pyruvate car-
boxylase (pyc) (Figure 1). Whereas E. coli encodes both glycolytic ppc and gluconeogenic
pck but does not encode pyc, most bacilli do not encode a ppc but do have pck and pyc.
This has implications for the effect of metabolic engineering strategies, especially those
targeted at increasing flux into the TCA cycle, which can also be used to decrease the
amount of acetate produced. If not enough oxaloacetate is present to form citrate together
with acetyl-CoA to run the TCA-cycle, the acetyl-CoA is used for the production of acetate.
In order to increase the oxaloacetate pool and with that the TCA-cycle flux in E. coli, ppc
was overexpressed (March et al., 2002). Since this enzyme uses PEP which is also used by
the PTS-system for glucose uptake, glycolysis rate was decreased by 30% in these cells.
Heterologous expression of pyc, however, hardly affected glycolytic rates while decreasing
acetate production and increasing heterologous protein production, suggesting a better flux
through the TCA-cycle to support the extra demand for amino acids (March et al., 2002).

As described in Chapter 4 and 5, several genes involved in pyruvate metabolism com-
monly found in close relatives of B. smithii are not present in this organism, such as pyruva-
te-formate lyase (pfl) for formate production, acetolactate synthase (alsS) and dehydroge-



nase (alsD) for 2,3-butanediol/acetoin production, phosphotransacetylase (pta) and acetate
kinase (ack) for acetate production and the bifunctional alcohol dehydrogenase (adhE) for
ethanol production. Consequently, mutants lacking /dhL do not have sufficient other means
to regenerate NAD" and a mutant lacking pdhA is acetate auxotroph because it cannot
use pfl as an alternative to generate acetyl-CoA. On one hand, this limits the possibilities
of making these products with B. smithii as the genes need to be heterologously inserted.
On the other hand, it creates an ideal platform organism since only one gene needs to be
deleted to eliminate production and other genes linked to NAD* and product formation can
be inserted, as was shown for p-lactate production in Chapter 6. The above-mentioned dif-
ferences in pyruvate metabolism, like for C. thermocellum, might also play an important role
in B. smithii, as shown by the malate shunt-like behaviour of the ldhL mutants suggested by
transcriptomics via pdhc-glyoxylate shunt-mdh-pck and IdhL mutants overexpressing pyc
via MDH and ME. It is currently unclear what exactly triggers this behaviour and for example
labelling experiments might be used to further investigate fluxes in these strains. In analogy
to C. thermocellum for ethanol production, this kind of shuttling behaviour in B. smithii has
implications for engineering the strain for succinate production, which will be discussed later
in this Chapter.

Besides the transcriptomics and metabolomics analyses described in Chapter 6, a pro-
teomics analysis would be a valuable addition to these datasets to reveal post-translational
modification, as well as "C-labelling experiments to determine fluxes. The integration of
different ‘-omics’ data (genomics, transcriptomics, metabolomics, proteomics) and combi-
ning these datasets with metabolic modelling can provide very valuable insights and has
been used as a powerful tool to determine engineering strategies (Patnaik, 2008; Toya &
Shimizu, 2013). The case of C. thermocellum (Zhou et al., 2013a) illustrates that genome
annotations and transcriptomics can be misleading and classical biochemical assays are
also required. This is also emphasized by the data shown in Chapter 6, where enzyme
assays indicated a reflux from malate to pyruvate via malic enzyme during overexpression
of pyruvate carboxylase in B. smithii. Allosteric interactions and post-translational modifica-
tions cannot be observed via transcriptomics analysis but often have a large influence (Me-
hmeti et al., 2012). In C. glutamicum, overexpression of pyc increased flux to oxaloacetate,
whereas overexpression of ppc did not have any effect. It was found that PPC was strongly
allosterically inhibited by malate and aspartate while PYC was not. After engineering of PPC
to decrease the allosteric inhibition, oxaloacetate pools were increase and subsequently the
target product lysine increased by 37% (Chen et al., 2014).

Overall, although a start has been made with understanding the B. smithii metabolism,
further research is needed to elucidate unknown pathways, to reveal regulation patterns
and to determine fluxes such as the distribution between the oxidative pentose phosphate
pathway (oPPP) and glycolysis. The accumulation of oPPP intermediates in B. smithii and
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the high activity observed of these enzymes especially in the mutants (Chapter 6) suggests
that this pathway plays an important role in this organism, but metabolic flux analysis and
labelling experiments are required to further determine this. Pathway distribution through
glycolysis and oPPP in G. thermoglucosidans was shown to be dependent on growth rate
(Hussein et al., 2015), illustrating the ability of these organisms to adjust their metabolism
according to circumstances. Similar to this, we found different product distributions under
different aeration conditions.

INFLUENCE OF PROCESS CONDITIONS ON METABOLISM: AEROBIC AND DUAL-

PHASE PRODUCTION PROFILES OF B. SMITHII

We were mainly interested in fermentations without any gas additions as the addition of
oxygen in large-scale reactors is inefficient and costly, but also the sparging of such reac-
tors with for example nitrogen to obtain fully anaerobic conditions is undesired as it inhibits
SSF enzymes (Podkaminer et al., 2012). Generally, non-gassed fermentations are indicated
as ‘micro-aerobic’ as some air is present in the headspace and at the very start of the fer-
mentation also in the medium, but within maximally a few hours no measurable dissolved
oxygen (dOz) remains in the medium. As the IdhL mutants grew very poorly under such
micro-aerobic conditions (Chapter 5 and 6), we also tested them under aerated conditions
as well as in dual-phase fermentations, in which reactors are initially sparged with air or
oxygen to create biomass, after which the gas supply is switched off to start fermentation.
Such a dual-phase strategy is a proven method for many organisms for which anaerobic
(or micro-aerobic) growth is too challenging to immediately start producing maximally under
these conditions, or to produce products requiring pathways that need to be activated by
oxygen after which they can also run anaerobically, such as the glyoxylate shunt in E. coli
for succinate production (Vemuri et al., 2002).

Acetate

Growing the IdhL-sigF mutant in a reactor with a dO, of 1% restored growth to OD_ |
values that were even above those obtained by the wild-type strain under micro-aerobic
conditions (data not shown). Also, the production profile became almost homoacetogenic.
When the wild-type was grown under the same aerated conditions, it showed the same
homoacetogenic profile as the mutant strain and OD600 values were about 3-fold higher
than under micro-aerobic conditions. However, whereas the mutant strain converted all
glucose to acetate, the wild-type was not able to do so and produced less. The same effect
was observed in tubes, in which the effect of the amount of oxygen was further evaluated
by growing the ET 138 /dhL-sigF mutant strain as well as wild-type B. smithii ET 138 and
B. coagulans DSM 1"in 50 mL tubes containing 10, 20, 30, 40 or 50 mL medium to create



different aeration conditions (Figure 2). Clearly, B. smithii shows an almost linear relation
between oxygen presence and acetate/lactate ratio, while this is not the case for B. coagu-
lans. B. coagulans does show a difference between fully aerobic (10 mL) and fully micro-ae-
robic (50 mL) conditions, but the values in between are all very similar. The standard route
to acetate production via pta and ack is missing in B. smithii, but despite efforts to unravel
the acetate production pathway we have no solid indications yet of an alternative pathway.

Succinate

Besides the relation between oxygen concentration and acetate production, Figure 2
furthermore shows that the amounts of succinate are comparable for all volumes for the
two wild-type strains, whereas in the mutant strain there is a clear increase in succinate
production under the most aerobic conditions. This would indicate that succinate is produ-
ced via the oxidative TCA-cycle, which is common for thermophilic bacilli (Hussein et al.,
2015). On the other hand, in dual-phase fermentations using the double mutant containing
either pNW33n or pNW33n with pyc-mdh as described in Chapter 6, production of malate
was observed during the aerated phase, whereas succinate production started only after
oxygen was depleted (data not shown). The apparent discrepancy between the tube and
reactor experiments might be caused by the amount of oxygen present or by the pH of the
cultures, which is not constant in tubes. Further research via enzyme assays, proteomics
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Figure 2. HPLC results of aerobic cultivation in tubes of B. smithii ET 138 and B. coagulans DSM 1. Strains
were grown in 50 mL Greiner tubes in the indicated volumes.
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and labelling experiments is required to determine the exact route of succinate production
in B. smithii and the exact co-factors that are used by the involved enzymes. In order to do
this, a metabolic model would be highly helpful. Nevertheless, some directions for optimi-
zation of succinate production can already be obtained from the genome (Chapter 4) and
the data presented in Chapter 6, which will be discussed in the next section of this chapter.

Pyruvate
Triple mutant strain B. smithii ET 138 AldhL-AsigF-ApdhA cannot produce acetate any-

more and when this strain was grown aerobically, it produced high amounts of pyruvate.
Pyruvate has applications as a green building block chemical (Xu et al., 2008) and is cur-
rently produced either via chemical synthesis or via fermentation by several yeast strains
or E. coli. Also an engineered C. glutamicum strain lacking pdhA and IdhL has been shown
to produce large amounts of pyruvate (Wieschalka et al., 2012). By optimizing the process
conditions and using a triple-phase fermentation, this strain produced 500 mM pyruvate
in a fed-batch fermentation with a maximum yield of 0.97 mol/mol glucose (Wieschalka et
al., 2012). In the first phase, acetate and aeration were provided to allow fast growth. The
second phase started after acetate was depleted and aeration was stopped, allowing the
strain to consume the remaining oxygen. In the third, anaerobic phase, pyruvate production
was observed. We observed similar rapid growth of our triple mutant strain during the first
phase with a dO2 of 20%, as well as strongly increased pyruvate accumulation after the
depletion of acetate. However, as soon as oxygen was switched off and depleted, pyruvate
production stopped and only some p-lactate was produced, indicating oxygen is required
for pyruvate production by our strain. During the first aerobic 24 hours, 56 mM of pyruvate
was produced together with 2 mM lactate and OD,  of 1.5. Process conditions were sub-
sequently optimized to a dO2 of 20% for 5 hours, after which this was set to 10% for the
remainder of the fermentation. Again, growth and acetate consumption are coupled (Figure
3) and pyruvate production is increased after the depletion of acetate. Succinate and malate
could not be measured due to technical issues. The source of the minor amounts (£ 0.8
mM) of acetate produced at the end of the fermentation is unclear. After 47 h, 102 mM (8.98
g/L) pyruvate was produced with a total volumetric productivity of 2.15 mol/L/h (0.19 g/L/h)
and a maximum of 5.67 mol/L/h (0.50 g/L/h), yielding a total of 1.04 mol pyruvate per mol
glucose (0.51 g/g). Compared to C. glutamicum described above, this is a slightly higher
yield. Even higher productivities, titres and yields were obtained using S. cerevisiae and E.
coli (van Maris et al., 2004; Zeli¢ et al., 2004; Zhu et al., 2008) and further process impro-
vements might also improve results with the B. smithii triple mutant strain. Interestingly, the
triple mutant strain could no longer be transformed, neither with pNW33n nor with pNW33n
containing the deleted pdhA subunit, eliminating the possibility for further engineering steps
to increase production.



—+—D-Lactate -—m—Acetate -—k=Pyruvate =—=—=dO2 (%) OD600
110 ~ 25
100 -

Products (mM) or dO2 (%)
0D600

Time (h)

Figure 3. Aerated fermentation of B. smithii ET 138 AldhL-AsigF-ApdhA. Fermentation was performedina 2 L
vessel with 1 L working volume containing TVMY medium with 30 g/L glucose and 10 mM acetate; pH was controlled
at 6.5 and temperature at 55°C. Initially, oxygen levels were set at 20%, but during exponential growth all oxygen was
consumed, after which levels were reset to 10%.

FURTHER ENGINEERING STEPS TOWARDS SUCCINATE PRODUCTION IN B. SMITHII

In Chapter 6, we attempted to direct metabolism towards the production of C4-dicar—
boxylic acids malate and particularly succinate. Succinate is a highly interesting green buil-
ding block chemical with a wide range of applications and a very large market potential
(Bozell & Petersen, 2010; Werpy et al., 2004). Its production has been achieved near or
at maximum theoretical yields with natural producers (Bretz & Kabasci, 2012; Jiang et al.,
2012; Lee et al,, 2002; Li et al., 2010), as well as with engineered model organisms (Agren
et al., 2013; Tsuji et al., 2013; Vemuri et al., 2002; Zhang et al., 2009) or engineered natural
producers (Becker et al., 2013; Lee et al., 2006). Only one thermophile has been described
for succinate production, namely C. thermosuccinogenes (Drent et al., 1991). However, only
few reports are available on this organism from the early 90’s and production has never
achieved very high yields. It would thus be interesting to achieve high succinate yields with
a thermophilic organism to reduce production costs.

Heterologous expression of a reductive TCA-cycle and modification of the PEP-pyr-OAA

node

Based on the B. smithii genome, the data in Chapter 6 and the data described above
under aerobic conditions, it seems likely that succinate is mainly produced in an aerobic
way via the respiratory oxidative TCA-cycle (Figure 1). The B. smithii genome does not
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encode a fumarate reductase (frd), and succinate dehydrogenase (sdh) is not well capable
of performing the reverse direction from fumarate to succinate. This makes heterologous
expression of a gene cluster encoding frd a logical first engineering step for the production
of succinate via the reductive TCA-cycle. As with all heterologous expressions in thermop-
hiles, the source of the new enzymes should preferably also be thermophilic to ensure
proper folding and activity of the enzymes at thermophilic temperatures. As mentioned, only
one thermophilic succinate producer is known and this might be a good source of the frd.
Besides frd, also fumarate hydratase (fum/FH) expression might be necessary as also no
high concentrations of fumarate are detected in the medium. Malate dehydrogenase could
also be heterologously expressed, but instead this could also be achieved with the native
mdh in combination with removal of pathways creating a re-flux to pyruvate as shown in
Chapter 6. This would include removal of malic enzyme as has been shown to be effective
in C. thermocellum (Deng et al., 2013). Furthermore, whereas pck was also removed in C.
thermocellum to increase TCA-cycle flux (Deng et al., 2013), in our case the direction of this
enzyme could be reversed as has been shown in E. coli via point mutations in the promoter
and the gene itself (Zhang et al., 2009). In this way, PCK contributes to both ATP-production
and flux towards oxaloacetate (Figure 1). However, as PCK is the only gluconeogenic route
after removal of malic enzyme, it is important that it is still able to function in the gluconeo-
genic direction and therefore another option is to also use heterologous expression of a pck
known to function glycolytically, such as that from C. thermocellum (Zhou et al., 2013a), next
to the native pck. Furthermore, as it is possible that the cells use malic enzyme as a trans-
hydrogenase-like cycle to maintain redox balance, it is important to supply the cells with an
alternative to do this. An interesting option would be the cofactor engineering of gapdh as
mentioned in Chapter 6. By supplying the cells with a glycolytic gapA that is cofactor-engi-
neered to use NADP" instead of NAD" next to the native NAD*-dependent gapA, they can
use these two enzymes to regulate NADH/NADPH ratios.

Making use of the native glyoxylate shunt to obtain maximum succinate vyield

Apart from creating a reductive TCA-cycle, an interesting addition to this would be to
make use of the native glyoxylate shunt (Figure 1). Activation of the glyoxylate shunt is a
requirement to maintain redox balance and produce succinate at the maximum theoretical
yield of 1.7 mol/mol glucose, as this is only possible when using both glyoxylate shunt and
reductive TCA-cycle together (Sanchez et al., 2005) (Figure 1). Conversion of 1 mol glucose
to 2 mol PEP via glycolysis yields 2 NADH. If only the reductive TCA-cycle is used, 2 NADH
are required for 1 mol succinate, resulting in a maximum yield of 1 mol/mol glucose. Via the
glyoxylate shunt, 1 mol succinate and 1 mol malate are formed, after which the malate can
be converted to succinate by using only 1 NADH. If the reductive pathway, which uses 2
mol NADH, is used for 5/7 per mol glucose and the glyoxylate shunt, which uses 1 NADH,



for 2/7, the theoretical maximum yield of 1.7 mol/mol can be obtained (5/7 * 2 NADH + 2/7
*1 NADH = 1.7) (Figure 1).

In E. coli, the glyoxylate shunt is typically active under aerobic conditions and repressed
under anaerobic conditions by the repressor icIR (Lin et al., 2005; Sanchez et al., 2005).
Remarkably, as shown in Chapter 6, the glyoxylate shunt is highly expressed in the B.
smithii ET 138 IdhL and IdhL-sigF mutants. A homolog to the known E. coli icIR could not
be identified, but 5 genes have been annotated as ic/lR-family repressors and those are all
strongly downregulated in the IdhL and ldhL-sigF mutants. The glyoxylate shunt has also
been shown to be activated in E. coli after removal of pta and ack in an Idh and adhE defi-
cient mutant strain (Zhu et al., 2013). As all these genes are not present in B. smithii, this
might be an alternative explanation for the activation of the glyoxylate shunt without removal
of the repressor.

REQUIREMENTS FOR AN IMPROVED GENETIC SYSTEM

Taken together, it will require a vast amount of engineering steps to produce succinate
with B. smithii. Although the tools described in Chapter 5 enable clean gene deletions and
work efficiently for some genes, we were unable to use to the same system for several other
genes. This indicates that either these genes are essential, or our tools are not efficient
enough. Based on homology with related organisms, the first option seems unlikely and
therefore future research should focus on developing more high-throughput tools to further
develop B. smithii into a platform organism. The main disadvantage of the lacZ-counter se-
lection system is that it can still result in wild-type revertants. A high-throughput engineering
system should enable only mutants to survive the screening and selection procedure. Pre-
ferably, this should be performed in a markerless way, but in order to screen for the effect of
mutations, also an initial non-markerless system could be used. Several examples of coun-
ter-selection systems successfully applied in thermophiles have been discusses in Chapter
2. Of the systems depicted in Figure 4 (Chapter 2’s Figure 2), only the one in 4B, C and D
ensure that only mutants are obtained. The Cre-lox system in Figure 4D is not completely
markerless and requires the availability of two different plasmids, which is not always the
case (for example, B. smithii could so far only be transformed with pNW33n). The other two
systems are markerless, but for the pta-ack system in Figure 4B the possibility to transform
with linear DNA is required as otherwise the system could also insert via single crossover
without pressure to perform the second crossover. Only the tdk-hpt system in Figure 4C can
be used with a single plasmid, is markerless and only results in mutant colonies and preven-
ts growth of wild-type revertants. The reason for this is the two-step or ‘triple recombination’
procedure. The initial double recombination can easily be screened for because there is a
positive selection marker in between the homologous flanks as well as outside the flanks on
the plasmid. The former one ensures selection for the double crossover, whereas the latter
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one ensures plasmid curing, thereby preventing revertants and ensuring stable integration.
The third crossover is initially prevented because antibiotics are added so the cells cannot
survive without keeping the abR-hpt cassette. Then, the third crossover is initiated by re-
moving the antibiotic pressure and actively selected for by adding AZH, which is toxic as
long as the abR-hpt cassette is inserted. As only one homologous region is still present, the
only outcome of this third recombination is the mutant genotype. The pyrF-system in Figure
4A could also be changed into a more solid triple recombination system by adding the pyrF
and abR genes in between the flanks and adding for example the lacZ gene as we used in
Chapter 5 outside the flanks on the plasmid backbone. By using one antibiotic marker and
two markers that can be selected against in this way, several genes could be used to set up
a triple recombination system like this. The advantages are that only one plasmid and one
transformation are required. The disadvantage is that the described positive markers should
be available, which often means that knockouts of the marker genes need to be constructed
prior to using the system. This is usually rather easy, however, as pressure against these
genes can easily be applied when making these initial knockouts. Also, efficient homo-
logous recombination is a prerequisite for using such a system. In B. smithii, homologous
recombination seems to occur very easily as single and double crossovers where readily
obtained even when transforming with a replicating plasmid (Chapter 5). In most thermop-
hiles described in literature, thermosensitive plasmids are used and it is unknown whether
integration also occurs when the temperature is not increased. It would be an interesting
line of future research to evaluate this in different thermophilic bacilli.

Besides using such a ‘triple recombination system’, another feasible and recently emer-
ged tool is CRISPR-mediated engineering. Such a system makes use of the exonuclease
activity of a heterologously expressed bacterial CRISPR-system that is targeted to cut a
very specific sequence in the target genome. In many eukaryotes, Cas9 from the S. py-
ogenes Type Il CRISPR-system is now a very common engineering tool. After Cas9 has
made a double-strand break in the target sequence of the genome, the eukaryotic non-ho-
mologous end-joining (NHEJ) system repairs the double strand break but does so in an er-
ror-prone way, creating defective genes and mutant genotypes. Alternatively, homologous
flanks to the target site can be provided in order to repair the break in a specific way and
make very controlled mutations. Although this CRISPR-Cas9-system is of bacterial origin,
it has mainly been used in eukaryotes and hardly in bacteria. The main reason for this is
that bacteria mostly do not have NHEJ, requiring the need for homologous recombination,
which is also not always very effective and often requires the co-expression of a phage-de-
rived recombineering system (Oh & van Pijkeren, 2014; Selle & Barrangou, 2015). As B.
smithii seems to recombine very efficiently, it will be interesting to test the Cas9 engineering
system in combination with homologous recombination as an efficient engineering tool. As
long as Cas9 is expressed in the cells, it will be impossible for wild-type cells to survive: only
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Figure 4 (same as Figure 2 in Chapter 2). Overview of counter-selection and antibiotic-cassette removal
systems used in thermophiles for targeted double crossovers. Abbreviations: chrom.: chromosome; us: up-
stream flanking region; ds: downstream flanking region; g.o.i.: gene of interest; ab.: antibiotic; abR: antibiotic-resistan-
ce gene. A: pyrF-system. After insertion of the pyrF-containing plasmid into a ApyrF strain, single crossovers can be
obtained by selecting for restoration of the uracil auxotrophy. Double crossovers are obtained by adding 5-fluoroorotic
acid (5-FOA), which will be toxic for strains still harbouring the pyrF-plasmid, and by adding uracil to select for strains
being uracil auxotrophs due to lack of pyrF. Based on (Kita et al., 2012; Suzuki et al., 2012) B: pta-ack-system. In
this case, linear DNA fragments were used for transformation, which allows simple and direct screening for double
crossovers, but the system can also be used with plasmid DNA. First, the pta and ack genes for acetate formation
need to be deleted, resulting in a strain resistant against haloacetate compounds such as fluoroacetate (FA). This
strain is then transformed with DNA containing pta, ack and an antibiotic-resistance gene, which replace the gene
of interest via the flanking regions. Successful double crossover and thus insertion of the three genes is detected by
antibiotic resistance. In a second transformation, the strain is transformed with fused flanking regions of the gene of
interest and cultured on FA, thereby deleting the pta, ack and an antibiotic-resistance gene since FA is toxic when
pta and ack are present. Based on (Shaw et al., 2011). C: tdk-hpt system. After selecting transformants based on
antibiotic-resistance, double crossovers can be detected by growing the culture on antibiotics and fluoro-deoxyuracil
(FUDR), to which the strains will be resistant due to loss of tdk (which together with the native thyA makes the strain
sensitive to FUDR) after they have recombined and cured the plasmid. Subsequently, clean knockouts created by
a second crossover event can be detected by culturing on 8-azahypoxannthine (AZH), to which strains will be resi-
stant when they have recombined and lost the hpt and antibiotic-resistance gene. Based on (Argyros et al., 2011).
D: Cre-lox system. Using a thermosensitive plasmid, in a first step the gene of interest is replaced by an antibiotic
resistance gene flanked by lox sites, enabling selection for antibiotic resistance. In a second transformation, a second
thermosensitive plasmid coding for the Cre-recombinase and conveying a different antibiotic resistance is inserted.
The Cre-recombinase recombines the lox66 and lox71 sites to a lox72 site, thereby cleaving out the first antibiotic-re-
sistance gene. Based on (Kovacs et al., 2010).
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mutants will survive that recombined with the homologous flanks and thereby deleted the
wild-type sequence targeted by Cas9. However, as the currently known Cas9-engieerning
system is derived from and only used in mesophiles, it needs to be determined whether the
system will also be active under thermophilic conditions.

Besides the inability to revert to wild-type genotypes, a high-throughput genetic toolbox
also requires that gene expression can be finely tuned. During the work described in this
thesis, we have tested a total of three promoters. Preliminary tests with these promoters
cloned to drive lacZ gene expression showed different expression under different conditions
(data not shown). To date, no inducible promoters have been developed for B. smithii and
existing constitutive promoters need to be characterized in more detail. In general, studies
evaluating different promoters for thermophiles (both inducible and constitutive) are scarce
and gaining more attention only recently, such as in G. thermoglucosidans (Bartosiak-Jentys
et al., 2012) and C. thermocellum (Mearls et al., 2015). Especially when tools such as Cas9
are used, it is important that expression of such nucleases can be induced and switched
off in order to prevent toxicity and off-target effects. Also, in order to tune metabolic fluxes,
changing promoter activity is a feasible option. For this, also exchange of native promoters
via integration into the genome could be used. To identify strong and weak promoters under
different conditions, the transcriptome data from Chapter 6 should be further expanded by
transcriptomics analysis on for example different substrates. Further research should also
determine for example transcription start sites and ribosome binding site sequences.

B. sMiITHII: A PROMISING NOVEL PLATFORM ORGANISM?

In this thesis, we set out to develop a novel thermophilic platform organism for the
cost-efficient production of green chemicals. It is unlikely that the completely ideal organism
as described in Chapter 1 exists or can be isolated, but we can compare our novel orga-
nism to other organisms. B. smithii has all the advantages of a thermophile and is capable
of utilizing a wide range of carbon sources, giving it a major advantage over many currently
used organisms. Although we always added 0.5 g/L yeast extract and vitamins, this is very
litle compared to many currently used organisms (Chapter 2) and as the organism was
isolated on a minimal medium, medium optimization can likely reduce the nutritional requi-
rements even further. Importantly, B. smithii shows reproducible growth under non-aerated
conditions in this low-yeast extract medium, which is not always the case for for example
Geobacilli (Hussein et al., 2015). The strain grows fast in a wide range of temperatures and
pHs, making it robust against contamination not only with mesophiles but also with related
organisms, and against fluctuations in process conditions which might occur on larger sca-
le. Its transformation and homologous recombination are also reliable and reproducible,
something that we found is often not the case in thermophilic bacilli (Chapter 3 and 7).
Robustness and reproducibility are important features for a production strain. The fact that



the IdhL mutants hardly produce any products on one hand limits the possibilities of making
other products with B. smithii as the genes need to be heterologously inserted, although it
might be an efficient producer of pyruvate and acetate without metabolic engineering but via
process optimization as was shown in this chapter. On the other hand, the B. smithii AldhL
strain might be an ideal platform organism as only one gene needs to be deleted to elimina-
te production and other genes to new products can be inserted, as was shown for p-lactate
production in Chapter 6. Especially for for example succinate production, many engineering
steps are required. This holds true for basically every platform organism and a very large
number of mutations (insertions and deletions) are no exception for E. coli or S. cerevisiae
production strains. In order to achieve this in B. smithii, however, the current genetic tools
are not sufficient. B. smithii can only become a real platform organism when more effi-
cient, high-throughput tools are developed and its metabolism is better understood. Five
other thermophiles that are currently being promising potential platform organisms for green
chemical or fuel production are B. coagulans, B. licheniformis, G. thermoglucosidans, C.
thermocellum and T. saccharolyticum. The latter two have the disadvantage of being strict
anaerobes, while they have the advantage of being able to degrade raw biomass (though
not all, as C. thermocellum for example is only cellulolytic). Nevertheless, the conversion of
biomass in a consolidated bioprocessing (CBP) process has so far been mainly shown with
model substrates and has not been fully industrially implemented (Olson et al., 2012), ma-
king SSF thus far the more feasible strategy, for which a facultative anaerobe is preferred.
Genetic tools seem to be in similar stages for all four organisms, with some more promoters
being described for Geobacillus and Clostridium and better integration and transformati-
on tools for Thermoanaerobacter, especially since the latter one is naturally transformable
(Shaw et al., 2010). For all these organisms, understanding of the metabolism seems to be
in a similar stage, with several examples described in this chapter.

Altogether, engineering tools as well as understanding of their metabolism seems to be
in similar stages for all these thermophilic organisms and all of them have different metabolic
capacities such as differences in carbon utilization, growth characteristics and end-product
pathways. Therefore, it is hard to predict which organism in the end will be the best platform
organism as different bottlenecks might be found for the different organisms when they are
being further developed. B. smithii is certainly among the top candidates for the reasons
described here and worth further research. For all the thermophilic organisms there is still a
large gap in understanding of physiology and availability of genetic tools compared to E. coli
or S. cerevisiae. Nevertheless, the start has been made and these organisms each have
advantages that will make them the more preferred organisms in the long run once they are
better understood and ‘domesticated’. With the emerging approaches of high-throughput
engineering and automation of strain development this might go faster than before.
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