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Abstract

Reducing the production cost of industrial biofuels will greatly facilitate their
proliferation and co-integration with fossil fuels. The cost of feedstock is the largest cost in most
fermentation bioprocesses and therefore represents an important target for cost reduction.
Meanwhile, the biorefinery concept advocates revenue growth through compl ete utilization of
by-products generated during biofuel production. Taken together, the production of biofuels
from low-cost crude glycerol, available in oversupply as a by-product of bioethanol production,
in the form of thin stillage, and biodiesal production, embodies a remarkable opportunity to
advance affordable biofuel development. However, few bacterial species possess the natural
capacity to convert glycerol as a sole source of carbon and energy into value-added bioproducts.
Of particular interest is the anaerobe Clostridium pasteurianum, the only microorganism known
to convert glycerol aone directly into butanol, which currently holds immense promise as a
high-energy biofuel and bulk chemical. Unfortunately, genetic and metabolic engineering of C.
pasteurianum has been fundamentally impeded due to a complete lack of genetic tools and
techniques available for the manipulation of this promising bacterium. This thesis encompasses
the development of fundamental genetic tools and techniques that will permit extensive genetic
and metabolic engineering of C. pasteurianum.

Weinitiated our genetic work with the development of an electrotransformation protocol
permitting high-level DNA transfer to C. pasteurianum together with accompanying selection
markers and vector components. The CpaAl restriction-modification system was found to be a
major barrier to DNA delivery into C. pasteurianum which we overcame by in vivo methylation
of the recognition site (5’-CGCG-3’) using the M.FnuDII methyltransferase. Systematic
investigation of various parameters involved in the cell growth, washing and pulse delivery, and
outgrowth phases of the electrotransformation procedure significantly elevated the
electrotransformation efficiency up to 7.5 x 10* transformants ug™* DNA, an increase of
approximately three orders of magnitude. Key factors affecting the electrotransformation
efficiency include cell-wall-weakening using glycine, ethanol-mediated membrane
solubilization, field strength of the electric pulse, and sucrose osmoprotection.

Following development of a gene transfer methodology, we next aimed to sequence the
entire genome of C. pasteurianum. Using a hybrid approach involving 454 pyrosequencing,
IIlumina dye sequencing, and single molecul e real -time sequencing platforms, we obtained a



near-compl ete genome sequence comprised of 12 contigs, 4,420,100 bp, and 4,056 candidate
protein-coding genes with a GC content of 30.0%. No extrachromosomal elements were
detected. We provide an overview of the genes and pathways involved in the organism’s central
fermentative metabolism.

We used our developed electrotransformation procedure to investigate the use of
established clostridial group Il intron biology for constructing chromosomal gene knockout
mutants of C. pasteurianum. Through methylome analysis of C. pasteurianum genome
sequencing data and transformation assays of various vector deletion constructs, we identified a
new Type | restriction-modification system that inhibits transfer of vectors harboring group 11
intron gene knockout machinery. We designated the new restriction system CpaAll and proposed
a recognition sequence of 5’-AAGNNNNNCTCC-3’. Overcoming restriction by CpaAll, in
addition to low intron retrohoming efficiency, allowed the isolation of a gene knockout mutant of
C. pasteurianum with adisrupted CpaAl Type Il restriction system. The resulting mutant strain
should be efficienty transformed with plasmid DNA lacking M.FnuDII methylation.

Lastly, we investigated the use of plasmid-based gene overexpression and chromosomal
gene downregulation to alter gene expression in C. pasteurianum. Using a 3-galactosidase
reporter gene, we characterized promoters corresponding to the ferredoxin and thiol ase genes of
C. pasteurianum and show that both promoters permitted high-level, constitutive gene
expression. The thiolase promoter was then utilized to drive transcription of an antisense RNA
molecule possessing complementarity to mRNA of our 3-galactosidase reporter gene. Our
antisense RNA system demonstrated 52-58% downregulation of plasmid encoded (3-
galactosidase activity throughout the duration of growth. In an attempt to perturb the central
fermentative metabolism of C. pasteurianum and enhance butanol titers, we prepared several
antisense RNA constructs for downregulation of 1,3-propanediol, butyrate, and hydrogen
production pathways. The resulting downregulation strains are expected to exhibit drastically
altered central fermentative metabolism and product distribution.

Taken together, we have demonstrated that C. pasteurianum is amendable to genetic
mani pul ation through the development of methods for plasmid DNA transfer and gene
overexpression, knockdown, and knockout. Further, our genome sequence should provide
valuabl e nucleotide sequence information for the application of our genetic tools. Thus, the

genome sequence, €l ectrotransformation method, and associated genetic tools and techniques



reported here should promote extensive genetic manipulation and metabolic engineering of this

biotechnologically important bacterium.
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CHAPTER 1

I ntroduction

Dueto global energy demands, rising environmental concerns, and diminishing oil
reserves, investigations into renewable sources of fuel have led to the devel opment and
exploitation of numerous bioprocesses that are environmentally viable, yet currently lack
economic feasibility. Biofuels, including bioal cohols, biodiesel, and biohydrogen, are at the
forefront of this global impetus and represent the most promising forms of renewabl e energy.
Beginning in the 1970s with the onset of the global oil crisis, interest in the large-scale
production of clean and renewabl e biofuels has been vastly increasing. Bioethanol, largely
produced from the microbial fermentation of corn-based substrates, currently represents the
largest biofuel market in the U.S., with production reaching 7.5 billion gallonsin 2007 [1] of a
total 12.5 hillion gallons worldwide [2]. Recently, biodiesel, or fatty acid akyl esters, has also
emerged as a promising alternative to petroleum-based diesel, with global production totaling 5
billion gallons in 2007 [2]. While the bioethanol and biodiesel markets continue to expand, still
other potential biofuels, although currently less devel oped than bioethanol and biodiesel, have
received significant attention over the past three decades. Butanol, a high-energy four-carbon
alcohol, is amongst these biofuels, as it possesses physicochemical properties that more closely
resemble those of conventional gasoline.

Fermentative production of butanol represents one of the oldest industrial bioprocesses.
Prior to the advent of the petrochemical industry, butanol was produced at an industrial scale
through the acetone-butanol -ethanol fermentation (ABE fermentation) of substrates such as
mai ze, wheat, and molasses [ 3,4]. However, fluctuating feedstock costs and the establishment of
petrochemical processes during the 1950s led to the eventual downfall of bulk biobutanol
production. Currently, the majority of the world’s butanol supply is produced through chemical
processes such as the oxo process, in which propylene is converted to butyraldehyde and
subsequently hydrogenated to butanol [5]. A potential revival of the ABE fermentation process
for industrial biobutanol production has been proposed in response to the mounting
environmental and economic issues surrounding the use of petroleum-based fuels. However,
many process shortcomings have yet to be resolved, including high feedstock and product

recovery costs, microbial solvent toxicity, and low butanol titers [6]. While the revival of alarge-
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scale ABE fermentation process depends largely upon the resolution of such fundamental
shortcomings, selection and optimization of the host organism is critical to the future success of
butanol as a renewable fuel source.

In nature, butanol is produced solely by species from the bacterial genus Clostridium[7].
While most clostridia produce large amounts of butyrate, certain species are able to produce
butanol as the major fermentation product, partially through reassimilation of acetate and
butyrate. As natural solventogenic organisms, the prospect of increasing butanol production
through genetic and metabolic engineering techniques has been an area of intense interest in the
past decades [8]. Most efforts involving biobutanol to date have focused on the model
solventogenic Clostridium, C. acetobutylicum ATCC 824. The development of a host-vector
system [9], electrotransformation procedure [10], gene reporter system [11,12], antisense RNA
strategy [13], chromosomal gene knockout system [14,15], and a complete genome sequence
[16] have all been recently achieved with C. acetobutylicum ATCC 824. However, genetic
engineering techniques are far less advanced in other solventogenic clostridia. Of particular
significance, C. pasteurianum has been shown to be an ideal host for biobutanol production
[17]], particularly due to its unigue capacity to ferment waste biodiesel-derived glycerol [18], yet
no genetic engineering attempts have been documented with this organism. It iswidely held that
genetic engineering and strain construction will play akey role in the development of an efficient
biobutanol process and it would be interesting to determine if the genetic tools made available
for C. acetobutylicum and similar organisms can be directly applied towards the genetic
engineering of C. pasteurianum.

This thesis investigates the genetic tractability of C. pasteurianum with respect to
application of genetic tools and methodol ogies established in C. acetobutylicum and related
species. The successful development of genetic methods in closely-related clostridia species has
demonstrated the utility of genetic and metabolic engineering of the solventogenic clostridia. The
development of a host-vector system and transformation procedure will be investigated first and,
if successful, will lead to arange of genetic techniques. These include gene overexpression,
knockdown, and knockout. To further improve the potential of C. pasteurianum and provide
necessary gene sequencing data, we aim to sequence and annotate the organism’s genome using

next-generation sequencing technologies. Collectively these tools should contribute to the



advancement of C. pasteurianum as a potential future industrial host organism for the production

of biobutanol from low-value, crude glycerol.

1.1. Research objectives
The chief objectives of this research can be described as follows:

1. Develop ahost-vector system and el ectroporation-mediated method of gene transfer for
C. pasteurianum. This objective includes implementing a methylation strategy for the
protection of plasmid DNA from restriction by C. pasteurianum and subsequent
optimization of electrotransformation efficiency to alevel equal to or above that of
related clostridia (10*-10° transformants ug™ DNA).

2. Segquence, assemble, and annotate the entire genome sequence for C. pasteurianum to
obtain sequence information for genes involved in the central fermentative metabolism of
C. pasteurianum, which is required for the application of genetic and metabolic
engineering techniques. If a complete genome cannot be attained, a draft genome
assembly comprised of a small number of contigsis desirable.

3. Apply established clostridial group 11 intron technology to generate chromosomal gene
knockout mutants of C. pasteurianum. This objective includes overcoming an
uncharacterized restriction barrier, via methylome analysis, that hinders
electrotransformation of plasmids harboring group 11 intron machinery.

4. Utilize a B-galactosidase gene reporter system to investigate plasmid-based gene
overexpression and asRNA-mediated downregulation of chromosomal genesin C.
pasteurianum. Apply the devised asRNA strategy to generate C. pasteurianum mutant

strains with altered fermentative metabolism.

1.2. Thesis organization

Thisthesisis comprised of five manuscripts corresponding to Chapters 2-6. Original
research manuscripts make up Chapters 3-6 and are preceded by aliterature review manuscript in
Chapter 2. Chapter 2 has been submitted for publication, Chapter 3 has been published, and
Chapters 4-6 are in preparation.

Chapter 2 provides a comprehensive summary of the genus Clostridium, including

fermentative butanol production and biotechnological progress made in clostridial genetic tool



development. C. pasteurianumis also discussed as a potential future host for the conversion of
crude glyceral into butanol. Relevant strain engineering techniques, from genome sequencing
and establishment of a gene transfer methodol ogy through to deployment of advanced genome
editing procedures, are discussed in detail to provide ablueprint for genetic manipulation of C.
pasteurianum.

Chapter 3 encompasses the first step for genetic manipulation of C. pasteurianum
through the development of a host-vector system and high-level transformation methodology.
We initiated this work by investigating common antibiotics utilized in the clostridiafor their
effectiveness to inhibit growth of C. pasteurianum. We then constructed various E. coli-C.
pasteurianum shuttle vectors and achieved low level transformation using electroporation and a
methylation strategy to overcome host restriction. Systematic improvements were then made to
the procedure to attain high level electrotransformation of C. pasteurianum.

Chapter 4 details the steps and collaborations undertaken to obtain a near-complete, fully-
annotated genome sequence of C. pasteurianum. The resulting draft assembly is discussed with
respect to relevant phenotypes and metabolic characteristics.

Chapter 5 provides a detailed description of the work involved in the development of a
gene knockout system for C. pasteurianum. Methylome analysis from C. pasteurianum genome
sequencing data illuminated a unique Type | restriction-modification system that inhibits
electrotransformation of gene knockout vectors harboring group I intron machinery.
Overcoming this restriction barrier and low gene knockout efficiency allowed, for the first time,
isolation of gene disruption mutants of C. pasteurianum.

Chapter 6 investigates the utilization of our devised electrotransformation procedure for
the application of gene overexpression and knockdown techniques. A thermophilic 3-
galactosidase enzyme was utilized as areporter system to quantify the strength of native C.
pasteurianum gene promoters. A strong, constitutive promoter was then selected to drive
transcription of an antisense RNA molecule targeting the [3-gal actosidase reporter gene. After
successful demonstration of 3-galactosidase gene downregulation, we sel ected endogenous C.
pasteurianum chromosomal genes involved in competing metabolic pathways for asRNA -
mediated gene knockdown.

Lastly, Chapter 7 provides a summary of the genetic and metabolic work performed
throughout the entirety of this thesis. Recommendations and future directions are provided as a



means of further developing C. pasteurianum as a potential host for the production of biobutanol
from cheap and abundant crude glycerol. Emphasisis placed here on future targets for genetic

and metabolic engineering using the results gleaned from this thesis.



CHAPTER 2

Literaturereview

2.1. Butanol as a prospective biofuel

As ahigher alcohol, butanol possesses many physicochemical properties that make it an
attractive aternative to petroleum fuel. Compared to ethanol, butanol isless corrosive, volatile,
and hydroscopic, which, unlike ethanol, allows butanol to adapt well to current fuel
transportation infrastructure [5]. Due to the increased carbon content of butanol in comparison to
ethanol, butanol also possesses more desirable fuel characteristics, such as higher energy density
and air-fuel ratio, in addition to research and motor octane numbers that more closely resemble
those of gasoline [7]. Furthermore, the 4-carbon backbone of butanol closely mimicsthe 4- to
12-carbon hydrocarbons that make up petroleum gasoline [19]. Alternatively, ethanol is severely
limited as an additive or blending agent, since most North American automobiles can only
handle blends up to 10% (v/v) ethanol [5]. For these reasons, butanol is much more attractive as
an additive and even as areplacement to conventional fuel, with most current automobile
engines capable of utilizing blends up to 100% (v/v) butanol without modification to the engine
or fuel system [20]. In fact, an unmodified 1992 Buick Park Avenue was driven across the
United States in 2005 with 100% butanol as the sole fuel source (http://www.butanol .com/).
Although fuel consumption increased by 9% compared to gasoline, combustion of butanol was
much cleaner, with a 95% and 37% reduction in hydrocarbon and NOy emissions, respectively.
While the feasibility of butanol as afuel source has clearly been demonstrated, butanol is utilized
predominantly as a bulk solvent, rather than afuel. Further, butanol is produced petrochemically
and, therefore, is unsustainable. Although currently not economically feasible, butanol can be

produced biologically (biobutanol) and sustainably solely by members of the genus Clostridium.

2.2. Clostridial fermentative butanol production

2.2.1. Overview of the genus Clostridium
Clostridiumis one of the largest genera of prokaryotes and is comprised of approximately

200 distinct species of bacteria[21]. Prior to the advent of 16S rRNA sequencing, subscription to
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the genus was traditionally granted based on the fulfillment of three simple criteria, namely the
capacity to form endospores, an obligatel y anaerobic metabolism, and an inability to perform
sulphate reduction [22]. In practice, the clostridia are more generally recognized by distinct rod-
shaped cells, the presence of Gram-positive cell walls, and DNA of low guaninet+cytosine
content (GC content; typically 26-32%), although these characteristics are not strict taxonomic
markers. As aresult of such simple classification requirements, Clostridiumis notorious for its
extreme phylogenetic heterogeneity and possesses more genetic diversity than almost all other
microbia genera[21]. In fact, Clostridium contains numerous uncharacteristic phenotypes,
including species that are cocci-shaped, asporogenous, aerotolerant, intermediate in GC content,
and Gram-negative or Gram-variable [23]. As such, 16S rRNA cataloguing and next generation
genome sequencing have led to severa massive proposed rearrangements of Clostridium
[24,25,26,27]. Only 73 species were found to possess sufficient relatedness to the type species,
C. butyricum, leading to the proposal of a new core genus, termed Clostridium sensu stricto
[21,28]. The heterogeneity of the genus allows Clostridium as awhole to thrive within diverse
habitats, as the clostridia are truly ubiquitous in nature. Owing to their ability to form endospores
that are resistant to oxygen, heat, dessication, acid, and a cohol, dormant spores of Clostridium
are commonly found within soil, aguatic sediments, intestinal tracts of mammals, and
unpasteurized or spoiled foods [4]. From this rich diversity many species of Clostridium have
arisen in recent years in both the medical and industria sectors of biotechnology.

Clostridium can be divided into pathogenic and apathogenic species. Some of the most
notorious and potent human toxins are produced by the pathogenic clostridia, which
encompasses C. botulinum, C. difficile, C. perfringens, C. septicum, and C. tetani [29]. C.
botulinum and C. tetani produce two of the most potent neurotoxins and are the causative agents
of the well-known diseases botulism and tetanus, respectively. The botulism toxin is the most
toxic agent currently known to humans, as type H toxin was recently found to have a lethal dose
of 2-13 ng for an average-sized human [30]. The advent of proper food handling and
pasteurization practices in the case of botulism, and access to effective vaccination programs for
the prevention of tetanus, have drastically diminished the prevalence of these fatal diseases
within the devel oped world. Still, an estimated 58,000 fatal cases of newborn tetanus were
reported globally in 2010 and, as of 2012, 31 countries have yet to effectively eliminate maternal
and neonatal tetanus (World Health Organization; http://www.who.int/). C. difficile, on the other



hand, produces two highly virulent exotoxins and is the leading cause of antibiotic-associated
diarrhea and nosocomial infection [31]. Dormant spores of C. difficile often survive routine
hospital sanitation practices, including exposure to acohol-based hand rubs, and can be ingested
through the fecal-oral route, allowing proliferation in the small intestine of patients with
compromised gut flora, typically resulting from antibiotic treatment. Infection by C. difficile
causes a range of intestinal maladies, including severe diarrhea, pseudomembranous colitis,
septicemia, and death [29]. The occurrence of healthcare-associated C. difficile infection has
increased drastically over the past decade and has risen to epidemic status [32,33]. Other
pathogenic clostridia, particularly C. perfringens and C. septicum, are associated with food
poisoning, gas gangrene, and meningitis, among other ailments [29]. It is estimated that C.
perfringens accounts for more than 10% of the 9.4 million annual cases of foodborneillnessin
the United States [34].

2.2.2. Overview of fermentative metabolism

Within the apathogenic clostridia, several species have garnered immense interest in the
field of industrial biotechnology as aresult of their diversity of substrate utilization and unique
metabolic capabilities [35]. While many clostridia produce standard fermentation products,
including organic acids and carbon dioxide and hydrogen gases, a number of species produce
varying amounts of alcohols and solvents, such as acetone, ethanol, 1,3-propanediol,
isopropanol, and butanol, which have industrial potential as bulk solvents and prospective
biofuels [22]. In fact, the exploitation of clostridiafor large-scale production of commodity
chemicals represents one of the first worldwide industrial bioprocesses [4]. Prior to the
dominance of the current petrochemical industry, large-scale production of acetone, and later
butanol, as solvents (AB fermentation) was carried out by species of Clostridium. Fluctuating
costs of molasses and mai ze feedstocks, coupled to the establishment of more economical
petrochemical processes during the 1950s, however, led to the eventual downfall of fermentative
AB production. A potential reviva of the industrial AB fermentation for the production of
butanol, this time as a promising biofuel, is currently underway in response to the mounting
environmental and political issues surrounding the production and consumption of petroleum-
based fuels [3]. Unfortunately, many process shortcomings have yet to be resolved, including
high feedstock costs, poor solvent yields, and product toxicity [6]. The revival of a competitive



AB fermentation process depends upon the resolution of these fundamental issues. However, it is
the capacity to genetically manipulate the solventogenic clostridia that determines the future
success of clostridial production of bulk solvents and biofuels [8].

Historicaly, the exploitation of Clostridiumfor theindustrial production of acetone and
butanol has centered around C. acetobutylicum and C. beijerinckii [4], and has led to the
widespread investigation of these species with respect to genetics, physiology, and growth and
metabolism. Numerous other Clostridium species, however, have garnered significant attention
in recent years, largely the result of their unique and promising metabolic capabilities [35].
Examples include production of biofuels (ethanol or butanol) from diverse substrates, such as
cellulose (e.g., C. cellulolyticum and C. thermocellum [36]), crude biodiesel-derived glycerol (C.
pasteurianum [18]), and synthesis gas (e.g., C. ljungdahlii and C. carboxidivorans [37]).
Solventogenic Clostridium species exhibit a unique biphasic fermentative metabolism. In the
first stage, acidogenesis, exponential growth is coupled to vigorous acid (acetate and butyrate)
and gas production (H2 and CO») [38]. As the concentration of acids approaches del eterious
levels, the culture pH drops significantly and the cells enter stationary phase. At this point, a
metabolic shift occursin which vigorous growth and acid production cease, as the cells enter the
solvent-producing, or solventogenic, phase. Solventogenesis is characterized by inhibition of the
acid and H> production pathways, lack of growth and cell division, and induction of solvent-
producing pathways, stress response, and endospore formation [38]. Solvents such as acetone,
ethanol, and butanol are partially produced through the uptake and reutilization of acetic and
butyric acids accumulated during acidogenesis. The metabolic pathways associated with

acidogenesis and solventogenesis are discussed below (Figure 2.1).

2.2.3. Acidogenic pathways

During acidogenesis, clostridial species metabolize hexose sugars through the Embden-
Meyerhof-Parnas (EMP) pathway, generating two moles each of pyruvate, NADH, and ATP per
mole of glucose [38]. The resulting pyruvate is further oxidized by pyruvate-ferredoxin
oxidoreductase, rather than pyruvate dehydrogenase or pyruvate decarboxylase, through the
phosphoroclastic reaction, yielding acetyl-CoA and CO- [39]. Aswith pyruvate dehydrogenase
and pyruvate decarboxylase, thiamine pyrophosphate (TPP) is an essential coenzyme in the

pyruvate-ferredoxin oxidoreductase reaction by transferring the C-2 hydroxyethyl moiety from



pyruvate to CoA [39]. Cleavage of pyruvate involves aredox reaction in which two hydrogen are
transferred to ferredoxin, as opposed to NAD™, asis the case with pyruvate dehydrogenase.
Oxidized ferredoxin is then regenerated through the production of Ho, catalyzed by a
hydrogenase. This series of reactions can be summarized as follows [39]:

pyruvate + TPP-oxidoreductase «——* hydroxyethyl-TPP-oxidoreductase + CO,
hydroxyethyl-TPP-oxidoreductase + Fdox + COA «— TPP-oxidoreductase + acetyl-CoA + Fdred

Fdred «— Fdox + H2

Acetyl-CoA represents amajor branch point in clostridial fermentations [4]. During
acidogenesis, the fate of acetyl-CoA involves the production of acetate and butyrate. Since both
acetate and acetyl-CoA are 2-C compounds, the acetate pathway involves a simple two-step
phosphorylation-dependent conversion analogous to the E. coli acetate pathway [40]. Acetyl-
CoA isfirst phosphorylated by acetate kinase (Ack) to generate acetyl-phosphate, which isthen
converted to acetate through the action of phosphotransacetylase (Pta) with the concomitant

generation of ATP through substrate-level phosphorylation:

acetyl-CoA + P R acetyl-phosphate + CoA

acetyl-phosphate + ADP ——>  acetate + ATP

Aswith many acetate-producing organisms, the genes encoding Ack and Pta are located in an
operon and are transcribed from the same promoter in C. acetobutylicum, with pta upstream of
ack [40]. The acetate pathway shown above generates 2ATP per mole of glucose and, as aresult,
acetate production represents a major energy-producing pathway in the solventogenic clostridia.
However, as the acetate-producing pathway does not consume reducing equivalents (i.e.

NADH), the NADH generated during glycolysis must be oxidized in order to restore electron
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Figure 2.1. Central heter ofer mentative metabolism of glucose by C. acetobutylicum ATCC
824. Dotted lines represent pathways that are active only under acidogenic conditions. Adapted
from [7].
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balance. One way in which clostridia dispose of excess reducing power is through the generation
of H2 by the combined action of an NADH-ferredoxin oxidoreductase and hydrogenase. In this
sense, the amount of acetate (and butyrate, see below) that can be produced is directly related to
the ability of the cell to evolve H2 [38]. However, unless the partial H2 pressureis kept very low,
only modest amounts of H> can be evolved. Consequently, free-living clostridia are not able to
expose of their excess reducing equivalents through the production of H2 [39]. In order to cope
with excess reducing power following H> generation, solventogenic clostridiarely on the
production of reduced end products such as butyrate, butanol, and ethanol.

While the acetate pathway generates 2ATP yet has no effect on the electron balance, the
butyrate production pathway produces 1ATP and oxidizes 2NADH through the conversion of
acetyl-CoA to butyryl-CoA [39]. Butyryl-CoA, a4-C intermediate, is anal ogous to acetyl-CoA
and is also amajor branch point in butyrate production [4]. Butyryl-CoA is produced from
acetyl-CoA through the successive action of four enzyme systems, which collectively oxidize
2NADH in the process:

2acetyl-CoA o, acetoacetyl-CoA + CoA
(2)
acetoacetyl-CoA + NADH — 3-hydroxybutyryl-CoA + NAD"
(3)
3-hydroxybutyryl-CoA —— crotonyl-CoA + H2O
(4)
crotonyl-CoA + NADH ———» butyryl-CoA + NAD*

where reactions (1) to (4) are catalyzed by thiolase (acetyl-CoA acetyltransferase), 3-
hydroxybutyryl-CoA dehydrogenase, crotonase, and butyryl-CoA dehydrogenase, respectively.
Asis shown, two molecules of acetyl-CoA are condensed in order to convert the 2-C acetyl-CoA
into the 4-C butyryl-CoA. In addition, 2NADH are consumed which aids the cell in disposing of
excess reducing equivalents not evolved through Hz production via NADH-ferredoxin
oxidoreductase and hydrogenase. Butyryl-CoA represents the end point of the main trunk in the
characteristic branched fermentation exhibited by solventogenic clostridia. Depending on many
factors, the fate of butyryl-CoA ends with either butanol or butyrate production. As butyryl-CoA
is analogous to acetyl-CoA, the conversion of butyryl-CoA follows the same two-step
mechanism as the conversion of acetyl-CoA into acetate:
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butyryl-CoA + P, B, butyryl-phosphate + CoA

butyryl-phosphate + ADP F’;b>butyrate +ATP

where Buk and Ptb are butyrate kinase and phosphotransbutyrylase, respectively. Although
NADH is not consumed directly in the production of butyrate, the conversion of acetyl-CoA to
butyryl-CoA oxidizes 2NADH per mole of butyryl-CoA that is generated. Aswith pta and ack,
the genes encoding Buk and Ptb (i.e. buk and ptb, respectively), form an operonin C.
acetobutylicum with ptb preceding buk [41,42].

Although most solventogenic clostridia possess an inducible NADH-dependent lactate
dehydrogenase gene, IdhA, lactate is generally only produced under certain limiting conditions
[43]. Since lactate is produced from pyruvate rather than acetyl-CoA, this gives the cell ameans
of disposing excess reducing power if the phosphoroclastic splitting of pyruvate to acetyl-CoA,
and therefore the Hz pathway, isinhibited [38]. Pyruvate is converted to lactate in the same

manner as most organisms through the action of lactate dehydrogenase (LdhA):

LdhA
pyruvate + NADH —— lactate + NAD"

Thisreaction is unidirectional and only occurs with a buildup of pyruvate due to blockage of the
pyruvate-ferredoxin oxidoreductase reaction. In addition, significant lactate production has been
observed under stress conditions, such asiron and sulfur limitation [44] and inhibition of

hydrogenase activity by carbon monoxide [45], potentially dueto alack of ferredoxin for usein

the pyruvate cleavage reaction [38].

2.2.4. Solventogenic pathways

Although the metabolic shift that occurs from the acidogenic phase to the solventogenic
phase has been an area of intense research in the past decades, the precise mechanism and factors
involved in the trigger have yet to be completely worked out. It iswidely accepted that the shift
to the solventogenic phase occurs as an adaptive mechanism by the cellsin order to cope with
the high undissociated butyric acid concentration and low pH resulting from acidogenesis
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[46,47,48]. During acidogenesis, the culture pH drops to approximately 3.8-5.0 largely due to
extreme undissociated butyric acid concentration [4]. In order to mitigate the del eterious effects
of this environment, cells begin to reassimilate the acetic and butyric acids into butanol, ethanol,
and acetone. At this point, acid uptake and utilization causes the pH to partially increase to 6.8-
7.0 [49]. However, factors other than high acid concentration and low pH have been found to
trigger the metabolic shift from acidogenesis to solventogenesis. Through the generation and
characterization of abuk knockout mutant of C. acetobutylicum, it has been proposed that
butyryl-phosphate rather than butyrate acts as a global regulator of solventogenesis [50,51]. This
is due to the fact that, although butyrate production was significantly decreased, solventogenesis
was initiated at an earlier stage in the fermentation and resulted in increased acetone and butanol
titers compared to the wild-type strain [50]. Since ptb islocated upstream of buk within the
butyrate-pathway operon, Ptb activity was unaffected by the buk mutation and butyryl-phosphate
was able to accumulate. In addition to a high concentration of butyryl-phosphate, substrate
surplus, high levels of ATP compared to ADP, and alarge NADH/NAD™ ratio have all been
implicated as key factors involved in the switch from acidogenic to solventogenic metabolism
[5,46,52]. As solvents, especially butanol, are more toxic to the cell than butyric and acetic acids,
cells respond to solventogenesis through the formation of endosporesin preparation for long-
term survival [5]. In fact, the onset of solventogenesisis coupled to spore formation through the
master transcriptional regulator, spoOA [53].

Solventogenic Clostridium species produce varying ratios of the solvents acetone,
butanol, and ethanol. A typical acetone, butanol, ethanol ratio for a batch C. acetobutylicum
fermentation is approximately 3:6:1, with butanol as the major fermentation end product [4]. As
previously mentioned, both butanol and butyrate are produced from butyryl-CoA through the
fina branch point in fermentative clostridia metabolism. At the onset of solventogenesis, very
high levels of undissociated butyric acid are present which can be taken up by the cell and
assimilated into butyryl-CoA through the action of an acetoacetyl-CoA :acetate/butyrate: CoA
transferase [54]. This enzyme system acts on both acetate and butyrate for the regeneration of
acetyl-CoA and butyryl-CoA, respectively. Acetyl-CoA can then be condensed and siphoned
towards acetone and butanol production via acetoacetyl-CoA and butyryl-CoA, respectively, or
can be converted directly into ethanol. The most likely path via acid uptake for production of

ethanol is:
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CoA
transferase

acetate + COA —— acetyl-CoA

acetaldehyde

acetyl-CoA + NADH —— acetaldehyde + NAD*

EtOH

acetaldehyde + NADH —— ethanol + NAD*

and butanol production:

CoA
transferase

butyrate + COoA —— butyryl-CoA

butyraldehyde

butyryl-CoA + NADH —— butyraldehyde + NAD*

BuOH

butyraldehyde + NADH —— butanol + NAD*

Aswith acetate and butyrate production, ethanol and butanol are produced in analogous
pathways. As discussed above, acetic and butyric acids are assimilated into acetyl-CoA and
butyryl-CoA, respectively, by acetoacetyl-CoA :acetate/butyrate: CoA transferase (abbreviated
CoA transferase). Conversion of acetyl-CoA or butyryl-CoA to the corresponding adehydeis
catalyzed by the respective acetaldehyde or butyraldehyde dehydrogenase (DH) and ethanol
(EtOH) or butanol (BuOH) dehydrogenase, respectively. However, the genome sequence of C.
acetobutylicum ATCC 824 reved ed eight putative aldehyde-alcohol dehydrogenases that could
act on both 2- and 4-C aldehydes and alcohols [16]. The most versatile aldehyde-al cohol
dehydrogenases produced by C. acetobutylicum are AdhE1 and AdhE2, encoded by adhE (locus
tag: CAP0035) and adhE2 (CAP0162), respectively [55,56,57]. However, these enzymes are
active under different conditions, with AdhEL acting under typical solventogenic conditions and
Adhe2 active only under acohologenic conditions in which acetone production is absent, such as
fermentation of more reduced substrates than glucose [5,56]. AdhEL and Adhe2 are capable of
catalyzing both reactions involved in the conversion of either acetyl- or butyryl-CoA into ethanol
and butanol, respectively [16]. As aresult, these aldehyde-alcohol dehydrogenases are involved
in both ethanol and butanol production under either solventogenic or al cohologenic conditions.
However, AdhE1 and AdhE2 are not the enzymes responsible for high-level butanol production.
Instead, a second set of butanol dehydrogenases, BdhA and BdhB, have been purified and
characterized which are more specific to butyraldehyde than acetaldehyde and are unable to
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catalyze the conversion of butyryl-CoA to butyraldehyde [58]. While bdhA is constitutively
expressed and involved only in low-level butanol production, bdhB isinduced later in
solventogenesis than adhE and was found to be the predominant enzyme involved in high-level
butanol production [59].

As acetyl-CoA and butyryl-CoA represent major branch points for the production of
ethanol and butanol, respectively, acetoacetyl-CoA represents a third major branch point for the
production of acetone [38]. Acetoacetyl-CoA :acetate/butyrate:CoA transferase, although
previously discussed as the enzyme involved in uptake of acetic and butyric acids, also catalyzes
the first step in acetone production from acetoacetyl-CoA to yield acetoacetate [54]. To generate
acetone, acetoacetate is then decarboxylated by an acetoacetate decarboxylase (Adc) [60]:

CoA

acetoacetyl-CoA —— acetoacetate + CoA
Adc
acetoacetate — acetone + CO»
Although acetone is the end product of this pathway in C. acetobutylicum, some species of
Clostridium are capable of reducing acetone further to isopropanol through the use of an
isopropanol dehydrogenase [61]. Unlike the acetone pathway, the isopropanol dehydrogenase
reaction is coupled to the oxidation of NADH which allows for additional disposal of excess
reducing power generated during cell growth.

2.3. Clostridium pasteurianum as a native butanol producer

2.3.1. Characteristics of C. pasteurianum

C. pasteurianum is a saccharolytic, nitrogen-fixing species of Clostridium historically
regarded as a butyric acid producer [39]. However, several early studies revealed the capability
of C. pasteurianum to produce significant amounts of alcohols, such as butanol, ethanol, and 1,3-
propanediol (13-PDO), through the fermentation of various substrates [62,63]. Although largely
dictated by the specific culture conditions, the unique fermentative metabolism of C.
pasteurianum appears to possess similarities to both classical ABE organisms, such as C.

acetobutylicum and C. beijerinckii, and species that produce predominantly butyrate and 1,3-
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PDO as mgjor fermentation products, such as C. butyricum [17]. As aresult, interest has been
demonstrated in C. pasteurianum as a potential host for the biological production of butanal, 1,3-
PDO, and even H2[64,65,66].

As most efforts regarding the biotechnologica production of butanol have focused on C.
acetobutylicum as the host organism, investigations into alternative clostridial species, such as C.
pasteurianum, have been steadily increasing. Much of the interest surrounding this organismis
related to the recent overabundance of crude glycerol derived as a byproduct of biodiesel
production [18,67]. For every 10 kg of biodiesel produced, 1 kg of crude glycerol is generated.
This has led to adrastic decrease in the price of raw glycerol and, consequently, the closure of
numerous glycerol refineries throughout the US [68]. Glycerol, once considered a high-value
commodity chemical valued at aimost $0.60-0.90/Ib, has now plummeted to approximately
$0.05/Ib and is considered an attractive no-cost substrate for the biological production of value-
added bulk chemicals [67]. Unlike C. acetobutylicum, which is only able to metabolize glycerol
when it is supplemented with glucose, and C. butyricum, which ferments glycerol but lacks a
functional butanol pathway, C. pasteurianumis the only organism known to naturally ferment
glyceral to butanol [66]. In fact, C. pasteurianum is not only able to ferment pure glycerol, but
can effectively convert biodiesel-derived waste glycerol into predominantly butanol and 1,3-
PDO[18].

2.3.2 Glycerol metabolism

Early studies involving the fermentation of simple hexose sugars by C. pasteurianum led
to the conclusion that the organism isaclassical butyric acid producer [39]. However, it was
found that C. pasteurianum can produce appreciable amounts of acetone, butanol and ethanol
when grown in media of high sugar content (>6% w/v) [69]. In terms of butanol production, the
optimum glucose concentration was found to be 12.5% w/v, yielding a butanol concentration of
approximately 10 g/l. More importantly, fermentation of more reduced substrates than glucose,
such as glycerol, was first demonstrated with the growth of C. pasteurianum on algal biomass
supplemented with glycerol [63]. Butanol was found to increase with increasing glycerol
concentrations and yielded a maximum concentration of 9.42 g/l with 4% glycerol and a 10-fold
concentrate of algal biomass as the substrate. 1,3-PDO often competed with butanol as the main

fermentation product. Sincethisinitial finding, several studies have focused on the fermentation
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of glycerol to solvents by C. pasteurianum[17,18,64,65,66]. The use of glycerol as sole carbon
and energy source offers two predominant advantages. First, as previously stated, the widespread
development of biodiesel technologies has caused glycerol to become ano-cost waste stream for
use in microbial fermentations [67]. Second, due to its high reduction state, glycerol actually
favors the production of butanol due to the additional reducing equivalents generated from its
breakdown, as compared to less reduced substrates such as glucose [66].

Although fermentative butanol production by C. pasteurianum possesses many
similarities to the well-characterized pathways of C. acetobutylicum, many prominent differences
have been observed. As stated above, the most salient feature is the ability of C. pasteurianum to
directly convert glycerol into butanol as the major fermentation product, in addition to
appreciable amounts of 1,3-PDO. In fact, the presence of an active 1,3-PDO pathway is the sole
characteristic that affords C. pasteurianum the ability to utilize substrates such as glyceral,
sorbitol, and mannitol as the sole carbon and energy source. During fermentation on glycerol,
most of the substrate metabolized by C. pasteurianum enters the glycolytic pathway through the
action of glycerol dehydrogenase (glycerol DH) and dihydroxyacetone kinase (DHA kinase):

glycerol
glycerol +NAD* —2 dihydroxyacetone + NADH
dihydroxyacetone + ATP 22 dihydroxyacetone phosphate + ADP + P

The dihydroxyacetone phosphate produced is then able to proceed through glycolysisto generate
pyruvate (Figure 2.2). Since the conversion of glucose to dihydroxyacetone phosphate does not
produce any reducing equivalents, the metabolism of one mole of glycerol, equivaent to half a
mole of glucose, generates an additional mole of NADH through the glycerol DH reaction. This
excess reducing power must be disposed of through the formation of reduced fermentation
products such as butanol, ethanol, and 1,3-PDO, the pathways of which all consume NADH. The
remaining portion of glycerol that does not enter glycolysis must be converted into 1,3-PDO in
order to maintain redox balance through the consumption of NADH:

glycerol
dehydratase
Glycerol —— 3-hydroxypropionaldehyde + H.O
1,3-PDO
DH

3-hydroxypropionaldehyde + NADH —— 1,3-propanediol + NAD*
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Figure 2.2. Fermentative metabolism of C. pasteurianum during growth on glycerol asthe
sole sour ce of carbon and energy. Enzyme names are asfollows: R1, glycerol dehydratase; R2,
1,3-PDO dehydrogenase; 01, glycerol dehydrogenase; 02, dihydroxyacetone kinase; 1, lactate
dehydrogenase; 2, pyruvate-ferredoxin oxidoreductase; 3, hydrogenase; 4, acetaldehyde
dehydrogenase; 5, ethanol dehydrogenase; 6, thiolase; 7, butyryl-CoA dehydrogenase; 8,
butyraldehyde dehydrogenase; 9, butanol dehydrogenase. Adapted from [67].
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Therefore, agiven amount of 1,3-PDO must always be produced during growth on glycerol asa
sole carbon source. Specificaly, it has previously been shown that if butanol were to be the only
product other than 1,3-PDO following fermentation of glycerol by C. pasteurianum,
approximately 81.8 and 9.1% of glycerol would be converted to butanol and 1,3-PDO,
respectively [66]. The remaining 9.1% of glycerol would be required for the formation of
biomass. In contrast, butyrate and acetate each as a major product would only lead to 7.1 and
6.6%, respectively, for the formation of biomass from glycerol. In addition, this would require
50.0 and 64.5% of glycerol used for the production of 1,3-PDO in order to compensate for the
lack of reducing equivalents consumed by the butyrate- and acetate-producing pathways,
respectively [66]. Therefore, compared to the other reduced compounds produced by C.
pasteurianum when grown on glycerol, butanol production is favoured by the cell in terms of
energy production and biomass formation [67].

2.3.3. General glycerol fermentation characteristics and yields

Although studies involving solvent production from glycerol by C. pasteurianum are
quite limited, several striking observations have been made. Fermentations by C. pasteurianum
appear to be characterized by relatively weak regulation of the major metabolic pathways,
especially compared to C. acetobutylicum in which the central fermentative metabolism and
product distribution is under strict control [66]. Under seemingly identical fermentation
conditions, product distribution can vary substantialy. In addition, pH has repeatedly been found
to have essentially no effect on growth rate and product formation over the range of 4.5-7.5
[17,18,66]. Thisresult isin sharp contrast to C. acetobutylicum, in which pH drastically alters
product distribution, with solvents being favored at low pH [4]. Phosphate limitation produced
similar effectsin both C. pasteurianum and C. acetobutylicum through the elevation of solvent
production [17,70]. However, this effect was only observed when glycerol was used as a
substrate for C. pasteurianum. Furthermore, iron limitation favoured lactate production in C.
acetobutylicumin order to dispose of excess reducing power, whereas C. pasteurianum utilized a
combination of the lactate and 1,3-PDO pathways in order to maintain redox balance under
conditions of iron limitation in which the production of al CoA-dependent products was
significantly reduced [17,44]. It was speculated that iron limitation significantly decreased

butanol and ethanol production either through the inhibition of acohol dehydrogenasesthat are
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potentially iron-dependent and/or through decreased flux through the phosphoroclastic reaction
due to anon-functiona pyruvate-ferredoxin oxidoreductase, an iron-sulfur protein [17]. Perhaps
the most efficient strategy for increasing butanol production by C. pasteurianum thus far
involves the inhibition of hydrogenase by carbon monoxide [17]. It iswidely known that
clostridial hydrogenases are strongly inhibited by CO, as demonstrated with C. acetobutylicum,
resulting in an increased flux to the butanol and ethanol pathways in order to dispose of excess
reducing power that istypically lost as H» [45,71,72]. The inhibition of hydrogenase by either
CO or methyl viologen has been shown in vitro using the well-characterized hydrogenase system
from C. pasteurianum [73,74,75]. In addition, when C. pasteurianum was exposed to up to 15%
CO during glucose fermentation, levels of lactate, ethanol, and butanol were drastically increased
due to hydrogenase inhibition [17]. CO-derived hydrogenase inhibition has yet to be performed
using glycerol as substrate, which would likely result in similar results with the exception that
1,3-PDO production would be potentially enhanced due to excessive NADH levels.

A typical ABE fermentation by C. acetobutylicum or C. beijerinckii utilizing glucose as
the sole carbon source generates approximately 0.2-0.4 g solvents/g glucose, with a production
distribution of 0.1 g acetone, 0.2 g butanol, and 0.03 g ethanol per gram of glucose [4]. While
glucose is not afeasible substrate for fermentation by C. pasteurianum due to its high cost and
low reduction state, glycerol represents avery attractive substrate for fermentation by C.
pasteurianum. Although only afew studies have been conducted involving glycerol fermentation
by C. pasteurianum, butanol yields of 0.24 [17], 0.31 [66], and 0.36 [18] g/g glycerol have been
achieved. The average yield of butanol by C. pasteurianum during glycerol fermentation isin the
range of 0.17-0.20, which corresponds precisely to that of glucose fermentation by C.
acetobutylicum (0.15-0.20) [18], indicating that both organisms likely possess similar butanol
tolerances. When grown on raw biodiesel-derived glycerol, butanol production was largely
unaffected compared to pure glycerol, with an average yield of 0.22 g butanol/g raw glycerol
[18]. In fact, the highest C. pasteurianum butanol yields of 0.31 and 0.36 g/g pure glycerol and
0.30 g/g raw glycerol are equal to or greater than the highest yields achieved to date by classica
ABE fermentation of hexose sugars by C. acetobutylicum and C. beijerinckii. While additional
studies are required concerning the key factors involved in high-level butanol production from

glycerol by C. pasteurianum, the application of genetic and metabolic engineering strategies to
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C. pasteurianumwould likely lead to significant process enhancements such as decreased acid

production and increased growth on crude glycerol.

2.4. Clostridial genetic engineering

The benchmark and model Clostridium for all strain construction endeavorsis C.
acetobutylicum ATCC 824. Over the past twenty years, work with this organism has led to the
development of a host-vector system, electrotransformation protocol, gene reporter system,
antisense-RNA gene knockdown and chromosomal gene knockout methodol ogies, afully
sequenced genome, and, most recently, chromosomal gene integration procedures [8]. The
progression of C. acetobutylicum as the model Clostridium has followed an iterative, bottom-up
approach (Figure 2.3), which has been broadly applied to the advancement of related clostridiain
recent years. The mgjor initial hurdle for genetic manipulation of C. acetobutylicum involved the
identification and subsequent protection of plasmid DNA against a Type |l restriction
endonuclease, Cac824I [10,76]. With a high-efficiency e ectrotransformation procedure in place,
efforts were then focused on the selection of both constitutive and inducible promoters for
plasmid-based gene expression using a gene reporter system [12]. Promoters conferring high-
level gene expression were then utilized for antisense-RNA-mediated gene knockdown of key
pathways involved in the central metabolism of C. acetobutylicum [13,77]. The genome of C.
acetobutylicum ATCC 824 was fully sequenced and annotated in 2001 [16] and signified a major
milestone as the first clostridial genome sequence to be completed. A consistent and reliable
method for chromosomal gene disruption didn’t appear until 2007 in Clostridium, which
employs Group |1 intron technology adapted from methods developed for E. coli [14,15]. Very
recently, methodol ogies have arisen detailing the introduction of foreign DNA into clostridial
chromosomes based on double-crossover homol ogous recombination [78,79], representing the
current era of genetic engineering in Clostridium.

Owing to the ubiquity of clostridiain nature, there is agrowing need for the ability to
genetically manipulate non-type strains and environmental isolates in order to fully tap into the
metabolic potential of the genus. Rather than engineering a heterologous pathway into a

common, tractable laboratory organism, it is often advantageous to isolate an environmental
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Figure 2.3. Schematic diagram depicting the general workflow involved in clostridial
strain development using conventional genetic methods. Genetic techniques are organized
corresponding to the chronological order of development for C. acetobutylicum. The host
strain for manipulation is sel ected based on its background or phenotypic properties. If genome
sequencing data is desired and not available, one or a combination of next generation
sequencing platforms are utilized. Methylome analysis can be performed from single-molecule
real-time sequencing reads to provide methylation data that can aid in elucidating the
recognition sites of putative restriction-modification systems. Gene transfer is then performed
based on electrotransformation and, to a lesser extent, conjugation using appropriately
methylated DNA. Plasmid transformation opens the door to severa genetic techniques, all of
which require a host/vector system and access to various gene promoters. These applications
are gene overexpression, knockdown, and knockout, as well as advanced genome editing, and
are selected for use based on the specific genetic or metabolic engineering objectives.
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strain that naturally expresses the target pathway or phenotype at a high level. Since the
clostridia possess an extensive substrate-utilization range and produce an array of valuable
metabolites, they provide far superior metabolic frameworks for strain development and
metabolic engineering efforts [35]. Perhaps the most successful application of this approach
involved the genetic development of the Q Microbe® (Qteros, Inc.; http://www.gteros.com/), an
environmental isolate of C. phytofermentans. The strain was first isolated in 1996 in an attempt
to identify superior biomass-degrading, ethanologenic bacteria[80]. In an approach analogous to
that of C. acetobutylicum, C. phytofer mentans has advanced as a promising industrial host strain
for which an impressive repertoire of genetic methodol ogies have been devel oped, including
conjugative gene transfer, intron-mediated gene knockout, plasmid-based overexpression, and
chromosomal integration of non-replicative vectors [81]. Work with C. phytofermentans has thus
paved the way for the genetic modification of other novel environmental isolates of Clostridium.

The overal state of genetic engineering within the Clostridiumis sparse given the
immense medical and industrial biotechnological potential surrounding many species of
Clostridium. Of the approximately 200 traditionally-classified species, only a small subset of the
clostridia have been probed with genome sequencing and manipulated using gene transfer
methods (Table 2.1). Further, numerous landmark advancements have been made since the
advent of recombinant DNA technology [8], yet even the most genetically advanced clostridia
lag far behind other microbes, especially the model organisms Escherichia coli, Saccharomyces
cerevisiae, and Bacillus subtilis, in terms of access to genetic tools and technologies. In fact,
only asmall collection of clostridia have experienced any significant degree of genetic
advancement. Comprehensive genetic work within the genus, including genome sequencing, the
development of gene transfer procedures, host-vector systems, gene overexpression, knockout,
and knockdown tools, and advanced genome editing technologies, is required for the
advancement of lesser known species, non-type strains, and environmental isolates of
Clostridium. Therefore, in-depth experimental aspects of relevant genetic tools and techniques
are discussed below. A schematic template depicting the workflow involved in the development
of clostridial host strains, from establishing plasmid transformation and genome sequencing
through to advanced genome editing technologies, is shown in Figure 2.3. Readers are also
directed toward recent reviews pertaining to various aspects of clostridia genetics, metabolism,
and pathogenicity discussed herein [7,8,35,82,83,84,85].
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Table2.1
Overview of the genus Clostridium with respect to available genome
sequencing data and genetransfer procedures.

Clostridium species Available genome Published procedures
sequencing data® for gene transfer®

Untapped clostridia

59¢ or 1849 species 41 species (63 2 species
strains)

Pathogenic clostridia
C. botulinum 31 strains +
C. difficile 218 strains +
C. perfringens 11 strains +
C. septicum NA +
C. tetani 1 strain +

Medical clostridia
C. acetobutylicum 3 strains +
C. butyricum 6 strains +
C. nowyi 1 strain -
C. sporogenes 2 strains +
C. tetani 1 strain +
C. tyrobutyricum 4 strains +

Industrial clostridia
C. acetobutylicum 3 strains +
C. beijerinckii 2 strains +
C. butyricum 6 strains +
C. carboxidivorans 2 strains -
C. celulolyticum 1 strain +
C. Kluyveri 2 strains -
C. ljungdahlii 1 strain +
C. pasteurianum 3 strains +
C. phytofermentans 1 strain +
C. saccharoperbutylacetonicum 1 strain +
C. thermocellum 7 strains +
C. tyrobutyricum 4 strains +

@ ncludes finished genomes and draft assemblies. NA: not available.

b Includes both transformation and conjugation methods. +: procedures for gene transfer
have been developed. —: procedures for gene transfer have not yet been reported.

¢ Based on the core Clostridium sensu stricto genus (73 species).

d Based on the original Clostridium genus (approximately 203 species).
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2.4.1. Genome sequencing

Thefirst fully sequenced and annotated clostridial genome appeared in 2001 and was
completed prior to the arrival of next generation sequencing (NGS) technologies, thus relying on
classical Sanger chain-termination sequencing [16]. Since this time, the genomes of many
species of Clostridium and hundreds of distinct strains have been sequenced and analyzed using
NGS platforms. Currently, the genome sequences from at least 22 Clostridium species have been
fully completed, whereas draft assemblies or raw sequencing data exists for at least 37 additional
species, bringing the total to 59 clostridial species, encompassing roughly 374 strains (Table
2.2). Within some species, only asingle strain has been sequenced, whereas up to 218 strains of
C. difficile have been partially or fully sequenced. A similar situation exists for C. botulinum,
which includes 31 whole genome sequencing projects, and embodies the intense medical interest
in these notable human pathogens. Clostridial genomes vary drastically with respect to size (2.5
to 6.7 Mbp) and GC content (approximately 26 to 56%), illustrating the tremendous
heterogeneity of the genus. Within a species, genome size and GC content can vary by greater
than 1 Mbp [C. acetobutylicum [86], C. botulinum and C. saccharolyticum] and 5% (C.
saccharolyticum), respectively. Several clostridia have been found to harbor extrachromosomal
elements, as many as five in C. botulinum group Il isolates [87], including small, cryptic
plasmids and megaplasmids up to several hundred kb in size [88].

Although genome sequencing is often carried out in conjunction with establishing a
means of gene transfer for new or undevel oped host strains (Figure 2.3), afortunate and
coincidental secondary outcome of SMRT sequencing can afford a substantial incentiveto
performing genome sequencing prior to carrying out transformation studies. As aresult of
inherent DNA polymerase kinetics, fluorescence measurements performed during SMRT
sequencing differ reliably between unmodified and modified nucleotides, wherein different types
of methylation can be distinguished with single base-pair resolution [89]. In a prokaryotic
context, the relevant modified bases that can be detected and differentiated are N6-
methyladenine (m6A) and N4- and N5-methylcytosine (m4C and m5C, respectively).

Accordingly, the ability to probe an organism’s unique methylation signature, or methylome, has
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Table2.2
Summary of completed and initiated whole genome sequencing pr oj ects. Datais adapted from the National
Center for Biotechnology Information (NCBI) and Restriction Endonuclease database (REBASE).

Organism Strains completed or Size of GC% Extrachromosomal M genes?
initiated completed elements
genomes (Mbp)
C. acetobutylicum 3 (completed) 4.13-4.15 30.9 1,2
C. acidurici 1 (completed) 311 29.9 1
C. aldenense 1 (SRA or traces) - - 0 -
C. alkalicéllulosi 1 (SRA or traces) - - 0 -
C. arbusti 1 (scaffolds or contigs) - 29.8 0 4
C. asparagiforme 1 (scaffolds or contigs) - 55.6 0 0
C. autoethanogenum 1 (scaffolds or contigs) - 31.0 0 4
1 (SRA or traces)
C. bartletti 1 (scaffolds or contigs) - 28.8 0 0
C. beijerinckii 1 (completed) 6.00 29.7-299 O 2,4
1 (scaffolds or contigs)
C. bifermentans 2 (scaffolds or contigs) - 28.1-284 0 -
1 (SRA or traces)
C. bolteae 6 (scaffolds or contigs) 6.38 48.6-496 O 0
2 (SRA or traces)
C. botulinum 13 (completed) 3.21-4.26 27.0-29.0 0,1,2,5 0-7,9
16 (scaffolds or contigs)
2 (SRA or traces)
C. butyricum 6 (scaffolds or contigs) - 28.5-288 0 3
C. cadaveris 1 (scaffolds or contigs) - 311 0 -
4 (SRA or traces)
C. carboxidivorans 2 (scaffolds or contigs) - 29.7 0 7,8
C. celatum 1 (scaffolds or contigs) - 27.7 0 -
C. cellulolyticum 1 (completed) 4.07 374 0 10
C. cellulovorans 1 (completed) 5.26 31.1-312 O 13,14
1 (scaffolds or contigs)
C. citroniae 1 (scaffolds or contigs) - 48.9 0 1
1 (SRA or traces)
C. clariflavum 1 (completed) 4,90 35.7 15
C. clostridioforme 10 (scaffoldsor contigs) - 48.7-49.2 -
1 (SRA or traces)
C. colicanis 1 (scaffolds or contigs) - 26.1 0 -
C. difficile 9 (completed) 4.05-4.46 28.1-528 0,1 0-5
209 (scaffolds or contigs)
C. diolis 1 (scaffolds or contigs) - 29.7 0 2
C. hathewayi 3 (scaffolds or contigs) - 48.1-500 O
C. hiranonis 1 (scaffolds or contigs) - 31.0 0 1
C. hylemonae 1 (scaffolds or contigs) - 48.9 0 -
1 (SRA or traces)
C. intestinale 1 (scaffolds or contigs) - 30.2 0 -
C. Kluyveri 2 (completed) 3.96-4.02 32.0 1 15
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C. lentocellum 1 (completed) 471 34.3 0 4
1 (SRA or traces)
C. leptum 1 (scaffolds or contigs) - 50.2 0 5
1 (SRA or traces)
C. ljungdahlii 1 (completed) 4.63 311 0 7
C. methoxybenzovorans 1 (scaffolds or contigs) - 445 0 -
C. methylpentosum 1 (scaffolds or contigs) - 51.8 0 -
C. nexile 1 (scaffolds or contigs) - 40.1 0
C. nowyi 1 (completed) 2.55 28.9 0
C. papyrosolvens 2 (scaffolds or contigs) - 370371 0 3,6
C. paraputrificum 1 (scaffolds or contigs) - 29.6 0 -
1 (SRA or traces)
C. pasteurianum 1 (completed) 5.04 29.8-306 1 5,8
1 (scaffolds or contigs)
1 (SRA or traces)
C. perfringens 3 (completed) 2.96-3.26 28.1-286 0,1,2,4 1,2,7,8
8 (scaffolds or contigs)
C. phytofermentans 1 (completed) 4.85 35.3 0
C. ramosum 1 (scaffolds or contigs) - 314 0
C. saccharobutylicum 1 (completed) 511 28.7 0 -
C. saccharolyticum 2 (completed) 3.77-4.66 45.0-50.2 O 11, 16
C. saccharoperbutylacetonicum 1 (completed) 6.67 29.5 1 3
C. sartagoforms 1 (scaffolds or contigs) 3.98 27.9 0 -
C. scindens 1 (scaffolds or contigs) - 46.4 0 -
C. spiroforme 1 (scaffolds or contigs) - 28.6 0 0
C. sporogenes 2 (scaffolds or contigs) - 27.8-280 O 1,6
C. sporosphaeroides 1 (scaffolds or contigs) - 535 0 -
C. stercorarium subsp. 1 (completed) 2.97 42.2-423 0 6
stercorarium
C. sticklandii 1 (completed) 2.72 333 0 10
C. symbiosum 3 (scaffolds or contigs) - 47.7-482 O 0,3
C. termitidis 1 (scaffolds or contigs) - 41.2 0 2
C. tetani 1 (completed) 2.87 28.6 1 3
C. thermocellum 2 (completed) 3.56-3.84 39.0-39.1 O 57,12
5 (scaffolds or contigs)
C. tunisiense 1 (scaffolds or contigs) - 31.2 0 4
C. tyrobutyricum 4 (scaffolds or contigs) - 30.8 8,9
C. ultunense 1 (scaffolds or contigs) - 40.9 9
SUMMARY 59 species 2.55-6.67 26.1-556 0-5 0-16
374 strains

SRA: Sequence Read Archive
@ Genes annotated as methyltransferases.
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valuable implications for strain manipulation. Often the chief barrier to genetic manipulation lies
in the restriction-modification systems expressed by the host organism, as transfer of foreign
DNA into many speciesis potently hindered by restriction (see section 2.4.2 below). Attaining a
glimpse into an organism’s methylome can allow identification of putative restriction-
modification systems and help deduce DNA sequences recognized by such enzymes. Currently,
methylome analysisisin itsinfancy and has only been performed on roughly 45 bacterial
species, which includes C. difficile, C. perfringens, and C. thermocellum[90]. The utility of this
strategy is highly dependent on the accurate detection of both m5C and m6A, respectively
considered the fifth and sixth nucleotide bases of DNA. Within current detection limits, m6A
detection requires only 25x coverage, which is attainable from most SMRT sequencing projects.
Unfortunately, m5C demands at least 250x coverage for reliable determinations. Due to rapid
advancement in NGS technol ogy, these process shortcomings are expected to be resolved in the

near future, leading to highly accurate de novo profiling of nucleotide modifications.

2.4.2. Establishing transformation

For genetic manipulation of bacteria strains, often the most imminent and difficult step
involves the establishment of an efficient means of introducing foreign DNA into host cells,
which paves the way to an array of valuable genetic applications (Figure 2.3). Thus, establishing
amethodology for efficient transfer of plasmid DNA is paramount for the development of
superior Clostridium strains. Two means of DNA transfer dominate within Clostridium:
conjugation and transformation. Bacterial conjugation involves direct cell-to-cell transfer of
plasmid DNA from one donor species to the target, or recipient, species, while transformation
involves the uptake of DNA by competent cells. Transformation is more commonly employed in
the clostridia due to its technical simplicity, greater reliability, independence from donor species,
and high efficiency of plasmid transfer [91]. For these reasons, transformation is typically
attempted first and, if unsuccessful, conjugative plasmid transfer is then explored. Many methods
of transformation have been utilized for plasmid transfer to bacteria. Within the clostridia,
however, transformation via electroporation, or el ectrotransformation, is the chief method that
allows high-level transformation. Electrotransformation was devel oped in the 1980s and was first
used in Clostridium for the transfer of plasmid DNA to C. perfringens [92] and C. beijerinckii
[93]. This paved the way for numerous other clostridial electrotransformations, leading to the
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genetic manipulation of approximately fifteen species of Clostridium, in addition to at least five
other species that rely on conjugative plasmid transfer (C. butyricum, C. phytofermentans, C.
septicum, C. sordellii, and C. sporogenes).

Gram-positive bacteria, especially members of Clostridium, are among the most difficult
bacteriato transform. Rarely can commonalities in protocols be applied between different
species or strains without rigorous optimization (Table 2.3). Further, some strains appear to be
recalcitrant to electrotransformation. For example, the type species of Clostridium, C. butyricum,
has proven refractory to transformation and has only been manipulated using interspecies
conjugation with Escherichia coli [94]. Electrotransformation resistance in Clostridiumis
frequently the result of plasmid restriction by the host cell or from an inability of DNA to
penetrate the thick peptidoglycan cell wall of Gram-positive bacteria[91]. Restriction can be
overcome by appropriate methylation for protection of transforming plasmid DNA, whereas the
Gram-positive cell wall can be weakened either through altering the physiological state of
recipient cells or by modulating the electrical parameters of the electroporation pulse [95].
Strategies to overcome clostridial electrotransformation resistance are discussed in greater detail
below. Further, a summary flowchart to achieve high-level electrotransformation when working
with anew or untransformable strain of Clostridiumis shown in Figure 2.4. Following
optimization of electotransformation, efficiencies on the order of 10° to 10° transformants pg*
should ideally be obtained. High-level efficiencies are required for most genetic engineering
applications, such as gene knockout and chromosomal gene integration. If poor
electrotransformation efficiency results following extensive electrotransformation
troubleshooting, conjugative plasmid transfer should be employed. Conjugative plasmid transfer
has been shown to succeed in some instances where electrotransformation failed, presumably
due to the ability of plasmid DNA to evade host restriction [96]. Discussion of the experimental
factorsinvolved in interspecies conjugation is beyond the scope of this thesis, as protocols for
conjugative plasmid transfer are often more standardized and broadly applicable across different
species. Readers are directed toward published protocols for conjugative plasmid transfer to
several speciesof Clostridium[96,97,98,99,100].
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Table2.3
Summary of established clostridial electrotransfor mation procedures.

Organism Growth phase EPB? kv kvem? upF Q Transformants  Reference
(ODsw) Mgt

C. acetobutylicum ATCC 824 Early stat. (1.2) SP (7.4) 20 5.0 25 o 5.0x10% [10,101]

C. acetobutylicum DSM 792 Mid log. (0.7) SP (6.0) 18 45 50 600 6.0 x 10? [102]

C. beijerinckii NCIMB 8052 Mid log. (0.6) SMP (7.4) 20 5.0 25 NR 2.9 x 10° [93]

C. beijerinckii NRRL B-592 Mid log. SMH (7.4) 25 6.25 25 o NR [103]

C. botulinumHall A Mid log. (0.8) PEG 25 6.25 25 o 3.4 x10° [104]

C. botulinum ATCC 25765 (0.8) SMP 20 10 25 400 0.8 x 104 [105]

C. cellulolyticum ATCC 35319  Latelog. (0.5-1.0) SMP(7.4) 15 7.5 25 100 2.0x10? [96]

C. difficile P-881 NR SMP (7.4) 25 6.25 25 200 Integration® [106]

C. ljungdahlii DSM 13528 Early log. (0.2- SMP (6.0) 0.625 6.25 25 600 1.7 x 10 [107]

(ATCC 55383) 0.3)

C. paraputrificum M-21 (0.4-0.6) S 0.5 5.0 25 400 5.6 x 103 [108]

C. pasteurianum ATCC 6013 Midlog. (0.6-0.8) SMP (6.0) 1.8 45 25 7.5x10% [91]

C. perfringens 3624A Late log./stat. SMP (7.4) 25 6.25 25 NR 9.2 x10% [92,109,110]
0.85-1.3

C. saccharoperbutylacetonicum EO.6) ) MOPS (6.5) NR 25 25 350 1.2 x 10° [111]

NI-4

C. sporogenes NR PEG 1.25 6.25 25 100 1.0-2.0 x 10? [112]

C. tetani CN655 Mid log. SMP (7.4) 25 NR 25 200 NR [113]

C. thermocellum DSM 1313 NR CB 5.0° 25 NR NR 2.2 x 10 [114]

C. thermocellum ATCC 27405 5.0 x 10

C. thermocellum DSM 4150 1.0 x 10%

C. thermocellum DSM 7072 1.0 x 10%

C. thermosaccharolyticum (1.05) G 20 10 25 800 5.2 x 10! [115]

ATCC 31960

C. tyrobutyricum ATCC 25755  (0.8) SMP (7.4) 25 6.25 25 600 Integration® [116]

C. tyrobutyricum JM1 Late log. SMP (7.4) 25 6.25 NR NR 3.0-4.0 x 10° [117]

CONSENSUS Midlog. (0.5-0.8) SMP (7.4) 20-25 50625 25 200-600 10%-10° [91]

NR: not reported.

as: 270-272 mM sucrose, M: 1 mM MgCl,, P: 5-7 mM sodium phosphate, H: 7 mM HEPES (N-2-hydroxyethy! pi perazine-N’-2-ethanesulfonic acid), PEG: 10%
polyethylene glycol 8000, MOPS: 65 mM 3-(N-morpholino)propanesulfonic acid, CB: 200 mM cellobiose, G: 20% glyceral.

b Non-replicating (i.e., integrative) plasmid was used.

¢ Square-wave pulse was administered.

4 Induction of antibiotic selection prior to plating on selective media.
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Figure 2.4. Flow chart for establishing an electrotransformation protocol in an untransformed or intractable Clostridium
species. Factors affecting efficient transformation are grouped according to common el ectroporation barriers; namely, restriction
(blue shading), competent cell physiology (green shading), and electrical parameters (red shading). Adapted from [118].
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(i) Presence of active restriction-modification systems

The presence of highly active restriction-modification (RM) systemsis the most probable
factor responsible for hindering el ectrotransformation. If improperly methylated plasmid DNA is
used to transform even highly competent cells, few or no transformants are obtained [10,91]. As
such, an al-or-nothing effect on electrotransformation tends to be indicative of the presence of at
least one active RM system. When attempting to transform a new or uncharacterized strain of
Clostridium, often akey step entails assaying crude cell lysates for the presence of Typell
restriction endonucleases by incubation of the active lysate in the presence of unmethylated
plasmid DNA. Using this technique, Type Il RM systems have been detected in C.
acetobutylicum[10], C. cellulolyticum[96], C. difficile [98], C. pasteurianum [119], and C.
thermocellum and C. thermosaccharolyticum [120]. Analysis of cell lysates for restriction
activity can also be coupled to methylome analysis via SMRT sequencing to decipher the
recognition sequence of putative restriction barriers.

Once a putative recognition sequence is identified, efforts can be made to protect, via
methylation, the recognition sequences on transforming plasmids. For example, many
Clostridium species produce isoschizomers of the E. coli Dam (DNA adenine methylase) RM
system [90], and therefore restrict DNA prepared from Dam' E. coli hosts. Most common
laboratory E. coli strains are Dam* and, therefore, such barriers are easily overcome. Other
identified Type Il RM systems from Clostridium possess more unigue recognition sequences and
DNA protection requires methylation from a specific methyltransferase. DNA methylation can
be performed in vivo by expressing the methyltransferase in E. coli cloning strains or, ideally, in
vitro if the methyltransferase is available commercially. Most clostridial Type [I RM systems
possess recognition sequences rich in GC [e.g., 5’-GCNGC-3’ for Cac8241 from C.
acetobutylicum[10] and 5’-CGCG-3’ for CpaAl from C. pasteurianum [119]], owing to the low
GC content that is atypical characteristic of the clostridia. In the case of C. cellulolyticum, a
Type Il RM system, Ccel, was identified within cell lysates and found to cleave the sequence 5’-
CCGG-3’, which can be conveniently protected by the commercial methyltransferase, M.Mspl
(5’-m5CCGG-3’), but not M.Hpall (5’-Cm5CGG-3’), demonstrating the importance of
methylation pattern within a given recognition sequence [96]. Unfortunately, few

methyltransferases are commercially available and cloning of an appropriate methyltransferase



for in vivo methylation is necessary. This strategy is routinely employed for
electrotransformation of C. acetobutylicum and C. pasteurianum [10,91].

In cases where neither commercial methyltransferases nor suitable methyltransferase
genes are available, other methods have found utility in evading RM systemsin arange of
bacteria (Figure 2.4). For example, it has been shown that RM systems in some organisms can be
temporarily heat-inactivated, allowing transformation to occur unimpeded by restriction.
Inactivation regimens differ widely among bacteria with respect to duration of exposure,
including 55 °C for 15 minutes for C. acetobutylicum (polyethylene-glycol-mediated protoplast
transformation) [121] and 56 °C for 2 minutes for Staphylococcus carnosus [122]. This method
has not been demonstrated in aclostridial electrotransformation context, but should prove
effective in some mesophilic clostridia. An alternative method involves methylation of
transforming DNA with the commercially available CpG (M.Sssl) and/or GpC (M.CviPl)
methyltransferases, which yield 5’-m5CG-3’ and 5’-Gm5C-3’ target sequences, respectively.
Theoretically, methylation from one or both of these methyltransferases should confer protection
against most known clostridial Type Il restriction endonucleases as a result of the high
occurrence of G and C basesin clostridial recognition sequences [REBASE [90]]. Many
bacteria, however, including E. coli, potently restrict DNA possessing abundant m5C residues
[123]. Consequently, extensively CpG- and GpC-methylated substrates failed to transform C.
pasteurianum, despite adequate protection against the CpaAl (5’-CGCG-3’) Type Il
endonuclease [91]. Although RM systems generally lead to an all-or-nothing effect on
transformation, some transforming plasmids can escape restriction and become methylated by
the endogenous methyltransferase, allowing propagation. Therefore, if at |east one transformant
can be obtained, plasmid DNA can then be isolated for retransformation into the host strain. If a
Type Il endonuclease is responsible for inhibiting el ectrotransformation, utilizing plasmid DNA
isolated from the same host should transform several orders of magnitude better than E. coli-
prepared plasmid DNA, as demonstrated in C. septicum [124] and C. acetobutylicum [10]. This
strategy represents a classical approach for determining the presence of RM systems and, if
practical, for overcoming the transformation barriers posed by such RM systems. Findly, all
known restriction recognition sequences can be mutated from a transforming plasmid to evade

host restriction. However, the recognition sites of many clostridial Type Il endonucleases occur
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frequently, especialy within the E. coli regions of E. coli-Clostridium shuttle vectors, making
this method less practical.

While most bacterial RM systems acting on transforming DNA substrates are Type I,
Types|, |11, and IV restriction endonucleases can al so drastically reduce electrotransformation
efficiencies. Type | and |11 restriction endonucleases are more complex than Type Il systems, as
they cleave non-specifically and at regions remote from their recognition sequences.
Nevertheless, at least one mode of overcoming Type | restriction is commercially available.
Named TypeOne™ Restriction Inhibitor (Epicentre; http://www.epibio.com/), the bacteriophage
T7 Ocr protein has been shown to increase electrotransformation efficiency by severa orders of
magnitude in E. coli, Salmonella typhimurium , and C. [jungdahlii [125,126]. Alternatively, Type
IV systems possess areversed RM specificity by cleaving methylated recognition sequences,
such as restriction of 5’-Sm5CNGS-3’ (where S=G or C; N=A, C, G, or T) by SauUSI from
Staphylococcus aureus subsp. aureus USA300 [127]. Compared to Type |1 enzymes, the
respective mechanisms and recognition sequences of Typel, 111, and IV RM systems remain
largely unknown. Improvementsin SMRT sequencing and subsequent methylome analysis are
expected to decipher the recognition sites of many Typel, I11, and IV RM systems and determine

the relative contribution of such systems to various bacterial transformations.

(i1) Physiological state of electrocompetent cells

Inability to transfer plasmid DNA to arecipient cell can aso be the result of the physical
barrier imposed by the Gram-positive cell wall [95]. Since the cell wall is continuously
remodel ed throughout the course of bacterial growth, the growth phase of cells at the time of
harvest is often critical. Whereasit is usually optimal to use mid-logarithmic-phase cells for
electrotransformation (Table 2.3), some species of Clostridium undergo autolysis during
stationary phase, which has been found to enhance permeabilization. Electrotransformation of C.
perfringens is optimum using cells harvested from the late logarithmic or stationary phase, as
mid-logarithmic-phase cells cannot be electrotransformed [110]. The structure and density of the
cell wall can aso be altered by the formulation of the growth medium and wash and
electroporation buffer (EPB), including the pH and buffer type and strength, in addition to the
presence of cell-wall-disrupting agents and associated osmotic stabilizers [95]. Work with C.

perfringens has demonstrated the importance of maintaining a favorable and consistent pH
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during all phases of electrotransformation, as adjusting the pH of the recovery and plating media
to match that of the growth medium afforded a 2- to 6-fold enhancement in electrotransformation
efficiency [109]. On the other hand, the majority of clostridia are best electrotransformed using
an EPB consisting of 5-7 mM sodium phosphate buffer, pH 7.4, 1 mM magnesium chloride, and
isotonic (270 mM) sucrose (Table 2.3). However, in addition to 10-20% glycerol or polyethylene
glycol solutions, it is often beneficial to assess the effect of alternative EPBs, such as HEPES and
MOPS buffering systems, which have been shown to affect permeabilization of the clostridia
[103,104,111,115].

The most robust method for enhancing electrotransformation of Clostridium and other
Gram-positive organisms entails the application of cell-wall-weakening additives, muralytic
enzymes, and membrane-solubilizing agents. Various cell-wall-weakening compounds, including
glycine, isonicotinic acid hydrazide (isoniacin), penicillin G and ampicillin, and DL-threonine,
have all been investigated for stimulating clostridial electrotransformation [91,114,116,128].
Glycine [129] and DL-threonine [130] weaken the cell wall through incorporation and subsequent
disruption of cross-linking, while isoniacin [131] and penicillin G and ampicillin [132] inhibit
key enzymes involved in cell wall synthesis. Glycine was found to significantly stimulate
electrotransformation of C. pasteurianum [91] and C. cellulolyticum [128], and DL-threonineis
indispensable for plasmid DNA transfer to C. tyrobutyricum [116] and, to a lesser extent, C.
[jungdahlii [125]. Further, muralytic enzymes, such as lysostaphin and lysozyme, have proven
effective for the partial removal of cell walls prior to transformation in C. perfringens [133,134].
Still, many species of Clostridium do not require any special compound or enzyme treatments to
achieve high-level electrotransformation and the effect of such additives on
electrotransformation cannot be foreseen without experimentation. Since these additives are
strongly detrimental to growth, effective cell wall disruption must be carefully balanced with cell
viability [95]. Thus, cell-wall-weakening compounds and mural ytic enzymes are added during
cell growth, typically during logarithmic phase, or for aminimal span of timeimmediately prior
to electrotransformation. Regardless of timing, exposure to cell-wall-weakening additives creates
an increased requirement for osmotic stabilization, as cells with disrupted cell walls are highly
susceptible to growth inhibition, cytoplasmic leakage, and death. In fact, the concentration and
duration of exposure of such additivesis dependent on the amount of osmotic stabilizer present

in the growth medium, as typically a greater concentration of osmoprotectant permits more
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extensive cell wall disruption [95]. Sucrose, ranging from 0.25 to 0.5 M, is the most common
osmotic stabilizer and is supplied to yield an iso- or hypertonic environment. Osmotic
stabilization has proven vital not just during exposure to cell-wall-weakening additives, but also
during all stages of electrotransformation, including washing, pulse delivery, and recovery [91].
Finally, in an analogous manner to cell wall disruption, the cellular membrane of bacteria can be
disturbed via partial solubilization in the presence of ethanol for E. coli [135], Oenococcus oeni

[136], and C. pasteurianum [91], and Tween 80 for Bacillus amyloliquefaciens [137].

(iii) Electrical parameters

Since electrotransformation depends on the development of transient poresin cellular
membranes through the delivery of an electric pulse, the electrical parameters of the
administered pulse are critical for effective permeabilization and plasmid transfer.
Electroporation pulses are typically described by the voltage (kV) or field strength (kV cm™),
capacitance (U1F), and resistance (Q). In addition, the duration of the pulse is described using the
time constant, which is the product of the total resistance and capacitance of the circuit, or the
time it takes for a pulse to exponentially decrease to 37% of itsinitial peak voltage (Bio-Rad;
http://www.bio-rad.com/). While eukaryotic cells require moderate field strengths for efficient
electrotransformation, smaller bacterial cells necessitate high field strengths up to 18 kV cm™,
The majority of the clostridia, however, are transformed optimally with field strengths between
5.0 and 6.25 kV cmt, generally corresponding to voltages of 2.0-2.5 kV (Table 2.3). For high-
level electrotransformation to occur, it is often assumed that a significant proportion of the cell
population might not survive pulse delivery. Therefore, the strength of the electric pulse must be
balanced with cell viability. The strength of the electric pulse is a so dependent on the
physiological state of the recipient cells at the time of electroporation, as cells possessing
weakened cell walls require lower voltages to achieve adequate el ectrotransformation compared
to untreated cells[95]. Glycine-treated C. pasteurianum [91] and DL-threonine-treated C.
[jungdahlii [125], therefore, utilize low voltages of 1.8 and 0.625 kV, respectively. In terms of
capacitance, all clostridia electrotransformation protocols described to date, except one
developed for C. acetobutylicum [102], utilize capacitors of 25 uF, athough this parameter can
be modulated to optimize the pulse time constant. In a similar manner, the pulse resistance can

be varied to alter the duration of the electric pulse. Parallel resistors between 100 to 800 Q, or co
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Q (absence of parallel resistors), are effective for transforming Clostridium species (Table 2.3),
and should be investigated when devel oping an el ectrotransformation methodology for a new or
untransformed strain. Finally, rather than traditional exponential-decay pulses, which are the
most commonly employed el ectroporation pulses, square wave pulses have found utility within
the Clostridium. Square wave pulses maintain a consistent voltage throughout the duration of the
pulse and have led to increased el ectrotransformation efficienciesin C. acetobutylicum [138] and
C. thermocellum[114].

2.4.3. Development of host/vector system and selection of promoters

With an efficient method of DNA transfer in place, development of a host-vector system,
encompassing a broad selection of antibiotic-resistance determinants and functional replication
origins, is paramount for effective strain manipulation in the clostridia. Recombinant strains of
most species are selected using either erythromycin/clarithromycin (from ermB) or
thiamphenicol/chloramphenicol (from catP), although determinants for spectinomycin- and
tetracycline-resistance have been effective for some species [14]. Recent work has also led to the
construction of a series of vectors containing four functional and distinct origins of replication
and four common clostridial selectable markers [139]. Different replication origins can then be
easily assessed, as the superior origin has been shown to differ between species. Segregational
stabilities of the four modular clostridia origins were found to vary between 69.0 and 99.9% per
generation for C. acetobutylicum, C. botulinum, C. difficile, and C. tyrobutyricum hosts
[139,140]. Yu et a. [140] demonstrated the importance of proper replicon selection by
heterologously expressing the C. acetobutylicum adhE2 gene in C. tyrobutyricum from four
shuttle vectors, each harboring a different modular clostridial origin. While segregational
stability was greater than 95% for three of the four vectors, conjugative plasmid transfer
efficiency varied by an order of magnitude between the vectors. More importantly, butanol titers
differed by more than 7-fold (0.90 to 6.87 g L™Y), suggesting profound implications for plasmid-
based metabolic engineering strategies. Since amost all genetic applications require selection
and stable replication of clostridial shuttle plasmids (Figure 2.3), optimal design of host/vector
systemsiscritical.

In addition to selectable markers and replication origins, evaluation and sel ection of

strong gene promoters is needed. The genetic techniques depicted in Figure 2.3, specifically

39



plasmid-based gene overexpression, antisense-RNA-mediated gene knockdown, chromosomal
gene knockout, and advanced genome editing technologies, demand access to a repertoire of
both constitutive and inducible promoter systems. In order to assess promoter function and
strength, numerous gene reporter systems have been adapted or developed for usein
Clostridium, including chloramphenicol acetyltransferase (catP) from C. perfringens [141], B-
galactosidase (lacZ) from Thermoanaer obacterium thermosulfurogenes [12], 3-1,4-
endoglucanase (eglA) from C. acetobutylicum [142], luciferase (IuxAB) from Vibrio fischeri
[143], B-glucuronidase (gusA) from E. coli [11], and an oxygen-independent green fluorescent
protein from Pseudomonas putida [128]. Among these, lacZ and gusA have been most widely
used for genetic studies. In each case, the selected promoterless reporter geneis cloned into a
shuttle vector for transcriptional fusion with various promotersin order to evaluate relative
promoter strength. Promoters from genesinvolved in the central carbon metabolism of the
clostridia are presumed to be strong and are commonly chosen for investigation. Acetoacetate
decarboxylase (adc), phosphotransbutyrylase (ptb), and thiolase (thl) gene promoters
[12,128,144] have been extensively applied for gene expression in C. acetobutylicum and related
clostridia. Promoters from other central fermentative genes leading to high-level gene expression
include ones from ferredoxin [fdx; C. pasteurianum and C. sporogenes [14,145]], butanol
dehydrogenase [bdh; C. saccharoperbutylacetonicum [146]] and pyruvate:ferredoxin
oxidoreductase [pfo; C. phytofermentans [99]].

Certain genetic applications require the use of inducible promoter systems, resulting from
either the toxicity or the desire for transient expression of the encoded protein. As aresult,
inducible gene expression systems have recently been adapted for use in the clostridia, with
induction arising from either biotic or abiotic inducers (Table 2.4). These systemsinclude a
xylose-inducible promoter [11], alac operator-containing ferredoxin promoter (fac promoter)
induced by isopropyl -D-1-thiogalactopyranoside [14], a UV-inducible recA promoter
[147,148], atetO1 operator-containing promoter induced by anhydrotetracycline [149], and,
most recently, alactose-inducible promoter [78,150]. Clostridial promoter-repressor systems
developed to date vary drastically with respect to stringency, as expression in the presence of
inducer has been found to increase from 1.4- up to approximately 120-fold. For an optimum
inducible expression system, promoter activity should be efficiently repressed in the absence of

inducer and activated to a high level upon induction. Of all clostridia inducible promoters, it
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Table2.4

Summary of clostridial inducible promoter-repressor systems developed to date.

Organism Basal promoter Repressor Operator Inducer Maximum Reference
inducibility?

C. acetobutylicum ATCC 824  recA (C. acetobutylicum)  dinR (endogenous) Cheobox 2 Gy (radiation) 1.4- to 4.1-fold [147,148]

C. acetobutylicum ATCC 824  xylA (Staphylococcus xyIR (S. xylosus) xylO 10 ¢/l xylose (in 18-fold [171]
xylosus) absence of glucose)

C. botulinum ATCC 3502 fdx (C. pasteurianum) lacl (E. cali) lacO 1mM IPTG NR [14]

C. difficile 630

C. sporogenes NCIMB 10696

C. acetobutylicum ATCC 824  catP (C. perfringens) tetR (E. coli) 2% tetO1 100 ng/ml 41- to 119-fold [149]

anhydrotetracycline
C. acetobutylicum ATCC 824  bgal (C. perfringens) bgaR (C. NR 10 mM lactose 10- to 15-fold (C.  [78]
C. perfringens SM101 perfringens) acetobutylicum) [150]

C. perfringens JGS4143
C. perfringens 13

80-fold (C.
perfringens)

a Calculated by dividing reporter enzyme activity under induction by the corresponding activity under uninduced conditions.
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appears the anhydrotetracycline-inducible Pcm-2tetO1 promoter [149] is the most stringent
system currently available (Table 2.4). Also, another recent inducible gene expression system,
based on lactose induction in both C. acetobutylicum[78] and C. perfringens [150], also exhibits
marked repression in the absence of inducer and has been utilized successfully for the
propagation of a plasmid harboring a functional mazF gene, the expression of whichislethal.
The clostridia inducible promoters should prove indispensable for future genetic applications
requiring transient gene expression or strict control of intracellular protein levels, particularly for
processes involving toxic or lethal gene products.

2.4.4. Plasmid-based gene overexpression

Gene overexpression applications encompass both homologous and heterol ogous
expression strategies. While homol ogous overexpression aims to amplify the activity of a
resident chromosomal gene through increasing gene dosage, heterologous strategies are
commonly utilized to impart aforeign or non-native activity to the host strain. Many clostridial
plasmid-based gene overexpression strategies have been reported in the past twenty years, most
of which involve C. acetobutylicum (Table 2.5). Several genesinvolved in the central
fermentative metabolism of C. acetobutylicum have been overexpressed individually and in
combination, including the aldehyde/al cohol dehydrogenases, aad/adhE1 [57,151] and adhE2
[152], thiolase, thl [151], and acetone/solvent formation operons, adc-ctfAB [153] and aad-ctfAB
[154]. These strategies have led to both positive and negative outcomes in terms of butanol and
total solvent titers, demonstrating the limitations of rational metabolic engineering approachesin
clostridiawith highly complex and branched fermentations. Non-solventogenic pathway genes
that have been overexpressed in C. acetobutylicum include the master sporulation transcriptional
regulator, spo0A [101,155], and the class | heat shock response operon, groESL [156], yielding
important mutant strains with enhanced solvent production and tolerance. Homol ogous gene
expression has also been performed in related clostridia. In analogous studies, regulatory proteins
controlling botulism [botR/A; [157]] and tetanus [tetR; [113]] toxin production were
overexpressed in their respective hosts, C. botulinum and C. tetani, alowing characterization of
their previously unknown roles in toxin production. Clostridial hydrogenases, encoded by hydA,
have also been common targets for homol ogous gene overexpression due to their central rolesin

redox balance during fermentative growth. Hydrogenases from C. acetobutylicum [158,159], C.
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Table2.5
Summary of notable clostridial homologous and heter ologous gene over expression strategies.

43

Host organism Gene(s)/operon Phenotype relative to control strain(s)  Reference
Homologous over expression
Clostridium acetobutylicum  Acetone operon; adc-ctfAB Higher yield of solvents [153]
ATCC 824/DSM 792
Sporulation transcriptional regulator; spo0A Enhanced solvent formation and [101,155]
tolerance
Class | heat shock genes; groESL Increased solvent titers and tolerance  [156]
Hydrogenase; hydA NR [158]
Unaltered hydrogen yield and [159]
productivity
Aldehyde/alcohol dehydrogenase; aad Increased ethanol and acetate [151,160]
production
Thiolaseg; thl Increased acid and decreased solvent  [151]
production
Aldehyde/alcohol dehydrogenase; adhE2 Partially rescued butanol production®  [152]
Solvent operon; aad-ctfAB Fully rescued butanol production [154]
with acetate accumul ation®
C. botulinum A strain 62 Botulism neurotoxin regulatory protein; botR/A Increase in botulism neurotoxin [157]
production
C. paraputrificum M-21 Hydrogenase; hydA Increased hydrogen gas productivity — [161]
and acetic acid production
C. tetani CN655 Tetanus toxin regulatory protein; tetR Increase in tetanus toxin production [113]
C. tyrobutyricum JIM1 Hydrogenase; hydA Increased hydrogen yield [117]
Heter ologous over expression
Clostridium acetobutylicum  Minicellulosome components (C. cellulolyticum + C. Secretion of active, heterologousand  [162,163,164,165,166
ATCC 824/DSM 792 thermocellum) chimeric cellulases and scaffoldin ]
proteins
1,3-Propanediol operon; dhaB1-dhaB2-dhaT 1,3-propanediol as major [167]
(C. butyricum) fermentation product?
Hydrogenase; hydA (algal) NR [158]
(C. butyricum) Unaltered hydrogen yield and [159]
productivity



Transaldolase; talA (E. coli) Enhanced xylose utilization and [168]
solvent production

Acetoin reductase; acr (C. beijerinckii) Conversion of acetone to 2,3- [169]
butanediol

Primary/secondary alcohol dehydrogenase; adhg-se3 (C. Conversion of acetone to isopropanol  [170]
beijerinckii)

C. cdlulolyticumH10 Synthetic ethanol formation operon; pdc-adhll (Zymomonas Improved growth and ethanol [177]
mobilis) production
Chimeric isobutanol operon; kivD-yghD-alsS-ilvC-ilvD (E. coli, Small amounts of isobutanol [172]
B. subtilis, and L. lactis) produced

C. ljungdahlii DSM 13528 Synthetic butanol formation operons; bcd-hbd-crt and thlA-bdhA-  Small amounts of butanol produced [125]
adhE (C. acetobutylicum)

C. perfringens SM101 Alternative RNA polymerase sigma factor; txeR (C. difficile) Activation of toxA and toxB [173,174]
Negative regulator of toxin synthesis; tcdC (C. difficile) promoters [175]
Decreased toxin gene expression
C. tyrobutyricum ATCC Aldehyde/alcohol dehydrogenase; aad (C. acetobutylicum) Significant production of butanol and  [144]
25755 Aldehyde/alcohol dehydrogenase; adhE2 ethanol [140]

(C. acetobutylicum)

NR: not reported.
@ Host strain was a solvent-defective, degenerate mutant of C. acetobutylicum, either strain M5 or DG1



paraputrificum [161], and C. tyrobutyricum [117] have been homologously overexpressed in
their respective hosts. As shown with other central fermentative genes, overexpression of
hydrogenasesin clostridial species often yields unpredictable outcomes, ranging from drastic
effects on redox balance and product distribution [117,161] to no detectable changes in growth
and metabolism [159].

In contrast to homologous overexpression strategies, expression of foreign or non-native
activitiesin Clostridiumis arelatively new avenue of research. Nevertheless, work from the past
decade has led to the engineering of C. acetobutylicum for the expression of arange of
heterologous activities, including most notably components of a functional minicellulosome
from C. cellulolyticum and C. thermocellum[162,163,164,165,166], a 1,3-propanediol
production pathway from C. butyricum[94,167], a C. beijerinckii primary/secondary alcohol
dehydrogenase [170] and acetoin reductase [169] for conversion of acetone to isopropanol or
2,3-butanediol, respectively, and transaldolase from E. coli [168] for improved xylose utilization.
A number of prokaryotic and eukaryotic hydrogenases have aso been heterologously expressed
in C. acetobutylicum, including ones of clostridial [159] and algal [158] origin. In other
instances, a genetically-tractable speciesis utilized to study the genetics of arelated strain for
which genetic tools are not available, as has been shown through the investigation of C. difficile
pathogenicity regulatory elementsin C. perfringens[e.g., [173,174,175]]. Conversely,
solventogenic genes from C. acetobutylicum, the most tractable Clostridium, have been
heterologously expressed in hopeful aternative hosts for which genetic tools have been recently
developed, such as C. ljungdahlii [125] and C. tyrobutyricum [140,144]. While efforts with C.
ljungdahlii have led to only modest titers of butanol (approximately 0.15 g L) and demand
more extensive metabolic engineering strategies, mutants of C. tyrobutyricum expressing a
heterologous adhE2 gene from C. acetobutylicum have been reported to produce butanol with
titers of 10-20 g L. Finally, C. cellulolyticum has shown promise as a host for the production of
ethanol and isobutanol from cellulose through construction and expression of synthetic, chimeric
operons harboring heterologous genes from E. coli, B. subtilis, L. lactis, and Zymomonas mobilis
[171,172].

Owing in part to the low GC content of most industrially- and medically-significant
clostridia (roughly 27-32%; Table 2.2), codon bias is an important consideration for heterologous

gene expression. C. perfringens exhibits one of the strongest codon biases of al bacteria
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analyzed to date [176,177]. Of the six codons encoding arginine, C. perfringens favors AGA by
afactor of approximately 10-260x relative to four of the other degenerate codons, while the
remaining CGG codon is essentially unused [176]. Genes that are highly expressed have been
found to exhibit a greater degree of codon bias, whereas poorly expressed genes tend to follow a
more random selection of codons [178]. Consequently, codon bias has a marked effect on
heterol ogous gene expression approaches involving the clostridia. However, codon optimization
iscommonly avoided in clostridial heterologous gene expression approaches, especially those
involving large operons and multi-subunit gene products. Instead, genes or operons of interest
are often amplified from the native organism’s DNA and cloned directly to the host strain for
heterologous expression. Although this strategy is often adequate when cloning genes between
related clostridia, which are expected to possess similar codon biases, poor expression can arise
when expressing genes from non-clostridial origins. Therefore, codon optimization via
continuously-improving commercia gene synthesis will allow the generation of superior
clostridial strains through the improved expression of heterologous genes, operons, and

metabolic pathways.

2.4.5. asRNA gene knockdown

In contrast to plasmid-based overexpression strategies, antisense RNA (asRNA)
mol ecul es possessing complementarity to the mRNA transcript of atarget gene can be utilized to
decrease, yet not entirely abolish, protein expression. Accumulating evidence from transcriptome
studies suggests that asRNA transcription occurs naturally in the bacterial kingdom.
Approximately 1,000 different asRNAs have been identified in E. coli [179] and the
transcriptome of B. subtilis encompasses asRNAs for 18% of the 506 genes analyzed [180]. The
basic premise of asRNA techniques liesin the interaction of the asRNA with its complementary
MRNA target, forming duplex RNA with altered the secondary structure and potentially reduced
stability and half-life. Antisense RNA, therefore, allows inhibition of gene expression by either
initiating degradation of the mRNA transcript or by restricting ribosome-mediated translation
[13,181,182].

Prior to the major advancement of gene knockout technology in the clostridia, asRNA
gene knockdown was the most common tool for reducing expression of native chromosomal

genes for metabolic engineering of C. acetobutylicum. Desai and Papoutsakis [13] separately
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targeted asRNAS to butyrate kinase (buk) and phosphotransbutyrylase (ptb) genes, resulting in
enhanced production of acetone and butanol for the buk knockdown mutant, but deteriorated
solvent production for the ptb downregulated strain. Similarly, Tummalaet al. [183]
demonstrated effective knockdown of coenzyme A-transferase (ctfAB) involved in acetone
production, resulting in significant reduction in acetone titer and mildly lower levels of butanal.
Downregulation of ctfB has also been combined with overexpression of an alcohol-aldehyde
dehydrogenase (aad) gene to return butanol yield to control levels with a 23-fold increase in
ethanal titer, while maintaining low acetone selectivity [183]. In addition, Sillers et al. [151]
overexpressed the thiolase gene of C. acetobutylicum along with ctfAB knockdown and aad
overexpression to further increase butanol production. Thus, asRNA approaches can work
effectively with overexpression approaches for optimal metabolic engineering of Clostridium.

Antisense-RNA-mediated gene knockdown has also been employed in Clostridium
beyond C. acetobutylicum. In C. saccharoperbutylacetonicum, asRNA was applied effectively to
downregulate expression of the hydrogenase gene cluster, hupCBA, and alter solvent selectivity,
leading to a butanol/acetone ratio of 1.3, compared to 2.9 for the control strain [146]. Antisense
RNA was also employed successfully in C. beijerinckii to reduce the expression of a glycerol
dehydrogenase gene, gldA, and increase butanol tolerance [184], and in C. cellulolyticumto
downregulate cel 48F, a major component of the organism’s cellulosome [185]. Finally, within
the medical clostridia, asRNA-mediated gene knockdown has been utilized for downregul ation
of alpha- and beta-type small acid-soluble spore proteinsto investigate the relationship between
these proteins and their roles in resistance of C. perfringens spores to moist heat and UV
radiation [186].

For clostridial species with limited availability of genetic tools, asRNA can be the
simplest genetic technique to carry out. Gene knockdown requires only access to a functional
and stable shuttle vector, a constitutive or inducible promoter, a means of plasmid transfer, and
sequence data for the target gene to be downregulated. Being less drastic than gene knockouts,
asRNA gene knockdown strategies are less likely to be lethal and often allow isolation of a
viable mutant where harsher knockout methods fail. Additionally, careful promoter selection can
facilitate asRNA knockdown experiments through strict control over the degree of
downregulation by fine tuning of inducible promoters or selection of appropriate constitutive

promoters [13]. Antisense RNA strategies may be more conducive to a high-throughput
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screening approach than more complicated approaches, such as group 11 intron gene knockout
(refer to section 2.4.6).

Effective downregulation of atarget gene by asRNA can be unpredictable due to many
complex factorsinvolved in the design of the asRNA. Care should be taken in terms of size of
the asRNA molecule, degree of homology to the target MRNA, region of mRNA to be targeted
(e.g. coding sequence, untranslated region, ribosome binding site, etc.), and asRNA secondary
structure which can be predicted using RNA structural prediction software [77]. Many successful
asRNA approaches have included the ribosome binding site, in addition to a small 5° portion of
the target coding sequence [77,185]. Unfortunately, few studies have systematically investigated
asRNA design for the effectiveness of gene downregulation in the clostridia. Tummalaet al. [77]
evaluated the design of asRNA constructsin an attempt to illuminate design parameters
fundamental to the success of asRNA downregulation in C. acetobutylicum. This study employed
RNA prediction software to design several different asRNASs targeting the acetoacetate
decarboxylase (adc) and coenzyme A-transferase (ctfAB) mMRNAS. Antisense RNAs were
structurally analyzed and the normalized metrics of these structural features were plotted against
the degree of downregulation. Two structural features, referred as components (regions of
intramolecular complementarity within an asRNA molecule) and free nucleotides (which do not
reside within a component but are available for interaction with the target mMRNA), were
analyzed for correlation with in vivo asRNA downregulation [77,187]. Experimental data suggest
that the normalized number of components correlates well with the degree of asRNA
downregulation. Specifically, the ratio of the number of components to the number of total free
nucleotides can be used as a predictor of asRNA effectiveness, whereby maximal
downregulation is achieved using the asRNA construct having the lowest component/nucleotide
ratio [77].

Finally, in terms of the broader role of non-coding RNAS as tools for modulating gene
expression, RNA deep sequencing has revealed an abundance of small non-coding RNAs
(SRNAs) in C. acetobutylicum [188], at up to 7.5% of the total sequencing reads. Asthe
Clostridium sRNome continues to be deciphered, SRNAs may become an important part of the

clostridial genetic engineering toolkit.

2.4.6. Group I1 intron gene knockout
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It took approximately 15 years after the first reports of plasmid transfer for the first
broadly-applicable gene knockout methodology to reach widespread use in the Clostridium
community. The current established method of gene knockout in clostridia was derived from
group |1 intron technology, termed TargeTron gene knockouts, originally developed and
commercialized for usein E. coli and related bacteria (Sigma-Aldrich;
http://www.sigmaal drich.com/). The clostridial TargeTron system, or ClosTron, was devel oped
independently by two groups in 2007 [14,15] and employs the mobile Lactococcus lactis LI.I1trB
group |1 intron and its cognate intron-encoded protein (IEP), LtrA, which is essential for intron
function. According to the LI.ItrB intron splicing mechanism, the bacterial intron can be
programmed to insert into precise regions of bacterial genomes [189]. The predominant factor
dictating site-specific intron insertion was found to be minor base-pairing (generally 11-16 bp for
group Il introns) between the intron RNA and host target DNA [190,191]. Once target site
recognition has occurred, the IEP nicks one strand of the host’s DNA and integrates the L1.ItrB
intron into the genome through reverse transcriptase activity [192]. The LtrA |EP thus exhibits a
tripartite functionality, acting as a maturase, endonuclease, and reverse transcriptase [193]. Since
the intron homing mechanism utilizes an RNA intermediate to generate a chromosomal DNA
disruption viareverse transcription, the intron mechanism has been termed retrohoming. Further,
by identifying the regions of the intron RNA involved in base-pairing and generating a pool of
introns randomly mutated in such regions, the rules governing intron insertion were
systematically elucidated in E. coli [194]. From these efforts, a computer algorithm was then
designed to utilize the rules for LI.ItrB insertion site recognition and splicing to predict putative
insertion sites within atarget gene query [195]. PCR primers are then generated to alow
mutation of the plasmid-encoded LI.ItrB intron, via splicing by overlap extension PCR (SOE
PCR), for retargeting the intron to the selected chromosomal gene. Since the targeting portion of
the intron isless than 400 bp, it is generally more cost-effective to have retargeted introns
synthesized commercially in order to minimize labor involved in generating gene knockout
mutants [145].

Perhaps the most promising aspect of the LI.ItrB retrohoming mechanism is that targeted
insertion occurs essentially independent of host functions. This has allowed the technology to be
broadly applied to at least 11 species of Clostridium (Table 2.6), including C. acetobutylicum, C.
beijerinckii, C. botulinum, C. butyricum, C. cellulolyticum, C. difficile, C. perfringens, C.
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phytofermentans, C. sordellii, C. sporogenes, and C. thermocellum
[14,15,99,128,145,196,197,198]. The ClosTron technology has aso been significantly advanced
in recent years [http://clostron.com/; [145]]. The entire intron retargeting procedure, from
selection of putative insertion sites through to intron mutation and vector construction, has been
automated and streamlined. ClosTrons have a so been revamped to better suit the modular
clostridial shuttle vector repertoire. Still, targeting frequencies have varied drastically, ranging
from less than afraction of a percent up to approximately 60% [14,15], and this can make
screening become amajor barrier to isolating group Il intron gene knockouts. Dong et al. [149]
screened approximately 900 transformants using colony PCR in order to identify one knockout
colony. To overcome thisinefficiency, ClosTrons have been modified to contain an optional
retrotransposition-activated marker [RAM; [14]], based on antibiotic selection that is activated
only upon intron insertion, but not when carried on the intron-containing plasmid [194]. With the
improved RAM functionality, targeting frequency is elevated substantially, generally ranging
from 20-100% [14]. However, certain predicted insertion sites still experience inefficient
targeting (with targeting frequencies of 2.5-20%) and demand relatively extensive colony
screening despite the presence of a selectable RAM. Further, although the lactococcal LI.I1trB
intron represents the model bacterial group Il intron for conducting gene knockouts, superior
alternatives have been unearthed in recent years. Of particular relevance is the Ecl5 intron, which
isisolated from avirulent E. coli plasmid and has been shown to retrohome several-fold better
than L1.1trB (up to 98% targeting efficiency without selection) [199]. However, this superior
intron has not yet been applied to the clostridia. On the other hand, athermophilic cyanobacterial
group |1 intron has recently been developed for gene targeting in thermophiles, with C.
thermocel lum acting as the model host species [198]. Thermotargetron disruption efficiencies
were found to be similar to the superior Ecl5 intron (67-100% targeting efficiency without
selection) when assayed using six different chromosomal gene insertions [198]. Higher level
integration is presumed to arise from the increased temperatures used for gene targeting (48 °C
compared to 37 °C for the LI.ItrB and Ecl5 introns), which enhances DNA melting for more
effective base pairing between the intron RNA and host DNA.

Despiteits proven utility within Clostridium, group 11 intron-mediated gene knockouts
suffer from certain inherent limitations. It is estimated that a 1 kb gene is expected to possess at

least five predicted group Il intron insertion sites. Disruption of particularly small genes becomes
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Table2.6

Summary of available ClosTron shuttle vectorsfor performing chromosomal gene
knockoutsin various Clostridium species. Datais adapted and updated from [145], among
others.

Organism Plasmid transfer Intron-harboring  Intron promoter? Reference
method shuttle vector
C. acetobutylicum  Electrotransformation  pSY 6 ptb [15]
PMTLOO7C-E2  fdx (C. sporogenes) [145]
C. beijerinckii Conjugation or pMTLOO7S-E2  fdx (C. sporogenes) [145]
electrotransformation  pWJ1 NR [200]
pYWwW1 ptb [201]
C. botulinum Conjugation or PMTLOO7C-E2  fdx (C. sporogenes) [145]
electrotransformation pMTLOO7C-E5  fdx (C. sporogenes)
C. butyricum Conjugation pMTLOO7 fac/fdx (C. pasteurianum)  [196]
PMTLOO7C-E2  fdx (C. sporogenes) [202]
C. cellulolyticum Electrotransformation pWH199 fdx (C. pasteurianum) [197]
pSY 6 ptb (C. acetobutylicum) [128]
C. difficile Conjugation pMTLOO7C-E2  fdx (C. sporogenes) [203]
pMTLOO7C-E5  fdx (C. sporogenes) [145]
C. perfringens Electrotransformation  pJIR750ai cpb2 [204]
pMTLOO7C-E5  fdx (C. sporogenes) [145]
C. phytofermentans  Conjugation pQint3367 pfo [99]
C. sorddllii Conjugation PMTLOO7C-E5  fdx (C. sporogenes) [145]
pDLL2 gdh [205]
C. sporogenes Conjugation PMTLOO7C-E2  fdx (C. sporogenes) [145]
C. thermocellum Electrotransformation pHK-TT1A groEL [198]

NR: not reported.
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difficult, as a 400 bp gene, for example, gives aminimum of only two potential intron insertion
sites. Sites that target the antisense strand of a coding gene are generally preferred, as sense
orientation insertions can yield conditional knockouts if the LtrA intron-encoded protein remains
present [190], thus reducing the number of usable insertion sites. Occasionally sites with high
scores, based on the devel oped computer algorithm [195], still do not result in a stable knockout
mutant. Ectopic intron insertions, which occur concomitantly with the desired disruption due to
sequence similarity, have also been shown to be arelatively common event in group Il intron
technology [206]. Such events can be partially circumvented or avoided altogether by optimal
intron design and employing an algorithm designed to scan the genome for prospective unwanted
insertion sites (TargeTronics, LLC; http://www.targetrons.com/). Still, current clostridial group
Il intron knockout protocols advocate the use of both gene complementation and Southern blot
analyses to rule out the presence of multiple intron insertions in isolated mutants [207], greatly
increasing the labor and time for obtaining desired knockout mutants. Lastly, the ClosTron
system has been investigated for its capacity to insert heterologous DNA into bacterial genomes,
since cargo DNA can be inserted into the LI.ItrB intron and delivered during intron retrohoming.
Targeting efficiency was found to decrease markedly with cargo sequences greater than 1 kb
[145], impeding the usefulness of this strategy, especially for introns with a selectable RAM.
Based on the extensive applicability with a broad host range, group Il intron technol ogy
has served as a powerful tool for clostridial genetic and metabolic engineering. Nonethel ess,
certain applications, particularly for exogenous DNA delivery, demand more sophisticated

chromosomal engineering toolsfor usein the clostridia.

2.4.7. Advanced and anticipated genome editing technologies

Development of advanced genome editing technol ogies allowing precise manipul ation of
clostridial chromosomes, encompassing chromosomal del etions, replacements, point mutations,
and insertions, have yet to be realized due to inefficient host homol ogous recombination and
inefficient transformation. The successful isolation of chromosomal integration mutantsis also a
laborious task and only a few mutant strains have been isolated to date. Such methods have
employed both replicative and non-replicative vectors for chromosomal integration using the
natural recombination systems of the host organisms [208,209]. Unstable single crossover events

tend to dominate, however, leading to unwanted insertion of the entire integrative vector into the
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host chromosome [209,210,211]. Such barriers have been partially alleviated in recent years by
utilizing negative selection to select for double crossover integration events. Numerous counter -
selection markers have been exploited for this purpose in arange of clostridia, including mazF
from Bacillus subtilis [ 78] and codA from E. coli [212], in addition to native clostridial pyrE,
pyrF, galK, tdk, and hpt genes[14,79,213,214,215]. Nevertheless, many native clostridial
markers are limited in their use, as the chromosomal copy must first be inactivated prior to the
introduction of plasmid-encoded counter-selection [212].

To develop more powerful homol ogous-recombination-based genetic tools, Heap et al.
[79] conceived Allele-Coupled Exchange (ACE) for effective selection of double crossover
mutants without the use of plasmid-encoded counter-selection. Here, the desired double-
crossover recombination event is coupled to either expression or silencing of a selectable marker.
This approach was demonstrated by recombination at the pyrE locus of C. acetobutylicum
through positive selection on growth medium lacking uracil and negative selection by
supplementing the growth medium with 5-fluoroorotic acid (FOA). By carefully controlling the
sequence of integration events using the length of flanking homology regions, single crossover
integration of the donor plasmid was selected by pyrE positive selection, whereas the double
crossover event, resulting in truncation of pyrE and plasmid excision, could be subsequently
selected via FOA supplementation. The same approach was also used to fuse a promoterless,
vector-borne copy of pyrE with a strong, native chromosomal promoter, demonstrating the utility
of ACE for genome-wide recombination at any desired locus. This method has been employed
for the construction of elaborate synthetic chromosomal operons expressing functional
cellulosome elementsin C. acetobutylicum [163].

ACE, together with similar methods developed by Cartman et al. [212] and Al-Hinai et
al. [78], exemplifies the current state of the art in clostridial genome editing and proves
indispensable for the genetic engineering of arange of medical and industrial clostridia.
However, these methods are still considered |aborious. The path to simpler and more efficient
genome editing techniques will be achieved by closely mimicking the pioneering genetic work
donein E. coli and Bacillus subtilis. The benchmark for performing highly precise and efficient
genome editing in E. coli over the past decade has been phage-mediated recombinogenic
engineering, or recombineering [216]. Rather than relying on natural host recombination, which

isinefficient in E. coli, or the use of tedious counter-selection markers, recombineering utilizes
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efficient phage recombination systems comprised of an endonuclease gene paired with its
cognate recombinase, either recET from the E. coli Rac prophage [216] or exo and bet genes
from phage lambda [217]. These gene products can be employed for recombination of linear
PCR cassettes [218]. Additionally, the recombinase (recT or bet) can be expressed aone for
recombination of short single-stranded oligonucl eotides possessing homology to host
chromosomes [219]. It is expected that clostridial recombineering systems are on the verge of
development, as areport detailing site-specific recombination of short synthetic nucleotides
appeared recently [220]. Rather than employing the proven E. coli recombineering machinery,
which function poorly in Gram-positive hosts [221], this method relies on arecT homolog from
C. perfringens. With these proof-of-principle results, it is expected that more practical phage
recombination-based demonstrations will emerge in the near future.



CHAPTER 3

Development of an electrotransfor mation protocol for C. pasteurianum

3.1. Introduction

Unlike the past industrial workhorses, C. acetobutylicum and C. beijerinckii, C.
pasteurianum has garnered nominal attention as a potential host for the production of butanol.
Thisislargely dueto the current inability to transfer DNA to C. pasteurianum. Based on early
genetic studies, it appears efforts were in place to conduct genetic manipulation of C.
pasteurianum, since a method for producing and regenerating protoplasts was devel oped [222]
and a Type-11 restriction endonuclease was identified as a potential barrier to gene transfer [119].
Successful conjugation-based plasmid transfer to C. pasteurianum has also been documented
[119], yet no protocol has been described, nor have any genetic mutants arisen from this work.
Accordingly, no genetic tools are currently available for the manipulation of C. pasteurianum. In
order to construct superior C. pasteurianum strains through rational genetic and metabolic
engineering strategies, it is pertinent to develop methods to transfer foreign DNA to this
microorganism.

In contrast to Gram-negative bacteria, Gram-positive cells possess an extensive exterior
network of peptidoglycan which physically restricts passage of exogenous DNA into the cell. For
this reason, el ectrotransformation of Gram-positive speciesis generaly less efficient than Gram-
negative strains [223]. To overcome the thick Gram-positive cell wall, mild or brief pretreatment
using cell-wall-weakening agents, such as lysozyme, glycine, bL-threonine, or penicillin G, is
commonly required to achieve optimal electrotransformation while maintaining sufficient cell
viability [95,223]. Whereas some species of Clostridium can be e ectrotransformed without the
use of cell-wall-weakening agents [10,96], others are el ectrotransformed at elevated levels when
treated with such additives [107,116,134]. Poor electrotransformation efficiency of Gram-
positive bacteriais further compounded within the clostridia due to the unusually high
production of non-specific cell-wall-associated nucleases [10]. A number of highly-specific

clostridial Type-Il restriction endonucleases have a so been identified [10,96,120], including
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CpaAl from C. pasteurianum ATCC 6013 [119], highlighting the importance of DNA protection
viamethylation of the transforming DNA. Unidentified restriction-modification systems are
likely the underlying cause of e ectrotransformation recal citrance that has been observed with
certain species, such as C. butyricum[167]. In summary, development of electrotransformation
within the clostridia entails investigation of cell-wall-weakening additives, inactivation or
evasion of non-specific nucleases, and protection of foreign DNA against highly specific
restriction endonucleases, in addition to examination of other common parametersinvolved in
the cell growth, washing and pulse delivery, and recovery phases of the standard bacterial

el ectrotransformation procedure [95,223].

As an entry point to allow genetic manipulation of C. pasteurianum, here we report the
development of an electroporation-mediated transformation system for C. pasteurianum ATCC
6013. CpaAl was validated as a major restriction endonuclease attacking foreign DNA delivered
into C. pasteurianum and this mechanistic limitation was resolved by in vivo methylation of the
recognition site (5’-CGCG-3’) prior to electroporation. Methylation alone, however, did not
result in high-level transfer of DNA into C. pasteurianum. Instead, through systematic
investigation, we devel oped an efficient electrotransformation method that is dependent on
weakening of the cell wall using glycine, ethanol-mediated membrane solubilization, alow
electric field, and osmotic stabilization afforded by sucrose. In addition to the el ectroporation
protocol, we also identified effective antibiotic selection systems and origins of replication
capable of sustaining plasmidsin C. pasteurianum. To our knowledge, this study presents the
first demonstration of DNA transfer into C. pasteurianum with a high efficiency and opens an

avenue for extensive genetic and metabolic engineering of C. pasteurianum.

3.2. Methods

3.2.1. Bacterial strains, plasmids, and olgionucleotides

The bacteria strains, plasmids, and oligonucleotides utilized in thiswork arelisted in
Table 3.1. E. coli DH5a was utilized for routine vector construction and propagation, and E. coli
ER1821 for maintenance of M.FnuDII-methylated E. coli-C. pasteurianum shuttle vectors. C.
pasteurianum ATCC™ 6013 (Winogradsky 5; W5) was acquired from the American Type
Culture Collection (Manassas, VA). Modular pMTL-series shuttle vectors [139] were kindly
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provided by Prof. Nigel Minton (University of Nottingham, Nottingham, UK). Plasmids
pFNUDIIM [224], pSC12 [225], and pSY 6 [15] were respectively provided by Dr. Geoffrey
Wilson (New England Biolabs, Inc. (NEB), Ipswich, MA), Prof. George Bennett (Rice
University, Houston, TX), and Prof. Sheng Y ang (Shanghai Institutes for Biologica Sciences,
Shanghai, China). Plasmids pHT3 [12] and pIMP1 [10] were provided by Prof. Terry
Papoutsakis (University of Delaware, Newark, DE). Oligonucleotide primers were synthesized
and purified by Integrated DNA Technologies (IDT; lowa City, |A) using standard desalting.

3.2.2. Bacterial growth and maintenance conditions

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) and stock solutions were prepared according to the manufacturer’s recommendations. E.
coli strains were grown aerobically at 37 °C in lysogeny broth (LB; 10 g/l NaCl, 5 g/l Bacto
yeast extract, and 10 g/l Bacto tryptone). Solid and liquid cultures of recombinant E. coli were
supplemented with 100, 34, or 30 pg/ml of ampicillin, chloramphenicol, and kanamycin,
respectively. For selection of strains harboring two compatible plasmids, antibiotic
concentrations were reduced by 50%. Recombinant E. coli stocks were stored at -80 °C in 15%
glycerol. Unless specified otherwise, growth and manipulation of C. pasteurianumwas
performed in a controlled anaerobic atmosphere (85% N2, 10% H>, and 5% CO,) within an
anaerobic chamber (Plas-Labs, Inc.; Lansing, M1). Oxygen was purged from growth medium by
autoclaving and trace O2 was reduced using a palladium catalyst fixed to the heating unit of the
anaerobic chamber. Agar-solidified medium was prepared aerobically and allowed to equilibrate
within the anaerobic chamber for 36 hours prior to use. Anaerobic conditions were monitored by
addition of 1 mg/I resazurin to both solid and liquid media. Solid and liquid cultures of
recombinant C. pasteurianum were supplemented with 15 pg/ml thiamphenicol. Cells were
maintained as spores on solidified 2xY TG (16 g/l Bacto tryptone, 10 g/l Bacto yeast extract, 5 ¢/l
glucose, 4 g/l NaCl, and 12 g/l agar) plates. Sporulated agar plate stocks were prepared by
streaking colonies from an exponential -phase culture (ODeoo of 0.4-0.6) and cultivating for more
than seven days under anaerobic conditions, followed by exposure and storagein air at 4 °C for
up to two months [3]. For long-term storage, vegetative stock cultures (ODego of 0.4-0.6) were
prepared and stored at -80 °C in 10% glycerol by inoculating a single sporulated plate colony
into 10 ml 2xY TG and heat shocking at 80 °C for 10 minutes to induce germination.
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Table3.1

Strains, plasmids, and oligonucleotides.

Strain

Relevant characteristics

Source or reference

Escherichia coli DH5a

Escherichia coli ER1821

F endAl ginv44 thi-1 recAl rel Al gyr A96 deoR nupG
©80dlacZDM15 D(lacZYA-argF)U169, hsdR17(r« mk*), | -

F endAl ginv44 thi-1 rel A1? el4 (mcrA’) rfbD1? spoT1? D(merC-
mrr)114::1S10

Lab stock

Lab stock; New England Biolabs

Clostridium pasteurianum Wild-type American Type Culture Collection
ATCC 6013
Plasmid Relevant characteristics Sourceor reference
pPET-20b(+) E. coli pET-series expression vector (ApR; ColE1 ori) Novagen
PETKNFRT Derived by inserting the FRT-flanked kan gene of pKD4 into the This study
MCS of pET-20b(+) (ApR; ColE1 ori; FRT-KnR-FRT)
pFnuDIIM The M.FnuDII methyltransferase gene of Fusobacterium nucleatum [224]
inserted into the tet gene of pACY C184 (p15A ori; CmR)
pFnuDIIMKn Derived by inserting the FRT-flanked kan gene of pETKnFRT into This study
the cat gene of pFnuDIIM (p15A ori; KnR)
pHT3 E. coli-C. pasteurianum shuttle vector containing lacZ from [12]
Thermoanaerobacterium thermosul furogenes EM 1 (ApR; ColE1 ori;
ErmR; pIM 13 ori)
pIMP1 E. coli-C. pasteurianum shuttle vector (ApR; ColEL ori; ErmR; piM13  [10]
ori)
pKD4 Template vector (ApR; pR6K ori; FRT-KnR-FRT) [218]
pMTL82151 E. coli-C. pasteurianum shuttle vector (CmR; ColE1 ori; pBP1 ori) [139]
pMTL83151 E. coli-C. pasteurianum shuttle vector (CmR; ColE1 ori; pCB102 ori)  [139]
pMTL84151 E. coli-C. pasteurianum shuttle vector (CmR; ColE1 ori; pCD6 ori) [139]
pMTL85141 E. coli-C. pasteurianum shuttle vector (CmR; ColE1 ori; pIM13 ori) [139]
pMTL85141ermB Derived by insertion of the ermB gene of pIMP1 into pMTL85141 This study
pSC12 E. coli-C. pasteurianum shuttle vector (CmR; ColE1 ori; pIM13 ori) [225]
pSY 6 E. cali-C. pasteurianum expression vector carrying the L. lactisItrB [15]
group Il intron under control of the C. acetobutylicum ptb promoter,
and ItrA ORF (ApR; ColE1 ori; ErmR; pIM13 ori)
pSY 6catP Derived by replacing the ermB gene of pSY 6 with the catP gene This study

from pSC12
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Oligonucleotide

Sequence (5’-3’)"

KnFRT.BIpl.S
KnFRT.Xhol AS
ermB.Ndel.S
ermB.Pvul.AS
catP.Bcll.S
pSC12.SOE.AS
pSC12.SOE.S
catP.Clal.AS
pMTL.seq.S
pPMTL.seq.AS

ACACGTGCTCAGCGATTGTGTAGGCTGGAGCTGCTTCG
GCCATGCTCGAGATGAATATCCTCCTTAGTTCCTATTCC
ATTACGCATATGTTTGGCTAACACACACGCCATTCC
CTTTTTCGATCGTTTCCGACGCTTATTCGCTTCGCT
GTTTGATCATGGTCTTTGTACTAACCTGTGG
tacagcatgaccgttaaagtgg
ccactttaacggtcatgctgtaAGTGCAAGGTACACTTGCAAAGTAGTGG
GGATCGATCCAACTTAATCGCCTTGCAGCACA
GGGAGGTCAATCTATGAAATGCG
CGGAGCATTTGGCTTTCCTTCCAT

* Lower case: overlap sequences used in SOE PCR; Underline: restriction recognition sequences
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3.2.3. Preparation of protoplasts and assay of CpaAl activity

Protoplasts of C. pasteurianum were prepared by suspension of cellsfrom a 100 ml
culture (ODeoo of 0.4-0.6) in 25 ml of protoplast buffer (25 mM potassium phosphate, pH 7.0, 6
mM MgSOsa, and 15% lactose) containing 200 pug/ml lysozyme, followed by incubation for 45
minutes anaerobically at 37 °C, as described previously [222,226]. For preparation of crude
protoplast lysates, 25 ml of protoplasts were collected by centrifugation at 8,500xg for 20
minutes and lysed by resuspension in 20 ml of TEMK buffer (4 mM Tris-HCI, pH 8.0, 10 mM
EDTA, 6.6 mM 2-mercaptoethanol, and 25 mM KCI) [10]. After incubation at 37 °C for 1 hour,
cell debriswas cleared by centrifugation at 20,000xg for 15 minutes and supernatants containing
protoplast extracts were stored at -80 °C. CpaAl activity was assayed as previously described
[119]. Reaction mixtures contained 1.0 pug plasmid DNA and 25% crude protoplast lysatein a
total volume of 20 pl of 1x CpaAl reaction buffer (6 mM Tris-HCI, pH 7.4, 6 mM MgCl», and 6
mM 2-mercaptoethanol). Optimal digestion occurred at 37 °C for 2-4 hours.

3.2.4. DNA Isolation and manipulation

Plasmid DNA was extracted and purified from E. coli DH5a and ER1821 using an EZ-10
Spin Column Plasmid DNA Miniprep Kit from Bio Basic, Inc. (Markham, ON). Recombinant
DNA manipulations were performed according to standard procedures [227]. Taqg DNA
polymerase, restriction endonucleases, CpG (M.Sssl) and GpC (M.CviPl) methyltransferases,
Quick Ligation Kit, and 1 kb DNA ladder were purchased from NEB (Ipswich, MA). Pfu DNA
polymerase and RNase A were purchased from Bio Basic, Inc. (Markham, ON). All commercial
enzymes and kits were used according to the manufacturer’s instructions.

Plasmid DNA was extracted and purified from C. pasteurianum using a previously
described method [12]. Briefly, 3-9 ml of late-exponentia phase cells were collected by
centrifugation and washed twice in KET buffer (0.5M KCI, 0.1 M EDTA, and 0.05 M Tris-
HCI, pH 8.0) and oncein SET buffer (25% sucrose, 0.05M EDTA, and 0.05 M Tris-HCI, pH
8.0). Cells were then suspended in 200 pl of SET buffer containing 5 mg/ml lysozyme and
incubated anaerobically at 37 °C for 20 minutes. RNase A was added to afina concentration of
100 pg/ml and cell lysis and plasmid purification were carried out using the protocol for

Purification of Low-Copy Number Plasmid and an EZ-10 Spin Column Plasmid DNA Miniprep
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Kit from Bio Basic, Inc. (Markham, ON) beginning with addition of 400 ul of alkaline SDS
solution I1.

Colony PCR of wild-type and recombinant C. pasteurianum was performed by
suspending single coloniesin 50 pl colony lysis buffer (20 mM Tris-HCI, pH 8.0, containing 2
mM EDTA and 1% Triton X-100), heating in a microwave for 2 minutes at maximum power
setting, and adding 1 pl of the resulting cell suspension to a9 pl PCR containing Standard Taq
DNA Polymerase (NEB; Ipswich, MA). Aninitial denaturation of 5 minutes at 95 °C was
employed to further cell lysis. Colonies screened in this manner by suspension in deionized H>O

failed to yield appreciable amplification.

3.2.5. Vector construction

Plasmid pFnuDIIMKn was derived from pFnuDIIM to allow methylation of E. coli-C.
pasteurianum shuttle vectors and possesses a kanamycin-resistance determinant, as both
pFnuDIIM [224] and the E. coli-C. pasteurianum shuttle vectors used in this study carry the
same chloramphenicol -resistance marker. First, an FRT-kan-FRT PCR cassette was amplified
from plasmid pKD4 [218] using primers KnFRT.BIpl.S and KnFRT.Xhol .AS and inserted into
the MCS of Blpl/Xhol-digested pET-20b(+) (Novagen; Madison, WI) to generate pETKnFRT.
Next, the FRT-kan-FRT cassette was digested out of pETKNFRT using Scal and EcoRI and
subcloned into the corresponding restriction sites within the catP gene of pFnuDIIM to yield
pFNuDIIMKn.

Plasmid pSY 6catP was derived from pSY 6 [15] by swapping the ermB marker with the
catP determinant from pSC12 [225]. The internal BsrGl recognition site within the coding
sequence of catP was mutated by introducing two silent mutations using splicing by overlap
extension (SOE) PCR to prevent interference with future group Il intron retargeting, which
requires use of BsrGl. The catP gene was amplified in two parts from template pSC12 using
primer sets catP.Bcll.S/pSC12.SOE.AS and pSC12.SOE.S/catP.Clal.AS with 22 bp of overlap
between products. The resulting overlapping PCR products were separated on a 2.0% agarose
gel, pierced three times with a P10 micropipette tip, and used as template in a SOE PCR by
cycling for 10 cycles prior to adding primers catP.Bcll.S and catP.Clal.As and cycling for 25
additional cycles. The mutated PCR product was purified using a EZ-10 Spin Column PCR

61



Products Purification Kit (Bio Basic, Markham, ON), digested with Bcll/Clal, and inserted into
the corresponding sites of pSY 6 to generate pSY 6catP.

Plasmid pMTL85141ermB was derived from pMTL85141 viainsertion of the ermB
marker from pIMP1 into pMTL85141. The ermB gene and associated promoter was PCR-
amplified from template pIMP1 using primers ermB.Ndel.S and ermB.Pvul.AS. The resulting
1,238 bp PCR product was purified using an EZ-10 Spin Column PCR Products Purification Kit
(Bio Basic, Markham, ON), digested with Ndel/Pvul, and inserted into the corresponding sites of
pMTL85141 to generate pMTL85141ermB.

3.2.6. Preparation of electrocompetent cells and electrotransformation

For preparation of electrocompetent cells of C. pasteurianum using the high-level
protocol, a seed culture wasfirst prepared by inoculating 20 ml of reduced 2xY TG with 0.2 ml
of athawed glycerol stock. The culture was then 20-2-diluted and, following overnight growth at
37 °C, 1 ml of the seed culture was transferred to a 125 ml Erlenmeyer flask containing 20 ml of
reduced 2xY TG. Cells were grown to early exponential phase (ODgoo of 0.3-0.4), at which time
filter-sterilized stock solutions of 2 M sucrose and 18.77% glycine were added to respective
concentrations of 0.4 M and 1.25%. Growth was resumed until the culture attained an ODsqo Of
0.6-0.8 (approximately 2-3 h) and 20 ml culture was transferred to a 50 ml pre-chilled, screw-cap
centrifuge tube. At this point, all manipulations were performed at 4 °C using an ice-bath and
pre-chilled reagents. Cells were removed from the anaerobic chamber and collected by
centrifugation at 8,500xg and 4 °C for 20 minutes. The resulting cell pellet was returned to the
anaerobic chamber and washed oncein 5 ml of filter-sterilized SMP buffer (270 mM sucrose, 1
mM MgCl», and 5 mM sodium phosphate, pH 6.5). Following centrifugation, the final cell pellet
was resuspended in 0.6 ml SMP buffer.

For transfer of plasmidsto C. pasteurianum, E. coli-C. pasteurianum shuttle vectors were
first co-transformed with pFnuDIIMKn into E. coli ER1821 to methylate the external cytosine
residue within 5’-CGCG-3’ tetranucleotide recognition sites of CpaAl. Plasmid mixtures were
then isolated and 0.5 pg, suspended in 20 pl of 2 mM Tris-HCI, pH 8.0, was added to 580 pl of
C. pasteurianum electrocompetent cells. The cell-DNA mixture was transferred to a pre-chilled
electroporation cuvette with 0.4 cm gap (Bio-Rad; Richmond, CA), 30 ul of cold 96% ethanol

was added, and the suspension was incubated on ice for 5 minutes. A single exponentia decay
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pulse was applied using a Gene Pulser (Bio-Rad, Richmond, CA) set at 1.8 kV, 25 uF, and « Q,
generating atime constant of 12-14 ms. Immediately following pulse delivery, the cuvette was
flooded with 1 ml 2xY TG medium containing 0.2 M sucrose and the entire suspension was
transferred to 9 ml of the same medium. Recovery cultures were incubated for 4-6 hours prior to
plating 50-250 ul aliquots onto 2xY TG agar plates containing 15 pug/ml thiamphenicol, 4 pg/ml
clarithromycin, or 20 pug/ml erythromycin. Plates were incubated for 2-4 days under secondary
containment within 3.4 L Anaerobic Jars each equipped with a 3.5 L Anaerobic Gas Generating
sachet (Oxoid Thermo Fisher; Nepean, ON).

3.3. Results

3.3.1. Protection of plasmid DNA from CpaAl restriction

To develop a C. pasteurianum transformation protocol, we first assayed crude cell lysates
for the presence of restriction-modification systems, which potently inhibit plasmid DNA
transfer to bacteria. At least one Type-1I restriction endonuclease, designated CpaAl with 5’-
CGCG-3’ recognition and an isoschizomer of Thal and FnuDlI, has been previously identified in
cell-free lysates of C. pasteurianum ATCC 6013 [119]. We initially prepared crude cell lysates
through sonication of whole cells. Asfound in other species, such as C. acetobutylicum [10,228],
lysates generated in this manner potently degraded all plasmid DNA substrates, presumably due
to non-specific cell-wall-associated nucl eases (data not shown). To overcome non-specific
nuclease activity, we then aimed to assay CpaAl restriction activity using protoplast extracts,
which allowed clear detection of CpaAl activity. Optimal digestion occurred between 2-4 hours
incubation at 37 °C and produced arestriction pattern identical to that of BstUl, acommercial
isoschizomer of CpaAl (Figure 3.1A). Since all known BstUI isoschizomers catalogued in
REBASE [90] are sensitive to methylation of both external cytosine residues within the 5’-
CGCG-3’ recognition sequence, we next assessed the effect of external cytosine methylation by
expression of the M.FnuDII methyltransferase (with 5’-"CGCG-3’ methylation site of both DNA
strands) from plasmid pFnuDIIMKn. M.FnuDIl methylation protected pMTL85141, an E. coli-
Clostridium shuttle vector [139], from degradation by CpaAl and BstUI (Figure 3.1B). While
unmethylated substrates were significantly restricted after 2 hours incubation at 37 °C,
M.FnuDIl-methylated substrates were completely resistant to cleavage, even after 8 h. Note that
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Figure3.1. M.FnuDII methyltransferase-mediated protection of pM TL 85141 against CpaAl
endonuclease. A) Time course digestion of pMTL85141 using crude protoplast extracts
possessing CpaAl restriction activity, resolved on a 2% agarose gel. Digestion reactions contained
1.0 pg pMTL85141 and 25% protoplast extract in atotal volume of 1x CpaAl custom buffer. For
comparison, pMTL85141 is shown undigested and digested with BstUl, a commercial
isoschizomer of CpaAl. Expected digestion products are 1785, 581, 270, 252, and 75 bp. B)
M.FnuDII-mediated protection of pMTL85141 from CpaAl digestion (left panel). Protoplast
extract digestions contained 1.0 ug pMTL85141 or pMTL85141+pFnuDIIMKn, the vector
harboring the M.FnuDII methyltransferase gene, and 25% protoplast extract in a total volume of
1x CpaAl custom buffer. pMTL85141 preparation in the presence of plasmid pFnuDIIMKn
afforded protection of pMTL85141 from both BstUl and CpaAl restriction, as no digestion
products could be detected. Methylation treatment resulted in the presence of high-molecular
weight bands. Linearization of the high molecular weight bands by Ncol digestion (right panel)
confirmed the presence of pMTL85141 (2,963 bp) and the methylating plasmid, pFnuDIIMKn
(6,449 bp), at the correct sizes of the individual linearized vectors.
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methylated pMTL 85141 plasmid preparations, which also contains the pFnuDIIMKn
methylating plasmid, migrated at a different molecular weight than unmethylated plasmid
preparations. However, when we linearized the double-plasmid preparation, in addition to
preparations of the two individua plasmids, we observed no detectable changesin plasmid size
or unexpected products (Figure 3.1B, right panel). In vitro methylation with commercial M.Sssl
(5’-"CG-3’ methylation site) and M.CviPI (5’-GmC-3’ methylation site) methyltransferases also
protected plasmids from digestion by CpaAl in protoplast extracts and commercial BstUI (not
shown).

3.3.2. Initial eectrotransformation of C. pasteurianum

To electrotransform C. pasteurianum, we employed a series of E. coli-Clostridium shuttle
vectors which differ only in their Gram-positive origins of replication: pMTL82151 (pBP1 ori
from C. botulinum); pMTL83151 (pCB102 ori from C. butyricum); pMTL84151 (pCD6 ori from
C. difficile); and pMTL85141 (pIM 13 ori from Bacillus subtilis) [139]. We utilized conditions
common to clostridial electrotransformation procedures (Table 3.2) and M.FnuDIl-methylated
DNA. Of the four vectors tested, pMTL83151, pMTL84151, and pMTL85141 yielded colonies
using thiamphenicol selection, corresponding to el ectrotransformation efficiencies of 0.7 x 10%,
0.3 x 10%, and 2.4 x 10" transformants pg™* DNA, respectively. Accordingly, pMTL85141 was
selected as the vector used for al subsequent electrotransformation work. Importantly, no
transformants were obtained with unmethylated plasmid, validating the necessity to protect
transforming DNA against the endogenous CpaAl restriction endonuclease. Interestingly, while
in vivo methylation was essential for transformation, we did not obtain transformants when
pMTL85141 was methylated in vitro with M.Sssl or M.CviPl methyltransferases, although both
enzymes protect pMTL85141 from digestion by CpaAl. Thisresult is unexpected, but is
speculated upon later in this report.

To confirm the presence of pMTL85141 in transformed colonies, we screened
thiamphenicol-resistant colonies for the presence of the catP resistance marker within
pMTL85141 using colony PCR (Figure 3.2A). All of the colonies screened generated asingle
expected product of 518 bp. To further confirm the presence of plasmid and determine if
rearrangements or recombinations occurred upon transfer to C. pasteurianum, plasmid

pMTL85141was isolated and purified from thiamphenicol -resistant colonies and digested with
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Table3.2

Consensus clostridial electrotransfor mation conditionsleading toinitial low-level transformation of C. pasteurianum

Electrotransfor mation parameter

Consensusfor Clostridium species

L ow-level transfor mation of C.
pasteurianum

Selected references

Cell growth
Growth medium

Growth phase and ODego at time of
harvest
Washing and pulse delivery

Wash and el ectroporation buffer

Number of wash steps
Cuvette gap width
Volume of cells
Pulse parameters
Outgrowth
Recovery and plating medium
Transformation efficiency

YTGor 2xYTG

mid to late exponential phase (ODgoo 0.5~
0.9

5-7 mM sodium phosphate, pH 6.5-7.4,
containing 270 mM sucrose and 1 mM
MgCl,

1

0.4cm
600 pl
2.0-2.5kV; 25 uF; 200-800 Q; 4-8 ms

YTGor 2xYTG
Up to 10° transformants ug* DNA

2xYTG
ODggo 0.6-0.8

5 mM sodium phosphate, pH 6.5,
containing 270 mM sucrose and 1 mM
MgCl,

1

0.4cm
600 pl
2.0-2.5kV; 25 pF; 200-800 Q; 6-9 ms

2xYTG
2.4 x 10! transformants pg* pMTL85141

[92,93,113]
[96,229]

[10,96,116]

[92,102,113]
[102,104,116]
[10]
[92,104,115]

[93,113]
[138]
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Xhol. Xhol digestion of al plasmid preparations from C. pasteurianum yielded a single band on
a 1.0% agarose gel, similar to the digestion of pMTL85141 prepared from E. coli DH5a (Figure
3.2B). The presence of the methyltransferase vector, pFnuDIIMKn, could not be detected in C.

pasteurianum plasmid preparations.

3.3.3. High-level electrotransformation of C. pasteurianum

An electrotransformation efficiency of 2.4 x 10! transformants pg™* DNA isvery low
relative to the efficiency of other clostridia (i.e., up to 10° transformants ug* DNA [138]) and
did not permit transfer of certain gene knockout vectors, as described later in this report.
Therefore, we were prompted to develop a high-level electrotransformation protocol by
systematically investigating the effects on electrotransformation efficiency of parameters
throughout all phases of the electrotransformation procedure. Electrotransformation efficiencies
reported below represent the average of at least two electrotransformation experiments using the

same preparation of electrocompetent cells.

(1) Cell-wall-weakening

Wefirst investigated the use of cell-wall-weakening agents due to their potential to
greatly enhance electrotransformation by weakening of the Gram-positive cell wall [95]. A
screening experiment was conducted to identify potential additives capable of enhancing
electrotransformation of C. pasteurianum, including glycine, bL-threonine, lysozyme, and
penicillin G (Figure 3.3A). Individually, we screened the effect of glycine and bL-threonine by
supplying the additives in the presence of 0.25 M sucrose at the first signs of growth (ODego Of
0.3-0.4) because cultures failed to grow to sufficient cell densitiesif glycine or DL-threonine
were present without sucrose supplementation or if the additives were present at the time of
inoculation. Cell growth rate was dlightly reduced in the presence of both glycine and bDL-
threonine. On the other hand, lysozyme and penicillin G were screened by addition at the wash
stage in the wash and electroporation buffer, followed by incubation at 37 °C for 30 minutes
prior to electroporation. Additive concentrations were chosen based on previous
el ectrotransformation studies with various species of Gram-positive bacteria
[116,137,230,231,232]. Of the four additives screened, only glycine and DL-threonine improved
the electrotransformation efficiency. The samples treated with 40 pg/ml lysozyme and 30 pg/ml
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A)

Figure 3.2. Low-level eectrotransformation of C. pasteurianum. A) Colony PCR confirmation
of pMTL85141 presence in C. pasteurianum transformants using primers pMTL.seq.S and
pPMTL.seq.AS. The expected product of 518 bp could only be amplified from E. coli transformed
with pMTL85141 and from thiamphenicol-resistant C. pasteurianum colonies, and not from non-
recombinant C. pasteurianum. B) Xhol-linearized pMTL85141 plasmid prepared from E. coli
DH5a and from a representative transformant of C. pasteurianum showing the expected plasmid
size of 2,963 bp. Some undigested vector remains visible in the E. coli preparation.
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penicillin G even failed to grow during the outgrowth period following el ectroporation,
potentially due to cell lysis. Despite aslight inhibition on cell growth, more than 7-fold
enhancement of electrotransformation efficiency was attained using 1.5% glycine, compared to
the control experiment with no cell-wall-weakening agent. Supplementation of 20 and 40 mM
DL-threonine provided approximately 1.6- and 2.1-fold increases, respectively, in
electrotransformation efficiency. Although glycine and DL-threonine have different mechanisms
of cell wall disruption, combining glycine and DL-threonine treatments did not lead to a
synergistic increase in electrotransformation efficiency.

Asaresult of the clear benefit of glycine on the electrotransformation efficiency, we set
out to determine the optimum glycine regimen with respect to concentration and duration of
exposure. Thisinvestigation was done concomitant with investigating the effect of sucrose on
electrotransformation efficiency by providing osmoprotection during the various cell-wall-
weakening glycine treatments. We tested glycine at 0.75, 1.0, and 1.25% in the presence of either
0.25 or 0.4 M sucrose, corresponding to nearly isotonic and hypertonic extracellular
environments, respectively. The highest glycine concentration was selected as 1.25% to
minimize growth inhibition, which becomes significant at concentrations equal to or greater than
1.5%. Increasing the sucrose concentration from 0.25 to 0.4 M led to asignificant increasein
electrotransformation efficiency under al glycine concentrations tested (Figure 3.3B). To
examine the effect of the duration of glycine exposure on electrotransformation efficiency,
cultures were incubated with O, 0.75, or 1.25% glycine in the presence of 0.4 M sucrose starting
at an ODeoo Of 0.4 for either 2.5 or 4.5 hours prior to washing and pulse delivery (Figure 3.3C).
Maximum el ectrotransformation efficiency was attained by exposing cellsto 1.25% glycine for
2.5 hours in the presence of 0.4 M sucrose, a 10.7-fold increase compared to the untreated
control culture. Interestingly, lower glycine concentrations could be compensated for by
increasing the duration of exposure. When using a glycine concentration of 0.75% in the growth
medium, 4.5 hours rather than 2.5 hours of exposure generated a greater electrotransformation
efficiency at this lower glycine concentration, although the absolute gain in electrotransformation
efficiency was still lower than with 1.25% glycine.

69



Figure 3.3. Investigation of cdl-wall-weakening and osmoprotection on
electrotransformation of C. pasteurianum. A) Investigation of cell-wall-weakening agents. Cells
were grown to early exponential phase (ODsoo 0.3-0.4) and glycine (gly) or bL-threonine (thr) was
added along with 0.25 M sucrose (suc). For lysozyme and penicillin G treatments, additives were
supplemented to buffer SMP prior to electroporation and incubated anaerobically at 37 °C for 30
minutes. An untreated culture was included as a control. The ODeoo Of each culture at time of
harvest is shown (O). Pulse duration was unaffected between samples. B) Investigation of glycine
and sucrose concentrations. Six cultures were grown to an ODeoo of 0.4 and glycine was added to
afinal concentration of 0.75, 1.0, or 1.25% together with sucrose at 0.25 (light shading) or 0.4 M
(dark shading). Growth was minimally affected between samples, as al cultures attained a final
ODeoo of 1.2-1.5. Pulse duration was unaffected between samples. C) Investigation of glycine
concentration and duration of exposure. Two cultures were grown to an ODggo of 0.4 and glycine
was added to a final concentration of 0.75 or 1.25% together with 0.4 M sucrose. An additional
control culture was prepared without either glycine or sucrose supplementation. Cells were
harvested, washed, and electroporated at either 2.5 (light shading) or 4 hours (dark shading)
following supplementation with glycine and sucrose. Pulse duration was unaffected between
samples. D) Effect of sucrose concentration within the wash and electroporation buffer. Cultures
were washed and electroporated in SMP buffer containing either isotonic (0.27 M) or hypertonic
sucrose (0.5 M). Pulse duration was unaffected between samples. E) Effect of sucrose
concentration within the outgrowth medium. Cultures were electroporated and resuspended and
grown in 2xY TG medium containing either 0.2 or 0.4 M sucrose.
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(if) Osmoprotection

We continued to investigate the effect of the osmoprotectant concentration on
el ectrotransformation efficiency during the subsequent washing and el ectroporation phase and
the outgrowth phase following electroporation. Cells grown in the presence of 1.25% glycine and
0.4 M sucrose were washed and electroporated in the common clostridial SMP buffer containing
either 0.27 M (isotonic) or 0.5 M (hypertonic) sucrose (Figure 3.3D). SMP buffer outperformed
other buffers tested, such as 10% PEG 8000, 15% glycerol, protoplast buffer with lysozyme
omitted, and SMP buffer supplemented with 15% glycerol (data not shown). Hypertonic sucrose,
which improved the el ectrotransformation efficiency when included during the growth phase,
reduced electrotransformation efficiency by afactor of 10.3 when included at the washing and
electroporation phase. Thus, 0.27 M sucrose was adopted as the optimum sucrose concentration
in the wash and electroporation buffer.

To assess the effect of sucrose osmoprotection during cell recovery immediately
following delivery of the electric pulse, cells were grown, made el ectrocompetent, pulsed, and
resuspended in 10 ml 2xY TG containing either 0.2 or 0.4 M sucrose (Figure 3.3E). Similar to the
washing and electroporation phase, hypertonic sucrose again reduced el ectrotransformation
efficiency, although the effect was modest (a 1.1-fold decrease), and thus, 0.2 M was adopted as

the optimum sucrose concentration in the outgrowth medium.

(i) Cell membrane solubilization

After developing aregimen to weaken the exterior cell wall while supporting cell
viability with sucrose osmoprotection, we next sought to enhance transfer of plasmid DNA to C.
pasteurianum with the use of ethanol to solubilize the cell membrane, a strategy which has
proved effective with some species of Gram-negative bacteria[135,136]. We aso extended this
approach to butanol, which €licits a more pronounced toxic effect on cells. To achieve maximum
membrane solubilization without adversely affecting cell viability, we utilized concentrations
near the toxicity threshold for many species of Clostridium, which were up to 15% (v/v) for
ethanol and 2% (v/v) for butanol [233,234]. Five minutes prior to electroporation, ethanol or
butanol was added directly to the cell-DNA suspension. Ethanol added at 5 and 10% provided a
1.6- and 1.3-fold respective increase in electrotransformation efficiency, compared to the control

experiment with no ethanol treatment (Figure 3.4). Butanol, and ethanol at an elevated
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Figure 3.4. Investigation of membrane per meabilization on the electrotransformation of C.
pasteurianum. Immediately prior to pulse delivery, cell-DNA suspensions were supplemented
with 5, 10, or 15% ethanol (EtOH) or 1 or 2% butanol (BuOH). An untreated sample was included
as a control. The time constant of each pulse is shown (O). The sample treated with 2% butanol
failed to grow during the alotted 16-hour recovery period following electroporation.
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concentration of 15%, proved to be detrimental to electrotransformation. The 2% butanol sample
grew extremely slowly during the outgrowth period following electroporation. The addition of
ethanol increased the pul se time constant, which may have influenced el ectrotransformation
efficiency (Figure 3.4). Butanol did not significantly affect the pulse time constant.

(iv) Electric pulse parameters

We investigated the effects of the electrical pulse with respect to voltage (i.e., field
strength), capacitance, and resistance (Figure 3.5A-C). In aninitial screening experiment, low
voltagesin the range of 1.8-2.0 kV generated significantly more transformants than voltages of
2.0-2.5 kV (data not shown), which are representative of most electrotransformation protocols
using species of Clostridium[92,102,104,116]. Hence, pulses of 1.6, 1.8, and 2.0 kV were
administered, corresponding to field strengths of 4.0, 4.5, and 5.0 kV cm™ (Figure 3.5A), using a
capacitance of 25 uF and aresistance of « Q (i.e., without the use of Pulse Controller module).
A voltage of 1.8 kV was found to produce the greatest el ectrotransformation efficiency, although
pulses of 1.6 and 2.0 kV only slightly reduced the electrotransformation efficiency. Pulse
duration decreased by approximately 1 ms when increasing pulse voltage from 1.6 to 1.8 kV and
from 1.8 to 2.0 kV. Next, capacitances of 25 and 50 puF were assessed at voltages of 1.8 and 2.25
kV, and o Q (Figure 3.5B). At both voltages, increasing the capacitance from 25 to 50 uF
reduced electrotransformation efficiency by afactor of 2.7 (1.8 kV) and 15.6 (2.25 kV),
respectively. Similarly, decreasing resistance from o Q to 200 and 600 Q, at 2.25 kV and 25 uF
was unproductive and resulted in a 3.3- and 2.3-fold decrease in el ectrotransformation efficiency,
respectively (Figure 3.5C). Pulse duration changes were not predictive of the effects on
electrotransformation efficiency, as increases in the time constant accompanying changesin
capacitance and decreases in the time constant accompanying changes in resistance both
correlated with decreased el ectrotransformation efficiency.

(v) DNA guantity and outgrowth duration

Finally, we evaluated the effect of DNA amount on both number of transformants and
electrotransformation efficiency (Figure 3.6A) and the effect of the duration of outgrowth
following electroporation. Although the total number of transformants was found to increase
linearly between 0.5 and 5.0 pug of pMTL85141, the greatest electrotransformation efficiency
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Figure 3.5. Investigation of electric pulse parameters on the electrotransformation of C.
pasteurianum. A) Effect of pulse voltage (field strength). Electrotransformation efficiency was
measured using electric pulses of 1.6, 1.8, or 2.0 kV, corresponding to field strengths of 4.0, 4.5,
and 5.0 kV cm™. The time constant of each pulse is shown (O). B) Effect of pulse capacitance.
Electrotransformation efficiency was measured at 25 (light shading) and 50 pF (dark shading)
under voltages of 1.8 and 2.25 kV. The time constant of each pulse is shown (O). C) Effect of
pulse resistance. Electrotransformation efficiency was measured at 200, 600, and « Q at a voltage
of 2.25 kV. The time constant resulting from each administered pulse is shown (O).
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occurred using 0.5 pg of plasmid DNA. Transformants could be detected at the lowest quantity
of DNA tested, 0.25 pg, and saturation with pMTL85141 was not observed up to 5.0 ug, the
highest quantity of DNA tested.

For assessing outgrowth duration, we incubated el ectroporated cellsfor 0, 2, 4, 6, or 16
hours prior to plating on selective medium. Growth in the form of gas formation and increased
culture turbidity could be detected as early as 2 hours following transfer to recovery medium.
Transformants could be obtained without recovery (i.e., 0 hours incubation), although at a
significantly reduced efficiency (7.9- to 12.1-fold reduction compared to 2-16 hours incubation)
(Figure 3.6B). As expected, the greatest electrotransformation efficiency was attained using the
longest recovery time tested (i.e., 16 hours), which was approximately 1.3-fold greater than at 4-
6 hours outgrowth, during which time the el ectrotransformation efficiency was unchanged.
While 16 hours of outgrowth is a convenient duration due to the length of the pre-growth and
washing and electroporation phases, electrotransformation efficiency for clostridiaistypicaly
reported following 4-6 hours of outgrowth. Thus, the electrotransformation efficiencies reported
here, all of which involved 16 hour outgrowth experiments, can be divided by 1.3 for comparison
to other clostridial electroporation efficiencies.

3.3.4. Application of the electrotransformation protocol to other vectors

Since many clostridia vectors favor the ermB determinant for erythromycin or
clarithromycin selection, rather than catP-based thiamphenicol selection used in this study, we
constructed pMTL85141ermB, adual catP and ermB selectable plasmid. Comparable, high-level
electrotransformation efficiencies (1.0-1.4 x 10* transformants pg* DNA) were obtained by
selection of pMTL85141ermB using 15 pg/ml thiamphenicol, 4 pg/ml clarithromycin, or 20
pg/ml erythromycin. Control plasmid transformations lacking the ermB determinant failed to
generate clarithromycin- or erythromycin-resistant colonies. Therefore, ermB-based
clarithromycin or erythromycin selection is effective using C. pasteurianum.

To determine the generality of our high-efficiency electrotransformation protocol for
other vectors, we also attempted electrotransfer of pSY 6catP into C. pasteurianum. pSY 6catP is
amodified form of pSY 6 [15] whereby the ermB erythromycin-resistance determinant is
replaced with catP from pMTL85141. pSY6 is one of severa E. coli-Clostridium shuttle vectors
(in addition to, e.g., the ClosTron system of vectors [145]), which harbours the LI.1trB group |1
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Figure 3.6. Investigation of amount of DNA and outgrowth duration on the
electrotransformation of C. pasteurianum. A) Effect of plasmid DNA amount on total number
of transformants and electrotransformation efficiency of C. pasteurianum. Zero, 0.25, 0.5, 1.0, 2.5,
or 5.0 ug of pMTL85141 were added to electrocompetent cells of C. pasteurianum and
electroporated. Total number of thiamphenicol-resistant transformants (light shading) and
electrotransformation efficiency (dark shading) were enumerated. Pulse duration was unaffected
between samples. Zero pg pMTL85141 failed to generate transformants. B) Effect of post-
electroporation incubation time. Cells were electroporated, transferred to outgrowth medium
containing 0.2 M sucrose, and incubated for 0, 2, 4, 6, or 16 hours prior to selective plating.
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intron machinery necessary for performing intron-mediated gene knockouts in clostridia. A

pSY 6-based vector was chosen because it possesses the same pIM 13 replicon as pMTL85141,
thereby eliminating potentia variation in efficiency dueto differences in the origin of
replication. Unexpectedly, pSY 6catP transformed C. pasteurianum at a significantly decreased
efficiency of 1.1 x 10! transformants pg™* DNA, an efficiency approximately 1,000-fold lower
than achieved with pMTL85141. To rule out a vector size effect on the reductionin
electrotransformation efficiency (pSY 6catP is 8,498 bp, whereas pMTL 85141 is 2,963 bp), we
also attempted to transform pHT3, a 7,377 bp vector with the same fundamental vector
components as pMTL85141ermB, in addition to a heterologous lacZ gene from

Thermoanaer obacterium thermosulfurogenes EM 1 [12] (Table 3.1). Unlike pSY 6catP, pHT3
transformed at a high efficiency of 1.8 x 10* transformants pug™* DNA, which is comparable to
pMTL85141ermB. Therefore, the dramatic reduction in electrotransformation efficiency is likely
not due to differencesin plasmid size. At this point, we hypothesize the presence of an additional
unidentified restriction system which targets certain common site(s) of pSY 6catP, but not
pMTL85141, pMTL85141ermB, or pHT3, much like the dcm-methylation-dependent restriction
systems recently addressed in C. thermocellum and C. [jungdahlii [107,235]. Our observation of
the transformability of in-vivo-methylated plasmids, but not in-vitro-methylated plasmids, may
also be the result of an unidentified methylation-dependent restriction system, which may or may
not be the same one affecting pSY 6¢atP. The in vitro M.Sssl and M.CviPl methyltransferases we
utilized, with 5’-"CG-3’ and 5’-G™C-3’ methylation sites, respectively, each methylate a larger
number of sites than the M.FnuDII in vivo methyltransferase (5’-"CGCG-3’ methylation site).
Since certain DNA substrates containing 5-methylcytosine are restricted, it is likely that over-
methylated pMTL85141 could be unexpectedly targeted by a Type Il or TypelV 5-

methyl cytosine-specific restriction endonuclease in C. pasteurianum. Experiments are underway
to probe for an additional restriction system in C. pasteurianum. Nonetheless, even with the
reduced electrotransformation efficiency of pSY 6catP, we have used it to successfully introduce
type Il intronsinto the C. pasteurianum genome in preliminary experiments (data not shown),
whereas this was not possible with the low-level electrotransformation efficiency weinitially

obtained prior to our electrotransformation studies detailed in this report.
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3.4. Discussion

Lack of agene transfer system has fundamentally hindered genetic manipulation of C.
pasteurianum. We report here the first development of an electroporation-mediated procedure for
high-level gene transfer to C. pasteurianum. The first step in overcoming this barrier involved
confirming the previously identified C. pasteurianum restriction endonuclease, CpaAl, which
cleaves 5’-CGCG-3’ nucleotide sequences. In vivo methylation using the M.FnuDI|
methyltransferase allowed protection of E. coli-C. pasteurianum shuttle vectors. Active
protoplast extracts of C. pasteurianum completely degraded pMTL85141 prepared from E. coli
DH5a, but not when prepared from E. coli ER1821 harboring both pMTL85141 and
pFnuDIIMKn (Figure 3.1A, B). Thisfinding alowed us to demonstrate low-level
electrotransformation of C. pasteurianum by using conditions commonly utilized for clostridial
electroporation (Table 3.2). Despite repeated attempts, unmethylated pMTL85141 (i.e., prepared
from E. coli DH5a in the absence of plasmid pFnuDIIMKn) was unable to transform C.
pasteurianum, confirming the requirement for proper methylation of plasmid DNA prior to
electrotransformation. Plasmid transfer was confirmed through colony-PCR-amplification,
isolation and purification, and DNA sequencing of plasmid pMTL85141 from thiamphenicol -
resistant colonies (Figure 3.2A, B; data not shown). The resulting plasmid preparation from C.
pasteurianum was devoid of rearrangements and recombination and could only transform
restriction-deficient strains of E. coli, such as ER1821. Theinitial efficiency of approximately
2.4 x 10! transformants pug™ DNA paled in comparison to electrotransformation levels achieved
with other species of Clostridium (up to 10° transformants pug™ DNA [138]) and prevented
transfer of low-level-transforming vectors, such as pSY 6catP (discussed below). Thus, we
investigated the effects of several parameters critical for the electrotransformation of Gram-
positive bacteria. With the modified protocol, we were able to el evate the el ectrotransformation
efficiency to amaximum of 7.5 x 10* transformants pg* DNA, an increase of more than three
orders of magnitude from the original low-level eectrotransformation efficiency (Table 3.3). The
electroporation parameters determined to be most influential on the electrotransformation of C.
pasteurianum are discussed in detail below.

Gram-positive bacteria are electrotransformed at efficiencies several orders of magnitude
lower than Gram-negative cells, highlighting the importance of effective weakening of the

Gram-positive cell wall prior to electroporation. The most widely used additives for this purpose
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Table3.3
Summary of protocol for high-level electrotransformation of C. pasteurianum and comparison to initial low-level protocol

Electrotransfor mation parameter L ow-level protocol High-level protocol
Cell growth
Growth additive None 1.25% glycine (at ODego 0.3-0.4)
Osmotic stabilizer None Hypertonic sucrose (0.4 M; at ODeggo 0.3-0.4)
ODeqo at time of harvest ODggo 0.6-0.8 ODggo 0.6-0.8
Washing and pulse delivery
Osmotic stabilizer I sotonic sucrose (0.27 M) I sotonic sucrose (0.27 M)
Cell membrane solubilizer None 5% (v/v) ethanol 5 min prior to pulse
DNA amount 5ug 0.5ug
Pulse parameters 2.0-2.5kV; 25 pF; 200-800 Q; 6-9 ms 1.8KkV; 25 pF; 00 Q; 12-14 ms
Outgrowth
Osmotic stabilizer None Hypotonic sucrose (0.2 M)
Recovery time 16 h 4-6 h
Transformation efficiency 2.4 x 10* transformants pgt pMTL85141  Upto 7.5 x 10* transformants pug* pMTL85141
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are glycine, bL-threonine, lysozyme, and penicillin G, al of which were screened in this study
(Figure 3.3A). Under the conditions tested, only glycine and bL-threonine afforded enhanced
levels of eectrotransformation, with glycine rendering the cell most susceptible to
electrotransformation. Glycine has been widely used for increasing el ectrotransformation
efficiency of Gram-positive bacteria[137,230,231,236,237,238,239,240,241] and its mode of
action has been extensively studied [129]. Specifically, glycineisincorporated into the
peptidoglycan network through replacement of critical D- and L-alanine residues, generating a
weakened cell wall due to alesser degree of cross-linking [129]. To balance glycine
supplementation with cell viability, we determined that optimum electroporation is achieved
using brief exposure to the highest glycine concentration that still permits sufficient cell growth.
The optimized glycine regimen for C. pasteurianum involves exposure of early exponential
phase cellsto 1.25% glycine for 2-3 hours (Figure 3.3B, C), which is most similar to protocols
developed for Mycobacterium avium [231], Bacillus subtilis[239], and B. thuringiensis [240]. Of
particular importance is the timing of glycine addition. Specifically, glycine should be added
only when the cells enter the exponentia growth phase, as glycine supplementation at the time of
inoculation resulted in significant growth inhibition. While cell-wall-weakening is not an
indispensable requirement for el ectrotransformation of C. pasteurianum, a significant increase in
el ectrotransformation efficiency was obtained with glycine treatment. To our knowledge this
study represents the first use of glycine as a cell-wall-weakening and electroporation-enhancing
agent within the Clostridium genus.

Upon treatment with glycine, cells possess a compromised cell wall, and therefore, it is
paramount that cells be stabilized osmotically. Our results clearly demonstrate the importance of
sucrose osmoprotection during glycine treatment, as cultures without sucrose supplementation
failed to grow in the presence of glycine. Although 0.25 M sucrose in the growth medium was
sufficient to promote growth, increasing the concentration to 0.4 M afforded a significant
enhancement to electrotransformation (Figure 3.3B). In opposition to the growth medium,
however, hypertonic sucrose in the recovery medium (0.4 M) was found to have adlightly
negative effect on e ectrotransformation efficiency compared to a slightly hypotonic environment
(0.2 M) (Figure 3.3E). A greater degree of osmotic stabilization islikely required in the growth
medium compared to the recovery medium as a result of cell-wall-weakening that occursin the

presence of glycine. In asimilar manner, hypertonic sucrose (0.5 M) in the wash and
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electroporation buffer greatly reduced el ectrotransformation efficiency compared to an isotonic
buffer (0.27 M) (Figure 3.3D). This outcome is in agreement with other clostridial
electrotransformation protocols that employed phosphate-buffered sucrose as the wash and
electroporation buffer, as al such protocols utilize isotonic rather than hypertonic sucrose
[10,92,93,96,102,104,113]. Alternatively, a hypertonic wash and el ectroporation buffer has been
shown to enhance el ectrotransformation of Streptococcus cremorisand S. lactis [242], Listeria
monocytogenes [243], and Lactobacillus sake [244]. Based on these studies and our data
presented hereit is evident that the degree of osmotic protection required to achieve optimum

el ectrotransformation must be carefully determined for each phase of the el ectroporation process.
Whileit is commonly assumed that the role of osmotic stabilizer on cell-wall-weakened and
electrotransformed cellsis strictly protective, it cannot be ruled out that higher
electrotransformation efficiencies arise, at least in part, from faster growth rates exhibited by
cultures that actively utilize the stabilizer as a carbon and energy source, as observed with the
use of sucrose for C. pasteurianum (this study) and Lactococcus lactis subsp. cremoris [230].

In addition to the use of cell-wall-weakening additives, the Gram-positive cell wall can
be destabilized through the application of high-voltage pul ses during electroporation, as stronger
electric fields are typically required for Gram-positive compared to Gram-negative bacteria
[95,223]. Hence, optimization of the electrical parameters must be performed to achieve efficient
el ectroporation without compromising cell viability. We aimed to tailor our electric pulse,
defined by the pulse voltage (kV) and corresponding field strength (kV cm™), capacitance (UF),
and resistance (Q), based on our developed glycine and sucrose regimen. In contrast to most
clostridial electroporation procedures, which commonly utilize voltages of 2.0-2.5 kV (5.0-6.25
kV cml), optimum electrotransformation of glycine-treated C. pasteurianum was found to occur
under alower voltage of 1.8 kV (4.5 kV cml; Figure 3.5A). Within the clostridia, this low field
strength has only been matched by the described protocol for C. acetobutylicum DSM 792 [102].
Increasing the capacitance at voltages of either 1.8 or 2.25 kV generated significantly reduced
electrotransformation efficiencies (Figure 3.5B). In addition, using a higher voltage of 2.25 kV
and attempting to truncate the duration of the pulse by using lower resistances of 200 and 600 Q
also produced a reduced number of transformants (Figure 3.5C). Therefore, optimum
electrotransformation of glycine-treated C. pasteurianum was found to occur under arelatively
low electric field of 4.5 kV cm? at 25 uF and « Q, generating a time constant of 12-14 ms. We
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postul ate that arelatively weak electric field is best for enhancing electroporation of C.
pasteurianum as a result of the compromised cell wall associated with the application of our
glycine regimen. A similar effect has been observed using glycine-treated cells of Bacillus
cereus, in which glycine had no effect under a high field strength (20 kV cm™?), yet a pronounced
positive effect under alow field strength (12 kV cm™) [241].

To alesser extent than the Gram-positive cell wall, the cell membrane aso actsas a
physical barrier to transfer of plasmid DNA into the cell. Aside from the presumed pore
formation that occurs immediately following delivery of the electric pulse, little work has been
done to enhance el ectroporation through increasing the extent of membrane permeabilization.
Recently, two reports have detailed the use of ethanol as a membrane-solubilizing agent to
enhance el ectroporation of Escherichia coli [135] and Oenococcus oeni [136]. The effect of
ethanol, afermentation end product of C. pasteurianum, on growth of species of Clostridium has
been extensively studied and it has been shown that ethanol toxicity occurs through direct
interaction with the cell membrane resulting in a decreased extent of lipid organization and
increased membrane fluidity and cytoplasmic leakage [233,245]. It has been proposed that
leakage occurs through an ethanol -induced increase in membrane pore size [246], which has
clear implications to el ectroporation. In this report we assessed the el ectroporation-enhancing
effect of ethanol and aso extended our approach to butanol. Whereas butanol inhibited
electrotransformation and cell growth of C. pasteurianum under the conditions tested, we found
that ethanol supplemented at an appropriate concentration (5 or 10%) had a clear positive effect
on electrotransformation (Figure 3.4). To our knowledge, this study represents the first use of
ethanol to enhance electrotransformation within the Clostridium genus.

The investigation of various electrotransformation parameters enabled us to generate a
maximum of 7.5 x 10* transformants pug™ DNA, a more than 3,000-fold increase compared to
our initial attempts using common clostridial electroporation conditions (Table 3.3).The results
reported in this study demonstrate that C. pasteurianum ATCC 6013 is amendable to genetic
manipulation. Our hope is that our developed gene transfer protocol will allow genetic and
metabolic engineering of C. pasteurianum and promote further development of this
biotechnologically important microorganism, as the maximum electrotransformation efficiency
attained for C. pasteurianum is among the highest reported in the Clostridium genus. However,

significant barriers remain to be resolved; namely the low el ectrotransformation efficiency for
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plasmids which carry group |1 intron machinery, such as pSY 6catP, necessary for constructing
gene knockout mutantsin clostridia. Since we have observed a drop in electrotransformation
efficiency for pSY 6catP (8,498 bp), yet not pHT3 (7,377 bp), aplasmid of comparable size, we
suspect the decrease in efficiency is not related to plasmid size. Instead, we speculate that C.
pasteurianum possesses at |east one additional restriction-modification system, in addition to
CpaAl, that is specifically active on pSY 6catP, but not on pMTL85141. It islikely that
additional uncharacterized restriction activities are also responsible for our inability to
electrotransform substrates methylated in vitro using CpG and GpC methyltransferases, despite
proper protection against the previously identified CpaAl restriction endonuclease. We are
currently conducting genome sequencing of C. pasteurianum which will enable us to identify
potential candidate restriction-modification genes that may be responsible for the low
electrotransformation efficiency of certain non-pMTL85141 and in-vitro-methylated vectors.
Also, it should be mentioned that, even with the reduced el ectrotransformation efficiency of
pSY 6catP, our electrotransformation protocol developed herein allows the introduction of group
Il introns into the C. pasteurianum genome in preliminary experiments (data not shown). Thus,
should genome sequencing reveal additional restriction-modification genes, our

el ectrotransformation method should enable investigators to knockout such genes using group |1
introns. Finally, the work here also demonstrates that catP (using thiamphenicol) and ermB
(using clarithromycin or erythromycin) comprise effective selection marker systems for
performing genetic engineering in C. pasteurianum. The pIM 13 origin of replication from
Bacillus subtilis and the pCB102 and pCD6 origins of replication from C. butyricum and C.
difficile, respectively, were shown to support plasmid maintenance in C. pasteurianum and they
round out the vector toolkit now available for genetic engineering in thisimportant bacterium.
Taken together, the high-level electrotransformation protocol and the vector and selection tools
described herein set the stage for biotechnological exploitation of C. pasteurianum for the first
time, thereby opening an important avenue for the production of biofuels from low-vaue and

abundant crude glycerol.

3.5. Conclusions
In thiswork, M.FnuDIl methylation, together with cell-wall-weakening, partial

membrane solubilization, alow electric field, and osmoprotection enabled the
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electrotransformation of C. pasteurianum ATCC 6013 at an efficiency of up to 7.5 x 10*
transformants ug™ DNA. The work here also demonstrates the development of a C.
pasteurianum genetic toolkit currently comprised of two selectable markers (catP-based
thiamphenicol selection and ermB-based clarithromycin or erythromycin selection) and three
Gram-positive origins of replication (pIM13 from Bacillus subtilis, pCD6 from C. difficile, and
pCB102 from C. butyricum). Thisisthe first report of a genetic transformation procedure for C.
pasteurianum and represents a key advancement for this industrially-important bacterium with
important implications for low-cost biofuel production.
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CHAPTER 4

Draft genome sequence of Clostridium pasteurianum

4.1. Introduction

The development of a transformation procedure allowing high-level gene transfer to C.
pasteurianum [91] paves the way to an array of powerful genetic tools, including gene
overexpression, knockout, and knockdown techniques. However, none of these techniques are
possible without access to a genome sequence for C. pasteurianum. At the time of this report,
and despite significant interest in the solventogenic clostridia, only one completed genome
sequenceis available for C. pasteurianum and is from an environmental isolate (strain BC1). Itis
unclear how similar strain BC1 isto the type strain of the species, strain ATCC 6013 (DSM
525).

In the current era of genomics and bioinformatics, where genome sequencing, assembly,
and annotation can be outsourced for ever-decreasing costs, it is often unjustifiable to undertake
genetic studies using an organism lacking genome sequencing data. As depicted in Figure 2.3, a
critical step when attempting to manipulate a clostridial host strain entail s sequencing the target
organism’s genome. Recent bacterial genome sequencing projects have involved at least one of
three mgjor NGS technol ogies; namely, Illumina dye sequencing, 454 pyrosequencing, and
Pacific Biosciences single molecule real time sequencing (SMRT), all examples of DNA-
polymerase-mediated sequencing-by-synthesis [247]. Illumina dye sequencing and 454
pyrosequencing were developed in the 1990s, whereas SMRT sequencing arrived in 2009. As of
2013, an updated version of the SMRT technology has become available for commercial use.
Although all three technologies differ in the length of reads and depth of coverage obtained,
generally asingle run of any of the three NGS technologiesis insufficient to capture a full-length
bacterial genome, resulting in alarge number of noncontiguous sequences [248]. In order to
move from afragmented draft assembly to afinished genome, often a hybrid approach
comprising more than one NGS platform is utilized, which drives up costs and demands accurate

reads for effective error correction [249]. A recent exception to this principle, which is expected
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to exemplify the near future of NGS technology, involves a nonhybrid approach wherein a
finished bacteria genome can be generated from asingle DNA library using SMRT sequencing
[250]. An important advantage of thistechniqueliesin its ability to resolve long repeat regions
of DNA, which largely comprise the noncontiguous gaps found in most bacteria draft genome
assemblies.

In this study, we detail the steps taken to obtain a near-compl ete genome sequence for C.
pasteurianum ATCC 6013. A hybrid sequencing approach combining all three major NGS
platforms was employed by outsourcing sequencing, assembly, and annotation to various
genome sequencing centresin North America. A collaboration was initiated with Oak Ridge

National Laboratories to expedite genome assembly and annotation.

4.2. Methods

4.2.1. Growth and maintenance conditions
C. pasteurianum ATCC 6013 was grown and maintained as described previoudly (refer to
section 3.2.2).

4.2.2. Total genomic DNA isolation and purification

Intact, high molecular weight C. pasteurianum genomic DNA was extracted from a 60 ml
culture (OD 0.5-0.7) by first washing cellsin 40 ml of a buffer containing 25 mM potassium
phosphate, pH 7.0, and 6 mM MgSOs, followed by resuspension in 15 ml of the same buffer
supplemented with 50% sucrose and 200 pg/ml lysozyme [86,226]. After anaerobic incubation at
37 °C for 45 minutes, genomic DNA was extracted from 1.0-2.0 ml samples of protoplast
suspension using a DNeasy Blood and Tissue Kit from Qiagen (Valencia, CA). Dueto the high
nuclease content of clostridia, hypertonic sucrose (50% w/v) was added to buffer ATL during
cell lysis[86]. Eluted genomic DNA was treated with 100 pg/ml RNase A prior to additional
purification using a Genomic DNA Clean & Concentrator kit from Zymo Research (Irvine, CA).

4.2.3. DNA sequencing, assembly, and annotation
454 pyrosequencing was performed using the Genome Sequencer FLX and Titanium

reagents. Sequencing was performed by Genome Canada via the Génome Québec and McGill
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University Innovation Centre (Montréal, QC). Two separate 1/8 runs were performed using a
paired-end C. pasteurianum genomic library to allow de novo construction of raw sequence
reads. An 8 kb library insert size was used.

[Ilumina sequencing was performed using the MiSeq sequencer at Oak Ridge Nationa
Laboratories (Oak Ridge, TN). A paired-end C. pasteurianum genomic library was prepared to
allow de novo construction of raw sequence reads.

SMRT sequencing using the RS | analyzer and a5 kb insert C. pasteurianum genomic
library was performed at the DNA Sequencing Core at the University of Michigan (Ann Arbor,
MI). Two paralel SMRT flow cells were utilized from the same genomic library. SMRT
sequencing using the RS 11 analyzer and along insert C. pasteurianum genomic library (11-20
kb) was performed at the Genomic Resource Center at the Institute for Genome Sciences
(University of Maryland School of Medicine; Baltimore, MD).

Assembly and annotation of raw sequencing reads following each round of sequencing
was performed Oak Ridge National Laboratories (Oak Ridge, TN). Newbler (454/Roche; Basdl,
Switzerland) and CLC Genomics Workbench & CLC Assembly Cell (CLC bio; Aarhus,
Denmark) software packages were utilized for assembly.

4.3. Results and discussion

To obtain a draft genome assembly for C. pasteurianum, a hybrid NGS approach was
employed utilizing all three major NGS platforms. Two 1/8 runs of 454 pyrosequencing resulted
in 245,433 reads assembled into 1,231 contigs and 43 scaffolds. Following Illumina MiSeq
sequencing, a454 and Illumina hybrid draft genome reduced the number of contigsto 214.
Contig size ranged from 512 to 162,006 bp, with a mean of 19,697 bp. SMRT sequencing from
an RS | sequencer led to an improved draft assembly possessing 4.4 Mbp in 30 contigs. Finaly,
to further drive down the number of gaps in our draft assembly, we supplemented our RS | data
with two additional SMRT flow cells using the updated RS |1 sequencer. The final draft
assembly following our hybrid NGS approach yielded 12 contigs containing 4.4 Mbp.
Remaining contigs range in size from 8,251 to 1,860,121 bp, with five contigs under 12 kb. We
are currently employing traditional PCR, primer walking, and Sanger sequencing using the C.

pasteurianum BC1 genome as areference for gap closure of the remaining 12 contigsin our
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latest draft genome assembly. By mapping the 12 contigs from our draft sequence to the finished
BC1 genome, it is expected that all gaps within our sequence are less than 2 kb.

Our C. pasteurianum genome sequence contains approximately 4,420,100 and 4,056
candidate protein-coding genes, and has a GC content of 30%. No extrachromosomal elements
were identified or suspected, although the presence of such elements cannot be ruled out. Contigs
8 and 1 possess uncharacteristic GC contents of 37.5 and 38.2%, respectively. Approximately 74
tRNA genes were identified in the genome. A total of 16 rRNA clusters comprised of 16S and
23S rRNA genes were detected, many of which flank the remaining contigs, demonstrating the
limitations of NGS technologies for sequencing highly repetitive rRNA-encoding DNA. In
contrast, the genome sequence of C. pasteurianum strain BC1 is 4.99 Mbp with a 53,393 bp
plasmid, with GC contents of 30.6 and 28.9%, respectively. Strain BC1 possesses 9 rRNA
clusters composed of 16S and 23S genes, in addition to 10 5S subunit genes.

All putative acido- and solventogenic pathway genes were annotated within the C.
pasteurianum genome, in addition to a full complement of glycolytic pathway genes. Locus tags
corresponding to the genes discussed below are given in parentheses for the C. pasteurianum
DSM 525 (ATCC 6013) draft genome sequence (accession NZ_ANZB0000000O0) that is
available through the National Center for Biotechnology Information (NCBI;
http//www.ncbi.nlm.nih.gov). Two apparent mechanisms are utilized by the organism for
transitioning from glycolysis to fermentative metabolism (conversion of pyruvate to acetyl-
CoA), namely pyruvate formate lyase (pfl) and pyruvate:ferredoxin oxidoreductase (pfo). C.
pasteurianum possesses three copies of each of these genes (pfl: F502_15710, F502_15690;
F502_19556; pfo: F502_01955, F502_07648, F502_07643), with two pfo genes arranged
adjacently within contig 9 (F502_07648 and F502_07643). Asisthe case with C.
acetobutylicum, many central fermentative pathway genes were found within operon structures
in the genome sequence of C. pasteurianum. These include genes for acetate (pta-ack;
F502_04382 and F502_04387) and butyrate (ptb-buk; F502_11866 and F502_11871) production,
in addition to the multistep conversion of acetyl-CoA to butyryl-CoA (crt-bcd-etfB-etfA-hbd;
F502_ 06297 to F502_06277). A second copy of hbd (F502_07923) is located elsewhere in the
chromosome. The genome sequence contains 17 genes that are annotated as iron-type alcohol
dehydrogenases, 10 of which could play rolesin production of ethanol and butanol from
acetaldehyde/acetyl-CoA (adh) and butyraldehyde/butyryl-CoA (bdh), respectively.
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Interestingly, C. pasteurianum appears to possess all of the genesinvolved in acetone
production, yet formation of acetone by C. pasteurianum has never been reported. Three CoA
transferase gene clusters have been annotated for potential conversion of acetoacetyl-CoA to
acetoacetate with concomitant production of acetyl-CoA and butyryl-CoA directly from acetate
and butyrate, respectively. A complete acetone-formation locus has been identified in the
genome of C. pasteurianum, which possesses the same orientation as that from C.
acetobutylicum. This cluster is comprised of both subunits of CoA transferase (ctfAB;
F502_16510 and F502_16505), preceded by a bifunctional acetaldehyde/alcohol dehydrogenase
(aad/adhE1L; F502_16515), and followed by areverse orientation acetoacetate decarboxylase
gene (adc; F502_16500) for conversion of acetoacetate to acetone. The amino acid sequence of
the C. pasteurianum adc gene possesses significant identity (84%) to the C. acetobutylicum
homolog. Despite these similarities, C. pasteurianum fails to produce acetone, indicating a lack
of activity or absence of a suitable transcriptional promoter for any of the ctf or adc genes
involved in the acetone formation pathway. An additional copy of subunit A of CoA transferase
isarranged in an operon with additional copies of both crotonase and butyryl-CoA
dehydrogenase (crt-ctfA-bed; F502 09038 to F502_09028), while the other CoA transferase
cluster (ctfAB; F502_16080 and F502_16075) does not appear to be a part of an operon with
other genes. C. pasteurianum also differs from C. acetobutylicumin its ability to form 1,3-
propanediol when grown on reduced substrates, such as mannitol and glycerol. The genes for
glycerol dehydratase and 1,3-propanediol dehydrogenase have been cloned and sequenced in E.
coli and are found within alarge 1,3-propanediol production locus of contig 5. This 7.1 kb, 8-
gene cluster contains the large, medium, and small subunits of glycerol dehydratase (dhaBCE;
F502 03402 to F502_03412), two subunits of aglycerol dehydratase reactivation factor
(F502_03417 and F502_03422), two cobal amin adenosyltransferase genes conferring vitamin
B12 dependence (F502_03427 and F502_03432), and 1,3-propanediol dehydrogenase (dhaT;
F502_03437).

In the time that we undertook our genome sequencing studies, a second draft genome for
the type strain of C. pasteurianum (ATCC 6013/DSM 525) has been made publicly available
[251]. The second genome assembly currently possesses 37 contigs encompassing 4,285,687 bp
(Table 4.1). It is expected that both genomes possess many of the same gap regions between
contigs, which often represent highly-repetitive DNA encoding ribosomal RNA. Indeed, our
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draft assembly contains 16 copies of the 16S rRNA gene, while the second assembly contains
only two copies of the same gene. Finally, an additional draft genome for athird strain of C.
pasteurianum, NRRL B-598, was published online in December, 2013. The NRRL B-598
assembly currently contains 138 contigs, yet is very large (6.0 Mbp) (Table 4.1), demonstrating

significant variation in clostridial genomes, even between strains of the same species.

4.4. Conclusions

In this study, we have obtained a near-compl ete genome sequence of the type strain of C.
pasteurianum, which currently contains 12 contigs. By mapping our 12 contigs to the finished
genome sequence for C. pasteurianum BC1, we suspect that we have sequenced 4.4 Mbp of a
predicted 4.5 Mbp for the genome of strain ATCC 6013. We are currently finishing the genome
sequence by closing the gap regions between contigs using standard PCR and Sanger
sequencing. We have also succeeded in capturing the nucleotide sequences of al relevant central
fermentative genes of C. pasteurianum, which are required for genetic manipulation and

metabolic engineering studies involving gene overexpression, knockout, and knockdown.
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Table4.1

Summary of completed and in progress C. pasteurianum genome sequencing efforts

Strain Progress Size GCcontent Candidate protein Institute
coding genes
ATCC 6013/DSM 525 37 contigs 4,285,687 bp 29.8 % 3,887 Hamburg University of Technology (Hamburg,
(type strain) Germany)
ATCC 6013/DSM 525 12 contigs 4,420,100 bp 30.0% 4,056 University of Waterloo (Waterloo, ON)
(type strain)
BC1 completed 4,990,707 bp 30.6 % 4512 Brookhaven National Laboratory (Upton, NY)
(+53,393 bp plasmid)
NRRL B-598 138 6,041,878 bp 29.6% 5,367 Ingtitute of Chemical Technology (Prague,

Czech Republic)
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CHAPTER S

Overcoming host restriction and low retrohoming efficiency permits group-I1-

intron-mediated chromosomal gene knockout in Clostridium pasteurianum

5.1. Introduction

An overal lack of genetic tools has impeded metabolic engineering of C. pasteurianum,
allowing only tedious random chemical mutagenesis techniques [252,253]. It is expected that
efficient plasmid transfer will alow rational metabolic engineering approaches, including the
application of gene knockout, knockdown, and overexpression techniques, none of which have
been employed yet in C. pasteurianum. Of these indispensabl e techniques, gene knockouts are
the most robust and widely employed method for decreasing or entirely abolishing the
expression of a native chromosomal gene or metabolic pathway. In Clostridium, the preferred
tool for conducting gene knockouts is the ClosTron [14], which was adapted from TargeTron
technology and expl oits the unique retrohoming mechanism of bacterial group Il introns [189].
Owing to the broad host range of group 11 intron machinery, ClosTron-mediated gene knockouts
have been performed in at least 11 species of Clostridium and have proven indispensable in
genetic studies involving both the medical and industrial clostridia [145].

Following our initial report of gene transfer to C. pasteurianum, we have observed that
electrotransformation efficiency varies drastically between certain shuttle vectors. Poor
electrotransformation efficiency has been determined to be specific to the group Il intron
machinery within such vectors [91]. Restriction systems are the most common cause of observed
transformation recalcitrance in bacteria and often potently inhibit plasmid transfer [95]. C.
pasteurianum ATCC 6013 produces at |east two active RM systems, Cpal (5’-GATC-3’) [254]
and CpaAl (5’-CGCG-3’) [119], the recognition sites of which are blocked using Dam- (Cpal)
and M.FnuDII- (CpaAl) methylated plasmid DNA, respectively, prior to electrotransformation
[91]. It is possible that C. pasteurianum expresses a third RM system that recognizes a specific
nucleotide sequence that is found within the group Il intron or its cognate intron-encoded protein

vector region. On the other hand, transformation resistance could potentially be the result of
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toxicity of a plasmid-encoded gene product or plasmid instability due to selection of poor
replication origins. In this study we examined the nature of this electrotransformation variation
and aimed to resolve the issue to allow more efficient plasmid transfer. We demonstrate that host
restriction of intron-harbouring vectors and low intron retrohoming efficiency hinder
chromosomal gene knockout techniquesin C. pasteurianum. The resolution of these barriers
permits successful utilization of group Il intron technology and will lead to improved metabolic

engineering outcomes with C. pasteurianum.

5.2. Methods

5.2.1. Bacterial strains, plasmids, and oligonucl eotides

Bacterial strains and plasmids employed in thiswork are listed in Table 5.1 and
oligonucleotides sequences are given in Table 5.2. E. coli DH5a was utilized for vector
construction and cloning purposes and ER1821 [pFnuDIIMKn] for methylation of E. coli-C.
pasteurianum shuttle vectors destined for C. pasteurianum[91]. All oligonucleotides and
gBlocks were synthesized by Integrated DNA Technologies (IDT; Coralville, 1A).
Oligonucleotides were prepared at the 25 nm scale using standard desalting. Custom gene
synthesis was performed by Bio Basic Inc. (Markham, ON).

5.2.2. Growth and maintenance conditions
All recombinant and non-recombinant E. coli and C. pasteurianum strains were
cultivated and maintained according to section 3.2.2. Recombinant C. pasteurianum strains were

selected, when necessary, with 10 pg mit thiamphenicol or 20 pug mi™ erythromycin.

5.2.3. DNA isolation and manipulation and el ectrotransformation

Plasmid DNA was extracted from E. coli and purified using an EZ-10 Spin Column
Plasmid DNA Miniprep Kit (Bio Basic, Inc., Markham, ON). Intact, high molecular weight C.
pasteurianum genomic DNA was extracted as outlined in section 4.2.2. DNA restriction
fragments and PCR products were purified directly or from agarose gels using an EZ-10 Spin
Column DNA Gel Kit (Bio Basic, Inc.; Markham, ON). Vector construction was carried out

according to standard procedures [227]. Restriction enzymes, Standard Taq DNA Polymerase,
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Phusion High-Fidelity DNA Polymerase, and Quick Ligation Kit were purchased from New
England Biolabs (Whitby, ON). All commercial enzymes and kits were used according to the
manufacturer’s instructions. Electrotransformation of C. pasteurianum was performed according

to section 3.2.6.

5.2.4. Vector construction

Plasmid pMTLOO7C-E6 was constructed from pMTLOO7C-E2 by ligation of a 0.9 kb
Ascl + Fsel digestion fragment of pMTL85141 containing the pIM 13 replication module with a
7.4 kb product of pMTL0O07C-E2 resulting from digestion with the same restriction enzymes.

pSY 6catP-LI.I1trB was constructed by digesting pSY 6catP with Nhel + BStAPI, extracting
the resulting 6.1 kb fragment, and ligating it with complementary oligos pSY 6catP-ltrB.Nhel.S +
pSY 6catP-1trB.BstAPI.AS that had been annealed to generate compatible Nhel and BstAPI
restriction ends. Complementary oligonucleotides were mixed in equimolar amounts, heated to
95 °C in athermocycler, and allowed to anneal overnight by disconnecting the power source
from the thermocycler. For construction of pSY 6catP-ItrA, the entire 3.4 kb LI.ItrB-ItrA intron
region was removed using Xhol + BstAPI digestion and replaced with a 2.4 kb PCR product
containing only the Itr A coding sequence, generated using primers pltrA.Xhol.S +
pltrA.BstAPI.AS. The resulting product was digested with Xhol + BstAPI and ligated with the
5.1 kb vector backbone to place Itr A under transcriptional control of the ptb promoter. Plasmid
pSY 6catP-del Pptb was derived from pSY 6catP by replacement of the 130 bp Smal + Xhol
digestion product containing the C. acetobutylicum ptb promoter with a 56 bp stuffer fragment
lacking -35 and -10 promoter signals derived by annealing oligonucleotides pSY 6.del -Pptb.S +
pSY 6.del-Pptb.AS. Ligation-proficient Smal and Xhol restriction ends were generated upon
successful annealing of complementary oligonucleotides. pSY 6catP-del 2dcm was derived from
pSY 6catP by replacing a 0.93 kb Sacll + BstAPI restriction fragment with the same 0.93 kb
sequence in which the two dem sites were deleted by two single-base-pair mutations. The decm
deletion fragment was synthesized by Bio Basic, Inc. (Markham, ON), digested with Sacll +
BstAPI, and ligated into the corresponding sites of pSY 6catP. The three restriction fragment
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Table5.1

Strain and plasmids employed in this study.

Strainsor plasmids

Relevant characteristics

Source or reference

Strains

Escherichia coli DH5a

Escherichia coli ER1821

Clostridium pasteurianum ATCC 6013

Clostridium pasteurianum AREN
Plasmids

pFnuDIIMKn

pIMP1

pMTL85141

pSY 6catP

pMTLO007C-E2

pMTLOO7C-E6

pSY 6catP-L1ItrB

F endAl ginv44 thi-1 recAl rel Al gyr A96 deoR nupG
©80dlacZDM15 D(lacZYA-argF)U169, hsdR17(rk mgk*), | -

F endAl ginv44 thi-1 rel A1? eld(mcrA) rfbD1? spoT1?
D(merC-mrr)114::1S10

Wild-type

Disruption mutant generated by inserting the L1.ItrB intron
into position 176a of the CpaAl gene

M.FnuDII methyltransferase plasmid for methylation of E.
coli-C. pasteurianum shuttle vector s (Kn® ; p15A ori)

E. coli-Clostridium shuttle vector (ApR; ColE1 ori; EmR;
pIM13 ori)

E. coli-Clostridium shuttle vector (CmR/TmR; ColE1 ori;
pIM13 ori)

E. coli-Clostridium shuttle vector expressing the LI.ItrB intron
and ItrA 1EP from the C. acetobutylicum ptb promoter (ApR ;

CmR/TmR; ColE1 ori; pIM13 ori)

ClosTron vector expressing the L1.ItrB intron with RAM and

ItrA 1EP from the C. sporogenes fdx promoter (Cm~/TmR;
ColE1 ori; pCB102 ori; EmR RAM)
plM13 derivative of pMTLO07C-E2

Itr A-deletion derivative of pSY 6catP
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Lab stock; New England Biolabs

American Type Culture Collection

This study

[91]

[10]

[139]

[91]

[145]

This study

This study



pSY 6catP-ItrA

pSY 6¢catP-del Pptb

pSY 6catP-del2dcm

pSY 6catP-MB

pSY 6catP-NM

pSY 6catP-NS

pSY 6catP-fragl

pSY 6catP-frag2

pSY 6catP-frag3

pMTLSY 334

pSY 6catP-mut98

pMTLCP-E2

pMTLCP-E6

pSY CP-REN

pMTLCP-E2-REN

pMTLCP-E6-REN

L1.ItrB-deletion derivative of pSY 6catP

Derived by deleting the -35 and -10 signals of the C.
acetobutylicum ptb promoter from plasmid pSY 6catP

Derived by mutating the two E. coli Dcm restriction
recognition sites downstream of the ItrA coding sequence
within plasmid pSY 6catP

Derived by replacing a 1,661 bp Mfel + BstAPI restriction
fragment of pSY 6catP with a 48 bp stuffer fragment

Derived by replacing a 688 bp Nhel + Mfel restriction
fragment of pSY 6catP with a 48 bp stuffer fragment

Derived by replacing a 1,434 bp Nhel + Sacll restriction
fragment of pSY 6catP with a 48 bp stuffer fragment

Derived by replacing a 1,332 bp Bglll + EcoO109I restriction
fragment of pSY 6catP with a 589 bp Itr A region

Derived by replacing a 1,332 bp Bglll + EcoO109I restriction
fragment of pSY 6catP with a 363 bp ItrA region

Derived by replacing a 1,332 bp Bglll + EcoO109I restriction
fragment of pSY 6catP with a’574 bp ItrA region

Derived by subcloning a 334 bp Sacll + Aatll fragment of the
Itr A coding sequence into plasmid pMTL85141

pSY 6¢catP derivative possessing 98 silent mutationsin the ltrA
coding sequence

Derived by subcloning a 1,427 bp Mscl + Acll restriction
fragment of pSY 6catP-mut98 into plasmid pMTLO07C-E2

Derived by subcloning a 1,427 bp Mscl + Acll restriction
fragment of pSY 6catP-mut98 into plasmid pMTLO07C-E6

Targeting construct of plasmid pSY CP for disruption of the
CpaAl REN gene at position 176a

Targeting construct of plasmid pMTLCP-E2 for disruption of
the CpaAl REN gene at position 176a

Targeting construct of plasmid pMTLCP-E6 for disruption of
the CpaAl REN gene at position 176a

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Tableb.2

Oligonucleotides employed in this study

Oligonucleotide

Sequence (5’-3")*

pSY 6catP-ItrB.Nhel .S
pSY 6catP-ItrB.BstAPI.S

pltrA.Xhol .S
pltrA.BtAPI.AS
pSY 6.del-Pptb.S

pSY 6.del-Ppth.AS

pSY 6.Mfel/BStAPI.S
pSY 6.Mfel/BStAPI.AS
pSY 6.Nhel/Mfel.S
pSY 6.Nhel/Mfel AS
pSY 6.Nhel/Sacll.S
pSY 6.Nhel/Sacl|.AS

pSY 6-fragl.Bglll.S

pSY 6-fragl.EcoO1091.AS
pSY 6-frag2.Bglll.S

pSY 6-frag2.EcoO1091.AS
pSY 6-frag3.Bglll.S

pSY 6-frag3.EcoO1091.AS
pSY6.3’SOE.S

pSY 6-SOE.EcoO1091.AS
pSY 6-gBlock.Bglll.S
pMTL.CpaAll-anneal.S

pMTL.CpaAll-anneal .AS

pSY CP.gBlock.S

pSY CP.gBlock.AS
PMTLCP.REN-HindIlI.S
Cpa-REN.seq.Fw
Cpa-REN.seq.Rv
L1.ItrB.seg-int.asFw
L1.ItrB.seg-int.asRv

CTAGCGCTATATGCGTTGATGCAATTTCTATGCACTCGTAGTAGTCTGA
GAAGGCATATG
ATGCCTTCTCAGACTACTACGAGTGCATAGAAATTGCATCAACGCATA
TAGCG

TTTCTACTCGAGGCGTTGATGCAATTTCTATGCACTC

GGCATCAGAGCAGATTGTACTGAG
GGGGTTAATCATTTAACATAGATAATTAAATAGTAAAAGGGAGTGTCG

AGATATCC
TCGAGGATATCTCGACACTCCCTTTTACTATTTAATTATCTATGTTAAA
TGATTAACCCC
AATTGATTTAGTAATTTCTATAAGCAGGTTAGCTGTAAAACTAGCAGT
AGCACGCATATG
ATGCGTGCTACTGCTAGTTTTACAGCTAACCTGCTTATAGAAATTACTA
AATC
CTAGCATTTAGTAATTTCTATAAGCAGGTTAGCTGTAAAACTAGCAGT
AGCACC
AATTGGTGCTACTGCTAGTTTTACAGCTAACCTGCTTATAGAAATTACT
AAATG
CTAGCATTTAGTAATTTCTATAAGCAGGTTAGCTGTAAAACTAGCAGT
AGCACCCGC

GGGTGCTACTGCTAGTTTTACAGCTAACCTGCTTATAGAAATTACTAA
ATG
GGGATATGATATACGAGTAAGGAGATCTGG

AGTATTAGGCCCTGACGTCCCACATAATTCACAACATTTAGC
AACAGGAGATCTGCTAAATGTTGTGAATTATGTGGGACGTC
TACTCTAGGCCCTGGAGACCCCACACTACCATCG
TCGCCAAGATCTCGATGGTAGTGTGGGGTCTCC
GTGCCACCTGACGTCTAAGAAACC
TGGGAAATGGCAATGATAGCGAAAC
ATAGGCGTATCACGAGGCCCTTTC
CGAGTAAGGAGATCTGGAACGATAAAACG

CTAGAGTCGACGTCACGCGTCCAAGGAGATCTCCAGGCCTGCAGACAT
GCA
AGCTTGCATGTCTGCAGGCCTGGAGATCTCCTTGGACGCGTGACGTCG
ACT

GGAGGTCAATCTATGAAAATGCGATTAAGC

CTTTCGTTTCGTTCCCATAGGTTCTCC
GTATTTAAAGCTTATAATTATCCTTAAATTTCTTAAAAGTGCGCC
CTACTTGAGGTCTAGGACTTCTATCT
ACAGATAGGCCATTAAAGGTATTCA
CCAACGCGTCGCCACGTAATAAAT
ATGGGAACGAAACGAAAGCGATGC

* Underline: restriction recognition sequences and overhangs.
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deletion constructs, pSY 6catP-MB, pSY 6catP-NM, and pSY 6catP-NS were prepared by
digesting pSY 6catP with Mfel + BstAPI, Nhel + Mfel, and Nhel + Sacll, respectively, and
annealing the resulting vector backbones with the respective annealed oligonucleotide pairs,
pSY 6.Mfel/BStAPI.S + pSY 6.Mfel/BStAPI.AS (pSY 6¢catP-MB), pSY 6.Nhel/Mfel .S +

pSY 6.Nhel/Mfel . AS (pSY 6catP-NM), and pSY 6.Nhel/Sacl1.S + pSY 6.Nhel/Sacl|.AS
(pSY 6catP-NS).

To construct pSY 6catP-fragl, pSY 6catP-frag2, and pSY 6catP-frag3, a 1.3 kb
Bglll1+EcoO109I restriction fragment was removed from pSY 6catP and replaced with a 589
(primers pSY 6-fragl.Bglll.S + pSY 6-fragl.EcoO109I.AS), 363 (primers pSY 6-frag2.Bglll1.S +
pSY 6-frag2.EcoO1091.AS), and 574 (primers pSY 6-frag3.Bgl11.S + pSY 6-frag3.EcoO1091.AS)
bp PCR product, respectively, corresponding to various products of the Itr A coding region of
pSY 6¢atP. To construct pMTLSY 334, a 334 bp Sacll + Aatll fragment of the ItrA coding
seguence was subcloned into the corresponding sites of pMTL85141. To mutate the unknown
restriction recognition sequence within a 334 bp region of the ItrA coding sequence, a 655 bp
gBlock was synthesized possessing 98 silent mutations in which 83 codons were altered. A 731
bp PCR product containing the 3’ ItrA coding sequence and downstream region and possessing
25 bp overlap with the mutated gBlock was amplified using primers pSY6.3’SOE.S + pSY6-
SOE.Eco0109I.AS. The PCR product was loaded on a 1.0% agarose gel, stabbed with a
micropipette tip, and used as template along with 5 ng of the purified gBlock in a SOE PCR by
cycling for 10 cycles prior to adding primers pSY 6-gBlock.Bgll1.S + pSY 6-SOE.EcoO1091.AS
and cycling for 25 additional cycles. The resulting product was digested with Bglll + EcoO109I
and ligated with pSY 6catP that had been digested with the same restriction endonucleases to
generate pSY 6catP-mut98. Plasmids pM TLCP-E2 and pMTLCP-E6 were constructed in a
similar manner by subcloning a 1,427 bp Mscl + Acll restriction fragment of pSY 6catP-mut98
into the corresponding sites of pMTL0O07C-E2 and pM TLOO7C-ES6, respectively.

LI.LtrB intron design was performed using the computer algorithm developed by
TargeTronics, LLC (Austin, TX; http://www.targetrons.com). The insertion site with the highest

predicted insertion score splicing into the antisense strand was selected corresponding to
nucleotide position 176 (score of 7.3) of the CpaAl restriction endonuclease (REN). Plasmid
pSY 6catP-mut98 was used as the basis for a C. pasteurianum TargeTron gene knockout vector.

For retargeting pSY 6catP-mut98, a 572 bp gBlock fragment was synthesized possessing
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mutationsin the IBS, EBS2, and EBS1d intron regions corresponding to position 176 of the REN
insertion site. The retargeted gBlock was designed with a constitutive C. pasteurianum thiolase
promoter controlling transcription of the LI.ItrB intron and ItrA gene. The gBlock fragment was
PCR-amplified using primers pSY CP.gBlock.S + pSY CP.gBlock.AS, digested with BamHI +
BsrGl, and ligated into the corresponding sites of pSY 6catP-mut98 to generate pSY CP-REN. To
retarget the ClosTron vectors pM TLCP-E2 and pMTLCP-E6 to the CpaAl gene of C.
pasteurianum, primers pMTLCP.REN-Hindl11.S and pSY CP.gBlock.AS were used to amplify
the gBlock targeted to the CpaAl endonuclease. The resulting 384 bp PCR product was digested
with Hindlll + BsrGl and ligated into the corresponding sites of pM TLCP-E2 and pMTLCP-E6
to give pMTLCP-E2-REN and pMTLCP-E6-REN, respectively.

5.2.5. Sngle molecul e real-time genome sequencing and methylome analysis

Single molecule rea -time genome sequencing datafrom an RS-11 sequencer (Pacific
Biosciences; Menlo Park, CA) from section 4.2.3 was utilized for methylome analysis. Our 12-
contig draft genome assembly was used as a reference genome for methylome analysis, which
was carried out by Pacific Biosciences (Menlo Park, CA).

5.2.6. Group-l1-intron-mediated gene knockout, enrichment, and screening

To isolate a chromosomal gene knockout, plasmid pSY CP targeted to the gene encoding
CpaAl was electrotransformed to C. pasteurianum and transformants were selected using 10 ug
mi-* thiamphenicol. Colonies containing the intron insertion were identified using a gene-specific
and intron-specific primer pair. Both gene-intron junctions were screened using primers
LI.ItrB.seg-int.asFw + Cpa-REN.seq.Fw for one junction and primers LI.ItrB.seg-int.asRv + Cpa-
REN.seg.Rv for the adjacent junction. Positive colonies were then pooled for enrichment of the
gene knockout genotype by repeated subculturing in selective growth medium. Briefly,
sporulated colonies were heat-shocked at 80 °C for 10 minutesin 10 ml of 2xY TG medium,
cooled on ice, and supplemented with 10 ug mi~* thiamphenicol. Following approximately 24 h
of growth, 0.5 ml was used to inoculate a fresh tube of 10 ml 2xY TG containing 10 pg ml™
thiamphenicol. This process was repeated approximately every 10-12 hours for atotal of 10
transfers, at which point serial dilutions were plated onto non-selective 2xY TG agar, as

previously reported [ 78]. To identify a homogenous gene knockout colony, colony PCR was
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performed using two gene-specific primers flanking the intron insertion site (Cpa-REN.seq.Fw +
Cpa-REN.seq.Rv).

5.3. Results

5.3.1. Shuttle vectors harboring LI.1trB intron machinery hinder electrotransformation of C.
pasteurianum

To attempt gene knockoutsin C. pasteurianum, we first transferred plasmid pSY 6catP,
which was developed for usein C. acetobutylicum [15]. This vector harbors the LI.ItrB intron
and its cognate ItrA 1EP, both transcribed from the same ptb promoter from C. acetobutylicum
within a pIMP1 vector backbone. Electrotransformation efficiencies of 3.7 x 10* and 3.7 x 10°
transformants pg* were obtained for pIMP1 and pSY 6catP, respectively, indicating an inability
of pSY 6catP to transform C. pasteurianum (Figure 5.1). Asthe only difference between pIMP1
and pSY 6c¢atP is the presence of the intron machinery, we also attempted to transfer the
ClosTron plasmid pMTLO07C-E2, which expresses the same LI.ItrB intron elements, but in a
different vector backbone. Like pSY 6catP, pMTL0O07C-E2 also yielded a poor
electrotransformation efficiency (1.9 x 10! transformants ug?) (Figure 5.1). Since pM TLO07C-
E2 possesses a different replication origin from pSY 6catP (pCB102 from C. butyricum and
pIM 13 from Bacillus subtilis, respectively), we constructed a pIM 13 derivative of pMTLOO7C-
E2, named pMTLOO7C-ES, in order to alow direct comparison with pSY 6catP. Like pSY 6catP,
pMTLO007C-E6 suffered from the same el ectrotransformation inhibition, generating only 3.2 x
10° transformants g, whereas the empty control vector, pMTL85141, gave 1.5 x 10*
transformants pg? (Figure 5.1). Taken together, these outcomes suggest that shuttle vectors
carrying the LI.ItrB intron machinery are inhibitory to electrotransformation of C. pasteurianum.

5.3.2. Inability to transform LI.Itr B-containing vectorsis due to presence of the ItrA IEP gene
and is not the result of toxicity or E. coli methylation

Sincethe LI.ItrB intron and its cognate IEP gene, ItrA, are expressed from the same ptb
promoter, we aimed to express the intron components separately in order to determine which
element is responsible for the reduction in electrotransformation efficiency. We constructed
plasmids pSY 6¢catP-LI.ItrB and pSY 6catP-ItrA, which individually express the LI.I1trB intron and
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Itr A gene, respectively, both from the same constitutive C. acetobutylicum ptb promoter. Upon
transfer to C. pasteurianum, only pSY 6catP-ItrA hindered electrotransformation (efficiency of
1.4 x 10* transformants pg?), whereas pSY 6catP-LI.ItrB generated 4.6 x 10° transformants pg*
(Fiure 5.1), indicating that the transformation inhibition is specific to the ItrA region of

pSY 6catP.

As plasmid pSY 6catP-ItrA expresses afunctional LtrA IEP, the low
electrotransformation efficiency obtained could be the result of toxicity of the lactococcal ItrA
gene product. To test this hypothesis, we constructed pSY 6catP-del Pptb, in which the -35 and -
10 signals of the ptb promoter within pSY 6catP were deleted. The resulting plasmid should not
express any LI.ItrB intron RNA or functional |EP. Despite deletion of the promoter controlling
transcription of the intron and 1EP, pSY 6catP-del Pptb failed to improve the
electrotransformation efficiency and generated 2.1 x 10! transformants pg, a comparable
efficiency to unmodified pSY 6catP (Figure 5.1).

If toxicity of the IEP is not responsible for the drastic reduction in electrotransformation
efficiency, we reasoned that a specific nucleotide sequence within the IEP must be cleaved by an
uncharacterized restriction-modification system in C. pasteurianum. Plasmid pSY 6catP-ItrA
containstwo E. coli Decm (5’-CCWGG-3’) restriction recognition sites immediately downstream
of the Itr A coding sequence, which are not found in the parental vector, pIMPL. Since E. coli-C.
pasteurianum shuttle vector preparations destined for C. pasteurianum are first methylated in a
Dcm™ E. coli host strain (ER 1821), all such plasmids are methylated at both Dcm sites (5°-
CmCWGG-3’). Certain methylated Dcm sites have been shown to potently inhibit
electrotransformation of C. thermocellum [235] and C. ljungdahlii [107]. Therefore, we
guestioned if one or both of the Dcm methylation sites located downstream of the Itr A coding
region were responsible for the decline in el ectrotransformation efficiency. We constructed
plasmid pSY 6catP-del 2dcm, in which both Dem recognition sites were mutated. Similar to
unmodified pSY 6catP, plasmid pSY 6catP-del2dcm failed to generate any detectable
transformants (el ectrotransformation efficiency of 0 transformants pg™) (Figure 5.1), indicating
that Dcm methylation is not detrimental to electrotransformation of C. pasteurianum.
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Figure 5.1. Electrotransformation data demonstrating that C. pasteurianum restricts a 932
bp Sacl1-BstAPI fragment within ItrA of pSY 6catP. Only relevant vector regions corresponding
to the LL.ItrB intron elements are shown and are depicted to scale. Shaded box: LI.ItrB intron;
unshaded box: ermB RAM; shaded arrow: ltrA; dashed line. Dcm recognition site; Pptb: ptb
promoter (C. acetobutylicum); Pfdx: fdx promoter (C. sporogenes); ND: not detected.
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5.3.3. C. pasteurianum restricts a 339 bp region of the ItrA ORF, which can be overcome by
extensive codon modification

To attempt to identify the unknown restriction recognition sequence within plasmid
pSY 6catP-ItrA, three constructs were prepared in which various-sized restriction fragments of
the Itr A gene and the downstream region of the coding sequence were deleted and replaced with
a 48 bp stuffer fragment. The sizes of these restriction fragment deletions were 1,661 bp
(pSY 6catP-MB), 1,434 bp (pSY 6catP-NS), and 688 bp (pSY 6¢catP-NM). Upon
electrotransformation of the three vectors, only pSY 6catP-MB gave an improved
electrotransformation efficiency (8.8 x 10° transformants pug ™), whereas pSY 6¢atP-NS and
pSY 6¢catP-NM yielded efficiencies of 2.8 x 10* and 4.2 x 10* transformants pg, respectively,
which are comparable to pSY 6catP (Figure 5.1). Thisresult indicates that the putative restriction
endonuclease recognition sequence is contained within a 932 bp Sacll-BstAPI restriction
fragment of pSY6catP corresponding to 493 bp of the 3’ region and 439 bp downstream of the
Itr A coding sequence.

In further attempts to reduce the size of the vector region responsible for
electrotransformation inhibition, we constructed three vectorsin which a 1,332 bp Bglll-
Eco0O109I restriction fragment was removed from pSY 6catP and replaced with one of three
different regions of the 932 bp Sacll-BstAPI restriction fragment that was found to inhibit
electrotransformation of C. pasteurianum. Of the initial 932 bp region, plasmids pSY 6catP-
fragl, pSY 6catP-frag2, and pSY 6catP-frag3 possess portions of sizes 339, 338, and 305 bp,
respectively. Approximately 20-30 bp overlap was contained between PCR fragments to ensure
the unknown restriction recognition site would be represented in its entirety. Of these three
constructs, only pSY 6catP-fragl showed a reduction in electotransformation efficiency (7.1 x
10! transformants pg™) compared to the control vector, as pSY 6catP-frag2 and pSY 6catP-frag3
yielded efficiencies of 3.5 x 10* and 9.7 x 102 transformants pg, respectively (Figure 5.2). This
result allowed the inhibitory region of pSY 6catP to be reduced from 932 to 339 bp. To further
demonstrate that the 339 bp region of the ItrA coding sequence is responsible for inhibition of
electrotransformation of C. pasteurianum, we aimed to insert the detrimental sequenceinto a
control vector that is otherwise able to electrotransform C. pasteurianum at a high efficiency.
Thus, we constructed plasmid pMTLSY 334 by subcloning the 339 bp Sacll-Aatl| restriction
fragment from pSY 6catP into pMTL85141. Plasmid pMTL85141 consistently transforms C.
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pasteurianum with efficiencies on the order of 10°-10* transformants ug . As expected,
pPMTLSY 334 failed to generate any detectabl e transformants upon two attempts at
electrotransformation (el ectrotransformation efficiency of 0 transformants pug™) (Figure 5.2),
thus demonstrating the potent activity of the uncharacterized restriction-modification system
expressed by C. pasteurianum.

In an initial attempt to overcome the uncharacterized restriction barrier posed by C.
pasteurianum, we attempted to mutate the unknown restriction recognition sequence by mutating
the entire 339 bp Sacll-Aatll restriction region of pSY 6catP. Since thisregion is contained
within the Itr A open reading frame, our efforts were limited to silent mutations which would
preserve the amino acid sequence and yield a functional ItrA gene product. Consequently, we
mutated 83 codons within the ltr A coding sequence, in which 98 bp of the 339 bp region were
effectively mutated, to generate plasmid pSY 6catP-mut98. The greatest number of consecutive
nucleotides left unaltered following mutagenesis was 5 bp. Since most restriction-modification
recognition sequences are =6 bp, we hypothesized that the unknown restriction recognition site
would be effectively mutated within pSY 6catP-mut98. Accordingly, pSY 6catP-mut98
transformed C. pasteurianum with an efficiency of 3.2x102 transformants pg?, an increase of
approximately three orders of magnitude compared to unmodified pSY 6catP (Figure 5.2). We
then subcloned the mutated 339 bp ItrA coding region into plasmids pMTLO07C-E2 and
pMTLOO7C-E6 to give pM TLCP-E2 and pMTL CP-EB, respectively, to determineif the same
codon modification strategy could also enhance e ectrotransformation of ClosTron vectors.
Similar to pSY 6catP-mut98, codon modification led to significantly increased
electrotransformation efficiencies for both pMTLCP-E2 (1.9 x 103 transformants pg ™) and
PMTLCP-E6 (2.7 x 103 transformants pgt), compared to 1.9 x 10* transformants g™ for
PMTL007C-E2 and 3.2 x 10° transformants g™ for pMTLOO7C-ES.

5.3.4. SMRT methylome analysis unveils a unique Type | restriction-modification systemin C.
pasteurianum that restricts a 5’-AAGNNNNNCTCC-3’ site within pSY6catP

Asaresult of polymerization kinetics exhibited by DNA polymerase in single molecule
real-time sequencing applications, it is possible to obtain insight into an organism’s unique DNA

methylation profile, or methylome [89]. To determine a putative recognition sequence of the
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Figure 5.2. Electrotransformation data demonstrating that C. pasteurianum restricts a 339
bp region of ItrA within pSY6catP. The 932 bp Sacll-BStAPI region of pSY 6catP (see Figure
5.1) isenlarged to better show relevant vector components. Point mutations within the ItrA coding
sequence are depicted as vertical bands. Enlarged vector components are shown to scale. Shaded
box: LI.ItrB intron; shaded arrow: ItrA; thick dashed line: Dcm recognition site; Pptb: ptb promoter
(C. acetobutylicum); ND: not detected.
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uncharacterized RM system expressed by C. pasteurianum, we first obtained SMRT sequencing
data using the upgraded RS Il analyzer and total genomic DNA from C. pasteurianum. A
coverage of 30-60x was obtained. As aresult of current technical restraintsin SMRT methylome
analysis, only m6A residues could be detected, as m5C methylation requires at |east 250
coverage [89]. Methylome analysis revealed three previously unidentified m6A RM systemsin
C. pasteurianum, in addition to the documented Cpal enzyme, an isoschizomer of the E. coli
Dam system (Table 5.3).

The DNA sequence of the 339 bp Sacll-Aatll fragment of pSY 6catP was scanned for the
presence of the predicted RM recognition sequences unveiled following methylome analysis.
One such system, which recognizes the sequence 5’~AAGNNNNNCTCC-3’, was found once
within the 339 bp region shown to inhibit electrotransformation of C. pasteurianum. The
recognition sequence of the new restriction activity is characteristic of a Type | system, which
possess adefined 3 bp 5’ region and a defined 3-4 bp 3’ region separated by 5-8 degenerate N
residues [255]. Moreover, asingle Type | RM system composed of restriction (hsdR),
methylation (hsdM), and specificity (hsdS) host specificity domains (hsd) was identified in the
draft genome assembly of C. pasteurianum ATCC 6013. Therefore, the newly identified Type |
RM system in C. pasteurianum was named CpaAll.

We scanned all other E. coli-C. pasteurianum shuttle vectors transformed to date and, as
expected, only pMTLO007C-E2 and pMTL0O07C-E6 were found to possess a CpaAll recognition
site. The CpaAll site within these vectorsisidentical to the onein pSY 6catP, asit islocated
within the Itr A gene sequence of the LI.ItrB intron machinery. Unexpectedly, however,
pPMTLO07C-E2 and pMTL007C-E6 were found to possess an additional CpaAll site within the
erythromycin resistance RAM. To assess the effect of the additional CpaAll site on
electrotransformation of C. pasteurianum, we electrotransformed plasmids pMTLCP-E2 and
pPMTLCP-ES6, in which the detrimental CpaAll site within the Itr A coding sequence is mutated,
yet the additional site within the ermB RAM isleft unaltered. As stated above (section 5.3.3),
PMTLCP-E2 and pMTL CP-E6 generated electrotransformation efficiencies of 1.9 x 10% and 2.7
x 10° transformants pg2, respectively, signifying that the additional CpaAll site within these
vectors may not be subject to restriction by CpaAll. Sanger sequencing of the ermB RAM
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Table5.3
Methylation motifsidentified from methylome analysis of C. pasteurianum SMRT

sequencing data
Putative recognition sequence  Modification Number of sitesin Number of methylated sites

(5’-3")2 type? genome detected (percentage)
AAGNNNNNCTCC m6A 524 487 (92.9%)
GRTAAAG m6A 2,612 987 (37.8%)

GATC m6A 13,630 5,105 (37.4%)
CAAAAAR m6A 3,945 945 (24.0%)

aMethylated residues are underlined and bolded in the sense and antisense strands, respectively.
b m6A was the only modification that could be detected in this experiment; coverage was not great enough to allow
detection of m5C and m4C residues.
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vector region in pMTLO07C-E2, pMTLCP-E2, pMTLO07C-E6, and pMTLCP-E6 confirmed the

presence of an additional CpaAll recognition sequence in all four vectors.

5.3.5. Generation of an intron-mediated gene knockout mutant of C. pasteurianum

Since plasmid pSY 6catP-mut98 afforded a substantial improvement in
electrotransformation efficiency compared to pSY 6catP (approximately three orders of
magnitude) by mutation of the unique CpaAll restriction recognition sequence, we used it as the
basis for our C. pasteurianum gene knockout vector. To further improve our knockout system,
we replaced the C. acetobutylicum ptb promoter controlling LI.ItrB + ItrA transcription with a
strong, constitutive promoter from the C. pasteurianum thiolase gene. The resulting vector,
pSY CP, was then targeted to nucleotide position 176 within the antisense strand (176a) of the
CpaAl gene coding sequence. We selected the gene encoding the CpaAl restriction endonuclease
for disruption since the 176ainsertion site generated a high predicted intron insertion score of
7.3, allowed for optimal 6-0" base-pairing between the intron RNA (=G) and the 176a insertion
site (6’=C) [194], isunlikely to lead to aletha phenotype, and should produce arestriction-
deficient mutant strain that is useful for future strain construction endeavors by abolishing the
requirement for plasmid methylation prior to el ectrotransformation [228]. The retargeted
pSY CP-REN plasmid was el ectroporated to C. pasteurianum and transformants were sel ected
using thiamphenicol. Transformant colonies were screened for insertion of the L1.1trB intron
within the CpaAl coding sequence, resulting in an insertion of approximately 0.9 kb, using two
gene-specific primers flanking the 176a insertion site. Of 28 screened colonies, al 28 possessed
only the wild-type PCR product, as the knockout band could not be detected (data not shown).
However, both adjacent gene-intron junction PCR products could be detected using one gene-
specific and one intron-specific primer in approximately half of the colonies screened, signifying
successful intron insertion, yet poor retrohoming efficiency. The resulting colonies were
comprised of a mixture of wild-type and knockout cells. To separate the mosaic colonies and
enrich the gene knockout genotype, we pooled and subcultured mosaic colonies in selective
liguid medium every 12 hours for atotal of 5 days (10 transfers) and screened the resulting
colonies for the intron insertion using two gene-specific primers. Of 12 colonies screened, four

possessed the desired intron insertion, three possessed the wild-type genotype, and five failed to
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Figure 5.3. Identification and verification of the C. pasteurianum CpaAl disruption mutant.
Colony PCR screening of non-selective colonies resulting from the gene knockout enrichment
procedure was performed with gene-specific primers flanking the predicted 176a CpaAl intron
insertion site. Lane 1. marker; lane 2: no template control; lane 3: wild-type C. pasteurianum
colony; lanes 4-15: non-sel ective enrichment colonies; lanes 5, 6, 9, and 12: positive clones; lanes

8, 13, and 15: negative clones; lanes 4, 7, 10, 11, and 14: no amplification.

117



generate a detectable PCR product (Figure 5.3). Therefore, our gene knockout enrichment
procedure generated a population in which more than half of the cells harbored the desired intron
insertion. We are currently characterizing the resulting CpaAl REN disruption mutant for the
ability to be transformed with unmethylated plasmid substrates.

5.4. Discussion

Genetic tools, particularly for chromosomal gene knockout, have been devel oped and
applied for metabolic engineering of many species of solventogenic clostridia [8]. To date,
however, no technigues have been reported for disrupting native chromosomal genesin C.
pasteurianum. Here we show that the ability to carry out group-11-intron-mediated gene
knockouts in C. pasteurianumis limited by host restriction and low-level intron retrohoming,
both of which have been overcome in this report.

During development of a host-vector system and electrotransformation methodol ogy for
C. pasteurianum, we observed that all vectors harboring lactococcal group 11 intron machinery
transformed at two to three orders of magnitude less than vectors lacking the LI.ItrB intron and
its cognate | EP gene [91]. By assessing transformability of various deletion derivatives of
pSY 6catP and performing methylome analysis from C. pasteurianum SMRT sequencing data,
we concluded that the inability of intron-containing vectors to efficiently electrotransform C.
pasteurianum is due to restriction by anew RM system that we have designated CpaAll. Based
on methylome anaysis data, M.CpaAll methylates the recognition sequence 5’-
AAGNNNNNCTCC-3’ and its complement 5’-GGAGNNNNNCTT-3’, (methylated nucleotide
residues are underlined). The C. pasteurianum DSM 525 (ATCC 6013) draft genome sequence
possesses seven DNA methyltransferase genes that could play arolein host restriction, six of
which are Type I, while the remaining is Type |. Two of these enzymes correspond to the
previously characterized adenine-specific M.Cpal (5’-GATC-3’) and cytosine-specific M.CpaAl
(5’-CGCG-3’) Type Il RM systems [90]. This leaves five methyltransferases that could be
responsible for the M.CpaAll activity identified in this study. However, only two such enzymes,
one Type | and one Type |1, are associated with a corresponding restriction endonuclease, one of
which is presumed to be CpaAll. We hypothesize that the CpaAll systemis of the Type | family.
Type | RM systems are encoded by three host specificity domains (hsd) corresponding to
restriction (hsdR), modification (hsdM), and specificity (hsdS) [255]. A single Type | RM system
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isannotated in our draft genome sequence for C. pasteurianum, including all three hsd genes. All
hsdS proteins consist of two highly conserved target recognition domains which are responsible
for recognizing the bipartite arrangement of Type | recognition sites [255]. Type | restriction
recognition sequences possess a defined 3 bp sequence at the 5” end and a defined 3-4 bp
sequence at the 3” end, which are separated by 5-8 degenerate N residues [90]. The putative
CpaAll recognition sequence conforms to this bipartite structure. Further, all Type | systems
uncovered to date possess adenine-specific M.CpaAll proteins, asis the case for C.
pasteurianum. Therefore, we propose that the newly identified CpaAll system is part of the Type
| RM family.

All vectors that demonstrated a significantly reduced ability to electrotransform C.
pasteurianum were found to possess at least one CpaAll recognition sequence. In the case of
pSY 6catP, mutation of the single CpaAll recognition site within the ltr A coding sequence
rescued high-level electrotransformation. Conversely, only one of the two CpaAll restriction
recognition sequences within ClosTron plasmids pMTL007C-E2 and pMTL007C-E6, however,
was found to negatively affect electrotransformation efficiency of C. pasteurianum. A possible
explanation for thisis that the actual CpaAll recognition sequence may differ slightly from the
sequence predicted from methylome analysis. The actual CpaAll recognition sequence could be
longer than the predicted 5’-AAGNNNNNCTCC-3’ sequence. For example, the Type | RM
system from E. coli ECL 394, 5’-GACNNNNNRTAAY -3’ [90], contains a5 bp element at the
3’ end, rather than the typical 3-4 bp, and aso incorporates degenerate nucleotides (R=A or G;
Y=C or T). Increasing the coverage of our SMRT sequencing reads from the RS Il sequencer and
repeating the methylome analysis would improve the accuracy of our predicted recognition
sequence and resolve the discrepancy in our experimental data.

Having resolved the restriction issue pertaining to plasmid pSY 6catP, we used pSY 6catP-
mut98 as the basis for our gene knockout vector, in which the single CpaAll site was deleted and
transcription of the L1.ItrB intron and its cognate IEP is controlled from the constitutive C.
pasteurianum thl promoter. To demonstrate chromosomal gene knockout in C. pasteurianum we
targeted our resulting pSY CP-REN vector to the Type I CpaAl restriction endonuclease gene.
Retrohoming efficiency proved to be too low to isolate a gene knockout mutant directly from
transformant colonies, as most colonies were found to represent a heterogeneous mixture of

wild-type and knockout cells. The use of a selectable RAM inserted into domain 1V of the intron
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also did not permit isolation of a gene knockout mutant, likely due to afurther decrease in
retrohoming efficiency due to the presence of excess cargo DNA within the intron [145]. To
isolate a true knockout colony, we devel oped an enrichment procedure in which pSY CP-REN
transformant colonies are subjected to repeated subculturing in selective liquid medium to
encourage intron insertion. Following our devised enrichment protocol, approximately half of the
colonies possessed the desired intron insertion. The resulting insertional mutant is expected to be
deficient in expression of the CpaAl Type Il restriction endonuclease, and therefore, should be
transformable using unmethylated plasmid DNA [228]. We are currently characterizing our gene
knockout mutant for loss of CpaAl restriction activity. The CpaAl mutant should prove useful

for future genetic applications, as electrotransformation will be greatly simplified without the

requirement for plasmid methylation from the FnuDIIM methyltransferase.

5.5. Conclusions

In thiswork, apreviously uncharacterized Type | RM system, designated CpaAll, was
identified and shown to inhibit electrotransformation of plasmids harboring group Il intron gene
knockout machinery. Overcoming CpaAll restriction, coupled to a gene knockout enrichment
procedure, alowed for the first time disruption of a chromosomal genein C. pasteurianum. Our
resulting CpaAl-deficient mutant, in addition to our optimized gene knockout vector and
enrichment protocol, should prove invaluable for future genetic and metabolic engineering
approaches involving C. pasteurianum.
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CHAPTER G

Plasmid-based gene over expression and antisense-RNA-mediated gene

knockdown in Clostridium pasteurianum

6.1. Introduction

For organisms that carry out highly branched, complex fermentations, like that of the C.
pasteurianum glycerol fermentation, gene knockout and knockdown techniques have proven
vital for engineering strains with improved metabolic phenotypes [83,256]. Although C.
pasteurianum naturally produces considerable quantities of butanol (up to 17 g 1Y) when grown
on highly reduced substrates, competing products, particularly 1,3-propanediol and butyrate,
accumulate in the culture medium, thus limiting flux through the butanol biosynthetic pathway
[17,66]. Therefore, metabolic engineering is aviable option for increasing butanol yields and
productivities from the fermentation of glycerol by C. pasteurianum. Unfortunately, few genetic
tools are currently available to perform metabolic engineering of thisimportant industrial
bacterium.

A fundamental facet of metabolic engineering isthe ability to decrease the expression

of genesinvolved in competing metabolic pathways, which is accomplished through the use of
gene knockdown or knockout techniques [8]. Gene knockouts lead to compl ete inhibition of gene
expression and, therefore, often produce lethal phenotypes, particularly for genesinvolved in
central fermentative metabolism. Antisense-RNA-mediated gene downregulation, on the other
hand, is amore subtle approach for decreasing the activity of native chromosomal genes and
metabolic pathways, as production of the target protein is still permitted, though at a significantly
reduced level [13]. Antisense RNASs are designed to possess partial or complete complementarity
to the target MRNA molecule, leading to base-pairing and RNase-mediated degradation of the
resulting RNA duplex before protein trandlation is allowed to occur. This strategy has been
employed in C. acetobutylicum, C. beijerinckii, and C. saccharoperbutylacetonicum, among
other species, for downregulation of competing metabolic pathways, including butyrate and
acetone formation pathways, to enhance butanol titers, selectivity, and tolerance [13,77,146,184].
The degree of downregulation achieved in these reports has ranged from 44 to 92%
downregulation [77], which is commonly assessed by measuring enzyme activity or target
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protein levels via Western blot analysis. Downregulation can be finely tuned by selection of the
gene promoter driving production of the asRNA transcript, where stronger promoters generate
more asRNA product, leading to a greater degree of downregulation. Promoters utilized in
successful asRNA approaches include ones from genesinvolved in central carbon metabolism,
such as phosphotransbutyrylase (ptb), thiolase (thl), and butanol dehydrogenase (bdh).

In this report, we investigate the efficacy of asRNA strategies to perturb the carbon and
electron flow of the glycerol fermentation carried out by C. pasteurianum. We first employed a
common clostridia gene reporter system based on a thermophilic 3-galactosidase gene (lacZ)
[12] to assess the relative strength of various gene promoters involved in the central fermentative
metabolism of C. pasteurianum. Then, we utilized our chosen promoter to drive transcription of
an asRNA molecule targeted to our lacZ reporter gene to assess the ability of asRNA to
downregulate genesin C. pasteurianum. Finaly, we applied our asRNA strategy to attempt
downregulation of several central fermentative genes that potentially limit carbon and electron

flow to the butanol biosynthetic pathway.

6.2. Methods

6.2.1. Bacterial strains, cultivation conditions, and e ectrotransformation

Bacteria strains utilized in this study are listed in Table 6.1. For routine cultivation and
mai ntenance, recombinant and non-recombinant E. coli and C. pasteurianum strains were grown
according to section 3.2.2. Recombinant C. pasteurianum strains were selected, when necessary,
with 10 pg mi* thiamphenicol or 20 pug mi™* erythromycin.

Batch shaker flask glycerol fermentations were performed by first growing a single heat-
shocked sporulated colony in 10 ml 2xY TG containing an appropriate antibiotic. Cultures grown
to exponential phase were used to inoculate plastic screw-cap flasks containing 50 ml of Biebl
medium (per liter: 50 g glycerol, 0.5 g KH2POys, 0.5 g K2HPO4, 0.2 g MgSO4:7H20, 0.02 g
CaCl>-2H20, and 2 ml trace element solution SL7) [66], with concentrations of the (NH4)2S04
(7.35g 1Y), yeast extract (5.08 g I'Y), CaCOs (3.15 g I'1), and FeSO4-7H20 (60 mg | %)
components optimized for butanol production [257,258]. Vitamin B12 (cyanocobalamin),
cysteine-HCI, and resazurin were also added to final concentrations of 0.2 uM, 0.5 g I}, and 1

mg |2, respectively. Following inoculation, cultures were grown anaerobically without shaking
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for 12-18 hours until gas production could be observed, at which time the flasks were sealed and
incubated outside of the anaerobic chamber at 37 °C and 200 rpm. A single end-point sample for
growth and product analyses was taken after 24-48 h of incubation with shaking, corresponding

to achangein color of the culture medium to pink due to cessation of growth and gas production.

All strains were cultivated in duplicate, unless stated otherwise.

6.2.2. DNA isolation, manipulation, and plasmid construction

Plasmids and oligonucleotides utilized in this work are shown in Table 6.1.
Oligonucleotides were synthesized by Integrated DNA Technologies (IDT; Coralville, IA) at the
25 nm scale using standard desalting. Restriction endonucleases, Quick Ligation Kit, Standard
Taq DNA Polymerase, and Phusion DNA Polymerase were purchased from New England
Biolabs (Ipswich, MA). Molecular biology kits for purification of plasmid DNA, PCR products,
and gel extracted DNA, and custom gene synthesis products, were purchased from Bio Basic Inc.
(Markham, ON). Recombinant DNA procedures were performed according to standard
procedures [227]. Total genomic DNA was isolated from C. pasteurianum as described in
section 4.2.2.

A thiamphenicol derivative of promoterless pHT 3, designated pHT 3catP, was
constructed by subcloning a 1.3 kbp Clal + Sacl restriction fragment of pSY 6catP containing a
thiampheni col -resi stance cassette into the corresponding restriction sites of the erythromycin-
resistance determinant of pHT3. Transcriptional promoter fusions with lacZ in pHT3catP were
prepared by amplifying putative fdx and thl promoter regions from C. pasteurianum total
genomic DNA using primer pairs Pfdx.Narl.S + Pfdx.Xmal.AS and Pthl.Narl.S + Pthl.Xmal.AS,
respectively. The resulting 565 bp (fdx) and 512 bp (thl) PCR products were digested with Narl +
Xmal and ligated into the corresponding sites of pHT 3catP to generate pHT 3catP-fdx and
pHT3catP-thl. To construct plasmid pHTaslacZ110, alacZ asRNA expression cassette
containing the C. pasteurianum thl promoter, lacZ asRNA, and C. pasteurianum fdx
transcriptional terminator was obtained as a custom Ahdl- and BstAPI-flanked gene synthesis
fragment. The resulting 517 bp fragment was digested with Ahdl + BStAPI and inserted into the
corresponding restriction sites of pHT3catP-thl. Plasmids pHTasbuk123 and pHTasptb123 were
constructed by first obtaining 224 bp BamHI- and BstX|-flanked custom gene synthesis products
possessing a 123 nt buk or ptb asRNA upstream of the C. pasteurianum fdx transcriptional
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Table6.1
Strain, plasmids, and oligonucleotides.

Strainsor plasmids Relevant characteristics Sourceor reference

Strains

Escherichia coli DH5a F endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG ¢80dlacZDM15 D(lacZYA- Lab stock

argF)U169, hsdR17(rk'mg*), | -
F endAl ginv44 thi-1 relA1? el4 (mcrA) rfbD17? spoT1? D(merC-mrr)114::1S10

Escherichia coli ER1821 Lab stock; New England Biolabs

Clostridium pasteurianum Wild-type American Type Culture Collection
ATCC 6013
Plasmids
pFNuDIIMKn E. cali vector expressing the M.FnuDIl methyltransferase for plasmid methylation [91]
prior to electrotransformation of C. pasteurianum
pMTL85141 E. coli-C. pasteurianum shuttle vector (Cm~/TmR; ColEL1 ori; pIM 13 ori) [139]
pSY 6catP E. coli-Clostridium shuttle vector expressing the LI.ItrB intron and ItrA (ApR ; [91]
CmR/TmR; ColE1 ori; pIM13 ori)
pHT3 Promoterless E. coli-C. pasteurianum p-galactosidase gene expression reporter vector  [12]
(ApR; ColE1 ori; EmR; pIM13 ori)
pIMP1 E. coli-Clostridium shuttle vector (ApR; ColE1 ori; EmR; pIM13 ori) [10]
pHT 3catP Thiamphenicol-resistant derivative of pHT3 This study
pHT 3catP-fdx Derived by transcriptionally fusing the C. pasteurianum fdx promoter with the lacZ This study
gene of pHT 3catP
pHT 3catP-thl Derived by transcriptionally fusing the C. pasteurianum thl promoter with the lacZ This study
gene of pHT3catP
pHTaslacz110 Vector expressing a 110 nt lacZ asRNA from the C. pasteurianum thl promoter This study
pHTasbuk123 Vector expressing a 123 nt buk asRNA from the C. pasteurianum thl promoter This study
pHTasptb123 Vector expressing a 123 nt ptb asRNA from the C. pasteurianum thl promoter This study
pHTasdhaB139 Vector expressing a 139 nt dhaB asRNA from the C. pasteurianum thl promoter This study
pHTasdhaT 146 Vector expressing a 146 nt dhaT asRNA from the C. pasteurianum thl promoter This study
pHTashydA175 Vector expressing a 175 nt hydA asRNA from the C. pasteurianum thl promoter This study
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Oligonucleotide

Sequence (5°-3")

Pfdx.Narl.S
Pfdx.Xmal .AS
Pthl.Narl.S
Pthl.Xmal .AS
asdhaB139.BamHI.S
asdhaB139.Xhol .AS
asdhaT146.BamHI.S
asdhaT146.Xhol . AS
ashydA175.BamHI.S
ashydA175.Xhol . AS

CAGAACGGCGCCGAAGATATAAGAAAAAGACTCCCAAAGG
ATCATACCCGGGCCATAACTTATTGTATCATGTTTTTAAAC
CTGTAGGCGCCGATATAGTCTATAAGCATTTAGATGGAGTTAG
AAATACCCGGGTCGATTGTTATTTAATTCACAATTTAATTATAACC
CTTTAAGGATCCTACTAGGCTTTGGATCATTGGGA
CAACAGCTCGAGGATAAAGGAGGATTATATATGAAGTCAAAACGAT
ATCTTCGGATCCTCTCAAGAATTTATCTGTAACTATTAAAGCTTTC
TAATTTCTCGAGCTAGGAGGAATTATAAAATGAGAATGTATGATTT
CTAATCGGATCCCCTCTACCTCTACAGTACATATTTCACAC
AAAATTCTCGAGAGGAGGCTAGATATGAAAACAATAATTATAAATGG

* Underline: restriction recognition seguences.
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terminator. Antisense RNAs were designed to target the RBS and 5’ region of the respective ptb
and buk coding sequences. A unique Xhol site was inserted between the asRNA and fdx
terminator regions to allow simplified cloning of other asRNA constructs. The gene synthesis
products were digested with BamHI + BstX1 and ligated into the corresponding sites of
pHT3catP-thl for transcriptional fusion of the asRNAs with the C. pasteurianum thl promoter.
To construct pHTasdhaB139, pHTasdhaT 146, and pHTashydA 175, asRNAs targeting the RBS
and 5’ coding region of the dhaB (139 nt), dhaT (146 nt), and hydA (175 nt) genes were
amplified from C. pasteurianum genomic DNA using primer pairs asdhaB139.BamHI.S +
asdhaB139.Xhol.AS, asdhaTl 146.BamHI.S + asdhaT 146.Xhol.AS, and ashydA175.BamHI.S +
ashydA175.Xhol.AS, respectively. The resulting PCR products were digested with BamHI +
Xhol and ligated with pHTasbuk123 that had been digested with the same enzymes.

6.2.3. B-Galactosidase time course studies and enzymatic assay

B-Galactosidase time course studies and enzymatic assay were performed as previously
described [12], with slight modifications. For time course studies of pHT3catP, pHT 3catP-fdx,
pHT 3catP-thl, and pHTaslacZ110, 45 ml samples were removed from each flask in duplicate
every 3-5 hours starting at an Aeoo of ~0.5. Cells were harvested from cultures by centrifugation
at 10,000 x g for 10 min at 4 °C, and the resulting cell pellets were stored at -80 °C for upto 7
days. Cell pellets were thawed on ice, resuspended in Z buffer to an Aeoo of 20 in aminimum
volume of 1 ml, and lysed by incubation in the presence of 1 mg/ml lysozyme for 1 hour at 37
°C, unless specified otherwise. One ml of the resulting lysates was cleared of cell debris by
centrifugation at 16,000 x g for 15 min at 4 °C and the supernatant was heated in a 60 °C water
bath for 30 min. Denatured heat-labile proteins were cleared by centrifugation at 16,000 x g for
30 min at 4 °C. The resulting supernatants were stored at 4 °C prior to enzymatic assays. [3-
Galactosidase activity was assayed as described [12] at 60 °C by measuring Az following
development of yellow color resulting from cleavage of ortho-nitrophenyl-3-galactoside (ONPG)

to orthonitrophenol.

6.3. Results
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6.3.1. Constitutive expression of B-galactosidase

A modified thiamphenicol-sel ectabl e reporter system, pHT 3catP, containing a
thermophilic 3-galactosidase gene (lacZ) was utilized to assess the function of two promoters
from genesinvolved in the central metabolism of C. pasteurianum. Putative promoter regions
from the native ferredoxin (fdx) and thiolase (thl) genes of C. pasteurianum were cloned
upstream of lacZ in pHT 3catP to generate transcriptional fusions. The resulting plasmids,
pHT3catP-fdx and pHT3catP-thl, in addition to the promoterless pHT3catP control vector, were
electrotransformed to C. pasteurianum and used in time course studies to assess constitutive
expression of lacZ. Time course B-galactosidase activity profiles from static flask cultures are
shown in Figure 6.1. Promoterless plasmid pHT3catP failed to yield appreciable -gal actosidase
activity (6-7 MU) throughout the duration of growth. Conversely, both pHT 3catP-fdx and
pHT3catP-thl generated significant -galactosidase activity. The thl promoter yielded greater
maximal -galactosidase activity (up to 440 MU; Figure 6.1B), compared to the fdx promoter (up
to 144 MU; Figure 6.1A). Although the fdx promoter has been used for gene expression
applications in the solventogenic clostridia, we opted for the stronger thl promoter to achieve
high level expression of asRNA molecules.

6.3.2. Antisense-RNA-mediated downregulation of plasmid-encoded lacZ

To assess the efficacy of asRNA-mediated gene downregulation in C. pasteurianum, we
utilized the same lacZ gene as areporter. An asRNA cassette was first constructed by placing a
110 bp lacZ asRNA molecule under transcriptional control of the strong C. pasteurianum thi
promoter. A strong transcriptional terminator from the C. pasteurianum fdx gene was placed
immediately downstream of the asRNA expression cassette. The asRNA molecule was designed
to target 66 bp upstream of the lacZ initiation codon, including the RBS, and 44 bp of the 5’
region of the lacZ coding sequence. The resulting lacZ asRNA cassette was inserted into plasmid
pHT3catP-thl. In this configuration, both the full-length lacZ ORF and the lacZ asRNA are
expressed from the same plasmid with different copies of the thl promoter. Strains harboring
pHT 3catP, pHT3catP-thl, and pHTaslacZ110 were cultivated and cells were harvested and
assayed for -galactosidase activity at various time points. At al three time points tested, the
lacZ downregulation strain generated only 52-58% of the -gal actosidase activity produced from
the control strain harboring pHT3catP-thl (Figure 6.2), demonstrating significant downregulation
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Figure 6.1. Time course (-galactosidase activities of static flask cultures harboring lacZ
transcriptional fusion constructs. A) ATCC 6013 Prax-lacZ transcriptiona fusion (pHT3catP-
fdx). B) ATCC 6013 Pwi-lacZ transcriptional fusion (pHT3catP-thl). Symbols: e, Asw; ¢, B-

galactosidase activity (Miller Units).
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of lacZ. This effect was not due to promoter titration as aresult of the presence of two copies of
the thl promoter contained within pHTaslacZ110, as an alternative lacZ asRNA construct lacking
atranscriptional terminator failed to downregulate lacZ and produced approximately the same
levels of 3-galactosidase activity as the strain possessing pHT 3catP-thl (data not shown). Taken
together, these data suggest that both a strong promoter and transcriptional terminator are

essential for effective asRNA-mediated gene downregulation in C. pasteurianum.

6.3.3. Antisense-RNA-mediated downregulation of chromosomal genesin C. pasteurianum

Since our devised asRNA approach demonstrated effective downregulation of plasmid-
encoded lacZ, we aimed to knockdown key fermentative pathway genes in the chromosome of C.
pasteurianum. In an attempt to perturb the central carbon and electron flow in C. pasteurianum,
we separatel y expressed various asRNA molecules from the C. pasteurianum thl promoter.
Antisense RNASs targeting production of 1,3-propanediol, butyrate, and hydrogen were
separately assessed for their effect on growth and product distribution. Strains were cultivated in
semi-defined growth medium optimized for butanol production and buffered with solid calcium
carbonate. Strains were incubated statically and anaerobically until exponential phase, at which
time they were capped and moved to a shaker in the presence of air. Cultures were stopped and
sampled when the culture broth turned pink, signifying the presence of oxygen that was able to
enter the flasks due to termination of gas production from the cultures. Growth data from one
such experiment is shown in Table 6.2. Strains harboring plasmids pMTL85141 and pIMP1 were
included as vector controls. All strains grew to afinal OD of 7.2 to 10.2. The hydA asRNA strain
reached the endpoint the fastest and attained the greatest final OD. This result is consistent with
hydrogenase downregul ation, as decreased hydrogen production would lead to less total gas
production and a greater susceptibility to oxygen exposure. All remaining asRNA strains
appeared similar to the pMTL85141 and pIMP1 control cultures with respect to growth and OD.
Endpoint samples from all strains are currently being assessed for metabolite production using
HPLC analysis.

130



400 4

—e
300 -
)
3 200
= =
100 |
0 A A A
0.5 1 15
AGOO

Figure 6.2. Time course [-galactosidase activities of static flask cultures harboring
promoterless construct pHT3catP (A ), Pwi-lacZ transcriptional fusion plasmid pHT 3catP-
thl (¢), and lacZ asRNA construct pHTaslacZ110 (m).

Table6.2

Growth data of control and asRNA downregulation strains grown on glycerol in semi-

defined medium
Plasmid Relevant characteristics Static Shaking ODswo

incubation? incubation®

pIMP1 Empty plasmid control (EmR) 185h 54 h 7.6
pMTL85141 Empty plasmid control (TmR) 185h 34h 7.6
pHTasbuk123 Expression of a 123 nt buk asRNA 10.5h 45h 8.0
pHTaspth123 Expression of a 123 nt ptb asRNA 10.5h 45h 8.8
pHTasdhaB139 Expression of a139 nt dhaB asRNA  185h 40.5h 74
pHTasdhaT146  Expression of a 146 nt dhaT asRNA  185h 49h 7.2
pHTashydA175 Expressionof al75nthydAasRNA  185h 24.5h 10.2

a Strains were cultivated anaerobically without shaking until exponential -phase growth could be observed.

b Once the cultures reached exponential phase, flasks were sealed and transferred to a shaking incubator in the

presence of air until the cultures turned pink due to oxygen.
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6.4. Discussion

The ability to both upregul ate and downregulate gene expression is fundamental to
metabolic engineering [8]. These tools have found widespread use within the clostridia for
various strain construction applications [83]. Since amethod of gene transfer has only been
reported for C. pasteurianum recently [91], however, these methods are lacking for genetic
manipulation of this important bacterium. Here we demonstrate the utility of plasmid-based gene
overexpression and asRNA-mediated downregulation of chromosomal genesin C. pasteurianum.

Essentia to the development of fundamental genetic techniques is access to arepertoire
of functional gene promoters. To compare promoters and provide a quantitative means of
ng relative promoter strength, gene reporter systems are commonly employed. In this
study we selected a thermophilic 3-galactosidase gene encoded by lacZ as the reporter system
since it has found widespread use in the clostridia [12], the corresponding activity assay is
straightforward, and C. pasteurianum has negligible endogenous (3-gal actosidase activity. We
compared promoters from the C. pasteurianum ferredoxin and thiolase genes, where the thiolase
gene promoter produced three-fold higher maximal -galactosidase activity. A similar result was
obtained with C. acetobutylicum, as the thl promoter out-competed promoters from the
phosphotransbutyrylase and acetoacetate decarboxylase genes, although the ptb promoter has
been used in many clostridial gene expression applications. Thiolase, which catalyzes the step in
moving from 2C to 4C metabolic intermediates, would be expected to be expressed at a high
level in both of these organisms, since the predominant products during glucose fermentation are
butyrate in the case of C. pasteurianum and butyrate and butanol in the case of C.
acetobutylicum.

Having identified the thl promoter as a strong, constitutive promoter in C. pasteurianum,
we selected it to drive transcription of our asRNA constructs. We constructed a single plasmid
system for expression of both our lacZ reporter gene and lacZ asRNA. Using this system, we
achieved greater than 50% downregulation at all time points measured, demonstrating that
asRNA downregulation represents a viable option for decreasing gene expressionin C.
pasteurianum. Using our strategy, the functional lacZ gene and the lacZ asRNA were separately
expressed from two copies of the same thl promoter within plasmid pHTaslacZ110. Assuming
transcription levels are comparable for RNAs of different size, it can be assumed that the
cytoplasmic level of functional lacZ mRNA would be equal to that of lacZ asRNA. Under these
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conditions, downregulation would be expected to reach 100% since the lacZ mRNA would be
completely titrated with lacZ asRNA. It is clear from this study, however, that approximately
half of the lacZ mMRNA transcripts are translated into functional proteins, suggesting that
translational machinery is able to out-compete a proportion of the asRNA molecules for binding
to the mRNA transcript. An alternative outcome is expected to arise when employing our
plasmid-based asRNA system for downregulation of chromosomal genesin C. pasteurianum.
Antisense RNAs expressed from the strong thl promoter from our multicopy plasmid should
greatly outnumber mRNA transcripts produced from single-copy chromosomal genes. In this
case, downregulation would be expected to greatly exceed 50%. Indeed, the extent of
downregulation reported in studies involving plasmid-encoded asRNAS targeted to native
chromosomal genes commonly reach up to 92% [77]. Thus, under optimal conditions, it is nearly
possible to entirely abolish expression of chromosomal genes using asRNA.

Next we investigated the ability of our asRNA system to downregulate chromosomal
genes encoding key metabolic pathway enzymesin C. pasteurianum. Genes encoding
phosphotransbutyrylase, butyrate kinase, glycerol dehydratase (large subunit), 1,3-propanediol
dehydrogenase, and hydrogenase were individually targeted using our asRNA approach in an
attempt to perturb carbon and electron flow. Further, as aresult of their central rolesin
production of competing metabolic pathways, downregulation of the aforementioned genes
should, theoretically, enhance production of butanol. We are currently characterizing the
resulting asRNA mutants with respect to growth and product formation. Previous studies have
reported that during fermentation of glycerol by C. pasteurianum, the predominant products
formed are butanol and 1,3-propanediol, with only small amounts of acetate, butyrate, and
ethanol [17,18,66]. Growth experimentsin our laboratory under similar or seemingly identical
conditions, however, typically generate only small amounts of 1,3-propanediol, with butyrate
and butanol representing the main fermentative products. It iswidely held that the ability of C.
pasteurianum to ferment glycerol is solely due to presence of an active 1,3-propanediol
production pathway [66]. Our preliminary data contradict this notion, as some experiments using
wild-type C. pasteurianum and glycerol as a sole carbon source have generated lessthan 0.1 g I
of 1,3-propanediol. Supplementation with vitamin B1> ranging from 0.025 to 0.2 yuM had no
effect on 1,3-propanediol production (data not shown). Therefore, it is expected that our asRNA
strains targeting the 1,3-propanediol pathway (dhaB and dhaT) will have only minor effects on
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growth and product distribution of C. pasteurianum, whereas ones targeted to ptb, buk, and hydA
are expected to lead to significant alterations in the central fermentative metabolism of C.

pasteurianum.

6.5. Conclusions

In this work, we show that plasmid-based gene overexpression and asRNA -mediated
gene downregulation are effective tools for atering expression of target genesin C.
pasteurianum. We identified the thl promoter as a strong, constitutive promoter, which should
find use in future gene expression applications. Our devised asRNA system should aso lead to

extensive metabolic engineering of C. pasteurianum.
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CHAPTER 7

Original contributions and recommendations

7.1. Original contributions

7.1.1. High-level gene transfer to C. pasteurianum

Efficient electroporation-mediated plasmid transfer to C. pasteurianum was demonstrated
for the first time. Electrotransformation was shown to be dependent on methylation and
protection of CpaAl sites (5’-CGCG-3’) within transforming plasmid DNA by the M.FnuDI|I
methyltransferase. Partial disruption of the cell wall and cell membrane via glycine and ethanol,
respectively, were shown to enhance el ectrotransformation. A final electrotransformation
efficiency on the order of 10* transformants ug™ was achieved, which is among the highest
reported in the clostridia. Since our initial report, we have disseminated plasmids, strains, and
protocols pertaining to electrotransformation of C. pasteurianum to research groupsin the U.S,,

U.K., and Germany.

7.1.2. Draft genome sequence of C. pasteurianum

We sequenced, assembled, and annotated a nearly complete genome sequence for the
type strain of C. pasteurianum. Although another research group reported the genome sequence
of C. pasteurianumin parallél to our efforts, our draft is currently comprised of 12 contigs,

compared to 37 for the alternate assembly.

7.1.3. Development of a group-I1-intron-mediated chromosomal gene knockout system for C.
pasteurianum

Established clostridial group 11 intron gene knockout vectors and procedures were not
successful in disrupting chromosomal genesin C. pasteurianum due to host restriction and low
intron retronoming efficiency. Using deletion vector constructs and methylome analysis from

SMRT sequencing data, we showed that Type | host restriction inhibits el ectrotransformation of
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shuttle vectors harboring the LI.I1trB 1EP gene (ItrA). We designated the new Type | RM system
CpaAll and propose a putative recognition sequence of 5’-AAGNNNNNCTCC-3’. By mutating
the unique CpaAll site within pSY 6catP, we resolved the inability to el ectrotransform shuttle
vectors encoding LI.ItrB intron elements and generated a vector for performing chromosomal
gene knockouts in C. pasteurianum. Since retrohoming efficiency remained too low to directly
isolate intron insertional mutants, we devised an enrichment procedure in which >50% of the

resulting colonies possessed the desired intron insertion.

7.1.4. Development of plasmid-based gene overexpression and asRNA-mediated chromosomal
gene downregulation methodologies in C. pasteurianum

We applied awell-known clostridial gene reporter system based on (3-gal actosidase to
generate transcriptional fusions with promoters from genes involved in the central fermentative
metabolism of C. pasteurianum. Of the promoters tested, the promoter from the C. pasteurianum
thl promoter conferred greatest [3-galactosidase activity throughout the course of growth, thus
demonstrating successful overexpression of a heterologous genein C. pasteurianum. We applied
our strong, constitutive thl promoter to drive transcription of a synthesized asRNA molecule
targeted to plasmid-encoded lacZ. -Galactosidase activity in the asRNA strain was reduced to
approximately 50% of the level of activity exhibited by the control strain, thus demonstrating
asRNA-mediated gene downregulation as a viable genetic tool in C. pasteurianum. We
constructed asRNA constructs for downregulation of 1,3-propanediol (dhaB and dhaT), butyrate
(buk and ptb), and hydrogen production pathways (hydA), which are currently being

characterized with respect to growth and product distribution.

7.2. Recommendations

1. The methods devel oped herein for chromosomal gene knockdown and knockout should
find widespread use in C. pasteurianum metabolic engineering applications. The 1,3-
propanediol pathway represents an interesting target for knockdown and, if permissible,
gene knockout, sinceit is currently unclear if C. pasteurianumis able to ferment glycerol
as a sole carbon source without production of 1,3-propanediol. If knockout of the 1,3-
propanediol pathway proves lethal, knockdown techniques should still permit growth on
glycerol. Based on our fermentation data, the butyrate pathway aso represents a promising
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target for knockout or downregulation. In C. beijerinckii, knockout of the buk gene
encoding butyrate kinase |eads to enhanced solvent production [201]. Disurption of the
analogous ack gene encoding acetate kinase in the acetate pathway has also produced
strains with altered fermentative metabolism [259] and it would be interesting to determine
what effect such knockouts or knockdowns would have on the glycerol fermentation of C.
pasteurianum.

2. Plasmid-based gene overexpression has aso been investigated in this thesis, yet attempts
have not yet been made to utilize thistool to alter the fermentative metabolism of C.
pasteurianum. Aswork with C. acetobutylicum has demonstrated, homol ogous
overexpression of key aldehyde/alcohol dehydrogenases is a promising strategy for
enhancing solvent production [151]. Numerous iron-containing aldehyde/al cohol
dehydrogenases have been annotated in our genome sequence of C. pasteurianum,
including ones with predicted activity on 4C substrates, which could be overexpressed from
aplasmid to enhance butanal titers. A similar approach could involve overexpression of
genesinvolved in the central trunk pathway to increase flux from acetyl-CoA to butyryl-
CoA. Of these, thiolase, which catalyzes the condensation of two 2C acetyl-CoA into a4C
acetoacetyl-CoA, has been a common target for overexpression [151]. Conversely,
heterologous gene expression strategies can be employed to impart new metabolic
capabilities to C. pasteurianum. Successful heterologous gene expression strategies with
other species of Clostridium are summarized in Table 2.5 and afew brief approaches are
discussed below for C. pasteurianum.

3. Itisclear that C. pasteurianumis naturally an excellent producer of butanol when grown
on reduced substrates, such as glycerol. It has been proposed that product toxicitity is likely
the factor limiting butanol production. Therefore, overexpression of any genes able to
enhance a cohol tolerance could potentially lead to increased butanol production.
Homologous overexpression of the groESL. operon from C. pasteurianum, which has been
annotated to contig 5 in our genome sequence, or heterologous expression of groESL
homologsin C. acetobutylicum [156] is a promising avenue for further research.

4. A significant obstacle to efficient conversion of crude, biodiesel-derived glycerol to butanol
by C. pasteurianum appears to be toxicity and growth inhibition resulting from

contaminants present in the unpurified glycerol feedstock [18]. A major potential growth-
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inhibiting impurity is methanol, which is the most widely used alcohol for production of
biodiesel. Alleviation of methanol-mediated growth inhibition of C. pasteurianum on
biodiesel-derived glycerol could therefore theoretically be achieved by heterologous
expression of methylotrophic enzymes from organisms able to ferment methanol. For
example, significant methanol, formal dehyde, and formate dehydrogenase activities, which
collectively oxidize methanol to carbon dioxide, have been assayed from Paracoccus
denitrificans grown anaerobically on methanol [260]. Therefore, heterologous expression
of P. denitrificans genes encoding methanol dehydrogenase or both methanol and

formal dehyde dehydrogenase in C. pasteurianum could lead to improved growth on crude
glycerol via conversion of methanol into formaldehyde or formate, respectively, both of
which are produced by wild-type C. pasteurianum [261].

5. Finally, recombinogenic engineering (recombineering) of Clostridium represents one of the
newest and most exciting avenues of clostridial genetic engineering. The chief prerequisite
for recombineering is a highly efficient electrotransformation procedure, which we have
developed in thisthesis. Further, arecT gene from C. perfringens has been shown to permit
recombination of single-stranded oligonucleotidesin C. acetobutylicum [220]. The C.
perfringens recT could therefore be expressed in C. pasteurianum to assess the utility of
oligonucleotide recombination. If successful, this system could then serve as the basis for

the development of highly precise genome editing techniques in C. pasteurianum.
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