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ABSTRACT

Historically, Clostridium species were used in Acetone-Butanol-Ethanol
(ABE) fermentation. However, the ABE fermentation processes face competition from
petroleum based processes, thus fermentation processes need to evolve to produce a
higher valued chemical efficiently. Clostridium species are known to metabolize a
range of sugar molecules and produce valuable chemicals such as hexanol and octanol.
To achieve this goal, utilization of co-culture allows each species of bacteria to
specialize in one task and avoids complex metabolism engineering. In this thesis,
optimization of the bioreactor performance of syntrophic Clostridium co-culture for
medium chain alcohol or fatty acid production utilizing Clostridium kluvyeri and
Clostridium saccharolyticum. And the characterization of the molecular interactions
and localization of proteins of interest related to cell-to-cell interaction was
investigated. In the bioreactor investigation, the optimized C. kluyveri monoculture
yielded 173 mM of hexanoate. In comparison the co-culture yielded 123 mM of
hexanote. The result exhibits promising industrial value for Clostridium co-culture,
and the insufficient supply of ethanol from C. saccharolyticum could be the major
drawback for this co-culture system, which may be improved by incorporating a third
species into the system such as Clostridium ljungdahlii.

Direct cell-to-cell material exchange between Clostridium acetobutylicum and
C. ljungdahlii has been previously shown by our lab * This phenomenon greatly
improves the productivity and carbon utilization in the co-culture, thus understanding
the mechanism of cell-to-cell material exchange is critical to improve the performance
of the co-culture and bring more industrial and economical significance. It is possible

that C. ljundahlii could be actively seeking CO- rich source and therefore fused with



C. acetobutylicum to consume CO- waste produced by C. acetobutylicum. To further
investigate this phenomenon, the localization pattern of the proteins of interest such as
carbonic anhydrase (CA) and methyl-accepting chemotaxis protein (MCP) could be
helpful. These proteins may be involved in CO, metabolism and CO> sensing
respectively. To visualize the localization of these proteins, Halotag was fused with
the two proteins of interest. The preliminary testing of the fluorescence of both MCP-
Halotag and CA-Halotag under the microscope in Escherichia coli and under the flow
cytometry in C. ljungdahlii shows the strong fluorescent intensity of the fluorescent
fused protein. Visualizing the proteins in C. ljungdahlii under the microscopy, uniform
membrane localization of MCP-Halotag and uniform cytoplasmic localization were
observed. Future experiment of fluorescent imaging C. acetobutylicum and C.
ljungdahlii utilizing the MCP-Halotag and CA-Halotag could provide more

information about the proteins involved in the cell-to-cell direct material exchange.

Xi
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Chapter 1

INTRODUCTION

Introduction to Clostridium species and their importance

Some Clostridium species are acetogens that fix CO2 chemolithographically.
Thus, Clostridium species possess many desirable traits for biotechnology application,
as they are capable of utilize many organic substrates and produce a broad spectrum of
useful metabolites. Therefore, studies on their characteristics and the techniques to
engineer optimal behavior becomes crucial to utilize Clostridium species in

bioprocessing.?

Clostridium acetobutylicum and Acetone-Butanol-Ethanol fermentation

C. acetobutylicum is a Gram-positive, spore-forming, obligately anaerobic
organism that is a member of the solventogens. Solventogenic Clostridium species
utilize a range of simple or complex sugars to produce solvents including acetone,
butanol, and ethanol. In fact, one of the earliest fermentations utilized by man was
acetone fermentation by solventogenic bacteria, and many solventogenic Clostridium
species were isolated and used for Acetone-Butanol-Ethanol (ABE) fermentation.®
ABE fermenting Clostridium species exhibit a biphasic growth pattern. In their early
growth stages, acidogenic behavior can be observed, as the bacteria produces acetic
acid and butyric acid. As the Clostridium culture reaches stationary growth phase,
solventogenic behavior can be observed, the bacteria reabsorb and convert the acid

into solvents.? Especially in C. acetobutylicum the stationary phase solventogenic
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switch was observed with a morphological change in the cell and was reported at low
pH the solvent production becomes prominent. # The solvent production switch of C.
acetobutylicum was suggested to be caused by the pH reduction acid accumulated, as
well as the ATP availability to the bacteria. > However, high concentration of solvent
inhibits cell growth and leads to cell death. Thus, utilizing fed-batch fermentation to
supply cells with supplemental nutrients and pH control as well as creating more
butanol tolerant and higher solvent producing C. acetobutylicum strains would be
desirable for ABE fermentation. However, ABE fermentation faces competition from
petroleum-based processes. As the production cost of other routes is cheaper than C.
acetobutylicum fermentation. The solventogenic nature of C. acetobutylicum make
this strain of bacteria useful in applications such as Clostridium co-culture, which will

be introduced later.

Clostridium ljungdahlii and the Wood Ljungdahl Pathway (WLP)

C. ljungdahlii are Gram-positive bacteria with a growth pH range of 4.0-7.0,
but optimal growth at pH 6.0. C. ljungdahlii is an acetogen, meaning they can use an
electron donor, such as H,, to metabolize CO- as a sole carbon source.® C. ljungdahlii
utilize the Wood Ljungdahl Pathway (WLP) for its primary metabolism which through
carbonyl branch, that converts COz into CO by CO dehydrogenase/Acetyl-CoA
synthase complex (CODH/ACS) or via methyl branch CO: is reduced to formate, then
to a methyl group. Both carbonyl and methyl branch are eventually converted to
Acetyl- CoA by ACS, which the Acetyl-CoA produced from WLP would be used
downstream to produce acid and solvents and ATP generation. C. ljungdahlii can also

use the hexose fructose (but not glucose) via glycolysis to generate ATP for growth



through substrate-level phosphorylation.? Due to the CO- fixing nature the C.

ljungdahlii could be an ideal partner for solventogens in syntrophic co-cultures. ’
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Figure.1.1 Scheme of metabolic pathways, energy conservation and metabolite
production in Clostridia. Glycolysis, the pentose phosphate pathway, and
the Wood-Ljungdahl pathway necessary for growth on hexoses, pentoses
and syngas respectively, are shown in gray. Substrates used by these
pathways are shown in dark blue boxes at the top and products are circled
in black. Pathways involved in conversion of acetyl-CoA and pyruvate
are shown in light blue. Production of 1,3-propanediol from glycerol is
shown in purple, and production pathways for propionate and acrylate are
shown in brown. Energy coupling between glycolysis and WL-pathway
is in orange. The z indicates that the same enzyme reactions are involved
in production of both butyryl-CoA and hexanoyl-CoA. Abbreviations of
the different metabolites or enzymes are as follows: 23BDH, 2,3-
butanediol dehydrogenase; AAD, alcohol/aldehyde dehydrogenase;
AADC, acetoacetate decarboxylase; ACDH, acyl-CoA dehydrogenase;
ACR, acrylyl-CoA reductase; ACS/CODH, acetyl-CoA synthase/CO
dehydrogenase; ADH, alcohol dehydrogenase; AK, acetate Kinase;
ALDC, acetolactate decarboxylase; ALDH,aldehyde dehydrogenase;
ALDO, fructose biphosphate aldolase; ALS, acetolactate synthase; BK,
butyrate kinase; CAT, CoA transferase; CFeSP,corrinoid iron—sulfur
protein; CRT, crotonase; DhaB, glycerol dehydratase; DhaD, glycerol
dehydratase; DhaK, DHA kinase; DhaT, 1,3-propanedioloxidoreductase;
ENO, enolase; Etf, electron-transferring flavoprotein; Fd, ferredoxin;
FDH, formate dehydrogenase; FTS, formyl-THF synthase;GAPDH,
glyceraldehyde phosphate dehydrogenase; GK, hexokinase; GPI,
phosphoglucose isomerase; HCDH, 3-hydroxyacyl-
CoAdehydrogenase;LCDH, lactoyl-CoA dehydrogenase; LDH, lactate
dehydrogenase; MTC, methenyl-THF cyclohydrolase; MTD, methylene-
THF dehydrogenase; MTR, methyl transferase; MTRS, methylene-THF
reductase; PFK-1, phosphofructokinase; PFOR, pyruvate: ferredoxin
oxidoreductase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate
mutase; PK, pyruvate kinase; PTA, phosphotransacetylase; PTB,
phosphotransbutyrylase; THL, thiolase; TPI, triosephosphate isomerase.
Figure reproduced from Tracy et al (2012)

1.1.3 Clostridium Kluyveri and fatty acid chain elongation
C. kluyveri is a obligate anaerobic and is Gram variable but mostly Gram-
negative Clostridium bacterium.® C. kluyveri has a growth pH range of 6.0 to 7.5, and

have mild growth inhibition at more acidic pH 5.5. ° C. kluyveri does not grow on



sugars. Instead, in the presence of CO; or bicarbonate C. kluyveri grows on short chain
alcohols and carboxylic acids. Notably it grows ethanol and acetate forming butyrate,
caproate (hexanoate) and H2 gas. It can also extend the reaction further to form
octanoate, and when fed ethanol and propionate to form pentanoate and heptanoate. ’
The fermentation of ethanol + acetate starts with the oxidation of ethanol via a
NAD-dependent ethanol dehydrogenase (Adh) and an NAD(P)-dependent
acetaldehyde dehydrogenase (Ald) to forms acetyl-CoA. Using a chain of enzymes,
including acetoacetyl-CoA thiolase (Thl), NAD- and NADP-dependent 3-
hydroxybutyryl-CoA dehydrogenase (Hbd), 3-hydroxybutyryl-CoA dehydrogenase
(Hbd), 3-hydroxybutyryl-CoA dehydratase (Crt) and NAD-dependent butyryl-CoA
dehydrogenase complex (Bcd/EtfAB) and butyryl-CoA: acetate CoA transferase
(Cat3) acetyl-CoA can form butyryl-CoA, and further acetate can replace the butyryl-
CoA to yield butyrate and fresh acetyl-CoA.2 To elongate the fatty acid chain reverse
beta oxidation is utilized, so that 2 carbons from acetyl-CoA can be added, forming

products from four carbon butyrate to eight carbon caprylic acid. °



6 Ethanol

§ a1
1 Acetate + 1 H* 6 NADH

6 Acetaldehyde

1 ATP Aok Ald 6 NAD*
1ADP . 6 NADH
Pta =
1 Acetyl-P 6 Acetyl-CoA
5 Acetyl-CoA’%‘
5 Acetoacetyl-CoA
5 Butyrate Hbd 5 NAD(P)H
Cat3 5 NAD(P)*
5 Acetate y S A
5 Butyryl-CoA Hydcnybutpyrto
‘% 5H,0
7 NADH $ 5 Crotonyl-CoA
10 FAD §
- Cytoplasm Membrane
BedEY 40 FADY B
10 FAD? % 5" AtpA-l
m
3 Fdred™ + 3 NAD"
5Fd 5Fd, 2 * o
*g Hyd b 3 Fdox + 3 NADH RAtA-E
2H2 nfA-E "




Figure.1.2. lllustration of metabolism of the C. kluyveri, including two membrane
associated, energy-converting enzyme complexes involved in the
fermentation: ferredoxin: NAD oxidoreductase (RnfA-E) and ATP
synthase (AtpA-1). The clostridial ferredoxin with two [4Fe4S] clusters
accept two electrons upon reduction . In the scheme it is assumed that 7
of the 10 NADH required for the reduction of 5 crotonyl-CoA to 5
butyryl-CoA are generated during ethanol oxidation to acetyl-CoA (gray
background) and that three are generated via NAD+ reduction with
Fdred2-(orange back-ground). It has been omitted that some of the
Fdred2- generated during crotonyl-CoA reduction is also used for the
regeneration of NADPH, which is required for acetoacetyl-CoA
reduction. The yellow area indicates the micro-compartment, and the
shaded area highlights the steps proposed to be involved in the catalysis
by the butyryl-CoA dehydrogenase complex composed of butyryl-CoA
dehydrogenase (Bcd) and the electron transport flavoproteins (EtfAB).
Bcd, EtfA, and EtfB each contain FAD. Figure reproduced from Seedorf
(2008)

1.1.4 Clostridium saccharolyticum and promising ethanol production

C. saccharolyticum is Gram-negative, ethanologenic bacterium.° Recently, C.
saccharolyticum was renamed into Lacrimispora saccharolytica,* however, in the
thesis this bacteria is still referred to as C. saccharolyticum. Like C. acetobutylicum,
C. saccharolyticum metabolizes a variety of simple or complex sugars and produces a
significant amount of ethanol but operates at a neutral pH.°Although studies about
this species of Clostridium was not as extensive as the previous strains, C.
saccharolyticum was reported to be producing ethanol and acetate.® It has great
potential to be utilized in the syntrophic co-culture as an ethanol producer, which will

be discussed in more detail in the later sections.



1.2 Clostridium syntrophic co-culture

Development of co-culture for bioprocessing avoids complicated engineering
of a single species.’ Instead, co-culture utilizes multiple species that work in both
syntrophic and non-syntrophic manner to produce desired metabolites. In a review by
Charubin et al, the pre-existing Clostridium co-culture applications to produce various
proteins, alcohols, and acids has been thoroughly discussed.’” Syntropy is defined as
the combined metabolic activity of microorganisms, endergonic reactions can become
exergonic through efficient removal of products and therefore enable a microbial
community to survive with minimal energy resources.*? This is especially important
for many Clostridium co-culture designs, as they could produce and use a wide range
of metabolites.

The syntrophic relationship between C. ljungdahlii and C. acetobutylicum was
revealed by Charubin and Papoutsakis in a 2019 paper,! C. acetobutylicum upon
catabolizing various carbohydrates, in addition to butanol, acetone, acetate and
butyrate, it produces CO> and H> as byproducts of its metabolism. The co-culture
between the two species can fix CO2 (using H2 as an electron donor) produced by the
solventogenic C. acetobutylicum through the action of C. ljungdahlii, which utilizes
CO2and H: for growth. This improves the carbon recovery (i.e., the fraction of
substrate carbon converted into products, other than CO3) in the co-culture
fermentation. With 1.65 mol of H2 2.25 mol of CO; produced per mol of sugar utilized
in the C. acetobutylicum monoculture, and only 0.23 mol of H2and 0.73 mol of CO-
produced per mol of sugar utilized in the C. acetobutylicum and C. ljungdahlii co-
culture.! In addition, this co-culture produces 2,3-butanediol and isopropanol, which
was not detected in the monoculture of either species. In this study, a model of direct

cell-to-cell material exchange and the electron exchange between the two species was
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proposed. Therefore, understanding to this cell-to-cell interaction between C.
ljungdahlii and C. acetobutylicum would be critical to enhance the efficiency of
Clostridium co-cultures.

The chain elongation metabolism of C. kluyveri also exhibits important traits
for the Clostridium co-culture. C. kluyveri requires ethanol and acetate to perform
chain elongation to produce longer change carboxylates. Ethanol and acetate are the
metabolic products of C. acetobutylicum, C. ljungdahlii and C. saccharolyticum. The
co-culture of these Clostridium species could yield a highly efficient fermentation

process for high valued chemicals.’

Introduction of carbonic anhydrase (CA) and predicted CA localization in C.
ljungdahlii

Carbonic anhydrases (enzyme code: EC 4.2.1.1) are metalloenzymes that
catalyze the reaction of carbon dioxide hydration to bicarbonate and proton (CO; +
H,0 « HCO3 + H").*® The activity of CA was suggested to be connected to bacteria
survival, and high CA activity was demonstrated crucial in Ralstonia eutropha (a
Gram negative facultative anaerobic bacteria) under a low CO; partial pressure
environment.> 1 The enzyme can be classified into five genetically distinct families.
In bacteria, three classes of CAs are known, the a-, B-, and y-CAs.*® Different classes
of CAs are thought to localize differently in cells. The a-CA family of enzymes are
found in Gram negative bacteria and is believed to be periplasmically localized and
responsible for CO; fixation; -, and y-CAs are believed to be cytoplasmically
localized and are responsible for CO2 supplementation to the reactions catalyzed by

carboxylase enzymes, for pH homeostasis and other intracellular functions.® ¢ In
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Clostridium perfringens and Clostridium autoethanogenum, a - CA was reported to
be involved in cell metabolism.'” 18 In C. ljungdahlii, a gene encoding a hypothetical
CA was reported (CLJU_c10130). Since C. ljungdahlii is Gram positive, it is logical
to speculate that the gene reported is a B- CA that likely localizes in the cytoplasm.
Understanding the localization of CA enzyme in C. ljungdahlii might suggest how the
organism utilizes the CA enzyme in CO> fixation and if the CA would show specific

localization in the cells.

Introduction of methyl accepting chemotaxis protein (MCP) and MCP in C.
ljungdahlii

The methyl accepting chemotaxis proteins (MCPs) are the most common
chemotaxis receptors in prokaryotic and archaea species. MCPs are involved in
mechanisms such as biofilm formation,*® flagellum biosynthesis?® and substrate
detection and degradation®’. MCPs are made up of a N-terminal module and a C-
terminal module. The N-terminal module is responsible for stimulus detection that
involves a ligand binding domain (LBD) and a transmembrane helix (TM). The C-
terminal module includes a cytoplasmic signal (SD) domain responsible for
downstream protein signaling. An example of the general structure is shown in
Figure.1.3%2 23, The C-terminal module is similar across different MCPs while the N-
terminal module is more diverse??. The detection mechanism of MCPs can be direct
via ligand binding to LBD?* or indirect via interactions between the ligand and a
periplasmic binding protein®. Lacal et.al. have classified MCPs into 7 classes based
on different domain structures and topological interactions between the protein and the
cell membrane. The most common structure is Class 126 and is depicted in Figure.1.3.

The localization of MCPs varies between different organisms and even different
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MCPs within one organism can localize differently. Most bacterial transmembrane
MCPs localize to the polar ends of the cells, although, in Pseudomonas aeruginosa,
lateral localization was reported for the WSpA receptor protein, which is
bioinformatically indistinguishable from MCPs 7. Bacillus subtilis, a Gram positive
facultative anaerobe bacterium, was reported to have polar localization of MCPs.
E.coli, a Gram negative facultative anaerobe was reported to have polar MCP clusters
and random insertion of lateral MCPs?® (Figure.1.4). MCPs were reported to be
essential for the survival of many prokaryotes and archaea. Many gene coding for
uncharacterized MCPs are annotated in C. ljungdahlii genome. The MCP
(CLJU_c10160) selected for this study is located near the gene for CA and flagellar
machinery. Therefore, it was hypothesized to be more likely to be involved in the CO>
sensory mechanism. Additionally, as there has not been a reported CO> receptor for
this organism, testing this uncharacterized MCP that is near an enzyme for CO>
metabolism may provide insights into prokaryotic CO2 sensory mechanisms.
Understanding the role of MCPs can elucidate how an organism recognizes and
interacts with the environment, which can help reveal the role of MCPs in the direct
cell-to-cell material exchange phenomenon between C. acetobutylicum and C.

ljungdahlii?®.
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Figure.1.3. Overall topology of typical methyl-accepting chemotaxis protein.
LBD ligand binding domain, TM transmembrane helix, CC
control cable, HAMP histidine kinase, adenyl cyclase, methyl-
accepting chemotaxis protein and phosphatase region, PS phase
stutter, SD signaling domain, MH methylation helix, FB flexible
bundle, SSD signaling subdomain. Reproduced from Salah et.al
(2017).
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MCP are randomly inserted in the
membrane and diffuse. Polar
clusters increase and new clusters
form at the mid cell, 1 pm away
from polar clusters.

Cells elongate and new
clusters nucleate 1 pm away
from old clusters.

Daughter cells
inherit
approximately the
same number of
clusters.

Figure.1.4. Schematic representation of the stochastic self-assembly model
proposed by Thiem and Sourjik (2008)30for the E. coli MCP cluster
formation. Reproduced from Emilia et.al (2018)%.
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1.5 Anaerobic reporting system and anaerobic fluorescent proteins
Genetic reporters are genes that provide measurement and screening of gene

expression. As described in a review by Joseph and colleagues, an ideal reporter
system has high sensitivity and specificity, a large dynamic range of detection, and
low level of endogenous level of the reporter in the strain of interest®!. For Clostridium
species typical reporter systems include enzymatic reporters and bioluminescent
reporterst. However, fluorescent reporters were not widely used as the common
strong fluorescent reporters such as green fluorescent protein (GFP) and mCherry
require O activation.®? *3 This is not possible for strictly anaerobic organisms.
Anaerobic fluorescent proteins enable an array of applications including screening of
proteins, genomic and metagenomic libraries, study of promoters, ribosomal-binding
sites and terminators, and study of microbiome interactions, as well as creating
fluorescent fusion proteins to study the localization of proteins in cells®4. Utilizing
fluorescent proteins would allow real-time analysis of protein expression and cell
interaction under flow cytometry and microscopy. Recently Charubin et al and Streett
et al created a strong fluorescent protein designed for anaerobic species, that requires
only ligand binding to be fluorescent and no Oz activation is required. The proteins are
Fluorescence-Activating and Absorption-Shifting Tag (FAST)*®, Halotag, and SNAP-
tag.>* Among those, FAST has successfully shown to fluoresce when fused with a cell

division protein ZapA in C. ljungdahlii®.

14



Chapter 2

Optimization of Clostridium dual culture bioreactor performance

2.1 Introduction

As mentioned in Chapter 1, the traditional ABE fermentation utilizing C.
acetobutylicum monoculture is economically challenged, as acetone and butanol can
be produced more cheaply via petrochemical route. With recent developments in
genetic engineering tools, the metabolism of bacteria can be engineered to yield
desired products. Sillers et.al. had made progress in creating a higher solvent
producing C. acetobutylicum strain containing the pPCASAAD plasmid, namely the
Cac(pCASAAD) strain®®. The Cac(pCASAAD) strain overexpress the native
alcohol/aldehyde dehydrogenase (AAD) enzyme, an enzyme that converts butyryl-
CoA to butanol or acetyl-CoA to ethanol, using the ptb promoter, which is an active
promoter during the acidogenic phase of C. acetobutylicum® 37 38, The
Cac(pCASAAD) strain was reported to produce 30 g/L of solvents mainly consist of
ethanol and butanol, compare to wildtype only 20 g/L of solvent was produced and
mainly consist of acetone and butanol®. This progress had strengthened the economic
argument of utilizing engineered C. acetobutylicum for a solvent production process,
to overcome bottlenecks and maximize the production of desired metabolites.
However, improved ethanol and butanol production might not be potent enough for
industry to convert back to ABE fermentation, thus production of higher valued
chemicals are desired. It is known that engineering new pathway into bacteria remains
challenging, therefore, incorporating new species of bacteria and allowing each
species to specialize on a task would be more realistic. For the rest of this chapter

Cac(pCASAAD) is referred as C. acetobutylicum.
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As previously mentioned, medium/ long chain alcohol and fatty acid are high
value chemicals that can be produced by ethanol and acetate consuming C. kluyveri.
Co-culturing the high ethanol producing Cac(pCASAAD) strain with C. kluyveri
could yield valuable medium/long chain alcohol and fatty acid products, thus bringing
more industrial significance. In addition, C. acetobutylicum like all organisms releases
at least one-third of the carbons in six-carbon sugars in form of CO> due to the
pyruvate to acetyl-CoA decarboxylation reaction, whereby, for anaerobes at least, the
electrons from the decarboxylation reactions are used to form and release H. Acetyl-
CoA is the starting intermediate for the biosynthesis of most metabolites like butanol,
acetone, ethanol, butyrate and acetate. Recovering these CO, molecules could be
solved (to the extent that are available electrons such as in the form of Hy) by
introducing a CO»-fixing acetogen, such as C. ljungdahlii, into the culture. Achieving
complete carbon utilization in the system will increase the yield for acetate which
could be potentially converted to higher value chemicals by C. acetobutylicum. In the
proposed co-culture, C. acetobutylicum consumes glucose and produce ethanol and
acetate for C. kluyveri to produce long chain fatty acids, and then C. acetobutylicum
can convert fatty acids into their corresponding alcohols using an aldehyde and
alcohol dehydrogenases to recover NAD* from NADH?®°. In addition C.
saccharolyticum can also consume sugar and produce ethanol and acetate however this
strain lacks the ability to convert carboxylates into alcohol. For the scope of this
thesis, the focus is on improving the economically significant medium/long chain
alcohol production in a Clostridium dual culture design and investigating the effect of

bioreactor conditions on the product yield and substrate utilization.
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In a study by Lonkar et al, the optimal fatty acid conversion of C. kluyveri
occurs at an ethanol concentration of 5-10 g/L, which produced around 80 mM of
hexanoate. Ethanol toxicity to C. kluyveri is significant at a concentration above 40
g/L. Additionally, in the paper, the pH was maintained at 6.8 to 7.0 in order to reduce
their inhibitory effect on C. kluyveri.*° In a separate study of C. acetobutylicum by
Roos et al, at pH above 6.0, C. acetobutylicum expresses an autolysin that results in
significant cell lysis and cell death*. The pH incompatibility of C. acetobutylicum and
C. kluyveri co-culture would suggest a limitation on growth and productivity for a co-
culture of the two species. Thus, investigation of another solventogenic strain with an
optimal pH between 7.2 and 7.4%°, C. saccharolyticum, suggests that it has a good
potential in the co-culture to substitute for C. acetobutylicum as the ethanol- and
acetate-producing strain. This investigation would aid future studies of Clostridium
co-cultures that yield high-value alcohol products and improve the recovery of carbon

waste (CO,).
2.2 Material and Methods

2.2.1 Bacterial strains, Media, Bioreactors, and Analytical tools

All strains used are shown in Table.A.1 of Appendix.A. The C. acetobutylicum
Cac(pCASAAD)?® strain used was grown on solid 2xYTG medium (16 g/L tryptone,
10 g/L yeast extract, 4 g/L NaCl, 5 g/L glucose, and 15 g/L agar [pH 5.8]), and Turbo
Clostridium Growth Medium (CGM)*. The plated C. acetobutylicum were grown on
2xXYTG plate for at least five days before colonies were inoculated in 10 mL Turbo
CGM (80 g/L glucose) with 200 pL of phosphate buffer (100 g/L of KH2POsand 125
g/L K2HPO4 [pH 6.8]). The tubes were then heat shocked for 8 minutes at 80°C, and
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after cooling, erythromycin was added to 100 ug/mL. C. kluyveri was grown in liquid
Turbo CGM (no glucose, with 8 g/L sodium acetate). One 1 mL tube of glycerol stock
was thawed and inoculated in 90mL of medium (additional 1 mL of phosphate buffer,
1 mL of 3% weight to volume ratio L-cysteine HCI solution, 2mL of pure ethanol, and
2.7 mL of 10% weight to volume ratio sodium bicarbonate solution) and was grown
for five days, then 5mL of the starting C. kluyveri culture was passaged into the same
Turbo CGM for active growth overnight. C. saccharolyticum was inoculated from 1
ml of glycerol stock into 90mL of Turbo CGM (80 g/L glucose, with an additional
ImL phosphate buffer and 2.7 mL of 10% weight to volume ratio sodium bicarbonate
solution) overnight. All cell cultures described above were incubated within an
anaerobic chamber filled with 5% H>, 15%CO,, and 80%N2 gas mix at 37°C without
any other external interruption overnight or up to 16 hours.

Also, a set of self-constructed miniature bioreactors was employed for C.
saccharolyticum and C. kluyveri fermentation. The miniature bioreactors had functions
of automatic pH adjustment, agitation, gas sparging, and sampling. This vessel could
operate with 180-200mL active volume, and in all subsequent fermentation utilizing
the miniature bioreactors, 180mL of volume was used.

Optical density was determined at a wavelength of 600 nm (ODsoo) using a
Beckman-Coulter DU370 spectrometer. The ODeoo Was used to estimate the cell
density within the bioreactor.

High Performance Liquid Chromatography (Agilent 1200 series) with Aminex

HPX-87H column was used to analyze the concentration of the metabolites.
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2.2.2 Inoculation and fermentation strategy for bioreactor experiments

The solventogenic C. acetobutylicum and ethanologenic C. saccharolyticum,
were inoculated by injecting 10 mL overnight cell culture from the anaerobic
incubator into the bioreactor. C. kluyveri was inoculated via centrifuging the overnight
culture in 50mL conical tubes at 4000 rpm for 8 minutes and collecting the cell pellet,
then injecting the resuspended cell pellets into the bioreactor.

For co-culture experiments, solventogenic bacteria were inoculated into the
bioreactor before C. kluyveri. C. acetobutylicum cells were left in the bioreactor for 8-
16 hours to accumulate ethanol. C. saccharolyticum cells were left to grow for 8-16
hours to accumulate ethanol. The concentration of the desirable chemicals was
monitored via HPLC.

A typical bioreactor experiment was kept running for 48-72 hours, until the

cells exhausted all available nutrients and were not producing more products.

2.3 Results and Discussion

2.3.1 C. kluyveri monoculture pH range suggests that C. acetobutylicum and C.
Kluyveri co-culture displays incompatible optimal pH

As previously mentioned, the optimal pH for the two strains of bacteria in the
initial design is incompatible. Thus, if the culture pH overly favors one species, the
environment is harmful to the other one, which affects its growth and metabolism.
Therefore, monoculture experiments were conducted at various pH levels to
investigate possible feasible pH setpoints for C. acetobutylicum and C. kluyveri co-
culture.

C. kluyveri monocultures were set up in 7 separate 100 mL bottles, without any

replica, which were incubated with the same methodology as the passaged C. kluyveri
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cultures. The pH of the monocultures was initially adjusted using 1M NaOH solution
in a range of pH 5.0 to 6.25 with 0.25 increments, and one culture was left without any
initial pH adjustment (Normal) so the Turbo CGM media pH is shown. No further pH
control was given to the cultures. The results are shown in Figure 2.3.1. As shown
below, the culture without initial pH adjustment stabilized to pH 6.6 (Figure 2.3.1.B).
This control culture of C. kluyveri displayed a higher growth rate, ethanol and acetate
consumption, and metabolite production (28 mM of butyrate, in Figure 2.3.1.E, and 80
mM of hexanoate, in Figure 2.3.1.F, after 120 hours) compared to all other cultures
with lower initial pH levels. Although not as efficient as the normal culture, the C.
kluyveri culture at pH 6 and 6.25, produced significant amounts of butyrate (36 mM
and 35 mM respectively), but hexanoate production was affected as the concentration
only reached 40 mM and 30 mM after 120 hours of culture. The monoculture at pH
5.75 started to produce butyrate and hexanoate after 60 hours of incubation, however
the yield after 120 hours was not sufficiently high (butyrate 26 mM and hexanoate 9.5
mM). Because ethanol is used for sterilization in the anaerobic chamber, ethanol is
enriched in the chamber atmosphere. In Figure 2.3.1.D, the increase in ethanol
concentration over time is due to the ethanol in the chamber atmosphere. The other
monocultures at lower pH showed little to no active metabolism or chain elongation.
Based on the previous experiments, there is only a narrow pH range (pH 5.75-
pH 6) for the co-culture of C. acetobutylicum and C. kluyveri to be feasible. However,
within this narrow pH range, C. kluyveri displayed delayed and limited activity with
low hexanoate production. Therefore, C. saccharolyticum and C. kluyveri co-cultured

were explored next. Before pursuing C. saccharolyticum and C. kluyveri co-cultures,
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production of hexanoate from C. kluyveri monoculture under optimized conditions

was pursued further.
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Figure.2.3.1. C. kluyveri monoculture under various pH levels. Normal indicates
monoculture without pH adjustments. (n=1) No replicates were made.
A. monoculture OD600 variation. B. monoculture pH variation. C.
acetate consumption. D. ethanol consumption. E. butyrate production.
F. hexanoate production

As shown in Figure 2.3.1, without pH control simple batch monocultures of C.
kluyveri produced about 80 mM of hexanoate, which is close to the best hexanoate
production reported in many previous studies of C. kluyveri® “°. To further explore the
biosynthetic capabilities of C. kluyveri for hexanoate production prior to its use in co-
cultures, optimization of C. kluyveri monocultures was further pursued using the small
bioreactors.

Four monocultures were conducted in parallel with an active volume of 180
mL. The pH was automatically controlled at around pH 7. C. kluyveri from the same
glycerol stock was grown and passaged as described in the method section, and then
the prepared C. kluyveri was inoculated into the bioreactor for a starting OD level of
0.7. The results are shown in Figure 2.3.2. The pH control and OD change of the
monoculture can be seen in Figure 2.3.2A. C. kluyveri reaches the stationary phase
after 24 hours of fermentation but hexanoate accumulation continues. The ethanol
concentration was maintained above 250 mM, and acetate concentration was
maintained above 50 mM as shown in Figure 2.3.2B. At hours 6, 17, and 36,
additional ethanol and acetate were supplied, indicated by a sharp increase of both
concentrations on the graph. In Figure 2.3.2C shows the concentration profiles of the
produced butyrate and hexanoate. Butyrate concentration was maintained relatively

constant and increased above 50 mM. The low butyrate accumulation is due to the
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active chain elongation reaction in C. kluyveri which uses butyrate as an intermediate
building block to form hexanoate®. This leads to a high hexanoate concentration of
about 180 mM within 45 hours of fermentation, doubling the previously reported
hexanoate production*°. Octanoate could not be efficiently detected via the current
HPLC and it is not the product of interest for this project thus the octanoate

concentration was not shown in the data.
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Figure.2.3.2. C.kluyveri monoculture miniature bioreactor with pH monitoring and
control and constant stirring (n=4) A. pH and OD variation B. Nutrient
(ethanol and acetate) consumption C. Product (butyrate and hexanoate)
accumulation

The C. kluyveri monoculture exhibits the capacity of the bacteria for high
hexanoate accumulation within two days of fermentation under an ideal growth
condition with pH control and an abundance of nutrients. The C. kluyveri monoculture
experiment had set an upper boundary of hexanoate production to compare the co-
culture performance. In the co-culture, the ethanol concentration would not be as
abundant as in the monoculture, therefore a reduction in the hexanoate production was

expected.
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2.3.2 C. saccharolyticum and C. kluyveri co-culture yield abundant hexanoate
production

Fermentation using ethanol and acetate as feed to generate hexanoate is
economically challenged. Therefore, utilizing glucose-consuming and solvent-
producing bacteria to supply substrate for C. kluyveri would bring more industrial
significance as the unit price for glucose is typically lower than solvents. As
previously shown, the high hexanoate productivity of C. kluyveri can be achieved at
neutral pH and high ethanol concentrations.

Two co-cultures were run in parallel in the miniature bioreactor with an active
volume of 180mL. The pH in the bioreactor was controlled to around 7.0 and the OD
variation can be seen in Figure.2.3.3.A. C. saccharolyticum was inoculated at 0.2 OD
in the bioreactor and was grown until ethanol concentration reached 148mM (16
hours) and OD level reached 4.5. At 16 hours C. kluyveri was inoculated and an 0.5
OD increase could be observed in the bioreactor. The more abundant C.
saccharolyticum cell density provided more ethanol for C. kluyveri to utilize. As seen
in Figure.2.3.3.B, the glucose concentration was maintained above 200 mM by
glucose addition at 16, 23, 29, and 38 hours. In Figure.2.3.3.C, after C. kluyveri
inoculation, the ethanol concentration was quickly depleted as C. kluyveri cells
consumed ethanol to produce hexanoate. In the co-culture, 8 hours after C. kluyveri
inoculation, 55 mM of hexanoate was produced. In the monoculture 6 hours after C.
kluyveri inoculation, 46mM of hexanoate was produced, see Figure.2.3.2.C. As the co-
culture fermentation continues, before 40 hours (24 hours since C. kluyveri
inoculation) C. saccharolyticum maintained a steady glucose consumption rate,
Figure.2.3.3.B, and ethanol production rate, Figure.2.3.3.C. However, C. kluyveri

consumed more ethanol than C. saccharolyticum produced in the co-culture, so the
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ethanol concentration in the culture quickly depleted to around 20mM. At lower
ethanol concentration, the performance of the chain elongation reaction of C. kluyveri
was impeded, which was shown by the slowed hexanoate accumulation, shown in
Figure.2.3.3.C. At 70 hours (54 hours since C. kluyveri inoculation), hexanoate
concentration reached 123 mM. At 77 hours, hexanoate concentration was 124mM, as
it plateaus as the ethanol concentration dropped below 20 mM, indicating minimal
activity from both bacteria in the co-culture three days into the co-culture experiment.
Throughout the fermentation, butyrate concentration was stable at around 40 mM, as
butyrate was converted into hexanoate via chain elongation reaction of C. kluyveri

during the fermentation.
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Figure.2.3.3. C. kluyveri - C. saccharolyticum co-culture in the miniature bioreactor
with pH control and monitoring (n=2). A. pH and OD variation B.
Nutrient (glucose) consumption C. Product (ethanol, acetate, butyrate,
and hexanoate) accumulation. Error bars were taken as standard error.

2.4 Discussion and conclusion

From the initial monoculture experiments, the pH incompatibility between C.
acetobutylicum and C. kluyveri was demonstrated. Low pH causes a significant
interruption to the activity of C. kluyveri, because when a culture was started at pH
5.75, the cells experienced a 68 hour delay and only reached a final hexanoate
concentration of 35 mM. For cultures with starting pH of 6 and 6.25, limited
hexanoate production was observed compared to the monoculture started at pH around
7 (Figure 2.3.1.F). Since C. acetobutylicum cell lysis was reported above pH 64, the C.
acetobutylicum and C. kluyveri co-culture performance would be greatly impeded by
the pH incompatibility between bacteria. The optimized C. kluyveri monoculture
experiment demonstrated the capacity of this organism to produce 180 mM of
hexanoate when fed high ethanol concentrations with a high ethanol to acetate ratio
(Figure 2.3.2. C). The monoculture experiment exhibited unprecedented hexanoate
production from C. kluyveri and set the goal for subsequent co-culture experiments
with C. kluyveri.

The C. saccharolyticum and C. kluyveri co-culture yielded promising results as
they achieved higher hexanoate concentration than all other previously reported
studies®® (123 mM within 70 hours of overall fermentation time, Figure 2.3.3.C). Still,

the co-culture hexanoate production was 60 mM less than at the C. kluyveri
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monoculture, indicating further improves to the co-culture system is possible. The
hexanoate productivity seems correlated with the ethanol concentration, as shown in
Figure 2.3.3.C. In co-culture, high ethanol concentrations (between 138mM to 54
mM) were maintained in the first 6 hours after C. kluyveri inoculation. Thus, in the
first 6 hours the co-culture hexanoate production (48 mM of hexanoate) is comparable
to C. kluyveri monoculture experiment (43 mM of hexanoate). As the initially
accumulated ethanol was consumed, ethanol productivity of C. saccharolyticum
limited the performance of C. kluyveri as demonstrated by the reduced hexanoate
productivity. Even though the hexanoate production of this co-culture was not as high
as in the monoculture, the co-culture still seems economically more promising than the
monoculture as the glucose feed of the co-culture is much cheaper than the ethanol
and acetate feed required by the monoculture. Furthermore, C. saccharolyticum also
produces CO, and Hz gas'’, and C.kluyveri has been reported utilize CO, for growth,
so co-culture might enhance the hexanoate productivity*!. Therefore, with enough
ethanol supplied to C.kluyveri the co-culture hexanoate productivity might be further
enhanced from the monoculture due to the CO; availability to C.kluyveri in the co-
culture. The ethanol productivity could be improved by inoculating the
C.saccharolyticum at a higher OD to achieve higher ethanol production and adding
fresh C.saccharolyticum cells into the bioreactor a few hours after the inoculation of
C.kluyveri to maintain a high ethanol productivity in the co-culture. Also, modifying
the bioreactor system by growing C.saccharolyticum in the first reactor and supplying
fresh medium, allowing the cells to accumulate ethanol. And C.saccharolyticum
culture can be continuously moved to the second reactor for co-culture with

C.kluyveri. Designing a system of serial continuous bioreactor might improve the
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performance of the co-culture and will bring more industrial insights to the co-culture
fermentation. In addition, C. ljungdahlii could be introduced to the co-culture for CO-
recovery and produce more ethanol and acetate as substrate for C. kluyveri for
hexanoate production. Also, C. ljungdahlii can convert the fatty acids produced into
their corresponding alcohols?, which will produce more products such as butanol and
hexanol. Therefore, the C. saccharolyticum and C. kluyveri binary co-culture exhibit a
promising alternative for the Clostridium syntropic co-culture design, and the possible
feasibility of incorporating C. ljungdahlii into the co-culture to promote its

performance and reduce carbon waste.
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3.1

Chapter 3

Use of fluorescent fusion protein to probe heterologous cell fusion events

Introduction

As described in Chapter 1 of the thesis, a robust and reliable reporter system is
important in the study of co-culture phenotype, and a reporter system utilizing
fluorescent protein would also enable studies of protein localization, and real-time
analysis of bacteria culture using flow cytometry and microscopy. In the lab, Charubin
and Streett have developed strong anaerobic fluorescent proteins Halotag and FAST.
These anaerobic fluorescent proteins are highly expressed utilizing
phosphotransacetylase gene promoters® 3¢, Previously, the anaerobic fluorescent
fusion protein was successfully constructed on a cell division protein ZapA tagged
with FAST, and the protein localization was also probed®®. Halotag works in a similar
fashion as FAST, however, Halotag fluorescence can be expressed by forming a
covalent alkyl-enzyme bond with the ligand*2. Proteins that are tagged with Halotag
have not been reported, so to determine the feasibility of observing protein localization
using Halotag fused protein was conducted. Using fluorescent reporter systems can
help establish cellular interaction and phenotypes that could be further probed.

As mentioned previously, the direct cell-to-cell material exchange between C.
acetobutylicum and C. ljungdahlii was observed. This allowed the exchange of
cytoplasmic materials and improved the CO2 fixation of the acetogen, and inhibition of
cell contact causes a significant drop in CO- utilization in C. ljungdahlii® ’. However,
the mechanism of the cell fusion events is unclear. It is important to understand this
mechanism to yield a better understanding of how C. ljungdahlii seeks out nutrients

and to engineer a more efficient Clostridium coculture. This fusion event may be
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involved with a CO2 sensing mechanism in C. ljungdahlii via chemotactic sensing.
The associated chemotaxis is the mechanism by which microorganisms sense
chemicals and move towards beneficial and away from unfavorable environments?3,

As mentioned in the previous chapter, the methyl accepting chemotaxis
proteins (MCPs) are the most common receptors in prokaryotic and archaea species??,
and a section of C. ljungdahlii genome was predicted to be MCP in Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. However, no studies were
conducted to investigate the MCP in C. ljungdahlii. The MCP classification,
localization, and functionality in C. ljungdahlii are unclear. We hypothesized that
MCP is the chemoreceptor that aids C. ljungdahlii to detect attractant such as CO> thus
promote cell-to-cell direct material exchange between the C. acetobutylicum and C.
ljungdahlii. To test the hypothesis, MCP must be better understood, protein
localization study can reveal if the predicted MCP in C. ljungdahlii is a
transmembrane protein and possess similar polar or lateral localization behavior as
previously reported?” 43,

Also, there are multiple enzymes that may assist cells to metabolize CO2 such
as carbonic anhydrase (CA) that converts CO2 into bicarbonate in many bacteria
species including C. ljungdahlii. These proteins may aggregate at the CO2 rich end of
the cell®. The fluorescent fused protein of CA and MCP could be potential tools for C.
acetobutylicum and C. ljungdahlii co-culture studies to reveal the sensory and cell
fusion mechanism of C. ljungdahlii to C. acetobutylicum. In this thesis, construction
of the fluorescent fusion proteins and preliminary screening of their localization was
conducted, which provides the foundation for future co-culture studies with

fluorescent fused proteins.
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3.2 Methods

3.2.1 Chemicals

E. coli NEB 5-a, E. coli NEB 10-p, Q5 DNA polymerase, Phusion DNA
polymerase, and NEBuilder HiFi DNA assembly master mix were purchased from
NEB (Ipswich, MA). Also, Phusion High Fidelity DNA polymerase and Phire Hot
Start 1l DNA polymerase were purchased from Thermo Fisher Scientific (Waltham,
MA). Restriction endonucleases were purchased from Thermo Fisher Scientific
(Waltham, MA). The fluorescent ligands used were commercially available FLime

(The Twinkle Factory, France), TMR Direct Halotag and Jenalia 646 (Promega).

3.2.2 Bacterial strains, Media and Growth Conditions

All strains and plasmids used are listed in Appendix A, Table.A-1. Plasmids’
propagations were conducted in chemically competent E. coli NEB 5-a strain, the
plasmid was methylated in 10-f strain for transformation into C. ljungdahlii. E. coli
were grown under 37 °C at 250 rpm in a liquid LB media or without rotation on a
solid LB agar plate. LB media includes 10 g/L NaCl, Bacto Trytone 10 g/L, yeast
extract 5 g/L, and 15 g/L agar if solid plates are made. C. ljungdahlii is grown in
ATCC 1754 medium with no glucose and 5 g/L fructose Or Turbo CGM medium. To
plate the transformed C. ljungdahlii, molten Reinforced Clostridia Media (RCM)
(Fisher Scientific) was used with 8 g/L agar added.

C. ljungdahlii wildtype and transformed strains were inoculated into 160 mL
serum bottle containing 20 mL of Turbo CGM media (5 g/L fructose) and was applied
a 20 psi overhead pressure of 887 gas mix (20% CO. and 80% H>) unless specified
otherwise. ODgoo Was measured to monitor the growth of the bacteria using Beckman-

Coulter DU370 spectrophotometer.
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3.2.3 Plasmid design and construction

The plasmid was designed to obtain a strong expression of the fluorescent
fused protein in the targeted bacteria strain. The plasmid was constructed to contain
ampicillin resistance (AmpR), Erythromycin resistance (ErmR),
phosphotransacetylase (pta) promoter, rho-independent terminator, ColE1 ori, and
repB ori. The antibody resistance genes provides the selection marker for bacteria
strains that carries the plasmids (ampicillin for E.coli and erythromycin for C.
ljungdahlii). The pta promoter was previously used to express Halotag in C.
ljungdahlii and was proven to express high fluorescent intensity34. Also, Halotag was
designed to attach to the C-terminus of the protein to minimize the effect of attaching a bulky
fluorescent protein because the N-terminus of MCP generally pass through the cell
membrane®,

The plasmid vector p100ptaCA-Halo and pL00MCP-Halo and was constructed
to express the fluorescent fused protein of interest using pta promoter, which was
established as a strong promoter in Clostridium species of interest in previous studies
in the lab®. C. ljungdahlii genomic DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen). The proteins of interest were cloned from the genomic DNA
using Phusion High Fidelity DNA polymerase. Table 1 lists the primers used in
plasmid construction. All primers above were designed with sticky ends. MCP was
cloned with primer P1 and P2, and CA was cloned with primer P3 and P4. The genes
of interest were gel purified using the Nucleospin Gel and PCR Clean-up kit
(Macherey-Nagel). An Integrated DNA Technologies gblock containing the promoter,
Clostridium codon optimized Halotag sequence, and terminator In the gblock design a
BamHlI restriction digest site is inserted in between pta promoter and the fluorescent

protein sequence. The pL00MCS vector** were digested by Fast Digest Sacl and
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EcoRI to create an opening to insert the gblock using NEB Hifi DNA assembly Kit.

Then, the BamHI site on the vector is digested leaving a complementary site to the

sticky ends of the cloned protein of interest using Gibson Assembly. The plasmids

were screened with colony PCR using Phire Hot Start Il DNA polymerase with primer

P5 and P6 that binds to the ErmR and terminator region of the plasmid and the colony

with the correct band size were selected. Then the correct plasmid is extracted using

QIAprep Spin Miniprep Kit (Qiagen). The plasmid is sent to Genewiz (South

Plainfield, NJ) for Sanger sequencing to ensure the correct construct was obtained.

The plasmid construct can be seen in Figure 3.2.1.

Table 1 Primers used in plasmid construction

Name | toverse Sequence (5'-3)
Pl F aggattagtcTTGAACAGTGATTTTGCTG
P2 R ctccacCtccAAGTTTTTCCACTTCGAAATTC
P3 F aggattagtcATGTTTAATTTTAAAAGTATTAAAACTAAGTTAATAC
P4 R ctccacCtcCTTCTACTTTAAATTTATTTACAACATTTATTAAG
P5 F TTCCTGAGCCGATTTCAAAG
P6 R GAGTCAGTGAGCGAGGAAGC
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;
A
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2763..2135 ColE1 origin

Figure.3.2.1 Plasmid graphic map for fluorescent fused protein generated in Serial
cloner A. p100ptaMCP-Halotag B. p100ptaCA-Halotag.
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3.2.4 Vector transformation

The vector plasmid was transformed in 5-a E. coli to propagate and 10- E.
coli for the correct methylation pattern to be transformed into C. ljungdahlii. The C.
ljungdahlii transformation protocol used was previously established*. C. ljungdahlii
was grown in 90mL of ATCC 1754 media to ODeoo 0f 0.2-0.3, the cells were collected
via anaerobic centrifugation, then washed twice by SMP buffer, and cells are
resuspended in 150 pL of antifreezing buffer. For each transformation, 25 pL of C.
ljungdahlii cells were mixed with 1pg of plasmid DNA and were transferred to 1mm
cuvette. Electroporation was carried out at voltage 625V, resistance 600Q2 and
capacity 25 pF. Then cells were transferred to 5mL of ATCC 1754 media to outgrow
for 24 hours. The cells were harvested by centrifugation and resuspended in ImL of
ATCC 1754. The cells were plated with RCM molten agar with 100pug/mL
Erythromycin. Solidified plates were left in 37°C anaerobic incubator for 3 to 5 days.
C. ljungdahlii colonies imbedded in the agar are collected and inoculated into 5mL of
Turbo CGM media with 100ug/mL Erythromycin, then passaged into serum bottle
containing 20mL of Turbo CGM media with 100ug/mL Erythromycin and apply 20

psi overhead pressure with 887 gas mix.

3.2.5 Fluorescent labeling of cells

Halotag fluorescent proteins expressing cells were labeled with 200nM of
fluorescent ligand. The ligand used were Jenalia Fluor 646 (Aexcitation=646nm,
Xemission=664nm) and TMR Direct Halotag (Aexcitation=552nM, Aemission=578nm)
(Promega). Once the cell sample was mixed by vortex, they were incubated at 37 °C,
aerobically for E.coli and anaerobically for C. ljungdahlii, for 15-30 minutes. No

washing step is required for the two ligands described above.
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3.2.6 Dragonfly Spinning Disk and Super Resolution Microscopy

To visualize the fluorescence of the bacteria strains. 200 pL of Halotag labeled
cells were seeded onto poly-L-lysine coated coverslip (ThermoFisher) and were
incubated anaerobically for 30 to 60 minutes to immobilize the cells. After incubation,
cells were rinsed three times with PBS to remove free-floating cells. Then the
coverslip was mounted onto the slide and sealed. Dragonfly Spinning Disk and Super
Resolution Microscopy was used to image the cells with 63X oil objective. A 633nm
red laser was used to visualize red fluorescent from Jenalia 646 labelled cells and
560nm green laser was used to visualize orange fluorescent from TMR Direct Halotag
labeled cells. An open sourced imagine processing software FIJI ImageJ was used to

analyze the image.

3.2.7 Flow cytometry

Fluorescent cells were screened with Beckman Coulter CytoFLEX S flow
cytometer. A red solid-state laser (633 nm excitation) and 660/20 nm filter was used to
measure the red fluorescent of Jenalia Fluor 646 ligand bound to the Halotag. FITC-A
fluorescent channel was used for 20000 events, and the percentage of the fluorescent
event was taken. To prepare the sample 2-5 pL of the cells sample were added to

500uL of the PBS solution. The unlabeled sample lacks the fluorescent ligand
3.3 Results and discussion

3.3.1 Prescence of fluorescence in shuttle strain of E. coli under microscopy
The expression of FAST fluorescent fused protein (ZapA-FAST) in E. coli
shuttle vector has been previously established®. Although theoretically, Halotag

fluorescent fused protein would be functional and localized in the bacteria cells, no
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previous established system was found. Thus, as a preliminary screening, the strain of
10 E. coli containing fluorescent fused protein was first observed under the
microscope to ensure the functionality of Halotag when attached to a protein.

Images in Figure 3.3.1 are taken with Dragonfly Spinning Disk and Super
Resolution Microscopy. Figure.3.3.1.A and Figure.3.3.1 C are unlabeled 10p E.coli
CA-Halotag and MCP-Halotag respectively. And Figure.3.3.1.B are TMR Direct
Halotag labeled 10p E.coli MCP-Halotag. Figure.3.3.1.D is Jenalia 646 labeled 10p
E.coli CA-Halotag. The Halotag protein was present everywhere in the cell cytoplasm,
meaning no localization of these proteins is present in E. coli. Even though it was
reported that E.coli also uses MCP as one of its chemotactic receptors*®. These
fluorescent fusion proteins are not localized, which shows that this MCP derived from
a Clostridium genome is incompatible with E. coli. However, this shows that when
attached to a protein Halotag can still be fluorescent and could be used as a fluorescent

reporter for any future protein localization investigation.
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Figure.3.3.1 Microscopy image of 108 E. coli A. unlabeled 10 E. coli CA-Halotag
B. TMR Direct Halotag labeled 10p E. coli CA-Halotag. C. unlabeled
10B E. coli MCP-Halotag. D. Jenalia 646 labeled 10 E. coli MCP-
Halotag

3.3.1 MCP-Halotag exhibits cell membrane localization in C. ljungdahlii

The previous section of E.coli microscopy has demonstrated the fluorescence
of MCP-Halotag and CA-Halotag, although no localization was observed, it is very
likely that E. coli cells failed to recognize the C. ljungdahlii proteins, meaning it is
possible that E.coli failed to fold and utilize the MCP-Halotag protein.

The fluorescent intensity of the fluorescent fused proteins were first tested on
the flow cytometer, the results are shown in Figure 3.3.2. Compared to the unlabeled
cells, the labeled MCP and CA cells expressed a 79% and 91% fluorescent population
(Figure 3.3.2.B and Figure 3.3.2.D). In Figure.3.3.2. D, the flow cytometry result for
MCP-Halotag showed different peaks, this is likely due to the difference in the MCP-
Halotag expression in different cells. These results demonstrate a clear distinction in
fluorescence between cells that express ligand labeled fluorescent fused proteins and
the cells that do not. Also, the high fluorescence expression in both cell populations
showed the fluorescent fused proteins were highly expressed.

C. ljungdahlii slides were prepared anaerobically and were imagined using the
Dragonfly Spinning Disk and Super Resolution microscope. Protein localization with
C. ljungdahlii can be seen in Figure 3.3.3. More images are shown in the
Supplementary document. To visualize the fluorescent localization better, the Jenalia
646 C. ljungdahlii CA-Halotag and Jenalia 646 C. ljungdahlii MCP-Halotag are

shown under different red fluorescent intensities (Figures 3.3.3.A and B). CA-Halotag
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in C. ljungdahlii exhibits no localization as the fluorescent signal can be observed all
over the cell cytoplasm. The difference in fluorescent intensity observed is due to the
fact that the cells do not adhere to the slide on a uniform plane, and therefore some
parts of the cells were further or closer to the plane of the image taken. Localization
was observed in C. ljungdahlii MCP-Halotag (Figure 3.3.3.A). MCP localizes on the
cell membrane in C. ljungdahlii. The cell cytoplasm clearly lacks fluorescent signal.
This shows that the protein coded by the CLJU_c10160 gene is likely a membrane
bound MCP. This also demonstrates that Halotag can be used to create functional
fluorescent fusion proteins in C. ljungdabhlii, as the proteins localization behavior

seems not to be affected by the attached Halotag on its C-terminus.
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Figure.3.3.2. Flow cytometry fluorescent intensity comparison between unlabled

and Janelia 646 labeled cells A. Unlabled CA-Halotag. B. Labled CA-
Halotag. C. Unlabled MCP-Halotag. D. Labled MCP-Halotag.
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Figure.3.3.3. Microscopy image of C. ljungdahlii with adjusted red fluorescent
intensity level by fixing minimal brightness display value to 0 and
varying max brightness display value to 1000,3000 and 5000 (brightest
to dimmest) A. Janelia 646 labeled MCP-Halotag B. Janelia 646
labeled CA-Halotag
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3.3.2 Discussion

As shown in the sections above, CA-Halotag and MCP Halotag exhibit strong
fluorescence in both E.coli and C. ljungdahlii. MCP-Halotag exhibits localization on
the cell membrane and a visually even distribution on cell membrane. Both polar and
lateral localization patterns of MCPs were observed. Due to a lack of understanding of
MCP in C. ljungdahlii, there are no previous studies to compare the localization
pattern. However, this shows the predicted MCP (CLJU_c10160) encoded in C.
ljungdahlii genome is a transmembrane protein, and C. ljungdahlii could recognize
and incorporate the MCP into its cell membrane, and likely the cell utilizes MCP as a
chemoreceptor. Although no previous studies have shown the localization pattern of
MCP in Clostridium species, a similar polar and lateral localization pattern was
reported for the WSpA receptor protein in Pseudomonas aeruginosa, a protein that is
bioinformatically indistinguishable from MCP?’. In the reported study, 62% of the
WspA protein localized on the lateral sides of the cell, and the remaining localized on
polar ends?’.

Aside from MCP localization, CA did not exhibit localization patterns in either
E. coli or C. ljungdahlii. Since C. ljungdahlii is a Gram positive bacterium, a - or y-
CA is the expected type of CA, and such Cas have a cytoplasmic localization.
Although it is possible that the CA could show localized expression, because the
culture was incubated in a shaker, the constant mixing leads to a uniform distribution
of nutrients or CO gas in the liquid culture. Therefore, there is no CO2 concentration
gradient in the culture to enable a possible CA polar localization.

With the success of a strong Halotag based fluorescent fused protein exhibiting
MCP localization in C. ljungdahlii, more protein localization studies could be

conducted. This study has expanded the toolkit for protein functionality studies in
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Clostridium species. The localization of MCP in C. ljungdahlii have aided our
understanding of sensory mechanism in C. ljungdahlii. Future work could examine

protein localization in C. acetobutylicum and C. ljungdahlii co-cultures.
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Chapter 4

Conclusion and future works

4.1.1 Conclusions

In this thesis, optimization of hexanoate production in Clostridium co-culture
was investigated. In the original design, C. kluyveri and C. acetobutylicum co-culture
was proposed. However, the two species operate under different optimal pH. C.
acetobutylicum prefers more acidic condition and C. kluyveri prefer neutral pH. C.
kluyveri monocultures were initially examined under different pH conditions. C.
kluyveri exhibits hexanoate production at pH above 6.0 (Figure 2.3.1). C.
acetobutylicum has been reported to express autolytic behavior when pH is above 6*.
This result enhanced the initial speculations about incompatible pH of the two species.
Therefore, the performance of both organisms would be limited. To resolve the issue,
co-culture with ethanologenic C. saccharolyticum was proposed. C. saccharolyticum
has been reported to perform optimally under neutral pH and consume sugars to
produce ethanol and acetate®.

To first assess hexanoate production of C. kluvyeri, an optimized C. kluyveri
monoculture with controlled pH level, and ethanol and acetate concentrations was
tested (Figure 2.3.2). Under the tested conditions, C. kluyveri produced an
unprecedented 173mM of Hexanoate in 45 hours (Figure 2.3.2.C). The tested C.
saccharolyticum and C.kluvyeri co-culture exhibited strong hexanoate production,
with 124 mM of hexanoate produced in 70 hours (54 hours after C. kluyveri
inoculation) (Figure 2.3.3). Hexanoate production was apparently limited by ethanol
production by C. saccharolyticum. The initially accumulated 148 mM of ethanol was

quickly depleted in the culture (Figure 2.3.3.C). Although the co-culture hexanoate
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productivity could not match the C. kluyveri monoculture, the co-culture result still
exhibited promising hexanoate production and possible space for improvements.

Investigation of the fluorescent fused proteins showed that the Halotag based
fluorescent system could work in protein localization studies in C. ljungdahlii. The
proteins of interest in this study were CA and MCP, two proteins that were
hypothesized to be involved in CO2 sensing and metabolism by C. ljungdahlii.
Therefore, observing their localization could help elucidate their functionality. First,
the fluorescent intensity of the Halotag fused proteins were tested with flow cytometry
(Figure 3.3.2). The results showed significantly different fluorescent intensity between
cells with Janelia 646 bound Halotag fused protein and cells without.

In Figure 3.3.3, the microscopic image of C. ljungdahlii with CA-Halotag and
with MCP-Halotag is shown. Both fluorescent fused proteins showed strong
fluorescence under microscopic observation. In MCP-Halotag cells (Figure 3.3.3. A),
membrane localization of the protein was observed, although there was no obvious
lateral or polar localization pattern observed as commonly reported in other MCP or
MCP-like proteins?. This result showed that fusing the protein with Halotag would
not affect the localization pattern of the protein. In CA-Halotag cells (Figure 3.3.3. B),
CA did not appear to localize in the cells, but was evenly distributed throughout the
cytoplasm. This result agrees with the cytoplasmic expression of 3- and y-CAs

reported in Gram positive bacterial?
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4.2 Future work

4.2.1 Future work for Clostridium co-culture optimization

In the C. saccharolyticum and C. kluyveri co-culture experiment described
above, the drawback of the system is likely to be the insufficient ethanol productivity
of C. saccharolyticum to supply the need of C. kluyveri. One possible improvement to
the system could be incorporating C. ljungdahlii to recover the CO2 produced by C.
saccharolyticum and not used by C. kluyveri . This way, C. ljungdahlii would also
supply additional ethanol and acetate to C. kluyveri. C. ljungdahlii would also convert
the fatty acid produced by C. kluyveri into their corresponding alcohols?. Also,
possible modifications to the current system of co-culture could be further optimized.
Currently, the bioreactors operate as a fed-batch reactor, only supplying glucose as the
carbon source and base to control the pH. Future improvements could involve
supplying additional nutrients such as vitamins and minerals to the cells during the
fermentation to prolong the cell proliferation, which could aid in the chemical
productivity of the bacteria. Also, development of an in situ product separation
scheme in the bioreactors could prevent the toxicity of highly concentrated products to
the cells. Improved design to the bioreactor operation scheme could also be
considered, such as a continuous bioreactor in series. C. saccharolyticum can be
grown in a separate bioreactor with continuous feed of fresh media and the effluent
can enter a secondary reactor for C. saccharolyticum and C. kluyveri co-culture. Thus,
C. saccharolyticum could accumulate high ethanol concentration in the first reactor

and medium chain fatty acid can be synthesized in the secondary reactor.
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4.2.2 Fluorescent protein localization in C. ljungdahlii

For future fluorescent fusion protein work, a C. acetobutylicum and C.
ljungdahlii co-culture utilizing the MCP-Halotag and CA-Halotag C. ljungdahlii
strains could be tested. As C. acetobutylicum produces CO; as waste gas, it might
trigger localization of the MCP and CA proteins if they are involved in CO2 sensing.
Observing the protein localization patterns within the co-culture under the microscope
might help to test if the proteins are involved in the cell fusion and direct material
exchange between C. ljungdahlii and C. acetobutylicum®. Additionally, the fluorescent
fused protein plasmid constructed for this study could be utilized to fuse other proteins

of interest in future studies.

4.2.3 Final remark

In this undergraduate thesis, the co-culture optimization yielded promising
results in the hexanoate production which further supported the co-culture could make
Clostridium fermentation could be industrially and economically significant. The
fluorescent protein study showed the localization patterns and the feasibility of
observing MCP and CA with Halotag fusion. This work expanded the toolkit for
future protein localization studies.

For future studies derived from this project, possible further enhancement in
the C. saccharolyticum ethanol productivity in the co-culture and development of C.
saccharolyticum, C. kluyveri, and C. ljungdahlii co-culture may bring more insights
for exploring the industrial potential of Clostridium fermentation processes.
Examination of C. acetobutylicum and C. ljungdabhlii cells in co-culture using the

strains developed in this project may help elucidate the mechanism of cell to cell
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direct material exchange, which will enable the development of more efficient co-
culture systems.

The work done in this thesis not only serves as excellent research and learning
experience for the students but also would aid future co-culture research about cell
interaction or addition of other species of Clostridium to further improve the

production of valuable metabolites.
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Appendix A Bacterial strains, plasmid used in this study

Table A.1 Strains and plasmids used in the fluorescent and co-culture study

Strain | Relevant Characteristics | Source
E.Coli
NEB 5-alpha fhuA2 A(argF-lacZ)U169 | NEB
phoA ginV44 ®80
A(lacZ)M15 gyrA96
recAl relAl endAl thi-1
hsdR17
NEB 10-beta A(ara-leu) 7697 araD139 | NEB
fhuA AlacX74 galK16
galE15
el4¢80dlacZAM15 recAl
relAl endAl nupG
rpsL(StrR)rph
spoT1A(mrr-hsdRMS-
mcrBC)
C.ljundahlii
ATCC 55383 Wild-type strain ATCC
C.kluyveri
ATCC 8527 Wild-type strain ATCC
C.saccharolyticum
ATCC35040 Wild-type strain ATCC
Plasmids
P100_MCS thl promoter, Ampr ErmR | Fast and Papoutsakis
ColE1Ori repB, MCS 2018
P100CA-Halo pta promoter, Ampr ErmR | This study
ColE1Ori repB CA
Halotag
P100Meche-FAST pta promoter, Ampr ErmR | This study

ColE1Ori repB Meche

Halotag
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Appendix B Additional images from fluorescent fused protein study
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Figure .B.1 Additional microscopic image of C. ljungdahlii A. unlabeled C.
ljungdahlii CA-Halotag B. TMR Direct Halotag labeled C. ljungdahlii
CA-Halotag. C. unlabeled C. ljungdahlii MCP-Halotag. D. Jenalia 646
labeled C. ljungdahlii MCP-Halotag
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Figure.B.2 Additional microscopic image of C. ljungdahlii with adjusted red
fluorescent intensity level by fixing minimal brightness display value
to 0 and varying max brightness display value to 1000,3000 and 5000
(brightest to dimmest) A. Extra-1 Janelia 646 labeled MCP-Halotag B.

Extra-2 Janelia 646 labeled MCP-Halotag C. Janelia 646 labeled CA-
Halotag
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