Exploration of microbial systems as biocatalysts for
conversion of syngas to bio-based chemicals

Martijn Diender






Propositions

1.

Synthetic communities offer better perspectives to optimize gas
fermentation processes than pure- or complex undefined-mixed
culture approaches.

(this thesis)

The ability to convert a broad spectrum of wastes by syngas
fermentation will eventually be more important than the cost, rate or
yield of the overall process.

(this thesis)

With the increasing use of ~omics and computational techniques, our
microbial physiological knowledge is becoming increasingly based
on assumptions.

Mathematics is always correct.

Work performed by robots should be taxed in order to keep human
labour competitive.

With the integration of the internet in our society, education should
focus less on knowledge transfer and more on development of
analytical skills.

One learns most by explaining to another.

Propositions belonging to the thesis entitled:

“Exploration of microbial systems as biocatalysts for conversion of synthesis

gas to bio-based chemicals”

Martijn Diender

Wageningen, 8 February 2019






Exploration of microbial systems as biocatalysts for
conversion of synthesis gas to bio-based chemicals

Martijn Diender



Thesis committee

Promotor

Prof. Dr A.J.M. Stams

Personal chair at the Laboratory of Microbiology
Wageningen University & Research

Co-promotor

Dr D.Z. Machado de Sousa

Associate professor, Laboratory of Microbiology
Wageningen University & Research

Other members

Prof. Dr A.J.H. Janssen, Wageningen University & Research

Prof. Dr R.K. Thauer, Max Planck Institute for Terrestrial Microbiology, Germany
Prof. Dr W. Verstraete, Ghent University, Belgium

Dr A.M. Lopez Contreras, Wageningen University & Research

This research was conducted under the auspices of the Graduate School for Socio-
Economic and Natural Sciences of the Environment (SENSE).



Exploration of microbial systems as biocatalysts for
conversion of synthesis gas to bio-based chemicals

Martijn Diender

Thesis

submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus,
Prof. Dr A.P.J. Mol,
in presence of the
Thesis Committee appointed by the Academic Board
to be defended in public

on Friday 8 February 2019

at 4 p.m. in the Aula.



Martijn Diender

Exploration of microbial systems as biocatalysts for conversion of synthesis

gas to bio-based chemicals,

204 pages.

PhD thesis, Wageningen University, Wageningen, NL (2019)
With references, with summaries in English and Dutch

DOI: https://doi.org/10.18174/466065

ISBN: 978-94-6343-391-4



First step to tackle any problem: ‘Stay calm’
-A.H. Diender






Table of contents
Chapter 1. Introduction and thesis outline
Chapter 2. Pathways and bioenergetics of carbon monoxide fermentation

Chapter 3. Proteomics analysis of the hydrogen and carbon monoxide

metabolism of Methanothermobacter marburgensis

Chapter 4. High rate biomethanation of carbon monoxide-rich gases via a

thermophilic synthetic co-culture

Chapter 5. Production of medium-chain fatty acids and higher alcohols by a

synthetic co-culture grown on carbon monoxide or syngas
Chapter 6. Clostridium kluyveri drives carboxydotrophic growth of
Clostridium autoethanogenum to ethanol production

Chapter 7. A flexible alcohol metabolism in Clostridium autoethanogenum

allows additional energy conservation.

Chapter 8. General discussion

Appendices
References 172
English Summary 189
Dutch Summary 192
Co-author affiliations 195
List of publications 196
Acknowledgements 197
About the Author 201

SENSE Diploma 202

11

23

51

71

&9

109

131

153

171






Chapter 1

General introduction and thesis outline




Chapter 1

Syngas fermentation for the sustainable production of chemicals and fuels

Our planet is currently dealing with a rapid increase in world population with a
consequent increase in the demand for fuels and chemicals. To answer this increasing
demand, and ensure a viable environment for future generations, production processes
need to become more sustainable (IPCC, 2014). Currently, many industrial processes
are driven by fossil sources, causing environmental damage and contributing to
global warming due to the exhaust of greenhouse gases. One of the ways to create
a more sustainable economy is to make it circular, enabling the reuse of waste as a
resource for the production of new commodities. Bio-based technologies, that use
microorganisms to produce commodity chemicals and fuels, offer great potential,
but are often limited to utilizing materials with easy accessible sugar content (e.g.
starchy biomass) (Naik et al., 2010). However, production of such biomass often
competes with food and feed supply, making the sustainability of this process
questionable (Naik et al., 2010). For this reason, processes utilizing ligno-cellulosic,
non-food biomass are preferred. However, this type of biomass is more recalcitrant
and requires intensive pre-treatment (e.g. steam explosion, enzymatic treatment)
in order to release the sugar content for fermentation (Naik et al., 2010). Weight
percentage of the highly recalcitrant lignin content in woody biomass was estimated
on average at about 25%, while in agricultural biomass this might even be 30%
(Vassilev et al., 2012). Therefore, in case of optimal conversion of all non-lignin
content this will still result in significant losses of the initial substrate, decreasing the
yield of the overall process and resulting in generation of additional waste streams.
This limits the scope of starting materials that bio-based technologies can utilize
and leaves many other types of abundant waste (e.g. municipal wastes) unutilized.
Currently, wastes that cannot be processed are burned or buried, contributing to
environmental pollution and exhaust of greenhouse gases (Wiedinmyer et al., 2014).
An alternative to the fermentation of sugar is gas fermentation (figure 1). In gas
fermentation, CO, is used by microorganisms as carbon source while utilizing an
external electron source (e.g. H,, CO) to generate added-value products.

Gas fermentation processes can be fed with different gases originating from
distinct sources, such as off-gases from industry (Molitor et al., 2016) and from
the gasification of carbonaceous materials (Daniell et al., 2016; Drzyzga et al.,
2015). In addition, electrochemical systems can be used for the reduction of H,O/
CO, streams to form H, and CO rich gases (Dubois and Dubois, 2009; Furler et al.,
2012; Redissi and Bouallou, 2013). Gasification followed by syngas fermentation
allows for the recovery of carbon from recalcitrant wastes, such as municipal waste,
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General Introduction and thesis outline

lignocellulose and plastics. Gasification is performed at high temperature (>700
°C) and at low oxygen:biomass ratio. This results in the partial oxidation of the
carbonaceous materials and the formation of a gaseous mix consisting mainly of
CO, H, and CO, (synthesis gas or syngas) (Heidenreich and Foscolo, 2015). Syngas
can be used as a substrate for microbial fermentation processes where H, and CO
will act as electron donor while CO and CO, acts as carbon source. One of the
main challenges with syngas as substrate is the toxicity of CO towards the microbial
catalyst. Thus, suitable carboxydotrophic strains (i.e. strains able to thrive on CO)
need to be employed in the fermentation process to make it run efficiently. Presence
of CO does however also allow for the production of more reduced compounds (such
as 2,3-butanediol or alcohols) compared to H,/CO, feed gas (Diender et al., 2015,
Chapter 2; Oelgeschlidger and Rother, 2008). Fermentation of gaseous substrates,
with main focus on synthesis gas fermentation, is a way to generate chemicals and
fuels from a wide spectrum of wastes and is the main topic of this thesis.

Sugar based fermentation Gas based fermentation

Biomass H20/CO2 Off-gasses Municipal waste Biomass

Non-digested
biomass

Free sugars

CO: ———{ Fermentation

Fermentation ——3» CO,

v v

Down-stream

Biomass «———— i Down-stream .
=SS processing ————>» Biomass

' !

Commodities, fuels
Commodities, fuels

Figure 1. Simplified scheme of sugar based fermentation (left) vs. gas based fermentation (right).
Colours indicate either pre-fermentation processing (green), microbial fermentation (orange) or down-

stream processing (grey).
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Microbial syngas fermentation and its (current) limitations

During fermentation of syngas, the CO and H, are oxidized and the released
electrons are used to reduce CO,. Microbes suitable for fermentation of syngas
are mainly acetogens, hydrogenogens and methanogens. In all known cases
the organisms involved in utilization of CO/H, for fermentation processes are
strict anaerobes. However, besides these fermentation types of metabolism, also
respiratory metabolism can be involved in conversion of syngas (e.g. coupled to
sulfate or oxygen reduction) (Diender et al., 2015, Chapter 2; Oelgeschliger and
Rother, 2008). From an industrial perspective, acetogens are interesting due to their
native end products: acetate and ethanol. Additionally, natural products from syngas
conversion by acetogens are in some cases longer acids and alcohols (e.g. butyrate,
butanol), lactic acid or 2,3-butanediol (Bengelsdorf et al., 2013; Kopke et al., 2011b,
2014; Phillips et al., 2015). The two most studied acetogens for the conversion
of syngas are Clostridum autoethanogenum (Abrini et al., 1994) and Clostridium
ljungdahlii (Tanner et al., 1993). However, many other strains are capable of utilizing
syngas as substrate, which is further highlighted in Chapter 2.

Syngas fermentation has several advantages over sugar based fermentation, such as
the possibility of using a broad spectrum of starting materials and the ability to fix
CO, in case additional H, or electricity is supplied (figure 1). However, there are
some technological challenges that need to be solved, both from the biological and
process engineering perspective. As the process utilizes a gaseous substrate, the gas
transfer rate from gas to liquid is a key factor, requiring a different process design
than sugar based fermentation processes (Asimakopoulos et al., 2018). One of the
challenges from the view of the biocatalyst is diversifying the end-product portfolio
of syngas fermentation, allowing production of other products than the natural
products of the applied strains. This is challenging due to the energetic limitations of
the syngas metabolism (Molitor et al., 2017), and more insight is required into the
physiology of the syngas fermenting strains to stimulate further developments. With
quick developments in the genetic engineering of gas fermenting strains, in-depth
study of the biological catalysts becomes possible (Humphreys and Minton, 2018).
Recently, several successful genetic engineering attempts have been reported in the
model strains C. autoethanogenum and C. ljungdahlii (Huang et al., 2016; Liew et
al., 2017), allowing for knockout studies of genes such as alcohol dehydrogenase
(adhE) and acetaldehyde oxidoreductase (aor). These developments will eventually
contribute to the further understanding of syngas metabolism and the applicability
of the biocatalysts.
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Fundamentals of the syngas fermentation metabolism: the Wood-Ljungdahl
pathway

The pathway that plays a central role in syngas fermentation is the Wood-Ljungdahl
pathway (WLP) (figure 2). All syngas fermentation types of metabolism utilize
the WLP for either assimilatory purpose or for energy conservation. The WLP is
proposed to be one of the first ancient metabolisms to have occurred (Fuchs, 2010;
Nitschke and Russell, 2013). This theory is exemplified by experimental results
showing that all reactions in the WLP occur abiotically on zero-valent transition
metals surfaces in simulated ‘early earth’ conditions (Varma et al., 2018). The
WLP consists of two branches; the methyl-branch and the carbonyl-branch (figure
2), where in total 8 reducing equivalents are invested to generate acetyl-CoA. In
assimilatory metabolism, acetyl-CoA can be utilized to form cell metabolites for
biomass build-up. Acetyl-CoA can also be processed further to acetate resulting in
conservation of ATP via substrate level phosphorylation. The WLP is ATP neutral
when it comes to ATP generation via solely substrate level phosphorylation, as
one ATP is formed during acetate formation, but another ATP needs to be invested
to convert formate to formyl-tetrahydrofolate (figure 2). For a long time it was
unclear how the WLP could result in net energy conservation, while simultaneously
maintaining a stoichiometrically balanced redox metabolism. With the discovery
of electron bifurcating enzyme complexes the functioning of the WLP was further
elucidated (Buckel and Thauer, 2013). Bifurcation processes allow for generation
of reduced low potential electron carriers (e.g. ferredoxin) from less strong reduced
redox intermediates (e.g. NADH/NADPH or H,), providing flexibility to the cell to
optimally distribute redox equivalents over its metabolism. Additionally, essential for
understanding the energy conserving role of the WLP was the discovery of the cation-
translocating functions of the RnF-complex, exporting either sodium or protons,
driven by ferredoxin oxidation coupled to NADH reduction (Miiller et al., 2008).
The chemiosmotic gradient generated by pumping of cations across the membrane
allows for subsequent generation of ATP via ATPases. Due to this mechanism,
the WLP is one of the pathways with the lowest ATP investment requirement to
obtain acetyl-CoA via CO, fixation (Claassens et al., 2016). Therefore, compared to
other CO,-fixating processes, few to no additional energy conserving processes are
required to drive the CO, fixation process, allowing for efficient use of electron donor.
Not all organisms use the WLP for catabolism: methanogens and hydrogenogens
conserve energy via methanogenesis and hydrogenogenesis respectively, and use the
WLP for biomass assimilatory purposes. Interestingly, while the WLP is similar in
different microorganisms, different redox carriers, co-factors and combinations of
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bifurcating enzymes can be employed (Chapter 2). This is an additional challenge
in understanding microorganisms employing the WLP.

-~
4 )
o, co,
ze o H
Formate
ATP 2e 2e
2e Je COZ 2H*
Formyl-THF
/‘2 e
Methenyl - THF
4e
2e \i 2e
H+
Methylene - THF
2e
2e
A
ADP
Methyl - THF Cco
H+
ATP
Y
Acetyl-CoA ———> Biomass synthesis
ATPJ
Y
Acetate
- J
- J

H*

H*

H+

H+

— H+

H+

Figure 2. A simplified general representation of the Wood-Ljungdahl pathway and associated

bifurcation and ion-translocating enzymes. Electrons are either depicted as ferredoxin (red) or as less

strong reduced equivalents such as NAD(P)H (green). Both protons or sodium ions can be pumped out
of the cytoplasm (in the figure only protons are depicted).
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Processes for gas fermentation; natural vs. synthetic mixed cultures

Like any biotechnological process, gas fermentation processes can be performed
in different ways using either mixed- or pure cultures. Undefined mixed cultures
are usually preferred in large open systems (e.g. waste water treatment, anaerobic
digestion), due to the robustness of a mixed community in the non-sterile system.
One of the main goals of these systems is to treat the waste stream, minimizing
impact on the environment when the stream is disposed. These systems can
be used to produce commodity chemicals or fuels as an additional product (e.g.
polyhydroxyalkanoates or methane). However, production of a single end-product
in high concentrations via such processes is challenging, due to complex interactions
in the culture, often resulting in a mixed spectrum of products. Pure cultures, on the
other hand, are easier to control and steer towards a single end-product. Employment
of pure cultures additionally allows for implementing genetic modifications (GM)
to enhance production or yield of the desired end products. Introducing such GM
strains in open undefined mixed cultures might result in loss of the strain due to
competition with other microbes in the community and the GM strain cannot be
easily retained within the system.

Syngas can be added as supplement feed in anaerobic digestion during treatment of
organic waste streams to increase product yield (Jing et al., 2017; Rao et al., 2018).
However, such mixed communities fed with syngas have been found to mainly
produce methane or acetate as end products, with in some cases minor amounts of
longer volatile fatty acids (VFAs) or alcohols (Redl et al., 2017). In pure cultures of
gas fermenters, such as C. autoethanogenum or C. ljungdahlii, mainly acetate and
ethanol are found as end-products, but also 2,3-butanediol or lactate are produced
in minor amounts (Bengelsdorf et al., 2013). Overall the yield of specific products
is higher in pure culture fermentations compared to mixed-culture processes, but
the current scope of feasible end-products by pure cultures is still limited to mainly
acetate and ethanol. Improvements on the yields and scope of products can be made
via genetic engineering or by applying specific cultivation strategies. It has been
shown that it is possible to increase ethanol production from syngas via genetic
engineering approaches (Liew et al., 2017). Production of non-native products from
syngas has, so far, not been reported. Exploration of the pathways of ‘interesting’
products, for example 2,3-butanediol production in C. autoethanogenum, has been
done via genetics studies (Kdpke et al., 2014). Multiple cultivation approaches have
been tested to overcome the relatively low yields and limited product spectrum of
syngas fermentation. In order to increase yield of ethanol from syngas fermentation,
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Defined co-culture Undefined mixed culture
CO/H2/CO2 CO/H2/CO2
l Product A —>>
Product C i l
? Product D
Product B Product B

Figure 3. Simplified representation of syngas fermentation by a defined mixed culture (left) and
an undefined mixed culture (right). Coloured shapes represent microorganisms, arrows represent the

conversions made by those organisms.

two-stage fermentation was applied where under pH 6 conditions acetate was formed,
to be subsequently converted to ethanol under more acidic conditions (Richter et
al., 2013). A similar two-stage approach was used to expand the scope of syngas
fermentation to produce longer chain acids such as butyrate and caproate (Gildemyn
et al., 2017; Vasudevan et al., 2014). Production of the dicarboxylic acid malate was
performed via sequential fermentation of the acetogen C. [jungdahlii and the fungus
Aspergillus oryzae, utilizing the acetate from syngas fermentation to support the
fungal growth (Oswald et al., 2016).

A relatively unexplored approach in syngas fermentation is the application of
defined mixed communities of microbes in a single vessel. In this way a food web
is established allowing subsequent microbes to form products with higher yield and
purity compared to undefined mixed cultures (figure 3). Additionally, products can
be synthesized that are inefficiently or not produced by single strains. Defined mixed
cultures can be more easily controlled compared to undefined mixed cultures, but are
less robust due to their limited diversity. Additionally, while not extensively tested
yet, a sterile system is likely required to allow for successful operation of these
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defined mixed cultures. However, defined mixed cultures might be specific enough
to establish themselves in the system and minimize competition with contaminants.
Chapter 3 and Chapter 4 describe proof of concept studies of such synthetic mixed
cultures and their production potential. Similar to pure cultures, genetic modifications
can be introduced to defined mixed cultures as competition for similar roles in the
community is lower or even absent (figure 3).

Conclusions

Overall syngas fermentation holds potential to become a solid technology able to
convert recalcitrant waste streams into chemicals and fuels. Before such a technology
can be implemented, further understanding of the cultivation techniques, physiology
and genetics of the bio-catalysts is required. Therefore, the physiology of syngas
fermentation biocatalysts and synthetic co-cultivation strategies for enhancing
productivity and broadening the product scope were studied in this thesis.

Thesis outline

Carbon monoxide is one of the main components of syngas and is relatively poorly
studied as substrate compared to other microbial substrates, such as soluble sugars
and polysaccharides. However, information on carbon monoxide metabolism and
enzymology is available from research performed in the 80s and 90s of the last
century. Chapter 2 addresses this research in the light of the three main categories of
physiology found in CO fermenting microbes: hydrogenogenesis, methanogenesis
and acetogenesis. These three processes are interesting for application in either syngas
cleaning or production of chemicals and fuels. Next to background information
provided in Chapter 2, all three processes are studied in the other thesis chapters.

Relatively little is known about the carbon monoxide metabolism of methanogens.
In Chapter 3 we identify Methanothermobacter marburgensis as a strain capable
of growing methanogenically on CO as sole substrate. However, due to toxicity and
potentially redox stress, the strain grows poorly on CO as substrate (like most other
methanogens). Therefore, CO-containing gas streams are not easily converted to
methane at a high rate. Methane can however be interesting as end-product of gas
fermentation due to its properties as stable gaseous fuel, and might be desired to be
produced from syngas or off-gas streams. In Chapter 4 we explore the potential
of a co-culture of Carboxydothermus hydrogenoformans and Methanothermobacter
thermoautotrophicus to convert CO containing gases to methane rich off-gas.
This co-culture approach showed to be an efficient way to produce high methane
content gas and can potentially compete with the other technologies converting CO
containing gases to methane.

19



Chapter 1

The co-cultivation strategy was also applied to achieve efficient chain-elongation
from CO or syngas as substrate. Chapter 5 shows a proof of concept of this using
a combined culture of Clostridium autoethanogenum and Clostridium kluyveri
forming a food chain utilizing CO, and forming C4 and C6 volatile fatty acids and
alcohols as final end products. In Chapter 6 the metabolic interactions and control
of the co-culture are further explored. Chemostat cultivation is used to study the
culture on both gene regulation level via transcriptomics, and metabolic level by
assessing carbon flow through the system. This shows that ethanol production by
C. autoethanogenum is significantly stimulated when grown in co-culture with C.
kluyveri, which led to a remarkable increase of the product yield on the gaseous
substrate.

Observations during the co-cultivation studies suggested that the alcohol metabolism
of C. autoethanogenum is flexible and can operate in both alcohol producing and
oxidizing direction. This has resulted in a separate study on the control of the alcohol
metabolism of C. autoethanogenum. This is described in Chapter 7, with focus on the
alcohol oxidation properties of the strain during gas fermentation. This information
can be used in both monocultures of C. autoethanogenum aiming to produce
ethanol or can be used to control and steer synthetic co-cultures. Additionally, it
was observed that during exposure to increased CO concentrations in the liquid, C.
autoethanogenum conserves more energy per acetate formed, which we hypothesize
to be the result of cycling of acetate, via acetaldehyde and acetyl-CoA back to acetate,
resulting in CO-driven ATP conservation.

Current developments in the field of syngas fermentation from both a fundamental
and applied perspective are discussed in Chapter 8. Here three main topics are
addressed: future potential of gas fermentation technology, future potential of
synthetic co-cultivation and recent developments in the fundamental physiology of
syngas fermenting microbes.
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Chapter 2

Abstract

Carbon monoxide can act as a substrate for different modes of fermentative
anaerobic metabolism. The trait of utilizing CO is spread among a diverse group
of microorganisms, including members of bacteria as well as archaea. Over the last
decade this metabolism has gained interest due to the potential of converting CO-rich
gas, such as synthesis gas, into bio-based products. Three main types of fermentative
CO metabolism can be distinguished: hydrogenogenesis, methanogenesis and
acetogenesis, generating hydrogen, methane and acetate, respectively. Here, we
review the current knowledge on these three variants of microbial CO metabolism
with an emphasis on the potential enzymatic routes and bio-energetics involved.

Introduction

Carbon monoxide is a tasteless, odourless gas, best known for its toxic characteristics.
It is part of the global carbon cycle, is involved in assimilatory and dissimilatory
pathways of numerous microorganisms and was found to act as a signal molecule
in mammals (Ryter and Otterbein, 2004). Additionally, it is speculated to be an
important substrate for early life on earth (Miyakawa et al., 2002). CO is chemically
formed during oxygen limited combustion of carbon materials, and can be
biologically generated via cellular metabolism (Eikmanns et al., 1985; Ryter and
Otterbein, 2004) or enzymatic degradation of heme (Chin and Otterbein, 2009). A
large part of naturally generated CO is assumed to be formed via photochemical
reactions (Weinstock and Niki, 1972). Other sources contributing to the atmospheric
CO level are: volcanic activity, forest fires, and over the last two centuries industrial
activity. Cumulative, these activities result in the production of approximately 2.6
petagram (Pg) CO per year (Khalil and Rasmussen, 1990).

Due to the foreseen depletion of fossil energy sources and consideration on
environmental impact of current chemical industry, alternative sustainable
technologies are being developed. A bio-based economy is considered one of the
sustainable solutions for the growing resource depletion, and has potential to replace
petroleum industries in the future. However, the hydrolysis of non-food-competing,
ligno-cellulosic biomass limits the application of bio-based technologies, leaving a
significant amount of the initial substrate unused (Hamelinck etal., 2005). Gasification
of the carbohydrate material, forming syngas, is a potential way of gaining access
to all material of the original source, mainly in the form of CO, H, and CO,. A large
spectrum of carbon sources can fuel this technology, from coal, tar and gas to ligno-
cellulosic biomass, all kinds of municipal waste, and digester sludge. As syngas
mainly consists of CO, H, and CO,, autotrophic, CO-tolerant microorganisms are
required as biocatalysts for fermentation of this gas. Numerous microorganisms
have shown to utilize CO as a substrate, producing organic compounds such as
acetate, ethanol, 2,3-butanediol and butyrate (Diirre and Eikmanns, 2015; Latif et al.,
24
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2014; Tiquia-Arashiro, 2014). In addition, methanogenesis and hydrogenogenesis
using syngas as a substrate could have large implications for biofuel production.
Even though production of interesting chemicals from syngas is possible, the exact
metabolism of syngas conversion is not fully understood. This limits the optimization
of potential production strains and, thus, the development of bio-based production
processes. Different aspects of biological conversion of CO and syngas have been
reviewed in the past decade (Bengelsdorf et al., 2013; Diirre and Eikmanns, 2015;
Henstra et al., 2007b; Latif et al., 2014; Oelgeschldger and Rother, 2008; Sokolova
and Lebedinsky, 2013). However, a large part of these reviews focus on industrially
relevant species and their application potential, while only few address fundamental
aspects.

Two types of CO metabolism can be distinguished: respiratory and fermentative (table
1), the former involving an exogenous electron acceptor, whereas the latter utilizes
internally generated intermediates as electron acceptor. A relatively well studied
example of respiratory CO metabolism is CO oxidation coupled to oxygen reduction
(Meyer et al., 1986; Meyer and Schlegel, 1983). Other, less characterized, electron
acceptors thathave been identified for carboxydotrophic growth are sulphate (Parshina
et al. 2010; Parshina et al. 2005), anthroquinone disulfonate (AQDS) (Henstra and
Stams, 2004), fumarate (Henstra and Stams, 2004) and ferrihydrite (Slobodkin
et al., 2006). The main focus of this review is on fermentative CO metabolism,
distinguishing hydrogenogenesis, acetogenesis and methanogenesis with a special
emphasis on the potential enzymatic routes and bio-energetics involved. Classifying
hydrogenogenesis as a fermentative process is debatable because protons can be
considered exogenous acceptors. However, as protons are present in any microbial
environment and are generated from the substrate water during hydrogenogenesis,
hydrogenogenic metabolism is considered here as fermentative.

General microbial CO metabolism
Both aerobic and anaerobic CO metabolism process the CO molecule via the enzyme:
carbon monoxide dehydrogenase (CODH). Here, we only consider the anaerobic
CODHs, which differ from the aerobic CODHs by structure and the presence of
nickel-iron clusters in their active centres (Jeoung et al., 2014). About 6% of all
known microbial genomes contain at least one [Ni-Fe] CODH gene sequence, out
of which 43% contain at least two, suggesting a more widespread anaerobic CO-
utilizing capability than assumed before (Techtmann et al., 2012). It has been shown
that CODH genes cluster according to function, instead of clustering by phylogeny,
suggesting horizontal gene transfer events have led to the establishment of the CODH
gene in the different microbial genomes (Techtmann et al., 2012). CODHs from
different organisms have been purified and characterized, including the ones from
three relatively well studied anaerobic carboxydotrophic organisms: Rhodospirillum
25
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rubrum (Drennan et al., 2001), Carboxydothermus hydrogenoformans (Setlichny
et al., 1991) and Moorella thermoacetica (Darnault et al., 2003; Doukov, 2002).
All the structures of these anaerobic CODHs contain iron-sulfur centres (Dobbek et
al., 2001; Hu et al., 1996). Additionally, these CODHs contain nickel as a cofactor,
for binding and coordinating CO in the active site (Dobbek et al., 2001; Drennan
et al., 2001). Other divalent metals were found in the active centre of anaerobic
CODHs, however only the nickel containing enzymes were observed to be active in
CO conversion (Darnault et al., 2003). CODH can be mono- or bifunctional, both
enabling the organism to utilize CO for the energy metabolism. The bifunctional
CODH is associated with an acetyl-CoA synthase (ACS), and additionally has a role
in carbon fixation, catalysing the condensation of CO, CoA-SH and a methyl-group
into acetyl-CoA. The bacterial CODH and ACS are connected via a hydrophobic
tunnel (Lindahl, 2002; Maynard and Lindahl, 1999; Seravalli and Ragsdale, 2008),
preventing CO from being a toxic intermediate in the metabolism of the cell (Doukov,
2002).

The redox potential of the CO/CO, pair (E; = -520 mV), is lower than that of H /
H* (E, = -414 mV), which has significant implications for the metabolism. While
a metabolism driven by hydrogen requires bifurcation mechanisms to reduce
ferredoxin (E;” = -400 mV) (Buckel and Thauer, 2013), CO can solely drive this
reaction. However, the more negative redox potential of CO poses a challenge for the
redox balance of the organism. Therefore, efficient cofactor re-oxidizing pathways
are required to avoid the cell from becoming completely reduced. Additionally,
hydrogenases are considered to be a weak point in CO metabolism, as hydrogen
metabolism is often observed to be rapidly inactivated upon CO exposure (Bertsch
and Miiller, 2015a; Daniels et al., 1977; Genthner and Bryant, 1982; Perec et al.,
1962). However, [Ni-Fe]-hydrogenases were found to be less sensitive to CO than
[Fe-Fe] or iron-only hydrogenases (Adams, 1990b; De Lacey et al., 2007). Some
microorganismes possess [Ni-Fe] hydrogenases that are highly tolerant to CO, such
as Rhodospirillum rubrum (Fox et al., 1996b) and Pyrococcus furiosus (Adams,
1990a). CO is known to strongly bind to metals via a process called back bonding,
which is also considered to be the mechanism of toxicity (Jeoung et al., 2014).

CO driven hydrogenogenic metabolism

Coupling CO oxidation to proton reduction is, conceptually seen, one of the simplest
mechanisms of biological energy conservation. This reaction, also known as the water-
gas shift reaction, results in the formation of hydrogen and CO, (table 1). The reaction
was found to be completed by three enzymes: CODH, an electron transfer protein and
an energy converting hydrogenase (EcH). CO is oxidized via the CODH complex,
and electrons are transferred to a “ferredoxin-like” electron carrier. Oxidation of this
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electron carrier can be coupled to proton reduction via an EcH complex, producing
hydrogen and simultaneously generating an ion motive force (Hedderich and Forzi,
2006). Besides being involved in hydrogenogenic metabolism, EcH enzymes also
play a role in sugar fermentation (Sapra et al., 2003) and methanogenesis (Thauer
et al., 2010). Several microorganisms which hydrogenogenically metabolize CO
have been isolated; most of them are thermophiles (table 2). Two microorganisms
conserving energy via the water-gas shift reaction have been rather well studied,
the mesophilic Rhodospirillum rubrum (Kerby et al., 1995) and the thermophilic
Carboxydothermus hydrogenoformans (Svetlichny et al., 1991).

R.  rubrum, Rubirivivax gelatinosa and Rhodopseudomonas palustris are
photosynthetic bacteria and the only known mesophiles capable of efficiently
conserving energy from the water-gas shift reaction (table 2). In R. rubrum the
CO-dependent metabolism is regulated via a heme-protein, which acts as CO
sensor (CooA) and controls transcription of the enzymatic machinery required for
CO dependent growth (Roberts et al., 2001). The genes controlled by CooA in
R. rubrum are arranged in two gene clusters: cooFSCTJ and cooMKLXUH. The
first gene cluster codes for the active CODH (cooS), electron carrier (cooF) and a
nickel inserting complex (cooCTJ) (Kerby et al., 1997), whereas the latter codes for
a six subunit EcH complex. The CODH structure of R. rubrum has been resolved
to 2.8A, and is similar to the CODH of anaerobes such as C. hydrogenoformans
and M. thermoacetica (Dobbek et al., 2001; Drennan et al., 2001). Electrons from
CO oxidation are transferred to an iron-sulfur protein (CooF), which shuttles the
electrons to the EcH complex. The CooF complex is tightly associated with the
CODH, and was shown to be reduced upon CO exposure (Ensign and Ludden,
1991). Other electron carriers, such as other native ferredoxins from R. rubrum, were
ineffective in mediating electron transfer from CODH to the hydrogenase (Ensign

Table 1. Reaction equations and their standard Gibbs free energy (AG®) for several modes of

carboxydotrophic growth.

Metabolism Reaction AG” (kJ)
Fermentative
Hydrogenogenic CO+H,0—CO,+H, -20
Methanogenic 4CO+2H,0—CH,+3CO, -210
Acetogenic 4 CO+2H,0 — CH,COO +H"+2CO, -174
Solventogenic (ethanol) 6 CO +3 H,O — C,HOH +4 CO, -224
Respiratory
Oxygen 2CO0+0,—2CO0, -514
Sulphate 4CO+ SO +H"—4CO,+HS -231
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and Ludden, 1991). This suggests that the CooF subunit is highly specific for
electron transfer from CODH to the hydrogenase. Not only is the R. rubrum CODH
efficient in converting CO to CO,, also its CO-induced hydrogenase is well adapted
to CO dependent growth (Bonam et al., 1989). The EcH of R. rubrum consists of
6 subunits, of which two subunits, CooH and CooL, are similar to the ones found
in some [Ni-Fe] hydrogenases. In addition, all six subunits show high similarity
with complex I NADH:oxidoreductases, which are involved in proton translocation
coupled to NADH oxidation (Fox et al., 1996b, 1996a). During activity assays, the
EcH is found to function optimally in presence of CODH:CooF, which is theorised
to promote forming and maintaining a stable complex (Singer et al., 2006). The CO-
induced hydrogenase of R. rubrum is highly CO tolerant, and only shows signs of
inhibition above 60% CO in the headspace (Fox et al., 1996a).

Despite the seemingly efficient water-gas shift metabolism in R. rubrum, autotrophic
growth on solely CO as a carbon source is very slow (Dashekvicz and Uffen, 1979).
R. rubrum requires small amounts of yeast extract and acetate as a carbon source to
grow efficiently. R. gelatinosus and R. palustris exhibit a similar hydrogenogenic
CO metabolism as R. rubrum. However, in contrast to R. rubrum, these bacteria
were able to perform the water-gas shift reaction and grow on CO as a sole carbon
source, but merely in presence of light (Jung et al., 1999; Maness et al., 2005).
Growth was significantly slowed down for R. gelatinosus in the dark, which was not
assessed for R. palustris. The growth rate of R. gelatinosus increased significantly
after addition of malate as a carbon source (Maness et al., 2005). So, despite efficient
energy conservation via the water-gas shift reaction, as shown in the presence of
organic carbon sources, autotrophic growth seems very energy intensive for these
phototrophic bacteria. The relatively slow growth on CO as a sole carbon source is
likely due to the use of the energy demanding Calvin-cycle, which can be considered
the main carbon-fixation mechanism in these phototrophic bacteria. All three
isolated mesophilic, hydrogenogenic carboxydotrophs are phototrophs. However,
it is unclear why the trait of hydrogenogenic CO-utilization among mesophiles is
exclusive to this group.

Among thermophilic hydrogenogens, C. hydrogenoformans is one of the best
studied. This bacterium was first thought to only grow fermentatively on CO or
pyruvate as substrate, but was later shown to be capable of respiratory growth with
CO as well (Henstra and Stams, 2004). With five different CODHs encoded in its
genome, it is one of the few organisms known to have multiple CODH types, which
is likely related to its exceptional growth capabilities on CO (Wu et al., 2005). C.
hydrogenoformans uses a CODH-CooF-EcH complex, which is highly similar to
the system found in R. rubrum (Soboh et al., 2002). In contrast to the mentioned
mesophilic phototrophs, C. hydrogenoformans is capable of efficient autotrophic
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growth, using solely CO as energy and carbon source. This characteristic might
be assigned to the presence of the Wood-Ljungdahl pathway, which in contrast
to the Calvin-cycle is not as energy demanding. Additionally, a turnover rate of
31000 s was found for the CODHII of C. hydrogenoformans (Svetlichnyi et al.,
2001), allowing for fast generation of reduction equivalents and thus a quick energy
metabolism. Upon increased hydrogen and carbon dioxide pressure, acetate is
produced from CO by C. hydrogenoformans. This suggests acetogenic use of the
Wood-Ljungdahl pathway could act as a backup for its hydrogenogenic metabolism
(Henstra and Stams, 2011). C. hydrogenoformans and related thermophilic species
are suggested to fulfil an important role in the volcanic environments they originate
from, ensuring CO concentrations are kept below toxic levels, making life of other
non-CO tolerant organisms possible (Techtmann et al., 2009). Furthermore, it seems
horizontal gene transfer events have played an important role in the establishment
of CO-driven hydrogenogenic metabolism in these environments (Sant’Anna et al.,
2015; Techtmann et al., 2012).

When assessing the distribution of isolated hydrogenogenic carboxydotrophic
microorganisms (table 2), thermophilic isolates seem to be more prevalent than
mesophilic ones, which contrasts with the solubility of gaseous substrates at elevated
temperatures. Temperature increase has two effects on dissolved gases: decreased
gas solubility and increased gas diffusion rates. In a hydrogenogenic metabolism the
microorganisms use a gaseous substrate, subsequently producing a gaseous product.
The thermodynamics of this metabolism thus relies on the concentration of two gases,
which is indirectly related to the diffusion rate of these gases. The apparent Km
values for the exchange reaction of the CODH in R. rubrum, C. hydrogenoformans,
and the acetogen M. thermoacetica, are in the order of 0.032, 0.018 and 0.01 mM,
respectively (Jeon et al., 2005; Raybuck et al., 1988; Seravalli and Ragsdale, 2008;
Svetlitchnyi et al., 2001). The maximal solubility of CO in water is approximately
1.6 to 0.38 mM, in the range of 273 to 353 K, respectively. Assuming a Km of
0.03 mM and applying simple Michaelis-Menten kinetics, the associated CODH
reaction rate at these CO concentrations goes from 98 to 93% of Vmax (figure 1).
This suggests that carboxydotrophic microorganisms are not significantly limited by
the maximal solubility of CO at elevated temperatures. The CO diffusion coefficient,
an indication of the diffusion rate of the gas, is 2.0 * 10-5 cm2/s in water at 298 K.
Compared to 298 K, the estimated diffusion constant at 333 K is two times larger and
three times larger at 353 K (approximated by the Stokes-Einstein equation, using the
dynamic viscosity of water, figure 1).
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Figure 1. Temperature effect on parameters for CO driven hydrogenogenic growth.

Estimated relative Vmax of a CO dehydrogenase (CODH), displayed by the blue continuous line,
assuming Michaelis-Menten kinetics (Km = 0.03 mM) based on maximal solubilized CO. The
approximated ratio of the diffusion constant for any dissolved gas (at atmospheric pressure) in water
compared to its diffusion constant at 298 K is displayed by the red dashed line. The physiologically
relevant temperature range is displayed by the double headed black arrow. The displayed temperature

scale is not linear due to the non-linear relation between temperature and CO solubility.

This suggests that at increased temperatures, CO is more rapidly supplied to the
microorganisms. Via the same mechanism, the temperature indirectly affects the
degree of accumulation of hydrogen in the near vicinity of the microorganism,
allowing two times faster removal of H, at 333 K, and three times at 353 K. This
suggests thermophilic hydrogenogenic metabolism suffers less from hydrogen
accumulation to thermodynamically unfavourable levels when compared to
mesophilic conditions. Therefore, we hypothesise that CO driven hydrogenogenic
metabolism is more favourable at higher temperatures when compared to lower
temperatures, giving rise to the currently observed temperature distribution of
carboxydotrophic hydrogenogenic isolates (table 2). If this potential advantage
also translates into an increased energy yield, and thus a higher growth rate with
increasing temperatures is unclear as numerous factors influence the growth rate.
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CO driven acetogenesis and related metabolisms

Formation of acetate from CO was first reported in 1982 (Lynd et al., 1982). Since
then many acetogens have been discovered to utilize CO, both homo-acetogenic
organisms (i.e. generating solely acetate) and mixed-product acetogenic organisms
(i.e. generating a mixture of end-products) (table 3). Large differences can be
observed between the growth rates and yields of CO-grown acetogens, indicating
differences in their ways of energy conservation and pathways utilized (table 3).
The Wood-Ljungdahl pathway is the central metabolism for acetogenic growth
(Ragsdale and Pierce, 2008). In contrast to the Calvin-cycle, the reductive TCA-
cycle or the 3-hydroxypropionate cycle, the Wood-Ljungdahl pathway can be used
to conserve energy. The Wood-Ljungdahl pathway consists of two branches, which
in total require 8 reduction equivalents and one ATP to form acetyl-CoA from two
CO,. During formation of acetate the ATP investment is regained by substrate level
phosphorylation, but no net ATP is gained, thus requiring an ion motive force to
conserve net energy. Complex I related RnF complexes have been identified as the
cation extruding mechanism in many acetogens, linking ferredoxin oxidation to NAD
reduction, simultaneously forming either a sodium or proton gradient (Biegel et al.,
2011). Upon consumption of this gradient, ATP is formed from ADP and phosphate
via an ATPase (Miiller, 2003). The availability of ferredoxin can thus be considered
the driving force of energy generation in the autotrophic acetogenic metabolism. It
is assumed that in hydrogenotrophic acetogens electron-bifurcating hydrogenases
are required to generate reduced ferredoxin (Buckel and Thauer, 2013; Poehlein et
al., 2012). As CO can directly reduce ferredoxin, these bifurcating systems seem
redundant during CO-driven growth, but might be utilized to correctly distribute
reduction equivalents over the metabolism. Four steps in the Wood-Ljungdahl
pathway require input of electrons for fixation of two CO,. The type of cofactors
utilized in each of these steps differs per enzyme and per microorganism, making
it impossible to propose a general metabolism for acetogenic CO metabolism. This
distinct use of cofactors can explain part of the differences observed in yield and
growth rate of different acetogens (table 3). Recently, the energy metabolism for
autotrophic growth on H,/CO, for 4. woodii, M. thermoacetica and C. ljungdahlii
was reviewed (Schuchmann and Miiller, 2014). Here, we assess and compare the
CO metabolism of these three species, which are the current model organisms for
acetogenic metabolism.

Moorella thermoacetica is one of the best studied homo-acetogenic bacteria able
to utilize CO. This organism differs from other acetogenic strains in the sense that
it does not possess an RnF complex, leaving the mechanism of cation transport
unknown (Pierce et al., 2008). Either an EcH complex or cytochromes are proposed
to perform the build-up of an ion motive force. Several cytochromes have been found
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in Moorella species that are potentially active in proton transport (Gottwald et al.,
1975). However, the role of these electron carrier proteins in acetogenic metabolism
has never been experimentally shown. Additionally, a role of these cytochromes in
respiratory metabolism is likely to exist, as growth with nitrate and nitrite was shown
to be possible (Drake and Daniel, 2004). An EcH complex is coded for in the genome
of M. thermoacetica (Huang et al., 2012), making cation export via this enzyme a
possibility. Based on presence of an EcH complex, an energy metabolism for growth
on H,/CO, has been proposed for M. thermoacetica (Schuchmann and Miiller, 2014).
The plausible metabolism is based on the assumption that methylenetetrahydrofolate
reductase, responsible for the exergonic reduction of methylenetetrahydrofolate to
methyltetrahydrofolate, is somehow coupled to energy conservation. As all enzymes
of the Wood-Ljungdahl pathway are considered soluble, none of these is expected
to be involved in generation of an ion motive force. Crude membrane extraction
methods were thought to be the cause of finding all the enzymes in the soluble
fraction, and more gentle extraction methods confirmed membrane attachment of
methylenetetrahydrofolate reductase (Hugenholtz and Ljungdahl, 1989). Also in
the acetogen Blautia producta, methylenetetrahydrofolate reductase was found to
be loosely attached to the cellular membrane, supporting a potential role in energy
conservation (Wohlfarth et al., 1990). Further experimental evidence for a direct
role of this enzyme in energy conservation has never been found though. A recent
theory is that the methylenetetrahydrofolate reductase has bifurcation activity,
coupling the oxidation of two NADH molecules to the reduction of ferredoxin and
methylenetetrahydrofolate (Huang et al., 2012). The hypothesis for a bifurcating
function of this enzyme in M. thermoacetica is supported by the following arguments:
1) the enzyme was found to be associated with subunits similar to F420 non-reducing
hydrogenases, also found in archaea for bifurcational reduction of CoM-CoB
(Huang et al., 2012), ii) in several acetogens the complex was found to contain flavin
(Clark and Ljungdahl, 1986; Wohlfarth et al., 1990), which is thought to be essential
for bifurcation of the electrons over the two acceptors (Buckel and Thauer, 2013;
Herrmann et al., 2008; Kaster et al., 2011; Nitschke and Russell, 2012; Thauer et
al., 2008). The flavin is theorised to donate one electron to a high potential acceptor,
leaving the flavin at a “red hot” flavosemiquinone state, capable of reducing a low
potential acceptor (Buckel and Thauer, 2013). This can be repeated for another two
electrons, obtaining two fully reduced products. In case of methylenetetrahydrofolate
reductase, the high potential acceptor would be methylenetetrahydrofolate (E;” =
-200 mV) whereas ferredoxin (E;’= -400 mV) would be the low potential acceptor.
Assuming a bifurcating function of methylenetetrahydrofolate reductase and a proton
translocation ratio of 1:1 per hydrogen formed by the EcH complex, the energy yield
of H,/CO, grown M. thermoacetica was suggested to be 0.5 ATP per acetate formed
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(Schuchmann and Miiller, 2014). Applying a model using similar assumptions, the
metabolism on CO is expected to yield 1.5 ATP per acetate formed (figure 2). The
suggested three times increase in energy yield matches with the increased observed
growth yield of M. thermoacetica with CO (table 3). The same yield increase is
observed in the related organism M. thermoautotrophica, which is thought to exhibit
a similar metabolism (table 3).

6 H*
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I R

CHy-THF co

Biomass «—— Acetyl-CoA

ATP ‘/F

Acetate

Figure 2. Carbon monoxide metabolism of M. thermoacetica. Stoichiometric conversion of CO
to acetate by M. thermoacetica is disaplayed. Reactions marked blue indicate CO oxidizing activity
by CODH, bifurcating reactions are marked purple. The EcH is assumed to transport one proton per
hydrogen formed whereas the ATPase is assumed to generate one ATP per four protons translocated.
EcH, energy converting hydrogenase; ATPase, ATP synthase; Fd, ferredoxin; THF, tetrahydrofolate.

35



Chapter 2

2 HCO-THF

l

2 CH=THF

2 NADH 2c0,
2 Fd-

2 CH,=THF
2 NADH

2 CH5-THF 2C0 8cCO

Biomass <——— 2 Acetyl-CoA

2 ATP
2 Acetate

2 CHO-THF

l

2 CH=THF

2 NADH 200, 6co,
w 2 F-

2 CH,=THF
2 NADH

2 CH;-THF 2C0 6CO

Biomass <——— 2 Acetyl-CoA

2 ATP
2 Acetate

Figure 3. Carbon monoxide metabolism of 4. woodii. Acetogenic CO metabolism of A. woodii
is displayed. A) The proposed theoretical pathway and energetic yield of CO conversion to acetate.
Pathways prone to CO inhibition are shown in red. B) Proposed metabolism and energetic yield of
acetogenic metabolism driven by CO co-fermented with formate. Reactions marked blue indicate
CO oxidizing activity by CODH. The RnF complex is assumed to transport two sodium ions per Fd
oxidized whereas the ATPase is assumed to generate one ATP per four sodium ion translocated. Rnf,
RnF complex; ATPase, ATP synthase; Fd, ferredoxin; THF, tetrahydrofolate.

Initially, the acetogen Acetobacterium woodii was reported to grow homo-
acetogenically on CO as a sole energy source (Genthner and Bryant, 1987). However,
recently it was shown that the organism can only utilize CO in co-fermentation with
either hydrogen or formate (Bertsch and Miiller, 2015a). Additionally, 4. woodii was
shown to produce ethanol when the pressure of CO in the headspace was over 25 kPa
(Bertsch and Miiller, 2015a). These contradictory observations might be explained
by the rich undefined medium used in the initial study, which makes it possible that
the organism has co-fermented CO with other substrates, such as formate (Bertsch
and Miiller, 2015a). This is further supported by findings of the initial study that it
was not possible to grow A. woodii with solely CO on defined medium (Genthner
and Bryant, 1987). For 4. woodii, a metabolism on H,/CO, was proposed based on
genomic data (Poehlein et al., 2012), and was later adapted suggesting a gain of ~0.3
ATP per acetate formed (Schuchmann and Miiller, 2014). A. woodii is suggested to
contain a non-bifurcating methylenetetrahydrofolate reductase, using only NADH
to form methyltetrahydrofolate (Schuchmann and Miiller, 2014). Growth on H./
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CO, for A. woodii was reported with a generation time of approximately 6 hours.
Presence of increasing levels of CO negatively affected the growth rates on H,/
CO,, and became almost fully inhibited above 15 kPa CO (Bertsch and Miiller,
2015a). A. woodii efficiently co-fermented CO (25 kPa) with formate at a generation
time of approximately 5.5 h. Levels up to 50 kPa CO stimulated growth when co-
fermenting formate, however higher CO pressures caused a decrease in growth rate.
Growth remained possible up to a maximally tested pressure of 100 kPa CO (Bertsch
and Miiller, 2015a). The inhibitory effect of CO on the A. woodii metabolism is
suggested to be related to its formate dehydrogenase (Bertsch and Miiller, 2015a),
which is associated with a [Fe-Fe] hydrogenase (Schuchmann and Miiller, 2013).
Additionally, bifurcational [Fe-Fe] hydrogenases present in A. woodii can be a
bottleneck in utilisation of CO (figure 3A). In the presence of formate, CO-inhibited
enzymes are expected not to be required, facilitating the use of CO as a substrate
(figure 3B).

Unlike M. thermoacetica, which contains an EcH, RnF-utilizing acetogens
cannot directly couple ferredoxin oxidation to proton reduction. Therefore, to
prevent a completely reduced state of the cell, RnF-containing acetogens need to
stoichiometrically couple CO oxidation to the Wood-Ljungdahl pathway. When
compared to hydrogenotrophic acetogenesis, acetogenic growth on CO often leads
to the formation of additional alcohols, hydrogen or fatty acids. These by-products
are likely formed due to the more strongly reduced environment created by CO. An
example is the CO metabolism of E. /imosum, which produced solely acetate when
grown on H,/CO,, but generates a mixture of acetate and butyrate when grown on
CO (Jeong et al., 2015). The best studied pathway for maintaining redox balance
during acetogenic growth on CO is solventogenesis. The model organism for this
type of fermentation is Clostridium ljungdahlii, which is known for its fast growth
rate and solventogenic production characteristics on CO (Kdpke et al., 2010). In
contrast to A. woodii and M. thermoacetica, the enzymes from the Wood-Ljungdahl
pathway in C. [jungdahlii have not been purified and tested for cofactor specificity.
Therefore, the proposed metabolism of C. /jungdahlii on H,/CO, was partly based
on genomic data (Schuchmann and Miiller, 2014). The proposed metabolism on H,
is to yield a minimum of 0.13 ATP per acetate formed, and can go up to 0.63 ATP
per acetate, depending on which cofactors are utilized in each of the steps. Based on
the assumptions of the minimal H, metabolism, a model for CO driven acetogenic
growth can be proposed for C. [jungdahlii, and related bacteria (figure 4). The model
shows a yield of about 1.125 ATP per acetate formed (figure 4), which is further
reduced when formation of side products is taken into account. Despite the fact that
the energy yield per acetate formed is less as proposed for M. thermoacetica, the
generation time of C. [jungdahlii is shorter. Two mechanisms might contribute to this
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enhanced growth rate: a bifurcational formate dehydrogenase, and the up-regulation
of re-oxidizing reactions. A related bacterium, Clostridium autoethanogenum,
was found to highly express a formate dehydrogenase associated with a [Fe-Fe]-
bifurcating hydrogenase. This formate dehydrogenase is suggested to use one mole
of NADPH and one mole of ferredoxin to reduce two moles of CO, to formate (Wang
etal., 2013). Despite the sensitivity of [Fe-Fe]-hydrogenases to CO, levels in the cell
are assumed to be kept low enough for the hydrogenase to function. The utilization of
both NADPH and ferredoxin results in re-oxidation of these two important cofactors,
and prevents over-reduction of the cell. However, loss of ferredoxin in re-oxidizing
reactions reduces its capacity to act as a driving force for cation export via the RnF
complex, lowering the energy yield of the overall metabolism. C. ljungdahlii codes
for a similar formate dehydrogenase complex in its genome, and might thus utilize
a similar system during growth on CO. Additionally, solventogenic reactions play a
role in maintaining redox balance. Ethanol production in C. [jungdahlii occurs via
two pathways: a direct or an indirect pathway (Kopke et al., 2010, 2011a). The direct
pathway forms ethanol via acetaldehyde directly from acetyl-CoA, utilizing an
acetaldehyde/alcohol dehydrogenase complex. This pathway is expected to largely
reduce the overall energy yield as no ATP is generated via acetate formation. The
indirect pathway does not omit the ADP phosphorylation step, maintaining the energy
conservation via acetate synthesis. Acetate is theorised to subsequently be reduced
with ferredoxin to acetaldehyde via an aldehyde oxidoreductase. This enzyme was
shown to be expressed in CO grown C. [jungdahlii, and its expression is stimulated
by the addition of external acids (Xie et al., 2015). Ethanol is subsequently formed
from acetaldehyde via an alcohol dehydrogenase, utilizing additional reducing
equivalents such as NADH or NADPH (K&pke et al., 2010). Energy conservation
linked to ethanol formation from H,/CO, in C. autoethanogenum is also expected
to run via this indirect pathway (Mock et al., 2015). Additionally, a similar pathway
could be responsible for conversion of different carboxylic acids into alcohols, as
observed in mixed cultures exposed to syngas (Liu et al., 2014a).

As the suggested energy yield per acetate formed from CO for C. ljungdahliiis 1.125
ATP (figure 4), 0.125 ATP is generated up to acetyl-CoA formation. This suggests net
energy can be yielded by this organism from any product formed from acetyl-CoA
which does not require further investment of ATP. This could include compounds
such as C4-carboxylic acids, lactate, fatty acids and a variety of alcohols, which are
considered interesting end products of bio-based processes (Diirre and Eikmanns,
2015).
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Figure 4. Carbon monoxide metabolism of C. l[jungdahlii. Stoichiometric conversion of CO to acetate
for C. ljungdahlii is displayed. The pathways of ethanol formation are indicated by the dotted line in
red, and are not taken into account for the energy yield displayed. Reactions marked blue indicate CO
oxidizing activity by CODH, bifurcating reactions are marked purple. The RnF complex is assumed
to transport two protons per Fd oxidized whereas the ATPase is assumed to generate one ATP per four
protons translocated. Rnf, RnF complex; ATPase, ATP synthase; Fd, ferredoxin; THF, tetrahydrofolate.

Carboxydotrophic methanogenic metabolism

Methane can be formed anaerobically from different substrates, such as H,/CO,,
formate, methanol, acetate or methylamines. The physiology and bioenergetics of
different types of methanogenic metabolism have been reviewed before (Thauer et
al., 2008). CO is a less studied substrate of methanogenesis, and was first reported
in 1931 (Fischer et al., 1931). It has thereafter been shown to be utilized in the
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metabolism of several methanogenic strains (table 4). Methanogenic growth on CO
as sole substrate appears not to be very efficient, as only three species have been
reported to grow while producing methane: Methanobacterium thermoautotrophicus,
Methanosarcina acetivorans and Methanosarcina barkeri. To gain insight in CO
utilization by different groups of methanogens, two main types of methanogenic
metabolism are of interest: hydrogenotrophic and aceticlastic methanogenesis.
CO is an intermediate in both types of methanogenic metabolism: playing a role
in anabolism or catabolism of acetyl-CoA. It is therefore not surprising that genes
coding for CODH in methanogens are mainly located in the genome as neighbour
of an ACS (Techtmann et al., 2012). Some methanogens do however possess more
than one CODH, which are not all associated with an ACS complex. Examples are
Methanothermobacter marburgensis and Methanococcus jannaschii. M. jannaschii
has a CODH which is in located the same operon as a hydrogenase, suggesting
that hydrogenogenic carboxydotrophic metabolism is possible. However, many
methanogenic strains have never been tested for utilization of CO as a substrate,
and their growth potential on CO is therefore unknown. Unlike in many bacteria,
the routes for electron transfer from CODH to the rest of the metabolism are not
well established for archaea. In general, “ferredoxin-like” proteins are proposed
as the acceptor molecules for CODH complexes. This is confirmed for some
methanogens, such as Methanosarcina thermophila (Abbanat and Ferry, 1991;
Terlesky and Ferry, 1988) and Methanosarcina barkeri (Fischer and Thauer, 1990),
which require ferredoxin to perform CO-dependent reactions. However, cell-free
extract of M. thermoautotrophicus exhibited F420-reducing activity in presence of
CO, while ferredoxin of Clostridium pasteurianum was not reduced (Daniels et al.,
1977). F420 was also observed to be reduced by purified CODH from Methanosaeta
concilii, indicating potential ability of this enzyme to reduce this cofactor (Jetten et
al., 1989). However, ferredoxin was not tested as acceptor for the CODH complex of
M. concilii, and thus cannot be excluded as acceptor. When assuming E = -500 mV
for ferredoxin under physiological conditions (Buckel and Thauer, 2013), it can be
expected that ferredoxin is an ideal acceptor for electrons from CO (E; = -520 mV).
Transfer of electrons to F420 (E; = -380 mV) would result in additional energy loss,
and would require bifurcation processes to generate reduced ferredoxin. Ferredoxins
have in general been shown to be interchangeable over long phylogenetic ranges, as
indicated by the similar characteristics of plant and bacterial ferredoxins (Tagawa
and Arnon, 1968). However, ferredoxin from spinach did not form a complex with
the CODH of M. thermoacetica and was not reduced by this bacterial CODH (Drake
et al.,, 1980; Shanmugasundaram and Wood, 1992). Additionally, the observation
that the CODH from R. rubrum could only effectively donate electrons to the tightly
associated CooF complex (Ensign and Ludden, 1991), suggests not all ferredoxins are
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efficient in receiving in electrons from a CODH complex. Therefore, the observation
that some archaeal CODHs do not transfer electrons to non-native ferredoxin might
be related to a difference in characteristics, such as structure and location of the
special nickel-iron-sulphur clusters present in the CODH and the possibly different
mid-point redox potentials of the ferredoxin.

F420H,

xNat/xH*

Biomass
CH=H4MPT

F420H2\

CH,=H,MPT Acety @ xNa*/xH"*
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CH3-H,MPT
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Figure 5. Carbon monoxide metabolism of hydrogenotrophic methanogens. CO driven
methanogenesis with hydrogen as an intermediate is displayed. xH" or xNa" indicate translocation of an
undefined number of protons or sodium ions respectively. Reactions are not displayed stoichiometrically.
EcH, energy converting hydrogenase; Mtr, methyl-H4MPT:HS-CoM methyltransferase; ATPase, ATP
synthase; Fd, ferredoxin; MF, methanofuran; H4MPT, tetrahydromethanopterin; HS-CoM, coenzyme
M; HS-CoB, coenzyme B.
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In autotrophic, hydrogen-utilizing methanogens, CO is an intermediate of the
anabolic reductive acetyl-CoA pathway, a pathway functionally similar to the Wood-
Ljungdahl pathway in bacteria (Berg et al., 2010). The archaecal CODH required
for growth is a nickel-dependent enzyme, just as observed in bacteria (Hammel
et al., 1984). For CO to be utilized as energy source by methanogens, a CODH
has to be present that can function in the CO oxidizing direction, and suitable
cofactors for electron transfer to the methanogenic metabolism should be available.
Thermophilic Methanothermobacter thermoautotrophicus is capable of growing on
CO, but slowly; at CO pressures up to 50 kPa at a rate of 1% compared to its growth
rate on H,/CO, (Daniels et al., 1977). The genome of M. thermoautotrophicus
(Smith et al., 1997) codes for a single CODH enzyme with ACS as a neighbouring
gene, which are used for anabolism during growth on hydrogen (Stupperich et al.,
1983). Growing M. thermoautotrophicus on CO as sole electron donor, results in
methane formation and small amounts of H,, suggesting hydrogen is an intermediate
or side product of the metabolism. In hydrogenotrophic methanogens an EcH
is present, which is involved in the reduction of ferredoxin with H,, driven by a
proton gradient (Thauer et al., 2010). Generation of reduced ferredoxin by CODH
allows for the reverse reaction to take place, generating a proton gradient. This
additionally results in the formation of hydrogen, which subsequently can be used
for reduction of CO, to methane (figure 5). Metabolic activity using CO, with H,
as intermediate, is also observed in Methanosarcina barkeri (Fischer and Thauer,
1990) and Methanosarcina thermophila (Terlesky and Ferry, 1988; Zinder and
Anguish, 1992). Experiments with cell extracts and washed cells of M. thermophila
show increased hydrogenogenic activity upon exposure to CO (Zinder and Anguish,
1992). When growing M. thermophila on acetate, hydrogen production was detected
besides methane formation, suggesting coupling of CO oxidation to proton reduction
(Terlesky and Ferry, 1988). M. barkeri also has the capability of oxidizing CO
coupled to formation of hydrogen, resulting in the formation of a proton gradient
(Bott and Thauer, 1989). Upon addition of methanogenic inhibitors, cell suspensions
of M. barkeri were still capable of utilizing CO, producing hydrogen and additionally
resulting in formation of ATP (Bott et al., 1986). If a hydrogenogenic metabolism can
sustain growth in M. barkeri is unclear. Without methanogenic inhibitors, the formed
hydrogen is further oxidized to form methane, allowing for growth (O’Brien et al.,
1984). Judging from the carboxydotrophic generation time of M. barkeri (~65h) and
M. thermoautotrophicus (~200h), the methanogenic metabolism on CO is not very
efficient. For both strains, hydrogen accumulation is observed during methanogenic
carboxydotrophic growth (Daniels et al., 1977; O’Brien et al., 1984). This suggests
hydrogenases, required for the formation of methane from the intermediately formed
hydrogen, are inhibited by CO. The involved hydrogenases, such as the heterodisulfide
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reductase-associated hydrogenase and the F420-reducing hydrogenase, are of the
[Ni-Fe] type (Thauer et al., 2010) and can be expected to be relatively resistant, but
not insensitive, to CO (De Lacey et al., 2007). Additionally, M. thermoautotrophicus
contains an iron-dependent methylenetetrahydromethanopterin dehydrogenase,
which is involved in the conversion of methenyltetrahydromethanopterin to
methylenetetrahydromethanopterin directly using hydrogen as a donor (Zirngibl et
al., 1990). This hydrogenase is found in several hydrogenotrophic methanogens, and
is mainly expressed under nickel-deprived conditions (Afting et al., 1998, 2000).
The enzyme is susceptible to CO (Lyon et al., 2004) and is therefore a potential
target for inhibition during carboxydotrophic growth. Despite the indication that
hydrogenases are a limiting factor for carboxydotrophic methanogenesis, inhibition
of other enzymes by CO cannot be ruled out as only limited information is available
on the mechanisms of CO toxicity in methanogens.

During aceticlastic methanogenesis, CO is an intermediate originating from the
splitting of acetyl-CoA by the CODH/ACS complex (Grahame, 2003). Subsequently,
CODH is used to further oxidize CO and provide electrons for reduction of the
methyl-group to methane. Methanogenic bioreactors fed with acetate accumulated
CO to levels up to 0.25Pa, likely resulting from its role as intermediate in aceticlastic
methanogenesis (Hickey and Switzenbaum, 1990). Obligate aceticlastic methanogens
such as Methanothrix sp. strain CALS-1, were observed to accumulate CO to low
partial pressures while metabolizing acetate (Zinder and Anguish, 1992). Upon
addition of low amounts of CO, it was consumed till equilibrium levels of 0.16 Pa.
Addition of CO to levels of 2 kPa caused inhibition of growth on acetate. Obligate
aceticlastic methanogens are devoid of hydrogenases (Deppenmeier etal., 1996; Smith
and Ingram-Smith, 2007). This makes it unlikely that inhibition of hydrogenases
results in CO toxicity for these methanogens. However, in contrast to EcH containing
methanogens, the electrons released from CO oxidation cannot be coupled to proton
reduction, requiring other pathways to re-oxidize formed reduction equivalents. The
methyl-branch of the reductive acetyl-CoA pathway could theoretically fulfil this role,
as the genes are present in the genome of aceticlastic Methanosaeta/Methanothrix
species (Zhu et al., 2012). All of these organisms however, lack the ability to grow on
H,/CO, or formate (Thauer et al., 2008), suggesting no activity of this pathway in the
CO,-reducing direction. The genes of the methyl-branch coded for in these species
are phylogenetically similar to genes present in methylotrophic methanogens, which
use this branch in the oxidative direction, in order to generate reduction equivalents
for biosynthesis (Zhu et al., 2012). This is further supported by C13 labelling studies
in Methanosaeta harundinacea which confirms activity in the oxidizing but not in
the reducing direction (Zhu et al., 2012). This suggests the methyl-branch of the
reductive acetyl-CoA pathway in aceticlastic methanogens is not optimal for re-
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oxidation of reduced cofactors, as is suggested for hydrogenotrophic methanogens
(figure 5). When exposed to elevated levels of CO this could result in an over-reduced
state of the cell, making it difficult for obligate aceticlastic methanogens to utilize it
as a substrate.

The only methanogen which appears to deal quite well with CO is Methanosarcina
acetivorans, which was initially isolated from marine sediments (Sowers et al.,
1984). In addition to methane, acetate and formate were observed to be the main
end products from CO (Rother and Metcalf, 2004). Additionally, M. acetivorans was
found to produce methylated-thiols from CO (Oelgeschldger and Rother, 2009). The
M. acetivorans genome codes for two isoforms of CODH/ACS, Cdhl and Cdh2,
which are both considered to be functional in acetyl-CoA anabolism and catabolism
(Matschiavelli et al., 2012). The expression levels of the two isoforms are theorised
to be regulated on transcriptional and posttranscriptional level by a CdhA subunit
(CdhA3), which is suggested to act as a CO sensor (Matschiavelli et al., 2012).
In addition to the CODH/ACS complex, two monofunctional CODH, CooS1F and
Co0S2, were found to assist in removal of the CO at high CO partial pressures (Rother
et al., 2007). For M. acetivorans no hydrogen formation is observed during growth
on CO, which is supported by the fact that it is devoid of any significant hydrogen
metabolism (Sowers et al., 1984). Despite the inability of M. acetivorans to grow on
H,/CO,, its genome codes for homologs of the methyl-branch of the reductive acetyl-
CoA pathway (Galagan et al., 2002). Proteomic analysis shows that these genes are
more abundantly expressed during CO-dependent growth when compared to growth
on acetate or methanol (Lessner et al., 2006). This suggests that, in contrast to what
is proposed for Methanosaeta/Methanotrix species, M. acetivorans uses the methyl-
branch of the reductive acetyl-CoA pathway to regenerate its reduction equivalents.
However, due to its lack of hydrogenases it is unclear how the organism couples
oxidation of CO to reduction of F420, which is required to operate this pathway. M.
acetivorans was shown to express a sodium dependent “RnF-like” complex when
metabolizing acetate (Li et al., 2007; Schlegel et al., 2012). It is speculated that
this RnF complex couples ferredoxin oxidation to reduction of methanophenazine,
subsequently passing on the electrons to the heterodisulfide reductase (Hdr) complex,
involved in HS-CoM/HS-CoB regeneration (Li et al., 2007) (figure 6). Proteomic data
of M. acetivorans show that in cells grown on CO the F420-oxidizing:Fpo complex
is relatively more abundant, which suggests a role in CO metabolism (Lessner et
al., 20006). This protein complex possibly operates in combination with the RnF
complex, to catalyse ferredoxin-dependent F420 reduction (Lessner et al., 2006)
(figure 6). An alternative for coupling ferredoxin oxidation to F420 reduction is via
a subunit from the Fpo complex which partly resides in the cytoplasm: FpoF. This
subunit was found to catalyse ferredoxin:F420 reduction in EcH knockout mutants
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Figure 6. Aceticlastic and carboxydotrophic metabolism of M. acetivorans. Aceticlastic
methanogenic pathway proposed for M. acetivorans (red) and carboxydotrophic pathway proposed
for M. acetivorans (blue). For carboxydotrophic growth either RnF/Fpo (blue) or FpoF (green) are
proposed to generate reduced F420 from ferredoxin. xH* or xNa* indicate translocation of an undefined
number of protons or sodium ions respectively. RnF, RnF-like complex; ATPase, ATP synthase;
Mtr, methyl-H4SPT:HS-CoM methyltransferase; Fpo, F420 dehydrogenase complex; FpoF, F420
dehydrogenase subunit F; Hdr, heterodisulfide reductase; Fd, ferredoxin; MF, methanofuran; H4SPT,
tetrahydrosarcinapterin; HS-CoM, coenzyme M; HS-CoB, coenzyme B
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of Methanosarcina mazei, whereas knockout mutants of the FpoF subunit did not
show this activity (Welte and Deppenmeier, 2011). Despite the lack of genes coding
for formate dehydrogenases in the genome of M. activorans (Galagan et al., 2002),
formate is produced in addition to acetate and methane during carboxydotrophic
growth. Formate is suggested to originate from activity of formyl-methanofuran
dehydrogenase and is theorized to act as a redox exhaust of the cell during CO driven
growth (Matschiavelli and Rother, 2015).

M. acetivorans is not the only archaeon producing acetate and formate from CO,
as also the hyperthermophilic, sulphate-reducing Archaeoglobus fulgidus generates
these products during carboxydotrophic growth in absence of sulphate. In A4. fulgidus
however, both the RnF and EcH complexes are not coded for in the genome (Hocking
et al., 2014). A FpoF homolog, FqoF, is encoded for in the genome of 4. fulgidus
(Briiggemann et al., 2000), which could take part in the coupling of ferredoxin
oxidation to F420 reduction. The absence of an EcH complex poses also a question
for the redox balance of the organism, as hydrogen cannot be used as a redox exhaust.
It is possible that formate is formed in a similar way as theorized for M. acetivorans,
but it can also be formed via F420-dependent formate dehydrogenases, allowing
favourable redox balance during growth.

Comparison and application of fermentative carboxydotrophic metabolism

Comparing the three main variants of fermentative CO metabolism, it is obvious that
similar sets of enzymes and pathways are used. Hydrogenogenic microorganisms
seem to be the most efficient CO-utilizers due to their relatively simple and
“redox-closed” energy metabolism. This allows the water-gas shift mechanism to
operate at a rate independent of the rest of the metabolism, minimizing metabolic
stress. To maximize the energetic yield on CO, a methanogenic or acetogenic
microorganism would first have to perform hydrogenogenesis, conserving energy
via an EcH complex, subsequently gaining energy from the use of hydrogen for
methanogenesis or acetogenesis. Hydrogenotrophic methanogens and acetogens
like M. thermoacetica seem to make use of this strategy, maximizing the ATP yield
per CO utilized. However, despite these optimized energy yields, these organisms
have no outstanding growth performance on CO. This is likely related to the CO
sensitivity of hydrogenases, essential for this type of metabolism. Acetogens which
employ RnF complexes, seem less prone to inhibition by CO, but need to couple CO
oxidation stoichiometrically to the Wood-Ljungdahl pathway in order to prevent an
over-reduced state of the cell. In relatively fast growing acetogenic bacteria, this is
prevented by utilizing alternative pathways to re-oxidize cofactors faster. Loss of
“energy-rich” reduction equivalents in these re-oxidizing reactions lowers the overall
energy yield of the cell. However, this is expected to allow for better maintenance of
redox balance, resulting in reduced stress for the overall metabolism. Still net energy
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is assumed to be conserved by CO-utilizing acetogens, such as C. ljungdahlii, during
acetyl-CoA formation. This suggests a large and diverse range of products can be
formed from carboxydotrophic metabolism, making it interesting for future research
and bio-based applications.
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Abstract

Hydrogenotrophic methanogenic archaea are efficient H, utilizers, but only a few
are known to be able to utilize CO. Methanothermobacter thermoautotrophicus is
one of the hydrogenotrophic methanogens able to grow on CO, albeit about 100
times slower than on H, + CO,. In this study we show that the hydrogenotrophic
methanogen Methanothermobacter marburgensis, is able to perform methanogenic
growth on H,/CO,/CO and on CO as a sole substrate. To gain further insight in its
carboxydotrophic metabolism, the proteome of M. marburgensis, grown on H,/CO,
and H,/CO,/CO, was analysed. Cultures grown with H/CO,/CO showed relative
higher abundance of enzymes involved in the reductive acetyl-CoA pathway and
proteins involved in redox metabolism. The data suggest that the strong reducing
capacity of CO negatively affects hydrogenotrophic methanogenesis, making growth
on CO as a sole substrate difficult for this type of methanogens. M. marburgensis
appears to partly deal with this by upregulating co-factor regenerating reactions and
activating additional pathways allowing for formation of other products, like acetate.

Introduction

Methanogenesis from hydrogen, acetate, methanol or methanethiols is a relatively
well-studied process (Thauer et al., 2008). In 1931, CO was shown to potentially act
as a substrate for methanogens in mixed cultures (Fischeretal., 1931), but knowledge
of carboxydotrophic methanogenesis is still rather limited. Gaining insight in CO-
driven methanogenesis is not only of interest from a fundamental point of view, but
also from an applied scope. The rapid development of syngas technology makes it
cheaper to convert any carbon rich source into a gaseous mixture, consisting mainly
of CO, H, and CO, (syngas). Syngas-driven carboxydotrophic methanogenesis
can be considered as an alternative to biogas production via anaerobic digestion.
About 10-25% of the biomass consists of lignin, which is difficult to degrade
biologically and can even prevent degradation of easily degradable biopolymers
such as hemicellulose (Daniell et al., 2012; Jonsson and Martin, 2016). Additionally,
biomass-derived biogas contains a fraction of 25-45% CO, (de Mes et al., 2003) and
needs to be subsequently upgraded to bio-methane before injection in the gas grid is
possible. Via the syngas route a higher substrate conversion yield can be achieved,
and by increasing the H, content of the gas substrate a CO,-free end product can be
obtained in one process step.

Carbon monoxide appears to be a difficult substrate for methanogens, and only
three methanogens have been shown to utilize it for growth: Methanothermobacter
thermoautotrophicus (Daniels et al., 1977), Methanosarina barkeri (Bott et al., 1986;
O’Brien et al., 1984) and Methanosarcina acetivorans (Rother and Metcalf, 2004).
Carboxydotrophic growth of M. thermoautotrophicus is possible with CO as a sole
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carbon source up to pressures of 50 kPa. Doubling times reported for CO-grown M.
thermoautotrophicus are about 200 hours, which is about a 100 times slower than
with H,/CO, (Daniels et al., 1977). M. barkeri was observed to utilize 100 kPa CO,
but also at a relatively slow doubling time (about 65 hours) compared to growth on
other substrates (O’Brien et al., 1984). Methanosarcina acetivorans can withstand
higher CO partial pressures (>150 kPa) and grows on CO with a doubling time of
about 20 hours. However, it shifts its methanogenic metabolism towards formation
of acetate and formate with increasing CO pressures (Rother and Metcalf, 2004).
Detailed research has been performed on the CO metabolism of M. acetivorans
(Lessner et al., 2006; Matschiavelli et al., 2012; Rother et al., 2007; Rother and
Metcalf, 2004), providing more insight in the enzymes involved in carboxydotrophic
metabolism of this aceticlastic methanogen. Currently, M. thermoautotrophicus
is the only hydrogenotrophic methanogen known that can grow on CO as a
substrate, and there is limited knowledge on the carboxydotrophic metabolism of
hydrogenotrophic methanogens in general. Carboxydotrophic methanogenesis is
expected to be operated in a similar way as hydrogenotrophic metabolism (Daniels
et al., 1977;Diender et al., 2015, Chapter 2). Electrons derived from the oxidation
of CO or H, are used to reduce CO, to methyl-tetrahydromethanopterin (methyl-
H4MPT). This key-intermediate can subsequently be converted into either methane,
for energy generation, or assimilated via acetyl-CoA, for biomass production.

In this study we aimed to assess the CO-metabolism of Methanothermobacter
marburgensis. M. marburgensis has a highly similar CODH sequence to that of M.
thermoautotrophicus (93% identity). Additionally, it was shown that the methyl-
coenzyme M reductase (MCR) of M. marburgensis was activated 15 times faster
by CO than by H, (Zhou et al., 2013). Here we show that M. marburgensis can
grow methanogenically on CO and we assessed its carboxydotrophic metabolism via
physiological analysis and proteomics. Additionally, we evaluated the limitations of
this type of metabolism, which is theorised to be related to hydrogenase inhibition or
redox-stress (Diender et al., 2015, Chapter 2).

Material and methods

Strains and cultivation

Strains M. thermoautotrophicus (DSM 1053) and M. marburgensis (DSM 2133)
were obtained from the German Collection of Microorganisms and Cell Cultures
(DSMZ) (Braunschweig, Germany). Strains were initially cultivated at 65 °C on
recommended Methanobacterium medium (DSM-119) using anaerobic cultivation
procedures. After growth was confirmed, the strains were adapted to growth in a
carbonate-phosphate buffered medium with the following composition per liter: 0.4
gKH,PO,, 0.53 g K. HPO,*2 H,0, 0.3 gNH,CI, 0.3 g NaCl, 0.1 g MgCl,*6 H,0, 0.5
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g yeast extract, and 0.5 mg resazurin. Medium was supplemented, per liter, with 61.8
ug H.BO,, 61.25 ug MnCl,, 943.5 pg FeCl,, 64.5 pg CoCl,, 12.86 ug NiCl,, 67.7 ug
ZnCl,, 13.35 pg CuCl,, 17.3 pug Na,SeO,, 29.4 ug Na,WO, and 20.5 pg Na,MoO,.
Medium was prepared, boiled and cooled under a continuous nitrogen flow. Bottles
(120 ml total volume, 50 ml liquid) were filled with medium and instantly capped with
rubber stopper and aluminium cap. The gas phase was exchanged with either 80:20
N,/CO, or 80:20 H,/CO,, resulting in a final pressure of 170 kPa. When necessary,
the headspace was further fine-tuned by addition of CO, keeping final pressure at
170 kPa. The bottles were autoclaved and stored at room temperature till further
use. Before inoculation medium was supplied with the following volumes of stock
solutions: 1% of 11 g CaCl,*2 H,O per liter, 1% of a vitamin solution containing
per liter: biotin 20 mg, nicotinamid 200 mg, p-aminobenzoic acid 100 mg, thiamin
200 mg, panthotenic acid 100 mg, pyridoxamine 500 mg, cyanocobalamine 100 mg,
riboflavine 100 mg. The medium was reduced by introducing a 5% volume of a stock
solution containing 4.8 g Na_S * x H O (x = 7-9) and 80 g NaHCO3 per liter. Unless
stated otherwise, bottles were inoculated with an exponentially growing culture in a
1:50 ratio (v/v).

Analytical procedures

Headspace composition was determined by gas chromatography using a GC-2014
(Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector. H,, CH,
and CO were measured with a Molsieve 13X column, 2 m long and an inner diameter
of 3mm. Argon was used as carrier gas at a flow rate of 50 ml/min. Injector, column
and detector temperatures were set to 80, 60 and 130°C, respectively. CO, was
measured separately in a CP Poraplot column of 25 m x 0.53 mm, with a stationary
phase film thickness of 20 um, employing helium as carrier gas at a flow rate of 15
ml/min. Injector, column and detector temperatures were set to 60, 34 and 130°C,
respectively. The detection limits for H,, CO, CO, and CH, were 20, 250, 20 and 80
Pa, respectively.

Liquid phase composition was analysed via high pressure liquid chromatography
equipped with a MetaCarb 67H column (Agilent Technologies, Santa Clara, CA).
The column was operated at a temperature of 45 °C with a flow rate of 0.8 ml/min
using 0.01 N H,SO, as eluent. Detection of acetate was done using an RI and UV
detector. Concentrations of 0.5 mM could be accurately determined and lower levels
are referred to as trace amounts.

Cell free extract preparation and measuring CO-oxidation activity

Cells of M. marburgensis were grown on either 80:20 H,/CO, or 60:20:20 H,/CO,/
CO. Biological triplicates were prepared for each condition. Cells were harvested at
end log-phase in an anaerobic tent, where the broth was centrifuged at 13000 g for
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10 minutes. Supernatant was discarded and the pellets were dissolved in 1 ml 50 mM
Tris-HCI, pH 8. Cells were disrupted using a VC-40 sonicator (Sonics materials, CT,
USA) using 5 cycles of 30 seconds sonication, at a power input of 20 W, followed
by 30 seconds rest at 0 °C. Cell free extract (CFE) was put in 5 ml glass vials and
capped with rubber stoppers inside the anaerobic tent. Subsequently, the headspace
of these vials was exchanged to 1.5 bar N, to remove traces of H,.

CO-oxidation activity of the CFE was determined as follows: glass cuvettes (2 ml
total volume) were closed with a rubber stopper and flushed three times by using 5
ml N, or CO. Subsequently, 1 ml assay buffer (50 mM MOPS, pH 7, 20mM methyl
viologen (MV) and 2 mM DTT) was added to the cuvette and reduced with 1 pl of
100 mM dethionite. The cuvette was put into a pre-heated U-2010 spectrophotometer
(Hitachi, Tokyo, Japan) and was left to heat up to 60 °C. Absorption of MV was
measured at 578 nm. The initial extinction was set to a value between 0.2 and 0.6.
After obtaining a stable baseline, 50 or 25 pl cell free extract (CFE) was added to
the cuvette, initiating the reaction. Each separate biological sample was assessed
for CO-oxidizing activity and endogenous activity (using N, instead of CO). The
initial activity of CO-oxidation after CFE addition was taken, and corrected for the
initial slope of the endogenous activity. In order to confirm that CO was the electron
donor, cuvettes were prepared with N, headspace and CFE was added. After seizure
of endogenous activity 0.3 ml CO was added to the sample as initiation trigger. Each
biological sample was at least analysed in duplicate using either 50 ul or 25 ul CFE.
An extinction coefficient 9.7 mM™' cm™ (Bonam and Ludden, 1987) was used for
MYV at 578 nm. Protein concentration in the CFE was determined by using Roti-
Nanoquant protein quantitation assay (CarlRoth, Karlsruhe, Germany), according to
manufacturer instructions.

Sample preparation for proteomics

Duplicate cultures of M. marburgensis grown in two conditions, 80:20 H,/CO, and
60:20:20 H,/CO,/CO, were harvested in late exponential phase by centrifugation
(cultivation was performed in 1 liter anaerobic bottles containing 500 ml medium).
Prior to centrifugation cultures were quickly cooled down on ice and kept at 4°C for 30
minutes to decrease cell activity. Cell pellets were resuspended in TE buffer (10 mM
Tris-HCL, pH 7.5; 1 mM EDTA) containing 1 mM phenylmethanesulfonylfluoride,
and passed through a French pressure cell operated at 138 MPa. Proteins were
stabilized by addition of 8 M of urea in a proportion of 1:1 and samples were
concentrated using a 3.5 kDa MWCO filter. Final protein concentration in samples
obtained for LC-MS/MS analysis were assessed using Qubit® Protein Assay Kit in a
Qubit® 2.0 Fluorometer (Life technologies). Samples were subjected to in-solution
tryptic digestion as described elsewhere (Wessels et al., 2011).
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LC-MS/MS data acquisition

Protein samples obtained from the two sets of biological duplicates were analysed in
duplicate using C18 reversed phase liquid chromatography with online tandem mass
spectrometry (LC-MS/MS). Measurements were performed using a nanoflow ultra-
high pressure liquid chromatograph (nano-Advance; Bruker Daltonics) coupled
online to an orthogonal quadrupole time-of-flight mass spectrometer (maXis 4G
ETD, otofControl v3.4 build 14; Bruker Daltonics) via an axial desolvation vacuum
assisted electrospray ionization source (Captive sprayer; Bruker Daltonics). Five
microliters of tryptic digest were loaded onto the trapping column (Acclaim PepMap
100, 75um x 2 cm, nanoViper, 3um 100A C18 particles; Thermo Scientific) using
0.1% FA at a flow rate of 9000 nl/min for 3 minutes at room temperature. Next,
peptides were separated on a C18 reversed phase 15 cm length x 75 pm internal
diameter analytical column (Acclaim PepMap RSLC, 75um x 15 cm, nanoViper,
2um 100A C18 particles; Thermo scientific) at 40 °C using a linear gradient of 3-35%
ACN 0.1% FA in 120 minutes at a flow rate of 600 nl/min. The mass spectrometer
was operated in positive ion mode and was tuned for optimal ion transmission in
the range of m/z 300-1400. Electrospray ionization conditions were 3 1/min 180 °C
N, drying gas, 1400V capillary voltage and 0.4 Bar N, for gas phase supercharging
(nanobooster) using acetonitrile as dopant. Parameters for optimal ion transmission
were funnel RF: 400Vpp, multipole RF: 400 Vpp, quadrupole ion energy: 5.0 eV,
quadrupole low mass: 300 m/z, collision cell energy: 9.0 eV, collision cell RF: 3500
Vpp, ion cooler transfer time: 64 us, ion cooler RF: 250 Vpp, pre-pule storage: 22 us.
Data dependent acquisition of MS/MS spectra (AutoMSn) was performed using a 3
second duty cycle at 2 Hz acquisition rate for full MS spectra and a variable number
of MS/MS experiments at precursor intensity scaled spectra rate (3Hz MS/MS
spectra rate at 2000 counts, 20Hz MS/MS spectra rate @ 100.000 counts). Precursor
ions within the range of 400-1400 m/z with charge state z = 2* or higher (preferred
charge state range of z = 2* to z = 4%) were selected for MS/MS analysis with active
exclusion enabled (excluded after 1 spectrum, released after 0.5min, reconsidered
precursor if current intensity/previous intensity >= 4, smart exclusion disabled).
Spectra were saved as line spectra only and were calculated from profile spectra as
the sum of intensities across a mass spectral peak (5 counts absolute threshold, peak
summation width 7 points).

Proteomics analysis

Protein identification and relative quantitation was performed using the MaxQuant
software (v.1.5.0.0) (Cox and Mann, 2008) using the build-in Andromeda database
search algorithm. Extracted MS/MS spectra were searched against the SWISS-
PROT Methanothermobacter marburgensis protein sequence database. Amino acid
sequences of known contaminant proteins (e.g. skin and hair proteins, Trypsin,
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LysC) were added to the database. The following settings were used for peptide
and protein identification: carbamidomethyl (Cys) as fixed modification, oxidation
(Met) and deamidation (NQ) as variable modifications, predefined MS and MS/
MS settings for TOF instruments, minimal peptide length 6 amino acids and a
maximum allowed false discovery rate of 1% at both the peptide and protein level.
Label free quantitation (LFQ) was performed with the match between runs and re-
quantify options using at least 2 razor + unique peptides. Retention time alignment
was performed with a time alignment window of 20 minutes and a retention time
match window of 0.5 minutes. Label-free quantitation (LFQ) values were used for
subsequent data analysis. Proteins quantified in at least 3 out of 4 measurements for
either growth condition were analyzed by student T-tests to identify differentially
expressed proteins with p < 0.05. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al.,
2016) partner repository with the dataset identifier PXD003661.

Results

Carboxydotrophic growth of M. thermoautotrophicus and M. marburgensis
Both, M. thermoautotrophicus and M. marburgensis were capable of growing
methanogenically on H/CO,/CO or CO as a sole substrate. When assessing the
production profiles on H,/CO,/CO, it appears that both strains co-utilize H, and CO
(figure 1). For both strains H, utilization becomes slower with exposure to higher
CO pressures. The maximal H, consumption rate of M. marburgensis dropped from
1.3 mmol/lliqui J/ht00.43 mmol/lliqui /h when increasing the CO pressure from 0 to 70
kPa. Similarly M. thermoautotrophicus decreased its maximal H, consumption rate
from 0.55 mrnol/lliqui J/ht00.19 rnmol/lliqui /h when increasing the CO pressure from
0 to 70 kPa. M. marburgensis could be grown on CO as a sole substrate up to 50 kPa
(data not shown), which is similar to the value found for M. thermoautotrophicus
(Daniels et al., 1977).

M. marburgensis appears to utilize carbon monoxide more easily as it depletes
34 kPa CO within 120 hours, while M. thermoautotrophicus uses this substrate
significantly slower (figure 1). This suggests that M. marburgensis can be better
adapted to carboxydotrophic growth than M. thermoautotrophicus. It was attempted
to adapt both strains to cultivation on purely CO by repeatedly transferring them in
presence of solely CO as electron donor. The initial lag phase of M. marburgensis
growing solely on 34 kPa CO was ~500 h, but in the two subsequent transfers
the lag phase for CO conversion decreased to ~100 h (figure 2). CO consumption
and methane production rates between these transfers did not change significantly
(figure 2). Cultures transferred back to H,/CO, quickly lost this adaptation to CO and
showed again a longer lag phase when incubated with CO alone. Nevertheless, a re-
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adaptation of these cultures to CO was possible. Growth of M. thermoautotrophicus
on H/CO,/CO or CO as the sole substrate could not be improved via subsequent
transfers, nor could the lag phase be decreased. Due to this inefficient growth of M.
thermoautotrophicus in presence of CO it was decided to perform further analysis
and proteomics solely with M. marburgensis.
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Figure 1. Production profile of hydrogenotrophic methanogens growing on H,/CO,/CO. A)
production profile of M. thermoautotrophicus B) production profile of M. marburgensis. Hydrogen:
solid black triangles, Methane: open black squares, Carbon monoxide: open black circles. Gas is
represented as total amount of mmol present in the bottle headspace. Error bars display maximal and

minimal amounts over duplicate experiments.
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Figure 2. Adaptation of M. marburgensis to carboxydotrophic growth. A) consumption of CO
(black solid circles) and production of methane (open squares). B) H, production and consumption
profile during growth on CO. Red planes indicate the timeframe where methanogenesis is initiated. Gas

is represented as total amount of mmol present in the bottle headspace.

In all cultures of M. marburgensis growing on CO as a sole substrate, H, is observed
to accumulate in the headspace before the onset of methanogenesis (figure 2).
Upon initiation of carboxydotrophic methanogenesis, H, is co-utilized. At the
end of cultivation, not all the CO is converted to methane as approximately 1 mol
methane is formed per 6 mol CO consumed (figure 2), suggesting formation of other
products. Acetate formation was observed in incubations of M. marburgensis grown
in presence of CO, which ranged from 2-4 mM at the end of cultivation.

Assessing the M. marburgensis CO oxidizing activity in the CFE of H,/CO,/CO
grown cells resulted in a specific MV reducing activity of 2.74 £ 0.3 pmol MV
min' mg protein” after correction for endogenous activity. H /CO, grown cells
showed a specific MV reducing activity of 2.06 = 0.13 pmol MV min"! mg protein’!
after correction for endogenous activity, which is about 1.3 times lower than in
the condition with CO. Additionally, the CFE of H,/CO, grown cells showed no
endogenous activity, while cells grown on H,/CO,/CO showed an average initial
endogenous activity of 0.6 pmol MV min"! mg protein™'. This endogenous activity
decayed over time, completely seizing after ~150 seconds. Addition of CO, after
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seizure of endogenous activity, resulted again in reduction of MV in all samples.

Comparative proteomics of M. marburgensis

Comparative proteomic analysis was performed on M. marburgensis incubated with
80:20 H,/CO, or 60:20:20 H,/CO,/CO. In the proteomics analysis 5845 peptides
from 831 non-redundant proteins were identified (False discovery rate (FDR) < 1%,
average absolute mass error: 1.14 = 1.76 ppm) of which 590 proteins were quantified
using at least 2 razor +unique peptides in > 3 measurements of either growth condition.
Both the technical and biological reproducibility was very good based on median
LFQ standard deviations of 6.9% and 18.4%, respectively. In total, 203 proteins
were found to be differentially abundant between the two growth conditions (student
T-test p <0.05, median LFQ standard deviation: 14.8%). All the proteins required for
hydrogenotrophic methanogenesis and the reductive acetyl-CoA pathway could be
detected in both the H,/CO, and H,/CO,/CO-grown cultures (figure 3). In presence
of CO, several subunits of carbon monoxide dehydrogenase (CODH) and acetyl-
CoA synthase (ACS) were more abundant. Several enzymes in the methyl-branch
of the acetyl-CoA pathway were found to be increased in abundance in the presence
of CO (table 1): mainly the formylmethanofuran dehydrogenase, methyl-coenzyme
M reductase-I and the F420 dependent methylene-H4MPT dehydrogenase.
Additionally, a higher abundance of the subunit H of the tetrahydromethanopterin
S-methyltransferase was detected with CO as substrate. Other subunits of this
complex were not significantly overproduced, and levels of subunit B and G were
even lowered. Also, a predicted acetyl-CoA synthetase, theorised to be involved in
acetate metabolism, was found to be more abundant.

Polyferredoxin, belonging to the energy conserving hydrogenase (EcH), was more
abundant in the presence of CO, but other subunits of this EcH were not clearly
differentially present. Other hydrogenase related proteins, such as the HypE protein,
involved in hydrogenase maturation, and subunits of the F420-reducing hydrogenase
were also found to be more abundant in cultures grown with CO in the headspace. In
presence of CO, several proteins related to redox stress were found in higher numbers:
F420 oxidase, superoxide dismutase, superoxide reductase and F390 synthethase
(table S1). In addition to redox stress proteins, a predicted universal stress protein
was found to be more abundant. Also a decrease in 30S and 50S ribosomal proteins
was observed in presence of CO. Tuning down of ribosomal RNA and ribosomal
proteins, is often observed as a response to different types of stress in Escherichia
coli (Wagner, 2001), but also in other microorganisms this is observed (Abee and
Wouters, 1999; van de Guchte et al., 2002). The decrease in ribosomal proteins in M.
marburgensis in presence of CO could thus potentially be an additional indication
of stress.

60



Proteomic analysis of the hydrogen and carbon monoxide metabolism of
Methanothermobacter marburgensis

—_——_—— — —_— —_— —_— —_— — — e — e — = =

|
| |
| |
| |
| | CHO-MF
xNat/xH*
[ I Ftr
| | Fd | |
| I CHO-H,MPT | |
| | Mch 2 | |
| I CH=H,MPT Ao €0, cmf ! !
FA20H;
LT Md Acd . o
| | CH=H:MPT  acetyl-CoA AcsABCDE | '
: : F420H24\ Mer Fd : :
| | CH;-H MPT co | l
P AcsABCDE Lol
| .
xNa HS-CoM MVhADG | |
|
MtrABCDEFGH, it HARABE S
CH;-CoM HS-CoM Fd* | l
| HS-CoB HS-CoB | I
| McrABCDG b
| CoM-CoB 2H, | I
| |
|
|

Figure 3. Comparative proteomic analysis of methanogenic metabolism of M. marburgensis grown
on H,/CO,/CO or H,/CO,. Relative abundance of proteins of carboxydotrophic growth compared to
hydrogenotrophic growth is shown. Proteins highlighted green are found more abundantly present,
proteins highlighted blue are not significantly changed in abundance and proteins highlighted in red are
found to be less abundant in presence of CO (p < 0.05). Fmd, formyl-methanofuran dehydrogenase;
Ftr, Tetramethanopterin Formyl-transferase; Mch, methenyltetramethanopterin cyclohydrolase;
Mtd, methylene-H4MPT dehydrogenase; Mer, Methylene-H4MPT reductase; Acs, Acetyl-CoA
synthase; Acd, Acetyl-CoA synthetase; Cmf, CODH maturation factor; Mvh/Hdr, F420-non-reducing
hydrogenase / heterodisulfide reductase; Mtr, tetrahydromethanopterin S-methyltransferase; Mcr,
methyl-coenzyme M reductase; EcH, Energy conserving hydrogenase; Fhd, F420 dehydrogenase;
H4MPT, tetrahydromethanopterin; MF, methanofuran.
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Discussion

When growing on hydrogen, hydrogenotrophic methanogens generate methyl-
H4MPT required in the final part of methanogenesis (Thauer et al., 2008). In addition,
they can assimilate acetyl-CoA from methyl-H4MPT for biosynthetic purposes, by
using the acetyl-CoA synthase (ACS). This requires CODH activity to reduce CO,
to CO, which is subsequently condensed with methyl-H4MPT and CoA-SH to form
acetyl-CoA. For methanogens, the CODH complex is in almost all cases associated
with an ACS complex (Techtmann et al., 2012), suggesting it mainly plays a role in
the assimilatory metabolism.

CODH/ACS related metabolism

The slight, but significant, increase in CO-oxidation activity observed in the CFE of
H,/CO,/CO grown cultures compared to the CFE of H,/CO, grown cells suggests
that more CO-oxidizing enzymes are present. This is in accordance with the higher
abundance of several CODH/ACS related proteins when M. marburgensis is grown
in the presence of CO: the epsilon and gamma subunit of the main complex, the
CODH maturation protein and a CODH related ferredoxin. Two CODH-related
operons can be found in the genome of M. marburgensis (cdhl and cdh2) (Liesegang
et al., 2010). The cdh2 operon codes for all the five subunits of a CODH/ACS, a
CODH-like maturation factor and a CODH-related ferredoxin. Detection of the
complete CODH/ACS complex under both of the tested conditions suggests that it
is at least involved in assimilatory metabolism. Higher abundance of several CODH
subunits, the CODH maturation factor and the CODH-related ferredoxin in the H,/
CO,/CO condition could indicate that the complex is also involved in CO-oxidation,
allowing transfer of electrons to other co-factors/proteins. Such an observation
is also made in M. acetivorans of which the genome contains two CODH/ACS
operons (cdhl and cdh2). Higher abundance of these CODH/ACS complexes was
observed during proteomic analysis comparing CO-grown to acetate- or methanol-
grown cultures. This suggests an important role for the CODH/ACS complex in CO-
oxidation (Lessner et al., 2006; Rother et al., 2007). It has been shown later on that
both Cdh isoforms of M. acetivorans are functional CODH/ACS complexes and that
one isoform is sufficient for catabolic and anabolic functions (Matschiavelli et al.,
2012). It is therefore likely that the CODH/ACS complex of M. marburgensis plays
a main role in CO-oxidation.

The cdhl operon of M. marburgensis contains the sequence of one pseudo annotated
CODH alpha subunit and a sequence coding for a HycB-like, ferredoxin-related,
protein. The presence of the HycB gene next to the CODH sequence could indicate
that this protein is involved in CO-oxidation. However, its function remains unclear
as this protein is not detected in the H,/CO, nor the H/CO,/CO condition. The
genome of M. acetivorans contains three other CODH sequences in addition to
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the two CODH/ACS operons: two monofunctional CODH related genes (cooS1F
and coo0S2) and one operon containing solely the alpha subunit of the CODH/ACS
complex (cdhA3). Knockout studies showed that the two monofunctional CODHs are
not essential for CO utilization, as CO was still utilized as a substrate in the knockout
strains (Rother et al., 2007). These monofunctional CODHs were observed to have a
function at elevated CO pressures as detoxification mechanism. The CdhA3 protein
is suggested to play a role in CO sensing and is apparently not directly involved in
CO oxidation (Matschiavelli et al., 2012). The Cdhl of M. marburgensis was not
detected in the conditions tested here, and thus no conclusions can be drawn on its
function. However, as the CO concentrations used in this study are relatively low, it is
possible this protein is involved in CO-detoxification at higher CO pressures, similar
to the observation in M. acetivorans. However, a different role or non-functionality
of this protein cannot be ruled out.

Methyl-branch related proteins

In addition to CODH/ACS related proteins, several enzymes involved in the methyl-
branch of the reductive acetyl-CoA pathway were more abundant in cultures grown
on H/CO,/CO. In particular, formylmethanofuran dehydrogenase, acting in the
formation of formylmethanofuran from CO,, and the F420-dependent methylene-
H4MPT dehydrogenase, involved in generation of methyl-H4MPT from methylene-
H4MPT, are significantly more abundant in incubations with CO (table 1, figure 3).
Both proteins play a role in re-oxidation of co-factors, and their higher abundance
might assist in countering the redox pressure of CO. Other proteins involved in the
methyl-branch stay similar in abundance compared to incubations with H/CO,
(figure 3).

The higher abundance of several enzymes in the methyl-branch in H,/CO,/CO grown
M. marburgensis is expected toresultin anincreased flow through the pathway and thus
requires upregulation of subsequent pathways. This might explain the ‘switching-on’
of the acetate formation pathway and the increased production of enzymes involved
in the final steps of methanogenesis (figure 3). The observed acetate formation by M.
marburgensis in presence of CO is supported by the finding of higher abundance of
a predicted acetyl-coenzyme A synthetase (E.C. 6.2.1.1), theorised to be involved in
acetate production and consumption. Proteomics data of M. marburgensis grown on
H,/CO,/CO shows higher abundance of all subunits of methyl-coenzyme M reductase.
Additionally, the H-subunit of tetrahydromethanopterin methyl-transferase is found
to be more abundant. Studies on the H-subunit in M. thermoautotrophicus shows
it catalyses the conversion of cob(l)alamin with CH3-H4MPT to methylcob(IlI)
alamin, but lacks conversion activity of methylcob(Ill)alamin to methyl-CoM in
absence of the rest of the complex (Hippler and Thauer, 1999). Other subunits of
this complex are unchanged or even lowered in abundance in presence of CO (figure
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3). The membrane associated nature of this protein complex might have hindered
accurate quantification, making it difficult to assess the relative abundance of the
different subunits between the two conditions. This hinders the assessment of the
role of the complex as a whole in the carboxydotrophic methanogenic metabolism
of M. marburgensis.

Comparing the proteomics results obtained here with results reported for M.
acetivorans 1is difficult as the native aceticlastic metabolism of M. acetivorans is
different from the hydrogenotrophic metabolism of M. marburgensis. M. acetivorans
cannot be grown on hydrogen and comparative proteomic studies with CO have
been performed using acetate and methanol as alternative substrates (Lessner et al.,
2006; Rother et al., 2007). A detailed comparison between the carboxydotrophic
metabolism of M. acetivorans and M. marburgensis would therefore not be accurate.

Limitations in hydrogenotrophic carboxydotrophic methanogenic metabolism
Carbon monoxide affects metalloproteins by interacting with their active-centres
via back-bonding (Jeoung et al., 2014). Hydrogenases are considered CO-sensitive
enzymes and H, metabolism of several microbial strains is inhibited by CO (Bertsch
and Miiller, 2015a; Daniels et al., 1977; Genthner and Bryant, 1982). However, [Ni-
Fe]-hydrogenases are considered more robust and more resistant to CO-inhibition
(Adams, 1990b; De Lacey et al., 2007). Hydrogenases involved in methanogenesis
are in general [Ni-Fe]-hydrogenases, except for the iron-only hydrogenase present in
M. thermoautotrophicus, replacing the methylene-H4MPT dehydrogenase in nickel
deprived conditions (Afting et al., 1998, 2000). Higher CO-pressures seem to inhibit
the metabolism of both M. thermoautotrophicus and M. marburgensis, as can be seen
from the slowing down in H, consumption rate. However, the ability of both strains
to co-utilize H, and CO suggests hydrogenase inhibition is not the only mechanism
of toxicity in these hydrogenotrophic methanogens.

CO has a low redox-potential (E’=-520 mV), which can be seen as a major difficulty
for the methanogens. Generation of ferredoxin by hydrogenotrophic methanogens is
in general done via reverse proton transport via the EcH or a bifurcation reaction
performed by a F420-non-reducing hydrogenase (Buckel and Thauer, 2013). The
low redox potential of CO does however allow for direct reduction of ferredoxin
via CODH, making reduced ferredoxin more accessible in the cell. This lowers the
Fd_ /Fd_,ratio in the cell, lowering the electron potential of the ferredoxin couple.
Judging from proteomics data, several redox response systems are activated.
However, many of these, such as the superoxide dismutase and F420-oxidase, are
normally a response to oxidised compounds (e.g. oxygen), which is the opposite of
the more reduced environment created by CO. It might be that these genes respond
to redox stress in general or are regulated by universal stress proteins. Additionally,
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the F390-synthetase, involved in redox sensing was found to be more abundant.
In M. thermoautotrophicus, this system was found to react on changes in redox
potential, regulating the expression of MCR-I, F420-dependant MDH and the F420-
reducing hydrogenase (Vermeij et al., 1997). The CFE of H,/CO,/CO grown cells
showed more endogenous activity when compared to H,/CO, grown cells. This
could indicate more reducing equivalents are present in the cells grown in presence
of CO. The overall increase in abundance of proteins involved in redox stress and
co-factor regeneration, and the higher endogenous reducing activity suggest that M.
marburgensis cells exposed to CO are subjected to changes in redox balance.

When grown solely on CO, M. marburgensis shows production of H, from the
moment incubation is started (figure 2). Methanogenesis is not started instantly,
and CO appears to be solely used for H, production. Methanogenesis initiates
only after H, has accumulated in the headspace (figure 2 and figure 4) and, from
that point on, quickly co-utilizing H, and CO. These data suggest that a minimal
amount of H, is required to operate the carboxydotrophic methanogenic metabolism.
We theorise this is related to the properties of the bifurcating F420-non-reducing
hydrogenase required to regenerate CoM-SH and CoB-SH. Feasibility of the overall
bifurcating reaction was estimated by calculating the potential difference between
the two separate reactions catalysed (Eq. 1 & 2). The following assumptions were
made during calculation: 1) pH is assumed to be 7 and temperature 338 K, II) the
ferredoxin couple is assumed to have a standard electron potential of -500 mV
under physiological conditions (Thauer et al., 2008), but is assumed to approach the
electron potential of the CO/CO, couple at the respective partial pressures (assessed
via Nernst equation). Similarly the electron potential of H, is assumed to be similar
to its partial pressure, III) the CoM-CoB couple is assumed to have an electron
potential of -140 mV, and IV) the bifurcation reaction is considered feasible if the
sum in potential of reaction 1 and 2 has a negative value.

H,+Fd — 2 H + Fd* AE, =+ 86 mV (1)
CoM-CoB + H, — CoM-SH+CoB-SH AE, =-274 mV )

H, has to drive the reduction of both CoM-CoB and ferredoxin in the reaction
catalysed by the F420-non-reducing hydrogenase. However, as the electron potential
of ferredoxin is expected to be lowered in presence of CO, and H, is almost absent
in the cultures, the overall reaction becomes less exergonic. When assessing the
difference between the two separate reactions, it is observed that the overall reaction
is not favoured under the starting conditions of incubation (figure 4, dotted lines).
Under these conditions the CoM-SH and CoB-SH cannot be replenished, potentially
blocking methanogenesis. As more H, is generated, via the EcH complex, the
reaction becomes more favourable, eventually allowing to start methanogenesis
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Figure 4. Thermodynamic analysis of the reaction catalysed by the F420-non-reducing
hydrogenase in M. marburgensis. The used dataset is the same as the one displayed in figure 2. H,
pressure in Pa is given by the black triangles and the carbon monoxide pressure in kPa is given by the
black circles. The estimated difference between the two reactions catalysed by the bifurcating F420-
non-reducing hydrogenase is indicated by the dotted black line. Red boxes indicate the phase where
methanogenesis is initiated. The last time point is not assessed as the gases had reached a pressure

which could not be determined accurately.

(figure 4). Inhibition of hydrogenases or an irreversible reduced state of the cell
at higher CO pressures could prevent H, production and consumption, preventing
the methanogenic metabolism from starting. The proposed limitation of the F420-
non-reducing hydrogenase might explain why hydrogenotrophic methanogens
as M. marburgensis and M. thermoautotrophicus can only utilize CO as a sole
substrate up to 50 kPa, whereas M barkeri and M. acetivorans, which do not employ
a bifurcating F420-non-reducing hydrogenase (Thauer et al., 2008), can perform
carboxydotrophic growth using >100 kPa and >150 kPa CO, respectively. The CO
metabolism of hydrogenotrophic methanogens is thus potentially limited by their
F420-non-reducing hydrogenase, and this would explain the observation that their
efficiency of carboxydotrophic growth is strongly connected to the availability of
hydrogen.

Conclusion

The hydrogenotrophic methanogen M. marburgensis, was found to grow
methanogenically on H,/CO,/CO or CO alone. CO could be used as a sole substrate
up to 50 kPa and its consumption was stimulated in the presence of hydrogen.
Proteomic analysis indicates higher abundance of CODH/ACS related proteins and
enzymes of the methyl-branch in presence of CO. Most of the abundant proteins in
cultures grown in the presence of CO are involved in redox reactions, potentially
required to counter the strong reducing capacity of CO. Additionally, the pathway
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towards acetate production was found upregulated, which explains formation
of small amounts of acetate as an end-product in presence of CO. The ability to
utilize H, in the presence of CO suggests that hydrogenase inhibition is not the main
mechanism of toxicity in hydrogenotrophic methanogens. The requirement of small
amounts of hydrogen, before methanogenesis with CO could start, suggests that
this is an essential intermediate in the methanogenic metabolism. The F420-non-
reducing bifurcating hydrogenase is a likely candidate for CO inhibition as low H,
pressures potentially can cause this reaction to become unfavourable, blocking the
methanogenic metabolism.

Supplementary material I can be found online at:

https://www.frontiersin.org/article/10.3389/fmicb.2016.01049
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Abstract

Carbon monoxide-fermenting microorganisms can be used for the production
of a wide range of commodity chemicals and fuels from syngas (generated by
gasification of e.g. wastes or biomass) or industrial off-gases (e.g. from steel
industry). Microorganisms are normally more resistant to contaminants in the gas
(e.g. hydrogen sulfide) than chemical catalysts, less expensive and self-regenerating.
However, some carboxydotrophs are sensitive to high concentrations of CO,
resulting in low growth rates and productivities. We hypothesize that cultivation
of synthetic co-cultures can be used to improve overall rates of CO bioconversion.
As case study a thermophilic microbial co-culture, consisting of Carboxydothermus
hydrogenoformans and Methanothermobacter thermoautotrophicus was constructed
to study the effect of co-cultivation on conversion of CO-rich gases to methane.
In contrast to the methanogenic monoculture, the co-culture was able to efficiently
utilize CO or mixtures of H,/CO/CO, to produce methane at high efficiency and high
rates. In CSTR-bioreactors operated in continuous mode, the co-culture converted
artificial syngas (66.6% H,: 33.3% CO) to an outflow gas with a methane content
of 72%, approaching the 75% theoretical maximum. CO conversion efficiencies of
93% and volumetric production rates of 4 m? mcthm/m3nqui /day were achieved. This
case shows that microbial co-cultivation can result in a significant improvement of
gas-fermentation of CO-rich gases.

Introduction

Bio-based technologies are quickly upcoming to take part in the closing of carbon- and
other waste streams in our society. However, many of these bio-based technologies
cannot deal with recalcitrant substrates, such as lignified biomass or municipal waste.
Conversion of such carbon-wastes via gasification technology yields synthesis gas
(syngas), a mixture of mainly CO, H, and CO,, giving opportunity to access the
full carbon spectrum of the initial material via gas fermentation. Alternative sources
interesting for gas fermentation are off-gases from industry (e.g. steel mills) and
syngas generated via high temperature co-electrolysis (HTCE), reforming steam
and CO, into syngas (Stoots et al., 2009). HTCE can also be operated with solely
sunlight as energy source, deriving syngas from inorganic sources (Frost et al.,
2010). Making use of microbial gas fermentation processes, waste streams can be
converted via a uniform substrate into fuels and commodity chemicals. Companies,
such as Lanzatech, establish large scale production systems to generate bio-based
products from CO-rich, steel mill waste gases, showing the application potential of
gas fermentation technology (LanzaTech; Kopke et al., 2011a).

Carbon monoxide is one of the main components in untreated syngas, and is known
as an odourless, colourless and toxic gas. Despite its toxicity, it can act as a natural
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substrate for anaerobic microorganisms, driving acetogenic, hydrogenogenic and
methanogenic metabolisms (Diender et al., 2015b, Chapter 2). Its low reduction
potential (E;” = -520 mV) makes it a strong electron donor, and theoretically allows
for higher energy conservation compared to hydrogen oxidation (E;” = -414 mV).
However, generally methanogens grow poorly on CO. This can also be deduced from
the fact that only four methanogens have been shown to grow on CO as a sole substrate:
Methanosarcina acetivorans (Rother and Metcalf, 2004), Methanothermobacter
thermoautotrophicus (Daniels et al., 1977), Methanothermobacter marburgensis
(Diender et al. 2016, Chapter 3) and Methanosarcina barkeri (Daniels et al., 1977).
The hydrogenotrophic methanogens M. thermoautotrophicus and M. marburgensis
both showed CO conversion to methane but preferred H,/CO, over CO (Diender
et al. 2016, Chapter 3). These poor CO utilization capabilities are likely related to
the excess reducing equivalents in the cytoplasm of the cell (Diender et al. 2016,
Chapter 3).

Co-cultivation of microbes can be used to improve the growth of microorganisms
and generate a different product spectrum. This can either be via product removal,
generating a thermodynamic advantage for one or both strains, or via excretion
of useful secondary metabolites to support growth. Co-culture engineering can be
used to tune and optimize the production system for specific products, significantly
improving the production potential (Santala et al., 2014). For CO fermentation, co-
cultivation was shown as one of the approaches to expand the product spectrum
towards chain elongated products and alcohols (Diender et al., 2016b, Chapter 5;
Richter et al., 2016a). In these co-cultures the partner strain accepted products from
the CO-fermenter, allowing for production of caproate and hexanol. Such products
are rarely formed in mono- or undefined mixed cultures grown on syngas and, when
formed, their production rates and final product concentrations are low (Diender et
al., 2016b, Chapter 5).

This study aimed to overcome the poor methanogenic potential of CO containing
gases by co-cultivating M. thermoautotrophicus, a relatively well studied
hydrogenotrophic methanogen, with Carboxydothermus hydrogenoformans
(Svetlichny et al., 1991), a carboxydotrophic hydrogenogen. Hydrogenogens are
highly efficient CO utilizers, rapidly converting the CO to H, via the water-gas shift
reaction. At standard conditions the energy yield of this reaction is rather low (AG”
= -20 kJ), but this gets more negative with increasing temperature. Doubling times
of hydrogenogens in general are rather short (1-2 hours) indicating a high rate, low
energy yielding metabolism (Diender et al., 2015b, Chapter 2; Oeclgeschldger and
Rother, 2008). The organisms selected for this study are thermophiles with a growth
optimum around 65 °C, allowing for increased reaction kinetics and increase in the
transfer rate of gas during operation. A downside of the thermophilic conditions is
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the lower saturation level of gases at higher temperatures. But, as gas transfer rate is
usually the limiting factor, the system is likely not much affected by the maximal gas
saturation levels (Diender et al., 2015b, Chapter 2).

We hypothesize that methanogenesis from CO-rich gases is more efficient by the
co-culture when compared to the mono-culture, due to the removal of CO by the
hydrogenogen, lifting the toxic effects on the methanogen while simultaneously
providing substrate in the form of H,/CO,. In contrast to an open mixed culture
approach the defined co-culture is expected to have better product specificities,
higher production rates and have a more robust production profile.

Material and Methods

Strains and cultivation

Strains M. thermoautotrophicus AH (DSM-1053) and C. hydrogenoformans Z-2901
(DSM-6008) were ordered from the DSMZ strain collection (Braunschweig,
Germany). Strains were initially cultivated at 65 °C in medium recommended by
the provider, using anaerobic cultivation procedures. After growth was confirmed,
the strains were transferred to a carbonate-phosphate buffered medium with
the following composition per liter: 0.4 g KH,PO,, 0.53 g K HPO,*2 H,0, 0.3 g
NH,CI, 0.3 g NaCl, 0.1 g MgCL*6 H,0, 0.5 g yeast extract and 0.5 mg resazurin.
Medium was supplemented, per liter, with 61.8 ug H.BO,, 61.25 ug MnCl,, 943.5
ug FeCl,, 64.5 pg CoCl,, 12.86 ug NiCl,, 67.7 ug ZnCl,, 13.35 pg CuCl,, 17.3 pug
Na,SeO,, 29.4 ug Na,WO, and 20.5 pg Na,MoO,. Medium was prepared, boiled
and subsequently cooled under a continuous nitrogen flow. Bottles (120 ml total
volume) were filled with 50 ml medium and instantly capped with rubber stopper
and aluminium cap. The gas phase was exchanged with 80:20 H,:CO, in the case
of M. thermoautotrophicus and 80:20 N./CO, in the case of C. hydrogenoformans,
resulting in a final pressure of 170 kPa. The headspace was further tuned by partial
removal of gas and introduction of additional CO, H, or CO,. The bottles were
autoclaved and stored at room temperature till further use. Before inoculation,
medium was augmented with the following volumes of stock solutions: 1% of 11 g
CaCl,*2 H,0O per liter, 1% of a vitamin solution containing per liter: biotin 20 mg,
nicotinamide 200 mg, p-aminobenzoic acid 100 mg, thiamin 200 mg, panthotenic
acid 100 mg, pyridoxamine 500 mg, cyanocobalamine 100 mg, riboflavine 100 mg.
The medium was reduced by introducing a 5% volume of a stock solution containing
4.8 g Na,S * 7-9 H,O and 80 g NaHCO, per liter. Unless stated otherwise, bottles
were inoculated with an exponentially growing culture in a 1:50 ratio (v/v).

Co-culture establishment and characterization
Pure cultures of M. thermoautotrophicus and C. hydrogenoformans were pre-grown
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on H,/CO, and CO as substrate, respectively. During exponential growth phase of
both cultures, cross inoculation was performed, establishing co-culture conditions.
CO was added at 60 kPa partial pressure after cross-inoculation. Co-cultures were
transferred at least every 5 days to keep them active. Subsequent co-cultures were
kept under a headspace of approximately 47/40/13 H,/CO/CO, ratio. The effect
of headspace composition on co-culture performance was assessed by varying the
H,:CO composition between 1:0/2:1/ 1:2. Co-cultures were regularly inspected by
microscopy to verify the presence of the two microorganisms.

Bioreactor operation

Cultivation in both batch and continuous, was performed in a 1.5 liter bioreactor
(Applikon, Delft, the Netherlands). Hydrogen and CO were supplied using mass
flow controllers (Brooks Instruments BV, Ede, the Netherlands). Medium used in
the bioreactors was similar as that described above, except the addition of carbonate
or CO, was omitted. The liquid volume in the reactor was set to 750 ml for both
batch and continuous experiments. Stirring was performed by two rushton stirrers
on a single shaft, stirrers were placed at 33% and 66% of the liquid height. The
pH was controlled using 3 M KOH and 33% acetic acid solutions. Gas outflow
rates were determined using a bubble counter. After sterilization, reactors were
connected to the control tower, initiating temperature (65 °C) and pH (7.2) control.
Reactors were flushed for 3 hours with N, at a rate of 20 ml/min, to create anaerobic
conditions. Right before inoculation the N, flow was changed for a CO/H, flow.
Additionally, salts, vitamins, yeast extract, and H,S were introduced in the reactor
in the same ratio as described above. When the redox potential of the medium was
lowered to a value below -300 mV, the reactor was inoculated with the co-culture
(5% inoculum, v/v); establishment of the co-culture in the bioreactor was visually
monitored by microscopy. For continuous operation a peristaltic pump (Masterflex,
Gelsenkirchen, Germany) was used, and a HRT of 1.5 days was applied. Sterile
medium was supplied from 10 L medium vessels continuously sparged with nitrogen
(5 1/h) during the experiment to ensure anaerobic conditions of the inflow medium.
All mentions of gas-volumes in supply or production rates throughout the text are
considered to be at 1 atm pressure and 298 K.

Analytical procedures

For gas analysis, gas samples of 0.2 ml were taken by syringe and analysed in a
Compact GC 4.0 (Global Analyser Solutions, Breda, The Netherlands). CO, CH,
and H? were measured using a molsieve 5A column operated at 100 °C coupled
to a Carboxen 1010 pre-column. CO, was measured using a Rt-Q-BOND column
operated at 80 °C. Detection was in all cases done via a thermal conductivity detector.

Liquid phase composition was analysed with a high pressure liquid chromatograph
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equipped with a MetaCarb 67H column (Agilent Technologies, Santa Clara, CA).
The column was operated at a temperature of 45 °C with a flow rate of 0.8 ml/min.
Detection was done via a RI and UV detector. H,SO, (0.01 N) was used as eluent.
In all cases, samples of 0.5 ml were taken and immediately centrifuged at 13000g.
Subsequently 0.4 ml supernatant was added to 0.6 ml 10 mM DMSO in 0.1 N H,SO,
solution. Concentrations below 0.3 mM could not accurately be quantified and are
referred to as trace amounts.

Dry weight of the biomass was determined from 4 ml fresh sample. Samples were
centrifuged at 13000 rpm for 2 min. In order to remove salts and other medium
components, the pellet was washed with deionized water, centrifuged and
subsequently re-suspended in 1 ml deionized water. The suspended biomass was
dried on a pre-weighed aluminium container at 120 °C for at least 3h, after which the
dry weight was determined.

Results & Discussion

Pure cultures of C. hydrogenoformans and M. thermoautotrophicus were tested for
growth on CO. C. hydrogenoformans utilized the provided 60 kPa CO substrate within
30 hours, producing H, and CO, as the main end products. M. thermoautotrophicus
could be grown on H,/CO, in presence and absence of CO, but CO was utilized only
slowly. It becomes clear that hydrogen is relatively quickly utilized in presence of
CO (within 100 hours), but only a fraction of the CO itself is consumed over 500
hours (figure 1). This is in accordance with what has been reported earlier for this
strain (Diender et al. 2016, Chapter 3; Daniels et al. 1977). Growth on CO as a sole
substrate was not tested here for M. thermoautotrophicus, but has been reported to be
almost 100 times slower than growth on H,/CO, (Daniels et al., 1977).

Co-cultivation significantly increases methane production rate and efficiency
from CO

Co-cultivation of C. hydrogenoformans and M. thermoautotrophicus resulted in
rapid conversion of a H,/CO,/CO mixture (figure 2 A — B) or pure CO (figure 2 C)
to methane. The co-culture was able to utilize 60 kPa CO in approximately 24 hours,
whereas M. thermoautotrophicus monocultures needed over 500 hours to utilize less
than this amount of CO (figure 1).

After 20 hours of incubation, traces of acetate, in the range of 0.5 to 1.5 mM, were
found in the co-culture incubations as additional end-products. This is likely due to
the acetogenic potential of C. hydrogenoformans (Henstra and Stams, 2011). From
the tested conditions it becomes clear that relatively high CO pressures, up to the
maximum tested pressure of 150 kPa, can be utilized by this co-culture to produce
methane and CO,. When grown solely on CO as a substrate, a clear distinction can be

76



High rate biomethanation of carbon monoxide rich gases via a thermophilic synthetic co-culture

——

gas phase compositon (kPa)

[
L J

!
g

300 400
Time (h)

Figure 1. Growth of M. thermoautotrophicus on a CO:H,:CO, mixture. Substrate product spectrum
of M. thermoautotrophicus grown on a mixture containing CO, H, and CO,. Standard deviations are
shown over triplicate bottle experiments. CO, red diamonds; H,, blue triangles, CO, black circles, CH,,

orange squares.

made between the phases where C. hydrogenoformans and M. thermoautotrophicus
are metabolically active. However, within 48 hours all substrate was converted to
methane and CO,. Shifting the initial headspace composition to contain relatively
more hydrogen (1:2 CO/H,) decreases the time required for conversion to 24 hours.
Additionally, the higher H, content decreases the amount of CO, released. It is
hypothesized that both strains profit from the co-cultivation: C. hydrogenoformans
removes toxic CO and is capable of producing H,, CO, and acetate, supporting the
growth of the methanogen. The methanogen is capable of rapidly removing hydrogen
and CO, from the environment, creating thermodynamically more favourable
conditions for C. hydrogenoformans to grow. Such interactions are also expected to
occur in the natural habitat of these organisms, where hydrogenogens are suggested
to cleanse the environment of CO for other organisms to grow (Techtmann et al.,
2009).

Several reactions take place in the co-culture (Eq. 1-3). As M. thermoautotrophicus
utilizes CO inefficiently compared to C. hydrogenoformans, we assume a neglectable
amount of CO is directly converted to methane. As can be seen from reaction 3, in
the ideal situation (CO:H, = 1:3), the overall stoichiometry is CO, neutral and can
yield solely methane and water as end-product. Additionally, this poses an interesting
scenario as no protons are produced or consumed in the overall reaction, requiring
minimal addition of acid or base during the process.
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CO +H,0 — CO,+H, (1)
4H,+CO,— CH+2H,0 )
CO +3 H,— CH,+H,0 3)

The methane production yields per CO consumed (figure 2 D) approximate the
theoretical values in each of the conditions, showing that most CO is eventually
converted to methane and that there is minor conversion to other side products.
When using open mixed cultures for biomethanation of syngas, side products such
as acetate, propionate and ethanol are produced, lowering the overall efficiency of
the system (Guiot et al., 2011; Navarro et al., 2016). In studies with immobilized
methanogenic mixed cultures on charcoal, CO was largely converted to methane
(~50%), however methanogenesis was partly inhibited by CO and formation of
acetate/formate as by-products was observed (Schwede et al., 2017).
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High methane content gas production in batch bioreactors

The methane production capacity of the co-culture was further tested by cultivation
in a gas fed CSTR. Different reactor parameters were tested to assess their effect on
co-culture functioning. Initial reactor runs were performed with 100 rpm stirring,
resulting only in a methane content of 2% in the outflow gas at a rate of 0.150
m3methane/m3liqui /day. Increasing the stirring speed from 100 to 400 rpm resulted in an
increase of average H, consumption efficiency from ~20% to ~80%, whereas average
CO consumption efficiency increased from ~20% to ~60% (Supporting information
S1.A) and average relative methane production efficiency increased from ~3% to
~40% (Supporting information S1.B). The increase in stirring rate increases the gas
mass transfer, making it more accessible to the microbes. Runs with stirring speeds
up to 400 rpm resulted in a system generating a headspace with peak concentrations
up to 77% CH,, with 13% H, and 5% CO and CO,. Increasing the stirring above 400
rpm resulted in a drop in methanogenic activity, potentially due to high shear stress,
or CO accumulation in the liquid due to a high transfer rate. This inhibition could
not be reversed by lowering the stirring speed. When applying batch conditions with
400 rpm stirring speed, the culture could be maintained for about 10 days without
any addition of new medium while continuously converting the inflow gas to mainly
methane. After ~10 days, production rates declined which was likely due to depletion
of nutrients.

Continuous production of methane enriched gas

During continuous operation the co-culture maintained biomass concentrations
of approximately 0.5 g I"'. Consumption of CO at high rates, indicating activity
of C. hydrogenoformans, and methane production, indicating activity of M.
thermoautotrophicus, showed that none of the two organisms washed out during the
whole run. This was confirmed by visual inspection of the co-culture: two distinct
phenotypes, corresponding to C. hydrogenoformans and M. thermoautotrophicus,
could be observed throughout bioreactor operation.

During the first phase of continuous operation hydrogen inflow was set to 5 ml
min! while CO inflow was set to 2 ml min™'. Under these conditions, average outflow
gas was composed of 70% methane and a fraction of 14% H,, 8% CO, and 8% CO
(figure 3, day 6 - 12). As not all hydrogen was used under these conditions, hydrogen
gas flow was not further increased. Based on mass balance calculations, introduced
CO was removed with 90% efficiency whereas introduced hydrogen was removed
with 93% efficiency. Hydrogen was almost completely converted to methane (~90%).
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Figure 3. Relative outflow gas composition of the co-culture in a continuous bioreactor. Relative
gas composition in the reactor is shown. Total pressure in the system was 1 atmosphere. Average values
and standard deviations shown are calculated from triplicate measurements. Day 0-6: start-up phase in
which CO and H, flow and stirring were ramped up. Day 6-12: operation was performed with 2 ml/min
CO and 5 ml/min H,. Day 12-19: operation was performed with 2 ml/min CO and 4 ml/min H,. CO,
red diamonds; H,, blue triangles, CO, black circles, CH,, orange squares.

Volumetric methane production rates reached an average value of 3.5 Lmethane/Lliqui J
day (figure 4, day 6-12). A steady state could however not be obtained with these
operation conditions as can be seen from the instability in production rates during this
phase (figure 4). The increased CO content in the gas phase of the reactor, together
with a drop in methane production, during the period from day 6 to day 12 suggests
that the culture cannot deal properly with the provided conditions. During this phase
cyclic patterns appeared for the redox potential, alternating between -500 and -600
mV. The issue was solved by lowering the hydrogen inflow rate to 4 ml min"', and
covering the reactor from light. The instability might be related to the sensitivity
of M. thermoautotrophicus to light, which has been observed earlier (Olson et al.,
1991). The reactor was able to reach a more stable state (day 12-19) after covering
the reactor from light, and lowering the hydrogen flow to 4 ml min", resulting in
a CO:H, ratio of 1:2. Redox was no longer going down to -600 mV and stabilized
around -500 mV. CO levels in the outflow were decreased further to 4%, and the
overall production rates increased to 4 m’ /m? . /day (figure 4). For reverse

methane liquid

membrane reactors, rates of about 0.2 m? /m3 . /day were reported (Westman
methane liquid’

et al., 2016; Youngsukkasem et al., 2015), which is significantly lower than rates
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reported here for the non-biomass retaining co-culture system. Average methane
outflow content in the co-culture reactor system during steady operation was around
72% (figure 3, day 14 - 19), close to the theoretical maximum of 75% at this inflow
gas composition.

12 4 Start-Up 5:2 H2:CO 4:2 H2:CO

10 ~

Specific production rate
(Lmethane/gbiomass/day)

Methane production rate

/N
o ’ N . e
- - - - ) i
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Figure 4. Volumetric and specific production rates of methane by the co-culture in a continuous

bioreactor. Solid line represent specific methane production rates in L /day. Dashed line

mclhanc/gbiomass

represent volumetric methane production rates in L /L. . /day.

‘methane’ ~ liquid

A CO conversion efficiency of 93% was achieved under these conditions and 97% of
the inflowing hydrogen was converted. Similarly as in the bottle experiments, small
amounts of acetate were produced in the reactor. After correction for the acetate
externally added to the system for pH control, average production rates of 13 +
1.4 mmol/l/day (day 6-12) and 7 + 0.99 mmol/l/day (day 13 — 19) were observed,
which is 8 and 4% of the total product spectrum in those conditions, respectively.
This amount of acetate produced is relatively low compared to mixed culture
fermentations for biomethanation of syngas, where CO is for a larger fraction (up to
50%) converted into other products (Navarro et al., 2016; Schwede et al., 2017). The
observed gas composition could accurately be modelled by calculating the metabolic
fluxes through the system using the obtained efficiencies and gas inflow ratios (figure
5).

Despite the high efficiency of the co-culture, other gases (mainly CO,) are still in the
outflow gas. This can potentially be explained by either of the following two factors,
or both: i) not enough electron donor is available to convert all CO,, ii) a four times
decrease in gas phase volume due to formation of methane from hydrogen and CO,
causing the gases to be retained in the system for a longer time. Despite the high
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Figure 5. Schematic overview of the production routes of the methanogenic co-culture. Schematic
representation of the metabolite flow in a continuous bioreactor operated with a methanogenic co-culture
system. Acetate production is assumed to take place directly from CO only, by the hydrogenogen. In
contrast to CO, H, and CH,, CO, is also removed in significant amounts via the liquid outflow (HCO,/

CO,). Calculation were performed using pH 7.2.

methane content in the outflow gas, the gas is still not optimal for introduction into
the gas grid. Mainly the leftover percentage of CO is a problem and further removal
is desired. Batch bottle experiments show no traces of CO after incubation and
suggest the gas can be completely purified from CO by the co-culture. Additionally,
the system needs to be further adapted to be able to deal with 3:1 inflow ratios of
H,:CO, and might be achieved by increasing the HRT of the system to retain more
biomass, co-culture optimization, medium improvement or using a different reactor
setup, such as gas-lift. Overall, the work performed here shows that a continuous
system can maintain the methanogenic co-culture, efficiently producing methane at
a high rate from a CO rich gas.
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Application perspectives of syngas bio-methanation

One can discuss the feasibility of utilization of methane versus bio-hydrogen, or
alcohols as fuels. Hydrogen is considered a clean fuel, as solely water is produced
when combusted. Additionally, hydrogen (142 MJ/kg) has a higher energy density
per mass as methane (55.5 MJ/kg). However, as with other biofuels, bio-hydrogen
production from renewable biomass or waste indirectly generates CO,, and is at best
CO, neutral. Therefore, hydrogen production from non-carbon generated electricity,
such as solar power, is ‘cleaner’ from a CO, emission perspective. Additionally, a
pure-hydrogen mixture is a difficult fuel to store and to transport (Dunn, 2002),
and cannot be used in the current natural gas infrastructure. Methane gas on the
other hand can be transported, stored and used in the current infrastructure, and can
be blended with natural gas (Thrén et al., 2014). Liquid fuels, such as ethanol and
butanol, do not have to be compressed before use, which is an advantage over gaseous
fuels. However, in contrast to gaseous fuels, alcohols need to be extracted from the
aqueous broth, reducing the overall efficiency of the process. Also, the heating value
of methane per mass is almost two times higher than that of ethanol (29.7 MJ/kg)
and 1.5 times that of butanol (36.7 MJ/kg). Therefore, methane-containing fuels still
have the potential to be widely applied in industry in the future, and are expected to
be good replacements for fossil transportation and jet fuels (Adlunger et al., 2016;
Edwards et al., 2004) .

Conventional processes for biogas production from biomass are often limited by
the poor degradation potential of its lignocellulosic fraction (table 1), losing a large
fraction of the initial energy stored and resulting in an overall chemical efficiency
between 20 and 40% (McKendry, 2002). Extensive pre-treatment methods, such as
thermal pressure hydrolysis or enzyme addition, have to be applied to access the
bulk part of the biomass efficiently (Weiland, 2010). The final biogas composition
can contain large fractions of CO,, thus requiring the gas to be cleaned or upgraded
before injection into the gas grid is possible. Cleaning and upgrading of biogas can
be done in various ways, such as CO, fixation by hydrogenotrophic methanogens or
using CO,-fixing phototrophs (Mufioz et al., 2015). However, upgrading of biogas
can often not be carried out in the anaerobic digester, and thus requires additional
process steps to obtain an applicable gas. Despite biogas upgrading being possible,
conversion of tough substrates such as lignin or the utilization of more recalcitrant
wastes via anaerobic digestion remains difficult.

The biological conversion of syngas as described here requires gasification as the
main pre-treatment step (table 1). Interestingly, not only biomass can be fed to
gasifiers, but other poor-quality carbon-containing streams, e.g. municipal waste,
excess sludge, can also be supplied as a starting source. The feasibility of production
of methane from renewable syngas is debatable as methane is a relatively low value
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High rate biomethanation of carbon monoxide rich gases via a thermophilic synthetic co-culture

In contrast to biomethanation, the chemical methanation process requires an obligate
gas composition with a H:CO ratio of 3 or higher in order to produce methane
efficiently (Kopyscinski et al., 2010). Renewable syngas composition can vary widely
based on the starting material used, and additionally often contain high amounts of
impurities. Strong gas purification and fine-tuning are thus required to operate the
chemical process. The strong exergonic nature of the methanation reaction generates
heat, which can be reused in the chemical process to generate steam. The biological
methanation does not generate high potential heat streams, but does also not require
steam in order to perform the methanation process. Additionally, heat originating
from the gasification process might be used in biomass drying, closing part of the
energy loop. Also, depending on the heat generation of the microbial system, heating
of the reactor might be required as it is operated at thermophilic temperatures. Total
energy requirement of the bioreactor on large scale depends on its type and exact
size, making it difficult to currently state anything on this or its economic feasibility
compared to the chemical process. The biological process described here uses a self-
replicating catalyst, making growth medium the main requirement to sustain the bio-
catalysts. Additionally, the biological catalyst is expected to be less prone to inhibition
by sulphur compounds, and might even use those as growth supplements, and thus is
expected to require less stringent syngas purification before application (Daniell et al.,
2012). The chemical process has a higher production rate compared to the biological
process, but the robustness of the biological system is advantageous. Additionally, the
study here is a proof of concept and does not yet involve major process optimizations.
The bio-methanation of syngas can likely be improved further in terms of production
rates and efficiency, by factors such as medium optimization, reactor configuration
and biomass retention. Also tests with different co-culture combinations or defined
mixed cultures might improve the overall culture performance.

Conclusion

This study shows that by using a defined co-culture of C. hydrogenoformans and
M. thermoautotrophicus it is possible to convert CO-rich gases to methane at high
efficiency and high rate in a conventional CSTR bioreactor without gas recycling. In
contrast to anaerobic digestion of biomass, this syngas route utilises the full carbon
spectrum of the initial material, can process recalcitrant carbon wastes and can generate
a gas with a high content of methane in a single process step. Compared to chemical
methanation of syngas, the biological processes are relatively slow. However, the
robustness of the biological catalysts compared to the relatively expensive metal
catalysts is an advantage. Further research is required to assess the (economic)
feasibility of a biological syngas methanation system, which in the future might be
used as an addition to or alternative for current methane production processes.
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Supporting information S1. Methane production rate of the methanogenic co-culture in batch

bioreactors at different stirring speeds. A) efficiency of CO and H, utilization vs. stirring speed. B)

Relative methane production expressed as fraction of the theoretical maximum.
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Chapter 5

Abstract

Background: Synthesis gas, a mixture of CO, H, and CO,, is a promising renewable
feedstock for bio-based production of organic chemicals. Production of medium-
chain fatty acids can be performed via chain elongation, utilizing acetate and ethanol
as main substrates. Acetate and ethanol are main products of syngas fermentation
by acetogens. Therefore, syngas can be indirectly used as a substrate for the chain
elongation process.

Results: Here we report the establishment of a synthetic co-culture consisting of
Clostridium autoethanogenum and Clostridium kluyveri. Together, these bacteria
are capable of converting CO and syngas to a mixture of C4 and C6 fatty acids and
their respective alcohols. The co-culture is able to grow using solely CO or syngas
as a substrate, and presence of acetate significantly stimulated production rates. The
co-culture produced butyrate and caproate at a rate of 8.5 £ 1.1 mmol/l/day and 2.5 +
0.63 mmol/l/day, respectively. Butanol and hexanol were produced at a rate of 3.5 +
0.69 and 2.0 + 0.46 mmol/l/day, respectively. The pH was found to be a major factor
during cultivation, influencing the growth performance of the separate strains and
caproate toxicity.

Conclusion: This co-culture poses an alternative way to produce medium-chain
fatty acids and higher alcohols from carbon monoxide or syngas and the process can
be regarded as an integration of syngas fermentation and chain elongation in one
growth vessel.

Introduction

Over the last decade, synthesis gas (syngas) fermentation has gained attention because
of its potential to convert a large variety of waste materials to bio-based chemicals
(Diirre and Eikmanns, 2015). Additionally, it is possible to convert pure CO, and
water into syngas via high temperature co-electrolysis, which can be supplied with
electricity and heat derived solely from solar power (Frost et al., 2010).

Syngas fermentation to acetate and ethanol is relatively well studied, and the array
of possible products is rapidly expanding (Latif et al., 2014). Bio-based production
of medium-chain fatty acids (MCFA), such as butyrate and caproate, is of potential
interest because they can serve as commodity chemicals. Additionally, their respective
alcohols - butanol and hexanol - could serve as potential biofuels. Butyrate has been
shown to be produced naturally from CO by Eubacterium limosum (Jeong et al.,
2015) and Butyribacterium methylotrophicum (Worden et al., 1989). Additionally, a
pure culture of Clostridium carboxydivorans formed butyrate and caproate from CO
after medium optimization (Phillips et al., 2015). Production of higher alcohols from
syngas has been reported for genetically engineered clostridia (Berzin et al., 2013;
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Kopke et al., 2010), mixed-cultures fed with butyrate, caproate and syngas (Liu et al.,
2014a, 2014b), and several pure cultures of carboxydotrophic bacteria (Fernandez-
Naveiraetal.,2016; Perez etal.,2013; Ramio-Pujol et al., 2015). Genetic engineering
is one of the approaches to enhance strain production capabilities because most of
the wild type strains have low production rates and yields. For clostridia, the most
anticipated syngas biocatalysts, genetic systems are being quickly developed (Cho
et al., 2015). However, despite recent developments, options to perform metabolic
engineering in carboxydrotrophs are still rather limited.

Here we report the use of a synthetic co-culture of Clostridium autoethanogenum
(DSM 10061) and Clostridium kluyveri (DSM 555) to convert CO or syngas into
MCFA and their respective alcohols. C. autoethanogenum is one of the model
organisms for syngas metabolism and is known for its excellent properties to convert
CO or syngas to ethanol and acetate (table 1) (Abrini et al., 1994). C. kluyveri is
found in ruminal environments (Weimer and Stevenson, 2012), and was reported to
stimulate production of MCFA in the rumen (Weimer et al., 2015). It also represents
a major fraction of microorganisms in systems performing chain elongation (Zhang
et al., 2013). C. kluyveri is well known for its reversed p-oxidation metabolism,
converting short chain fatty acids with ethanol into MCFA and hydrogen (table 1).
We hypothesize that a co-culture approach might become an upcoming route to
produce MCFA from syngas. Besides, it could also serve as a model and provide
insight in how the carboxylate platform, operated with mixed cultures, performs
using syngas as electron donor.

Table 1. Summary of reactions performed by C. autoethanogenum and C. kluyveri. Xn displays a
saturated carbon chain of length n. Reaction stoichiometry of butyrate and caproate formation might

differ based on the concentrations of substrates available.

Product ~ Reaction
Clostridium Acetate 4 CO+2H,0 — CH,COO +H"+2 CO,
autoethanogenum  p,nol  6.CO+3 H,0 — C,H.OH +4 CO,

Alcohols 2CO+H,0+X -COOH +H" — X -CH,OH +2 CO,

indirect
Clostridium Butyrate 6 C,H,OH +4 CH,COO"— 5 C,H.COO +H"+3 H,O+2H,
eluyveri Caproate 6 C,HOH +5 C;H COO" — 5 C;H, COO+ CH,COO" +H*+3H,0+2H,
Material and Methods

Microorganisms and cultivation

Clostridium autoethanogenum (DSM 10061) and Clostridium kluyveri (DSM 555)
were purchased from the DSMZ strain collection (Braunschweig, Germany). C.
autoethanogenum and C. kluyveri were initially cultivated in DSM-640 and DSM-
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52 medium, respectively. For co-cultivation a new medium was designed containing
(per liter of medium): 0.9 ¢ NH,CL, 0.9 g NaCl, 0.2 g MgSO, * 7 H,0, 0.75 g
KH,PO,, 1.94 g K. HPO, * 3 H,0, 0.02 g CaCl, and 0.5 mg resazurin. The medium
was supplemented with the following trace-elements (per liter of medium): 1.5 mg
FeCl,*4 H,0,0.025 mg FeCl, * 6 H,0, 0.070 mg ZnCl,, 0.1 mg MnCl * 4 H,0, 0.006
mg H.BO,, 0.190 mg CoCl, * 6 H,0, 0.002 mg CuCl, * 2 H,0, 0.024 mg NiCl, * 6
H,0 and 0.056 mg Na,MoO, *2 H,0, 0.0035 mg, Na,SeO, and 0.2 mg Na,WO,. The
medium was boiled and cooled on ice under N, flow, after which 0.75 g L-cysteine
was added per liter of medium as reducing agent. Unless stated otherwise the pH was
set to 6 using NaOH and HCI. Reduced medium was dispensed, under continuous N,
flow, into bottles that were immediately capped with rubber stoppers and aluminium
caps. The headspace was filled with the desired gas (e.g., CO, H,/CO,) to a final
pressure ranging from 100 to 150 kPa, depending on the experiment. Bottles were
autoclaved immediately after preparation. Before inoculation, the medium was
further supplemented with a vitamin solution in a 1:50 dilution, containing per
liter: 1 mg biotin, 10 mg nicotinamid, 5 mg p-aminobenzoic acid, 10 mg thiamin,
5 mg panthothenic acid, 25 mg pyridoxamine, 5 mg cyanocobalamine and 5 mg
riboflavine. Yeast extract, trypticase peptone, ethanol and acetate were added from
sterile stock solutions. Initial incubations for co-cultivation were done at an amount
of 1 g yeast extract and 1 g peptone per liter of medium. Subsequent transfers and
characterization experiments were performed in presence of 0.5 g/l yeast extract and
in absence of peptone. Unless stated otherwise cultivation was done non-shaking at
37 °C. Unless stated otherwise, pure cultures were incubated as follows: C. kluyveri
was grown with 90 mM ethanol and 80 mM acetate in presence of 10 kPa CO, and
C. autoethanogenum was grown with 130 kPa CO as sole substrate.

Co-culture experiments

Initial co-culture experiments were performed in 250 ml bottles with 70 ml
liquid phase. C. autoethanogenum and C. kluyveri were transferred from actively
growing cultures in exponential phase to the designed medium. Pre-cultures of
C. autoethanogenum were incubated at 150 rpm shaking in presence of 80 mM
acetate under a headspace of 100 kPa CO and 50 kPa H2. Pre-cultures of C. kluyveri
were grown non-shaking in absence of CO. After detection of growth in both pure
cultures, 35 ml of each culture was inoculated into the other culture, initiating the
co-cultivation. Immediately after initiation of co-cultivation, the headspace of the
CO and H, containing bottles was re-pressurized with CO and H,. In bottles initially
containing no CO or H,, 50 kPa CO was added. The bottles were further incubated
non-shaking at 37 °C. After detection of growth of both organisms in the co-cultures
via liquid and gas profile analysis and microscopic observation, 0.5 ml of the co-
cultures was transferred to new 250 ml bottles containing 70 ml medium with 80

92



Production of medium-chain fatty acids and higher alcohols by a synthetic co-culture grown on carbon
monoxide or syngas

mM acetate and a 130 kPa CO. The co-culture was further maintained under these
conditions, requiring transfer every 14 days.

All characterization tests were performed using 120 ml bottles containing 35 ml
liquid. For tests requiring acetate, butyrate or caproate, stock solutions were used
which were made anaerobic via N, flushing and set at pH 6 using NaOH and HCI.
In case of re-addition of CO during the experiment, 4 cycles of flushing with pure
CO were applied, using a 0.22 um filter to keep the gas flow sterile. When assessing
the effect of shaking conditions, 150 rpm shaking was applied in all cases. For
characterizing the production profile in presence of excessive amounts of CO, bottles
with 1140 ml total volume were used, containing 100 ml medium and a 110 kPa CO
headspace. Culture inoculation was done in 1:100 ratio with an actively growing co-
culture. The bottles were initially incubated non-shaking and shaking was applied
after ethanol-limited butyrate production became apparent. Product and substrate
profiles were in all cases assessed using HPLC and GC.

Analytical techniques

Liquid phase composition was analysed via high pressure liquid chromatography
equipped with a MetaCarb 67H column (Agilent Technologies, Santa Clara, CA).
The column was operated at a temperature of 45 °C with a flow rate of 0.8 ml/min.
Detection was done via a RI and UV detector. 0.01 N H,SO, was used as eluent. In
all cases, samples of 0.5 ml were taken and immediately centrifuged at 13000 g.
Subsequently 0.4 ml supernatant was added to 0.6 ml 10 mM DMSO in 0.1 N H,SO,.
Concentrations below 0.3 mM could not accurately be quantified and are further
referred to as trace amounts.

For gas analysis, gas samples of 0.2 ml were taken with a 1 ml syringe and analyzed
in a Compact GC 4.0 (Global Analyser Solutions, The Netherlands). CO and H, were
measured using a molsieve SA column operated at 100 °C coupled to a Carboxen
1010 pre-column. CO, was measured using a Rt-Q-BOND column operated at 80 °C.
Detection was in all cases done via a thermal conductivity detector.

Model fitting and production rate estimation

Production rates of the co-culture were estimated by nonlinear data fitting to amodified
Gompertz model (Eq.1) (Zwietering et al., 1990). To estimate the net production
rates, the derivative of the modified Gompertz model was used (Eq.2), in which A
represents the maximal concentration of product reached (mM), V  indicates the
maximal volumetric production rate (mmol/l/day) and vy is a representation of the lag
time before production occurs (days). Standard errors of the determined parameters
were translated to standard errors of the production rate via error propagation.
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Results

C. autoethanogenum and C. kluyveri both grew efficiently in the designed medium.
C. autoethanogenum grown on CO/H, formed acetate and ethanol, and chain
elongated products were not formed (figure 1A). Pure cultures of C. kluyveri utilized
ethanol and acetate as substrate, forming butyrate, caproate and hydrogen as end-
products. Introduction of 50 kPa CO in pure cultures of C. kluyveri inhibited its
activity (figure 1B). Some chain elongated products accumulated, but consumption
of acetate and ethanol halted before they were depleted. Upon initiation of co-
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Figure 1. Co-culture establishment. (A) Production profile of C. autoethanogenum grown with CO
and H,, the headspace was refilled with H,/CO at t = 4. (B) Production profile of C. kluyveri, att=4, 50
kPa CO was introduced to the culture. (C) A pure culture of C. autoethanogenum mixed in a 1:1 ratio
with a pure culture of C. kluyveri at t = 4. (D) A pure culture of C. kluyveri mixed in a 1:1 ratio with a
pure culture of C. autoethanogenum at t=4. The legend is representative for all displayed graphs. Solid

and open circle symbols represent left and right y-axis, respectively.

94



Production of medium-chain fatty acids and higher alcohols by a synthetic co-culture grown on carbon
monoxide or syngas

cultivation by adding both monocultures together in 1:1 ratio, carboxydotrophic and
chain elongating activity was observed (figure 1 C/D). Trace amounts of butanol and
hexanol were detected in the co-culture, while these compounds were not observed in
any of the monocultures incubated with CO, acetate and ethanol. Co-cultures could
be maintained and transferred stably by incubating non-shaking under CO or CO/H,
headspace in presence of 80 mM acetate (figure 2). The co-culture was capable of
growing efficiently with 0.5 g/l yeast extract. Lower concentrations of yeast extract
had a strong negative effect on the production rates, and significantly increased the
lag phase. Studies have shown that it is possible to grow both Clostridium strains
in absence of yeast extract after an adaptation period (Bornstein and Barker, 1948;
Martin et al., 2016). However, as the main focus of this study was on establishing co-
cultivation, it was chosen to keep the yeast extract at 0.5 g/l to ensure non-stringent
growth conditions for both organisms. A pH range from 7 to 4 was tested to assess
the co-culture tolerance, yielding a functional co-culture between a pH of 6.5 and
5.5. The production profile was similar within this pH range, and thus a pH of 6 was
selected for subsequent incubations.
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Figure 2. Standard production profile of the co-culture in non-shaking conditions. On all data
series a standard deviation is displayed over duplicate experiments. Solid and open circle symbols

represent left and right y-axis, respectively.
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Effect of organic acid concentrations

Increasing initial acetate concentration in the medium, from 0 to 80 mM, resulted
in a significant increase in butyrate production (figure 3). Co-cultures incubated
without initial addition of acetate did grow, but were significantly slower and showed
a lower butyrate yield after consuming the full CO headspace. Caproate production
was not affected by the initial acetate levels. The effect of different initial butyrate
concentrations was tested in a range of 0-45 mM, of which the highest concentration
is triple the amount reached under the standard incubation conditions (figure 2).
No toxicity effects on the co-culture were observed in this range. However, butanol
production was observed with increasing butyrate concentrations, reaching levels up
to 6 mM when 45 mM butyrate was initially present. Initial caproate concentrations
ranging from 0 to 35 mM were tested. Increasing caproate concentrations resulted
in a longer lag phase, suggesting toxicity effects. Co-cultures incubated with initial
caproate concentrations above 12 mM did not grow after 16 days of incubation,
whereas controls initiated growth within the first four days of incubation. In cultures
with 12 mM caproate, hexanol reached concentrations of 2.5 mM at the end of
cultivation. Additionally, monocultures of C. autoethanogenum incubated with CO
in presence of initial butyrate or caproate formed butanol or hexanol, respectively.

0.8

I Butyrate
[ Caproate

0.7F

0.6

0.5F

0.4

0.3F

Total amount of produced end-products (mmol)

0.1

0.0
0 mM 5mM 10 mM 20 mM 40 mM 80 mM

Initial acetate concentration

Figure 3. Effect of initial acetate concentration on the production of MCFAs. Data displayed is
representative for 13 days after incubation using 130 kPa CO as a substrate. At the end of cultivation CO

was depleted in all cultures. On all graphs a standard deviation is displayed over duplicate experiments.
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Effect of gas composition

To assess if syngas could be a potential donor for the co-culture, the effect of different
H,/CO ratios was tested under non-shaking conditions (figure 4). Hydrogen and CO
were co-utilized and resulted in similar end-products as from CO alone. Incubations
with 80:20 H,/CO, sustained the co-culture (figure 4d), producing butyrate, but no
caproate. Additionally, production rates and end-concentrations were lower when
compared with incubations with H,/CO. Co-cultures under a H,/CO, headspace
utilized both gases, and after CO, depletion consumption of H, stopped. Cultures
with a higher CO/H, ratio produced relatively more chain elongated products,
compared to cultures containing relatively less CO (figure 4e). Additionally, cultures
with higher CO/H, ratio utilized more acetate per mole of gas consumed (figure 41).
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Figure 4. The effect of H,:CO ratio on the production profile of the co-culture. (A) Pure
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concentrations at the end of incubation. (F) Mole of acetate consumed per mole of gas (H, + CO)
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circle symbols represent left and right y-axis, respectively.
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Enhancing productivity of the co-culture

Co-cultures put under shaking conditions initially produced ethanol and acetate, but
did not show butyrate and caproate formation (figure 5a). Instead, these incubations
converted ethanol back to acetate upon reaching low CO pressures in the headspace.
Cultivation with a CO-pressure maintained above 50 kPa during shaking cultivation
resulted in less oxidation of ethanol back to acetate (figure 5b). The fact that no
MCFA were produced indicates that C. kluyveri activity is inhibited. Re-oxidation of
ethanol to acetate at the end of the experiment is likely performed by the metabolically
active C. autoethanogenum. Initiating co-cultivation under non-shaking conditions,
followed by transfer to shaking conditions after butyrate production was detected,
resulted in a functional co-culture (figure 5c).
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Figure 5. Effect of shaking and CO pressure on the co-culture. (A) production profile under shaking
conditions. (B) production profile with maintained CO pressure (>50 kPa), under shaking conditions.
(C) production profile after initial non-shaking incubation and subsequent transfer to shaking conditions
(after t = 4). On all data series a standard deviation is displayed over duplicate experiments. Solid and

open circle symbols represent left and right y-axis, respectively.

Production potential of the co-culture under CO-excess and shaking conditions was
tested. During the non-shaking phase of incubation, mainly butyrate and caproate
were produced (figure 6 A, B, C). Upon applying shaking conditions, production of
these products further increased and additionally production of butanol and hexanol
was observed. MCFAs or alcohols with a length longer than C6 were not detected.
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After two days of shaking, the pH of the culture had increased from 6.0 to 7.2.
After this point, CO-consumption rates declined and production rates dropped.
Eventually, production stopped before CO had been depleted. In order to assess
the production rates of the co-culture, the data was fitted to a modified Gompertz-
equation (Zwietering et al., 1990). As butyrate can act as acceptor molecule in
caproate formation and both acids are precursors for their respective alcohols, their
total production is masked by the production of other compounds as displayed by Eq.
3 and 4. The estimated total product concentrations were fitted to the model (figure
6D, table 2). The derivative of the obtained Gompertz equation (Eq. 2) was used
to estimate the total volumetric production rates of each of the compounds in time
(figure 6E). The net volumetric production rate was approximated by compensating
the total volumetric production rate for the volumetric production rate of subsequent
products (figure 6F).

[butyrate] = [butyrate]

+ [caproate] + [butanol]

total observed

+ [hexanol] , .~ (3)

observed observed

[caproate] . = [caproate]

total

+ [hexanol] , . “4)

observed

The maximal production rate for butyrate is approximately 8.5 = S.E 1.1 mmol/l/
day. Caproate reaches a maximal net production rate of 2.5 + S.E 0.63 mmol/l/day.
Butanol and hexanol are the last to be formed at maximal production rates of 3.5 £
S.E 0.69 and 2.0 £ S.E 0.46 mmol/l/day, respectively.

Table 2. Gompertz model parameter estimates for the produced products, A (maximal concentration
reached), Vm (maximal volumetric production rate) and y (lag phase) represent the parameters

displayed in Eq 1 and 2. Standard errors are indicated in brackets.

Butyrate Caproate Butanol Hexanol
A (mM) 25.8 (£0.24) 10.0 (+0.25) 5.73 (+0.12) 4.01 (£0.16)
Vm (mmol/L/day) 10.4 (+0.80) 2.86 (£0.31) 3.47 (+0.69) 1.98 (+0.46)
vy (days) 2.99 (#£0.11) 3.69 (+£0.19) 4.28 (£0.18) 4.95 (£0.26)

Discussion

The co-culture of C. autoethanogenum and C. kluyveri is capable of converting
CO or syngas to a mixture of C4 and C6 fatty acids and their respective alcohols.
Monocultures of C. kluyveri are unable to utilize CO and its metabolism is even
inhibited by it. Nonetheless, activity of C. kluyveri is observed in the co-culture
in presence of 130 kPa CO. C. autoethanogenum likely facilitates growth of C.
kluyveri, by removing CO from the liquid. This is analogous to the theorized role of
thermophilic carboxydotrophs in volcanic environments, creating a niche for non-CO-
tolerant organisms (Techtmann et al., 2009). This additionally explains the inability
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of the co-culture to grow instantly in shaking conditions. Low biomass levels at the
start combined with increased CO mass transfer under shaking conditions, cause
inhibition of C. kluyveri, resulting in growth of C. autoethanogenum only (figure 5).
Cultivation under non-shaking conditions allows both organisms to initiate growth,
eventually allowing shaking conditions.

Effect of environmental factors on co-culture functionality

Ethanol is the driving compound for chain elongation, making it a key intermediate in
the co-culture. Its production is observed at the start of cultivation, but concentrations
quickly decrease to levels below the detection limit when butyrate and caproate were
formed (figure 2, 6B). This suggests that ethanol production is the limiting factor for

A |/§ gg _ : |I-I Acetate | AA Bu:yrate <I:>-o Capr:aate %2 B %\ ig oo Ethanoll AA llautanol |.-. Hexlanol
= F 4 QE £ - i
_§6oi\i\;f 11288 512t ]
850 7 110 g5 8101 g
g 40+ 18 48 g 8 .
g 30} 16 85 § 6f .
o 20F 14 zg 2 4} .
T 10} {2 88 £ 2f .
Q o
2 0 ! 1 i 1 o 2 0 A s s s e

0 2 4 6 8 10 12 0 2 4 6 8 10 12
C 100, . m 4.0 = D E 30— G — B Weand
g F + 413.5¢& 2 L HI
o% 80{\§\L A3.0§ 53 25 - ]
S¢ 6ol H\I/I\'—'—i—'—'ggﬁ 2g 20r 1
58 12.0 ¢ £% 15} .
© 0 | a © o
g3 %0 BoE 219} : '
g 20T los& g 5¢ / ' -
0 I L 0.0x g 0 ol f L L I
0 2 4 6 8 10 12 s 0 2 4 6 8 10 12

E _ F_

o % 12 — Eutylrate — Caproalte — IEutano\ ' — He)ianol o % 12 — Buty:ate — Caprcalte —IButanol | — He):anol
R . ! i
SE 8} 1 2E 6} ]
S8 6f i 38 4t 4
o c =

hat i | ] -8 20 i
E. 5 0 ]
ES 2f 1 £S _of _
Eg O L L L u‘ﬂg _4 I 1 ! I !

&0 2 4 6 8 10 12 =0 2 4 6 8 10 12
Time (days) Time (days)

Figure 6. Co-cultivation under excess CO conditions. Shaking was applied after 4 days (red vertical
line). (A) Acid concentration profile. (B) Alcohol concentration profile. (C) Partial gas pressures of
CO, CO, and H,. (D) Estimated total concentration of products formed, approximated by a Gompertz
equation. (E) Total estimated volumetric production rates displayed as the derivative of the Gompertz
equation. (F) Estimated net volumetric production rates after compensation of product formation and
consumption according to Eq. 3 and Eq. 4. Solid and open circle symbols represent left and right y-axis,

respectively.
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chain elongation. Several environmental factors were expected to increase ethanol
production of the carboxydotrophic strain. Two of these factors are lowering of pH
and decreasing concentration of yeast extract (Abubackar et al., 2012). However, we
observed no clear differences in production within the tested range of viable pH and
yeast extract concentrations of the co-culture.

Ethanol production in acetogenic carboxydotrophs can occur directly via acetyl-CoA
or indirectly via acetate (Kopke et al., 2010, 2011a). When Clostridium ljungdahlii
is grown on CO it expresses an aldehyde oxidoreductase (AOR), required for the
indirect ethanol production pathway. Upon addition of external acids, AORs were
found more abundantly expressed, indicating upregulation of the indirect alcohol
production pathways (Xie et al., 2015). In the co-culture we observed increased
butyrate production upon addition of acetate (figure 3), which indirectly indicates
that ethanol production is stimulated. Similarly, the presence of butyrate or caproate,
stimulated the production of their respective alcohols. This suggests that, as
observed in pure cultures of C. ljungdahlii (Perez et al., 2013; Xie et al., 2015),
alcohol production in this co-culture is stimulated by the presence of their respective
acids. This could be a stress response to the presence of relatively more acids in the
undissociated form, which can be considered toxic, stimulating conversion to their
respective alcohols. Additionally, the acids could act as an electron sink, to counter
the strong reducing pressure of CO, which would explain the formation of relatively
more alcohols in the shaking cultures (figure 6b). Presence of high concentrations
of acetate thus serves a double purpose: i) substrate for chain elongation and ii)
stimulation of the formation of ethanol. The co-culture was functional in absence
of acetate, indicating that the synthetic community can sustain itself on purely CO
as a substrate. However, production rates under these conditions were significantly
lower.

When incubating instantly under shaking conditions, the oxidation of ethanol to
acetate was observed when CO became depleted (figure 5a). As no chain elongation
activity is observed, C. autoethanogenum appears responsible for the ethanol
oxidizing activity, potentially utilizing it as an alternative electron donor to produce
acetate. Such a metabolism was observed for the acetogen Acetobacterium woodii,
utilizing ethanol for production of acetate (Bertsch et al., 2016). Oxidation of ethanol
to acetate by C. autoethanogenum was partly suppressed under maintained CO
pressure (figure 5B). The maintained CO pressure potentially causes the cells to be
more reduced, forcing the reaction towards production of ethanol to maintain proper
redox balance.

When applying syngas technology, all the gas is preferably converted to soluble
products, leaving no CO, in the exhaust gas. Presence of hydrogen in the headspace
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allows for additional fixation of CO,, which makes hydrogen an interesting component
to completely remove CO without CO, exhaust. Under the tested conditions, a 2:1
ratio of H,:CO appears to be close to optimal as almost all the gaseous compounds
are converted to soluble products after depletion of electron donor, releasing no net
CO, (figure 4¢). However, the amount of chain elongated products formed is slightly
decreased under these conditions as larger amounts of H, appear to be required to
obtain similar results as with CO (figure 4e). This might be related to the lower
redox potential of CO (E’ = -520 mV) compared to hydrogen (E’ = -414 mV). This
allows for production of relatively more reduced products such as ethanol (Bertsch
and Miiller, 2015a; Diender et al., 2015, Chapter 2; Hurst and Lewis, 2010), which
can subsequently be used as substrate for chain elongation. At lower CO/H, ratios,
formation of ethanol is expected to be less favourable, resulting in relatively more
acetate formation. This is supported by the lowered net amount of acetate consumed
per mole of gas used (figure 4f).

Co-culture limitations

In cultures incubated under shaking conditions with excess CO, more acetate is
consumed than is required for chain-elongation (figure 6, table 1). This suggests
that acetate is mainly converted to ethanol. This is supported by the observation that
a major part of the oxidized CO can be found back as CO, (figure 6¢), indicating
that CO mainly acts as an electron donor for the reduction of acetate to ethanol
(table 1). This rapid conversion of acetate to ethanol and the production of higher
alcohols from the generated medium-chain fatty acids (figure 6b), likely caused the
observed pH increase from 6.0 to 7.2. C. autoethanogenum was reported to grow in
a pH range of 4.5 to 6.5 with an optimum of 6 (Abrini et al., 1994). C. kluyveri was
reported to grow within a pH range of 6.0 to 7.5 with an optimum of 6.8 (Barker
and Taha, 1941). The pH reached during co-cultivation exceeds 6.5 and thus likely
causes inhibition of C. autoethanogenum. Resulting in a decrease in activity of the
co-culture before CO was depleted. Additionally, the pH of the medium also affects
the amount of chain-elongated products that can be accumulated. Caproate toxicity
is a general problem in chain elongation processes and is strongly pH dependent, as
the toxicity effect is caused by the undissociated form (Steinbusch et al., 2011). A
mixed culture bioreactor, fed with ethanol effluent from a syngas reactor, tolerated 3
mM caproate at pH 5.4. The undissociated fraction at this pH is 22%, which equals
0.66 mM (Vasudevan et al., 2014). Reactors operated at a higher pH or reactors with
continuous removal of caproate allowed a higher accumulation and higher production
rates, respectively (Agler et al., 2011; Grootscholten et al., 2013). C. kluyveri strain
3231B was found to accumulate caproate to levels of 110 mM at pH 6.8 (Weimer and
Stevenson, 2012), which translates into an undissociated fraction of 1.3 mM. The co-
culture of C. kluyveri and C. autoethanogenum, at pH 6, tolerated 12 mM caproate.
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Under these conditions 7% is in undissociated form (approx. 0.88 mM), which is in
the same order of magnitude of the numbers reported for other cultures.

Growth performance of the individual strains and chain elongated product toxicity
are thus both strongly affected by pH. More acidic environments stimulate growth
of C. autoethanogenum, but inhibit C. kluyveri and promote toxicity of caproate. A
higher pH allows for higher caproate concentrations but inhibits C. autoethanogenum.
Therefore, controlling pH between 5.5 and 6.5 appears essential for maintaining a
well-performing co-culture.

Co-culture assessment and comparison

Based on the pure culture incubations, C. autoethanogenum produces ethanol and
acetate from CO. C. kluyveri is not able to utilize CO. Butyrate and caproate are
not observed to be generated by C. autoethanogenum in pure culture containing
CO, ethanol, acetate or a combination of the substrates. Production of these
MCFAs can thus solely be assigned to C. kluyveri. Pure culture incubation of C.
autoethanogenum with CO and butyrate or caproate resulted in butanol and hexanol
production. Production of these alcohols was never observed in any of the tested pure
cultures of C. kluyveri. Hydrogen can be formed by both members of the co-culture,
but appears to be only utilized by C. autoethanogenum. Taking these factors into
account, a model system with solely CO as an input, generating butyrate, caproate,
butanol and hexanol as the end products can be proposed (figure 7).

Only few reports describe microbial systems producing MCFAs and/or higher
alcohols from carbon monoxide or syngas. Mixed cultures in a H,/CO, fed membrane
bioreactor, dominated by Clostridium species, produced fatty acids up to C8 length
(Zhang et al., 2013). However, this system lacked CO in the inflow-gas, which is
a major component in non-pre-treated syngas. The lower redox pressure of H,/
CO, compared to CO-containing syngas might be a main reason for the relatively
low production rates and absence of longer chain alcohols reported in the previous
system (table 3). Clostridium carboxydivorans is one of the organisms known to be
capable of producing chain elongated acids and their respective alcohols from CO
in pure culture (table 3). Production rates of the alcohols by C. carboxydivorans
appear to increase at sub-optimal growth temperatures (Ramio-Pujol et al., 2015).
The co-culture described here, currently has production rates comparable to the
pure cultures of C. carboxydivorans (table 3). However, the functioning of the co-
culture is not fully explored and several parameters can still be optimized, such as
pH control, medium composition and gas composition/mass transfer. Therefore,
we expect the production potential of the co-culture can be increased, potentially
becoming interesting for syngas based applications.
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Chapter 5

Conclusion

The synthetic co-culture of C. autoethanogenum and C. kluyveri is able to convert
carbon monoxide and syngas to a mixture of medium-chain fatty acids and their
respective alcohols. Despite the toxic effect of CO on C. kluyveri, chain elongation
activity was found in the co-culture, indicating that CO toxicity is relieved by the
presence of a carboxydotrophic organism. The culture grows without addition of
ethanol and acetate, but presence of acetate significantly stimulated production. The
co-culture was limited by the quickly increasing pH as a result of solventogenic
reactions. Additionally, caproate concentration can be an inhibitory factor, of which
the toxicity effect is a trade-off between pH and concentration. Overall this co-culture
is a proof-of-principle that the carboxylate and syngas platform can be integrated in
one growth vessel, and could become a promising way to enhance production of
MCFAs and their respective alcohols from syngas.
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Chapter 6

Abstract

Syngas fermentation gets increased attention due to its potential to convert
recalcitrant wastes and industrial off-gases to fuels and commodity chemicals.
Applying synthetic microbial communities can be used to enhance the performance
of fermentation and broaden the product spectrum. A co-culture of Clostridium
autoethanogenum, a carboxydotroph, and Clostridium kluyveri, performing reverse
B-oxidation, was previously shown to convert CO or syngas (CO+H,) to butyrate
and caproate. Here, we describe how the co-culture can be optimized. Monocultures
of C. autoethanogenum grown in a CO-fed chemostat produced acetate and traces
of ethanol, shuttling >99% of the electrons to acetate. During co-cultivation with
C. kluyveri 30-40% of the electrons were shuttled to ethanol, indicating that C.
kluyveri strongly affects the metabolism of C. autoethanogenum. Comparison of
transcriptome data of C. autoethanogenum in mono- and co-culture showed that the
central carbon and energy metabolism of C. autoethanogenum remained unaltered.
Further experiments indicated that continuous removal of ethanol by C. kluyveri
keeps production of ethanol thermodynamically more favourable than acetate
production. This mechanism results in higher substrates to product efficiencies and
can be exploited to enhance product concentration and yield.

Introduction

With the substantially increasing size of the world population and the pressure this
puts on the environment, demand for sustainable technologies is increasing. One route
that can play a role in the development of more sustainable production of chemicals
from a broad spectrum of substrates is thermal gasification and subsequent syngas
fermentation. The potential of this route to utilize recalcitrant and low biodegradable
carbon waste streams (e.g. lignin, municipal waste) and off-gases from industry (e.g.
steel mill waste) gives it great prospect within a circular economy (Clomburg et al.,
2017; Diirre and Eikmanns, 2015; Molitor et al., 2016).

In the last years efforts were made to improve the syngas biocatalysts and expand
the scope of products. This includes development of genetic tools for acetogenic
clostridia (Huang et al., 2016; Liew et al., 2017; Woolston et al., 2018), bioreactor
development (Asimakopoulos et al., 2018) and study of the physiology of the syngas
biocatalysts (Bertsch and Miiller, 2015a; Diender et al., 2015, Chapter 2; Richter
et al., 2016b). Additionally, there is increasing attention for alternative cultivation
strategies, such as applying defined and undefined mixed cultures (Diender et al.,
2016b, Chapter 5; He et al., 2018; Liu et al., 2014b; Richter et al., 2016a). Using
co-cultivation strategies allows to alter the product spectrum of syngas fermentation
(Diender et al., 2016b, Chapter 5; Richter et al., 2016a). Understanding the type
of interactions that take place in these co-cultures is essential for engineering and
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improving these cultures for better performance.

A defined co-culture of C. autoethanogenum and C. kluyveri, growing solely on CO,
formed medium chain fatty acids butyrate and caproate (table 1) and their respective
alcohols butanol and hexanol (Diender et al., 2016b, Chapter 5). The co-culture
was stable during subsequent culture transfers in batch and continuous culture. It
remained unclear how the strains influence each other during growth and how product
formation can be optimized. Here, we studied the response of C. autoethanogenum
to environmental changes induced by C. kluyveri via transcriptomics and chemostat
cultivation.

Table 1. Main reactions performed by the individual co-culture members

C. autoethanogenum

Acetate 4CO+2H,0 — CH,COOH +2 CO,
Ethanol 6 CO+3H,0— CHOH+4CO,
Acetate to ethanol 2 CO+H,0+CH,COOH — C,HOH +2 CO,
C. kluyveri
Butyrate 6 C,H,OH + 4 CH,COOH — 5 C,H,COOH +4 H,0 + 2 H,
Caproate 6 C,H,OH + 5 C,H,COOH — 5 C,H , COOH + CH,COOH +4 H,O + 2 H,

Material and methods

Strains and cultivation
Clostridium autoethanogenum (DSM 10061) and Clostridium kluyveri (DSM 555)
were obtained from the DSMZ strain collection (Braunschweig, Germany). Both
strains were initially cultivated according to supplier instructions. Unless stated
otherwise, experiments were conducted in medium containing (per liter of medium):
0.9 ¢ NH,CL, 0.9 g NaCl, 0.2 g MgSO, * 7H,0, 0.75 g KH,PO,, 1.94 ¢ K HPO,
*3 H,0, 0.02 g CaCl, and 0.5 mg resazurin. The medium was supplemented with
the following trace-elements (per liter of medium): 1.5 mg FeCl, * 4 H,O, 0.025
mg FeCl, * 6 H,0, 0.070 mg ZnCl,, 0.1 mg MnCl * 4 H,0, 0.006 mg H,BO,, 0.190
mg CoCl, * 6 H,0, 0.002 mg CuCl, * 2 H O, 0.024 mg NiCl, * 6 H,0O and 0.056
mg Na, MoO, * 2 H,0, 0.0035 mg, Na,SeO, and 0.2 mg Na,WO,. The medium was
boiled and cooled on ice under N, flow, after which 0.75 g L-cysteine was added
per liter of medium as reducing agent. The pH was set to 6 using 1 M NaOH and 1
M HCI. Medium was dispensed under N2 flow, into glass serum bottles that were
immediately capped with rubber stoppers and aluminium caps. The headspace was
filled with the desired gas, to a final pressure ranging from of 150 kPa. Bottles were
autoclaved immediately after preparation. Before inoculation, the medium was
further supplemented with a vitamin solution in a 1:50 dilution, containing per liter:
1 mg biotin, 10 mg nicotinamid, 5 mg p-aminobenzoic acid, 10 mg thiamin, 5 mg
panthothenic acid, 25 mg pyridoxamine, 5 mg cyanocobalamine and 5 mg riboflavin.
111



Chapter 6

Other additives, such as: yeast extract (0.5 g/l), ethanol and acetate were added from
sterile stock solutions. Unless stated otherwise, batch bottle cultivation was done at
37 °C while shaking at 150 rpm.

Bioreactor operation

Cultivation in bioreactors operated in continuous setting was performed in 1.5
liter (total volume) bioreactors (Applikon, Delft, the Netherlands). Gases CO, H,
or N, were supplied using mass flow controllers (Brooks Instruments BV, Ede, the
Netherlands). The liquid volume in the reactor was set to 750 or 1000 ml. Stirring
was performed by two rushton stirrers on a single shaft, stirrers were placed at 33%
and 66% of the liquid height. The pH was controlled using 3 M KOH. Gas outflow
rates were determined using a bubble counter.

After sterilization, reactors were connected to the control tower, initiating temperature
(37 °C) and pH control (for all experiments 6.2). Prior to inoculation, reactors were
flushed for 3 hours with N, at a rate of 20 ml/min, to create anaerobic conditions.
Vitamins, yeast extract, and L-Cysteine were introduced in the reactor in the same
concentration as described for bottle cultivation. Before inoculation the gas flow was
switched to the desired gas feed. After reduction of the medium below -300 mV the
reactor was inoculated with the culture in a 1:20 ratio. For continuous operation a
peristaltic pump (Masterflex, Gelsenkirchen, Germany) was used, applying a HRT of
1.5 or 2 days. The medium tank contained fully prepared medium and was acidified
using 30 ml 37% HCI per 10 L medium to ensure sterile conditions of the inflowing
medium. In experiments where acetate was provided in the inflow, 25, 50 or 90
mM acetic acid was added to the medium. The medium vessel was continuously
sparged with nitrogen (5 L/h) to ensure anaerobic conditions of the inflow medium.
All mentions of gas-volumes in supply or production rates throughout the text are
considered to beat 1 atm pressure and 298 K. In case of co-cultivation, an exponentially
growing C. kluyveri culture was inoculated on top of C. autoethanogenum in a 1:20
total volume ratio.

Analytical techniques

Liquid phase composition was analysed via high pressure liquid chromatography
equipped with a MetaCarb 67H column (Agilent Technologies, Santa Clara, CA).
The column was operated at a temperature of 45 °C with a flow rate of 0.9 ml/min.
Detection was done via a RI and UV detector. 0.01 N H,SO, was used as eluent.
In all cases, samples of 0.5 ml were taken and immediately centrifuged at 13000g.
Subsequently 0.4 ml supernatant was added to 0.6 ml 10 mM DMSO in 0.1 N H,SO,
solution. Concentrations below 0.1 mM could not be accurately be quantified and are
further referred to as trace amounts.

In order to more accurately determine lower amounts of alcohols (<1 mM) samples
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were analysed on GC-2010 (Shimazu, Tokio, Japan). The column (DB wax Ul
of 30m, 0.53uM diameter) was operated at a temperature gradient of 40 °C for
5 minutes, subsequently ramping to 200 °C over 5 minutes and remaining at the
higher temperature for 5 minutes. Flame ionization detector was used to determine
concentration.

For gas analysis, gas samples of 0.2 ml were taken using a 1 ml syringe and analysed
in a Compact GC 4.0 (Global Analyser Solutions, The Netherlands). CO and H, were
measured using a Molsieve 5A column operated at 100 °C coupled to a Carboxen
1010 pre-column. CO, was measured using a Rt-Q-BOND column operated at 80 °C.
Detection was in all cases done via a thermal conductivity detector.

Dry weight was determined by centrifuging a predetermined volume of culture broth
(of at least 10 ml) and washing the pellet in ultrapure water two times. Cells were
then dried at 120 °C in pre-weighed aluminium baskets, before re-weighing.

Iron levels were determined using a colorimetric method. Samples were centrifuged
for 2 min 10000g to pellet the cells and supernatant used for subsequent analysis.
Reagents used to determine iron concentration were: A: 10 mM ferrozine in 0.1 M
ammonium acetate, B: 1.4 M hydroxylamine-HCl in 2 M HCI, C: 10 M ammonium
acetate (pH 9.5). A 100 pl sample (or diluted sample) was mixed with 100 pl reagent
A and 800 pl MilliQ water. Sample was mixed and measured at 562 nm to determine
Fe(Il) content. Fe(Ill) content was subsequently determined by adding 187.5 ul
reagent B, mixing and leaving it for 20 minutes before addition of 62.5 pl of reagent
C and measuring absorbance at 562 nm.

Transcriptomics

For transcriptomic analysis three, 25 ml samples were drawn from the chemostat
operating in steady state. Samples were taken for 3 subsequent turnovers (under
steady-state). Samples were collected in an anaerobic vials sealed with rubber
stopper, containing 10 ml RNA later (ThermoFisher, Massachusetts, USA). After
sampling, vials were instantly submerged in a slurry of dry-ice and ethanol causing
instant freezing of the broth. Vials were stored at -80 °C till extraction.

After defrosting the samples on ice, RNA-extraction was performed. Cells were
centrifuged at 4 °C in 50 ml Greigner tubes at 6000g for 15 minutes. Pellets were
washed with 500 pl, 20mM TE-buffer (pH 7.2), centrifuged at 10000g (4 °C) and re-
dissolved in 150 pl TE-buffer. Cell pre-treatment was done via Lysozyme incubation
for 10 min at 20 °C. Cell lysis and RNase inactivation was done by addition of
a mix containing 3 ul B-mercaptoethanol, 1ul proteinase-K and 150 pl of Gram
positive lysis solution (Gram positive DNA extraction kit, Masterpure). Lysis was
initiated by 10 min incubation at 60 °C, while vortexing every 5 minutes. After
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incubation, the mix was quickly cooled on ice and proteins precipitated using the
protein precipitation mix (Gram positive DNA extraction kit, Masterpure). Debris
was removed via centrifugation at 4 °C 10000g. The sample was further cleaned
and purified via the automated Maxwell LEV simply RNA extraction kit (Promega,
Madison, USA), according to manufacturer’s instructions. Quality of the RNA
extracts was checked using Bio-Analyser (Agilent, Santa Clara, USA), according
to manufacturer’s instructions. RNA was collected in RNase free water and stored
at -80 °C till further analysis. Depletion of rRNA and sequencing was performed by
Novogene (Hong Kong, China) using HiSeq, paired-end reads.

Transcriptome data analysis

Genomes of Clostridium autoethanogenum DSM 10061 (GCA_000484505.1)
and Clostridium kluyveri DSM 555 (GCA _000016505.1) were retrieved from the
European Nucleotide Archive. Each genome was converted to Resource Description
Framework (RDF) using SAPP (Koehorst et al., 2018). Gene expression levels were
obtained via the Transcriptomics module using bowtie2. The reads were mapped
to each genome independently and to the co-culture for the identification of cross-
mapping and to obtain expression levels of the experimental configurations. Read
counts were retrieved using SPARQL from the genome repository and converted
into an expression matrix. Differential expression analysis was performed using
DeSeq2 according to table 2.

Table 2. Comparative transcriptome analysis performed on C. autoethanogenum. All conditions

contain only C. autoethanogenum, except for the co-culture case where also C. kluyveri is present.

CcO co-culture H,/CO H,/CO/butyrate
CcO - Supplementary I Supplementary 11 -
co-culture - - - -
H,/CO - - - Supplementary I1I
H,/CO/butyrate - - - -
Results

All experiments were performed in chemostats in order to control environmental
conditions such as pH and growth rate, and to ensure stable medium composition.
Gas consumption efficiency varied between 60 and 95%, depending on the conditions
and is possibly explained by slight changes in reactor setup or differences in total
gas feeding rate. Table 3 displays the four reactor runs, their main settings and
experiments performed.

C. autoethanogenum alters product spectrum without altering transcription of
its central carbon and energy metabolism during co-cultivation.
The monoculture of C. autoethanogenum and co-culture of C. autoethanogenum
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with C. kluyveri were fed with solely CO in a chemostat (table 3, run 1). Under the
provided conditions C. autoethanogenum produced 54.7 = 0.9 mM acetate and low
amounts of ethanol (~0.2 mM) in steady state (figure 1, days 9-19). After inoculation
of C. kluyveri and establishment of the co-culture, average product concentrations
of butyrate and caproate were 5.5+ 0.7 mM and 1.3 £ 0.3 mM, respectively (figure
1, days 30-37).

120 —@— Acetate —e@—Ethanol —o—Butyrate Caproate 25

100
20

80

15

monoculture
60

co-culture

40

Acetate, ethanol (mM)
Butyrate, caproate (mM)

o
wv

’10‘“ 15 ”TZO 25 30 35 40

Time (days)
Figure 1. Monoculture vs. co-culture growth in chemostat (reactor run 1). Monoculture of C.
autoethanogenum was grown from day 0-19, and co-cultivation initiated at day 19 (black arrow) and
operated till day 37. Left and right axis are indicated using closed or open symbols respectively. The
culture was spiked with ethanol at day 25 to temporarily boost C. kluyveri growth. Lines labelled
‘monoculture’ or ‘co-culture’ indicate the time frame where transcriptomics samples were taken (at

least 3 samples in each condition).

In the co-culture, acetate levels stabilized at 41.7 = 2 mM and ethanol was detected
in trace amounts (<0.1 mM). Carbon monoxide consumption rates in both mono- and
co-culture conditions were similar: 147 £ 0.3 mmol I'' d' vs. 151 £ 1.2 mmol I'' d°,
respectively. Biomass levels during the mono- and co-culture steady state conditions
were around 0.60 and 0.42 g/l respectively. When looking at electron distribution in
the end products, the monoculture resulted in electrons mainly ending up in acetate,
while in the co-culture 29% of the electrons end up in butyrate and 11% in caproate.
Reverse calculating the acetate and ethanol production of C. autoethanogenum
in the co-culture, assuming chain elongation took place according to table 1, the
distribution of electrons in product of C. autoethanogenum is theoretically 70% into
acetate and 30% into ethanol. This would correspond to 45 mM acetate and 7.4
mM ethanol product spectrum if no chain elongation had taken place. This observed
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metabolic shift between the mono- and co-culture condition suggests that C. kluyveri
pulls the metabolism of C. autoethanogenum towards solventogenesis. Organisms
were not observed to aggregate or form macro-structures during co-cultivation, as
confirmed by microscopic observation.

Comparative transcriptome analysis of the mono- and co-culture in steady state
shows no major up or down regulation in the central energy and carbon metabolism
of C. autoethanogenum (table 4, Supplementary material I). Genes of the Wood-
Ljungdahl pathway are among the highest expressed in both the mono- and co-culture.
When comparing to the co-culture condition, most of the genes present in the Wood-
Ljungdahl pathway are significantly lower expressed (p < 0.01), but at a low fold
change (table 4). Genes related to the alcohol metabolism in C. autoethanogenum,
such as alcohol dehydrogenase (adhE, CAETHG 3747-3748) and acetaldehyde
oxidoreductase (aor, CAETHG 0092, 0102) are not differentially expressed. Several
other genes identified as alcohol dehydrogenases or acetaldehyde dehydrogenases
are slightly downregulated in the co-culture condition (table 4). Expression of
hydrogenases is not significantly affected by co-cultivation, as the majority of
hydrogenases shows unaltered expression. Overall these results suggest that there
are no large expression deviations in the central carbon and energy metabolism of C.
autoethanogenum caused by the co-cultivation with C. kluyveri.

During co-cultivation a cassette of genes, CAETHG 2642 — 3064, is significantly
upregulated 5-10 fold, coding for genes related to amino acid synthesis, pili/flagella
formation/assembly and antibiotics production. Furthermore, the most striking
changes in the C. autoethanogenum transcriptome were observed in the metal
import related genes for iron and molybdenum. A relatively strong downregulation
was observed for iron-transport related genes: feoA/B and several iron-chelate
importers (table 4). Additionally, genes identified as molybdenum transporters were
downregulated between 10 and 80-fold. Also increase in genes identified as ferric
iron regulator (fur) transcription factors, reported to act as an iron import repressor
(Braun and Killmann, 1999), are increasingly expressed in co-culture matching with
the downregulation in expression for iron importers. Determining iron concentrations
levels in the medium gave a concentration of 1.13 + 0.24 pM in the monoculture
compared to 1.76 = 0.30 uM in the co-culture.

Additional hydrogen feeding triggers solventogenesis in C. autoethanogenum,
but does not influence its general expression patterns

In order to assess the effect of main products of C. kluyveri (hydrogen and butyrate)
on C. autoethanogenum, a monoculture of C. autoethanogenum was grown on 155
mmol I d' CO and 77 mmol I'' d' H, in presence or absence of 8 mM butyrate
(table 3, run 2). Addition of hydrogen resulted in production of acetate (58 + 0.8
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mM) and ethanol (6.5 = 0.5 mM) (supplementary V). Compared to growth on only
CO, by which almost all the electrons were used for acetogenesis (figure 1, day
9-19), feeding both CO and H, resulted in 85 % of the electrons in acetate and 15 %
into ethanol. Experiments using a feed of solely CO at a rate similar to the combined
H,/CO feed rate (~232 mmol I"' d"') resulted in solely acetate formation in steady
state. When 8 mM butyrate was fed in addition to H, no additional changes were
observed and consumption and production parameters did not significantly change
compared to when no butyrate was added (supplementary IV).

Growth on CO:H, compared to growth on solely CO, does not result in large
differences in Wood-Ljungdahl pathway expression (CAETHG 1608-1621)
(supplementary II). Most of the genes were ~2 fold higher expressed in the condition
with CO/H,, except for the bifurcating formate dehydrogenase, which was not
differently expressed. Interestingly, the CODH not related to ACS (CAETHG 3003-
3005), was upregulated when H, was present (~10 fold). The alcohol metabolism
does not show a uniform response as there was no clear up- or downregulation
trend in acetaldehyde dehydrogenases, acetaldehyde oxidoreductases and alcohol
dehydrogenases when exposed to CO/H,. Also expression of hydrogenases appears
not to change by presence of hydrogen, and even resulted in downregulation of some
hydrogenases (CAETHG 3841). A block of genes (CAETHG 1705 — CAETHG
1912) related to assimilatory metabolism was slightly downregulated by ~3-6 fold.
Overall this suggests a minor response to hydrogen addition on the expression level,
with no major changes of the central energy or carbon metabolism. In the condition
with butyrate, no further changes were observed in the transcriptome (supplementary
III). Thus, both hydrogen or butyrate addition appear not to trigger any changes
in transcriptomic changes explaining the ethanol producing behaviour, and are not
similar to the response of C. autoethanogenum to the co-culture condition.

Hydrogen addition promotes chain elongation in co-culture via stimulation of
C. autoethanogenum metabolism

Adding hydrogen in addition to CO stimulates the overall metabolism of C.
autoethanogenum, and causes a shift towards solventogenesis. This suggests that
hydrogen exchange between C. kluyveri and C. autoethanogenum could be a
possible trigger for the observed metabolic shift during co-cultivation. In the co-
culture grown on only CO, hydrogen was produced at a rate of 0.2 mmol 1! d-'.
Predicted rates derived from chain elongation activity are in the range of 2 mmol I"!
d! suggesting that hydrogen produced by C. kluyveri was indeed consumed by C.
autoethanogenum.

In order to test at which H, feed rates solventogenesis is triggered in C.
autoethanogenum, a gradient of H, inflow with a steady CO background was created
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in a chemostat (table 3: run 3). Hydrogen inflow rates from 0 to 93 mmol I"! d"! were
tested in addition to 116 mmol I'' d' CO. Hydrogen consumption was observed for
all tested inflow concentrations, and was linearly correlated with the influx (figure
2a). The CO,/CO ratio decreased linearly with increasing hydrogen inflow (figure
2c). Acetate formation increased gradually with increasing hydrogen influx and
stimulation of solventogenesis was not observed at the tested influx rates below 46.6
mmol 1" d! (table 5, figure 2a). At higher hydrogen inflow rates a stable ethanol
production rate was observed in steady state conditions up to 3 mmol 1! d! at a
feed rate of 93 mmol 1" d' of hydrogen. This is about 9% of the electrons in end
products (figure 2¢), not meeting the 30% observed in the co-culture solely fed with
CO (figure 2d).

In order to test if hydrogen would enhance productivity and efficiency of the co-
culture, a range of 0 to 128 mmol 1! d!' was fed to the co-culture. With increasing
hydrogen inflow, chain elongation activity was stimulated compared to conditions
where no hydrogen was added (table 5). When reverse calculating acetate and
ethanol production rates, an increase in both acetogenic and solventogenic rate by
C. autoethanogenum was observed (figure 2b). The electron distribution towards
ethanol remained between 26 and 30% (figure 2d), which is similar to the co-culture
growing solely on CO. This pattern was not observed when supplying excess of
hydrogen (128 mmol I' d), causing depletion of CO,. This resulted in a rapid
increase in solventogenic activity shuttling 45% of the electrons towards ethanol
(figure 2d). This resulted in a background of 5.5 mM net ethanol formation, showing
ethanol formation by C. autoethanogenum was no longer the limiting factor in the
co-culture (table 5).

External acetate addition promotes ethanol as electron sink and enhances chain
elongation in co-culture

The effect of acetate in steering the metabolism of C. autoethanogenum towards
solventogenesis was tested; increasing acetate concentrations in a range of 0 to 60
mmol 1" d! (table 3: run 4). Ethanol production rates went up from 0 to 0.75 mmol
It d! (figure 3). Despite that the activity of acetogenesis decreased from 27 + 0.7
mmol I'" d! to 20 + 3 mmol I d! at an acetate inflow of 60 mmol I'! d!, the majority
of electrons (~95 %) were still moving towards acetogenesis (figure 3c). Biomass
levels decreased when more acetate was provided, illustrating the toxicity of acetic
acid on C. autoethanogenum (table 5).

Supplying similar amounts of acetate to the co-culture resulted in an increase of
chain elongated products up to 14 mM butyrate and 5.5 mM caproate, in steady-
state (table 5). Reverse calculating the production rate of ethanol and acetate in
these conditions, shows that the acetate production decreases and ethanol production
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increases (figure 3b). At 60 mmol 1! d! acetate inflow, C. autoethanogenum was fully
solventogenic causing all CO derived electrons to be used for ethanol production
(figure 3d). This contrasts with the 5% electrons in ethanol obtained in monoculture
(figure 3c). All acetate produced by C. autoethanogenum was converted to ethanol,
causing net conversion of externally supplied acetate to ethanol (table 1). In contrast
to the monoculture, we observed no decrease in biomass when acetate is added to the
co-culture, remaining stable around 0.2 g/l in all tested conditions (table 5).

Discussion

C. autoethanogenum and C. kluyveri can grow in a stable co-culture and produced
chain elongated products from CO or syngas (Diender et al., 2016b, Chapter 5). In the
chemostat experiments described here the total biomass levels of C. autoethanogenum
and C. kluyveri were lower or similar to the ones with C. autoethanogenum alone.
Thus, the C. autoethanogenum biomass is significantly lower in the co-culture
compared to monoculture. As the metabolism of C. autoethanogenum appears to
shift towards solventogenesis during co-cultivation, less energy is generated per
CO consumed (Diender et al., 2015, Chapter 2), possibly explaining the lower
biomass formation. Additionally, based on the observations in the transcriptome,
a stress response of C. autoethanogenum to C. kluyveri appears to be initiated.
Increase in transcription of anabolic pathways (e.g. amino acid synthesis) and
host defence systems (e.g. sporulation, flagella/pili) increases upon co-cultivation,
likely contributing to increased maintenance costs for C. autoethanogenum cells.
Additionally, increased levels of chain elongated acids produced by C. kluyveri
possibly resulted in increased maintenance costs due to their hydrophobic properties
(Steinbusch et al., 2011). The lower biomass of C. autoethanogenum in the co-culture
explains the downregulation of iron and molybdenum metal importers observed (10-
100 fold). Less trace elements are required for biomass build-up, increasing their
concentration in the medium. This is supported by the higher concentrations of iron
found in the co-culture medium compared to the monoculture. Despite similar or
lower total biomass levels, gas consumption efficiencies within the same chemostat
runs using mono- or co-culture were similar (table 3). This suggests that the same
gas consumption activity is performed by less biomass of C. autoethanogenum. We
showed previously that C. kluyveri in monoculture is not using CO as substrate
and even caused inhibition of its metabolism (Diender et al., 2016b, Chapter 5).
Likely C. autoethanogenum continues to remove substrate till gas transfer limitation
is reached, and despite lower biomass it is sufficient to achieve this.

For C. kluyveri to grow, substrate needs to be provided by C. autoethanogenum. As
ethanol and acetate are products of C. autoethanogenum and are efficiently used by
C. kluyveri (Thauer et al., 1968; Weimer and Stevenson, 2012), it is plausible that
these are the intermediates in the co-culture. This is supported by the observation
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that ethanol levels remain lower (<0.1 mM) during co-cultivation compared to
lowest values measured in monoculture (~0.2 mM) (table 5). The total production
rates of chain elongated products do not match with the ethanol production rates in
the C. autoethanogenum monoculture. This suggests that C. kluyveri is affecting
the electron flow of C. autoethanogenum increasing the flux to the solventogenic
metabolism. Several studies indicated that the solventogenic and acetogenic
metabolism of gas fermenting acetogens is controlled by thermodynamics rather than
by gene expression (Richter et al., 2016b; Valgepea et al., 2018). The ratio between
acetate and ethanol formed is strongly influenced by environmental factors such as
stirring regime, temperature and pH (Abubackar et al., 2015, 2016; Martin et al.,
2016; Richter et al., 2013; Valgepea et al., 2018). Here we observe that co-cultivation
has no significant effect on expression of the central carbon and energy metabolism
of C. autoethanogenum, while observing large shifts in electron distribution in final
end products, suggesting that the metabolic shift is not caused on expression level
but on metabolic level. The main compounds that C. kluyveri provides during co-
cultivation are butyrate, caproate and H,, while removing mainly ethanol and acetate.
Adding butyrate appears not to stimulate ethanol formation in C. autoethanogenum,
suggesting that chain elongated products do not stimulate solventogenic metabolism
in C. autoethanogenum. Hydrogen, when supplied in sufficient amounts (>46 mmol
It d1), steers the metabolism of C. autoethanogenum towards solventogenesis (figure
2). This is in line with earlier reports that hydrogen addition during CO fermentation
resulted in more ethanol formation (Valgepea et al., 2018). Experiments performed
here show that hydrogen is always consumed by C. autoethanogenum, even when
small amounts are added (figure 2a). Relatively low amounts of H, are formed
in the chain elongation process, ranging from an estimated 2 to 7 mmol 1! d' in
the experiments performed here. Measured hydrogen production rates by the co-
culture are in the range of 0.2 mmol I'' d', indicating that part of the H, formed is
consumed by C. autoethanogenum. However, as stimulation of solventogenesis is
mainly observed at higher H, influx, the relatively small amount of H, produced
by C. kluyveri is unlikely to drive the metabolic shift observed in the co-culture.
Potential high local concentrations of hydrogen caused by C. kluyveri might have a
stimulatory effect though, but due to the apparent homogeneous suspended growth,
such local effects are not likely to occur.

If the C. autoethanogenum metabolism is regulated by thermodynamics it will
shuttle electrons to the downstream pathways that are the most favourable electron
sink. Such behaviour is observed here in the acetate stimulation experiment, where
external acetate addition promotes ethanol formation while inhibiting acetogenesis in
both mono- and co-culture (figure 3). By equating the formulas for Gibbs free energy
of formation for acetate and ethanol formation, the concentration of ethanol can be
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calculated where its production is still thermodynamically feasible (eq. 1-2). When
grown solely on CO (eq. 1) the ethanol concentration at which ethanol production
is still feasible depends linearly on acetate concentration and quadratically on the
CO concentration in the liquid. An inverse quadratic relation with ethanol formation
for CO, is found, indicating CO, depletion is beneficial for solventogenic activity.
Feeding with a mixture of CO and H,, assuming utilization ratio according to feed
composition, a mix between CO and hydrogen metabolism will occur. Ethanol

0 0

COZ‘CAce[icacid AG aceLogenesis“AG solventogenesis (1)

C =" RT
ethanol 2
CO,

Cacetic acid,coz—zx,szx AGOuceLogenesis_Acosolvenwgenesis ) 2

Cethanot = 2=2x ‘e RT where x = )
CcO, CO+H,

concentrations can be estimated for CO:H, ratios between 1:0 and 1:1 using Eq. 2.
As long as ethanol levels remain below the thermodynamic threshold concentration,
it remains favourable to be produced. Steady state concentrations of acetate and
ethanol in the monoculture were 38 and ~0.2 mM, respectively (table 5). These are
thus the thermodynamic equilibria for acetogenesis and solventogenesis under the
provided conditions. Under similar conditions, the co-culture generates acetate and
ethanol concentrations of 23 and <0.1 mM, respectively (table 5). This low ethanol
concentration, caused by continuous ethanol removal by C. kluyveri, potentially
keeps reduction of acetate to ethanol favourable as electron sink. In monoculture
of C. autoethanogenum the ethanol concentration will increase till the threshold is
reached, whereas in co-culture a larger flux through ethanol becomes possible due to
continuous removal (figure 4). When providing external acetate the thermodynamic
ethanol threshold is elevated as is shown by higher ethanol concentrations in the
monoculture, while simultaneously making acetogenesis more unfavourable (figure
3a, eq. 1), and causing increasingly more favourable conditions for solventogenesis
over acetogenesis. C. kluyveri further enhances this by making ethanol a more
favourable electron sink, eventually resulting in most electrons from CO to be used
for ethanol production (figure 3d, figure 4). In contrast, hydrogen addition boosted
overall chain-elongation activity in the co-culture, but did not result in a shift
towards solventogenesis on top of the initial shift, remaining between 26 and 30
% electrons in ethanol (figure 2d). Where acetate addition inhibited acetogenesis,
while stimulating solventogenesis (figure 3a), hydrogen addition stimulated both
acetogenesis and solventogenesis (figure 2a). Ethanol removal by C. kluyveri
enhances ethanol production, and removal of acetate for chain elongation also makes
acetogenesis more favourable (figure 4). This likely is the cause for the absence of
a shift towards ethanol production as observed in the acetate addition experiment.
During excessive hydrogen feeding, however, a shift towards solventogenesis is
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CO H2
co

Ethanol
Ethanol

Acetate
Acetate

Chain elongation
Chain elongation

Figure 4. Quantitative model for the preferred pathways to deposit electrons in during acetate
feeding (left) and hydrogen feeding (right). Blue and red spheres indicate the measured concentration
of the compound in the co-culture whereas grey and orange spheres indicate the corresponding
monoculture steady state concentrations. A smaller pool in co-culture suggests pathways towards this
pool are facilitated while a larger pool in co-culture suggests pathways to be inhibited compared to

monoculture conditions. Flux through the pathways is indicated via arrows.

observed, which is likely due to CO, limitation (figure 2b). The excess of hydrogen
resulted in low CO, levels, limiting the potential of acetogenesis, and therefore
favouring solventogenesis.

The observation that the metabolism of C. autoethanogenum can be strongly steered
by changing the environmental concentrations of its end products poses an interesting
concept for production potential of C. autoethanogenum and similar strains.
Continuous ethanol removal from the fermentation broth by subsequent reactions
can pull the metabolism of C. autoethanogenum towards solventogenesis, and can
improve the yield of the process significantly. The finding that C. autoethanogenum
produced solely ethanol in co-culture during the acetate stimulation experiment
(figure 3d) is interesting as in monocultures of C. autoethanogenum the ratio of
ethanol/acetate is usually <1 and is only in a few cases to be reported >1 (Valgepea
et al., 2017, 2018) indicating ratios of ethanol/acetate are difficult to get above 1.
Cases where this ratio is >1 are usually observed in the pH range 4-5 (Abubackar et
al., 2012) and under relatively high gas feed rates (Abubackar et al., 2015). This is in
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contrast to the ‘high’ 6.2 pH, low gas feed system presented here where we eventually
achieve 100% solventogenic conditions for C. autoethanogenum. The interactions
in this co-culture likely difficult to mimic in monoculture and therefore synthetic
co-cultures might have potential to achieve higher substrate/product efficiencies as
monocultures.

Conclusion

Co-cultivation of C. autoethanogenum and C. kluyveri results in a shift from
acetogenesis to solventogenesis in C. autoethanogenum. No major changes were
observed in the transcriptome related to central energy and carbon fixation metabolism
of C. autoethanogenum and thus it is unlikely that these changes have resulted in
the metabolic shift from acetate to ethanol production. The C. autoethanogenum
pathways are regulated mainly on thermodynamic and less on expression level.
In the co-culture, solventogenic activity of C. autoethanogenum could be further
stimulated by addition of hydrogen or acetate, resulting in a stronger effect compared
to the mono-culture conditions. This strongly suggests that removal of the ethanol by
C. kluyveri enhances solventogenesis in C. autoethanogenum. Even a 100 % yield
of ethanol of CO derived electrons is possible by C. autoethanogenum, but only
when ethanol is continuously removed to levels below the thermodynamic threshold.
Using this concept when constructing synthetic communities might be a valuable
way to increase the efficiency of product formation from gaseous substrates.
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Supplementary material I-III can be accessed via the archive of the Wageningen University
Library: 4TU.Centre for Research data

Supplementary material IV
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Abstract

Carbon monoxide can act as substrate for the Wood-Ljungdahl pathway (WLP) in
Clostridium autoethanogenum, resulting in the production of acetate and ethanol.
Ethanol production in acetogens is often found to be positively correlated with
low pH values (4-5). Here we show that the CO/CO, ratio directly influences the
alcohol production patterns in Clostridium autoethanogenum. Alcohol production
is enhanced when CO levels dissolved in the liquid rise (and thus CO/CO, rises),
while their oxidation occurs at low CO dissolved concentrations. Alcohol oxidation
to its respective acid requires co-oxidation of CO and appears to result in an
increase in energy yield of 1.5-2 times per CO consumed. We hypothesize alcohol
oxidation takes place via acetaldehyde and acetyl-CoA to acetate, allowing for
additional energy generation in the form of direct substrate level phosphorylation.
In chemostats, ethanol formation and consumption could be steered by changing the
CO dissolved in the liquid. During these runs a higher biomass yield (per mol acetate
consumed) was observed when cells were exposed to higher dissolved CO levels.
Our results suggest that C. autoethanogenum employs an unexpected novel mode
of energy conservation during gas fermentation in presence of higher CO dissolved
concentrations.

Introduction

Microbial conversion of carbon monoxide has gained renewed interest due to the
potential application of syngas and industrial off-gases for bio-based industries
(Bengelsdorfet al., 2013; Daniell et al., 2012; Redl et al., 2017). Three physiological
groups of microorganisms are identified to ferment this strongly reduced substrate:
hydrogenogens, methanogens and acetogens (Diender et al., 2015, Chapter 2;
Oelgeschldger and Rother, 2008). The physiology of carboxydotrophic acetogens
has over the last years been extensively explored. Mainly the involvement of the
RnF complex (Miiller et al., 2008; Tremblay et al., 2012) and several bifurcation
mechanisms (Buckel and Thauer, 2013), have led to a better understanding of the
carboxydotrophic acetogenic metabolism. Also genome scale models, of especially
model organisms such as Clostridium autoethanogenum or Clostridium ljungdahlii,
gave insight in the carboxydotrophic metabolism of acetogens (Valgepea et al., 2017,
2018).

Alcohol production by acetogens (solventogenesis) was previously shown to be
strongly dependent on pH; producing more alcohols at relatively lower pH (4-5)
(Abubackar et al., 2012). While formation of alcohols with varying chain length has
been shown to be possible from their respective acids during CO fermentation (Liu
et al., 2014b), ethanol metabolism is by far the most studied. It is theorised that the
production of ethanol from acetate is regulated by thermodynamics, and is suggested
to serve as detoxification mechanism of acetic-acid inside the cell (Richter et al.,
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2016b; Valgepea et al., 2017). During CO fermentation, ethanol can be formed via
two routes, the indirect route via acetate and the direct route from acetyl-CoA (Kdpke
et al., 2010). Knockout studies and metabolomics analysis in C. autoethanogenum
showed that the indirect pathway is the main route for alcohol production (Liew et
al., 2017; Valgepea et al., 2017). Via this route, utilizing acetate kinase, additional
ATP is conserved via substrate level phosphorylation. The role of the direct pathway
via acetaldehyde dehydrogenase remains unknown as it appears to not be involved
in ethanol formation and knockout of the gene even resulted in increase of ethanol
production, but growth decreased significantly (Liew et al., 2017).

In some studies, the re-oxidation of alcohols to their respective acids near end-growth
was observed in cultures using CO (Diender et al., 2016b, Chapter 5; Kdpke et al.,
2010) or H2 (Mock et al., 2015) as substrate. This suggests that the alcohol production
pathway in these organisms is reversible, and the alcohol is potentially acting as
electron donor in acetogenesis, similar to what was shown in Acetobacterium.
woodii (Bertsch et al., 2016). This study aimed to further elucidate on the control
and direction of the alcohol metabolism in C. autoethanogenum when it is grown
on CO. We hypothesize that alcohol production relates to the CO dissolved levels in
the liquid and in combination with acetic acid and alcohol levels determines alcohol
production or oxidation.

Material and methods

Strains and cultivation

Clostridium autoethanogenum (DSM10061) was purchased from the DSMZ strain
collection (Braunschweig, Germany). C. autoethanogenum was initially cultivated in
DSM-640 medium. Unless stated otherwise, experiments were conducted in medium
containing (per liter of medium): 0.9 ¢ NH,CL, 0.9 g NaCl, 0.2 g MgSO, * 7H,0,
0.75 g KH,PO,, 1.94 ¢ K HPO, * 3 H,0, 0.02 g CaCl, and 0.5 mg resazurin. The
medium was supplemented with the following trace-elements (per liter of medium):
1.5 mg FeCl, * 4 H,0, 0.025 mg FeCl, * 6 H,0, 0.070 mg ZnCl,, 0.1 mg MnCl *
4 H,0, 0.006 mg H.BO,, 0.190 mg CoCl, * 6H,0, 0.002 mg CuCl, * 2 H 0, 0.024
mg NiCl,* 6 H,0 and 0.056 mg Na,MoO, * 2 H,0, 0.0035 mg, Na,SeO, and 0.2
mg Na,WO,. The medium was boiled and cooled on ice under N, flow, after which
0.75 g L-cysteine was added per liter of medium as reducing agent. Unless stated
otherwise the pH was set to 6 using NaOH and HCI. Medium was dispensed under N,
flow, into glass serum bottles that were immediately capped with rubber stoppers and
aluminium caps. The headspace was filled with the desired gas (e.g., CO, H,/CO,) to
a final pressure ranging from of 150 kPa. Bottles were autoclaved immediately after
preparation. Before inoculation, the medium was further supplemented with a vitamin
solution in a 1:50 dilution, containing per liter: 1 mg biotin, 10 mg nicotinamid, 5 mg

133



Chapter 7

p-aminobenzoic acid, 10 mg thiamin, 5 mg panthothenic acid, 25 mg pyridoxamine,
5 mg cyanocobalamine and 5 mg riboflavine. Other additives, such as: yeast extract
(0.5 g/l), ethanol and acetate were added from sterile stock solutions. Unless stated
otherwise, cultivation was done at 37 °C while shaking at 150 rpm.

Bioreactor operation

Cultivation of C. autoethanogenum in continuous conditions, was performed ina 1.5
liter bioreactor (Applikon, Delft, the Netherlands). CO was supplied using mass flow
controllers (Brooks Instruments BV, Ede, the Netherlands). The liquid volume in the
reactor was set to 750 ml. Stirring was performed by two rushton stirrers on a single
shaft, stirrers were placed at 33% and 66% of the liquid height. The pH was controlled
using 3 M KOH. Gas outflow rates were determined using a bubble counter. After
sterilization, reactors were connected to the control tower, initiating temperature (37
°C) and pH control. Reactors were flushed for 3 hours with N, at a rate of 20 ml/min,
to create anaerobic conditions. Right before inoculation the N, flow was changed for
a CO/N, flow. Additionally, vitamins, yeast extract, and L-Cysteine were introduced
in the reactor in the same concentration as described for bottle cultivation. After
reduction of the medium below -300 mV the reactor was inoculated with the culture in
a 1:20 ratio. For continuous operation a peristaltic pump (Masterflex, Gelsenkirchen,
Germany) was used, applying a HRT of 1.5 days. The medium tank contained fully
prepared medium and was acidified using 30 ml 37% HCl per 10 L medium to ensure
sterile conditions of the inflowing medium. The medium vessel was continuously
sparged with nitrogen (5 1/h) to ensure anaerobic conditions of the inflow medium.
All mentions of gas-volumes in supply or production rates throughout the text are
considered to be at 1 atm pressure and 298 °K.

Active cell tests

The metabolic shift between acid and alcohol production was studied in more detail in
16-mL screw-cap Hungate-tubes that permitted 24-hour experiments under different
conditions. Tubes were made anoxic with N, and filled with 15 mL of active culture
from a C. autoethanogenum bioreactor operated in steady state and were centrifuged
for 20 minutes at 3000 g. The supernatant was replaced by 5 mL fresh medium free of
yeast extract and vitamins. Acetate, ethanol and butanol were added in concentrations
ranging from 0 mM to 50 mM. CO was introduced in the headspace to a desired final
proportion ranging from 0 to 40%. The tubes were incubated horizontally in a shaker
at an agitation speed of 60 rpm and at 37 °C. Depending on the metabolic activity
of each test, sampling was done every one or every two hours until depletion of CO.
At the end of the experiment, final pH was measured. All sets of experiments were
performed in triplicates.
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Analytical techniques

Liquid phase composition was analysed via high pressure liquid chromatography
equipped with a MetaCarb 67H column (Agilent Technologies, Santa Clara, CA).
The column was operated at a temperature of 45 °C with a flow rate of 0.9 ml/min.
Detection was done via a RI and UV detector. 0.01 N H,SO, was used as eluent.
In all cases, samples of 0.5 ml were taken and immediately centrifuged at 13000g.
Subsequently 0.4 ml supernatant was added to 0.6 ml 10 mM DMSO in 0.1 N H,SO,
solution. Concentrations below 0.1 mM could not be accurately be quantified and are
further referred to as trace amounts.

In order to more accurately determine lower amounts of alcohols (<1 mM) samples
were analysed on GC-2010 (Shimazu, Tokio, Japan). The column (DB wax UI of
30 m, 0.53 pm diameter) was operated at a temperature gradient of 40 °C for 5
minutes, subsequently ramping to 200 °C over 5 minutes and remaining at the higher
temperature for 5 minutes. A flame ionization detector was used.

Acetaldehyde concentrations in the liquid were determined using GC-M. GC-MS
was performed using a Trace GC Ultra coupled to a DSQ mass spectrometer installed
with quadrupole mass filter (Shimadzu, Tokyo, Japan). The GC was installed with
a RT Q-bond column. Initial oven temperature was 50 °C and was after 2 minutes
ramped to 200 °C over 5 minutes and kept at this level for 5 minutes. Liquid samples
were stored in air tight rubber stopped vials of 1 ml, and allowed to equilibrate with
the gas phase for 1 hour. Gas samples of 1 ml for injection in GC-MS taken using a
1 ml syringe.

For gas analysis of CO, H, and CO,, gas samples of 0.2 ml were taken with a 1
ml syringe and analysed in a Compact GC 4.0 (Global Analyser Solutions, The
Netherlands). CO and H, was measured using a molsieve SA column operated at 100
°C coupled to a Carboxen 1010 pre-column. CO, was measured using a Rt-Q-BOND
column operated at 80 °C. Detection was in all cases done via a thermal conductivity
detector.

In order to determine CO concentrations in the liquid, samples of 5 ml liquid broth
were taken an injected in a gas tight, glass rubber stoppered vial of 7 ml. Samples
were instantly put at 4 °C and left overnight to equilibrate the gas- and liquid phase.
Oxygen present in the vial combined with the low temperature caused instant
inactivation of the microbes. CO present in the headspace of the vials was determined
using GC. Total CO present in the vial was recalculated from the headspace value
using Henrys-law.

Dry weight was determined by centrifuging a predetermined volume of culture broth
(of at least 10 ml) and washing the pellet in ultrapure water two times. Cells were
then dried at 120 °C in pre-weighed aluminium baskets, before re-weighing.
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Results

C. autoethanogenum is capable of alcohol oxidation in the presence of CO
When growing on CO as sole carbon and energy source, C. autoethanogenum
initially shows a typical solventogenic metabolism with the formation of ethanol and
acetate (figure 1A). However, when CO concentration drops to 5-10 kPa and CO,
levels rise to 20 kPa (around day 3 of incubation), ethanol is oxidized and acetate
concentration increases. Ethanol oxidation appears to provide additional electrons
to the metabolism of C. autoethanogenum, allowing for more acetate production at
the expense of less CO (Eq. 1) compared to carboxydotrophic acetogenesis (Eq. 2).
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Figure 1. Alcohol production and subsequent oxidation by C. autoethanogenum in closed bottle
tests. Closed and open symbols indicate left and right axis respectively. A) production and consumption
of ethanol during growth of C. autoethanogenum. CO: black circles, CO, grey circles, Acetate: orange
circles, Ethanol: red circles B) oxidation of butanol by C. autoethanogenum, CO: black circles, CO,

grey circles, Acetate: orange circles, Ethanol: red circles, Butanol: green circles, Butyrate: blue circles.

136



A flexible alcohol metabolism in C. autoethanogenum allows for additional energy conservation

Oxidation was also observed when other alcohols were supplemented to the cultures.
In figure 1B, conversion of butanol to butyrate by C. autoethanogenum is illustrated.
Interestingly, ethanol was produced during butanol oxidation, showing that both
alcohol production and oxidation can take place at the same time. Alcohols were
not further converted when CO was depleted (figure 1B), suggesting CO is required
for the conversion of alcohols back to acids. Alcohol oxidation alone did not sustain
growth of C. autoethanogenum, as incubation with only alcohols as electron donor
did not result in growth or show oxidation activity after two weeks of incubation.

CO/CO, ratio affects alcohol oxidation metabolism

To get a more accurate view on the switch between alcohol oxidation and production,
concentrated cell suspensions of C. autoethanogenum, harvested from a chemostat,
were used. Harvested active cells were tested over a course of several hours for
ethanol production or oxidation activity with different initial CO pressures, acetate
and ethanol concentrations. Similar to observations in bottle experiments, high
ratios of CO/CO, at the start of all experiments (irrespective of total CO pressure)
caused formation of alcohols, while near the end of the experiments at lower CO/
CO, ratios oxidation of alcohols was observed (figure 2). Additionally, initial higher
levels of acetate promoted solventogenesis while initial higher levels of alcohols
promoted alcohol oxidation under similar gas compositions. The starting pH during
these experiments was in all cases 5.8, while the end pH ranged between 4.8 and
5.2. When plotting the data displaying either alcohol oxidation or alcohol production
against the CO/CO, ratio, a clear separation between alcohol oxidizing and alcohol
producing samples was observed (figure 2). As expected, alcohol oxidizing cultures
are located in the lower CO/CO, regions. In addition, the thermodynamic thresholds
for activity of the acetaldehyde oxidoreductase (Aor) were plotted for an external
pH of 4.8, 5.5 and 5.8 (figure 2A). For calculations we assumed an intracellular pH
of 6.8, acetaldehyde concentrations of 50 puM, a direct relation of CO/CO, ratio
with the ferredoxin redox potential in the cell and a direct relation of CO and CO,
pressure with their dissolved concentrations. Points localized above the line should
theoretically be in Aor active state (thus enabling ethanol production), while points
below should be in Aor inactive state (allowing ethanol oxidation). With increasing
length of incubation all points move towards the alcohol consumption phase, due to
a combination of lower pH and lower CO/CO, ratios.

Chemostats were used to further study the effect of CO dissolved on the alcohol
metabolism of C. autoethanogenum under more controlled conditions. Chemostat
runs of C. autoethanogenum at pH 6 with relatively low CO inflow rates (1 ml/
min) showed mainly production of acetate (about 20 mM) and trace amounts of
ethanol (around 0.2 mM). The CO concentration in the liquid was determined to
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Figure 2. Validation of alcohol production and oxidation in Hungate tubes using active cells.
Black lines indicate the theoretical threshold for alcohol oxidation at different external pH (up to down:
pH 5.8, 5.5, 4.8). Points in red are experimental points validated to be in oxidation stage and green
points are experimental points validated to be in alcohol production stage. Colour intensity indicates
length of incubation, higher intensity being earlier in the incubation (and thus higher pH). B) Same
points plotted in a 3-D graph including the alcohol exposure levels. Green points indicate alcohol

producing while red points indicate alcohol consumption.

be very low (in the range of 1-10 umol/L). A sudden increase of the CO inflow to
3 ml/min, caused a peak in CO dissolved (figure 3). After 2 minutes acetaldehyde
formation is observed, followed by ethanol production after 10-15 minutes (figure
3B). During the CO spike ethanol concentration increased, but remained below 1
mM (figure 3A). When ending the CO spike and reverting the CO flux back to 1 ml/
min, ethanol was quickly consumed till depletion, resulting in a sudden increase in
acetate concentration. This shows that alcohol production and consumption can be
quickly reverted.
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Figure 3. Alcohol production and consumption by C. autoethanogenum in a chemostat. A)
physiological profile of the reactor run operated at pH 6 with CO spike. Spike was initiated at t =
0 and stopped at t = 6. CO headspace (black dots), CO, headspace (grey dots), CO dissolved (dark
grey dots), Acetate (yellow dots), Ethanol (red dots). Open and closed symbols indicate left and right
axis respectively. B) profile of the first 15 minutes after CO spike, showing acetaldehyde levels with
CO spike (red) and without spike (blue). Black line indicates ethanol levels during in the CO spike

conditions. During the non-spike condition no ethanol was detected.

Biomass yield of C. autoethanogenum growing on alcohol and CO is higher than
on CO alone

During growth tests with 10 mM ethanol starting concentration and varying CO
headspace pressure (30, 50 and 100 kPa) ethanol oxidation was observed at 30 and
50 kPa starting pressures. In these incubations 1.5-2 times more biomass was formed
per CO consumed when compared to the conditions lacking ethanol (figure 4). The
CO/CO, ratios in the bottles incubated with ethanol show a value of 3 while a value
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Figure 4. Biomass yields per CO consumed in C. autoethanogenum in presence or absence of
ethanol. Cells were grown on 30, 50 or 100 kPa CO in closed bottles. Standard deviations are shown

over triplicate experiments.

of 2 is found in the control condition, indicating less CO, release in the former.
Ethanol addition appears to solely have effect at lower CO starting pressures, as in
presence of 100 kPa initial CO pressure biomass yields are the same for the tested
conditions. In these 100 kPa bottles a net production of ethanol was found, indicating
no net ethanol oxidation had taken place.

To further study the effect of ethanol consumption on biomass yields of C.
autoethanogenum, growth was performed in a chemostat at a CO inflow rate of 1 ml/
min at pH 6. In steady state, 20 mM acetate was formed with traces of ethanol (~0.2
mM) and biomass accumulated to 0,1 g/l dry weight. After steady state was reached
CO inflow was increased to 3 ml/min, after which the dissolved CO rapidly increased
(figure 5). CO increase was followed by ethanol production, increase in acetate
concentration and a rapid increase of biomass. Within 6 h the biomass concentration
in the reactor doubled from 0.1 to 0.2 g/l. Due to the fast formation of biomass and
products, the dissolved CO levels dropped quickly, additionally resulting in lower
CO pressure in the liquid and subsequently in ethanol to be consumed again. When
after 3 days steady state was reached at 3 ml/min CO inflow, formation of 48 + 0.7
mM acetate, 0,24 + 0.02 g/l dry weight biomass and traces of ethanol were observed.
The ratios of biomass formed per acetate produced are ~0.005 g biomass/mmol
acetate in both, 1 and 3 ml/min, steady-state conditions. Interestingly, during the
non-steady state period, biomass reaches the steady value much faster (6-24h) than
the acetate concentrations (~3 days). This suggests that when the high CO regime
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Figure 5. Physiological profile of C. autoethanogenum grown in a chemostat reactor at pH 6,
during sudden CO increase from 1 ml/min to 3 ml/min (at t = 32). Acetate (yellow dots), ethanol
(red dots) are displayed on the left axis (closed symbols), CO dissolved (black line) and biomass (green
dots) are displayed on the right axis (open symbols). B) Acetate production per biomass formed during
the CO ramp. Biomass yield per acetate (blue dots) and average biomass in steady state (red line) is

displayed on the left axis while CO dissolved (black line) is displayed on the right axis.
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has just been initiated, less acetate formation is required to sustain the formation of
the same amount of cell mass. Over the first 6 h after CO increase, ~0.1 g/l biomass
is formed while ~10 mM acetate is produced. In steady state 0.1 g/l biomass requires
production of ~20 mM of acetate, which is double the amount as required during
the CO-burst phase. As CO dissolved levels drop towards the steady state, biomass
remains stable while the amount of acetate keeps increasing bringing the biomass/
acetate ratio back to the value found for the original steady state (figure 5B).

The same experiment was performed at a pH of 5 to see if similar behaviour would
occur. The initial phase with low CO feeding resulted in similar conditions as at pH
6. Before increasing the CO flow 0.11 £+ 0.03 g/l biomass, 22 + 0.8 mM acetate and
traces of ethanol were found. CO was increased to 3 ml/min and biomass increased
over 6 hto 0.2 +0.01 g/l dry weight doubling the original biomass. Instead of acetate
formation, observed in the pH 6 condition, larger amounts of ethanol were formed,
decreasing acetate values to 15 mM while ethanol increased up to 8 mM (figure 6).
This response at pH 5 is clearly more solventogenic as at pH 6 as acetate is taken up
from the environment to produce ethanol (figure 6). Biomass generated per acetate
produced is only for a short time altered after the spike, and appears to stabilize at a
value slightly above the value found in the original steady state (figure 6B).

Discussion

Alcohol production or oxidation in C. autoethanogenum appears to be determined
by three factors: CO/CO, ratio, acetic acid concentration and ethanol concentration.
In cultures of C. autoethanogenum, oxidation of alcohols to acids was preferred
in presence of relatively low CO/CO, ratio, low acetic acid or high alcohol
concentrations (figure 2). As suggested by Richter et al., 2016, activity of the
Aor enzyme determines if the pathway towards alcohol production is activated,
depending on undissociated acid concentrations (Richter et al., 2016b). For alcohols
to be oxidized, the Aor preferably has to be switched off. The other way around,
alcohols are the preferred product under high acetic-acid concentrations and high
CO/CO, ratios, where Aor is active.

Similar to alcohol production, their oxidation can occur via two pathways: via
acetaldehyde to acetate or via acetaldehyde and acetyl-CoA to acetate (figure 7).
Both pathways generate reduction equivalents, however the pathway via Aor is
expected to yield ferredoxin and/or NAD(P)H whereas the pathway via acetaldehyde
dehydrogenase generates only NAD(P)H equivalents. The latter pathway is however
expected to yield one ATP via acetate kinase (Ack). Judging from the biomass yields,
alcohol consumption appears to be linked to significant energy conservation, as the
relative biomass yield per CO increased by 1.5-2 fold when ethanol is oxidized
compared to solely carboxydotrophic acetogenic cultivation of C. autoethanogenum
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Figure 6. Physiological profile of C. autoethanogenum grown in a chemostat reactor at pH 5,
during sudden CO increase from 1 ml/min to 3 ml/min (at t = 12). Acetate (yellow dots) and ethanol
(red dots) are displayed on the left axis (closed symbols) while CO dissolved (black line) and biomass
(green dots) are displayed on the right axis (open symbols). B) Acetate production per biomass formed
during the CO ramp. Biomass yield per acetate (blue dots) and average biomass in steady state (black

line) is displayed on the left axis while CO dissolved (red line) is displayed on the right axis.
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(figure 4). Assuming a bifurcational methylene-THF reductase, as suggested by
modelling studies done on C. autoethanogenum (Valgepea et al., 2018), an estimate
can be made of the ATP gain of C. autoethanogenum per CO consumed. The energy
yield per CO for acetogenesis from both ethanol and CO (Eq. 1) compared to
acetogenesis from solely CO (Eq. 2) increases ~1.7 times if alcohol oxidation runs
via the Adh pathway (assuming NADH as involved cofactor), while a 1.3 times
decrease is expected if this runs via the reverse Aor (assuming ferredoxin and
NADH are released by this pathway).

A 1.5-2 times increase in biomass per CO consumed was found during ethanol
oxidation (figure 4), suggesting that the Adh pathway is taken when ethanol is
oxidized. Addition of ethanol only promotes the biomass yield at lower starting
pCO, being absent at 100 kPa starting pressure (figure 4). This is likely due to the
unfavourable conditions for alcohol oxidation at higher CO/CO, ratios, causing
initial alcohol production. In the 100 kPa bottles net ethanol production was found,
not benefiting from the energy gain of alcohol oxidation. At lower pCO starting
pressure, ethanol is oxidized earlier due to faster decrease in CO/CO, ratios, gaining
sooner access to ethanol as a substrate. It is unlikely that the observed increase in
energy yield is caused by ethanol as biomass precursor, as for acetogens growing on
CO this is more costly compared to fixation of CO, via the Wood-Ljungdahl pathway
due to net ATP generation when acetyl-CoA is formed from CO (Diender et al.,
2015, Chapter 2). Additionally, if ethanol acted as biomass precursor allowing for
lower energy investment on biomass formation, the same yield increase would likely
be observed at 100 kPa CO pressure as well.

Alcohol oxidation in gas fermenting acetogens has been observed before (Bertsch
et al., 2016; Kopke et al., 2010), but has not been elaborately described for C.
autoethanogenum. Additionally, the observation of co-consumption is interesting
as ethanol can in theory supply enough electrons to reduce 2 CO, to acetate and
conserve net energy, similar to what is observed in Acetobacterium woodii (Bertsch
et al., 2016). For C. autoethanogenum we do not observe significant alcohol
consumption in the absence of CO (figure 1B), suggesting that there is interference in
the metabolism of C. autoethanogenum during solely alcohol oxidation. Reduction
equivalents such as NADPH or NADH could in theory supply higher potential
electrons, as ferredoxin, via bifurcation mechanisms in C. autoethanogenum such as
the bifurcating methylene-THF reductase or the RnF complex. It was suggested that
during growth of 4. woodii on ethanol the RnF operates in reverse at the expense of
ATP.
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Alcohol oxidation in gas fermenting acetogens has been observed before (Bertsch
et al., 2016; Kopke et al., 2010), but has not been elaborately described for C.
autoethanogenum. Additionally, the observation of co-consumption is interesting as
ethanol can in theory supply enough electrons to reduce 2 CO, to acetate and conserve
net energy, similar to what is observed in Acefobacterium woodii (Bertsch etal.,2016).
For C. autoethanogenum we do not observe significant alcohol consumption in the
absence of CO (figure 1B), suggesting that there is interference in the metabolism of
C. autoethanogenum during solely alcohol oxidation. Reduction equivalents such as
NADPH or NADH could in theory supply higher potential electrons, as ferredoxin, via
bifurcation mechanisms in C. autoethanogenum such as the bifurcating methylene-
THF reductase or the RnF complex. It was suggested that during growth of 4. woodii
on ethanol the RnF operates in reverse at the expense of ATP. The formed proton
gradient is used to drive ferredoxin reduction, which allows redox balancing via
the Wood-Ljungdahl pathway. In theory C. autoethanogenum is able to perform a
similar type of metabolism. However, for C. autoethanogenum it remains unknown
which exact redox equivalents are generated during alcohol oxidation, making it
difficult to assess why no growth on solely alcohols is observed. Potentially the
origin of this lies in the utilization of the bifurcating methylene-THF reductase in
C. autoethanogenum. If alcohol oxidation would only generate NAD(P)H reducing
equivalents, the RnF complex is needed to make additional reduced ferredoxin (figure
8). However, in contrast to A. woodii, C. autoethanogenum is suggested to contain a
bifurcating methylene-THF reductase complex generating ferredoxin from NADH
during operation of the methyl-branch of the Wood-Ljungdahl pathway (Bertsch et
al., 2016; Valgepea et al., 2017). The ferredoxin generated from the methylene-THF
reductase potentially drives the RnF to form a proton gradient, potentially causing
interference in the redox metabolism during utilization of ethanol as sole substrate
(figure 8). A. woodii lacks the bifurcational methylene-THF reductase allowing the
generated ATP to generate the required proton gradient without interference. Besides
the acetic acid concentration in the cell, ethanol production or consumption appears
related with the exposure to higher or lower CO/CO, ratios (figure 2). This was
shown in batch bottle experiments as well as reactor runs where a clear relation
was observed between CO dissolved and ethanol production/consumption (figure
2/3/5/6). Spiking CO resulted in short term ethanol production, going down upon
decreasing CO flow or after increasing biomass concentration (figure 3,5,6). The
stimulatory effect of CO dissolved on alcohol production potentially also explains
why limiting growth of CO fermenting acetogens by other factors (e.g. temperature,
medium supplements) is observed (Kundiyana et al., 2011; Ramio6-Pujol et al., 2015;
Richter et al., 2013). Such conditions potentially cause CO to accumulate in the
liquid, resulting in more ethanol formation.
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The control of the alcohol/acid metabolism of C. autoethanogenum can be explained
by the activity of two enzymes: Aor and Adh. Aor is dependent on the redox pressure
of ferredoxin, intracellular pH, and concentrations of acetaldehyde and acetic-
acid (Eq. 3). Adh is dependent on the redox pressure of NAD(P)H, intracellular
pH, and concentrations of acetaldehyde and ethanol (Eq. 4). Together, activity of
both enzymes control the size of the acetaldehyde pool, balancing out based on the
concentrations of acetic acid and ethanol. The external pH indirectly influences the
internal acetic-acid concentration, influencing Aor activity.

Fd* + 2 H" + CH,COOH < Acetaldehyde + Fd + H,O 3)
Acetaldehyde + NAD(P)H « Ethanol + NAD(P) + H,0 @)

As intracellular metabolite concentrations and pH for C. autoethanogenum are largely
unknown and likely are variable during growth, it is difficult to predict the shift point
where solventogenesis goes over into alcohol oxidation. However, based on the
thermodynamics of the Aor enzyme a prediction can be made as depicted in figure
2. All points situated at the top side of the line are expected to be in state of alcohol
formation, while points below the line are expected in state of alcohol oxidation for
the specific external pH. In addition to Aor activity, alcohol oxidation also depends
on the direction of the Adh enzyme. Gibbs free energy change calculations, assuming
intracellular pH of 6.8, 10 uM acetaldehyde and ratio for NAD/NAD(P)H of 10 (E’
=-0.320 V), suggest ethanol can accumulate to 10 mM before oxidation becomes
more favourable. Alcohol oxidation or production is thus not solely linked with
Aor activity, but is likely also affected by the thermodynamics of the Adh enzyme.
This independence of alcohol oxidation and production processes is highlighted by
the simultaneous oxidation and production of alcohols, as is observed for the case
where butanol is present (figure 1B). If butyraldehyde concentrations are low in the
cell due to the absence of butyraldehyde formation by the Aor complex, butanol is
oxidized, subsequently causing formation of butyrate. Acetaldehyde concentrations
might simultaneously not be low enough for ethanol oxidation, causing ethanol to be
formed. This causes that with the same CO/CO, ratio and pH, alcohol oxidation and
production for different alcohols/acid pairs can take place at the same time.

Based on the observation that co-consumption of ethanol and CO result in a significant
increase in energy yield, we theorise that the alcohol oxidation takes place via Adh/
Ack route. Therefore, if Aor and the Adh indeed operate independently, a scenario
where acetaldehyde is formed, but not further reduced to ethanol is possible. Similar
to what is expected to happen during alcohol oxidation, acetaldehyde could be
converted to acetyl-CoA and subsequently acetate (figure 9). Activity of this pathway
would result in no net change of the overall metabolism, remaining stoichiometrically
the same as acetogenesis (Eq. 2). However, due to additional energy gain via acetate

148



A flexible alcohol metabolism in C. autoethanogenum allows for additional energy conservation

He+ H+
A
s )
4 N
\
2Fd* 2 NADH ADP  ATP
co Fd* o2 02
Fgr x| -TATP
CO: Fd
NADPH —>»|

2NADH—»——> Fd” —>
NAD(P)
A/

NAD(P)H v
Acetaldehyd\e\l—> Acetyl- CoA <« (0

|
NADPH | CoA
| Acetyl-P
i
NAD(P) ¥ |
14

Ethanol Acetic acid @2 Acetate
A

Y
Acetic acid —> Acetate

—=
Figure 9. Schematic representation of the potential acetate cycling pathway (in green) in C.
autoethanogenum, contributing to increased energy yield under increased CO/CO, ratios.
Dashed lines indicate the ethanol oxidation step, which might also be active in the direction of ethanol
production if acetaldehyde levels are sufficient enough. Ferredoxin (Fd) indicated in red shows where
the reduction equivalents formed from CO oxidation first enter the metabolism. The reduction of CO,
to formate via the bifurcating formate dehydrogenase (orange arrow) is comprised of multiple reactions
but is here displayed as a single reaction. The ATP/H" yield of the ATPase and Rnf complex is not
displayed stoichiometrically.

kinase, this would increase the overall ATP yield of the Wood-Ljungdahl pathway
by a factor of two. This ATP increase is similar to the biomass yield increase that
is found in the chemostat experiments at pH 5 and 6 (figure 5b/6b). As long as the
pressure provided by the CO/CO, pair is enough to drive sufficient acetaldehyde
production and NAD(P) redox levels are suitable (Eq. 5), production of acetyl-CoA
from acetaldehyde could become favourable. Hence, acetyl-CoA concentrations
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have to be in a range where both acetaldehyde conversion to acetyl-CoA and ATP
production from its conversion to acetate are still feasible. It is possible that during
ethanol production the pathway from acetaldehyde to acetyl-CoA is also active as
long as the thermodynamics and kinetics of the pathway allow it. Indications that
such activity is occurring, is the slightly higher biomass/acetate yield observed in the
second steady state (3 ml/min CO), where a visible background of ethanol is formed,
compared to the first steady state (1 ml/min CO) at the pH 5 reactor (figure 6b).

Acetaldehyde + NAD(P)+ H" + CoA + H,0 <> AcetylCoA + NAD(P)H 5)

Earlier reports of acetaldehyde dehydrogenase (AdhE) knock-out strains of C.
autoethanogenum showed increased ethanol formation (Liew etal.,2017), suggesting
that AdhE of C. autoethanogenum potentially has a role in the oxidation of ethanol.
Additionally, the same study showed growth deficiencies of C. autoethanogenum
with an AdhE knockout, which was suggested to be due to disturbance of the redox
metabolism. An alternative explanation would be that less energy is conserved due to

Conclusions

Nextto alcohol production, C. autoethanogenum appears to be able to oxidize alcohols
to their respective acids as well. This however only appears possible in presence of
CO, acting as co-substrate for the production of acetate. Next to pH, the CO/CO,
ratio (and thus the reduction state of ferredoxin) appears essential for determining
if alcohol production or oxidation takes place. Due to the apparent thermodynamic
control of the system also acetic-acid and alcohol concentrations strongly influence
the direction of the alcohol metabolism. Alcohol oxidation seems to be linked to
additional energy conservation, suggesting that the pathway via acetate kinase is
taken for the oxidation of alcohols. In addition we observe a significant biomass
yield increase during exposure of the cells to higher CO dissolved concentrations.
Potentially, production and subsequent oxidation of acetaldehyde in the cells back
to acetate via acetyl-CoA occurs, cycling acetate at the expense of CO oxidation,
driving additional energy conservation via substrate level phosphorylation.
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Chapter 8

Chapter 8: General discussion

In the past four years that this project was conducted, fundamental and applied
aspects of syngas fermentation got much attention. Research efforts by industry and
establishment of gas-fermentation projects by companies as Lanzatech, AcelorMittal
and Evonik (AcelorMittal and Lanzatech, 2015; Haas et al., 2018), indicate the
increasing interest for synthesis gas fermentation technology. Work described in this
thesis contributes to gain insight into the physiology of gas fermenting microbes
(Chapter 2, Chapter 3, Chapter 6 & Chapter 7). Additionally, this work pioneers
in applying synthetic mixed cultures in syngas conversion processes (Chapter 4,
Chapter 5 & Chapter 6). This approach opens-up new opportunities for syngas
fermentation compared to current strategies based on pure- or undefined mixed
cultures. Next to the proof of concept of co-cultivation, fundamental knowledge
was obtained on the mechanisms underlying the interaction between the two
organisms in such synthetic cultures (Chapter 6). This gives a broader insight in
how thermodynamics affects microbial interactions, not only considering the typical
syntrophic examples, but also within microorganisms that do not strictly depend
on the activity of each other to live. Insight was gained in the energy conserving
mechanisms of Clostridium autoethanogenum, highlighting an energy conserving
strategy based on co-utilization of CO and alcohols. This resulted in a hypothesis for
a new energy conservation mechanism based on cycling of acetate at increased CO
exposure in the liquid (Chapter 7). This chapter will discuss the current developments
in the field of syngas fermentation and will place those in the light of this thesis.

Future application potential of gas fermentation

Synthesis gas fermentation has the potential to become an important sustainable
route for the production of chemicals and fuels from waste streams. Gas utilized in
the fermentation process can be derived from multiple sources, such as off-gases
from industry (Molitor et al., 2016), gasification of carbon wastes from both biomass
or municipal sources (Daniell et al., 2016; Drzyzga et al., 2015) or thermo-chemical/
electrochemical reduction of CO,/H,O streams (Dubois and Dubois, 2009; Furler et
al., 2012; Redissi and Bouallou, 2013). This makes gas fermentation highly flexible
in its starting materials compared to other bio-based approaches (table 1) and allows
for utilization of carbon normally not available for biological fermentation processes,
such as recalcitrant municipal wastes (e.g. plastics or rubber). This flexibility allows
for the integration of multiple waste streams into a single fermentation process.
Additionally, contrary to sugar fermentation, waste products from gas fermentation,
mainly CO, and biomass, can be reused by introducing them to the incoming waste
stream. In this way, low carbon emissions can be reached by introducing additional
hydrogen to the incoming gas stream, lowering the CO, output of the fermentation
while increasing product formation (Chapter 6). These features of syngas
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Chapter 8

fermentation might in the future proof valuable. Especially when fossil sources
become scarce, biomass and carbon waste-streams are potentially the main carbon
sources for production processes.

Irrespective of composition, conversion of the starting material via gasification
would allow for most of the material to become available as a mixture of H,, CO
and CO,, becoming accessible for subsequent conversion processes. Different
gasification setups can be employed, each having advantages or disadvantages for
conversion of specific types of starting material (Heidenreich and Foscolo, 2015).
Drawbacks of traditional gasification processes are the requirements for relatively dry
starting material and the highly variable gas composition, depending on gasification
technique and the parameters used (Drzyzga et al., 2015; Piccolo and Bezzo, 2009;
Ptasinski, 2008). Additionally, energy efficiencies of commonly used gasification
processes are highly variable and often have energetic efficiencies between 20-70%
depending on technique used (Heidenreich and Foscolo, 2015). However, recent
developments aim to improve the overall process and minimize drawbacks. Such
developments include plasma gasification, using the high temperature of plasma to
efficiently decompose biomass or municipal wastes into syngas (Tang et al., 2013).
Plasma gasification has high reaction rates enabling production of syngas with
high H, and CO content containing less CO,. Additionally, due to the high reaction
rate, less tar contaminants are present in the final gas (Heidenreich and Foscolo,
2015). Disadvantages are however the high energy consumption for plasma heating,
lowering the energy efficiency of the process. Another interesting development is
supercritical water gasification, which enables the gasification of organics in liquid
streams (Heidenreich and Foscolo, 2015). This however also requires high energy
investment in order to reach supercritical state of water, which lowers the overall
efficiency. Due to these relatively large energy investments of gasification, recycling
of heat/energy is thus of utmost importance to keep the process energy- and cost-
efficient. Commonly employed gasification processes are currently mainly applied
to convert well defined substrates, relatively low in moisture content (e.g. coal),
and processes are designed to be integrated with subsequent chemical catalysis or
combustion processes to make optimal use of energy streams. With the use of more
undefined streams such as biomass and municipal waste the gasification process
needs to be redesigned to become efficient. The integration of the gasification
and fermentation processes in a single process design is required to reach optimal
efficiency and economics of the overall process. Likely the cost price of energy will
play a major role here due to the large energy investment required for gasification of
undefined (often moist) waste streams.
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Besides biological gas fermentation as addressed in this thesis, syngas can also
be converted via chemical catalysis, applying metal catalysts to form fuels or
commodity chemicals. Examples are Fischer-Tropsch processes converting syngas
to liquid hydrocarbons (de Klerk, 2013) or the Sabatier process forming synthetic
natural gas (SNG) from syngas (Kopyscinski et al., 2010). Due to the metal catalysts
applied in these processes, chemical catalysis is highly sensitive to contaminants in
the syngas (e.g. sulfide), and products formed from these processes depend strongly
on the syngas composition, possibly resulting in formation of undesired side products
(Kopyscinski et al., 2010). This makes the highly variable composition of syngas
a complicating factor to deal with and therefore requires strong gas purification
and composition tuning before it can be applied in chemical catalysis. While
biological fermentation processes are slower compared to chemical catalysis, they
are less sensitive to contaminants and composition of the syngas and in some cases
contaminants might even act as supplements for growth (e.g. sulfur-compounds,
ammonia). This potentially allows for less stringent syngas cleaning prior to use.
More elaborate research is however required to exactly determine the sensitivity of
the bio-catalysts to specific contaminants that are often present in syngas such as tars
(e.g. phenolic- or aromatic compounds). An additional advantage of bio-catalysis
is the high specificity towards a single end-product, allowing for higher yield of
a single product irrespective of gas composition (Daniell et al., 2012). Currently,
main products from syngas fermentation processes include hydrogen, acetate and
ethanol (figure 1) (Bengelsdorf et al., 2013; Diender et al., 2018, Chapter 4; Redl
et al., 2017). Products less often observed are short and medium-chain fatty acids
and alcohols (Chapter 5, 6), lactic acid and diols (Bengelsdorf et al., 2013; Kopke
et al., 2011b; Redl & Diender et al., 2017). Production of higher-value products,
such as medicine or food additives, is likely not feasible to perform directly from
syngas fermentation due to the relatively low energy yield of gas fermentation
metabolism (Diender et al., 2015, Chapter 2; Molitor et al., 2017). However, from
the perspective of waste recycling it is interesting to consider the coupling of syngas
fermentation and subsequent biological processes utilizing the simple organic carbon
products (e.g. acetate, ethanol) formed from syngas fermentation process for aerobic
production of biomass with purpose of food/feed protein production. This might be
an indirect way to convert a diverse spectrum of waste streams (or even pure CO,
streams) to products for feed/food application. The CO, released in the aerobic part
of the process can be recycled in the gas fermentation process, limiting the CO,
exhaust. While appealing from a waste utilization perspective, the question remains
if such a process is feasible from an energetic and cost point of view compared to
other production processes. Therefore, industrial bulk chemicals will likely remain
the main product focus of syngas fermentation in the near future.
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Ethanol €——— Acetate €«——— Acetyl-CoA ——> Pyruvate —> 2,3-butanediol
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Figure 1. Potential products from syngas fermentation using microbial fermentation. Products
generated naturally from syngas fermenting strains as major end-products are shown in green, other
products can be observed but are often found as side products in the fermentation process (orange/blue).
Products shown in blue are produced via co-cultures described in this thesis. Figure adapted from Redl
& Diender et al., 2017.

Because of their flexibility and strong recycling capacity, integration of gas
fermentation processes will likely play an important role in the future circular
economy. However, this should be done in parallel with development of other
technologies in order make optimal use of value of each waste stream. While
gasification of a broad range of carbon materials is possible, this does not mean it
is always valuable to do so. Gasification of easily fermentable material or products
with higher economic value (e.g. sugar rich streams, recyclable plastics, hard wood)
should be prevented as they can either be processed more easily or have higher
application value in other processes. Therefore society should not aim for a single
dominant technology to replace fossil driven processes, but should rather focus on
building a diverse chain of technologies capable of closing the carbon cycle in our
economy.

New opportunities for syngas fermentation: synthetic mixed cultures

In this thesis we showed that application of synthetic mixed cultures can contribute
to the expansion of the product spectrum of syngas fermentation. Chain elongated
products were observed before from syngas fermentation by Clostridium
carboxydivorans (Rami6-Pujol et al., 2015) and was recently also shown to be
produced by undefined mixed cultures with CO as substrate (He et al., 2018), but
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in both studies at relatively low yield and low final concentrations of products were
reached. In this thesis we showed production of chain elongated acids and alcohols
with relatively high product/substrate yields (Chapter 5 & 6). We also showed that CO
sensitive processes, such as methanogenesis, become more efficient when applying
the co-cultivation strategy (Chapter 4). In order to enhance biological fermentation
processes, the main research focus is usually directed towards genetic engineering
approaches, where advantages can be gained from introducing or removing crucial
genes of pathways to boost production or produce non-native products. However,
as many gas fermentation pathways, such as the Wood-Ljungdahl pathway, operate
at the thermodynamic limit to sustain energy production, there is little room for
introducing, removing or altering major metabolic pathways (Molitor et al., 2017).
The observation that gas fermentation pathways, such as solventogenesis, appear
to be controlled by thermodynamics rather than by gene expression (Richter et al.,
2016b) leaves the question if pathways can actually be controlled well via genetic
engineering without significantly impairing the metabolism of the microorganism.
Constructing synthetic communities of different bacterial partners, forming a food
chain, is a possible alternative way to broaden the product spectrum of syngas
fermentation.

In the methanogenic co-cultures, the CO removal by Carboxydothermus
hydrogenoformans improved rates of methanogenesis significantly. Rates of the
co-culture were higher than rates of complex communities on syngas and less by-
products were formed (Chapter 4). Despite not reaching 100% pure methane gas,
due to a non-optimal ratio of CO and H, (1:2) of the incoming gas, the culture should
be capable of reaching such composition. Why a CO:H, ratio of 1:3 in the gas inflow
did not sustain a functional culture remains unknown, but potentially is related to
redox stress or light sensitivity in the methanogen. Interestingly, the co-culture reactor
system was found to be sensitive to light in the stage where a 5:2 ratio of H,:CO was
fed (Chapter 4), whereas there was no clear sign of light inhibition in earlier stages
of operation using a lower ratio of H,:CO. Fluorescent tube lighting was used in the
laboratory where reactors were operated, which have a peak spectrum around 430 nm
(Khazova and O’Hagan, 2008). This potentially interacts with the F420 co-factors of
methanogens (Olson et al., 1991), potentially giving additional stress under strongly
reduced conditions. In addition to shielding from light, more biomass build-up (e.g.
by increasing HRT) could allow a better performance at higher CO:H, ratios. The
higher biomass density will result in even higher volumetric methane production
rates. The, thus far, highest volumetric production rate reported for methane in a
biological system is 288 I/l/day, in a pure culture of M. thermoautotrophicus grown on
H,:CO,. This is significantly higher than the rates obtained in the syngas fermenting
culture of 4 1/1/day (Chapter 4). However, biomass levels were 7 times higher in
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the reported mono-culture and gas feed rates were 62 1/1/h while the co-culture was
merely fed with 0.36 1/1/h. Correcting for the biomass concentration a rate of 28 1/I/
day can be achieved by the co-culture, which is 10 % of the reported methanogenic
system with H,/CO,. Additionally, biomass yields of 0.3-0.5 g/mol were reported
for the monoculture of M. thermoautotrophicus on CO,:H, while in the co-culture
on syngas we obtain 2.2 g/mol methane. The higher yield might be explained by the
presence of C. hydrogenoformans causing additional biomass formation from CO to
hydrogen conversion. Production rates of methane from the syngas fermenting co-
culture can likely be improved by additional gas feeding, better biomass retention
and tuning for optimal gas composition. Ideally, an overflow chemostat setting is
used, only supplying concentrated medium while letting the water formation of
methanogenesis (eq. 1) determine the outflow rate. Assuming all water consuming
reactions and evaporation can be neglected during process operation, 1 mole of
methane production would result in 1 mole of water (18.01 g or ~18 ml).

CO +3 H, — CH,+H,0 (1)

Such setup allows for a slow turnover of the liquid in the system, resulting in high
biomass concentrations. Gas transfer has to remain the limiting factor though due
to sensitivity of the methanogen to CO. Eventually an equilibrium will be reached
between the rate of methanogenesis (determining the outflow rate) and biomass
growth (determining the rate of methanogenesis). Such system might achieve high
rates of methanogenesis and might be applied to convert CO rich gas streams to
methane.

The co-culture of C. autoethanogenum and C. kluyveri that converts syngas or CO
to chain elongated acids and alcohols demonstrates that it is possible to extend
the product spectrum of syngas fermentation to products rarely observed from
gas fermentation (Chapter 5). One of the more fundamental observations in this
culture was the metabolic shift of C. autoethanogenum towards ethanol production
(Chapter 6). Attempts to improve ethanol production in C. autoethanogenum via
genetic engineering resulted in stressed cells and subsequent low biomass yields
(Liew et al., 2017). This suggests that genetic engineering to improve industrial
strains for ethanol production by altering its central metabolism might be difficult
due to impairing biomass formation. Instead, continuous extraction of ethanol or
instant conversion to other products during cultivation might significantly contribute
to the overall product yield. Compared to the co-culture (Chapter 5, 6), systems fed
with ethanol as substrate, or two stage systems perform better for chain elongation
in terms of rate and product concentrations (Grootscholten et al., 2013; Richter et
al., 2013; Vasudevan et al., 2014). The lower production rates of the co-culture can
likely be explained by two factors, the non-optimal pH for both organisms (Chapter
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5, Richter et al., 2016a) and the relatively low gas feed rate used in the applied
reactor systems (keeping ethanol production the limiting factor). Continuation of
the chemostat experiments, performed in Chapter 6, feeding additional acetate and
hydrogen, was done in order to further assess the effect of higher pH on the co-culture
and the combined effect of hydrogen and acetate feeding (table 2). We observed that
at pH 6.6 chain elongation becomes more favourable and that ethanol again becomes
the limiting factor in the system. This likely is the result of more optimal conditions
for C. kluyveri combined with the lower toxicity towards chain elongated products at
higher pH. Further increasing the pH to 6.8 resulted in rapid decrease in gas utilization
followed by culture crash indicating an inactivation of C. autoethanogenum. Ramping
the gas flow in the acetate reactor resulted in further build-up of chain elongated
products, reaching 10 mM caproate (1.16 g/I) at a rate of 7 mmol/l/day. Vasudevan et
al., (2014) reported on a two-phase system, using syngas effluent, able to achieve 1
g/l caproate with a mixed culture performing chain elongation at pH 5.44. A similar
two-phase system applying a pure culture of C. kluyveri at pH 7 was able to reach
production rates of 40 mmol/l/day of caproate using syngas fermentation effluent
containing acetate and ethanol (Gildemyn et al., 2017). Application of two-stage
systems using syngas fermentation effluent is likely hampered by the relatively large
pH difference between the optimal pH for chain elongation (7-8) and the pH around
5 for solventogenesis. Thus, to efficiently perform reverse -oxidation from syngas
effluent in a two-phase system, large amounts of caustics are required to alter the pH
to favourable levels in the second fermentation process. In the co-culture described
here, using a combination of CO, limitation (by applying hydrogen), a pH ~6.5-
6.8 and a high gas influx will likely result in the optimal production conditions.
However, higher concentration of products might be achieved by designing a new
co-culture, capable of performing the process at higher pH (7-8), omitting toxicity of
the chain elongation products and allowing for C. kluyveri to grow more optimally.
It is important to note that acetogens produce ethanol usually at lower pH (~5)
However, by using the co-culture concept (Chapter 6), ethanol production might be
boosted by presence of C. kluyveri, potentially stimulating ethanol production even
at higher pH. A potential strain to test this with is Alkalibaculum bacchi (Allen et al.,
2010), known to produce slight amounts of ethanol from CO at pH >7. Assuming
the metabolism of 4. bacchi is also thermodynamically regulated, the co-culture
interaction combined with acetate pressure can cause a larger flux towards ethanol
and subsequently chain elongation, potentially resulting in chain elongation in a co-
culture from syngas at high pH. Further diversification of products by the described
co-culture can be done by addition of a propionate producer (e.g. Anaerotignum
neopropionicum) allowing for production of uneven chain elongated acids such as
valerate (C5) and heptanoate (C7), and their respective alcohols.
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Production of chain elongated alcohols such as butanol, hexanol and octanol was
observed during cultivation of a chain elongating co-culture on syngas or CO
(Chapter 5) (Haas et al., 2018; Richter et al., 2016a). The formation of these
alcohols is likely due to use of excess reducing equivalents by the syngas fermenter,
using the respective acids as electron acceptor. Alcohol production is also observed
when hydrogen is fed in excess, limiting CO, availability, resulting in ethanol and
butanol production (table 2, Chapter 6). The observation that alcohols are oxidized
at lower CO pressure (Chapter 7) explains why during most of the, gas transfer
limited, chemostat cultivation runs alcohols are not formed (Chapter 6). Chemostat
cultivation of a co-culture of C. [jungdahlii and C. kluyveri did result in alcohol
formation (Richter et al., 2016a), but the co-culture was fed with a larger amount
of gas (30-80 ml/l/min) compared to the co-culture study described here (3-5 ml/l/
min), likely causing more reduction equivalents to enter the cells. Initially, the
production of both alcohols and acids appears as a negative aspect, due to dilution
of the product of interest. However, the mechanism shown for alcohol oxidation
(Chapter 7) suggests that exposing the culture to lower CO influx before the broth is
down-stream processed allows for full re-oxidation of the alcohols to their respective
acids. This would yield solely chain elongated acids as end product. The other
way around, supplying with excess gas feed just before downstream processing,
potentially combined with lowering pH, can result in production of mainly alcohols.
Production of both acids and alcohols might be an advantage during fermentation due
to distribution of toxicity over multiple products. One of the mechanisms to counter
acetate toxicity during syngas fermentation is thought to be conversion of acetate
to ethanol (Richter et al., 2016b). Similarly caproate conversion to hexanol might
allow for an overall higher concentration of C6 molecules in the broth, eventually
resulting in a higher end-product concentrations when the mix of acids and alcohols
is converted to either acids or alcohols just before down-stream processing.

Overall the co-cultures performing syngas fermentation are able to fulfil a niche
function in the conversion of CO-rich gases directly to products other than acetate
and ethanol in a single fermentation set-up. Before such technology might become
competitive, advances have to be made in rates and concentrations of the products,
but the novelty and potential of these synthetic cultures is relevant. Computational
biology might offer additional insights in pairing of strains and design of synthetic
communities. Also a combination of community- and genetic-engineering can result
in interesting production capabilities as modifications can be spread over two or
more strains, lowering the potential impact on the growth potential of each of the
strains. A drawback of the co-culture approach that remains is the requirement for a
sterile system to function as a defined system. Similar to monocultures, the defined
co-cultures might lose efficiency due to contamination by external microbes. In the
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experiments performed in this thesis we did not observe any contamination on longer
term (>3 months) chemostat reactor runs for both co-cultures. This might have to do
with the specific function of each of the microbes in the system and the difficulty
for other microbes to grow competitively in the specifically designed environment.
Experiments where contamination is done on purpose might be performed to study
the stability and resistance of these synthetic cultures further. In order to make the
co-cultures even more robust to environmental changes and potential contamination,
the application of multiple strains with similar function (e.g. two syngas utilizers)
might strengthen the robustness of the culture. With expansion of the defined
synthetic cultures, addition of yeast extract and vitamins might become obsolete due
to the more diverse production pathways in a larger synthetic community.

Gas fermentation metabolism and its thermodynamic properties

Research efforts on the metabolism syngas fermenting microorganisms, especially
acetogens, have resulted in new insights on their physiology. Since publication of
Chapter 2, reviewing the metabolism of syngas fermenting microorganisms, two
main insights in acetogenic metabolism have been gained, the thermodynamic
regulation of solventogenesis in C. autoethanogenum (which likely also occurs
in other gas fermenting acetogens), and the further confirmation of a potential
bifurcating nature of the methylene-THF reductase. While not yet proven, it is
suggested the methylene-THF reductase is a bifurcational enzyme that oxidizes
two NADH while reducing one methylene-THF and one ferredoxin (Huang et al.,
2012). This bifurcating process is suggested to be required to explain the observed
growth rates of cells on syngas mixtures (Valgepea et al., 2018). However, direct
experimental proof of such activity by this enzyme is still required to further confirm
and understand the metabolism of acetogenic syngas fermenting acetogens.

All microbial processes are affected, and to certain extend controlled by
thermodynamics, but usually it is assumed that pathways are switched on or off
via genetic control. This appears not to be the case for C. autoethanogenum and
C. ljungdahlii during gas fermentation, keeping expression of their acetogenic
and solventogenic pathways continuously active during gas fermentation (Richter
et al.,, 2016b; Valgepea et al., 2018). Additionally, the product spectrum of C.
autoethanogenum could be steered by applying external electrons during growth,
resulting in more lactate and 2,3-butanediol production (Kracke et al., 2016). The
study concluded that changes in redox metabolism were caused by the shift in the
potential at which electrons were supplied. This points towards a thermodynamics
based origin for the shift. Indications for thermodynamic regulation were also
observed in this thesis: I) we observed a shift of the metabolism of C. autoethanogenum
towards ethanol production in co-culture without change in the transcriptome of the
central carbon or redox metabolism (Chapter 6) and II) rapid switches between
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the production/oxidation of alcohols depending on the CO concentration in the
liquid (Chapter 7). Continuous expression of both the acetogenic and solventogenic
pathways is potentially related the CO metabolism of these microbes. Sudden exposure
to high levels of CO can quickly inhibit the metabolism (Chapter 2) and this might
result in cell death. Direct inhibition of metallo-enzymes (e.g. hydrogenases) by CO
can be problematic, and redox inhibition might occur as well as theorized for some
methanogens (Chapter 3). Thermodynamic control of the CO metabolism enables
a rapid metabolic shift. As can be seen from data during CO spike experiments
(Chapter 7), C. autoethanogenum responds within < 2 minutes to the increased
CO inflow. Having to wait on expression changes and subsequent translation of all
the required pathways for CO removal would take time and increases the chance
of inhibition of the metabolism before good activity can be reached. Controlling
pathway activity based on thermodynamics might thus be essential for survival of
carboxydotrophic metabolism, and the continuous expression of pathways aiding in
CO-utilization could contribute to survival of the microbes and the community they
live in. Due to the requirement of CO as intermediate in the Wood-Ljungdahl pathway,
acetogens are ideal for the role as CO-scavenging in their natural environment,
similar to the proposed role of hydrogenogenic carboxydotrophs in thermophilic
hot springs (Techtmann et al., 2011). Additional support for CO scavenging role of
acetogens is found in the high turnover of the CODH enzyme (Chapter 2), and the
high affinity towards CO as a substrate in order to reach low CO concentrations.
C. autoethanogenum was capable of removing CO during cultivation till below the
detection limit of the GC (1-10 ppm), showing the ability to cleanse the environment
of CO. The potential high affinity of these microbes to CO as substrate might obscure
the production of such gases in their natural environments and the importance of CO
metabolism in many environments might therefore be currently underestimated.

In addition to recent discoveries mentioned above, the observation done in this thesis
that the energy yield of C. autoethanogenum appears to vary with the CO concentration
in the liquid (Chapter 7) indicates that the metabolism of gas fermenting acetogens
is not yet fully understood. As suggested in Chapter 7 a possible mechanism for
flexible ATP yield would be the cycling of acetate through acetaldehyde and acetyl-
CoA resulting in a net ATP gain. Direct proof for this is however missing, but
preliminary experiments were performed to get support for this theory. A chemostat
setup with similar settings as used in the experiment performed in Chapter 7 was
used to assess if 1-"*C labelled acetate could be traced into the acetyl-CoA pool
of C. autoethanogenum during fermentation of CO. Preliminary experiments were
initiated during steady state conditions and executed over a range of 6 steps (table 3).

In samples t = 1-3 *C-acetyl-CoA was difficult to detect, and quantification was not
possible due to the too low concentration in the extraction samples. If this inability
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Table 3. Sampling scheme of 1*C tracking in the acetyl-CoA pool of C. autoethanogenum
Phase Time after pH CO inflow Remarks

start (min) (ml/min)
0 0 6 1 inject 1°C label (10 mM)
1 0.5 6 1 sample t = 1
2 5 6 1 sample t =2, ramp gas to 3 ml/min CO
3 5.5 6 3 sample t=3
4 11 6 3 sample t =4, pH lowered to 5.5 after this point
5 16 55 3 sample t=5
6 50 55 3 sample t =6

of detection was due to small size of the acetyl-CoA pool or due to experimental
procedures remains unknown (all samples were extracted simultaneously). For
samples 4-6 ’C acetyl-CoA detection was possible, and ratios higher than the
natural abundance for 1-"*C acetyl-CoA and monoisotopic acetyl-CoA were detected
(figure 2). Acetyl-CoA contains 23 carbon molecules and, assuming 1.1% natural
abundance of "*C, one expects ~77% (0.989%) of all acetyl-CoA to be monoisotopic
and only contain '>C carbons. For samples 4, 5, and 6 we observed a clear enrichment
of the acetyl-CoA pool with label (figure 2) compared to the control sample (pure
acetyl-CoA in extraction buffer). This suggests that the label is indeed taken up from
externally provided acetate into acetyl-CoA. If this is the result of the acetate cycling
mechanism proposed is not clear yet due to the difficulty of detection of acetyl-CoA
in the first three samples. The observed ratios of 1-*C and monoisotopic acetyl-CoA
match with the expectations of how the pool should be saturated: 10 mM of labelled
acetate was added on top of 20 mM acetate of natural composition (already present
in the chemostat). This means that label abundance in external acetate would be
roughly 34%. This will result in about 1/3th of acetyl-CoA to be additionally labelled
in addition to the ~23% that is already naturally labelled, making up about a bit more
than half of the pool during saturation.

In Chapter 7 a short comparison of data obtained in other studies was made to
support the acetate cycling theory that can explain the lower biomass yields in
adhE knockout strains of C. autoethanogenum. However, when comparing with
co-culture data (Chapter 6) there are some potential contradicting observations
with the acetate-cycling theory. In co-culture, C. autoethanogenum becomes more
solventogenically active, having a very active conversion of acetate to ethanol. This
suggests that acetate cycling should also be possible during this time due to activity
of Aor, potentially allowing for increased energy and growth yields. However, lower
biomass yields were observed in the co-culture, contradicting with this hypothesis.
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Figure 2. Relative abundance in time of labelled acetyl-CoA in 1-*C acetate spiked cultures of
C. autoethanogenum cultivated in chemostat. Numbers on the x-axis indicate the amount of minutes
after sampling. Acetyl-CoA was detected via FT-ICR.

A potential explanation for this is the thermodynamics of the system, favouring
ethanol production over acetaldehyde conversion to acetyl-CoA. Low background
levels of ethanol were always observed in C. autoethanogenum cultures (~0.2 mM)
and are likely the maximum concentration allowed by thermodynamics under these
conditions. In general, accumulation of acetaldehyde via Aor activity would result
in enhancing both: ethanol and acetyl-CoA production. However, removal of ethanol
subsequently drains the acetaldehyde pool, potentially limiting the flux towards
acetyl-CoA (or even making it thermodynamically unfavourable). Unfortunately,
modelling this interaction is difficult due to the unknown size of the pools of many
of the intermediates and redox shuttles. In addition, pool size and redox shuttles
potentially also fluctuate making the whole system very dynamic. More experimental
data is thus required to get full evidence for this acetate cycle theory.

Conclusion

It is clear that gas fermentation is gaining increased interest from both academic and
industrial partners. Syngas fermentation will likely play an important role in our
future production chains due to the broad spectrum of starting materials and waste
converting potential. To reach this state, it is important to further optimize both the
gasification and fermentation process, and preferably integrate them together in a
single process design. Furthermore, future research has to deepen our fundamental
understanding of both the physiology of gas fermenting biocatalysts and their
interactions in community structures. As shown in this thesis, synthetic cultures have
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the potential to improve gas fermentation processes and has shown that microbial
interactions can result in further improvement of the overall fermentation process. In
the end, the syngas route might be the ultimate route to produce fuels and chemicals,
allowing for establishment of a complete circular economy.
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Summary

English Summary

Synthesis gas (syngas) fermentation is a process capable of processing a gaseous
substrate via bacterial fermentation into commodity chemicals and fuels. Gas (mainly
consisting of hydrogen, carbon monoxide and carbon dioxide) fed to the fermentation
process can be obtained from a wide variety of sources, including off-gases from
industry, gasification of solid carbon wastes (e.g. municipal waste, lignocellulosic
biomass) or gas derived from electrochemical reduction/physicochemical reduction
processes.

Current limitations of the fermentation process are the relatively poorly understood
physiology and genetics of the biocatalysts involved. Therefore the work in this thesis
aimed at unravelling of the syngas metabolism of acetogenic and methanogenic
strains, with main focus on carbon monoxide metabolism. In addition, the application
of synthetic co-cultures for syngas fermentation was explored to assess if such
cultivation approach could be interesting for application. Co-cultivation studies
provided a proof-of-concept for broadening syngas-derived products spectrum,
but resulted as well in new fundamental insights in the metabolism of the involved
strains.

As in the last 30 years much research has been conducted on the metabolism of CO
fermentation, this was reviewed, and compared to recent developments in the last 5-10
years, in Chapter 2. Here we studied the general CO metabolism of hydrogenogenic,
acetogenic and methanogenic strains, and highlight their similarities and differences.
Main focus is given to the Wood-Ljungdahl pathway, playing a role in all these three
metabolisms. In addition, the effect of the strong reduction power of CO on the end-
product spectrum and its potential toxicity effects on microbial catalysts is discussed.

In Chapter 3 we explored the carboxydotrophic metabolism of Methanothermobacter
marburgensis. Here we observe a poor ability of CO-conversion and attribute this
to redox stress caused by the CO molecule. This was supported by the observation
of upregulation of redox stress factors in the proteome. Additionally, it was found
that presence of hydrogen on the background was required before methanogenesis
on CO could take place. This is likely needed to drive the bifurcating heterodisulfide
reductase against the redox pressure generated from CO oxidation.

Based on findings in Chapter 3 and the general reports of methanogens growing
poorly in presence of CO as substrate, a co-culture was constructed in order to
facilitate methane production from CO, this is described in Chapter 4. The co-culture
consisted of Carboxydothermus hydrogenoformans and Methanothermobacter
thermoautotrophicus, and together formed an efficient system to generate methane
from CO containing gas. The culture was able to achieve 4 I/l . /day of methane
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production in a proof of principal setup, reaching 90% substrate conversion
efficiency and 73% methane content in the outflow gas (max. yield 75%, at this
inflow composition). This showed that this culture is highly efficient in biological
conversion of CO-rich gas to methane and might compete with or work in parallel
to other methane production processes such as the Sabatier process, or anaerobic
digestion.

As the product spectrum from syngas fermentation is currently still relatively
narrow, often resulting in acetate and ethanol, co-cultivation approaches can be used
to enhance this product range. Chapter 5 describes a defined co-culture capable of
converting CO or syngas mixtures to chain elongated acids (butyrate and caproate)
and their respective alcohols (butanol and hexanol). These products are rarely
generated by a single microbe from syngas and if so, are usually low in concentration
and production rate. The co-culture consists of Clostridium autoethanogenum and
Clostridium kluyveri allowing the former to convert the syngas/CO to acetate and
ethanol, subsequently resulting in conversion of these products by C. kluyveri into
chain elongated acids. The observed alcohols are subsequently formed by reduction
steps performed by C. autoethanogenum. This shows the strength of the co-culture
approach in the expanding of product range from syngas.

As follow-up to Chapter 5, the co-culture and interactions taking place are studied
in more detail in Chapter 6. Here we conducted a transcriptomic and physiological
analysis on the C. autoethanogenum strain in mono- and co-culture. During chemostat
cultivation we observed a clear shift in the product spectrum of C. autoethanogenum
towards solventogenesis, under the same reactor conditions, in co-culture compared
to the monoculture. Interestingly, no major changes were found in the transcriptome
of C. autoethanogenum in the central carbon or redox metabolism when comparing
mono- and co-culture conditions, suggesting no changes take place on genetic level.
Therefore we believe the product shift is caused by the removal of ethanol from the
medium by C. kluyveri, resulting in thermodynamically more favourable conditions
for solventogenesis by C. autoethanogenum.

Over several experiments conducted for the clostridial co-culture we observed
the oxidation of alcohols by C. autoethanogenum at lower CO pressure exposure.
We investigated this behaviour further, which is described in Chapter 7. Alcohols
appear to act as electron donor when the cells are exposed to low CO levels, co-
oxidizing them with CO as a substrate. Oxidation of alcohols was observed to result
in a significant energy gain per CO consumed, suggesting oxidation takes place
via acetyl-CoA as intermediate, allowing conservation of energy via the acetate
kinase enzyme. Furthermore data shows that during exposure to increased CO
concentrations in the liquid, C. autoethanogenum conserves more energy per acetate
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formed. We hypothesize that this increased energy conservation can be explained by
the cycling of acetate, via acetaldehyde and acetyl-CoA back to acetate, resulting in
CO-driven ATP conservation.

Overall we see quick developments in the field of syngas fermentation, both from
a fundamental and applied perspective. The recent developments in the field are
described in Chapter 8 and placed in the light of this thesis. From the bio-catalyst
point of view, most important developments include the establishment of genetic
systems for model gas fermenting clostridia and insight in the thermodynamic
regulation of the metabolism by these organisms. Additionally, we highlight recent
findings in preliminary studies on the acetate cycling hypothesis (Chapter 7/8). Here
we show that *C labelled acetate is incorporated into acetyl-CoA during exposure to
high levels of CO, confirming part of the acetate cycling puzzle. Also the efficiency
of the synthetic co-culture approach is discussed (Chapter 4-6, 8) and advantages
and downsides of the co-culture strategy are highlighted, overall indicating it as a
suitable strategy for improving the syngas process in the future.
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Nederlandse samenvatting

Synthesegas (syngas) fermentatie is een proces waarmee het mogelijk is om gas-
substraat om te zetten naar bruikbare chemicali€én en brandstoffen. Gas (vnl.
bestaand uit koolmonoxide, waterstof en kooldioxide) dat gebruikt wordt voor deze
toepassing kan verkregen worden vanuit meerdere bronnen, dit omvat: afvalgassen
vanuit de industrie, gas afkomstig uit gassificatie van vast koolstof-rijk afval (bijv.
huishoudelijk afval of biomassa), of gas afkomstig uit elektrochemische of chemische
reductie processen.

Huidige limitaties van dit fermentatie proces zijn de slecht begrepen fysiologie
en genetica van de betrokken microbiéle katalysatoren. Om deze reden richt het
onderzoek beschreven in dit proefschrift zich op het ontrafelen van het syngas
metabolisme van acetogene en methanogene micro-organismen, en focust met
name op de omzetting van koolstofmonoxide. Ook is in deze thesis de werking van
synthetische co-cultures voor de omzetting van syngas getest. Hierbij is een concept
studie gedaan waarin het eindproduct spectrum, en productie efficiéntie van het
fermentatie process zijn getest. Dit deel van het onderzoek heeft daarnaast geleid tot
nieuwe fundamentele inzichten in de rol organismen in deze co-cultures.

In de afgelopen 30 jaar is er uitgebreid onderzoek gedaan naar het metabolisme
van koolmonoxide fermentatie. Beschikbare literatuur over dit onderwerp wordt
besproken in Hoofdstuk 2. Voornamelijk de CO metabolismen van hydrogene,
acetogene en methanogene micro-organismen wordt hier besproken, met focus op de
gelijkenissen en verschillen. De focus ligt hier op de werking van de Wood-Ljungdahl
route, die een centrale rol speelt in alle 3 van deze metabolismen. Daarnaast wordt
de sterk reducerende eigenschap van koolmonoxide op het fermentatie product
spectrum, en potentiele toxische effecten op verscheidene micro-organismen
besproken.

In Hoofdstuk 3 wordt het koolmonoxide metabolisme van Methanothermobacter
marburgensis besproken. Dit micro-organisme is in staat koolmonoxide te gebruiken
als substraat, maar doet dit niet efficiént. Dit kan waarschijnlijk worden verklaard
door redox stress, geinduceerd door koolmonoxide. Deze theorie wordt ondersteund
door de toename in productie van redox stress eiwitten in het proteoom. Een andere
belangrijke bevinding was dat waterstofnodig is voor de omzetting van koolmonoxide
door deze methanogeen. Waterstof is waarschijnlijk nodig om de reductiekracht te
leveren voor activiteit van het heterodisulfide reductase enzym, wat essentieel is
voor het functioneren van het centrale redox metabolisme van deze methanogeen.

Gebaseerd op bevindingen in Hoofdstuk 3, en op algemene bevindingen dat
methanogenen slecht groeien op CO als substraat, is de co-cultuur techniek toegepast
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om de omzetting van koolmonoxide naar methaan te faciliteren. Dit werk is beschreven
in Hoofdstuk 4. De co-cultuur, bestaande uit Carboxydothermus hydorgenoformans
en Methanothermobacter thermoautotrophicus, vormde samen een efficiént systeem
waarin CO-rijk gas werd omgezet naar methaan. Het was mogelijk om een efficiéntie
te behalen van 90% substraat omzetting met een 73% methaan gehalte (maximaal
75% mogelijk bij de compositie van de gebruikte inkomende gas stroom). Dit toont
aan dat deze co-cultuur in staat is om met hoge efficiéntie het koolmonoxide rijke
gas om te zetten naar methaan. Dit systeem kan mogelijk in parallel opereren of
competeren met andere methaan producerende processen zoals het Sabatier proces
of anaerobe vergisting.

Het product spectrum van syngas fermentatie is gelimiteerd, vaak resulterend in
productie van acetaat en ethanol. De co-cultuur techniek kan gebruikt worden om
andere producten te produceren. In Hoofdstuk 5 wordt een co-cultuur besproken die
in staat is om koolmonoxide of syngas mengsels om te zetten naar keten verlengde
producten (butyraat, carpoaat) en de respectieve alcoholen (butanol en hexanol).
Deze producten worden zelden gevormd door één microbe alleen, en in de gevallen
waar dat wel zo is zijn de product concentraties en productie snelheden laag. De co-
cultuur bestaat uit Clostridium autoethanogenum en Clostridium kluyveri, waarin
eerstgenoemde de koolmonoxide omzet naar acetaat en ethanol, wat gevolgd wordt
door ketenverlenging door laatstgenoemde microbe. De gevormde alcoholen ontstaan
door reductie van de organische-zuren door C. autoethanogenum. Dit laat zien dat
het mogelijk is om het product spectrum van syngas fermentatie uit te breiden met
de co-cultuur techniek.

Als vervolg op Hoofdstuk 5, zijn de interacties in de co-cultuur verder bestudeerd,
dit is beschreven in Hoofdstuk 6. Hier is gebruikgemaakt van een combinatie
van transcriptoom analyse en fysiologische experimenten op C. autoethanogenum
in mono- en co-cultuur. Gedurende chemostaat cultivatie werd een duidelijke
verschuiving waargenomen in het product spectrum van C. autoethanogenum,
waarbij meer ethanol werd gevormd in de co-cultuur conditie ten opzichte van de
monocultuur bij gelijkblijvende omgevingscondities. Opmerkelijk was dat er geen
duidelijke veranderingen plaatsvonden in het transcriptoom van C. autoethanogenum,
wat suggereert dat de verandering in eind product spectrum niet het gevolg zijn
van veranderingen in genexpressie. Daarom hypothetiseren we dat de verschuiving
in product spectrum komt door de verwijdering van ethanol door C. kluyveri. Dit
veroorzaakt dat het voor C. autoethanogenum thermodynamisch meer voordelig
wordt om ethanol te maken, resulterende in de geobserveerde verschuiving.

Tijdens de co-cultuur experimenten werd meerdere keren geobserveerd dat
C. autoethanogenum 1in staat is om alcoholen te oxideren bij lagere opgeloste
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koolmonoxide concentratie. Deze eigenschap is verder onderzocht, en beschreven
in Hoofdstuk 7. Alcoholen lijken te dienen als elektron donor op het moment dat
de cellen blootgesteld worden aan lagere koolmonoxide concentraties, resulterend
in co-oxidatie van koolmonoxide en de alcoholen. Oxidatie van alcoholen lijkt
gekoppeld aan een significante toename in energie conservatie per koolmonoxide
molecuul verbruikt. Dit suggereert dat oxidatie van de alcoholen plaatsvind via
acetyl-CoA as tussenstap, wat extra energie conservatie toelaat via het enzym
acetaat kinase. Verder laat data zien dat bij blootstelling aan hogere koolmonoxide
concentratie in de vloeistof meer energie conservatie plaatsvind per acetaat gevormd.
We hypothetiseren dat dit komt door het rondpompen van acetaat via acetaldehyde
en acetyl-CoA terug naar acetaat, wat resulteert in koolmonoxide gedreven ATP
conservatie.

Over het gehele veld van syngas fermentatie zien we snelle ontwikkelingen, zowel
op fundamenteel als toegepast gebied. Recente ontwikkelingen worden beschreven
in Hoofdstuk 8, waar deze geplaats worden in de context van deze thesis. Vanuit
het gebied van microbiologie zijn de belangrijkste ontwikkelingen: het tot stand
brengen van genetische systemen voor Clostrida, en het verkrijgen van inzicht
in de thermodynamische regulatie van syngas metabolisme. Ook worden recente
bevindingen omtrent de acetaat cyclus hypothese (Hoofdstuk 7/8) besproken.
Hier tonen we aan dat “C-gelabeld acetaat teruggevonden wordt in acetyl-CoA
gedurende blootstelling aan hogere opgeloste koolmonoxide concentraties, wat een
deel van de acetaat cyclus hypothese bevestigd. Verder wordt ook de efficiéntie van
synthetische co-cultivatie in syngas fermentatie besproken (Hoofdstuk 4-6,8), en
voor- en nadelen van deze strategie uitgelicht. Hieruit concluderen we dat de co-
cultuur strategie een geschikte aanpak is voor het verbeteren van syngas fermentatie
processen in de toekomst.
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