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General introduction and
Thesis outline



CHAPTER 1

1.1 A call for sustainability

The last century has seen an unprecedented rise in carbon dioxide (CO,) emissions into the atmo-
sphere, causing average global temperatures to rise to levels never seen before (Intergovernmental
Panel on Climate Change [IPCC], 2018, 2023). Human activities with a large environmental
footprint such as burning fossil fuels, deforestation, and industrial processes have contributed to
this increase. The rise in CO, emissions is recognized as a major driver of climate change, which
has already resulted in profound socicetal and environmental impacts. Among others, these in-
clude rising sea levels, intensified heatwaves, diminished rainforests, heightened risks of species
extinction, and compromised food security. Unfortunately, current projections indicate that the
emission reduction commitments outlined by countries under the 2015 Paris Climate Agreement
(United Nations Framework Convention on Climate Change, 2015) are unlikely to be fulfilled
(Climate Action Tracker).

Considering the projected growth of the human population in the next decades (United Nations
Department of Economic and Social Affairs, Population Division, 2022), it is expected that, if no
actions are taken, the future scenario regarding climate change will worsen, although it is import-
ant to note that anthropogenic emissions alone are not the sole contributor (IPCC, 2018, 2023).
Natural climate fluctuations and geological events also play a role in climate change. Nevertheless,
population growth is a factor that strongly influences the demand for resources and energy con-
sumption, making anthropogenic emissions a key factor in the equation. It is widely recognized that
humanity is exceeding the planet’s ecological limits (Global Footprint Network). This concept is
often referred to as ecological overshoot, where human demand for resources and ecological services
exceeds the regenerative capacity of Earth.

It is therefore crucial to implement sustainable practices across all sectors (IPCC, 2023). These
include transitioning to cleaner energy sources, improving forest- and crop-land management,
and reducing food waste, all attainable strategies that should be incentivised and supported with
effective policies. In this thesis, we address one of these necessary practices: the sustainable pro-

duction of chemicals.

1.2 The three biorefineries

The largcst contributor to CO2 emissions is the exploitation of fossil fuels for energy generation
and industrial processes (International Energy Agency [IEA], 2023). The chemical industry is the
third largest industry subsector of direct CO, emissions. Production of ammonia, a key constit-
uent of fertilisers, is the largest contributor from primary chemical production (45%), followed
by methanol synthesis (28%) and high-value chemicals (27%). Due to rising demand of products,
direct CO, emissions from the chemical industry are predicted to increase by 20% in 2030 and by
30% in 2050 (IEA, 2018).

The strong dependency of the chemical sector on fossil fuels poses environmental concerns and
raises issues regarding resource availability, thereby emphasizing the urgent need to search for
alternative, renewable solutions. Moreover, society is grappling with the accumulation of munic-

ipal and industrial wastes (Hoornweg et al., 2013). An opportunity exists to exploit these waste
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materials and use them as feedstocks for the sustainable production of biochemicals, in what has
been framed as the biorefinery concept (Calvo-Flores & Martin-Martinez, 2022; Fernando et al.,
2006; Takkellapati et al., 2018). Alcthough different classifications are encountered in literature
(Cherubini etal., 2009), three major distinct strategies have emerged within this framework, cate-
gorized based on the intermediate chemical they generate: the sugar platform, the syngas platform,
and the carboxylate platform (Holtzapple & Granda, 2009) (Fig. 1.1).

The sugar platform, also known as the “biochemical platform”, traditionally involves the break-
down of carbohydrate-rich feedstocks like crops or lignocellulosic materials into simple sugars
through enzymatic hydrolysis (Fernando et al., 2006). These sugars can then be converted via
microbial fermentation into a diverse range of biochemicals. The sugar platform has a long record
and it has been well-established in industry to produce biofuels (bioethanol and biodiesel). How-
ever, the economic viability of this platform heavily relies on the feedstock’s composition. The
presence of recalcitrant lignin in woody biomass —which can account for 15-25% of the total
dry matter— is problematic, necessitating additional pre-treatment steps to facilitate enzymatic
hydrolysis (Cherubini, 2010).

The syngas platform (or thermochemical platform) bypasses this limitation by gasifying car-
bonaceous materials to produce synthesis gas (syngas), a mixture primarily composed of carbon
monoxide, hydrogen, and carbon dioxide (CO, H,, and CO,) (Fernando et al., 2006). Feedstocks
for gasification include not only lignocellulosic biomass but also solid wastes such as agriculcur-
al or municipal organic waste streams. The syngas platform offers the advantage of accessing all
carbon within an organic material regardless of its characteristics, making it an ideal and versatile
technology to exploit recalcitrant biomass. Despite its high versatility, a negative aspect of the
syngas platform is the high energy input (>700°C) that is required for gasification. In addition,
the composition of the resulting syngas varies depending on the biomass and gasifier used, which
can be a disadvantage depending on the subsequent application of the gas (Chandolias et al., 2018).

Syngas serves as a versatile feedstock itself. Traditionally, it has been used in Fischer-Tropsch
synthesis to produce hydrocarbons, such as diesel and jet fuels (Fernando et al., 2006). Syngas is
also utilised in the synthesis of methanol and in the production of ammonia through the Haber-
Bosch process. These traditional applications of syngas have been deployed in large-scale industrial
operations for decades. However, syngas has been also demonstrated to be a suitable feedstock for
microbial conversion, giving rise to what is known as syngas fermentation (Liew et al., 2016; Red]l
et al., 2017; Sun et al., 2019). Syngas fermentation is the topic of this thesis and is addressed later
in the text (§ 1.3and § 2.1).

The third biorefinery, the carboxylate platform, relies on the use of anaerobic microbial consortia
(also termed open mixed cultures or undefined cultures) to efficiently convert organic wet waste
streams into short-chain carboxylic acids (SCCAs: acetate, propionate, and butyrate) as valuable
intermediates for further conversion (Agler et al., 2011; Moscoviz et al., 2018). Typical feedstocks
are wastes from municipal, agricultural, or industrial processes. Open mixed cultures are particu-
larly suited to treat such heterogeneous feedstocks due to their high microbial diversity, robustness,
and adaprability.

In essence, the three biorefinery platforms differ in their feedstock conversion methods and

the nature of the key intermediates (platforms) generated —sugar, syngas, and carboxylates, re-
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spectively. However, the subsequent conversion methods for these intermediates are theoretically
platform-independent and interchangeable (Fig. 1.1). Moreover, these platforms can be combined
or integrated with other conversion processes, offering significant potential for diversification in
the sustainable production of chemicals and fuels (Fernando et al., 2006; Richter et al., 2013).
The choice of biorefinery will depend on factors such as feedstock availability (e.g., gasification is
suitable for lignocellulosic biomass) and the required intermediate for subsequent conversion (e.g.,

sugars are often used in fermentation processes).

BIOREFINERY FEEDSTOCKS

1G 2G 3G
[food-competing crops] [lignocellulosic biomass  [algae and C1-feedstocks]
and wastes]

PLATFORM INTERMEDIATES
C Sugars ) ( Syngas ) ‘Carboxylates:

CONVERSION TO BIOCHEMICALS

Upgrading Chemical catalysis Microbial catalysis  Enzymatic catalysis

Figure 1.1 A simplified scheme of the biorefinery concept. The platform intermediates —sugars, syngas,
and carboxylates — can be produced from first-, second- and third-generation feedstocks (1G, 2G, and 3G,

respectively) and be converted to a plethora of biochemicals via chemical and biological methods.

On a final note, it is pertinent to refer the terminology of first-, second-, and third-generation
feedstocks in the context of biorefineries (Cherubini, 2010; R.A. Lee & Lavoie, 2013). First-gen-
eration feedstocks include food crops such as corn, sugarcane, and vegetable oils. Second-gener-
ation feedstocks encompass non-food biomass like agricultural residues (e.g., straw, corn stover)
and dedicated crops (e.g., switchgrass, miscanthus). Third-generation feedstocks, also known as
advanced feedstocks, comprise algal biomass and, more recently, C1 feedstocks (Liu et al., 2020a).
In the pursuit of sustainable production, there is a growing focus on second- and third-generation
feedstocks due to their abundance, reduced competition with food and feed production, and po-
tential for lower environmental impact. Combining biorefinery platforms and utilizing different
feedstocks offers opportunities for flexibility and diversification in sustainable chemical and fuel

production (Fig. 1.1).
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1.3  The syngas fermentation era and the rise of acetogens

Recent years have witnessed a growing interest on CI feedstocks (ie., syngas, methanol, formate)
for microbial conversion to biochemicals. This approach holds promise in reducing reliance on
fossil fuels and minimizing carbon emissions. Furthermore, advancements in biotechnology and
microbial engineering have expanded our understanding of C1 utilization pathways, paving the
way for innovative approaches in converting these feedstocks into valuable chemicals (Bae et al.,
2022; Humphreys & Minton, 2018; Katsyv & Miiller, 2020; H. Lec et al., 2022; Z. Liu et al.,, 2020).
Syngas stands out among C1 feedstocks due to its inherent versatility. Besides gasification-derived
syngas, CO-rich gas streams that are generated by the steel and iron industries can be utilised in
the same ways, thereby reutilising a carbon-rich source that is otherwise combusted (Molitor et
al,, 2016).

Syngas fermentation employs microorganisms as catalysts to convert CO, CO,, and H, into
desired products. Various microbial groups can use these gascous compounds as carbon and/or
energy sources (Diender et al., 2015; Sipma et al., 2006). Among them, acetogens are promising
biocatalysts in syngas fermentation, since they can fix CO, into acetyl-CoA, a biochemical platform
from which a variety of chemicals can be derived. Acetogens are widely distributed in nature: over
100 acetogens from 23 genera have been isolated from diverse environments, including a wide range
of temperatures and pH (H. Lee et al., 2022). Most studied strains belong to the Clostridium, Ace-
tobacterium and Moorella genera, with representative species bcing Clostridium autoetlmnogmum,
Acetobacterium woodii and Moorella thermoacetica. The diverse nature of acetogens is reflected in
their differing genomic features and metabolic capabilities (Bengelsdorf et al., 2016; Diender et
al., 2015; Drake et al., 1997; Laura & Jo, 2023; Schuchmann & Miiller, 2014).

Acetogens are strict anaerobes that fix two molecules of CO, into one molecule of acetyl-CoA
through the reductive acetyl-CoA or Wood-Ljungdahl pathway (WLP) (Fig. 1.2) (Schuchmann &
Miiller, 2014; Schuchmann & Miiller, 2016). The WLP is thought to be the most ancient pathway
for CO, fixation. It consists of two branches, one for each molecule of CO,: the methyl and the
carbonyl branch. In the methyl branch, CO, is first reduced to formate (via formate dehydrogenase)
that is ultimately converted to methyl-tetrahydrofolate (methyl-THF) through a series of conver-
sions and reductive steps that involve six reducing equivalents. Methyl-THF is then transferred via
amethyltransferase and a corrinoid iron-sulphur protein (ergo, methyl-CoFeSP) to the bifunctional
CO dehydrogenase/acetyl-CoA synthase (CODH/ACS). In the carboxylate branch, CO, is reduced
to CO via the CODH/ACS with two reducing equivalents. The CODH/ACS also catalyses the
subsequent synthesis of acetyl-CoA from the methyl and carbonyl groups formed in the methyl and
carbonyl branches, respectively. Acetyl-CoA is further converted into acetate via phosphotrans-
acetylase and acetate kinase, generating one molecule of ATP via substrate-level phosphorylation.
Acetate production via the WLP results in zero net ATP synthesis, sine ATP required for formate

activation with THF is regenerated in the acetate kinase reaction (Fig. 1.2).
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Figure 1.2 The reductive acetyl-CoA or Wood-Ljungdahl pathway (WLP) used by acetogens to fix two
molecules of CO, into one molecule of acetyl-CoA, and subsequent conversion steps to acetate and ethanol.
Acetogens may retrieve electrons from CO, H, or heterotrophic substrates. ATP: adenosine triphosphate;
CoFeSP: corrinoid iron-sulphur protein; e': electrons; THEF: tetrahydrofolate.

To gain energy, acetogens employ either of two described membrane-bound protein complexes that
couple the transfer of electrons between electron carriers with the translocation of cations across
the membrane (Schuchmann & Miiller, 2014; Schuchmann & Miiller, 2016). These are the reduced
ferredoxin:NAD* oxidoreductase (Rnf) complex and the energy-converting hydrogenase (Ech)
complex. The proton gradient generated by Rnf or Ech is used by an APTase to synthetise ATP.
The Rnf complex is found in many industrially-relevant acetogens, including C. autoethanogenum,
A. woodii and Acetobacterium wieringae. The Rnf couples the reversible reduction of NAD* with
reduced ferredoxin (Fd*) with the translocation of Na* or H* across the membrane. The reduction
of NAD* (E;’ = -320 mV) with Fd* (E’ = -400 to -500 mV) is an exergonic reaction that can drive
the transport of cations against gradient across the cell membrane to create a proton motive force
and, ultimately, ATP synthesis via ATP synthase. The Ech complex, present in M. thermoacetica,

operates in a similar manner as the Rnf, yet coupling the oxidation of ferredoxin to H, generation.
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Therefore, the availability of ferredoxin has a strong impact on the energetics of acetogens. While
the conversion steps of the WLP are the same for all acetogens, the electron carriers and some
of the enzymes involved (which includes electron-bifurcating enzymes) vary across strains, with
implications in the energetic and general metabolism (Schuchmann & Miiller, 2014).

Acetogens can retrieve electrons to fix CO, from a variety of autotrophic (CO, H,) and heterotro-
phic substrates (sugars, ethanol, etc.), which confers them with a unique versatility in the anaerobic
realm (Drake etal., 1997; Schuchmann & Miiller, 2016). Most heterotrophic substrates are degrad-
ed to the level of acetyl-CoA (subsequently forming acetate) through the conventional pathways
(e.g., glycolysis). Utilisation of H, (E = -400 mV) involves the activity of electron-bifurcating
hydrogenases that couple the exergonic reduction of NAD* (E’ =-320 mV) to the endergonic
reduction of ferredoxin (E,’= -400 to -500 mV) (Diender et al., 2015). Hydrogenases are known
to be competitively inhibited by CO (Ceccaldi et al., 2017; Schuchmann & Miiller, 2013). That
said, CO-tolerant hydrogenases have been described, allowing some species to use H, also in the
presence of CO (Fox et al., 1996; Soboh et al., 2002). Utilisation of CO involves the monofunc-
tional CODH, an enzyme specialised in the oxidation of CO to CO,. Contrary to H,, the redox
potential of the CO/CO, pair (E = -520 mV) is sufficiently low to drive the reduction of ferredoxin
(E,=-400 to -500 mV) (Schuchmann & Miiller, 2014). During growth on CO as sole substrate,
part of the Fd* is used to generate NADH for some of the reductive reactions of the WLP. Since
more Fd* is obtained than is required in reductive reactions, the rest can be funnelled to the Rnf
complex to drive ATP synthesis. Therefore, growth on CO is more energetically-favourable than
growth on CO,/H..

Ethanol is an overflow product of acetogens that is produced when there is an excess of reducing
equivalents (Allaart et al., 2023; Diender et al., 2015). Two routes have been described for the
production of ethanol from acetyl-CoA in acetogens (Fig. 1.2). In the first pathway, acetyl-CoA is
converted to ethanol via acetaldehyde using a bifunctional aldehyde/alcohol dehydrogenase (AdhE).
The second pathway involves the conversion of acetate to acetaldehyde through the acetaldehyde:-
ferredoxin oxidoreductase (AOR), followed by the reduction of acetaldehyde to ethanol by an
alcohol dehydrogenase (Bengelsdorf et al., 2016). Other than acetate and ethanol, a handful of
products can be formed by acetogens due to their restricted energy metabolism. In the last decade,
significant progress has been made in the engineering of acetogens to synthetise non-native products
from syngas (Képke & Simpson, 2020; Lee et al., 2022), including acetone (Arslan et al., 2022;
Liew et al., 2022) and 3-hydroxybutyrate (Woolston et al., 2018). However, efficient genome ma-
nipulation techniques of these non-model microorganisms are still limited, and overcoming the
energetic limitations is a challenging task (Cherubini, 2010; Lee, 2021). An alternative is to rely
on the native networks that sustain microbial communities, the core topic of this thesis and that

is introduced next.
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1.4 Harnessing the power of microbial networks: the case

of chain elongation

The use of microbial communities in bioprocesses has several advantages, among them division
of labour, metabolic redundance and robustness (De Vrieze et al., 2017; Diender et al., 2021).
Microbial communities can be classified in two types: open mixed cultures (undefined), and syn-
thetic co-cultures (dcﬁned), the latter bcing the focus of this thesis. The features, advantages and
disadvantages, and the application potential in syngas fermentation of these two types of microbial
cultures are extensively described in Chapter 2 (for a summary of studies up to 2021, see Table 2.1
and Table 2.2).

A common denominator of microbial communities applied in syngas fermentation is the pres-
ence of chain-elongating microorganisms that consume the ethanol and acetate that are produced
by acetogens (Diender et al., 2016b; Ganigué et al., 2016). This way, butyrate (C4) and caproate
(C6) can be produced, increasing the value of end products of the syngas fermentation process.
Chain clongation is regarded as a secondary fermentation in the carboxylate platform (described
in § 1.2), as it involves the conversion of SCCAs to medium-chain carboxylic acids (MCCAs; e.g.,
butyrate, caproate) provided that an electron donor is available. Chain elongation is the result of
the reverse -oxidation pathway, a cycle that adds an acetyl-CoA derived from the electron donor
(e.g., ethanol) to a carboxylic acid, elongating its carbon chain length with two carbons at a time
(e.g., acetate to butyrate) (Angenent et al., 2016; Cavalcante et al., 2017). The best characterised
microorganism performing chain elongation is Clostridium kluyveri (Barker & Taha, 1942; Weimer
& Stevenson, 2012); its genome is fully sequenced (Seedorf et al., 2008), and it has been extensively
characterised through physiology and modelling studies (Bornstein & Barker, 1948; Candry et al.,
2018; Candry et al., 2020b; Kenealy & Waselefsky, 1985; Parera Olm & Sousa, 2023; Yin et al.,
2017; Zou et al., 2018).

14
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Acetogen

C4/Cs, C5/CT

C4-C7 alcohols +—— S
carboxylic acids
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(CO,H,,CO,) co, kluyveri
| A

|
"
Propionate (C3) K

Acetate (C2)

Anaerotignum
neopropionicum

Figure 1.3 Synthetic co-cultivation can drive the production of odd-chain products from syngas by incorporat-
ingan ethanol-consuming, propionigenic strain —for example, Anaerotignum neopropionicum. Medium-chain
carboxylates of odd-numbered carbon length (c.g., valerate) can theoretically be formed in this system via
ethanol-based chain elongation of propionate by Clostridium kluyveri.

Because acetogens produce compounds of even-numbered carbon chain (ethanol and acetate),
syngas-driven chain elongation has so far heavily focused on the production of even-chain products
(i.e., butyrate, caproate) (Baleciro et al., 2019; Table 2.1; Table 2.2). Synthetic co-cultures can aid
in shifting the product spectrum towards odd-chain products by selecting the right strains for the
desired metabolic network (Fig. 1.3).

Ideally, such a candidate should be able to use the substrates or intermediates produced in syngas
fermentation. To date, no carboxydotrophic microorganism has been described with the ability
to produce propionate. However, a few propionigenic bacteria have been isolated that can grow on
ethanol (Schink et al., 1987; Stams et al., 1985). One of these species is the ethanol-consuming,
propionigenic bacterium Anaerotignum neopropionicum (Benito-Vaquerizo et al., 2022b; Tholozan
etal., 1992), which is subject of this thesis. The metabolism of this microorganism, which proceeds
via the acrylate pathway, is described further on (Chapter 4). Propionate is a SCCA that can be
used by C. kluyveri analogously to acetate, resulting in the production of odd-chain MCCAs in the
system (i.e., valerate, heptanoate) (Bornstein & Barker, 1948). Thus, the integration of the three
processes —syngas fermentation, propionigenesis and chain elongation— should be able to generate
odd-chain products (C5/C7) from syngas (Fig. 1.3). Investigating the feasibility and potential of

synthetic co-cultures in achieving this goal is the core objective of this thesis.

15



CHAPTER 1

THESIS OUTLINE

This thesis aims to explore the feasibility and potential of synthetic microbial co-cultures as biocat-
alysts for the conversion of C1 gaseous feedstocks (CO, CO,(+H,)) into chemical building blocks.
Specifically, I focused on realising the production of odd-chain carboxylic acids and alcohols, an
area that has received significantly less attention than the production of the even-chain counter-
parts. While the primary approach is experimental, computational methods have proven to be
valuable research tools in the development of this thesis. At the same time, the experimental work
was essential in assessing the feasibility of the computational models developed. Ultimately, with
this work I'also intend to contribute to a deeper understanding of the physiology and metabolism
of some of the bacterial species relevant to the field of C1 gas fermentation.

In Chapter 2, we provide an extensive review on the conversion of carbon monoxide into chem-
icals using microbial communities. A distinction is made between the use of open mixed cultures
(undefined) and synthetic co-cultures (defined), and we expose the benefits and disadvantages of
cach. The review incorporates data from research conducted until 2021 that successfully demon-
strated the production of methane, carboxylic acids, alcohols, as well as higher-value chemicals (c.g.,
3-HB), by syngas-fermenting microbial communities, either in one-pot or two-stage processes. We
place emphasis on the strengths of synthetic co-cultures, and discuss the challenges and opportu-
nities they present.

Chapter 3 describes a novel synthetic co-culture composed of Clostridium kluyveri, well-known
for its chain elongation metabolism, and Anaerotignum neopropionicum, a propionigenic bacterium
able to grow on ethanol. We show that the co-culture converts ethanol and CO, —products of
syngas fermentation— into even- and odd-chain carboxylates (up to C7). Propionate produced by
A. neopropionicum is a key intermediary in the system. We envision that this co-culture has the
potential to be used for the upgrading of ethanol from syngas fermentation. Alternatively, it could
be integrated with the syngas fermentation platform by combining a carboxydotrophic acetogen
with 4. neopropionicum and C. kluyveri, as we later tested (Chapter 5). Chapter 3 also provides
novel insights into the physiology of ethanol fermentation by 4. neopropionicum, and investigates
the metabolism of odd-chain elongation by C. kluyveri. Our findings suggest that consumption of
propionate by C. kluyveri proceeds at the cost of excessive ethanol oxidation to acetate, resulting
in a decrease of the theoretical odd/even end-product ratio in the system.

Genome-scale metabolic modelling was employed to assess the metabolic capabilities of syn-
gas-fermenting co-cultures and to gain insights into the underlying metabolic conversions and
interactions. In Chapter 4, we constructed the first genome-scale metabolic model (GEM) of 4.
neopropionicum, the ethanol-consuming, propionigenic strain used in Chapter 3. By integrating
in silico analysis with experimental data, we gained new knowledge on the metabolism of this
bacterium, with focus on the acrylate pathway, responsible for the fermentation of ethanol to
propionate, and its implications for energy conservation. Later, we incorporated this model in the
multi-species GEM of a syngas-fermenting synthetic tri-culture comprising this strain together
with Acetobacterium wieringae strain JM and C. kluyveri (Chapter S).

Building up on the work done so far, Chapter 5 presents a proof-of-concept for the synthetic

tri-culture composed of the acetogen A. wieringae strain JM, A. neopropionicum and C. kluyveri
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and that is able to produce C4-C7 carboxylic acids and higher alcohols from CO at neutral pH.
Chemostat experiments showed that the acetogen switches from an entirely acetogenic metabolism
in monoculture to partial ethanol production when co-cultivated with either of the ethanol-con-
suming species. This observed behaviour is consistent with the thermodynamic regulation observed
in other acetogens when an ethanol sink is present. Due to technical and time constraints, a steady-
state of the tri-culture in chemostat cultivation was not attained. Instead, the feasibility of the
tri-culture was evaluated through community flux balance analysis (cFBA) using a multi-species
GEM that combined the models of the three species involved. For that purpose, we previously con-
structed and validated the GEM of the acetogen 4. wieringae JM. Model simulations indicate that
abalanced presence of the three strains would promote the viability of the tri-culture in steady-state
CO fermentation. Furthermore, the impact of incorporating H, as an additional energy source
alongside CO on the product spectrum of the culture was simulated.

In the last few years, numerous Clostridium co-cultures used in syngas fermentation have been
documented in the literature. These cultures involve various acetogens that exhibit a wide range
of optimal pH values for growth. The study in Chapter 6 aims to consolidate this knowledge by
comparing the functionality and productivity of co-cultures of a selection of acetogens with C.
kluyveri fermenting CO, at different pH values. Our findings show the metabolic variations and
environmental adaptations of different acetogens, and emphasise its importance in selecting suitable
co-culture combinations that can enhance CO/H, utilisation and product formation.

Finally, in Chapter 7, I conclude the thesis with a general discussion that summarises the key
findings, contributions to existing knowledge, and implications of the research conducted. I also
highlight the limitations and challenges encountered throughout the study, and propose directions

for future research in the field of microbial communities applied to syngas fermentation.
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CHAPTER 2

Abstract

Syngas, a gascous mixture of CO, H, and CO,, can be produced by gasification of carbon-con-
taining materials, including organic waste materials or lignocellulosic biomass. The conversion of
bio-based syngas to chemicals is foreseen as an important process in circular bioeconomy. Carbon
monoxide is also produced as a waste gas in many industrial sectors (e.g., chemical, energy, steel).
Often, the purity level of bio-based syngas and waste gases is low and/or the ratios of syngas com-
ponents is not adequate for chemical conversion (e.g., by Fischer-Tropsch). Microbes are robust
catalysts to transform impure syngas into a broad spectrum of products. Fermentation of CO-rich
waste gases to ethanol has reached commercial scale (by axenic cultures of Clostridium species), but
production of other chemical building blocks is underexplored. Currently, genetic engineering of
carboxydotrophic acetogens is applied to increase the portfolio of products from syngas/CO, but
the limited energy metabolism of these microbes limits product yields and applications (for example,
only products requiring low levels of ATP for synthesis can be produced). An alternative approach
is to explore microbial consortia, including open mixed cultures and synthetic co-cultures, to create
a metabolic network based on CO-conversion that can yield products such as medium-chain car-

boxylic acids, higher alcohols and other added-value chemicals.
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2.1 Introduction

2.1.1  Syngas fermentation for a circular economy

As the worldwide population grows and the consumption of fossil resources increases, there is the
need to develop new technologies to produce commodity chemicals from renewable resources. By
2050, chemicals may no longer be synthesised from fossil fuels, according to targets established
after the Paris agreement and the European Green Deal (European Commission, 2018; European
Commission, 2019). Lignocellulosic biomass and wastes (agricultural, industrial and municipal)
have been identified as priority feedstocks for a biobased industry (Cherubini, 2010; Popp et al.,
2014). These are inedible materials, and their use does not compete with human or animal nutri-
tion or with the utilization of arable land, therefore circumventing ethical concerns. Wastes in
particular are heavily under-utilised materials, especially in developing countries (Tripathi et al.,
2019). The conversion of biomass and wastes through hydrolysis-fermentation is very attractive,
but bottlenecks of the process are the low biodegradability of lignin (which represents 10-25% of
plant biomass) and the costly pre-treatment steps (Kawaguchi et al., 2016; Sims et al., 2010). An
alternative that gets increasing attention is the gasification of biomass and wastes followed by the
chemical or biological conversion of the generated synthesis gas (also known as syngas) (Daniell et
al.,, 2012; Grifhin & Schultz, 2012).

Syngas is a gas mixture of mainly carbon monoxide (CO), hydrogen (H,) and carbon dioxide
(CO,) that can be generated from solid carbonaceous feedstocks (.g., coal, lignocellulosic biomass)
and carbon-containing wastes (e.g., agricultural waste). Chemical conversion of syngas by, e.g.,
Fischer-Tropsch (FT) process, is a mature technology used for the conversion of mainly coal-gen-
erated syngas into hydrocarbons, alcohols and organic acids (Wood et al., 2012). FT processes
use metal catalysts under high temperature and pressures, and require high H,:CO molar ratios.
Chemical catalysts are highly sensitive to syngas impurities such as ammonia (Christensen et al.,
2011), sulphur species (Bambal et al., 2014), alkali ions (Balonek et al., 2010) or water (Christensen
etal., 2011), which makes them less suitable for the treatment of biomass/waste-generated syngas.
Gas clean-up treatments can reduce the concentration of most impurities, but complete removal is
hindered by the cost of these technologies and the inherent variability of the feedstock (Abdoul-
moumine et al., 2015).

Biological conversion of syngas involves its fermentation by microorganisms, which are in general
more resistant to impurities in the gas and, in addition, do not require a fix H,:CO molar ratio
(Abubackar et al., 2011; Daniell et al., 2012; Liew et al., 2016; Redl et al., 2017). The biological
route operates under mild temperature and pressure conditions, and overall has higher mass and
energy conversion efficiencies compared to chemical catalysis (Griffin & Schultz, 2012; Wei et al.,
2009). Furthermore, microbial processes result in higher product selectivity with the formation
of fewer by-products. Syngas fermentation technology can also be applied for the treatment of
CO-containing waste gases from heavy industry such as steelmaking. Often, CO-rich off-gases
gases from steel mills are burned leading to CO, emissions; in 2019, on average 1.85 tonnes of
CO, were emitted per every ton of steel produced (World Steel Association, 2022), contributing
to approximately 8% of global emissions. This is a serious environmental problem with impact on

climate change. Other opportunities are emerging to use gas fermentation technology associated
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to CO, capture technology. For example, the production of CO by electrochemical reduction of
CO, has been proved feasible and with high Faraday efficiencies (>80%) (Ma et al., 2016; Messias
etal.,, 2019; Verma et al., 2018).

2.1.2  Microbes using carbon monoxide for growth

Microbes have exploited CO as sustenance for much of their evolutionary history. Proof of that
are the different ways in which CO may be involved in microbial metabolism, which makes it
necessary to define some terms. Microorganisms that can use CO as carbon and energy source are
denominated carboxydotrophs, to be distinguished from carboxydovores, which may use electrons
from CO but require organic carbon for growth (King & Weber, 2007). At the same time, CO
metabolism can take two forms: respiratory and fermentative (Diender et al., 2015). The former
relies either on O, (acrobic) or other external electron acceptors (anaerobic). In this review, the focus
is on the latter: fermentative CO metabolism, which is, by definition, anaerobic. Microorganisms
that ferment CO are carboxydotrophic. Therefore, the term carboxydotroph is used in this text to
refer to the ability to use CO anaerobically but, in another context, it may refer to both acrobic
and anaerobic microorganisms.

The fermentation of CO/syngas is carried out by acetogens, a specialised group of anaerobic
bacteria able to use CO and H,/CO, as sole carbon and energy sources via the reductive acetyl-CoA
pathway, also known as the Wood-Ljungdahl pathway (WLP) (Daniell et al., 2012). Acetogenesis
is not a phylogenetic trait; it is widely represented in at least 23 bacterial genera (Drake et al., 2008;
Schuchmann & Miiller, 2014). Most known acetogens belong to the genera Clostridium and Aceto-
bacterium, within the Clostridia class. The WLP results in acetyl-CoA as end-product of CO and
H,/CO, fermentation. Since autotrophy via the WLP is energetically limited, most acetyl-CoA
is directed towards acetate production to generate ATP. Thus, the majority of acetogens produce
acetic acid as sole metabolic end-product. Some microorganisms can derive other chemicals from
acctyl—CoA as intermediate. For cxamplc, Clostridium auloet/mnogenum, Clostridium l]’ungdﬂ/ﬂlii,
Clostridium ragsdalei and Alkalibaculum bacchi are able to produce ethanol; C. antoethanogenum,
C. ljungdahlii and C. ragsdalei can also produce 2,3-butanediol (2,3-BDO); Eunbacterium limosum
and Butyribacterium methylotrophicum are able to produce butyrate; and Clostridium carboxidiv-
orans can produce butyrate, butanol, caproate and hexanol (Bengelsdorf et al., 2018).

The key enzyme of CO oxidation to CO,, carbon monoxide dehydrogenase, is present in other
anaerobic microorganisms that harbour variations of the WLP. Besides acetogenic bacteria, CO can
be used as electron donor and/or carbon source by some methanogenic archaca and sulfate-reducing
bacteria (Sipma et al., 2006). However, compared to acetogens, methanogens and sulfate-reducing
bacteria are more sensitive to elevated levels of CO.

Syngas fermentation processes can be implemented with pure cultures of acetogens or with mi-
crobial communities. This chapter focuses on the latter: undefined and defined consortia of micro-
organisms that convert syngas to biochemicals of interest. For an overview of monoculture-based

processes, we refer to recent reviews (Redl et al., 2017; Sun et al., 2019; Wainaina et al., 2018).
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2.1.3  The microbial consortia approach for syngas fermentation

The fermentation of syngas has been most studied and implemented in industry using pure cultures
of acetogens (Daniell et al., 2012; Liew et al., 2016). From a process perspective, monocultures are
casy to control and predict, since optimal conditions for growth are well-defined. Process conditions
can be tuned to target a product of interest with high selectivity and yields. As an example, the
highest ethanol concentration (48 g L") and volumetric productivity (369 g L d) from syngas were
achieved with pure cultures of C. Jjungdahlii (Gaddy, 2007, p. 200; Phillips et al., 1993). However,
a major limitation of the use of monocultures for syngas conversion is the energetic constraint in
the formation of products other than acetate and ethanol (Katsyv & Miiller, 2020). Genetic and
metabolic engineering of Clostridia strains has advanced remarkably in the last decade, paving the
way towards the expression of heterologous products and enhanced yields (Humphreys & Minton,
2018; Joseph et al., 2018). For instance, industrially relevant titres have recently been achieved for
acetone, iso-propanol and 2,3-BDO (Képke & Simpson, 2020). Yet, important hurdles remain
to be addressed in genetic engineering of Clostridia to further expand the product portfolio of
syngas fermentation, such as low DNA transformation efficiencies, insufficient high-throughput
recombineering tools and, in general, the need for a better understanding of acetogenic platforms
at the molecular level (Charubin et al., 2018). Another disadvantage of monoculture-based strate-
gies is the lack of robustness against process fluctuations. This is of particular relevance in the case
of syngas fermentation, since the gas composition varies depending on the source or gasification
method (Couto et al., 2013). Mixed cultures are less affected than monocultures of carboxydotrophs
by changes in the syngas composition (Esquivel-Elizondo et al., 2017b), and are also expected to be
more robust against syngas impurities (e.g., nitrogen oxides, tars), which have been shown to inhibit
cell growth or interfere with product distribution in monocultures of acetogens (Xu et al., 2011) .

Microbial consortia are emerging as a promising strategy aimed at overcoming the limitations
of monocultures and taking syngas fermentation a step forward (Cui et al., 2020; Diender et al.,
2021; Wainaina et al., 2018). In nature, microbes rarely thrive alone; instead, cooperation and
communication with other microorganisms are extremely important for survival (West et al., 2007;
Zengler & Zaramela, 2018). Communities can perform complicated functions that individual
populations cannot, for instance the production of energy-demanding products. Compared to
monocultures, microbial consortia can convert much more complex substrates and have better
robustness, both because of a highly diverse community structure and a capacity to evolve. The
capabilities of microbial consortia have long been exploited in bioremediation, wastewater treatment
and the production of fermented foods (Bader et al., 2010). In the last decade, advances in -omics
approaches and a greater understanding of microbial interactions have driven forward the fields of
microbiome engineering and synthetic ecology, aimed at unlocking the full potential of microbial
communities for biotechnological applications (Brenner et al., 2008; Johns et al., 2016; Lawson et
al., 2019; McCarty & Ledesma-Amaro, 2019; Strous & Sharp, 2018).

The use of microbial consortia in syngas fermentation has specific advantages. For one thing,
communities composed of multiple carboxydotrophic microbes with different CO tolerance can
handle syngas streams with variable composition. This functional redundancy may enhance gas
consumption and mitigate the detrimental effect of syngas contaminants on individual popula-

tions. Moreover, provided that carboxydotrophic populations keep CO levels low, CO-sensitive
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microbes can thrive in an environment that would otherwise be hostile. In addition, the co-culture
capabilities can be extended by syntrophic interactions between species in the consortia, such as
cross-feeding of intermediates (c.g., acetate, ethanol) or exchange of essential nutrients (e.g., amino
acids, vitamins). An example of this is the co-culture of Citrobacter malonates Y19 and the aceto-
gen Sporomusa ovata. The latter has been reported to produce acetate from CO, but at rather low
rates (Balk et al., 2010; Lee et al., 2018). On the other hand, C. amalonaticus Y19 is unable to use
autotrophic substrates but it can oxidise CO to H,and CO, (Yeol Jungetal., 1999), which may be
used as substrates by the acetogen. A study found that co-cultures of S. ovaza and C. amalonaticus
Y19 produced almost double the amount of acetate than monocultures of S. ovaza, from the same
amount of CO (Lee et al., 2018). In addition, growth of both microorganisms and CO consump-
tion was higher in the co-culture than in monocultures. This example is just one of many that
demonstrates the relevance of mutualistic interactions in microbial consortia (Diender et al., 2021;
Morris et al., 2012). There are, on the other hand, potential downsides when using consortia of
microorganisms compared to monocultures. Some examples are the occurrence of competing or
inhibiting pathways, the generation of side-products that reduce product selectivity or incompatible
cultivation conditions (i.c., pH, temperature, etc.) between species in the community. These issues
can be tackled through rational microbial consortia engineering, multi-species metabolic modelling
and bioreactor/bioprocess design (Ben Said & Or, 2017; De Vrieze et al., 2017; Johns et al., 2016).

Two types of microbial consortia can be distinguished: open mixed cultures (also referred to as
‘open cultures’, ‘mixed cultures’ or ‘microbiomes’) and synthetic co-cultures (Fig. 2.1). The former
consist of self-assembled, highly diverse microbial communities naturally occurring in defined
habitats, in which the populations are mostly unspecified. Synthetic co-cultures are consortia of
specified microbial strains that engage in interaction under aseptic and controlled conditions. Most
synthetic co-cultures reported in literature are composed of two or three microbial species, with a
few including up to five (Goers et al., 2014). The following sections summarise the main develop-
ments regarding the implementation of open mixed cultures (§ 2.2) and synthetic co-cultures (§

2.3) in syngas fermentation processes.
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Figure 2.1 Overview of the types of microbial communities that can be applied in syngas fermentation to
produce biochemicals. Syngas (CO, H, and CO,) can be obtained via the gasification of organic wastes or
lignocellulosic residues. Off-gases from the steel and iron industries are also sources of CO-rich gas. Open
mixed cultures (from, e.g., sludges) enriched in carboxydotrophic, methanogenic and/or Clostridia species
can be used to produce methane, alcohols, or medium-chain carboxylic acids from syngas. Alternatively,
synthetic co-cultures can be used, composed of non-engineered microorganisms alone or in combination with
genetically modified (GM) platform organisms such as Escherichia coli. The latter option allows to expand
the range of products that can be obtained from syngas to compounds of added-value, such as 3-hydroxypro-
pionic acid or itaconic acid.
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2.2 CO conversion by open mixed cultures

2.2.1 Anaerobic sludges as biocatalysts for syngas fermentation

The main components of syngas (CO, H, and CO,) can sustain anaerobic growth of a number of
microbial groups: acetogens and hydrogenogenic bacteria, carboxydotrophic and hydrogenotrophic
methanogens and sulfate-reducing microorganisms (Diender et al., 2015). In turn, the products of
CO/syngas fermentation (mainly H,, CO,, acetate and ethanol) can support growth of acetoclastic
methanogens, chain-clongating bacteria, ethanol oxidisers, syntrophic acetate-oxidizing bacteria
and propionibacteria, among others (Baleeiro et al., 2019; Liew et al., 2016). The range of final
products that can be obtained via syngas fermentation by open mixed cultures (in the absence of
external electron acceptors) therefore includes short- and medium-chain carboxylic acids, simple
and higher alcohols and methane. When sulfate is available and sulfate-reducing microorganisms
are present, sulphide is also produced. An overview of some of the works on syngas/CO conversion
by mixed cultures is shown in Table 2.1.

Open mixed cultures for syngas fermentation are based on inocula from anaerobic natural or
engineered environments that harbour a high microbial diversity. Typical inocula include anaerobic
digester sludges (Alves et al., 2013; Arantes et al., 2018; Chakraborty et al., 2019; Esquivel-Elizondo
et al., 2017a; Ganigué et al., 2015; Ganigué et al., 2016; Sipma et al., 2003; Wang et al., 2018a),
wastewater treatment granules (Guiot et al., 2011; Sipma et al., 2003) and facces of herbivores (Li
et al,, 2020; Park et al., 2013; Singla et al., 2014; Tang et al., 2021; Xu et al., 2015). Sludges from
anaerobic digesters employed in traditional wastewater treatment processes have been proposed as
most suitable syngas biocatalysts (Alves et al., 2013; Guiot et al., 2011; Sipma et al., 2003). These
cultures have a high adaptation capacity, essential to treat a vast range of organic and inorganic
substrates. Most importantly for syngas fermentation, the ability to oxidise CO seems to be a
ubiquitous property across anaerobic sludges (Sipma et al., 2003).

An acclimation period is generally required to obtain a microbiome capable of efficiently con-
verting CO. The inoculum largely determines the duration of this acclimation period, which can be
as short as a few days (Guiot et al., 2011; Park et al., 2013; Sipma et al., 2003; Tangetal.,, 2021) or
weeks (Ganigué etal., 2016; Sipma et al., 2003; Wang et al., 2018b), and in some cases lasts several
months (Alves et al., 2013; Esquivel-Elizondo et al., 2017a; He et al., 2018). Because different mi-
crobes have different optimal conditions for growth, the outcome of the process depends not only
on the inoculum source but also on the environmental conditions applied to enrich and maintain
the culture. Acetogenic bacteria are more tolerant to CO than other microorganisms present in
anaerobic sludges, therefore dominating enriched cultures exposed to moderate or high levels of CO
(Duan et al., 2021; Esquivel-Elizondo et al., 2017a; Grimalt-Alemany et al., 2018a; Grimalt-Ale-
many et al., 2018b; Shen et al., 2018; Wang et al., 2018a; Wang ct al., 2018b). For example, during
the CO-enrichment process of an anaerobic sludge, the relative abundance of members from the
Clostridiales order, which includes many acetogenic species, increased from 5% in the inoculum
to 66-95% in enriched cultures (pCO = 20-61 kPa) (Esquivel-Elizondo et al., 2017a). Similarly,
a recent study showed that mixed cultures exposed to high pCO (96 kPa) were dominated by
members of the Firmicutes phylum, to which many acetogens belong, while low pCO (35 kPa)

shifted the community towards Proteobacteria, a phylum that includes hydrogenogenic carboxy-
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dotrophs (Duan et al., 2021). Methanogens, on the other hand, are generally inhibited at moderate
CO pressures starting from 30 - 80 kPa (Alves et al., 2013; Esquivel-Elizondo et al., 2017a; Guiot
etal., 2011). In a recent study, Duan et al. (2021) revealed the crucial role of under-characterised
taxa in CO-enriched communities. Authors identified novel bacterial genera and species which
may participate in CO-oxidation to end-products and maintain fundamental metabolism (e.g.,
citric cycle, amino acid biosynthesis), extending the functional redundancy of the communities
and overall increasing their stability. Besides CO, the presence of other gases in the mixture has an
impact on the performance of syngas-converting communities. With few exceptions, pure cultures
of carboxydotrophs can rarely consume H, and CO simultaneously, since almost all hydrogenases
are inhibited by CO (Adams, 1990; Chen & Blanchard, 1978; Fox et al., 1996; Hess et al., 2015;
Kim et al,, 1984; Oswald et al,, 2016). In contrast, mixed cultures can metabolise H, along with
CO, since H, can be used by hydrogenotrophic microorganisms that might be present in the com-
munity (Esquivel-Elizondo et al., 2017b). Overall, the addition of CO, and H, has been shown
to increase the microbial diversity of CO-enriched cultures and promote a higher acetate/ethanol
ratio (Esquivel-Elizondo et al., 2017b; Esquivel-Elizondo et al., 2017a).

Temperature and pH are two operational parameters with a major influence on the evolution
of CO enrichments. Grimalt-Alemany et al. (2019) showed that mesophilic syngas-enrichments
(37 °C) are characterised by a higher microbial diversity and a more intricate metabolic network
compared to thermophilic syngas-enrichments (60 °C). Another finding of that study was that the
maximum specific growth rates of microbes were significantly higher (twofold) in thermophilic
conditions. Similar findings were reported by Alves et al. (2013), who observed a rapid decrease in
microbial diversity in long-term CO/syngas enrichments of anaerobic sludges at 55 °C. The pH is
perhaps the most crucial parameter determining the structure and product composition of syn-
gas-converting communities. Several authors have emphasised its critical effect on the regulation be-
tween acetogenesis and solventogenesis, requiring a tight control of acidic conditions (Chakraborty
etal., 2019; Ganigué et al., 2016; Grimalt-Alemany et al., 2018a; Grimalt-Alemany et al., 2018b),
while, for methanogenesis, neutral or slightly alkaline conditions are required (Grimale-Alemany
ctal.,, 2018a; Grimalt-Alemany et al., 2018Db).

Finally, the addition of medium supplements (e.g., yeast extract, reducing agents) and inhibitors
of specific types of metabolism is also common practice to alter the structure of microbial commu-
nities and stimulate the production of target products (Chakraborty et al., 2019; Grimalt-Alemany
etal., 2019; Sancho Navarro et al., 2016). In this regard, the addition of methanogenic inhibitors
is an extended practice in syngas fermentation processes using open mixed cultures to supress
methane production. Inocula from anaerobic sludges are likely to harbour an active methanogenic
population. This can be a hurdle when products other than methane are targeted. Three approaches
are commonly used to inhibit methane production by open mixed cultures used in bioprocesses,
namely i) operation in (mildly) acidic conditions (Pereira, 2014; Steinbusch et al., 2009), ii) heat-
shock treatment of the inoculum (Nam et al., 2016; Steinbusch et al., 2009) and iii) the addition of
methanogenic inhibitors such as 2-bromoethanesulfonate (2-BES) (Ganigué et al., 2015; Ganigué
etal.,, 2016; Luo et al., 2018; Steinbusch et al., 2009; Zinder et al., 1984). The latter, in concentra-
tions ranging 10-50 mM, has proven very efficient and is therefore a popular choice; however, it

can certainly contribute to increasing process costs at industrial scale since periodical addition is
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necessary in continuous operation. Moreover, 2-BES can lose efficacy during long-term operation
(He etal., 2018) and can be metabolised by dehalogenating and sulfate-reducing bacteria present
in microbial communities (Chiu & Lee, 2001; Steinbusch et al., 2009). Eventually, moderate to
high concentrations of CO should inhibit most methanogenic activity and avoid the addition of
specific inhibitors.

One of the big advantages of using open cultures in bioprocesses is that these do not require
operation under aseptic conditions. In addition, long-term reproducibility of mixed cultures can
be ensured by using suitable cryopreservation methods (Grimalt-Alemany et al., 2020). On the
other hand, these systems are highly dependent on microbial interactions, which are very difficult
to predict and, to a great extent, unknown. Other drawbacks are the long times required to achieve
steady-state conditions and the challenging product recovery due to the presence of many by-prod-
ucts at low concentrations. Large-scale continuous processes using open mixed cultures are well-es-
tablished in industry (e.g., in wastewater treatment and food fermentation), but not yet applied for
syngas fermentation. Decades of research have shed light on the structure of anaerobic sludges, their
governing microbial interactions and the influence of operational parameters, although mainly in
the context of conversion of organic compounds (Amani et al., 2010; Leng et al., 2018; Novaes,
1986; Wangetal., 2018c). However, developments in the last decade are driving forward the syngas
fermentation platform for mixed cultures at a rapid pace. The next sections relate these advances,

centred on the production of methane, carboxylic acids and alcohols.

2.2.2  Syngas biomethanation
Conversion of CO-rich waste gases by open mixed cultures is a popular method to produce methane
(Gavala et al., 2021; Grimalt-Alemany et al., 2018b). Traditional wastewater treatment processes
rely on microbial communities that perform methanogenesis as ultimate step of anaerobic diges-
tion. These cultures are suited to produce methane from syngas, provided they have or acquire a
sufficient carboxydotrophic potential (Guiot et al.,, 2011). Biomethanation of syngas presents several
advantages over its analogous catalytic process (Diender etal., 2018; Grimalt-Alemany et al., 2018b;
Grimalt-Alemany et al., 2019). Microbes are less sensitive than metal catalysts to impurities and
to the ratio C/H in syngas. Biocatalysts are cheap, self-replicating, and can yield high methane
contents in a single step. Using microbes, higher methane selectivity can be obtained, in contrast
to the use of metal catalysts that result in the production of higher hydrocarbons as by-products.
However, production rates of biomethanation are lower compared to the chemical process. Recent
years have witnessed increased efforts to improve the eﬂiciency of syngas biomethanation; these
include the development of novel reactor configurations, insights on the impact of operational
parameters and improved knowledge on the microbial community structure and interactions.
Methanogenesis from CO can take place via three routes: i) direct conversion by carboxydo-
trophic methanogens, ii) via acetate as intermediate by acetoclastic methanogens, and iii) via H,/
CO, as intermediates by hydrogenotrophic methanogens. Direct methanation of CO is rather
infrequent due to complete inactivation of methanogens in the presence of moderate concentrations
of CO (Guiot et al., 2011; Sipma et al., 2003). Four methanogenic species have been demonstrated
to use CO for growth: Methanothermobacter thermoautotrophicus (Daniels et al., 1977), Metha-
nosarcina barkeri (O’Brien et al., 1984), Methanosarcina acetivorans (Kliefoth et al., 2012; Rother
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& Metcalf, 2004) and Methanobacter marburgensis (Diender et al., 2016a). However, all of them
require rather long periods of adaptation to CO and growth is significantly slower than on their
typical substrates. Consequently, CO conversion to methane in microbial communities is highly
dependent on bacterial-archaeal interactions. Several studies have demonstrated the preferential
use of certain pathways in anaerobic sludges used for syngas biomethanation. In this regard, the
incubation temperature plays a determining role. Experiments with vancomycin, an inhibitor of
acetogenic activity, have shown that, under mesophilic conditions, methanogenesis occurs pri-
marily via acetate as intermediate (Arantes et al., 2018; Sancho Navarro et al., 2016). Mesophilic
conditions are favourable to acetogenic bacteria, which provide acetate to acetoclastic methanogens;
in contrast, higher temperatures generally shift the microbial community towards Hz-producing
carboxydotrophs, which favour the hydrogenotrophic methanogenic route (Grimalt-Alemany et
al., 2019; Guiot et al., 2011; Sipma et al., 2003). In both environments, when the H, pressure is kept
sufficiently low, acetate can be converted to H,/CO, by syntrophic acetate-oxidizing bacteria, which
can compete with acetoclastic methanogens and create a niche for hydrogenotrophic methanogens
(Lietal., 2020; Sancho Navarro et al., 2016, p. 2020). The effect of temperature on the microbial
composition of communities performing syngas biomethanation extends to the process perfor-
mance. Several studies have reported the positive impact of thermophilic over mesophilic conditions
on conversion rates (Asimakopoulos et al., 2020; Asimakopoulos et al., 2021a; Grimalt-Alemany
et al,, 2019; Guiot et al., 2011; Sipma et al., 2003). For example, Grimalt-Alemany et al. (2019)
observed an 18-fold higher methane productivity from enrichments incubated at 60 °C compared
to enrichments incubated at 37 °C. Thermophilic conditions are therefore the preferred mode of
operation for syngas biomethanation processes (Grimalt-Alemany et al., 2018b).

Two other operational conditions, the pH and the pCO, also influence the performance of
methanogenic communities using syngas. Since most methanogens grow optimally around neu-
trality, syngas biomethanation processes are generally operated at pH values between 7 and 7.6
(Grimalt-Alemany et al., 2018b). Carboxydotrophic bacteria can also proliferate in this pH range
(Bengclsdorf etal., 2018), thus providing intermediates for methanogenesis. The effect of CO levels
has been extensively studied. Alves et al. (2013) reported no methane production in thermophilic
enrichments from anaerobic sludge incubated with solely CO as substrate (35 kPa). Methane was
detected in enrichments incubated with CO/H,/CO, (pCO = 18 kPa), but production ceased in
subsequent transfers. Instead, both syngas- and CO-enriched cultures produced acetate. Elimi-
nation of methanogens in the enrichments could be due to the low growth rate of methanogens
or their higher susceptibility to CO (Diender et al., 2016a; Guiot et al., 2011; Rother & Metcalf,
2004). Similarly, Luo et al. (2013) reported 50% lower methanogenic activity by an anaerobic
sewage sludge exposed to a pCO of 51 kPa, compared to the control in the absence of CO. These
observations are in line with those of Guiot et al. (2011), who reported inhibition of methano-
genesis in enriched granular sludge at pCO between 30 and 83 kPa. Nevertheless, some archaeal
genus, such as Methanobacterium, have been shown to tolerate CO levels up to 96 kPa in microbial
communities (Duan et al., 2021). In addition, strategies are in place to enhance CO utilisation by
methanogenic cultures. For instance, a system with gas recirculation enabled a CO conversion
efficiency of 75% and a methane yield of 95% under a pCO of 60 kPa (Guiot et al., 2011). In some
cases, an acclimation phase has enabled methane production by anaerobic sludges exposed to 100
kPa CO (Arantes et al., 2020; Sancho Navarro et al., 2016).
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CHAPTER 2

Syngas biomethanation has been investigated in a variety of process configurations with the aim to
improve gas-to-liquid transfer and cell concentrations. Besides the use of traditional stirred-tank
reactors (CSTRs), tested designs include bubble columns, gas-lift reactors, trickle-bed reactors
(TBRs) and multi-orifice baffled bioreactors (MOBBs) (Grimalt-Alemany et al., 2018b). The most
promising results so far have been obtained with the use of TBRs. Recently, Asimakopoulos et al.
(2020) reported a CH, productivity from syngas of 8.49 mmol-L, ;"-h" in a lab-scale TBR oper-
ated in continuous mode at 60 °C. The inoculum used was an enriched mixture of two anaerobic
sludges, intended to increase microbial diversity. Interestingly, the methanogenic population was
more abundant in the biofilm of the TBR, while carboxydotrophic bacteria were mostly found in
the liquid phase. In a follow-up study, the process was scaled-up; a 7.5 L TBR, that used the same
enrichment and syngas mixture and was operated in the same conditions as the lab-scale reactor,
achieved a maximum CH, productivity of 17.6 mmol-L, ;*-h", the highest reported so far for syngas
biomethanation Asimakopoulos et al. (2021b). At this rate, H, and CO conversion efficiencies were
97% and 76%, respectively, and CH, selectivity was 99%. The higher performance of the scaled-
up system was attributed to an improved gas-liquid mass transfer due to a more efficient sparging
component and a much higher height/diameter ratio, in addition to a more accurate pH control. To
further test the process, the TBR was coupled to a gasifier that generated syngas from wood pellets;
the generated gas contained 11-27% CO and was fed into the reactor at atmospheric pressure. The
microbial consortium produced CH, at a maximum rate of 14.4 mmol-L, *-h" without any inhib-
itory effects. Few other studies have demonstrated continuous operation of bioreactors for syngas
biomethanation by open cultures with syngas (CO/H,/CQO,) as sole substrate (Asimakopoulos et
al., 2021b; Grimalt-Alemany et al., 2018b). Pereira (2014) studied syngas conversion to methane
by a mesophilic sludge in a 10.6 L MOBB operated in continuous mode. The system produced CH,
at a maximum rate of 73 mmol-L*.d" with negligible amounts of by-products in the liquid and
a Y, 00 0f 0.6-0.8 (mol/mol), higher than reported in similar works (Grimalt-Alemany et al.,
2018b; Grimalt-Alemany et al., 2018a). Yet, the conversion efficiency eventually dropped due to the
prolonged high flow rates applied (Pereira, 2014). In a recent study, Chandolias et al. (2019) tested
a novel configuration consisting of a floating membrane in a membrane bioreactor and achieved a
maximum CH, productivity of 34 mmol-L"-d", in this case, using a thermophilic digester sludge.

Overall, CH, productivity in syngas biomethanation processes is very dependent on the process
configuration and specific process conditions, which affect gas-to-liquid mass transfer and cell
concentrations. Considerable progress over the last years and successful examples of scale-up cases
such as that of Asimakopoulos et al. (2021b) offer good perspectives for syngas biomethanation
in the future. A key aspect to bring this technology to commercial application will be to ensure its
economic feasibility by, e.g., combining syngas biomethanation with existing gasification plants

and improving reactor design to increase productivities (Grimalt-Alemany et al., 2018b).

2.2.3 Production of ethanol by mixed cultures

Ethanol is undoubtedly the most common target product of syngas fermentation due to its
commercial use as biofuel (Gavala et al., 2021; Liew et al., 2016; Teixeira et al., 2018). Despite high
productivities have been achieved with pure cultures of acetogens, the robustness of open mixed

culture operation has driven an interest for its production in these systems. Singla et al. (2014)
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were the first to demonstrate ethanol production by microbial communities using syngas. In their
study, a mesophilic enriched consortium obtained from faeces produced up to 2.2 g L ethanol
in semi-continuous mode (adding fresh syngas to serum bottles every 24 hours). Liu et al. (2014a)
tested continuous fermentation of syngas to ethanol by mixed culture in a CSTR including a cell
recirculation unit. Authors reported the production of up to 8 g L ethanol from syngas at 37 °C
and pH 7. Consumption of ethanol was followed by the accumulation of propanol and butanol, with
peak concentrations of 6 gL and 1 gL, respectively. The microbial community was composed of
the alkaliphilic acetogen Alkalibaculum bacchi (56%), the propionibacterium Anacrotignum propi-
onicum (formerly, Clostridium propionicums; (Ueki et al., 2017)) (34%) and other Clostridia species
(10%). A follow-up study concluded that the mixed culture could convert 50% more carboxylic acids
into their respective alcohols compared to monocultures of 4. bacchi (Liu et al., 2014b), evidencing
the positive effect of synergistic microbial interactions in syngas-fermenting communities.

A limitation of the fermentation process of Liu et al. (2014a) was the rather low CO and H,
utilisation (20-60%), a common problem due to the low solubility of these gases and low gas mass
transfer rates in CSTRs. Novel reactor configurations can help overcome this issue (Asimakopoulos
et al,, 2018). In a recent study, Wang et al. (2018b) reported a relatively high ethanol production
from syngas by mixed culture in a hollow-fibre membrane biofilm reactor (HEMBR). HEMBRs,
most popular in the field of gas and wastewater treatment, have recently attracted the attention of
researchers in the field of syngas fermentation (Asimakopoulos et al., 2018; Shen et al., 2018; Shen
etal,, 2014; Wangetal., 2018b). In a HFMBR, a gascous substrate flows through the lumen of a hol-
low-fibre membrane and is consumed by the biofilm formed on the outer surface of the membrane.
The high surface area allows a high volumetric gas transfer rate which, in turn, translates into high
production rates (Martin & Nerenberg, 2012). A non-acclimated sludge used by Wang et al. (2018b)
produced up to 16.9 g L ethanol from CO/H, (60:40) in a HFMBR operated in consecutive batch
at pH 4.5 and 35 °C. Ethanol was the only soluble product of CO/H, fermentation. Interestingly,
a similar HFMBR-based process operating at pH 6.5 and 55 °C converted CO/H, (40:60) to
mostly acetate (98.6%) (Shen et al., 2018). While the different temperature, gas composition and
sludge characteristics could have contributed to the divergent product profile observed in these two
studies, pH is most likely the determining factor. Several studies have reported that an acidic pH
is key to promote ethanol production in syngas fermentation cultures (Chakraborty et al., 2019;
Ganigué et al., 2016; Grimalt-Alemany et al., 2018a). Yet, no ethanol (but acetate) was produced
by a sludge-derived culture in a HEMBR operated at pH 4.5 using H,/CO, as substrates (Zhang et
al., 2013), highlighting that CO, which is a stronger reductant than H,,is also essential to promote

alcohol production by acetogens.

2.2.4 Production of carboxylic acids and higher alcohols by mixed cultures

Acetate is the simplest carboxylic acid that can be produced from syngas. Titres in the range of
20 - 30 g L have been obtained for sludge-derived consortia utilising syngas in continuous fer-
mentation (Nam et al., 2016; Shen et al., 2018). Continuous operation of a thermophilic HFMBR
reached a maximum acetate production rate of 16.4 g L"'d" with high product selectivity (Shen et

al., 2018). However, acetate production by mixed cultures has not received much attention due to
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the significantly higher production rates that can be obtained by pure cultures and the rather low
economic value of this product.

Instead, over the last decade, increased attention has been given to the production of medi-
um-chain carboxylic acids (MCCAs) via anaerobic fermentation processes, a type of biorefinery
referred to as the carboxylate platform (Agler et al., 2011; Angenent et al., 2016; Moscoviz et al.,
2018; Spirito et al., 2014). The carboxylate platform relies mostly on sludges used in classical anaer-
obic digestion and aims at revalorising wastewater streams. Recently, several studies have extended
this platform to the revalorisation of CO-rich gases. The products of syngas fermentation, acetate
and ethanol, can be used by microorganisms that perform ethanol-based chain-elongation, pro-
ducing MCCAs such as butyrate and caproate as end-products. Different processes are devised to
convert syngas into MCCAs by microbial communities, including the use of synthetic co-cultures,
discussed in section 2.3.4, and multiple-step processes, summarised elsewhere (Baleeiro et al., 2019).
Here, the focus is on one-step conversions by open mixed cultures.

Ethanol chain-elongating communities are present in both natural and engineered environments,
and are dominated by relatives of Clostridium kluyveri, the best-studied ethanol chain-elongating
microorganism and only isolate to date (Angcnent et al., 2016; Candry et al., 2020a; Spirito et
al., 2014). Mesophilic conditions are preferred to C. kluyveri and most acetogens. However, the
two isolated strains of C. kluyveri grow optimally at a pH of 6.8 and 7.6 (Barker & Taha, 1942;
Weimer & Stevenson, 2012), while acetogenic bacteria generally thrive in mildly acidic conditions
(Bengelsdorfetal., 2018; Martin et al., 2016). Therefore, pH is critical in determining the outcome
of syngas-fermenting chain-elongating communities (Ganigué et al., 2015; Ganigué et al., 2016;
Richter et al., 2016a).

Ganigué et al. (2015) used a carboxydotrophic enrichment from sludge in a syngas fermentation
process without pH control. Acetogenesis was dominant at the initial pH of 7, while production of
C4-C6 compounds prevailed at the mid/end of the fermentation, when the pH dropped to ~ 4.3.
At the end of the process, the C4—C6 products represented 75-90% of the total, with butyrate
(2.17 g L) as main product. In a follow-up study, it was determined that pH values around 4.8
favoured a sustained production of higher alcohols (Ganigué et al., 2016). In a semi-continuous
process without pH control (initial pH 6), the mixed culture converted syngas to a maximum of
1.1 g L butanol and 0.6 g L hexanol. To favour the synthesis of C6 compounds, attributable to
C. kluyveri, it was critical to prevent pH to decrease below 4.5-5.

In a recent study, He et al. (2018) used a novel reactor configuration to promote gas transfer in
a chain-elongating process. The system consisted of a reactor filled with a porous sponge pad and
with a gas recirculation line. CO was used as sole carbon and energy source, and the partial pressure
was gradually increased thorough the fermentation, from 15 to 61 kPa CO. Similar to the studies of
Ganigué et al. (2015, 2016), operation was done at mesophilic conditions and the pH, initially set
at 7, was not controlled. In contrast to those studies, though, the culture did not produce alcohols
but a mixture of odd- and even-chain carboxylic acids including caprylate (C8), detected for the
first time in a syngas-fermentation process by a mixed culture. Production of C6—C8 carboxylates
only began at the end of the fermentation, when CO pressure was 61 kPa. Maximum concentrations
of caproate, heptanoate and caprylate were 0.22 g L%, 0.21 g L and 0.15 g L7, respectively. The
production of C5-C8 carboxylates halted in the last phase, likely due to product inhibition. The
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different product profile compared to the studies of Ganigué and co-workers could be explained by
the different inoculum source and enrichment process, which resulted in quite different microbial
compositions of the enriched cultures. The consortium used by Ganigué et al. (2016) was mainly
composed of C. ljughdalii, C. carboxidivorans and C. kluyveri, while He et al. (2018) enriched a
microbial community dominated by species of Acinetobacter, Alcaligenes, Rhodobacteraceae and a
low abundance of Clostridium spp. On the other hand, product concentrations and production
rates achieved by He et al. (2018) were not higher than those reported in similar studies. This could
be due to i) the use of a non-acclimated inoculum, ii) the use of CO (not syngas) as sole carbon
and energy source and iii) CO provided (< 60 kPa CO) being insufficient. Regardless, this work
demonstrated that up to C8 carboxylic acids can be produced from CO in one-pot cultivation.

Similar to ethanol production, the use of HEMBR has proven very promising for the production
of carboxylic acids from syngas. Shen et al. (2018) demonstrated production of MCCAs from CO/
H, for the first time in a HFMBR. Cultivation of the sludge-derived culture was studied at pH 6
under mesophilic (35 °C) and thermophilic (55 °C) conditions. In both scenarios, utilisation of
CO and H, exceeded 95%. Mesophilic cultivation in sequential batch mode produced caproate
(0.88 g L") and up to 0.53 g L caprylate, the highest caprylate concentration reported for a CO-fer-
menting system using mixed cultures. In contrast, thermophilic batch cultivation yielded a high
acetate concentration (27.9 g L) and product specificity (96.7%), with butyrate (< 1 g L") as only
clongated carboxylate. Microbial community analysis revealed that the mesophilic enrichment was
abundant in Clostridium spp. (41.6%), while the thermophilic microbial community comprised a
large proportion of close relatives to Thermoanaerobacterium (92.8%). Overall, the work of Shen
etal. (2018) highlighted the great potential of HFMBR in syngas/CO fermentation processes and
its functionality with open mixed cultures.

In a recent study, Chakraborty et al. (2019) applied a cycle of high and low pH cycle to produce
MCCAs in a stirred-tank reactor using a CO-acclimatized sludge. CO was used as sole substrate.
The system produced acetate (6.2 g L), butyrate (1.2 g L") and caproate (0.42 g L") at pH 6.2,
which were subsequently converted to ethanol (11.1 g L"), butanol (1.8 g L) and hexanol (1.5 g
L") at pH 4.9. The concentrations of butanol and hexanol obtained in this study are the highest
reported so far for mixed cultures growing on syngas. However, CO utilisation remained below
59%, very far from the high conversion efficiencies obtained in HEMBR systems (Shen et al., 2018;
Zhanget al., 2013).

2.3  CO conversion by synthetic co-cultures

2.3.1  Synthetic co-cultures: a win-win

A fundamental principle of bioprocess design is that a microorganism should be selected that fits
the right process, not the other way around (Straathof et al., 2019). Synthetic co-cultures offer the
possibility to select and combine microbial strains harbouring the required pathways for a specific
process without renouncing some of the benefits of mixed cultures, such as robustness or division of
labour (Cui et al., 2020; Diender et al., 2021). Contrary to open mixed cultures, microbial species
that contribute negatively to the consortium (e.g., by generating undesired by-products, “stealing”

intermediates or hampering growth of other partners) can be left out of the consortia. This cultiva-
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tion approach has a big potential in the field of syngas fermentation. By using synthetic co-cultures,
metabolic networks can be constructed that yield a broader range of end-products compared to
monocultures of acetogens. In addition, such networks can be translated into multi-compartment
kinetic and genome-scale metabolic models, contributing to a further understanding of the mi-
crobial interactions and to optimization of the system (Benito-Vaquerizo et al., 2020; Foster et al.,
2021; Li & Henson, 2019). Computational modelling can also be used to predict novel co-culture
interactions (Li & Henson, 2021).

Yet what makes synthetic co-cultures stand out over other cultivation approaches is their unique
feature: modularity (Diender et al., 2021). Microbial strains can be incorporated or removed from
an established consortium to fit a different process. In principle, there is only one imperative when
designing co-cultures for syngas fermentation: at least one of the partners must be able to grow on
CO. The choice of the other partner(s) will largely determine the product spectrum of the co-cul-
ture. To date, synthetic co-cultures have been established to convert CO/syngas into a range of
products including methane, carboxylic acids, higher alcohols and other added-value chemicals.

The following sections relate such developments, which are summarised in Table 2.2.

2.3.2  Production of methane by synthetic co-cultures

Methane can be produced from syngas by mixed cultures, as discussed earlier (§ 2.2.3). A drawback
of using these cultures is that competing pathways result in the production of side products such
as acetate, propionate, ethanol or methanol, overall lowering methane specificities and production
rates (Grimalt-Alemany et al., 2018b; Guiot et al., 2011). An alternative is to employ defined con-
sortia that selectively combine efficient carboxydotrophic strains with CO-tolerant methanogens
that can use the products of syngas fermentation at high rates. The conversion of CO to methane
via H,/CO, is preferred to the acetate route, as it results in higher conversion rates (Guiot et al,,
2011). Several hydrogenogenic carboxydotrophs have been isolated (Diender et al., 2015); among
them, the thermophile Carboxydothermus hydrogenoformans and the photosynthetic mesophile
Rhodospirillum rubrum are well-studied and have been employed in synthetic co-cultures for syngas
conversion to methane.

Klasson et al. (1990) established a methanogenic co-culture composed of Rodhospirillum rubrum
and two methanogens, Methanosarcina barkeri and Methanobacterium formicicum. R. rubrum
grows anaerobically on CO in the presence of light, producing H, and CO,. The methanogens are
both capable osz/CO2 conversion to methane, with some differences. M. formicicum displays a
high rate of H, uptake but is inhibited in the presence of CO. On the other hand, M. barkeri has
higher tolerance to CO but converts H ,ata lower rate. To compensate for each other’s weaknesses,
both methanogens were co-cultivated with R. 7u#brum to increase conversion of syngas to methane.
The performance of the tri-culture was studied in two reactor configurations: a packed bubble
column (PBC) and a TBR. Both reactors were operated under mesophilic conditions and included
a light source to facilitate growth of R. rubrum. A 100% CO conversion was obtained in the TBE,
while performance of the PBC was poorer, with a 79% CO conversion. Methane productivities
reached 3.4 mmol-thmd’l-h’1 and 0.4 mmoI-L“quid’l‘h'1 for the TBR and the PBC, respectively. These
are inferior to those reported for biological processes developed in later studies (Asimakopoulos
etal.,2021b; Grimalt-Alemany et al., 2018b). In addition, methane content in the outflow gas was
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rather low, 18-32%. Nevertheless, the work of Klasson et al. (1990) demonstrated the functional-
ity of synthetic co-cultures combining carboxydotrophic bacteria with methanogenic archaea for
syngas biomethanation, establishing a precedent for later studies.
A more successful case is the thermophilic co-culture consisting of Carboxydothermus hydrogeno-
formans and the methanogen Methanothermobacter thermoautotrophicus (Diender et al., 2018). C.
hydrogenoformans grows on CO producing H, and CO, as main products. M. thermoautotrophicus
uses CO very poorly; however, it can tolerate its presence while growing on H,/CO,. Both strains
grow optimally at around 65°C, with the advantage that such thermophilic conditions increase
reaction kinetics and gas transfer rates (Guiot et al., 2011). Batch co-cultures of C. hydrogenofor-
mans and M. thermoautotrophicus incubated at 65°C converted syngas to methane reasonably fast:
60 kPa CO were used in 24 h, while monocultures of the methanogen required 500 h to consume
less CO. This suggests that removal of H,/CO, by the methanogen favour thermodynamics of CO
consumption by the carboxydotroph. Pressures up to 150 kPa CO could be used by the co-culture,
which converted CO to CH . with Yeiico close to theoretical values. In a CSTR, the co-culture of
C. hydrogenoformans and M. thermoautotrophicus generated a headspace with methane peaks of
77% and a maximum production rate of 6 mmol‘thuid’th. This is significantly higher than rates
reported for similar processes with biomass retention (Grimalt-Alemany et al., 2018b; Westman et
al., 2016), but still lower than the highest rate obtained in TBRs by Asimakopoulos et al. (2021b).
The genus Carboxydocella is another group of thermophilic bacteria comprising strains with a
carboxydotrophic hydrogenogenic metabolism (Slepova et al., 2006; Sokolova, 2002). Kohlmayer
etal. (2018) established a synthetic consortium of five microbial species: Carboxydocella thermauto-
trophica, Carboxydocella sporoproducens and three methanogens isolated from an anaerobic digester
sludge (taxonomy of the archaea was not specified in the study). The co-culture was used to produce
methane from syngas in thermophilic conditions. By including several strains with the same type
of metabolism, functional redundancy and robustness were improve in the consortium. The two
Carboxydocella strains can grow on CO, but C. sporoproducens exhibits slower growth compared to
C. t/ﬂermautotrop/ﬂim. C. xpompmducens, though, can better withstand conditions of CO dcpriva—
tion due to the formation of spores. On the other hand, methanogenesis was strengthened by the
combined activity of three archacal strains. In serum bottles, the mixed culture consumed 99%
of the CO and 100% of the H, and produced an outflow gas with a 55% CH), content, which was
100% of the theoretical maximum for the used syngas. Interestingly, the co-culture proliferated
well without added vitamins or yeast extract, suggesting that the five microbes might benefit each
other from nutrient exchange (Kohlmayer et al., 2018). Despite this was a rather small-scale study,
is showed the positive effect of functional redundancy in syngas-fermenting microbial communi-
ties and demonstrated the viability of a five-partner consortia, which is rather uncommon (Goers

etal., 2014).
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2.3.3  Production of carboxylic acids and alcohols by synthetic co-cultures
Synthetic co-cultures are promising systems for the production of MCCAs from syngas. Microbial
MCCA production using monocultures of wild-type acetogens is challenging. A few acetogenic
strains have been reported to produce C4 and C6 compounds from CO/H,/CO,, among them
C. carboxidivorans (Phillips et al., 2015) and E. limosum (Chang et al., 2001), yet in rather low
concentrations. A popular alternative is the co-cultivation of an acetogen with C. kluyveri, whose
unique metabolism is based on the elongation of short-chain carboxylic acids with ethanol or other
electron donors (Angenent et al., 2016; Spirito et al., 2014).

Diender et al. (2016b) established a synthetic co-culture of C. kluyveri and the well-known ac-
etogen C. antoethanogenum that produced butyrate and caproate as end products from solely CO
as carbon and energy source. In this system, C. autoethanogenum converts CO into acetate and
ethanol, which are taken up by C. k/uyveri to produce butyrate and caproate. Butanol and hexanol
were also detected, resulting from the reduction of the respective carboxylates by C. autoethano-
genum. Experiments showed that, while growth of C. k/uyveri was inhibited in the presence of >
50 kPa CO in monocultures, it was sustained under a headspace of 130 kPa CO in co-cultivation
with C. autoethanogenum. This co-culture illustrated how mutualistic interactions can be exploit-
ed to establish robust synthetic co-cultures. C. autoethanogenum produces the substrates for C.
kluyveri (acetate and ethanol), at the same time that keeps dissolved CO levels low enough to allow
growth of its partner. In addition, it was observed that ethanol production in monocultures of C.
autoethanogenum would not have been sufficient to support growth of C. kluyveri. A follow-up
study suggested that C. kluyveri enhanced solventogenic metabolism of C. autoethanogenum by
removing ethanol from the environment (Diender et al., 2019). Gene transcription of the central
metabolism of C. autoethanogenum did not change in co-culture compared to monoculture con-
ditions, indicating that the metabolic shift in the presence of C. kluyveri was thermodynamically
driven. This is in line with related studies supporting that acetogenesis/solventogenesis in gas-fer-
menting microorganisms is controlled at the thermodynamic level (Richter et al., 2016b; Valgepea
et al,, 2018). In continuous fermentation, the co-culture of C. autoethanogenum and C. kluyveri
produced butyrate and caproate at rates of 0.55 g L day” and 0.41 g L day”, respectively. This
work, established as proof-of-concept, was recently picked up by industry in a joint project of the
corporations Evonik and Siemens, demonstrating the great potential of syngas-fermenting synthetic
co-cultures in industry (Haas et al., 2018).

Richter and colleagues upgraded the synthetic co-culture approach of Diender et al. (2016b) with
a continuous bioprocess that included cell-recycling and in-line product extraction (Richter et al.,
2016a). The co-culture was established with C. k/uyveri and C. ljungdahlii, a close relative of C.
autoethanogenum with excellent ethanol productivities from syngas (Martin et al., 2016). Similar
to the co-culture of Diender et al. (2016b), in this consortium C. jungdahlii produced acetate
and ethanol from syngas, which were used by C. k/uyveri to produce longer-chain carboxylates via
chain-elongation. In addition, at a narrow pH range of 5.7-6.4, the elongated carboxylates were
reduced by C. ljungdahlii to their respective alcohols, n-butanol, n-hexanol and, for the first time
in a syngas-fermenting system, n-octanol was detected (up to 0.78 g L7 in the condensate of the
gas stripping system) (Richter et al., 2016a). Operation of their bioreactor at values higher than
6.4 gradually reduced and eventually crashed the population of C. Jjungdahlii, which requires
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mildly acidic conditions to support growth. Without the acetogen, ethanol production halts and
the co-culture crashes. On the other hand, mildly acidic conditions are detrimental to C. kluyveri,
which grows in a pH range of 6-7.5 (Barker & Taha, 1942; Weimer & Stevenson, 2012). In addi-
tion, acidic pH values result in the accumulation of undissociated acids (pKa ~ 4.7), which are toxic
to microorganisms (Kim & Rhee, 2013). This discrepancy between optimum pH for solventogenesis
and acid production has been reported in similar studies (Diender et al., 2016b; Ganigué et al.,
2016). As Richter and co-workers stated, there is a need to isolate chain-elongating microorganisms
with an optimum pH of growth of 5-5.5, a more favourable environment for acetogens to produce
ethanol (Richter et al., 2016a).

Alternatively, carboxydotrophic strains could be employed that can thrive at a pH range around
neutrality. While the most prominent carboxydotrophic strains thrive in mildly acidic conditions
(Martin et al., 2016), acetogens have been isolated with optimal pH values ranging from 5.4 t0 9.8
(Bengelsdorf et al., 2018). An example is Acetobacterium wieringae strain JM, a novel carboxydo-
troph that grows optimally at pH 7 (Arantes et al., 2020). The authors of that study speculated that
A. wieringae strain JM played a crucial role in syngas-enriched communities by providing substrate
to ethanol-consuming propionibacteria, which grow optimally at neutral pH (Piwowarek et al.,
2018). To test this hypothesis, Moreira et al. (2021) cultivated 4. wieringae strain JM with Anaer-
otignum neopropionicum, a propionibacterium unique for its ability to grow on ethanol (Tholozan
et al., 1992). The synthetic co-culture was capable of converting CO to propionate (1.78 g L) via
cross-feeding of ethanol at pH 7. In addition, isovalerate was detected in low amounts in the co-cul-
ture, while not in monocultures. Isovalerate could be produced by 4. neopropionicum from amino
acids; therefore, authors hypothesised that amino acid transfer took place between A. wieringae
and 4. neopropionicum in co-culture. Interestingly, proteomic analysis of the co-culture revealed
sign of stress response in both strains, such as increased abundance of sporulation and antibiotic
resistance proteins. It remains a question whether this would negatively affect the stability and
functionality of the co-culture in the long-term or, on the contrary, the two populations would

eventually come to a beneficial deal.

2.3.4 Production of other value-added chemicals by synthetic co-cultures

So far, this chapter has discussed various case studies of synthetic co-cultures and open mixed cul-
tures employed in the conversion of syngas/CO to commodity chemicals such as methane, MCCAs
and simple alcohols. The production of biochemicals of higher complexity by syngas-consuming
cultures is still challenging, for example due to metabolic limitations of the microorganisms or to
the requirement of different environmental conditions. A strategy that has been used to overcome
this issue is the introduction of engineered strains of genetically accessible microorganisms.

The majority of studies on the use of synthetic co-cultures applied to syngas fermentation have
relied on the abilities of wild-type microbial strains (Diender et al., 2016b; Diender et al., 2018;
Kohlmayer et al., 2018; Lee et al., 2018; Richter et al., 2016a). Engineering of Clostridia strains to
produce heterologous compounds has advanced rapidly in the last decade, but limitations remain
and further understanding of molecular mechanisms is required (Charubin et al., 2018). Model
microorganisms such as Escherichia coli, in contrast, have been widely engineered for the produc-

tion of a vast range of biochemicals. If a suitable strategy is in place, such strains could be co-cul-
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tivated with acetogens to facilitate the production of valuable biochemicals from syngas. Cha and
co-workers (2021) followed this approach with two co-cultures of the acetogen E. limosum grown
with two genetically-engineered E. coli strains. In both co-cultures, E. limosum converted CO into
acetate, which was used as carbon source by E. co/i. The two engineered strains of E. co/s used acetate
to produce 3-hydroxypropionic acid (3-HP) and itaconic acid (ITA), respectively. At the end of
batch cultivations (72 hours), the co-cultures produced a maximum of 45.7 mg:-L"' 3-HP and 25.8
mg-L! ITA. Consumption of CO increased 10% in co-cultivation compared to monocultures of
E. limosum, evidencing that the mutualistic interaction enhanced carbon flux. This study demon-
strated for the first time the production of value-added chemicals (3-HP and ITA) from syngas
using co-cultures. However, several issues need to be addressed, as noted by the authors. First, the
concentration of CO dissolved had to be minimized to allow growth of E. co/s, thus a condition
of mass-transfer limitation was sought. This was initially achieved by inoculating E. limosum and
E. coli at high ratios, up to 150:1 (based on OD,)

consumption rates and cell concentrations decreased, pointing to the need to improve process

. Over the course of cultivations, though, CO

stability. Another major problem is that acetate assimilation by E. co/j in anaerobic conditions
requires the addition of an electron acceptor. Trimethylamine N-oxide (TMAO) was chosen since
it yielded the highest acetate assimilation rate and it did not significantly affect CO conversion
rates. The fact that TMAO should be supplied proportionally to the desired amount of product
would significantly reduce co-culture efficiency and increase process costs, making it unfeasible
to implement this strategy at industrial scale. Nevertheless, the work of Cha et al. (2021) is a first
step towards modular pathway engineering of synthetic co-cultures to facilitate the production of

high-value chemicals from syngas.

2.4 CO conversion via sequential processes

Sequential processes can also be used to produce value-added biochemicals from syngas. While
these are not one-pot strategies, they may comply with the feature of modularity, characteristic of
synthetic cultures. The greatest advantage of this approach compared to one-pot cultures is that it
circumvents cultivation divergences between partners in a consortium, by growing each partner in
a separate bioreactor (e.g., combinations aerobic/anaerobic, low/high pH or temperature, etc.). A
few proof-of-concept studies have shown the potential of this strategy applied to the conversion of
CO-rich gases. Hu et al. (2016) designed a two-stage process to produce microbial oil from syngas.
In the first reactor (60 °C, pH 6), the acctogen Moorella thermoacetica converted CO/H,/CO, to
acetate. Acetate was then fed into the second reactor (28 °C, pH 7.3) for its aerobic conversion to
C16-C18 triacylglycerides by an engineered strain of the yeast Yarrowia lipolytica. The integrated
process produced 18 g L lipids at a rate of 0.19 g L h''. Acetate as intermediate was also used
in the two-step process established by Oswald et al. (2016) to produce malic acid. In this case,
C. ljungdablii was first grown in a batch reactor converting syngas to acetate. Subscqucntly, the
reactor was adapted for acrobic cultivation of Aspergillus oryzae, which was inoculated on top of
the existing culture. Malic acid was produced to a maximum concentration of 2.02 g L. Howev-
er, the second-stage process was not reproducible in triplicate reactors. Recently, the production

of biopolymers has also been demonstrated using sequential processes (Hwang et al., 2020, p. 2;
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Lagoa-Costa ct al.,, 2017). In one study, efluent from syngas fermentation by C. autoethanogenum
(containing acetate, cthanol and 2,3-BDO) was fed in pulses into a second reactor for the produc-
tion of polyhydroxyalkanoates (PHAs) (Lagoa-Costa ct al., 2017). The second reactor contained an
enriched mixed culture used in a previous process adapted to PHA production. Only acetate was
consumed by the mixed culture, which accumulated a maximum of 24% PHA. Hwanget al. (2020)
designed a two-stage process for polyhydroxybutyrate (PHB) production differing from the rest in
that formate, instead of acetate, was used as intermediate. In the first stage, the acetogen Acetobac-
terium woodii was used for conversion of syngas under optimised conditions for ~100% formate
selectivity. The formate solution was concentrated and supplied in fed-batch mode into the second
reactor, where formate was converted to PHB by genctically modified Meshylbacterium extorquens
AMI. All these studies require further improvements, mostly related to medium optimisation in
the second reactor. Inadequate composition of ions and certain (toxic) components in the syngas
fermentation effluent can have a detrimental effect on the non-acetogenic partner. Nonetheless,
these works show that integrated bioprocesses are a feasible platform to convert gaseous substrates

to biochemicals of added-value.

25  Challenges and opportunities of syngas-fermenting

microbial communities

By discussing syngas fermentation by mixed cultures, it becomes clear that there are many chal-
lenges, but also many opportunities, for future developments in the field. Open-mixed cultures are
very robust and resilient, offering good prospects for the production of methane and short-chain
fatty acids, such as acetate and butyrate. The main challenge with open mixed cultures is product
selectivity. A better understanding of microbial compositions and interactions, and the effect of
varying process parameters, is necessary. Knowledge on complex microbial communities converting
syngas may also source inspiration for the creation of synthetic co-cultures as recently exemplified
by Moreira et al. (2021), where a co-culture producing propionate was constructed based on the
microbial composition of an enriched culture. Compared to the enriched culture, the co-culture
produced higher amounts of propionate, and side products (like methane) were eliminated. Open
mixed-cultures and laboratory enrichments may also lead to the isolation of new microorganisms,
carboxydotrophs or others, with better characteristics for the construction of synthetic co-cul-
tures. For example, Richter et al. (2016a) observed suboptimal performance of a co-culture of C.
ljungdahlii and C. kluyveri due to a mismatch in the optimal pH of the two species. Isolation of
(ethanol-driven) chain-clongators with lower optimal pH for growth would be useful for pairing
with solventogenic acetogens during syngas fermentation. Such microorganisms are currently not
available in culture collections. Currently, there are also only a limited amount of thermophil-
ic carboxydotrophs isolated, and most of them exhibit a hydrogenogenic metabolism. Studying
high-temperature adapted microbiomes (e.g., thermophilic anaerobic sludges, hydrothermal vents,
etc.) could lead to discovering novel microbes and metabolisms. Thermophilic organisms could

be used to produce volatile compounds, allowing their separation in the gas-phase and reducing
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streaming costs. Other environments, such as high salinity sediments, are also not well studied in
regard to their potential to convert CO/syngas (Sorokin et al., 2020).

The first steps for co-cultivation of microbes for syngas fermentation are taken. Now, work can
be done in two fronts: improvement of current co-cultures for the production of, e.g., MCFA and
alcohols (higher titres, higher yields, higher carbon fixation, etc.) or the development of new co-cul-
tures for the diversification of products. The improvement of co-culture systems can be aided by
genome-based models (GEMs). These models describe the set of possible reactions by the microbes
in the co-culture (based on their genomic content), including extracellular exchange of metabolites
(Benito-Vaquerizo et al., 2020; Hanemaaijer et al., 2017; Li & Henson, 2021; Pacheco et al., 2019;
Stolyar et al., 2007). The GEM constructed by Benito-Vaquerizo et al. (2020) describes growth of
the syngas-converting co-culture comprising C. autoethanogenum and C. kluyveri, and predicts
that succinate addition would improve the production of MCFAs. Experimental testing needs to
be conducted to ascertain this, but this is an example of how GEMs can aid in the generation of
hypothesis and eventually result in accelerated optimization of co-cultures. Computational models
can also be used to predict novel microbial interactions. In a recent study, Li & Henson (2021)
performed i silico simulations on 170 combinations of acetogen and butyrate-producing bacteria
pairings. This led to the discovery of highly performing co-culture designs for syngas fermentation
that could guide future experimental studies. Yet, reconstruction of GEMs, and especially their
manual curation and experimental validation is still a time-consuming procedure, and applications
of GEMs to co-cultivation are so far scarce (Gu et al., 2019).

Co-cultures are also suitable for the introduction of genetic engineered strains, e.g. to supress/
overexpress the expression of certain genes (Wen etal., 2017), engineer symbiosis (Wen etal., 2014),
create ‘artificial’ division of labour (Zhang et al., 2015), control populations of different strains
(Liao et al., 2019). Regarding syngas fermentations, up to date only wild-type acetogens have been
used to establish synthetic co-cultures but this could change soon with the recent developments on
genetic engineering of autotrophic Clostridia strains able to convert CO (Humphreys & Minton,
2018; Joseph et al., 2018). Carboxydotrophy can also be engineered in solventogenic Clostridia,
as shown by heterologous expression of a carbon monoxide dehydrogenase in Clostridium aceto-
butylicum (Carlson & Papoutsakis, 2017). The urge to produce high-value chemicals from syngas
is also putting the focus on engineering pathways for the assimilation of one-carbon compounds
(e.g. glycine pathway) in E. co/i strains that can natively produce value-added chemicals (Gleizer
etal., 2019; Kim et al., 2020).

2.6 Conclusions

Microbial communities have a tremendous potential in syngas fermentation processes, broadening
the product spectrum beyond acetate and ethanol. Open mixed cultures are sustained by decades of
research and industrial experience on the field of anacrobic digestion (of wastes/wastewaters), which
can be transferred to the conversion of CO-rich gases to methane, MCCAs and alcohols. Synthetic
co-cultures can enhance product selectivity, offer modularity and allow the use of kinetic and
genome-scale metabolic models for further optimisation. Recently, genetically engineered strains

of model organisms have been co-cultured with acetogens, enabling the production of added-value

43



CHAPTER 2

chemicals from C1 substrates. Industrial implementation of syngas-fermenting microbial consortia
for the production of valuable biochemicals is not yet a reality. However, growing interest on the
utilization of Cl-gases nurtured by major efforts undertaken over the last few years might certainly

drive this platform forward faster than anticipated.
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Abstract

Dilute ethanol streams generated during fermentation of biomass or syngas can be used as feed-
stocks for the production of higher-value products. In this study, we describe a novel synthetic
microbial co-culture that can effectively upgrade dilute ethanol streams to odd-chain carboxylic
acids (OCCAs), specifically valerate and heptanoate. The co-culture consists of two strict anaerobic
microorganisms: Anaerotignum neopropionicum, a propionigenic bacterium that ferments ethanol,
and Clostridium kluyveri, well-known for its chain-elongating metabolism. In this co-culture, 4.
neopropionicum grows on ethanol and CO, producing propionate and acetate, which are then
utilised by C. kluyveri for chain elongation with ethanol as the electron donor. A co-culture of 4.
neopropionicum and C. kluyveri was established in serum bottles with 50 mM ethanol, leading to
the production of valerate (5.4 + 0.1 mM) as main product of ethanol-driven chain elongation. In
a continuous bioreactor supplied with 3.1 g ethanol L" d*, the co-culture exhibited high ethanol
conversion (96.6%) and produced 25% (mol/mol) valerate, with a steady-state concentration of 8.5
mM and arate of 5.7 mmol L' d". Additionally, up to 6.5 mM heptanoate was produced at a rate of
2.9 mmol L d". Batch experiments were also conducted to study the individual growth of the two
strains on ethanol. 4. neopropionicum showed the highest growth rate when cultured with 50 mM
ethanol (i, = 0.103 £ 0.003 h') and tolerated ethanol concentrations of up to 300 mM. Culti-
vation experiments with C. kluyveri showed that propionate and acetate were used simultaneously
for chain elongation. However, growth on propionate alone (50 mM and 100 mM) led to a 1.8-fold
reduction in growth rate compared to growth on acetate. Our results also revealed sub-optimal
substrate use by C. kluyveri during odd-chain elongation, where excessive ethanol was oxidised to
acetate. This study highlights the potential of synthetic co-cultivation in chain elongation processes
to target the production of OCCAs. Furthermore, our findings shed light on to the metabolism of
odd-chain elongation by C. kluyveri.
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3.1 Introduction

Sustainable chemical production is a key factor in reducing our strong dependency on oil and in the
mitigation of climate change (IEA, 2018; McGlade & Ekins, 2015). In the last century, numerous
microbial processes have been developed and deployed for the production of biochemicals and bio-
fuels (e.g., lactic acid fermentation, acetone-butanol-ethanol (ABE) fermentation), establishing the
grounds for a biobased economy (Cherubini, 2010). Traditionally, these microbial processes rely on
the fermentation of sugars, either from crops including corn or sugarcane, or from hydrolysed ligno-
cellulosic biomass. While these are feedstocks available in high quantities, the former pose ethical
concerns as they compete with food and feed applications. The latter, on the other hand, require
costly pre-treatments and contain a significant fraction of recalcitrant lignin (15-25% of total dry
matter). To circumvent these limitations, production platforms based on the use of non-convention-
al feedstocks (e.g., CO,, glycerol, organic waste streams) are expected to become more prominent
in the chemical industry (Blank et al., 2020; Kitelhén et al,, 2019). In the last decade, significant
advances have been made on the development of a Cl-based biorefinery (Qiao et al., 2022). C1
feedstocks comprise formate, methanol, CO, and CO. A mixture of CO, Hzand Cco,, known as
synthesis gas (syngas), can be obtained via gasification of hydrocarbon resources, including organic
wastes or lignocellulosic biomass (Liew et al., 2016). In addition, syngas-like streams are generated
at energy-intensive industrial sites (e.g., steel mills) (De Ras et al., 2019), and syngas production by
CO,-water clectrolysis using renewable energy is becoming increasingly feasible (Moreno-Gonzalez
etal., 2021; Sunfire, 2020; Xue et al., 2022). Because syngas composition varies depending on the
material and technology used for its generation, this feedstock is particularly suited for microbial
fermentation, which is more tolerant than chemical conversion (i.c., Fischer-Tropsch) to varying
CO:H, ratios and gas impurities (Bambal et al.,, 2014; Christensen et al., 2011; Xu et al., 2011).
Syngas can be metabolised by acetogens: strict anaerobic bacteria that use the Wood-Ljungdahl
pathway for CO, fixation. Acetogens can use reducing equivalents from H,,COor other substrates,
and produce acetate and ethanol as main products (Schuchmann & Miiller, 2014). So far, syngas
fermentation has been industrially deployed almost exclusively for the production of ethanol; yet,
to maximise its value as sustainable production platform, it is essential to expand the array of prod-
ucts (Gavala et al., 2021; Kopke & Simpson, 2020). Since syngas fermentation effluent contains a
mixture of ethanol and acetate, one logical approach for its upgrading is the integration with the
chain-elongation platform. Chain elongation is the anaerobic process in which short-chain carbox-
ylic acids (SCCAs; acetate, propionate, butyrate) are converted to medium-chain carboxylic acids
(MCCA:s; valerate, caproate) provided that an electron donor (e.g., ethanol, lactate) is supplied
(Agler et al., 2012; Angenent et al., 2016; Spirito et al., 2014). This conversion is the result of the
reverse beta-oxidation pathway, a cycle that elongates a carboxylic acid two carbons at a time by
adding an acetyl-CoA derived from the electron donor. Clostridium kluyveri was the first isolat-
ed bacterium performing chain elongation, and since then it has been thoroughly characterised
(Bornstein & Barker, 1948; Candry et al., 2018; Kenealy & Waselefsky, 1985; Seedorf et al., 2008).
In recent years, several studies have demonstrated the feasibility of merging syngas fermentation
with chain elongation for the production of MCCAs and higher alcohols (Baleciro et al., 2019).
One adopted strategy is the one-pot conversion of CO/syngas by open mixed cultures traditionally
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used in anaerobic digestion, which can be enriched for chain-elongating microorganisms (Baleeiro
et al,, 2022; Baleeiro et al., 2023; Candry et al., 2020a; Chakraborty et al., 2019; Ganigué et al.,
2016; He et al., 2018; Liu et al., 2014a; Shen et al., 2018). Despite their robustness and suitability
for waste-fed processes, these cultures require rather longacclimation and fermentation times when
applied to syngas fermentation, and the abundance of competing pathways (e.g., methanogenesis)
compromises product selectivity. A popular alternative is the use of synthetic co-cultures of aceto-
gens with C. £luyveri (Diender et al., 2016b; Diender et al., 2019; Ferndndez-Blanco et al., 2022;
Richter et al., 2016a), which are based on CO scavenging by the acetogen and direct cross-feeding
of ethanol and acetate. Two-stage processes, where syngas fermentation and chain elongation take
place in separate bioreactors, have also been proposed (Gildemyn et al., 2017; Kucek et al., 2016;
Richter et al., 2013; Vasudevan et al., 2014), with the advantage that the operational conditions
can be optimised for each conversion.

Even-chain MCCAs have received the most attention as target products, largely because inter-
mediates with even number of carbon (i.e., acetate, ethanol, butyrate) are more commonly found
in syngas fermentation effluent and in acidogenic waste streams than odd-numbered carbon con-
stituents (Moscoviz et al., 2018). Caproate (C6) and caprylate (C8) have attracted special interest
due to their higher economic value and easiness to extract from the water broth compared to bu-
tyrate (C4). However, in order to avert market saturation, interest has grown in diversifying away
from the caproate platform towards other products, such as branched carboxylates and odd-chain
carboxylic acids (OCCAs) (de Leeuw et al., 2021; Stamatopoulou et al., 2020; Strik et al., 2022).
In particular, OCCAs (e.g., valerate (C5) and heptanoate (C7)) are valuable building blocks with
growing demand from the chemical and cosmetics industries (Agnihotri et al., 2022). To date,
only a few studies have addressed the production of OCCAs in ethanol-based chain elongation
systems; in these cases, the most common approach has been the supplementation of propionate
in mixed cultures (Coma et al., 2016; Ganigué et al., 2019; Grootscholten et al., 2013; Roghair et
al., 2018). In addition, the physiology of odd-chain elongation in C. kluyveri has been considerably
less well-studied than the even-chain metabolism, with exception of early studies (Bornstein &
Barker, 1948; Kenealy & Waselefsky, 1985) and a recent investigation by Candry and co-workers
(Candry et al., 2020b).

In this work, we propose an alternative to mixed cultures to target the production of OCCAs via
ethanol-based chain elongation: a synthetic co-culture of C. kluyveri with the propionigenic bac-
terium Anaerotignum neopropionicum (formerly, Clostridium neopropionicum (Ueki et al., 2017)).
A. neopropionicum is among the few propionigenic bacteria described to date with the ability to
ferment ethanol while fixing CO, (Benito-Vaquerizo et al., 2022b; Tholozan et al., 1992). Based
on the physiology of the microorganisms, it is anticipated that a co-culture of 4. neopropionicum
with C. kluyveri supplied with ethanol and CO, will produce valerate and heptanoate, with pro-
pionate as intermediate. Acetate is produced in this system, therefore even-chain products are also
expected. We established the 4. neopropionicum - C. kluyveri co-culture in serum bottles and tested
its productivity in an ethanol-fed chemostat bioreactor at increasing ethanol loading rates (ELRs).
We also performed pure culture experiments in serum bottles to gain insight into the metabolism

of ethanol fermentation in A. neopropionicum and the use of propionate during chain elongation
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by C. kluyveri. Ultimately, our goal was to evaluate the feasibility of applying this co-culture to
upgrade syngas fermentation effluent to OCCA:s.

3.2 Materials and Methods

3.2.1 Microbial strains and cultivation medium

C. kluyveri DSM 555" and A. neopropionicum DSM 38477 were obtained from the German Col-
lection of Microorganisms and Cell Cultures (Leibniz Institute DSMZ - German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig, Germany). Both strains were cultivated
anacrobically in medium containing (per litre): 0.9 g NH4CL 0.8KCl,0.3gNaCl,0.2¢g KH,PO,,
0.4gK,HPO,, 0.2gMgSO 7 H,0, 0.04 g CaCl,*2 H,0, 3.0 gNaHCO,, 0.5 g yeast extract, 10
mL trace element solution from DSMZ medium 318, 1 mL vitamin solution, 0.5 g L-cysteine-HCI
as reducing agent and 0.5 mg resazurin as redox indicator. The vitamin solution contained (per
litre): 0.5 g pyridoxine, 0.2 g thiamine, 0.2 g nicotinic acid, 0.1 g p-aminobenzoate, 0.1 g riboflavin,
0.1 g pantothenic acid, 0.1 g cobalamin, 0.05 g folic acid, 0.05 g thioctic acid and 0.02 g biotin.
The pH was adjusted to 7. Anacrobic bottles of 120 mL contained 50 mL medium under a N,/
CO, headspace (80:20 v/v; 170 kPa). For culture maintenance, C. kluyveri was grown on 90 mM
ethanol and 75 mM acetate, incubated statically at 37°C. A. neopropionicum was grown on 50 mM
ethanol, statically at 30°C.

3.2.2  Batch experiments in serum bottles

A series of batch experiments were carried out in serum bottles and medium as described above.
Ethanol, acetate and propionate were added in a concentration of 25-1000 mM depending on the
experiment, as detailed in the Results section. The headspace of the bottles was filled with N,/CO,
(80:20 v/v; 170 kPa). Bottles were inoculated with 2 % (v/v) of exponentially-growing cultures of
C. kluyveri and/or 4. neopropionicum. For monoculture experiments of C. kluyveri with propionate
in the medium, pre-cultures used for inoculation were transferred at least three times in medium
containing propionate. Experiments with monocultures of 4. neopropionicum and of C. kluyveri
were incubated at 30°C and 37°C, respectively. Co-cultures of 4. neopropionicum with C. kluyveri
were incubated at 35°C. All bottle experiments were done in triplicates. Liquid samples (1 mL) were
routinely taken for analyses of alcohols and carboxylic acids, cell density and pH. Gas samples (0.2
mL) were routinely taken for analysis of headspace composition (H,, CO,). For each experiment,
cell dry weight (CDW), yields, carbon and electron balances were determined from an additional,

equivalent set of bottles that was only sampled at the start and end of cultivation.

3.2.3 Bioreactor setup

An ethanol-limited chemostat experiment was carried out to test the performance of the co-culture
of A. neopropionicum and C. kluyveri at increasing ethanol loading rates (ELRs). A 1.3 L bioreactor
vessel (DASGIP’ Bioblock, Eppendorf, Germany) with a working volume of 0.7 L was operated
anacrobically in continuous mode. The composition of the medium was as described above, except
that NaHCO, was omitted during continuous operation. The reactor was equipped with pH, redox
and temperature sensors. The system was operated at 35°C and pH 7, the latter controlled by the
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addition of 3 M KHCO,. Agitation was set at 200 rpm. Mass flow controllers (Dasgip MX4/4, Ep-
pendorf, Germany) regulated the inflow of gas (N, or N,/CO,), which was supplied aseptically via
0.2 um filter. Liquid samples were routinely taken for analyses of ethanol and carboxylic acids, cell
density and CDW. Gas samples of the headspace were taken for determination of gas composition.
Gas and liquid outflow rates were regularly measured during operation. Phase-contrast microscopy

(Axio Scope A1, Zeiss) was used periodically to inspect the co-culture.

3.2.4 Bioreactor operation

The co-culture of A. neopropionicum — C. kluyveri was cultivated in a continuous stirred-tank
reactor (CSTR) operated without interruption for 160 days. The experiment can be divided in
seven phases, A-G, preceded by a brief batch phase; the operating conditions of each phase are
detailed in Table 3.1.

Table 3.1 Operating conditions of the bioreactor.

Phase Period (days) ELR (gL'd') HRT Ethanol Remark
[mmol L*d"] (h) inflow (mM)

Batch 0 - 21 - - - -

A 2.1 -3 1.7 [35] 36 51 Start continuous operation

B 3 - 178 1.7[35] 36 51 Gas flowrate increased to 0.07
vvm

C 178 - 297 3.1[64] 36 95 -

D 297 - 329 80[171] 42 300 -

E1 329 - 437 63[122] sS4 300

E2 437 - 1007 6.3[122] 54 300 Technical issues*

F 100.7 - 155.7 6.7 [145] 54 319 Technical issues fixed and new
medium tank

G 1557 - 160 6.7 [145] 54 320 pHto 7.3

ELR: ethanol loading rate. HRT: hydraulic retention time. “The outflow line clogged on day 55. In addition,
during this period ethanol was slowly being stripped out of the medium tank.

Start-up of the bioreactor was done as follows: the autoclaved reactor vessel, containing only mineral
medium, trace elements and resazurin, was connected to the system and flushed with N, (SLh") for
~ 3 hours to establish anaerobic conditions. Next, the gas inflow was switched to N,/CO, (80:20
v/v) and the flowrate adjusted to 1.8 L h* (0.04 vvm). The following supplements were then added
aseptically to the medium from anaerobic, sterile stock solutions: yeast extract, vitamins, NaHCO,
and L-cysteine-HCI, in the concentrations given above. 50 mM ethanol was supplemented as sub-
strate. When the redox potential dropped below -300 mV, the bioreactor was inoculated with
40 mL (~ 6 % v/v) of exponentially-growing pure cultures of A. neopropionicum and C. kluyveri.
The co-culture was grown in batch for 50 hours, when ethanol became depleted. At this point,
the continuous operation was initiated. Fresh medium containing ethanol (initially, 50 mM) was

supplied aseptically from a 20-L tank via a peristaltic pump (Masterflex, Germany). The medium
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tank was flushed with N, aseptically thorough the whole operation to ensure anaerobic conditions.
The hydraulic retention time (HRT) was initially set at 36 hours (dilution rate, D = 0.028 h),
resultingin an ELR of 1.7 g ethanol L d" (phase A). Each subsequent phase was characterised by
an increase of the ELR or by the adjustment of a reactor parameter. Modification of the ELR was
done either by changing the medium inflow rate (and, thus, the HRT) or by increasing the ethanol
concentration in the medium tank (Table 3.1).

3.25 Analytical techniques

Gaseous compounds (CO, H,) were analysed in a gas chromatograph (Compact GC 4.0, Global
Analyser Solutions, The Netherlands) equipped with two channels and a thermal conductivity de-
tector. H, was detected using a Molsieve SA column operated at 100°C and coupled to a Carboxen
1010 pre-column. Determination of CO, was done in a Rt-Q-BOND column operated at 60°C.
In both channels, argon was used as carrier gas. Concentrations of soluble compounds, namely
ethanol, propanol, lactate and C2-C7 carboxylic acids, were determined by high-performance
liquid chromatography (HPLC; LC-2030C, Shimadzu, Japan). The apparatus was equipped with
a Shodex SH1821 column operating at 55°C. 0.01 N H,SO, was used as eluent and the flowrate set
at 1 mL min™. Amounts detected in a concentration < 0.3 mM could not be accurately quantified
and are considered traces. The Chromeleon™ data analysis software (Thermo Fisher Scientific),
version 7.2.9, was used for both GC and HPLC peak integration and analysis.

Microbial growth was estimated based on the measurement of optical density at 600 nm (OD )
using a spectrophotometer (UV-1800, Shimadzu, Japan). CDW was determined by gravimetric
analysis: pellets from a known culture volume (~ 50 mL) were washed twice in deionised water,
resuspended and transferred into pre-weighed aluminium trays. These were dried overnight at
103°C and weighed again the day after.

3.2.6 Calculations

Specific growth rates (¢, expressed in h) in batch incubations were determined as the slope of the

linear regression (three to five points; R* = 0.99) derived from the integrated mass balance of cells:

In(Cx,) = p t+1n(Cx,,)

where C is the cell concentration as OD | during the exponential phase (¢, - ©).
In batch experiments of 4. neapropionicum, substrate (cthanol) uptake rates (q,) and production

rates of propionate (q,) and acetate (q,) (defined collectively as q-rates) were calculated from the

P-
respective integrated mass balances which, resolved in combination with the biomass mass balance,

give:

No(0) - Ny(t) = q; LN () - Ny (i)
N () - Np(ty) = q; LN () - Ny (i)
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NA (D) - N () = q_; - (N (0 - Nx (%))

where g-rates are calculated from the slope of the linear regression (R? 2 0.99) with x known
(calculated as described in the lines above). N, N and N, are measured amounts (mmol) of eth-
anol, propionate and acetate, respectively, during the exponential phase (¢, - t). N, (mg CDW)
at corresponding time points were indirectly determined from OD  values using the following

relationship, that we determined experimentally for 4. neopropionicum growing on ethanol:

(ODyyo - 0.016)
CDW (me I,1) = ~——o0 777
(mg L7 0.0032

q-rates are given in mmol g CDW h.

In batch cultivations, biomass and product yields were calculated as follows:

g CDW formed

mol ethanol consumed

Biomass yield (Y,) =

mol product 7 formed

Product yield (Y) =

mol ethanol consumed
Product specificity (mol/mol) and selectivity (mol e eq./mol € eq.) were calculated as follows:

mol product 7 formed
100

Specificity of product 7 (%) =

mol total soluble products formed

mol electron-equivalents product 7 formed

100

Selectivity of product 7 (%0) = :
electivity of product 7 (/o) mol electron-equivalents ethanol consumed

3.3 Results

First, we studied ethanol utilization by monocultures of 4. neopropionicum, and odd-chain elon-
gation by C. kluyveri. Next, a co-culture of 4. neopropionicum and C. kluyveri was established in
serum bottles, with ethanol and CO, as sole substrates. The performance of the co-culture was

further tested in a continuous bioreactor at increasing ethanol loading rates (ELRs).

3.3.1  Effect of ethanol concentration on the growth and product profile of 4.
neopropionicum

Ethanol tolerance in A. neopropionicum was assessed by determining cell growth in serum bottles
(batch growth) containing 25 - 1000 mM ethanol. Cell density and production profiles over time
are presented in Suppl. material § 3.7: Fig. $3.1, Fig. $3.2. Specific growth rates («) obtained under

the different ethanol concentrations are shown in Fig. 3.1.
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Figure 3.1 Effect of the ethanol concentration on the specific growth rate () of 4. neopropionicum. Growth
rates were obtained from bottles incubated with ethanol (0, 25, 50, 100, 300, 500, 700 mM and 1 M) and
CO, as substrates. Error bars indicate standard deviations of biological triplicates.

Growth of 4. neopropionicum was most prominent with 50 mM ethanol, displaying a maximum
specific growth rate (¢, ) 0f0.103 +0.003 h” (doubling time (t,) = 6.7 h) (Fig. 3.1). Slightly lower
@ were obtained with ethanol concentrations of 25 mM (0.097 £ 0.003 h'; ¢, = 7.2 h) and 100 mM
(0.096 +0.006 h*; ¢ =72 h). Biomass formation was most prominent in this concentration range,
with maximum cell densities of 59 + 1 mg CDW L (both with 50 mM and 100 mM ethanol)
and 53 + 1 mg CDW L' (with 25 mM ethanol). The # declined to 0.086 + 0.002 h' (t, = 8.1 h)
when the initial ethanol concentration was 300 mM; this titre is a threshold above which the
growth rate of 4. neopropionicum dropped sharply (Fig. 3.1). Cultivation in the absence of ethanol
resulted in scarce biomass production (16 + 2 mg CDW L), likely deriving from the utilisation of
L-cysteine and yeast extract present in the medium. No significant growth was observed in bottles
containing 1 M ethanol.

Product concentrations in the different incubations are shown in Fig. 3.2. Propionate and acetate
were the two main products of ethanol fermentation by A. neopropionicum, with minor products
being propanol, butyrate and lactate. An initial concentration of 25 mM ethanol yielded the highest
propionate:acetate ratio, 1.2 (mol/mol). In this condition, cultures produced 14.2 + 0.1 mM pro-
pionate and 11.7 + 0.2 mM acetate. Incubations with 50 mM and 100 mM ethanol led to similar
amounts of propionate (compared to 25 mM ethanol), however acetate concentration doubled (to
~ 21 mM). Higher initial ethanol concentrations (= 300 mM) yielded similar production of pro-
pionate and acetate, but also promoted the accumulation of secondary products, namely propanol
and lactate. Propanol specificity under 25 mM ethanol was 5 % (1.4 + 0.1 mM), yet it reached 19 %
(= 8.5 mM) in the incubations containing 100~700 mM ethanol. Formation of propanol occurred
mostly during the stationary phase of growth and, with substrate concentrations > 50 mM ethanol,
it coincided with a slight consumption of propionate (Suppl. material § 3.7: Fig. S3.1). Lactate, on
the other hand, was not detected with 25 mM initial ethanol, but it reached a specificity of 8 % (1.9
mM + 0.2 mM) in the bottles containing 700 mM ethanol. When produced, butyrate concentra-
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tions remained low (< 1 mM). It should be noted that ethanol was depleted only in the incubations
with 25 mM ethanol (Suppl. material § 3.7: Fig. $3.1). Incomplete conversion in assays with higher
initial echanol concentrations could be due to limitation of CO2/bicarbonate, acidification of the
environment (final pH was 6.0 - 6.2, which is suboptimal for A. neopropionicum (Tholozan et al.,
1992)) or substrate toxicity. Indeed, a substrate concentration of 1 M ethanol had a detrimental

effect not only on growth, as depicted in Fig. 3.1, but

Ethanol concentration: ® No ethanol

25 mM
24 =50 mM
—_ =100 mM
% 20 1 =300 mM
: 16 u 500 mM
o - =700 mM
8 12 . 1M
-]
o
g 81
o
O 4|
0 - & =t T - -.i.i.ﬁ_
Propionate Acetate Propanol Butyrate Lactate

Figure 3.2 Product concentrations at the end of batch incubations of A. neopropionicum growing on ethanol
(25 - 1000 mM) and CO, as substrates. Error bars indicate standard deviations of biological triplicates.

also on the productivity of the cultures (Fig. 3.2).To gain insight into the physiology of 4. neapro-
pionicum, we determined specific production/consumption rates (q) and product/biomass yields
(Y) in the incubations containing 25 - 700 mM ethanol, which are summarised in Table 3.2. In
all the incubations, propionate was formed at a faster rate than acetate and propionate yields were
higher than acetate yields. The highest specific substrate uptake rate (qg, . ) was obtained with 100
mM ethanol (64.9 + 0.2 mmol ethanol g CDW™" h). The specific production rates of propionate
) were the highest with 50 mM and 100 mM ethanol (no difference observed

within the two conditions). Production rates were slightly lower in the incubations containing 25

(q,) and acetate (q,
and 300 mM ethanol for both propionate and acetate. An initial ethanol concentration of 500 mM
or higher had a strong detrimental effect on both production rates.

Biomass and propionate yields (Y, and Y, respectively) were higher with lower initial ethanol
concentrations. Thus, the highest Y, (1.91 + 0.05 g CDW mol ethanol') and Y, (1.21 £ 0.03 mol
propionate mol ethanol) were obtained in the bottles containing 25 mM ethanol. Interestingly,
the acetate yield (Y, ) was rather constant across the assays containing 25 to 100 mM ethanol (0.34
- 0.38 mol acetate mol ethanol™). Higher ethanol concentrations led to higher yields of propanol
and lactate; from 25 mM to 100 mM initial ethanol, the propanol yield (Y, ) increased from 0.1 to
0.7 (Table 3.2), and that of lactate from 0 to 0.96. In summary, increasing ethanol concentrations
led to a reallocation of the substrate from biomass and propionate towards secondary products

propanol and lactate.
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T able 3.2 g-rates and yields in batch incubations of A. neopropionicum growing on ethanol.

Ethanol q-rates Biomass yield Productyield
(mM) (mmolig., "h") (8cpw mol ethanol ') (mol i mol ethanol™)

9% % 9, Yy Y, 1 Yo
25 420406 211405 1394+0.2 1914+0.05 1.21+0.03 0.38+0.02 0.10+0.01
S0 53.0+25 235408 144+05 1.27+£0.03 0.78+0.01 0.38+0.00 0.40+0.01
100 649+0.2 237401 139+0.1 093+0.02 0.60+0.01 0.34+0.00 0.65+0.01
300 ND 18.8+0.8 9.6+04 ND ND ND ND
500 ND 104+0.8 6.3+0.6 ND ND ND ND
700 ND 84+05 45+04 ND ND ND ND

S: substrate (ethanol); P: propionate; A: acetate; X: biomass. PL: propanol. ND: not determined; ethanol
partly evaporated in incubations containing = 300 mM ethanol, therefore ethanol consumption could not
be reliably quantified in those bottles, and the related parameters could not be calculated.

3.3.2 Comparison of propionate and acetate as electron acceptors during etha-
nol-driven chain elongation by C. kluyveri

Here, we studied the effect of the electron acceptor, acetate or propionate, on the cell growth and
product spectrum of C. kluyveri during ethanol-based chain elongation. Five conditions were tested
in serum bottles (batch). In three of them, the ethanol:carboxylic acid ratio (E/CA; mol/mol) was
fixed at 1.2, which corresponds to the theoretical stoichiometry of chain elongation for optimal
substrate use (Seedorf et al., 2008). These tests were performed with ethanol (120 mM) and either
acetate (100 mM), propionate (100 mM) or both SCCAs (50 mM each) present. To assess the
effect of the SCCA concentration, two additional sets were established with ethanol (120 mM)
and cither acetate or propionate at 50 mM (E/CA = 2.4). Table 3.3 summarises the growth-related
parameters obtained in the five conditions tested. Production profiles of all incubations can be
found in Suppl. material § 3.7: Fig. $3.3.

Table 3.3 Growth-related parameters of C. £/uyveri batch growth with ethanol (120 mM) plus the indicated SCCA.

Electron acceptor (E/CA) Lagphase (h) x(h") Y, (8.py mol ethanol™)
Acetate 100 Mm (1.2) 17 0.122+£0.003  0.59+0.03
Acetate S0 mM (2.4) 17 0.112+0.005 0.8340.09
Acctate 50 mM + Propionate 50 mM (1.2) 17 0.109+0.007  0.75+0.10
Propionate 100 mM (1.2) 66 0.071£0.002  0.24+0.03
Propionate 50 mM (2.4) 60 0.0654£0.006  0.33+£0.06

E/CA: ethanol:carboxylic acid ratio (mol/mol). “The first sample was taken after 17h, when cells were already
exponentially growing (Suppl. material § 3.7: Fig. $3.4). Therefore, the lag phase in these cultures was likely
to be < 17h.
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Ethanol was depleted in all incubations except for in the bottles with 50 mM propionate, where ~13
mM ethanol remained (Suppl. material § 3.7: Fig. $3.3). The presence of one or another SCCA had
a strong impact on the lag phase of the cultures. In all the incubations with acetate, the lag phase
was < 17 hours (17 h corresponds to first sampling point after t, and at this point cells were already
growing exponentially (Suppl. material § 3.7: Fig. $3.4)). In contrast, when cultures were initiated
with only propionate (50 mM and 100 mM), the lag phases were 60 h and 66 h, respectively. The
presence of acetate or propionate also influenced the growth rate of C. k/uyveri. Incubations con-
taining 100 mM and 50 mM acetate showed the fastest growth with az 0f 0.122 £ 0.003 h' (¢, = 5.7
hours) and 0.112 + 0.005 (t, = 6.2 hours), respectively. Growth rates decreased approximately 1.8
times with propionate as sole electron acceptor, with no difference observed within the two propi-
onate concentrations tested (Table 3.3). However, when acetate was supplied next to propionate in
equimolar amounts, the growth rate was similar to the cultures containing only acetate. Biomass
formation also differed depending on the electron acceptor supplied. Incubations supplied with ac-
ctate as sole electron acceptor produced approximately three times more biomass per mol of ethanol
consumed than those with only propionate (Table 3.3). In both cases, a higher E/CA ratio of 2.4
resulted in a higher Y, (1.4-fold increment for both acetate and propionate incubations, compared
to an E/CA of 1.2). With acetate only, maximum cell densities were 62 + 5 mg CDW L™ (100 mM
acetate, E/CA = 1.2) and 90 + 7 mg CDW L (50 mM acetate, E/CA = 2.4). Significantly lower
cell densities were obtained with only propionate, i.c. 26 + 3 mg CDW L (100 mM propionate,
E/CA = 1.2) and 35 + 4 mg CDW L" (50 mM propionate, E/CA = 2.4). However, similar to what
was observed with the growth rates, when both electron acceptors were present (50 mM each, E/
CA = 1.2), biomass production (79 + 10 mg CDW L") was identical to tests with acetate only.

Product specificities (%) at the end of batch cultivations are depicted in Fig. 3.3. As expected,
C. kluyveri produced only even-chain MCCAs when acetate was the only electron acceptor. With
an E/CA ratio of 1.2 (100 mM acetate), butyrate specificity was 55 % (33.8 + 1.5 mM) and that
of caproate, 45 % (27.3 + 1 mM). Caproate became more abundant with an E/CA ratio of 2.4 (50
mM acetate), reaching a specificity of 73 % (40.6 + 4.8 mM). Incubations with propionate resulted
in the production of valerate as dominant product. With an E/CA of 1.2 (100 mM propionate),
valerate specificity was 51 % (54.9 + 1 mM), and heptanoate represented 7 % of the products (7.4
+ 0.4 mM). Even-chain carboxylic acids (acetate, butyrate and caproate) were also produced; in
total, these accounted for 27 % of the products. Propanol was also present (15 %;15.8 + 0.4 mM),
contributing to an overall odd-chain specificity of 73 % (OCCAs: 58 %). Similar to what was
observed in acetate incubations, increasing the E/CA ratio to 2.4 (50 mM propionate) favoured
the production of the longer-chain carboxylates, specifically heptanoate (17 %, 14 + 1 mM) and
caproate (17 %, 13.9 + 1.2 mM) at the expense of their respective precursors (valerate and butyrate).
Yet, valerate was the dominant carboxylic acid (40 %, 33.2 + 2.6 mM). Overall, the specificity of
odd-chain products was 70 % (OCCAs: 57 %).

When both propionate and acetate were supplied (50 mM each, E/CA = 1.2), C. kluyveri pro-
duced a mixture of odd- and even-chain products. Propionate and acetate were used simultaneously
(Suppl. material § 3.7: Fig. $3.3c). The most abundant product was valerate, with a specificity of 42
% (30.4 + 0.7 mM); however, butyrate and caproate together accounted for a higher proportion
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(37.3 mM in total, 51 %). This condition yielded the lowest amount of heptanoate (1.3 + 0.1 mM,
2 %). There was no difference in H, production (~ 50 kPa) across all the conditions tested.

m Acetate ® Propanol Butyrate

m\Valerate  mCaproate mHeptanoate

100 - 2
17
801 E 17
60 4 73
40
40 |
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Figure 3.3 Product specificities at the end of batch incubations of C. £/uyveri grown on ethanol (120 mM)
plus the indicated SCCA(s). E/CA: ethanol:carboxylic acid ratio (mol/mol). A: acetate; P: propionate. Error
bars indicate standard deviations of biological triplicates.

3.3.3  Synthetic co-culture of 4. neopropionicum and C. kluyveri producing odd-
and even-chain MCCAs from ethanol and CO,

The synthetic co-culture of 4. neapropionicum and C. kluyveri was established with ethanol and
CO, as sole substrates. A scheme of the co-culture depicting the main conversions and metabolites

involved is displayed in Fig. 3.4.
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Figure 3.4 Schematic representation of the 4. neopropionicum — C. kluyveri co-culture. Stoichiometry of the
reactions and ATP yield are not shown. Dashed lines indicate metabolite transport or diffusion across the cell.
Reducing equivalents in green and in red indicate NADH/NAD(P)H and reduced ferredoxin, respectively.
Raf: ferredoxin:NAD* oxidoreductase complex.

The co-culture was initiated with 50 mM ethanol. Fig. 3.5 shows substrate consumption and pro-
duction profile over time. At day 5 of incubation, the co-culture had produced 5.4 + 0.1 mM
valerate, 4.0 + 0.1 mM butyrate, 1.6 + 0.1 mM caproate and trace amounts of heptanoate (< 0.5
mM). Ethanol was used by both species, although not simultaneously; two phases could be distin-
guished in ethanol consumption that are linked to growth of the two microorganisms, as described
hereafter. In the first phase, lasting about 55 h, most of the ethanol was consumed (~ 32 mM), and
propionate and acetate were produced simultaneously. The almost equimolar amounts of propio-
nate and acetate formed fit with the stoichiometry observed in pure cultures of 4. neopropionicum
(Suppl. material § 3.7: Fig. $3.1b). During this phase no H, was produced, an indication that C.
kluyveri was not yet active. Low amounts of propanol and butyrate (< 2 mM) were detected, which
could also have been produced by A. neopropionicum as this was also observed in pure culture tests
(Fig. 3.2). In the second phase (55 h onwards), the remaining ethanol (~ 17 mM) was used for chain
clongation by C. kluyveri. Acetate and propionate were consumed simultancously, following the
same pattern observed in pure culture incubations of C. kluyveri (Suppl. material § 3.7: Fig. $3.3c).
The apparent lower consumption of acetate compared to propionate can be explained by endogenous
acetogenesis by this strain (1/6™ of ethanol, according to theoretical stoichiometry (Seedorfet al.,
2008)). Due to limited availability of ethanol in this second phase, only a fraction of the SCCAs
was consumed, thus ~ 12 mM propionate and ~ 14 mM acetate remained unused. In this period,
H, was produced concomitantly with the chain- elongated products to a final partial pressure of
5.5 kPa.Clearly, growth of A. neopropionicum was dominant in the co-culture; most of the ethanol
was consumed in the first 55 h of incubation by this species (Fig. 3.5). Despite this resulting in

acetate and propionate as main final products of the co-culture, and not MCCAss, this experiment
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demonstrated the feasibility of C4-C7 carboxylates production by the 4. neopropionicum - C.
kluyveri co-culture from solely ethanol and CO, as substrates. Incubation in batch presented two
main limitations: i) limited availability of ethanol for chain elongation due to faster consumption
by A. neopropionicum, and ii) limited buffering capacity (pH at the end of cultivations was 5.9),
which could have played an unfavourable role on the growth of both strains. Thus, the co-culture

was further on studied in a pH-controlled bioreactor system with continuous ethanol supply.
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Figure 3.5 Ethanol and product profiles of the 4. neopropionicum - C. kluyveri co-culture in serum bottles,
with ethanol (50 mM) and CO, (not shown) as substrates. Error bars indicate standard deviations of bio-
logical triplicates.

3.3.4 Continuous production of C4 - C7 carboxylates from ethanol and CO, by
the 4. neopropionicum - C. kluyveri co-culture in a chemostat bioreactor

The productivity of the A. neopropionicum - C. kluyveri co-culture was tested in a CSTR under
a continuous flow of N,/CO, and at increasing ethanol loading rates (ELRs). The bioreactor was
operated at 35°C and the pH maintained at 7. Ethanol concentration in the inflow varied from 50 -
300 mM (Table 3.1) to simulate the range of ethanol concentrations in syngas fermentation eflluent
(Abubackar etal., 2019; Arslan et al., 2019). Microscopic inspection of the culture at different time

points during the run confirmed the presence of the two strains and the absence of contamination.
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Figure 3.6 Product concentrations (left axis) during continuous fermentation of ethanol (right axis) by the 4.
neopropionicum - C. kluyveri co-culture. The relevant phases B - E.1, F and G are indicated. The shaded area
corresponds to a phase (E.2) where several technical issues occurred and is therefore disregarded. The arrow

points to the moment we spiked the system with 10 mM propionate.

The bioreactor was started in batch for about two days, after which continuous operation was
initiated with an ELR of 1.7 g ethanol L' d" and 50 mM ethanol in the inflow (phase A). On day
3, the gas flowrate was increased to 3 L h* (0.07 vvm; phase B). A steady-state was reached during
this phase, with the production of C4-C7 carboxylates (Fig. 3.6). This demonstrated that chain
clongation activity by C. kluyveri was sustained by cross-feeding of SCCAss (i.c., acetate and pro-
pionate) produced by 4. neopropionicum. Ethanol consumption during phase B was high (99.3 %),
indicative that the system was ethanol-limited. Production of C4-C7 carboxylates in this steady-
state and subsequent ones is summarised in Table 3.4. Valerate and caproate were equally abundant
in phase B, each representing a quarter of the products and with steady-state concentrations of 5.9
+0.2mM and 5.8 + 0.3 mM, respectively. Their observed production rates were also similar (~ 4
mmol L d). Heptanoate was also produced, yet at the lowest rate of all the carboxylic acids (1.2 +
0.1 mmol L d). As indicated by the product selectivity, most electrons from the substrate (etha-
nol) ended up in caproate (30.4 + 1.8 %) and valerate (25.2 + 0.7 %). Overall, an equal proportion
of odd- and even-chain MCCAs were produced during phase B, as indicated by their respective
specificities (34.0 + 1.2 % and 34.9 + 2.6 %).

To boost chain clongation activity, the concentration of ethanol in the inflow was doubled (95
mM), resulting in an ELR of 3.1 g ethanol L d" (phase C). A new steady-state was reached (Fig.
3.6), in which ethanol consumption remained high (96.6 %) and the biomass density increased
from 75+ 13 mg CDW L" (O, ~ 0.4) to 106 + 15 mg CDW L (OD,, ~ 0.6) (Suppl. material §
3.7: Fig. $3.5). Compared to phase B, steady-state concentrations of caproate and heptanoate more
than doubled, and caproate productivity (9.9 + 0.3 mmol L* d") surpassed valerate productivity
(5.7 £ 0.1 mmol L d?) (Table 3.4). The concentration of valerate also increased, while that of
butyrate was practically unchanged. The selectivity of the C6 (42.7 + 1.2 %) and C7 (14.2 + 0.8

%) carboxylates increased with respect to phase B, indicating a higher allocation of electrons from
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ethanol being used for chain elongation. The most abundant product during phase C, based on
specificity, was caproate (43.3 + 1.4 %), followed by valerate (24.8 + 0.2 %) and heptanoate (12.2 +
0.7 %). Compared to the previous phase, the specificity of even-chain products (C4+C6) increased
to 48.9 + 1.3 %, a 29 % increment, while that of OCCAs (C5+C7) rose to 37.0 + 0.7 %, a much

lower 8 % increment.

Table 3.4 Averaged production values of C4 - C7 carboxylates in the three steady states (in phases B, C and F)
of the bioreactor cultivation.

Steady-state Phase ELR HRT Carboxylic acids
parameter (gLdY) (b Butyrate Valerate Caproate Heptanoate
Concentration B 1.7 36 2.140.2 59402  5.840.3 1.7£0.2
(mM) c 31 36 19300 85402  148+05 4.1%0.2
F 6.7 54 2.1+0.2  12.5+0.8 27.6+1.3 6.5+0.3
Observed prod. rate B 1.7 36 1.4+0.1  4.0+0.1  39+0.2  1.240.1
(mmol L* d) c 31 36 133001 57400 99+03  2.840.1
F 6.7 54 09+0.1  5.5+0.4 12.240.6  2.9+0.1
% Specificity B 17 36 92411 263409 25.8+19 7.6+0.8
(mol,/mol, ;4. c 3l 36 5.6+03 248402 43.3+14 122407
F 6.7 54 34+0.4 209+0.6 46.3+05 10.9+0.2
% Selectivity B 1.7 36 6.7£0.5 25.240.7 30.4+1.8 10.7+1.2
(e-mol/emol, ) C 31 36 35402 199404 427+1.2 142408
F 6.7 54 2.0£0.2 157407 42.8+1.5 11.9+0.4

To test the robustness of the co-culture, on day 30, the ELR was set to 8.0 g ethanol L d* by
increasing the ethanol concentration in the inflow to 300 mM and the HRT to 42 h (phase D).
Cell density declined sharply in the following days (Suppl. material § 3.7: Fig. $3.5) and ethanol
accumulated up to 147 mM (Fig. 3.6). In an attempt to recover the system, on day 34 the HRT
was extended to 54 h, resulting in an ELR of 6.3 g ethanol L d" (phase E.1). A few days later, the
culture recovered its chain-elongating activity, as denoted by an increase of the concentration of C4
- C7 carboxylic acids, peaking around day 40 (caproate: 32.1 mM; valerate: 19.7 mM; heptanoate:
8.7 mM). Cell density also peaked, at an OD, of 1.2 (Suppl. material § 3.7: Fig. $3.5). However,
perhaps due to the fast accumulation of MCCAs, the co-culture performance declined around day
s00 Of ~

0.5 on day 44. Unfortunately, technical issues occurred in the following weeks (phase E.2): first,

41: at this point, ethanol accumulated and cell density declined sharply, reachingan OD

on day 55 the outflow line clogged. Second, ethanol in the medium tank (that was placed at room
temperature and continuously flushed with N, ) was slowly being stripped out. The latter technical
fault went undetected for several weeks. These issues altered the culture behaviour and made it not
possible to rely on the obtained data. For this reason, phase E.2 is disregarded (shaded area in Fig.
3.6 and in Suppl. material § 3.7: Fig. $3.5). Subsequently, a condenser was connected to the medium
tank, which prevented further ethanol loss via gas stripping.
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The system was properly functioning again on day 100 at an ELR of 6.7 g ethanol L' d (phase F),
with an ethanol concentration in the inflow of 319 mM. Likely, the higher ethanol loading rate and
inflow concentration slowed down growth of both strains - particularly 4. neopropionicum as seen
in pure culture (Fig. 3.1) -, resulting in a rather long acclimation time (= 30 days) before the culture
stabilised. Initially, ethanol accumulated, reaching 232 mM, accompanied by a biomass drop (from
OD,,, 0.8 t0 0.3) and a decline in MCCAs concentrations (Fig. 3.6). However, chain elongation
activity recovered on day 111 and, around day 131, the system reached the third steady-state, in
phase F. Ethanol consumption during this period was 54.1 %, about half compared to —phases B
and C. Nevertheless, MCCA production increased, with the concentrations of valerate (12.5 + 0.8
mM, 21 %), caproate (27.6 + 1.3 mM, 47 %) and heptanoate (6.5 + 0.3 mM, 11 %) being the highest
of the three steady-states. Propanol, which can be produced by both strains, became significantly
more abundant in this phase, reaching a specificity of 8.4 + 0.5 % (5.0 + 0.4 mM), in contrast to
~ 2 % in —phases B and C. Lactate was also detected in this phase (~ 0.8 mM). The specificity of
OCCAs (C5 + C7) in phase F, 31.8 + 0.7 %, was the lowest of the three periods, while that of
even-chain products (C4 + C6),49.7 + 0.5 %, was the highest.

Acetate and propionate concentrations were rather low in phase F (< 4 mM). To test whether
shortage of intermediates was limiting chain elongation activity, on day 153 we spiked the system
with 10 mM propionate. In the hours following the spike, valerate concentration quickly rose to
19.8 mM before returning to the pre-spike level (Fig. 3.6). This observation led us to increase the pH
set point from 7 to 7.3 (phase G), optimum for 4. neopropionicum (Tholozan et al., 1992) and also
favourable to decrease toxicity by accumulation of acids. This change immediately triggered ethanol
consumption and a significant increase of the concentration of all carboxylic acids. The bioreactor
system had to be shut down shortly after due to logistical reasons, just before the highest concen-
trations of caproate (46.4 mM), valerate (26.5 mM) and heptanoate (12.0 mM) were recorded.

3.4 Discussion

In this work, we showed that a mixture of C5 - C7 MCCAs can be produced from solely ethanol
and CO, using a microbial co-cultivation approach. The designed system combines the propioni-
genic bacterium A. neopropionicum, which grows on ethanol producing propionate and acetate, and
the chain-elongating microorganism C. #/uyveri that uses the produced short-chain carboxylates as
acceptor molecules for chain elongation (Fig. 3.4). Despite the fact that both strains use ethanol as
substrate, during continuous cultivation they established an interaction based on cross-feeding of
SCCAs, which allowed the co-culture to sustain over time (Fig. 3.6). We envision that this co-cul-
ture could be applied to upgrade dilute ethanol from syngas fermentation effluent to odd-numbered
carbon MCCAs.

3.4.1 Effect of ethanol concentration on the co-culture viability

We first investigated ethanol tolerance of A. neopropionicum. Syngas fermentation systems yield
ethanol titres ranging 0.1 — 0.4 M (5 - 20 g L") (Abubackar et al., 2019; Arslan et al., 2019), with
the highest reported concentration being 1 M (48 g L") (Phillips et al., 1993). Microbial strains

used for upgrading of syngas fermentation efluent should tolerate and use ethanol in this range
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of concentrations. Ethanol is known for its adverse effects to microorganisms (Cao et al., 2017).
While ethanol tolerance of C. kluyveri has been extensively investigated (Bornstein & Barker, 1948;
Weimer & Stevenson, 2012; Yin et al., 2017; Kenealy & Waselefsky, 1985; Kucek et al., 2016) and
demonstrated to support robust growth at concentrations as high as 700 mM ethanol (Weimer &
Stevenson, 2012; Yin et al., 2017), the impact of ethanol toxicity on A. neopropionicum or other
propionibacteria remained unexplored. Our experiments showed that 4. neopropionicum grows
optimally with 25 - 100 mM ethanol (1.2 — 4.6 g L") and can tolerate well ethanol concentrations
up to 300 mM (13.8 g L) (Fig. 3.1). These findings are significant as these ethanol concentrations
are within the range typically present in effluents from syngas fermentation. The A. neopropionicum
- C. kluyveri co-culture was functional under substrate loading rates of 1.7 - 6.7 g ethanol L™ d" and
inflow concentrations of up to 300 mM ethanol. While higher ethanol concentrations could have
been tolerated by C. £luyveri, we did not test those as they would have likely been detrimental to

the co-culture due to the inhibitory effect on A. neopropionicum.

3.4.2  Continuous production of C5 — C7 carboxylates from ethanol and CO, by
the synthetic co-culture

Most studies so far addressing the conversion of dilute ethanol to MCCAs have targeted the pro-
duction of even-chain products, either by open mixed cultures or by pure cultures of C. kluyveri.
Here, we chose an alternative approach, a synthetic co-culture, to target the production of OCCAs.
The rationale for this approach was to: i) avoid unwanted reactions, e.g. mcthanogenesis, which
normally take place when using open mixed cultures, i) incorporate a bacterium able to produce
propionate, the key precursor of OCCAs, and iii) cultivate together strains that grow optimally at
similar environmental conditions (i.c. temperature, pH).

The A. neopropionicum - C. kluyveri co-culture produced a maximum of 37.0 + 0.7 % OCCAs
(C5 + C7), achieved with an ELR of 3.1 g ethanol L d" (phase C). Under these conditions, valerate
accounted for a signiﬁcant 25 % of the total products. The maximum steady-state concentrations
of valerate (12.5 + 0.8 mM or 1.3 g L") and heptanoate (6.5 + 0.3 mM or 0.85 g L") were obtained
under the highest substrate loading rate (6.7 g ethanol L d"; phase F). While these titres were
higher than in the previous period where a lower ELR was applied (3.1 gethanol L d'; phase C), the
production rates of the two compounds remained the same. This suggests that the higher valerate
and heptanoate concentrations observed in phase F could be due to the longer HRT imposed (54 h,
vs. 36 h in phase C). On the contrary, caproate production increased with higher ELRs (Table 3.4).
Conversely to phases B and C, ethanol utilisation was not complete (54.1 %) in phase F. Overall,
this seems to indicate that such scenario where ethanol was not limiting could have driven excessive
ethanol oxidation to acetate by C. kluyveri, leading to predominance of even-chain elongation
activity. Indeed, caproate was the most dominant product in phase F (46.3 + 0.5 %) and it was
produced at the fastest rate (12.2 + 0.6 mmol L d"). The specificity of OCCAs decreased in phase
F (31.8 + 0.7 %) with respect to the previous period (phase B) and was actually the lowest within
the three steady-states (Table 3.4).

The selectivity of valerate, heptanoate and butyrate also dropped in phase F (Table 3.4), while a
substantial fraction of electrons from the substrate was directed to propanol. Propanol production
can be attributed to either 4. neopropionicum (Benito-Vaquerizo et al., 2022b; Tholozan et al., 1992)

65



CHAPTER 3

and/or C. kluyveri (Candry et al., 2020b; Kenealy & Waselefsky, 1985). Propanol can be formed
via reduction of propionyl-CoA (Benito-Vaquerizo et al., 2022b; Walther & Frangois, 2016) or
via reduction of propionate, as our batch experiments hinted (Fig. 3.5 and Suppl. material § 3.7:
Fig. $3.1). The monoculture experiments with 4. zeopropionicum showed that the yield of propa-
nol increased when higher initial ethanol concentrations were used (Table 3.2). This observation
was concurrent with high acetate and propionate titres, which accounted for approximately 30
mM on those conditions (Fig. 3.2). In the reactor, the concentration of total carboxylic acids in
steady-state F was approximately 54 mM (Table 3.4). Thus, the increased production of propanol
by A. neopropionicum could have been a mechanism to mitigate undissociated acid toxicity by de-
creasing the concentration of propionate and preventing further acidification of the environment.
Previously, de Leeuw et al. (2021) speculated that C. kluyveri reduced carboxylates to alcohols as
a way to dispose of excess reducing equivalents under acetate limitation. However, in our reactor,
the acetate concentration remained relatively constant at approximately 3 mM during the three
steady-states (phases B, C and F), whereas propanol levels increased significantly only during the
latter period (Fig. 3.6). Therefore, it appears more plausible that any potential involvement of C.
kluyveri in propanol formation would have been driven by the accumulation of carboxylic acids in
the fermentation broth. Both strains are also able to consume propanol (Kenealy & Waselefsky,
1985; Samain et al., 1982; Tholozan et al., 1992), so it is plausible that the actual propanol formation
in the co-culture was higher than we measured. 4. neopropionicum grows well on propanol in the
presence of acetate and CO,, yielding propionate as end product (Samain et al., 1982; Tholozan
ctal., 1992). On the other hand, C. #/uyveri can use propanol for chain elongation analogously to
ethanol (Kenealy & Waselefsky, 1985). However, we believe that propanol-driven chain elongation
may have contributed very little to MCCA production in our co-culture, as C. kluyveri has been
reported to favour the utilization of ethanol over propanol when both substrates are present (Ke-
nealy & Wasclefsky, 1985). Besides propanol, lactate was detected under the highest ELR tested
(6.7 g ethanol L d"). Lactate is an intermediate of the acrylate pathway that A. neopropionicum
uses to metabolise ethanol (Benito-Vaquerizo et al., 2022b; Tholozan et al., 1992); therefore, its
accumulation points to a metabolic bottleneck at high substrate concentrations, as observed in
pure culture incubations (Fig. 3.2).

Continuous OCCAs production through ethanol-based chain elongation has also been studied
by Grootscholten et al. (2013), who achieved an OCCAs selectivity of 57 %, and by Roghair et
al.(2018), who reported similar values. Both studies relied on the use of mixed cultures. The highest
valerate concentration (12.5 + 0.8 mM or 1.3 g L") and productivity (5.7 + 0.1 mmol L' d* or 0.58 g
L d") achieved by the 4. neapropionicum - C. kluyveri co-culture in our study are lower than those
achieved by Grootscholten et al., who reported a valerate concentration of 51.9 mM (5.3 g L) with
at a production rate of 73.3 mmol L' d* (7.5 g L d) (Grootscholten et al., 2013). The authors fed
13 g ethanol L d" into their reactor, a much higher loading rate than applied in our system (1.7 -
6.7 gethanol L™ d). They also continuously supplemented the culture with propionate (10.4 g L™
d"), which we did not do here as we relied solely on propionate formed by 4. neopropionicum. By
increasing the loading rate to 19.5 g ethanol L d, Grootscholten et al. also achieved the highest
heptanoate productivity in an ethanol-driven chain elongating system, with a titre of 24.6 mM
(3.2gL") atarate of 34.6 mmol L d* (4.5 g L d"*) (Grootscholten et al., 2013). Roghair et al. also
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supplied high substrate loading rates (32.5 g ethanol L™ and 10.9 g propionate L d', respectively)
that led to the formation of 9.2 mM heptanoate (1.2 g L") with a productivity of 13.8 mmol L d*
(1.8 gL' d"') (Roghair et al., 2018).

Although the production rates of OCCAs obtained in our study are an order of magnitude lower
than the benchmark achieved by Grootscholten et al.(2013), they are superior than reported for a
mixed culture in one-pot production from CO (He et al., 2018). In that study, He and co-authors
demonstrated the potential of integrating syngas fermentation and chain elongation in a single
reactor. However, the titres of OCCAs they obtained were below 2 mM, with maximum valerate
and heptanoate production rates of 0.83 mmol L d"' and 0.44 mmol L d", respectively (He et
al., 2018). In addition, a long acclimation time (~100 days) preceded the production of MCCAs,
as observed in similar mixed culture processes (Agler et al., 2012; Ge et al., 2015; He et al., 2018;
Kucek et al., 2016). In contrast, the A. neopropionicum - C. kluyveri co-culture presented in this
work reached steady production of C5 — C7 carboxylates in just a few days when ethanol was fed
at 1.7 and 3.1 g L''d" (Fig. 3.6). This suggests that, while integration of syngas fermentation and
chain clongation in a single step has its advantages (e.g. operation of one bioreactor instead of two),

separating the two processes might allow for higher production rates of carboxylic acids.

3.4.3 Insightsinto the metabolism of odd-chain elongation by C. kluyveriand
excessive ethanol oxidation

Early studies on C. kluyveri showed that propionate is as good electron acceptor as acetate for chain
clongation (Bornstein & Barker, 1948; Kenealy & Waselefsky, 1985). The effect of the ethanol:-
propionate ratio on the product spectrum has been recently studied (Candry et al., 2020b). Our
monoculture experiments with C. k/uyveri aimed to contribute to the knowledge on odd-chain
elongation in this microorganism, focusing on cell growth. The longer lag phase and lower growth
rate observed with propionate, compared to growth on acetate (Table 3.3), could be explained by
several reasons. On the one hand, it could be due to a higher toxicity of propionate or, more likely,
propionyl-CoA, compared to acetate/acetyl-CoA. In C. kluyveri, propionate (as well as acetate) is
metabolised by the enzyme butyryl-CoA:acetate CoA transferase (Cat3), yielding a propionyl-CoA
molecule that is fed into the reverse -oxidation cycle (Seedorf et al., 2008). Propionyl-CoA is toxic
when accumulated inside the cell, retarding growth and inhibiting biosynthetic reactions through
inhibition of CoA-dependent enzymes (Deodato et al., 2006; Dolan et al., 2018; Maerker et al.,
2005; Maruyama & Kitamura, 1985). Bornstein & Barker (1948) reported some inhibition of C.
kluyveri grown with propionate concentrations above 68 mM, which are in the range of the levels
tested in our study (50 and 100 mM). It could also be hypothesised that the slower growth ob-
served with propionate is due to a lower affinity of the enzymes involved in the reverse B-oxidation
pathway for odd-numbered intermediates, compared to even-numbered intermediates. However,
in our experiments, acetate and propionate were used simultaneously when they were both initially
present (Suppl. material § 3.7: Fig. $3.3c), suggesting no substrate preference. This is in line with
observations by Candry et al. (2020b) in their study of odd-chain elongation in C. kluyveri. The
authors of that study also reported no difference in the specific growth rate of C. kluyveri with pro-
pionate or acetate as electron acceptors, which contradicts our resules (Table 3.3). This discrepancy

could be due to the use of different media or, perhaps, the fact that the ethanol concentration (343

67



CHAPTER 3

mM) and ethanol:carboxylic acid ratio (3.4) in the study of Candry et al. (Candry et al., 2020b)
were much higher than in our work; excess ethanol can be oxidised to acetate with concomitant
ATP production, supporting growth.

In our study, we also observed that the adverse effects of propionate on cell growth and biomass
formation were overcome when acetate was present (Table 3.3). This hints at a shortage of ace-
tyl-CoA, key metabolic intermediate derived from acetate and ethanol, as the cause for the lower
growth rates and biomass yields observed with propionate. In other words, our results indicate that
acetate supplementation improves growth on propionate by C. k/uyveri during ethanol-driven chain
clongation. The latter strategy could therefore be used to enhance production rates in odd-chain
clongation processes.

Another relevant finding of our experiments with C. &/uyveri is that the theoretical ethanol:car-
boxylic acid stoichiometry of 1.2 does not result in optimal substrate use, at least during odd-chain
elongation. According to theory of chain elongation, 1/6™ of the substrate (ethanol) is oxidised to
acetate for ATP generation and the rest is derived to the reverse B-oxidation pathway (Seedorfetal,
2008). Chain clongation with only acetate does not allow to distinguish between ethanol oxidised
to acetate and ethanol used for chain elongation. But, with propionate as electron acceptor, this
distinction is possible since only the even-numbered products (acetate, butyrate, caproate) are the
result of ethanol oxidation. Thus, with an ethanol:carboxylic acid ratio of 1.2 (theoretical stoichi-
ometry), the proportion (specificity) of even-chain products in propionate-fed cultures should be
1/6%™, or 16.7 %. However, in our propionate incubations with this ratio, even-chain carboxylates
accounted for 27 % of the products (Fig. 3.3), indicating that more than 1/6% of ethanol was
oxidised to acetate. This phenomenon, termed excessive ethanol oxidation, has been described in
chain-elongating mixed cultures but attributed to the activity of competing, ethanol-oxidising
microorganisms that do not perform chain elongation (Grootscholten et al., 2013; Roghair et
al., 2018). Our results are in accordance with those of Candry et al. (2020b), who showed that
C. kluyveri also performs excessive ethanol oxidation during odd-chain elongation and that the
stoichiometric product output (16.7 % even-chain and 83.3 % odd-chain) is not achieved with
the theoretical E/CA ratio of 1.2. According to that study, the stoichiometric product output is
approached with lower ethanol:propionate ratios (e.g., 0.5). It remains a question whether excessive
ethanol oxidation also takes place during even-chain elongation or if it is, in fact, a strategy of C.

kluyveri to deal with propionyl-CoA toxicity and a shortage of acetyl-CoA.

3.4.4 Application of the synthetic co-culture to upgrade syngas fermentation
effluent

Synthetic co-cultures are suitable platforms to upgrade syngas fermentation effluent. Co-cultures
such as the one presented in this study are less adaptable than open mixed cultures and are there-
fore not so suited to treat complex organic waste streams (e.g., food waste). However, gasification
of feedstocks followed by syngas fermentation results in a rather “clean” effluent: much simpler in
composition (mostly ethanol and acetate) and more consistent than organic waste streams, thus
casier to handle by monocultures or synthetic co-cultures. Indeed, syngas fermentation effluent,
when supplemented with trace metals and vitamins, has been shown to be as good substrate for C.

kluyveri as synthetic ethanol/acetate mixtures (Gildemyn et al., 2017).
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Contrary to open mixed cultures, synthetic co-cultures can exclude methanogens, which has two
advantagcs when it comes to their use in chain elongation processes. Firse, the need for metha-
nogenesis inhibitors (e.g. 2-bromoethanesulfonic acid) is avoided, benefiting both the cost and
performance of the process as these chemicals have been shown to lose their effectiveness over time
(He et al., 2018; Shrestha et al., 2023). Second, a neutral, instead of acidic pH can be selected for
fermentation (most methanogens grow optimally at pH around neutrality [Grimalt-Alemany et
al., 2018b]), consequently minimising growth inhibition by accumulation of undissociated car-
boxylic acids. In addition, multi-species genome-scale metabolic models (GEMs) can be built for
synthetic co-cultures to predict phenotypes and find strategies to optimise process performance
(Benito-Vaquerizo et al., 2020; Hanemaaijer et al., 2015; Li & Henson, 2019; Stolyar et al., 2007).
Recently, we constructed the first GEM of A. neopropionicum (Benito-Vaquerizo et al., 2022b);
in future research, this GEM could be incorporated into, for example, the existing multi-species
GEM of the Clostridium autoethanogenum - C. kluyveri co-culture (Benito-Vaquerizo et al., 2020)
to evaluate the performance of a synthetic tri-culture applied to syngas fermentation.

An important difference of our study compared to most other works on MCCA production via
chain elongation is that we did not provide propionate (or acetate) as electron acceptor, relying only
on the endogenous production of SCCAs in the system. In addition, the ethanol loading rates we
tested are relatively low compared to those applied in other studies discussed here (Grootscholten
etal.,, 2013; Roghair et al., 2018). Therefore, it is expected that the MCCAs production rates ob-
tained in our study remain relatively low in comparison, but yet prove that the synthetic co-culture
has potential to be used as a platform to upgrade dilute ethanol streams to, specifically, OCCAs.
Improvement of the 4. neopropionicum - C. kluyveri co-culture could include determining a more
optimal pH of operation that could also support higher substrate loading rates. In our bioreactor
experiment, increasing the pH from 7 to 7.3 boosted ethanol consumption and chain-elongating
activity of C5 — C7 carboxylates (phase G, Fig. 3.6). A pH of 7.3 is closer to the optimum for A.
neapropionicum (Tholozan et al., 1992), and it also contributes to alleviating carboxylic acid toxicity.
Among the other strategies, in-line product extraction has been shown to significantly enhance
production rates by reducing product inhibition (Agler et al., 2012; Ge et al., 2015; Kucek et al.,
2016; Vasudevan et al., 2014). Biomass retention, either via anaerobic filter reactors or membrane
modules, has also been demonstrated to improve production rates (Gildemyn et al., 2017; Vasudevan
etal.,2014). A key finding of our study is that, in line with the work on C. k/uyveri by Candry and
co-authors (Candry et al., 2020b), odd-chain elongation was favoured under ethanol limitation,
which can be achieved in controlled chemostat cultivation. Therefore, this approach should be kept

in mind when targeting the production of OCCAs via ethanol-driven chain elongation.

3.5 Conclusions

A synthetic co-culture composcd of A. neopropionicum and C. klu_)/veri was demonstrated to pro-
duce valerate and heptanoate from solely ethanol and CO, as substrates. In bioreactor cultiva-
tion, the co-culture tolerated concentrations of at least 300 mM ethanol (13.8 g L") and yielded
a maximum of 37 % OCCAs. Our results showed that controlling ethanol use is favourable for

OCCA production, and that tuning of pH could further boost chain elongation in this co-culture.
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Moreover, experiments with pure cultures of C. kluyveri revealed the negative effects of propionate
on its growth, which are reversed when acetate is present. Further work is needed to verify the
hypothesis that C. kluyveri deals with propionate/propionyl-CoA toxicity by performing excessive
ethanol oxidation, which would explain the observed shift towards even-chain products during
chain elongation of propionate. In view of the results, we propose that the 4. neopropionicum - C.
kluyveri co-culture could be integrated with the syngas fermentation platform to upgrade ethanol
to OCCAs. For this, future work should investigate the possibility to establish a tri-culture with an
acetogen (one-pot process), or test the co-culture with actual syngas fermentation efHluent (two-stage
process). In addition, a number of strategies could be explored in order to improve production rates,
such as cell retention, in-line product extraction or co-feeding heterotrophic (waste) substrates.
Multi-species GEM modelling is a powerful tool that can also aid in the exploration of capabilities
of synthetic co-cultures. Altogether, our work shows the potential of synthetic microbial co-cultures

to serve as platforms for innovative biotechnological processes.
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3.7  Supplementary material
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Figure $3.1 Batch cultivations of A. neapropionicum grown on ethanol (25 — 700 mM). a - c: Substrate and
product concentrations, and cell density (OD ) of incubations containing 25 mM (a), 50 mM (b) and 100
mM (c) ethanol. d - f: Substrate and product concentrations of incubations containing 300 mM (d), 500
mM (e) and 700 mM (f) ethanol.
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Figure $3.2 Cell density (measured as OD ) of batch cultures of A. neopropionicum grown on 300, 500
and 700 mM ethanol.
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Figure $3.3 Batch cultivations of C. £luyveri grown on ethanol (120 mM) plus acetate and/or propionate.
Displayed here are substrate and product concentrations of incubations with: a) 100 mM acetate (E/CA = 1.2);
b) 50 mM acetate (E/CA = 2.4); ¢) 50 mM acetate and 50 mM propionate (E/CA = 1.2); d) 100 mM propio-
nate (E/CA = 1.2) and ¢) 50 mM propionate (E/CA = 2.4). Evolution of H, was only measured in conditions
a—c¢indande, final H, pressure was the same as in the other incubations (= 50 kPa). Heptanoate was also
produced in condition ¢ (< 2 mM, not shown).
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Figure $3.4 Cell density (measured as OD ) of C. kluyveri batch cultures incubated with ethanol (120
mM) and either acetate (E/A), propionate (E/P) or both electron acceptors (E/AP) at the indicated ethanol/

carboxylic acid ratio.
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Abstract

Microbial production of propionate from diluted streams of ethanol (e.g., deriving from syngas fer-
mentation) is a sustainable alternative to the petrochemical production route. Yet, few ethanol-fer-
menting propionigenic bacteria are known, and understanding of their metabolism is limited.
Anaerotignum neopropionicum is a propionate-producing bacterium that uses the acrylate path-
way to ferment ethanol and CO, to propionate and acetate. In this work, we used computational
and cxperimcntal methods to study the metabolism of A. neopropionicum and, in particular, the
pathway for conversion of ethanol into propionate. Our work describes iANEO_SB607, the first
genome-scale metabolic model (GEM) of 4. neopropionicum. The model was built combining the
use of automatic tools with an extensive manual curation process, and it was validated with exper-
imental data from this and published studies. The model predicted growth of A. neopropionicum
on ethanol, lactate, sugars and amino acids, matching observed phenotypes. In addition, the model
was used to implement a dynamic flux balance analysis (dFBA) approach that accurately predicted
the fermentation profile of 4. neopropionicum during batch growth on ethanol. A systematic anal-
ysis of the metabolism of A. neopropionicum combined with model simulations shed light into the
mechanism of ethanol fermentation via the acrylate pathway, and revealed the presence of the elec-
tron-transferring complexes NADH-dependent reduced ferredoxin:NADP* oxidoreductase (Nfn)
and acryloyl-CoA reductase-EtfA B, identified for the first time in this bacterium. The realisation
of the GEM iANEO_SB607 is a stepping stone towards the understanding of the metabolism of
the propionate-producer 4. neopropionicum. With it, we have gained insight into the functioning
of the acrylate pathway and energetic aspects of the cell, with focus on the fermentation of ethanol.
Overall, this study provides a basis to further exploit the potential of propionigenic bacteria as

microbial cell factories.
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4.1 Introduction

Propionic acid is a naturally-occurring carboxylic acid produced by propionigenic bacteria as
end-product of their anaerobic metabolism. It is an important intermediate in anaerobic fermenta-
tive processes such as those occurring in the human gut, anaerobic digesters and cheese production.
Itis also an essential platform chemical in the manufacture of cellulose-derived plastics, cosmetics
and pharmaceuticals and, due to its antimicrobial properties, it can be used as food preservative
(Gonzalez-Garcia et al., 2017; Ranaei et al., 2020). At present, industrial production of propionic
acid is based on petrochemical processes, but efforts are being made to develop sustainable produc-
tion platforms based on the use of propionigenic bacteria as biocatalysts. Microbial production of
propionic acid has been researched for over 150 years, however industrial implementation is still
limited mainly due to low productivities, which render such processes economically non-com-
petitive (Boyaval & Corre, 1995; Gonzalez-Garcia et al., 2017; Ranaei et al., 2020). So far, most
approaches have considered strains of the genus Propionibacterium —well-studied due to their
involvement in cheese production—, and have focused on the use of sugars as feedstock. However,
the chemical industry is increasingly required to rely on the use of non-conventional, inexpensive
raw materials to minimize its carbon footprint (Blank et al., 2020). Ethanol, a low-priced common
end product of many fermentations, is regarded as one of such feedstocks (Blank et al., 2020; Dagle
etal,, 2020). Moreover, ethanol can be synthesised from CO, CO, and H, (syngas) by acetogenic
bacteria. Syngas-to-ethanol fermentation technology has been deployed at large scale, and recent
advances are expected to accelerate its development in the years to come (Kopke & Simpson, 2020;
Molitor et al., 2016; Stoll et al., 2020).

Anaerotignum neopropionicum, formerly Clostridium neopropionicum (Ueki et al., 2017), was
the first representative of the ethanol-fermenting, propionate-producing bacteria. It was isolated in
1982 from an anaerobic digester treating wastewater from vegetable cannery (Samain et al., 1982).
The ability of converting ethanol to propionate is shared with only three other microbial species:
the closest relative Anaerotignum propionicum (formerly, Clostridium propionicum (Ueki et al.,
2017), the sulphate-reducing bacterium Desulfobulbus propionicus (Laanbroek et al., 1982; Stams
etal,, 1985), and Pelobacter propionicus (Schink etal., 1987). In these four microorganisms, ethanol
oxidation to propionate occurs in the presence of CO, with concomitant production of acetate,
according to the theoretical Eq. 4.1. This ability of propionigenic bacteria could be exploited to
upgrade dilute ethanol streams from beer production or syngas fermentation, among others. For
example, Moreira et al. (2021) showed that co-cultures of acetogens and ethanol-consuming pro-
pionigenic bacteria can convert syngas into propionate. In their study, the acetogen Acetobacterium
wieringae was co-cultivated with A. neopropionicums; A. wieringae converted CO to ethanol, which

was used by 4. neopropionicum to produce propionate.

3 CH;CH,0H + 2 €O, - 2 CH;CH,CO0~ + CH,C00~ + 3H* + H,0 Eq.4.1
AG® = —124 k]
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Two main pathways have been described for the fermentative production of propionic acid in
bacteria: the methylmalonyl-CoA (also termed succinate pathway or Wood-Werkman cycle) and
the acrylate pathway (Gonzalez-Garcia et al., 2017; Reichardt et al., 2014). Most of the known
propionigenic bacteria, including strains of the genera Propionibacterium and Cutibacterium, use
the methylmalonyl-CoA pathway for growth. The acrylate pathway is mostly found within members
of the phylum Firmicutes (Reichardt et al., 2014). Sugars and lactate are common substrates for
these pathways. Ethanol fermenters D. propionicus and P. propionicus use the methylmalonyl-CoA
pathway (Schink et al., 1987; Stams et al., 1985), whereas A. neopropionicum and A. propionicum
use the acrylate pathway (Tholozan et al., 1992).

To fully exploit the potential of microorganisms for biotechnological applications, it is funda-
mental to understand their metabolism and cellular processes. Genome- scale metabolic models
(GEMs) and their analysis with COnstraint-Based Reconstruction and Analysis (COBRA) meth-
ods have become indispensable tools in this regard (Ebrahim et al., 2013; Gu et al., 2019; Santos
et al,, 2011). Flux balance analysis (FBA) is often used as the mathematical approach to explore
the intracellular fluxes of GEMs under stcady—state conditions (c.g., in chemostat cultivations)
(Orth et al., 2010). FBA can be extended to dynamic FBA (dFBA), which simulates the time-
step evolution of individual steady-states that take place in time-varying processes, such as batch
and fed-batch cultures (Moreno-Paz et al., 2022). A wide range of GEMs have been successfully
implemented to unravel novel metabolic features of microorganisms, guide experimental design,
or improve bioprocess operation in mono- and co-cultivation. For instance, the reconstruction of
the first GEM of Clostridium ljungdahlii i HN637) demonstrated the essential role of flavin-based
electron bifurcation in energy conservation during autotrophic growth (Nagarajan et al., 2013).
FBA enabled the estimation of intracellular metabolic fluxes in the GEM of the acetogen Clostrid-
ium autoethanogenum (ICLAU786), helping to understand the effects of CO supplementation on
CO,/H,-growing cultures (Heffernan et al., 2020). A multi-species GEM was recently developed
that described a syngas—fermcnting co-culture composed of C. autoet/ﬂﬂnagenum and Clostridium
kluyveri; the model provided valuable insight into the microbial interactions between the two
microorganisms and predicted strategies for enhanced production of the end products butyrate
and hexanoate (Benito-Vaquerizo et al., 2020).

Many propionigenic bacteria have been sequenced to date (Butler-Wu et al., 2011; Koskinen et
al., 2015; Parizzi et al., 2012), including the ethanol fermenters D. propionicus (Pagani et al., 2011),
P. propionicus (Butler et al., 2009), A. propionicum (Pochlein et al., 2016) and A. neopropionicum
(Beck etal., 2016). This has enabled the reconstruction of GEMs of some of these species. ALl GEMs
of propionigenic bacteria published to date concern strains that harbour the methylmalonyl-CoA
pathway. One of these works described the reconstruction of five Propionibacterium freudenreichii
species using pan-genome guided metabolic analysis [34]. Navone et al. (2018) used the Propion-
ibacterium subsp. shermanii and the pan-Propionibacterium GEM:s to guide genetic engineering
strategies for increased propionic acid production. Sun et al. (2010) developed a constrained-based
GEM of P. propionicus and validated fermentative growth of this strain on ethanol.

Here we describe iANEO_SB607, the first GEM of A. neopropionicum and the first to model
the acrylate pathway in a propionigenic microorganism. The model was reconstructed using

automatic tools followed by an extensive manual curation, which led us to the identification of
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clectron-transferring enzymes involved in the acrylate pathway, cofactor regeneration and energy
conservation. In addition, a physiological characterisation of 4. neopropionicum in batch cultures
was performed to validate and complement the reconstruction of the model. FBA was used to assess
growth phenotypes on several carbon sources, and dFBA was applied to simulate batch growth of
A. neopropionicum on ethanol, and ethanol plus acetate. The combination of in-depth modelling
and experimentation has enabled us to examine in detail the metabolism of ethanol fermentation

in this bacterium and to address pre-existing ambiguities.

4,2  Materials and Methods

4.2.1 Reconstruction of the GEM iANEO SB607

The genome-scale metabolic network of A. neopropionicum was reconstructed in four main steps.
First, the genome sequence of A. neopropionicum DSM 38477 (GCA 001571775.1) (Beck et al.,
2016) was retrieved from the European Nucleotide Archive in FASTA format and was annotated
using RAST (Aziz et al., 2008). An additional re-annotation was carried out using eggNOG-map-
per (Huerta-Cepas et al., 2017). The annotation file can be found in the public Gitlab repository:
hteps://gitlab.com/wurssb/Modelling/Anaerotignum_neopropionicum. The second step was the
generation of the draft model using ModelSEED (Henry et al., 2010). For this, the RAST anno-
tation file was imported into ModelSEED and a gram-positive template was chosen to reproduce
growth on rich medium. The draft model was downloaded in table format and SBML format. The
third step consisted on the manual curation and refinement of the draft model. Every reaction
entry was analysed individually and modifications were made on the table format file. Specifically,
i) unbalanced reactions were corrected based on charged formulas with the corresponding addition/
deletion of H* or H,O molecules; i) reaction direction was adjusted using eQuilibrator (Flamholz
etal.,, 2012). Reactions were considered reversible if the change in Gibbs free energy was between
-30 and 30 KJ mol" at standard conditions for reactants/products, pH 7.3 and ionic strength 0.1 M.
In cases where c%ilibrator did not retrieve information for a specific reaction, reaction direction
was adjusted based on information from MetaCyc (Karp et al., 2002) and BIGG (Schellenberger
etal,, 2010) databases. iii) EC numbers were corrected or inserted for every reaction based on in-
formation from KEGG (Ogata et al., 1999) and MetaCyc. iv) The original genes in Patric format
(Davis et al., 2019) were replaced by the locus tag format CCLNEO XXXXX’) found in Uniprot
(Apweiler et al., 2004) and BRENDA (Schomburg et al., 2002) databases. The re-annotation file
was used to identify potential gene(s) associated to reactions that lacked a gene in the original RAST
annotation. v) The final step consisted of gap-filling, where reactions were added or removed to
reproduce known or observed phenotypes. Gap-filling was done combining a computational and
amanual approach: an automatic gap-filling pro- cess was run using the KBase pipeline (Arkin et
al., 2018), while the manual curation was based on experimental data obtained in this study and
published. The final model, iANEO_SB607, can be found in the git repository in Table format,
json and SBML L3V1 (Hucka et al., 2015) standardization. Furthermore, the different versions
together with a Memote (Lieven et al., 2020) and FROG report were combined in an OMEX
archive file (Bergmann et al., 2014) deposited in BioModels (Chelliah et al., 2015) and assigned
the identifier MODEL2201310001.
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4.2.2  Generation of the biomass synthesis reaction and sensitivity analysis

The biomass reaction of A. neapropionicum was adapted from the biomass reactions of Clostrid-
ium beijerinckii [GEM iCM925 (Milne et al., 2011)], and Clostridium autoethanogenum [GEM
iCLAU786 (Valgepea et al., 2017)]. The composition of the main building blocks was maintained
but, based on the protocol of Thiele & Palsson (2010), protons were stoichiometrically added to
the hydrolysis part of the biomass synthesis reaction. Protons were also added to the reactions of
DNA, RNA, proteins, teichoic acids and peptidoglycans synthesis in line with the ATP associated
to polimerization. The DNA composition was determined based on the GC content of the genome
of A. neopropionicum and it was adjusted in the reaction associated to the biosynthesis of DNA. The
fatty acids composition was adjusted based on reported experimental data for A. neopropionicum
(Ueki et al., 2017).

A sensitivity analysis was performed by modifying the content of proteins, phospholipids (plipids)
and cell wall components, considering cell wall components as the sum of teichoic acid, peptidogly-
cans and carbohydrates composition. The rest of components (DNA, RNA and traces) were kept
fixed. The composition of proteins and plipids were randomly selected within +10% of their current

value. In this way, the total cell wall components composition was calculated following Eq. 4.2.

Cell wall components = 1 — protein — plipids — (DNA + RNA + trace) Eq. 4.2

Consecutively, the value of each cell component was distributed within teichoic acid, peptidoglycans
and carbohydrates following the same proportion as they had in the original biomass synthesis
reaction. For each randomly selected value, a new biomass synthesis reaction was obtained. This
new biomass synthesis reaction was maximised as the objective function using FBA in COBR Apy
(Ebrahim et al., 2013) maintaining fixed ethanol and CO, uptake rates. We repeated this process
1000 times, so that we obtained 1000 different biomass synthesis reactions. The composition of the
cell wall components, proteins and phospholipids was stored for each biomass synthesis reaction,
together with the growth rate, and acetate and propionate production rate. The obtained growth
rate, acetate and propionate production rate were normalised with respect the original values and
were plotted against each biomass building block (Suppl. material § 4.8: Fig. S4.1).

Additionally, we also studied the effect of varying the growth-associated maintenance (GAM)
reaction on the growth rate. In this analysis, the original fractions of the biomass components
shown in Eq. 4.2 were maintained, and we randomly selected different GAM values within +20%
of the original value. We repeated this process 1000 times and calculated the growth rate for each
GAM value. The obtained growth rate was normalised with respect the original growth rate and

was plotted against GAM (Suppl. material § 4.8: Fig. $4.2; gitlab repository).

4.2.3 Model simulations at steady-state

The model was qualitatively validated by assessing growth capabilities and product profile on sev-
eral carbon sources in steady-state. Model simulations were done using COBR Apy, version 0.24.0
(Ebrahim et al., 2013), and Python 3.6.9. The maximum empirical ethanol uptake rate across

cultivations was 30 to 40 mmol g, " h™. Based on this, the lower bound of the substrate uptake

80



Genome-scale metabolic modelling of Anaerotignum neopropionicum

rate per time point was constrained to 30 mmol g " h™ to assess growth on a single carbon
source, and to 30 mmol gCDW'1 h' in total to assess growth on more than one carbon source, unless
specified otherwise. The biomass synthesis reaction was used as the objective function. Growth
was considered when the growth rate was higher than 0.0001 h. To better explore the solution
space, the fluxes compatible with the applied constraints were sampled using the sample function
with the ’achr’ method in the flux_analysis submodule of COBR Apy (Herrmann et al., 2019). The
lower bound of the biomass synthesis reaction was constrained to be at least 99% of the maximum
growth rate calculated by FBA. Presented results are the average and standard deviation of 5000

iterations generated at each condition.

4.2.4 Dynamic flux balance analysis simulations

The reconstructed GEM iANEO_SB607 was subjected to dFBA to simulate batch growth of 4.
neopropionicum on ethanol and ethanol plus acetate. Model simulations were done using COBRA-
pys version 0.24.0, IBM ILOG CPLEX 128, and Python 3.6.9 (sce git repository). The maximum
uptake rate, maximum growth rate and initial substrate and biomass concentration, obtained from
batch cultivations, were used as model inputs. To constrain the feasible flux space, ethanol uptake

was specified to follow a Michaelis-Menten-like kinetics (Eq. 4.3) with parameters qg;,  and K :

gsi = dsimax'Si
St Km,i+Si
Eq. 4.3
where qg, is the uptake rate of substrate i (mmol g_, " h™); oS max 1S the maximum uptake rate of

substrate 7 (mmol g "'h™); K is the Michaelis-Menten constant (mM) for substrate i and S, is
the concentration of substrate i (mM). K was determined based on experimental data and model
ficting (Suppl. material § 4.8: Table $4.1). q,  was calculated from experimental data of batch
fermentations. Concentrations of substrates, products and biomass over time were determined as
follows. First, the q,, was calculated using Eq. 4.3 for each given time step and the defined initial
concentrations. Then, FBA was applied under those constraints to compute the fluxes at maximum

growth rate. After that, the following ordinary differential equations (ODE) were solved:

ax

2 _ . Eq. 4.4
ac - M X 4

as; .

o = Asi X Eq. 45
de _ .

- = ari X Eq.4.6

where X is the biomass concentration (g L"); # is the specific growth rate (h');S, is the concentration
of substrate 7 (mM); q, is the uptake rate of substrate  (mmol g . " h™); gy, is the production rate of
product;j (mmol g "h"),and P is the concentration of product j (mM). Eq. 4.4, 4.5 and 4.6 were
used to calculate X, S, and P, respectively. S, is used as input to calculate the next state following

Eq. 4.3. The objective function was changed to maximise the ATP generation (“rxn00062_ c0”)
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once the model became infeasible due to the low concentration of ethanol. For each time step, the
concentration of biomass, substrate and products was computed and the calculated values were

stored and plotted.
4.25 Experimental batch fermentation data

Cultivation conditions

A. neopropionicum DSM 3847 was obtained from the German Collection of Microorganisms and
Cell Cultures (DSMZ, Braunschweig, Germany). Batch fermentations were done in 117 mL serum
bottles containing 50 mL medium with the following composition (per litre): 0.9 gNH,CL, 0.3 g
NaCl, 0.8 gKCl, 0.2 g KH,PO_, 0.4 g K HPO , 0.2 MgSO, - 7 H,0, 0.04 CaCl, - 2 H,0,3.36 g
NaHCO,, 10 mL trace element solution from DSM medium 318, 1 mL vitamin solution, 0.5 g yeast
extract, 0.3 gNa,S - x H O (x=9-11) as reducing agent and 0.5 mg resazurin as redox indicator. The
vitamin solution contained (per litre): 0.5 g pyridoxine, 0.2 g thiamine, 0.2 g nicotinic acid, 0.1 g
p-aminobenzoate, 0.1 g riboflavin, 0.1 g pantothenic acid, 0.1 g cobalamin, 0.05 g folic acid, 0.05
g thioctic acid and 0.02 g biotin. The headspace of the bottles was filled with a gas mixture of N,/
CO, (80:20% v/v; 170 kPa). To test growth in the presence of H., the headspace of bottles was filled
instead with a gas mixture of H,/CO,/N, (10:20:70% and 80:20:0% v/v; 170 kPa). Growth was
assessed on the following substrates: ethanol, lactate, glucose and xylose, at an initial concentration
of 25 mM. Where indicated, acetate (10 or 25 mM) was added to ethanol-fed cultures. The pH of

the medium was 7.1 - 7.2. Cultures were incubated at 30°C statically.

Analytical techniques
Liquid and headspace samples were taken periodically over the course of batch fermentations and
analysed for biomass, substrate and product concentrations. Biomass growth was measured by

optical density at 600 nm (OD

«00)- Biomass concentration (mg_,. L") was estimated from OD
measurements using the correlation: mg_ L" = (0D, , - 0.016)/0.0032, which was experimen-
tally determined from A. neopropionicum cultures grown on ethanol. Concentrations of soluble
compounds in the supernatant of liquid samples were determined using high-pressure liquid chro-
matography (HPLC) (LC-2030C Plus, Shimadzu, USA). The HPLC was equipped with a Shodex
SH1821 column operated at 65°C. A solution of 0.1 N H,SO, was used as mobile phase, at a
flowrate of 1 mL min!. Detection was done via a refractive index detector. Concentrations below
0.2 mM could not be accurately quantified and are considered traces. Concentrations of gases in
headspace samples were determined via gas chromatography (GC) (Compact GC 4.0, Global Anal-
yser Solutions, The Netherlands). To analyse H,, a Molsieve 5A column operated at 140°C coupled
to a Carboxen 1010 column was used. CO, was analysed in a RT-Q-BOND column at 60°C.

4.3 Results

4.3.1 Reconstruction of iANEO_SB607, the first GEM of 4. neopropionicum

A draft model of the metabolism of A. neopropionicum was developed by automatic reconstruc-

tion using the publicly available genome sequence of the microorganism [DDBJ/EMBL/GenBank
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accession number: LRVM00000000; (Beck et al., 2016)]. The draft model comprised 491 genes,
855 metabolites and 907 reactions. This preliminary model predicted growth only on rich medium
supplemented with amino acids and biomass precursors, and it did not predict the production of
propionate and acetate. We performed an extensive manual curation process that resulted in the
deletion, modification or addition of reactions, metabolites and genes (see git repository). The final
model, iIANEO_SB607, comprises 607 genes, 815 metabolites and 932 reactions (Table 4.1). This

is the first GEM of the propionigenic bacterium A. neopropionicum.

Table 4.1 Composition of iANEO_SB607.

Features Abundance
Genes 617
Metabolites 1065
Intracellular metabolites 915
Extracellular metabolites 152
Reactions 1081
Conversion reactions 832
Transport reactions 159
Exchange reactions 76
Reactions associated with genes 775 (71.7%)
Reactions non-associated with genes 306 (28.9%)

Two compartments are recognised in the model: the intracellular compartment (id: 'c0’) and the
extracellular compartment (id: ’e0’). Metabolites are assigned to either one of the compartments. Re-
actions are classified as metabolic reactions, transport reactions and exchange reactions. Metabolic
reactions describe the biochemical conversion of metabolites within the intracellular compartment.
Transport reactions describe the transport of metabolites across the intracellular and extracellular
compartments. Exchange reactions simulate the excretion of metabolites outside the cell or the
uptake of metabolites into the cell. Reactions are distributed within cell subsystems (Fig. 4.1),
except exchange reactions. The model also includes reactions involved in the production of acetate,
propionate, butyrate, propanol, isobutyrate and isovalerate. Approximately 80% of reactions could
be associated to genes present in the genome of A. neopropionicum. The remaining 20% of reactions
are not associated with genes. Half of these reactions are mostly exchangc reactions and diffusion
transport reactions. The other half are spontancous reactions or gap-filled reactions describing,

in a summarised manner, the biosynthesis of biomass building blocks (e.g., lipids, carbohydrates).
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Nicotinate and nicotinamide metabolism
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Figure 4.1 Distribution of the reactions of the iIANEO_SB607 model within the cellular subsystems.

4.3.2  Sensitivity analysis of the biomass synthesis reaction

The constructed biomass synthesis reaction (BIOMASS_Aneopro_w_GAM) accounts for the
production of DNA, RNA, proteins, peptidoglycans, phospholipids, teichoic acids and trace, and
it is normalised to 1 gram per mmol. It also includes the growth-associated maintenance (GAM)
as an hydrolysis reaction, and the non-growth associated maintenance (NGAM) as a reaction of
ATP phosphohydrolase (rxn00062_c0). GAM was assumed to be 40 mmol ATP g, as in the
GEM of C. acetobutylicum (Lee et al., 2008). The lower bound of this reaction was constrained to
a rate of 8.4 mmol ATP gCDw’1 h', an estimation based on the models of C. beijerinckii (Milne et
al., 2011) and C. autoethanogenum (Valgepea et al., 2017).

Since the biomass synthesis reaction of A. neapropionicum was developed based on these two other
species, we performed a sensitivity analysis to test its robustness. The analysis showed the effect of
modifying the proportion of the main biomass components from the biomass synthesis reaction on
model predictions (i.c., growth and production rates). In all scenarios tested, growth and production
rates remained virtually unaffected (Suppl. material § 4.8: Fig. S4.1). The largest deviation of the
growth rate, acetate and propionate production rates were £0.0005 h?, £0.005 mmol gCDW’l h?!
and +£0.0025 mmol g " h", respectively, which are negligible as they only represent 3%, 0.025%
and 0.025%, respectively. The effect of varying other biomass components — DNA, RNA and
trace — was also considered negligible given that they represent a minor fraction of the biomass
(10%). The growth rate was slightly more affected when GAM was changed. The largest deviation
was £0.00175 h', which corresponds to 10.8% difference compared to the original growth rate.
The biomass synthesis reaction was therefore considered a reliable representation of the biomass

composition of 4. neopropionicum.

4.3.3  Quality of the GEMiANEO_SB607

The quality of the iANEO_SB607 model was evaluated using the SBML validator and the test suite
Memote. Additionally, we have run a FROG analysis to verify the reproducibility of the model.
The GEM was correctly defined in SBML format, level 3, version 1. The GEM obtained an overall
Memote score of 72%. All metabolites, reactions and genes were fully annotated. The annotation

per database of reactions and metabolites scored 83%, however the annotation per database of
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genes scored a much lower value, 33%. Reactions are mass and charge balanced, except for reactions
associated to the synthesis of biomass precursors. The model does not have infeasible cycles and
all metabolites are connected. However, the model is only partly consistent (55% scoring); this
is due to the creation of metabolites to account for biomass precursors. These metabolites (e.g.,
RNA) lack a defined formula or a correct charge and, thus, their associated reactions are considered
stoichiometrically inconsistent, decreasing the global consistency score. Memote identifies 102 me-
tabolites that can only be consumed or produced, resulting in 422 blocked reactions in the model
under the restrictive constraints. When the model does not have constraints, FVA analysis finds
354 blocked reactions, which is in line with the average % of blocked reactions in GEMs (20-40%)
(Ravikrishnan & Raman, 2015).

4.3.4  Qualitative assessment of iANEO_SB607 through analysis of growth
phenotypes

The iANEO_SB607 model was qualitatively validated by assessing growth of 4. neopropionicum
on several carbon sources and contrasting the results with experimental data. Model predictions
matched most of the growth phenotypes observed in cultivation experiments from this and previous

studies (Table 4.2; full data is available in the git repository and Suppl. material § 4.8: Table $4.2).

Table 4.2 Growth phenotypes of 4. neopropionicum on different substrates, predicted by the IANEO_SB607
model and observed in experiments from this and previous studies.

Substrates iANEO_SB607 Thisstudy Tholozanetal. Uekietal. Moreiraetal.
(exp.) (1992) (2017) (2021)

Ethanol + + + + +
Ethanol and acetate + + + NA NA
Ethanol and alanine +* NA NA NA +
Ethanol and serine +b NA NA NA +
Pyruvate + NA + NA
D-Lactate + + + we NA
D-Glucose + + + NA
Xylose + + + + NA
L-Threonine + NA + + NA
L-Serine + NA + + NA
L-Alanine + NA + + NA
D-Alanine + NA + NA NA
L-Valine - NA w NA
L-Leucine - NA NA w NA
L-Isoleucine - NA NA w NA
Lysine - NA - NA NA
L-Proline - NA - - NA

+ Growth; - No growth; w Weak growth; NA No available data. *L-Alanine. °L-Serine. {(LD)-Lactate
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The model predicts growth of 4. neopropionicum on ethanol. Growth on xylose and on glucose is
also predicted by the model and supported by experimental evidence, with exception of one study,
which reported no growth of A. neapropionicum on glucose (Ueki et al., 2017). According to a
previous work, A. neopropionicum can also grow on D-lactate, but not on L-lactate (Tholozan et
al., 1992). In our batch cultivations with DL-lactate as substrate, we repeatedly observed that only
~50% of the substrate was used. The purity of the L- enantiomer in the racemic mixture solution
was, according to the manufacturer, 27 - 33%. This indicates that D-lactate is indeed used by 4.
neopropionicum, but it does not exclude the possibility that L-lactate is also metabolised. Yet, since
the latter could not be confirmed, the model considers only the utilisation of D-lactate. The model
predicts growth on pyruvate as well as on one pyruvate-derived amino acid, alanine. Serine also
supports growth of 4. neopropionicum, as predicted by the model and observed in cultivation ex-
periments. The model indicates that branched-chain amino acids (valine, leucine and isoleucine) as

well as TCA-derived amino acids (lysine and proline), with exception of threonine, are not utilised.

P A B Poy L iB iV

Ethanol + Ethanol + Ethanol +
Ethanol Lactate Xylose Glucose L-Thr L-Ser L-Ala Acetate L-Ser L-Ala

iANEO_SB607

This study (exp.)
Tholozan et al. (1992)
Ueki et al. (2017)
Moreira et al. (2021)

Figure 4.2 Product profile of the fermentation of different substrates by A. neopropionicum, predicted by
the GEM iANEO_SB607 and observed in experiments from this and previous studies. P: Propionate; A:

acetate; B: butyrate; P ,: propanol; L: lactate; iB: isobutyrate and iV: isovalerate. White spaces indicate that

the product is not reported produced. Grey areas indicate no available data.

Further model validation was performed by assessing the product profile on a number of substrates
from which sufficient experimental data was available, specifically: ethanol, lactate, glucose, xylose,
L-threonine, L-serine, L-alanine, ethanol plus acetate, ethanol plus L-serine and ethanol plus L-al-
anine. For all the substrates tested, the model predicted mixed secretion of propionate and acetate,
in accordance with experimental evidence (Fig. 4.2; full data is available in the git repository and
Suppl. material § 4.8: Table S4.2). Model analysis shows that secretion of product mixture is a
requisite for energy generation and redox cofactor regeneration. The involved pathways and their
stoichiometry are described in following sections.

Butyrate, propanol, lactate, isobutyrate and isovalerate are also predicted by the model as fermen-
tation products in all cases, albeit in different proportions. Butyrate appears as a minor product
in all the simulations and cultivation experiments, except for in the fermentation of L-threonine;
in this case, the model predicts butyrate as a major end product, as previously reported (Ueki et
al., 2017). According to model simulations and in agreement with our experimental data, lactate,
an intermediate of the acrylate pathway, and propanol are produced in minor amounts. In batch
cultivations carried out in this study, isobutyrate and isovalerate were detected as traces with eth-
anol (plus acetate), glucose or xylose as substrates, but not with lactate. The model predicted both

products to be produced as traces with these substrates. Model simulations predicted enhanced

86



Genome-scale metabolic modelling of Anaerotignum neopropionicum

production of isobutyrate and isovalerate with ethanol plus L-valine and ethanol plus L-leucine as
substrates, respectively (not shown), as observed in one study (Ueki et al., 2017). The model also
predicted the production of isovalerate when L-alanine or L-serine are co-substrates with ethanol,
which is in agreement with observations from a recent work (Moreira et al., 2021).

H, was not detected as product in any of the fermentations of A. neopropionicum carried out
in this study (with substrates: ethanol (plus acetate), lactate, glucose, xylose). In addition, H, was
not utilised nor affected the growth or the product profile of A. neapropionicum cultures growing
on ethanol (Suppl. material § 4.8: Fig. $4.3). Previous works reported the same observations (Ato
et al., 2014; Tholozan et al., 1992). A ferredoxin hydrogenase is annotated in the genome of A4.
neopropionicum (CLNEO_18070; EC 1.12.7.2; model id:txn05759_c0’); yet, given the collected

evidence, this reaction was blocked in the model.

4.35  Quantitative assessment of iANEO_SB607 through dFBA

The iANEO_SB607 model of A. neopropionicum was evaluated quantitatively by simulating the
dynamics of batch fermentation using dFBA. Three conditions were considered, with regard to the
substrates present: 25 mM ethanol, 25 mM ethanol plus 10 mM acetate, and 25 mM ethanol plus
25 mM acetate. To constrain the model, we used empirical data of ethanol consumption, product
formation and cell growth from cultivation experiments. The fermentation profiles obtained by
dFBA were contrasted with the experimental data of batch incubations. Across cultivations, carbon
balance was 85 - 96%, not completely closed likely due to the difficulty to accurately quantify CO,
and to slight evaporation of ethanol in the bottles, as reported by others (Candry et al., 2018).
For the condition with only ethanol (and CO,) as substrate, the time-course data obtained
through dFBA accurately reproduced the fermentation profile, with only small deviations (Fig.
4.3). Exponential growth of 4. neopropionicum began after a relatively short lag phase of =13 hours.
During the exponential phase, ethanol was uptaken (together with CO,; not shown) at an empir-
ical maximum consumption rate (g, ) of 36.2%5.5 mmol ethanol g " h™. Modelled ethanol
consumption fitted the experimental data with a small margin of error. Propionate and acetate
were produced simultaneously during the exponential phase, at empirical maximum production
rates (q, . and q, ) of 12.0£0.1 mmol propionate g ' h" and 8.6+0.5 mmol acetate g "
h', respectively. The production profile of propionate was well predicted by dFBA, estimating a
final propionate concentration (10.9 mM) close to the experimental value (9.5 mM). However,
dFBA predicted a final concentration of acetate (11.5 mM) moderately higher than experimentally
observed (8.6 mM). The empirical maximum specific growth rate of A. neopropionicum (__) was
0.082+0.006 h'* (duplication time = 8.4 h), which was used to constrain the model. In incubations,
the biomass concentration peaked (44.7 + 1.3 mg__ . L") at #47 hours, and decreased afterwards.
The simulation predicted a slightly deviated pattern of biomass formation during the exponential
phase, and it did not predict the observed drop in the stationary phase. Yet, the predicted maximum
biomass concentration (44 mg_ L") matched the empirical value. Propanol (1.3 mM) and butyr-
ate (1 mM) were detected as minor products in batch incubations; the evolution of both products

was predicted correctly by the dFBA simulations. Traces of isobutyrate and isovalerate were also

detected and predicted by dFBA (not shown).
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Figure 4.3 Fermentation of ethanol (25 mM) by A. neopropionicum in batch cultivation. Dots indicate ex-
perimental data, and lines indicate the result of dFBA. Background colours distinguish fermentation phases:
lag (blue), exponential (green) and stationary (orange).

To further evaluate the ability of 4. neopropionicum to upgrade dilute ethanol streams from syngas
fermentation, we considered a scenario with ethanol and acetate as co-substrates. Acetate is pro-
duced by acetogens as a major product of autotrophic metabolism, and it is therefore found in
variable proportions in syngas fermentation effluent. 4. neopropionicum can utilise acetate in the
presence of propanol (Samain et al., 1982) or ethanol (Tholozan et al., 1992) as electron donors. To
investigate the effect of acetate as co-substrate on ethanol-fermenting cultures of A. neopropionicum,
incubations were set up with ethanol (25 mM) and acetate (10 and 25 mM) as substrates, and dFBA
was used to simulate the dynamics of these fermentations. dFBA reproduced with high accuracy
the fermentation profile of incubations containing ethanol plus 10 mM acetate (Fig. 4.4). In this
condition, the observed 4, was 0.098 £ 0.005 h' (duplication time = 7.1 h); 19% higher than in
the incubations without acetate. However, less biomass was formed in comparison; the maximum
biomass concentration was 41.1£0.8 mg_ L (=9% lower), which was also predicted by dFBA.
The presence of 10 mM acetate also affected the consumption and production rates; ethanol con-
sumption was faster than in the absence of acetate; the Qg o W3S 43.34+4.3 mmol ethanol 8oy h,
220 % increase. Theq, in this condition dropped to 3.1+0.6 mmol acetate g, " h™'. The biggest
difference was in the Qo e which was 16.440.8 mmol propionate gcnw'l h, a37% increase com-
pared to the condition without acetate. The final propionate concentration was also slightly higher,

11.3 mM (vs. 9.5 mM). Here, again, the simulation predicted a similar propionate concentration to
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the observed value (12.2 mM), and a higher final acetate concentration (18.3 mM) than observed
(16.7 mM). The incubations containing 25 mM acetate at the start followed a different trend than
the incubations with 10 mM acetate (fermentation profile not shown). In batch bottles, the biomass
concentration reached a similar value to that obtained in the condition with 10 mM acetate, but
theg .q, —andgq, weresimilar to the condition without acetate (data not shown). The final
propionate concentration was 12.5 mM, the highest of the three conditions tested.

The presence of acetate had an effect on the utilisation of ethanol by A. neopropionicum, which
is reflected in the fermentation yields. The biomass yield (YX/S) was slightly lower in the presence
of both 10 and 25 mM acetate (1.4 gCDW mol ethanol-1 vs. 1.6 gCDW mol ethanol-1 when no

acetate was Pl‘CSCl’lt) .
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Figure 4.4 Fermentation of ethanol (25 mM) and acetate (10 mM) by A. neopropionicum in batch cultiva-
tion. Dots indicate experimental data and lines indicate the result of dFBA. Background colours distinguish
fermentation phases: lag (blue), exponential (green) and stationary (orange).

With acetate present at the start of incubations, more ethanol was invested in propionate produc-
tion, as indicated by the propionate yields (Y, ., mol mol"), which were 0.33, 0.38 and 0.42 for the
conditions with no acetate, 10 mM acetate and 25 mM acetate, respectively. The production of
acetate followed the inverse trend; acetate yields (YA/S, mol mol*) were 0.29, 0.18 and 0.06 for the
conditions with no acetate, 10 mM acetate and 25 mM acetate, respectively. Similarly, lower yields

were obtained for propanol and butyrate when acetate was present (data now shown).
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4.3.6  Ethanol fermentation via the acrylate pathway

The reconstructed iANEO_SB607 model describes the metabolism of ethanol fermentation and
propionate production via the acrylate pathway in A. neopropionicum (Fig. 4.5). Model simulations
provided new insights into the enzymatic reactions involved in propionate formation, cofactor
regeneration and the energy metabolism of the cell.

Ethanol is oxidised to acetyl-CoA via acetaldehyde through alcohol and acetaldehyde dehy-
drogenases. The genome of A. neopropionicum harbours a bifunctional NAD*-dependent alco-
hol-aldehyde dehydrogenase (AdhE; CLNEO_13930) that can catalyse this two-step conversion.
According to our model, two other alcohol dehydrogenases, encoded by adh (CLNEO_16910) and
adhB (CLNEO_00480), could also drive the oxidation of ethanol to acetaldehyde. Initially, the
model also predicted this reaction to be catalysed by NAD(P)H-dependent butanol dehydroge-
nase (BdhA), encoded by bdh.4 (CLNEO_09740; rxn00536_c0). However, the well-characterised
BdhA of C. acetobutylicum, which shares 60.7% identity with that of 4. neopropionicum, is known
to contribute primarily to butanol production and it is the alcohol dehydrogenase least involved in
ethanol metabolism (Dai et al., 2016). Thus, we reasoned that BdhA would likely not be involved

in ethanol oxidation in A. neapropionicum and excluded this reaction from model simulations.
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Figure 4.5 Proposed metabolism of ethanol fermentation to propionate via the acrylate pathway in 4. neopropi-
onicum. Coloured areas designate the following modules: ethanol oxidation (blue), acetate production (green),
pyruvate synthesis (yellow), lactate production and acrylate pathway (purple), redox cofactor regeneration
and ATPase (red). Numbers in reactions correspond to the following enzymes and reaction ids in the model:
1 and 2, aldehyde-alcohol dehydrogenase (rxn00543_c0 and rxn00171_c0); 3, phosphate acetyltransferase
(rxn00173_c0); 4, acetate kinase (rxn00225_c0); 5, pyruvate:ferredoxin oxidoreductase (PFOR; rxn05938 _
0); 6, NAD-dependent D-lactate dehydrogenase (rxn00500_c0); 7, propionate-CoA:lactoyl-CoA transferase
(rxn01056_c0); 8, lactoyl-CoA dehydratase (rxn02123_c0); 9, acryloyl-CoA reductase (rxn40050_c0); 10,
ATPase (rxn10042_c0); 11, Rnf complex (Rnf_c0).

Acetyl-CoA is partly used in the reductive reactions of the metabolism and partly invested in

the formation of acetate, an energy-generating step. Acetate is synthesised via phosphate acetyl-
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transferase (Pta; CLNEQO_28570) and acetate kinase (Ack; CLNEO_28580), yielding ATP via
substrate-level phosphorylation (SLP). In the reductive path, acetyl-CoA is converted to pyru-
vate through the COZ—ﬁxating reaction catalysed by pyruvate:ferredoxin oxidoreductase (PFOR;
CLNEO_15240 or CLNEO_19010 or CLNEO_17780 or CLNEO_03040 or CLNEO_04330
or CLNEO_24550). This conversion requires reduced ferredoxin (Fd*) as electron carrier. Our
hypothesis, supported by model predictions, is that Fd* is produced in the Na*-translocating ferre-
doxin:NAD* oxidoreductase (Rnf) complex. The Rnf complex is a membrane-bound respiratory
enzyme involved in energy conservation in anaerobic microorganisms (Buckel & Thauer, 2018b).
During growth on high-energy substrates, it catalyses the exergonic reduction of NAD* with elec-
trons from Fd* coupled to the translocation of two cations (H* or Na*) across the membrane. The
electrochemical potential established by the Rnf complex can then be used by a membrane-bound
ATP synthase for energy generation. The Rnf complex can also operate in the reverse direction to
produce Fd* at the expense of ATP (Westphal et al., 2018).

The genome of 4. neopropionicum harbours a complete rzf cluster, composed of the genes /4
(CLNEO_01390), 72/B (CLNEO_01400), 71fC (CLNEO_01350), /D (CLNEO_01360), rfE
(CLNEO_01380) and 77/G (CLNEO_01370). With ethanol as substrate, our assumption is that
the Rnf complex of A. neopropionicum operates in reverse, generating Fd*. The endergonic reduction
of ferredoxin (E;’=-500 to -420 mV) with NADH (E = -320 mV) is driven by reverse electron
transport across the membrane which, in turn, is an energy-driven process. A membrane-bound
V-type ATPase is present in the genome of A. neopropionicum, encoded by the genes atpA/ntpA
(CLNEO_280), azpB/ntpB (CLNEO_290), 2£pC, (CLNEO_260), atpD/ntpD (CLNEO_23400),
atpE (CLNEO_250), n1pG (CLNEO_270), n£pK (CLNEO_240) and 2£pI (CLNEO_23330). We
theorise that ATP is hydrolysed in the ATPase to create a proton- or sodium motive-force that is
used by the Rnf complex to catalyse the reduction of ferredoxin. The production of Fd* is an energy
costly process, the implications of which are addressed later in this section.

Pyruvate produced by the PFOR is subsequently reduced to lactate with NADH via D-lactate
dehydrogenase (CLNEO_28010). We assumed NADPH is not used as electron carrier in this
reaction, since lactate dehydrogenases have a strict specificity for NAD*/ NADH (Garvie, 1980;
Zhuetal., 2015). Lactate then enters the acrylate pathway, a cyclic chain of reactions involving the
intermediates lactoyl-CoA, acryloyl-CoA and propionyl-CoA. The characteristic enzyme of this
pathway is propionate-CoA:lactoyl-CoA transferase (Pct, EC 2.8.3.1), which exchanges the CoA
moiety between propionyl-CoA and lactate, generating lactoyl-CoA and propionate as end product
(Piwowarek et al., 2018; Selmer et al., 2002). Our first annotation of the genome of A. neopropion-
icum did not include Pct. However, an acetate CoA-transferase was present, encoded by the gene
ydiF (CLNEO_17700), that shared 96% identity with the purified and well-characterised Pct of
A. propionicum (Selmer et al., 2002). Thus, we deduced that ydiF encodes for Pct in A. neopropi-
onicum and included this reaction in the model. Lactoyl-CoA dehydratase (CLNEO_17710 and
CLNEO_17720) catalyses the dehydration of lactoyl-CoA to acryloyl-CoA, which is subsequently
reduced to propionyl-CoA by acryloyl-CoA reductase. Our genome annotation revealed that the
acryloyl reductase of 4. neopropionicum forms an enzymatic complex with an electron-transferring
flavoprotein (EtfAB). The complex, hereafter named acryloyl-CoA reductase-EtfAB (Acr-EtfAB),

is also present and has been well characterised in A. propionicum (Hetzel et al., 2003). Three gene
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clusters predicted to encode for acryloyl-CoA reductase (acrC) or EtfAB (acrd, acrB) were found in
the genome: (i) CLNEO_21740 (ac»C), CLNEO_21750 (acrB_1) and CLNEO_ 21760 (acrA); (ii)
CLNEO_26130 (acdA_1)and CLNEO_26120 (acrB_2); and (iii) CLNEO_29850 (acdA_2) and
CLNEO_29840 (acrB_3). The acdA_I and acdA_2 genes encode for acyl-CoA dehydrogenases
that share low identity (46% and 54%, respectively) with the acryloyl-CoA reductase encoded by
acrC; thus, we assumed that the former two enzymes are not responsible for acryloyl-CoA reductase
activity. The first cluster is the only complete one, composed of acryloyl-CoA reductase (2crC) and
the A (acr4) and B (acrB_I) subunits of EtfAB. The proteins encoded by these three genes share
an identity of 92.9%, 89.% and 89.1%, respectively, with their homologues from the Acr-EtfAB
complex of 4. propionicum. The Act-EtfAB of A. propionicum is a non-bifurcating soluble enzyme
that catalyses the irreversible reduction of acryloyl-CoA to propionyl-CoA with NADH via elec-
tron transfer to a flavin moiety and appears not to be involved in energy conservation (Hetzel et
al., 2003; Seeliger, 2002). Given their high similarity, we deduced the same features apply to the
Acr-EtfAB of A. neopropionicum. To our knowledge, this is the first time that the Acr-EtfAB
complex is identified in this microorganism.

According to the theoretical stoichiometry, the fermentation of ethanol yields propionate and
acetate in a 2:1 ratio (Eq. 1). However, this ratio is not observed in cultures of A. neapropionicum;
rather, ethanol fermentation resulted in a =1.2:1 propionate to acetate ratio (Fig. 4.3 and Suppl.
material § 4.8: Table S$4.2). We reasoned that the theoretical ratio cannot be achieved in A. negpro-
pionicum due to energetic constraints of the cell, specifically, due to the requirement of Fd*. Model
simulations were performed to confirm this. The oxidation of three moles of ethanol generates six
moles of NADH and three moles of acetyl-CoA. To fit the theoretical 2:1 propionate to acetate
ratio, two moles of acetyl-CoA would have to be used in the reductive part of the metabolism, and
one mole of acetyl-CoA should be invested in acetate, with the concomitant production of one
mole of ATP via SLP. The synthesis of two moles of pyruvate from acetyl-CoA would require two
moles of Fd*, which is produced at the Rnf complex at the expense of ATP. However, the hydro-
lysis of one mole of ATP (AG® = -32 k] mol™; [Thauer et al., 1977]) could drive the reduction with
NADH of no more than ~1.3 moles of ferredoxin (AG® = -25 kJ mol"; [Schuchmann & Miiller,
2014[). Moreover, two other issues arise: i) even if this one mole of ATP would solely be invested
in the reduction of ferredoxin, this would leave no net ATP for growth, and ii) such a scenario
would result in excess reducing equivalents from ethanol oxidation that could not be recycled in
the production of propionate.

Our model predictions confirmed these inconsistencies and is in agreement with the hypothesis
that the propionate to acetate 2:1 ratio cannot be achieved in A. neopropionicum during the fermen-
tation of ethanol. Instead, cells must invest more than one mole of acetyl-CoA in acetate production
to obtain net ATP to support growth. This leaves less than two moles of acetyl-CoA available for
propionate production and, overall, a propionate to acetate ratio lower than the theoretical 2:1. The
actual propionate to acetate ratio (close to 1.2:1, based on the fermentation balance) depends on how
much Fd* can be produced per hydrolysed ATP, which in turn depends not only on the Gibbs free
energies of ATP hydrolysis and ferredoxin reduction with NADH under physiological conditions
but also on the coupling ratio of the AT Pase (number of cations translocated per ATP hydrolised).

While the Rnf complex can be assumed to translocate two cations per ferredoxin reduced/oxidised,
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the coupling ratio of the AT Pase remains unknown for 4. neopropionicum. Our model fitted with
a coupling ratio of the ATPase of 3 to 3.5 H* or Na* translocated per ATP.

4.3.7 Propanol and butyrate production pathways

A. neopropionicum produces propanol and butyrate as minor products of the fermentation of
several substrates (Fig. 4.2). Propanol is formed from propionyl-CoA via propionaldehyde in a
two-step reductive conversion catalysed by AdhE (Fig. 4.6). Reduction of propionaldehyde could
also be catalysed by NAD*-dependent alcohol dehydrogenases adh (CLNEO_16910) and adhB
(CLNEO_00480).

Propionyl-CoA */1——» Propionaldehyde */Z——b Propanol

NADH NADH

B t
Tty 2 Acetyl-CoA

Acetate \;/. \

Butyryl-CoA Acetoacetyl-CoA

6 NAD(P)H

NADH
4

Crotonyl-CoA 3-Hydroxybutyryl-CoA

s

H,0

Figure 4.6 Putative pathways for the production of propanol (blue) and butyrate (orange) in 4. neopropioni-
cum. Numbers in reactions correspond to the following enzymes as annotated in the genome, and reaction ids
in the model: 1 and 2, aldehyde-alcohol dehydrogenase (rxn09944_c0 and rxn01710_c0); 3, acetoacetyl-CoA
thiolase (rxn00178_c0); 4, 3-oxoacyl reductase (rxn03861_c0); 5, 3-hydroxyacyl dehydratase (rxn03874_c0);
6, acryloyl-CoA reductase-EtfAB (rxn00868_c0) or acyl-CoA dehydrogenase-EtfAB; 7, propionate-CoA:-
lactoyl-CoA transferase (rxn00875_c0).

Butyrate production in A. neopropionicum takes place via the acetyl-CoA pathway (Fig. 4.6). In
this pathway, acetyl-CoA is first converted to butyryl-CoA, which eventually yields butyrate. Most
enzymes of the pathway were either present in the genome, were assigned during the re-annotation
or were identified through protein sequence alignment. Only one enzyme was not found: acetoace-
tyl-CoA thiolase (EC 2.3.1.9), which catalyses the condensation of two molecules of acetyl-CoA
to form acetoacetyl-CoA. However, since the rest of genes of the pathway were identified (Suppl.
material § 4.7), we added this reaction to the model during the gap-filling process.

A key enzyme of this pathway is the butyryl-CoA dehydrogenase/electron-transferring flavopro-
tein complex (Bed-EtfAB). Bed-EtfAB is an electron-bifurcating enzyme that couples the reduction
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of crotonyl-CoA to butyryl-CoA (E,’= -10 mV) by NADH to the endergonic reduction of Fd by
NADH (Buckel & Thauer, 2018b). Our model predicts that, in A. neopropionicum, reduction of
crotonyl-CoA could be catalysed by the Acr-EtfAB complex or by either of the two acyl-CoA dehy-
drogenases that cluster with subunits of the EtfAB complex (acdA_I-acrB_2and acdA_2-acrB_3).
Among the three, the acyl-CoA dehydrogenase encoded by acdA_ 2 showed the highest identity
with the butyryl-CoA dehydrogenases (Bed) of C. acetobutylicum and of C. kluyveri (64% and 63%,
respectively). It remains a question whether, in 4. neopropionicum, the latter two complexes could
be involved in the reduction of ferredoxin.

Two distinct routes have been described for the last step of the pathway, the conversion of buty-
ryl-CoA to butyrate. The first route, identified in C. acetobutylicum (Walter et al., 1993), involves
phosphate butyryltransferase (Ptb; EC 2.3.1.19) and butyrate kinase (Buk; EC 2.7.2.7) and yields
ATP via SLP. The second route relies on butyryl-CoA:acetate CoA-transferase (But; EC 2.8.3.8).
Co-occurrence of both pathways is rare among butyrate producers (Vital et al., 2014). The genome
of A. neopropionicum does not encode for Ptb nor Buk, yet our annotation initially assigned these
activities to phosphate acetyltransferase (Pta) and acetate kinase (Ack). The Ack of A. neapropi-
onicum is significantly similar to the well-characterised Buk (71% identity) of C. acetobutylicum.
We have considered this similarity to arise from the fact that the two enzymes belong to the same
family, yet it has been established that they do not have the same function, since differences in the
substrate binding site ultimately determine substrate specificity (Anand et al., 2016; Simanshu et
al., 2005; Sullivan et al., 2010). Thus, we assumed that Pta and Ack are not involved in butyrate
production in A. neopropionicum. Instead, we hypothesise that butyrate production in 4. zeopro-
pionicum takes place via butyryl-CoA:acetate CoA-transferase activity. Our model predicts that
the propionate-CoA:lactoyl-CoA transferase (Pct) encoded by the gene ydiF catalyses this reaction.
The Pct of A. propionicum exhibits broad substrate specificity for monocarboxylic acids, including

butyrate, supporting the model prediction (Selmer et al., 2002).

4.3.8 Identification of the NADH-dependent reduced ferredoxin:NADP+
oxidoreductase (Nfn)
During the genome re-annotation and manual curation process, we identified the enzyme NA-
DH-dependent reduced ferredoxin:NADP* oxidoreductase (Nfn). Nfn is an iron-sulphur flavo-
protein complex with electron confurcating/bifurcating activity that reversibly catalyses the en-
dergonic reduction of NADP* by NADH coupled with the exergonic reduction of NADP* by
Fd* (Liang et al., 2019). Nfn is composed of two subunits, NfnA and NfnB, whose coding genes
were both found in the genome of 4. neopropionicum under the locus tags CLNEO_00270 and
CLNEO_00280, respectively. In the initial automatic annotation, these two genes were assigned
to ferredoxin:NADP* oxidoreductase and glutamate synthase, respectively. It has been reported
that NfnA/B share sequence similarities with these two enzymes (Liang et al., 2019). Upon manual
inspection, we observed that the protein complex showed a significant identity (60-66 % ) with the
Nfn complexes of C. kluyveri (Wang et al., 2010) and of C. autoethanogenum (Wang et al., 2013),
which lead us to the re-assignation of the two proteins as NfnA and NfnB.

We used modelling to look into the role of the Nfn complex in the metabolism of 4. neopropion-
icum during growth on ethanol. The model shows that the Nfn generates NADPH from NADH
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and Fd* for NADPH-dependent reactions of the cell. For instance, NADPH is required during
butyrate production in the reduction of acetoacetyl-CoA to 3-hydroxybutyryl-CoA, a reaction ca-
talysed by a NADPH-dependent 3-oxoacyl reductase. NADPH is also required in the biosynthesis
of amino acids and biomass precursors. In our model, the Nfn complex does not function in the
reverse direction, the production of Fd*, during growth on ethanol; this would require NADPH,

and ethanol oxidation is assumed to occur only via NAD*-dependent reactions.

4.3.9  Fermentation of other carbon sources: the case of lactate

Besides ethanol, 4. neopropionicum can grow on lactate, sugars and some pyruvate-derived amino
acids (Table 4.2). The fermentation of these carbon sources proceeds with key differences compared
to the fermentation of ethanol. To illustrate this with an example, we used the model to describe
the case of lactate fermentation, since lactate is a typical substrate of propionate-producing bacteria
and, in particular, of species that use the acrylate pathway (Piwowarek et al., 2018; Reichardt et al.,
2014). Lactate is metabolised in both oxidative and reductive reactions. In the oxidative branch,
lactate is oxidised to pyruvate via lactate dehydrogenase, generating NADH. PFOR then catalyses
the decarboxylation of pyruvate to acetyl-CoA and CO,, areaction that generates Fd*. The PFOR
reaction is reversible; here, it functions in the opposite direction to what occurs with ethanol as sub-
strate. This enables the utilisation of lactate, sugars and pyruvate-derived amino acids. This implies
that, contrary to the fermentation of ethanol, the oxidation of these substrates generates directly
Fd*, which can contribute to energy conservation. Acetyl-CoA is used for acetate production via
Praand Ack, yielding ATP via SLP. In the reductive branch, lactate is converted to propionate via
the reactions of the acrylate pathway. In this conversion, NADH is needed for the reduction of
acryloyl-CoA to propionyl-CoA, but the amount of NADH obtained in the oxidation of lactate is
insufficient. Our model predicts that additional NADH is produced in the Rnf complex. Opposite
to the scenario with ethanol as substrate, here the Rnf catalyses the exergonic reduction of NAD*
with electrons from Fd*. This reaction is coupled to the translocation of two cations across the
membrane, generating an ion-motive force that can be used by the ATPase to produce ATP. Thus,
in the fermentation of carbon sources other than ethanol, ATP is generated both by SLP via acetate

production and by chemiosmosis driven by the oxidation of Fd*.

4.4 Discussion

In this study, we have presented iIANEO_SB607, the first GEM of the propionate-producer 4.
neopropionicum. The overall Memote score of 72% indicates the high quality of the model. The
low score of gene annotation per database (33%) was expected, since there were almost no available
annotations of the genome of A. neopropionicum in public databases recognised by Memote. A
limitation of the GEM is the lack of an organism-specific biomass composition and GAM/NGAM
measurements. Our sensitivity analysis showed a maximum deviation of 10.8% of the growth rate
when varying the composition of biomass components or the GAM. NGAM has a more limited
impact on growth rate predictions, given that it does not directly relate to the biomass synthesis

reaction, still dedicated measurements of these parameters could further improve the predictive
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power of the model. Here, our focus has been on gaining insight into the metabolism of ethanol
fermentation to propionate, which in this bacterium occurs via the acrylate pathway.

We have also addressed an important issue regarding the energetic metabolism of A. neopro-
pionicum. During growth on ethanol, Fd* is required to reduce acetyl-CoA to pyruvate. In the
carliest description of the metabolism of 4. neopropionicum, authors suggested that the oxidation
of acetaldehyde proceeded with ferredoxin as electron carrier, thus fulfilling this demand (Tholozan
et al,, 1992). However, at the present time it is acknowledged that aldehyde dehydrogenases are
NAD(P)-dependent enzymes (Shortall et al., 2021), which invalidates that theory. Theoretically,
the Acr-EtfAB complex could drive the reduction of Fd (E = -500 to -420 mV) with NADH
(E,=-320 mV) via electron bifurcation, given the high reduction potential of the acryloyl-CoA/
propionyl-CoA pair (E = +70 mV). Yet, this complex appears not to be involved in the reduction
of ferredoxin (Hetzel et al., 2003), most likely to prevent transient accumulation of the very reac-
tive intermediate acryloyl-CoA (Buckel & Thauer, 2013; Buckel & Thauer, 2018a). Instead, our
model predicted that Fd* is produced in the Rnf complex, as previously reported for other anaer-
obes during growth on low-energy substrates (Westphal et al., 2018). The Rnf complex had been
previously identified in the close relative 4. propionicum (Poehlein et al., 2016). Here, through the
re-annotation an a thorough manual curation process, we identified all its subunits (rzfA4-E, rnfG)
and via modelling we verified its involvement in the metabolism of the cell.

Our annotation of the genome of 4. neopropionicum revealed the presence of another key enzyme
of the metabolism of anaerobes: the Nfn complex. Our model showed that the Nfn generates
NADPH for NADPH-dependent reactions of the metabolism, which is essential during growth.
Further investigation is needed to define the instances in which the Nfn operates in the reverse
direction, bifurcating electrons from NADPH to produce Fd* and NADH. The directionality and
role of Nfn will depend on the cofactor requirements of the cell.

Butyrate and propanol are produced by A. neopropionicum as minor products during the fermen-
tation of several substrates (Fig. 4.2), probably as a means to dispose of excess reducing equivalents
generated during substrate oxidation. Our model showed that propanol is produced from propi-
onyl-CoA with propionaldehyde as intermediate via NAD*-dependent reactions, as Tholozan et
al. (1992) suggested. The butyrate production pathway had not been described yet in this microor-
ganism and further research is needed to confirm whether Pct is indeed involved in this pathway
as observed in vitro in A. propionicum (Selmer et al., 2002) and Escherichia coli K-12 (Rangarajan
etal., 2005).

Another aspect of the metabolism that we aimed to clarify was the ability of 4. neapropionicum to
produce and consume H,.Inour batch cultivations on different substrates, H, was not produced nor
consumed, as previously reported (Tholozan et al., 1992). Our results also confirm that neither the
product profile nor the growth of ethanol-growing cultures of 4. neapropionicum are affected by the
presence of H, (Suppl. material § 4.8: Fig. $4.3). This is an advantageous trait when considering this
strain for its application in syngas-fermenting co-cultures, since syngas contains H.. Interestingly,
H, tolerance is manifested differently in functionally-related strains. While P. propionicus and D.
propionicus both use the methylmalonyl pathway to metabolise ethanol, the first is not affected by
the presence of H, while the second is strongly inhibited by it (Schink et al., 1987).
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The GEM iANEO_SB607 accurately reproduced observed growth phenotypes on typical sub-
strates (ethanol, sugars, lactate and amino acids). For glucose and xylose, model predictions agree
with our batch incubations that 4. zeopropionicum can utilize these sugars (Suppl. material § 4.8:
Table $4.2). These analyses solve contradictions in literature most likely attributable to differences
in media compositions across studies (Choi et al., 2019; Tholozan et al., 1992; Ueki et al., 2017; van
der Wielen, 2002). Our results also indicate that D-lactate, and not L-lactate, support growth of
A. neopropionicum, as previously observed (Tholozan et al., 1992). Yet, the latter authors reported
lactate dehydrogenase activity in cell-free extracts with D-, L- and DL-lactate, and hypothesised
the presence of a lactate racemase which is absent in our annotated genome. However, 4. neapro-
pionicum has both L- and D-lactate dehydrogenases, so it cannot be excluded that L-lactate is also
metabolised, perhaps at a much slower rate (Moazeni et al., 2010).

dFBA simulations showed good agreement with the dynamics of ethanol (and ethanol plus ace-
tate) fermentation by A. neopropionicum in batch cultivation (Fig. 4.3 and Fig. 4.4). With ethanol as
substrate, the theoretical 2:1 molar ratio of propionate to acetate (Eq. 4.1) was not achieved; instead,
this ratio was ~1.2:1 (Fig. 4.3 and Suppl. material § 4.8: Table $4.2), matching previous observations
(Tholozan et al., 1992; Ueki et al., 2017). The model helped clarify this aspect. During growth on
ethanol, ATP is solely produced via SLP. Net ATP generation required to sustain growth and to
drive ferredoxin reduction needed by PFOR appear as the main cause of the observed propionate
to acetate ratio of 1.2:1. In addition, cells might favour acetate over propionate synthesis to prevent
accumulation of acryloyl-CoA (Buckel & Thauer, 2018a). Finally, propanol production at the end
of the fermentation, likely to halt further acidification of the environment, also contributes to
decrease the propionate to acetate ratio observed in batch cultures.

Interestingly, we observed that a low acetate concentration (<25 mM) or low acetate:ethanol
ratio (<1) at the start boosted the growth rate and propionate production rate of A. neapropionicum
during growth on ethanol. However, despite higher rates, final biomass concentrations in batch
cultivations were slightly lower in the presence of acetate (10 or 25 mM). Our model showed in-
crease flux through acetate:CoA ligase (acs; EC 6.2.1.1) in the presence of acetate (10 mM). This
reaction assimilates acetate consuming ATP, which would explain the lower biomass concentra-
tions observed. Model predictions showed that, in this scenario, more acetyl-CoA is converted to
pyruvate through PFOR, which is another energy-consuming step. We also observed a higher flux
through butanoyl-CoA:acetate CoA-transferase (catalysed by Pct). Batch cultivation experiments
did not show a noticeable increase in butyrate concentration when acetate was present, rather lower.
Therefore, we hypothesise that, iz vivo, most acetate consumed is assimilated via acetate: CoA ligase,
as our model predicts, or via reverse direction of PTAr and ACKr, instead of Pct. This deviation
to the model is likely due to the fact that biomass synthesis was set as maximization objective in
dFBA which would be achieved by a higher flux of acetate towards butyrate instead of assimilating
it, saving ATP.

Overall, this work shows the advantages of using a model-driven approach to gain insight into
the metabolism of microorganisms. The new findings fill in knowledge gaps and unravel key met-
abolic features of 4. neopropionicum. As a resul, this study means a step forward to further exploit
this species as a cell factory for propionate production in mono-culture or in co-cultivation from
sustainable feedstocks, e.g., syngas, as recently stated by Moreira et al. (2021). Additionally, 4.
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neopropionicum can act as an intermediate species to extend the range of products from propionate

to longer odd-chain carboxylic acids.

45  Conclusions

In this study, we have constructed IANEO_SB607, the first GEM of A. neopropionicum. Com-
bining experimental data with a manual curation of the annotated genome and a comprehensive
network reconstruction, we have gained insight into the central carbon and energetic metabo-
lism of this microorganism. The model predicted the metabolic capabilities of A. zeopropionicum
with high accuracy, which allowed us to investigate with detail the enzymatic routes involved in
the fermentation of ethanol to propionate. Our analysis showed that 4. neopropionicum produces
propionate via propionate-CoA:lactoyl-CoA transferase, the characteristic enzyme of the acrylate
pathway. Our in silico analysis revealed, for the first time in this microorganism, the presence of
the electron-bifurcating Nfn complex. This model provides the basis to explore the capabilities
of A. neopropionicum as microbial platform for the production of propionate from dilute ethanol
as substrate. While beyond the scope of this study, the construction of this model signifies a step
closer towards the development of multi-species models that describe syngas-fermenting co-cul-
tures comprised of acetogens with ethanol-consuming propionigenic bacteria. Follow-up studies
that integrate, e.g., omics analyses with data from steady-state fermentations should help improve
this GEM.
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Table S4.3 Parameters used to simulate batch fermentations through dFBA. Column ‘Source’ indicates
whether the parameter was constrained based on the experimental value (considering standard deviation
error) or by model fitting,

Parameter
Ethanol fermentation (Fig. 4.3) Symbol  Value Units Source
Initial biomass concentration X, 0.0055 gL! Exp. Value
Initial Ethanol concentration Seho 23 mM Exp. Value
Initial Acetate concentration S, 0.15 mM Exp. Value
Initial propionate concentration Speopo 0.09 mM Exp. Value
Initial butyrate concentration Seuco 0 mM Exp. Value
Initial propanol concentration Sppon0 0 mM Exp. Value
Maximum growth rate W 0.082 h! Exp. Value
Michaelis-Menten constant for ethanol Km 11 mM Fitting (=exp. value)
Maximum ethanol uptake Qeconmen 365 mM Exp. Value
Ethanol + Acetate fermentation (Fig. 4.4)
Initial biomass concentration X, 0.008 gL! Fitting (~ exp. value)
Initial Ethanol concentration S.ho 233 mM Exp. Value
Initial Acetate concentration S.o 9 mM Exp. Value
Initial propionate concentration Spropo 0.1 mM Exp. Value
Initial butyrate concentration Stuco 0 mM Exp. Value
Initial propanol concentration Sppon0 0 mM Exp. Value
Maximum growth rate 7 0.098 h' Exp. Value
Michaelis-Menten constant for ethanol Km 14 mM Fitting (~exp. value)
Maximum ethanol uptake Qeconman 43.6 mM Exp. Value
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Figure $4.3 Effect of H2 on ethanol-growing cultures of A. neopropionicum. a) Cell growth profiles, deter-
mined by optical density at 600 nm (OD600). b) End products and ethanol consumed at the end of batch
fermentations. Error bars indicate the standard deviation of biological triplicates.
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Table S4.2 Fermentation balance of batch cultures of 4. neopropionicum cultivated on different substrates.
Note that CO,, present in the headspace of bottles, is consumed but not included in this table.

Substrate® Substrate  Products (mM)
GG Propionate Acetate  Propanol Butyrate Lactate iBut iVal
(mM)

Ethanol 22.5£0.6  9.5+0.1 8.6£0.0 1.3+0.0 0.940.0 ND traces traces

Ethanol + Acetate® 23.0+0.5 11.3+£0.2 16.7+0.3 1.2+0.1 0.5+0.0 ND traces traces
Ethanol + Acetate® 23.0+0.3  12.5+0.2 28.7+0.4 0.8+0.1 0.3£0.0 ND traces traces

DL-Lactate 135+1.2  8.740.5 62104 ND ND ND ND ND
Glucose 13.1+1.4 11.3+0.2 8.7+0.1  traces 1.440.0  0.9+0.0 traces traces
Xylose 18.5£0.9 15.0£0.7 11.0£0.3  traces 1.1£0.1 ~ 2.940.2 traces traces

iBut: isobutyrate; iVal: isovalerate. ND: not detected. Traces are concentrations <0.2 mM. *Except for acetate, all
other substrates were added at a concentration of 25 mM. *Concentration of acetate was 10 mM. The concentration
of substrate consumed corresponds to ethanol. “Concentration of acetate was 25 mM. The concentration of substrate
consumed corresponds to ethanol.
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CHAPTER 5

Abstract

Microbial conversion of biomass-derived C1 feedstocks offers a sustainable approach for the pro-
duction of chemicals. In this context, synthetic co-cultures of Clostridia species have emerged as
promising microbial systems for the production of medium-chain carboxylic acids and alcohols
from syngas (CO/H,/CO,). Here, we investigated the co-cultivation of the acetogenic, carboxy-
dotrophic bacterium Acetobacterium wieringae strain JM with Anaerotignum neopropionicum
and Clostridium kluyveri for the production of odd- and even-chain carboxylates from CO. The
tri-culture successfully produced C4 to C6 products, including pentanol (C5), an odd-chain higher
alcohol that has not been previously reported in a syngas fermentation. Production of alcohols could
be attributed to A. wieringae J]M, which is able of CO-driven reduction of the C3-C6 carboxylic
acids produced by A. neopropionicum and C. kluyveri in the co-culture. Chemostat experiments
showed that the activity of the ethanol-consuming species, 7.¢., A. neopropionicum and C. kluyveri,
stimulates ethanol production by the acetogen A. weringae JM. Furthermore, we constructed the
first genome-scale metabolic model (GEM) of A. wieringae JM (1IAW]JM_SB617) and integrated
the GEMs of all three species to construct a multi-species community model of the tri-culture.
Model simulations using community flux balance analysis predicted that maintaininga balanced
community in terms of biomass-species ratio, along with low dilution rates (<0.03 h*, or hydraulic
retention times >33.3 h), is essential for the feasibility of the tri-culture in steady-state. Additionally,
the addition of H, to cocultures was predicted to decrease acetate accumulation and stimulate the
production of the longer-chain compounds. Our work contributes to the advancement of synthetic
co-cultures as novel platforms for CO/syngas fermentation, and highlights the value of modelling

approaches for bioprocess design and optimisation.
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S.1 Introduction

The fermentation of CO-rich gases to produce biocommodities, including chemicals, fuels and
materials, has gained significant momentum (Képke & Simpson, 2020; Sun et al., 2019), driven
by the growing recognition of the imperative to reduce our reliance on fossil fuels. Innovative
technologies enable the revalorisation of organic residues, such as municipal or agricultural waste,
through their initial gasification into syngas (a mixture of CO, H, and CO,) and subsequent
fermentation of syngas by microorganisms (Liew et al., 2016). Additionally, off-gases from steel
mills and other heavy industries can also serve as a feedstock for gas fermentation given their
high content (up to 70%) in CO (Molitor et al., 2016). Syngas/CO fermentation relies on aceto-
genic bacteria as biocatalysts, as these microorganisms can efhiciently convert CO, H, and CO,
via the Wood-Ljungdahl pathway. Acetogens belonging to the Clostridium and Acetobacterium
genera, including Clostridium ljungdablii, Clostridium carboxidivorans, Acetobacterium woodii
and the industrial workhorse, Clostridium auntoethanogenum, have been extensively studied for
syngas fermentation applications (Bengclsdorf etal., 2016; Heffernan et al., 2022). However, due
to the relatively low value of their primary products —ethanol and acetate—, significant efforts
are being made to enable the production of non-native compounds in acetogens via metabolic and
genetic engineering (Bourgade et al., 2021; Képke & Simpson, 2020). For example, acetone and
isopropanol production have been realised in C. autoethanogenum (Liew etal., 2022), and efficient
3-hydroxybutyrate (3-HB) production was accomplished in C. jungdahlii (Lo et al., 2022). How-
ever, genomic manipulation of acetogens is still challenging (Charubin et al., 2018; Lee, 2021), and
the production of ATP-demanding products remains difficult to achieve due to the energy-limited
metabolism of these microorganisms.

More recently, the application of carboxydotrophic microbial communities has been explored
as an alternative to broaden the range of products in syngas fermentation (Du et al., 2020; Parera
Olm & Sousa, 2021). Synthetic co-cultures, i.c., defined communities of microorganisms, offer a
unique advantage in terms of modularity when compared to undefined, open mixed cultures (Di-
ender et al., 2021; Goers et al., 2014). They allow for the choice of strains based on their fitness to
meet process demands, such as higher metabolic activity at specific environmental conditions, or
resistance to toxic compounds. In addition, synthetic co-cultures enable the modular integration of
various microorganisms to construct a desired resource network, allowing to broaden the range of
products of fermentations while avoiding unwanted by-products. An example of a promising syn-
thetic co-cultivation approach for syngas fermentation involves the combination of acetogens and
chain-clongating bacteria to produce medium-chain carboxylic acids (MCCAs) via ethanol-driven
chain elongation. In this process, Clostridium kluyveri has been used as a partner strain alongside
CO-fermenting acetogens such as C. autoethanogenum (Diender et al., 2016b; Haas et al., 2018),
C. carboxidivorans (Biumler et al., 2021), and C. Jjungdahlii (Richter et al., 2016a), among others
(Baleeiro et al., 2019). C. kluyveri oxidises ethanol produced by acetogens and disposes of the
electrons in the reverse f-oxidation pathway, a cyclic set of reactions that enables the elongation of
carboxylic acids by two carbons at a time (Angenent et al., 2016; Seedorf et al., 2008). In this way,
butyrate (C4) and caproate (C6) can be produced from acetate (C2), increasing the value of end

products of the syngas fermentation process.
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Besides MCCAs, higher alcohols (>C2) are also valuable products that can be obtained with
syngas-fermenting co-cultures, given the solventogenic ability of acetogens. Alcohol formation
occurs in the presence of excess reductant (i.e., H, or CO), and it is usually triggered by a drop in the
extracellular pH caused by the accumulation of carboxylic acids (Arslan et al., 2019; Diender et al.,
2016b; Ganigué et al., 2016; Richter et al., 2016b). For example, in a carboxydotrophic co-culture
of C. auroethanogenum and C. kluyveri, it was observed that butyrate and caproate were reduced
to butanol and hexanol, respectively (Diender et al., 2016b). CO-driven reduction of carboxylic
acids to higher alcohols has also been demonstrated in C. [jungdahlii (Perez etal., 2013; Richter et
al., 2016a), Alkalibaculum bacchi (Liu et al., 2014b) and Clostridium aceticum (Fernandez-Blanco
et al,, 2022). On the other hand, very few acctogens are able of direct conversion of syngas to
higher alcohols, the most notorious species being C. carboxidivorans, with reported butanol titres
generally around 1 g L' (Ferndndez-Blanco et al., 2023; Ferndndez-Naveira et al., 2017). For a
comprehensive review of the topic, we refer to the publications of Ferndndez-Naveira et al. (2017)
and Fernindez-Blanco et al. (2023).

Acetobacterium wieringae strain JM is an acetogen isolated from a carboxydotrophic microbial
enrichment (Arantes et al., 2020). Contrary to the type strain —A. wieringae DSM 191 17—, strain
JM s able to grow on 100% CO without formate as co-substrate. Another noteworthy characteristic
of strain JM is its capability to efficiently grow at pH 7 (Arantes et al., 2020); this trait differentiates
it from the model acetogen C. anroethanogenum, a mild acidophile unable to grow at pH above
6.5 (Abrini et al., 1994). The enrichment culture from which strain JM was isolated was found to
produce propionate (next to acetate) from CO (Arantes et al., 2020). The authors hypothesised that
propionate was formed by propionigenic bacteria, also present in the enrichment, that used the eth-
anol produced by the acetogen. This hypothesis was further supported by experiments conducted by
Moreira et al. (2021), where synthetic co-cultures of 4. wieringae JM with the propionigenic strain
Anaerotignum neopropionicum converted CO to propionate. Propionibacteria, including 4. neo-
propionicum, exhibit optimal growth at neutral pH (Piwowarek et al., 2018; Tholozan et al., 1992),
a property shared by the acetogen A. wieringae JM. Thus, strain JM holds promise as an acetogen
for coupling with propionibacteria to enable the production of odd-chain products from syngas.

Previously, we demonstrated the production of C5-C7 carboxylic acids from ethanol and CO,
by a chain-elongating co-culture of 4. neapropionicum and C. kluyveri (Parera Olm & Sousa, 2023).
Here, we build up on our previous work by integrating syngas fermentation with odd-chain product
formation in a single bioprocess. We show that a tri-culture of 4. wieringae JM with A. neopropi-
onicum and C. kluyveri is able to convert CO to carboxylic acids and higher alcohols of odd- and
even-carbon chain length during fermentation at pH 7. Additionally, we studied the physiology of
A. wieringae JM in monoculture vs. in co-culture during carboxydotrophic growth in chemostat
bioreactors, revealing a metabolic shift from acetogenesis, in monoculture, to solventogenesis, in
co-culture. The experimental data was used to construct and validate the first genome-scale meta-
bolic model (GEM) of 4. wieringae JM and to build a community model of the tri-culture (using
the available GEMs of C. kluyveri [Zou et al., 2018] and A. neopropionicum [Benito-Vaquerizo et
al., 2022b]). Community flux balance analysis (cFBA) was used to explore the feasible combina-
tions of species ratios and growth rates, and to predict the effect of H, addition on the product

spectrum of the tri-culture.
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5.2  Materials and methods

Cultivation experiments

5.2.1 Microbial strains and cultivation

C. kluyveri DSM 5557 and A. neopropionicum DSM 38477 were obtained from the German Col-
lection of Microorganisms and Cell Cultures (Leibniz Institute DSMZ - German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig, Germany). 4. wieringae strain JM is
an isolate from our own culture collection (Arantes et al., 2020). Cultivation of C. kluyveri and of
A. neapropionicum was done as described elsewhere (Benito-Vaquerizo et al., 2022b; Parera Olm
& Sousa, 2023). In short, both strains were grown anaerobically in bicarbonate-buffered medium
(pH 7) containing ethanol (50 mM) for A. neapropionicum, or ethanol and acetate (90 mM and 75
mM, respectively) for C. kluyveri, as substrates. The medium was supplemented with yeast extract
(0.5 g L) and vitamins (see composition below). L-Cysteine-HCI (0.5 g L) was used as reducing
agent, and resazurin (0.5 mg L") as redox indicator. Cultures of C. kluyveri and of A. neopropi-
onicum were incubated statically at 37°C and 30°C, respectively. 4. wieringae JM was cultivated
anaerobically in phosphate-buffered (30 mM) medium containing (per litre): 1 gNH,CL 0.7 g
NaCl, 2.8 g KH,PO,, 1.3 g Na,HPO,, 0.2 g MgSO,-7H,0, 0.04 g CaCl,-2H,O, 10 mL trace
element solution from ATCC medium 1754, 0.5 g yeast extract, 0.75 g L-Cysteine-HCl and 0.5
mg resazurin. Vitamins were added to a final composition of (per litre): 0.5 mg pyridoxine, 0.2 mg
thiamine, 0.2 mg nicotinic acid, 0.1 mg p-aminobenzoic acid, 0.1 mg D-Ca-pantothenate, 0.1 mg
cobalamin, 0.1 mg riboflavin, 0.05 mg folic acid, 0.05 mg lipoic acid and 0.02 mg biotin. The pH
of the medium was adjusted to 7. Cultures of 4. wieringae J]M were grown in serum bottles of 250
mL filled with 50 mL medium and with CO in the headspace (100 % v/v; 170 kPa) as substrate.
Bottles were incubated at 30°C, shaking (150 rpm) after 24h statically.

5.2.2  Bioreactors setup and operation

Two cultivation experiments, one in batch and the other in continuous mode, were conducted in
BioXplorer 400D stirred-tank bioreactor vessels (H.E.L Group, Borchamwood, United Kingdom)
0f 0.5 L (total volume), operated anaerobically. The bioreactor system was equipped with pH, redox
and temperature sensors. In both experiments, the system was operated at 30°C and pH 7, the latter
controlled by the addition of 3 M KOH. Mass flow controllers regulated the inflow of gases (CO, N,
or N,/CO,) separately. Start-up of bioreactor operation was always done as follows: the autoclaved
reactor vessel, containing medium (salts, trace elements and resazurin) as described above for A4.
wieringae JM, was connected to the system and sparged with N, (3 L h') for =3 hours to establish
anacrobic conditions. The gas inflow was then switched to the desired composition and flowrate
for each experiment. Before inoculation, the following supplements were added aseptically to the
vessel from anaerobic, sterile stock solutions: yeast extract (0.5 gL"), vitamins and L-cysteine-HCI
(0.75 gL"). Inoculation using exponentially growing pre-cultures of the pertinent strain(s) was done
when the redox potential had dropped and stabilised below -300 mV. Gas and liquid outflow rates
were regularly measured during operation. Liquid and headspace samples were taken routinely.

Further specific details of each experiment are provided hereunder.
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5.2.3  Batch cultivation of the tri-culture with continuous feed of CO

The tri-culture was grown in a bioreactor vessel operated as described above, with a working volume
of 350 mL. The fermentation was carried out at 30°C and the pH maintained at 7 for the main part
of the cultivation (see results section). The experiment was initiated by inoculating 4. neapropion-
icum (5% v/v) and supplying 25 mM ethanol to support growth of this strain, under a headspace
of N,/CO, (80:20% v/v, 1 bar, 7 mL min"). One day later, when cell growth was observed, A.
wieringae JM and C. kluyveri were inoculated (5% and 2.5% v/v, respectively) concurrently with
the start of the CO supply. The composition of the headspace was CO/N,/CO, (75:25:5% v/v, 1
bar, 7 mL min™) and it was unchanged for the rest of the fermentation. The agitation was initially

set at 300 rpm (days O — 4) and later increased to 400 rpm (days 4 — 14).

5.2.4 Chemostat cultivation of 4. wieringae JM monoculture and bi-culture
with C. kluyveri and A. neopropionicum

The continuous experiment was conducted in two bioreactor vessels (R1 and R2) operated as de-
scribed above (30°C, pH 7), with a working volume of 400 mL. The medium was amended with
0.005% (v/v) Antifoam 204 to prevent excessive foaming. The gas composition during operation
was CO/N, (70:30% v/v, 1 bar), and the gas flowrate was set at 4 mL min" (0.01 vvm). In both
bioreactors, the experiment consisted of two consecutive phases, and the respective steady states
were compared: i) monoculture of 4. wieringae JM (in R1 and R2; duplicates), and ii) co-culture of
A. wieringae JM with C. kluyveri (in R1) or with A. neopropionicum (in R2) (hereinafter referred to
as “bi-cultures”). Inoculation was done when indicated with 5% (v/v) of actively-growing cultures of
the pertinent strain. The bioreactors were operated in continuous mode; fresh medium was supplied
aseptically from a 20-L tank via a peristaltic pump (Masterflex, Germany). The medium inflow
pump was adjusted to give a hydraulic retention time (HRT) of 48 hours (dilution rate, D = 0.021
h*). The medium tank was flushed with N, thorough the whole operation to ensure anaerobic con-
ditions. Continuous operation was preceded by a short batch phase (3.8 days) to grow 4. wieringae
JM. Agitation was sct at 350 rpm for the initial batch phase; during continuous operation, it was
first increased to 500 rpm (on day 5.8) and, later, to 700 rpm (on day 23.7). Unfortunately, the
stirring speed fluctuated at different time points during operation due to system fails; when this

occurred, it is indicated in the Results section.

5.2.5  Reduction of carboxylic acids by 4. wieringae JM in bottles under CO
headspace

Batch experiments in serum bottles were conducted to test the ability of 4. wieringae JM to reduce
C3 - C6 carboxylic acids to alcohols in the presence of CO (100% v/v; 170 kPa). Cultivation was
done in the medium and conditions described above for this strain (pH 7, 30°C, shaking). 4.
wieringae JM was inoculated in medium containing 20 mM of either carboxylic acid (propionate,
butyrate, valerate or caproatc) in their sodium salt form. Control incubations were done without
the addition of carboxylic acid. Liquid and headspace samples were taken at the start and at the

end of incubation.
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5.2.6  Analytical techniques

Gaseous compounds (CO, CoO,, and Hz) were analysed in a gas chromatograph (Compact GC 4.0,
Global Analyser Solutions, The Netherlands) equipped with two channels and a thermal conduc-
tivity detector (TCD). CO and H, were detected using a Molsieve SA column operated at 100°C
and coupled to a Carboxen 1010 pre-column. Determination of CO, was done in a ReQ-BOND
column operated at 60°C. In both channels, argon was used as carrier gas. Concentrations of
soluble compounds in liquid samples were determined by high-performance liquid chromatogra-
phy (HPLC; LC-2030C, Shimadzu, Japan). The apparatus was equipped with a Shodex SH1821
column operating at 60°C. 0.01 N H,SO, was used as eluent and the flow rate set at 1 mL min™.
Amounts detected in a concentration < 0.3 mM could not be accurately quantified and are con-
sidered traces. The concentration of volatiles (butanol, hexanol, and caproate) was measured on a
gas chromatograph (GC-2010, Shimadzu, Japan) equipped with a headspace autosampler (HS-20).
The column employed was a DB-WAX Ultra Inert (Agilent, USA), operated at a gradient from
50 to 200 oC, and nitrogen was used as carrier gas. Sample preparation was performed in 10 mL
headspace vials with 100 uL of clear liquid sample plus 100 uL 10 mM methanol in 1% (w/v) formic
acid to acidify acids in the sample. The vial was transferred to the oven of the autosampler (60 oC)
where it was held for five minutes before a headspace sample was taken that was brought on the
column. Detection of compounds was done with a FID detector. The Chromeleon™ data analysis
software (Thermo Fisher Scientific), version 7.2.9, was used for both GC and HPLC peak analysis.
Microbial growth was estimated based on the measurement of optical density at 600 nm (OD )
using a spectrophotometer (UV-1800, Shimadzu, Japan). CDW was determined by gravimetric
analysis: pellets from a known culture volume (=50 mL) were washed twice in deionised water,
resuspended and transferred into pre-weighed aluminium trays. These were dried overnight at
105°C and weighed again the day after.

Genome-scale metabolic modelling and simulations

5.2.7  Reconstruction and validation of the GEM of A. wieringae JM, iAWJM_SB617

The genome-scale metabolic model (GEM) of A. wieringae JM was reconstructed through an orthol-
ogy based approach using as scaffold the GEM of the acetogen C. autoethanogenum — iCLAU786
(Valgepea et al., 2017). The genomic sequence of 4. wieringae JM (GCA_008107585.1) was re-
trieved from the National Center for Biotechnology Information (NCBI) under accession number
VSLA00000000 (Arantes et al., 2020) and subjected to structural and functional reannotation.
Ortholog genes between both species were identified and used to evaluate the reactions in the
model. The GEM of the close relative 4. woodii (Bertsch & Miiller, 2015b; Koch et al., 2019) was
used to refine the model. A detailed description of the methodology followed for the model recon-
struction is given in Suppl. material § 5.6.1. The GEM of 4. wieringae JM, iAW ]JM_SB617, can
be found in the GitLab repository https://gitlab.com/wurssb/Modelling/triculture_aw_an_ck/-/
tree/master/, in Table format, json and SBML L3V1 standardization, together witha MEMOTE
report of quality assessment (Lieven et al., 2020).

Details of the qualitative and quantitative validation of the model can be consulted in Suppl.

material § 5.6.1. In short, the model was qualitatively validated using flux balance analysis (FBA) to
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assess growth phenotypes on several carbon sources. Quantitative validation was done by comparing
predicted production rates of acetate and ethanol with those measured in the duplicate chemostat
bioreactors of 4. wieringae JM growing on CO presented in this study. Prediction of production
rates of acetate and ethanol under varying CO and H, uptake rates were done by constraining
the model to the set uptake rates and a growth rate of 0.021 h™. The solution space and the set of
fluxes compatible with the measured rates were explored using flux sampling as detailed in Suppl.
material § 5.6.1.

5.2.8  Construction of the community model of 4. wieringae JM - C. kluyveri -
A. neopropionicum (tri-culture)

The tri-culture model was generated by combining the single species models of each strain: iIAWJM_
SB617 (this work), iANEO_607 (Benito-Vaquerizo et al., 2022b) and iCKL708 (Zou et al., 2018),
for A. wieringae JM, A. neopropionicum and C. kluyveri, respectively. The methodology followed
was the same as reported in our previous studies (Benito—Vaquerizo etal., 2020; Benito-Vaquerizo
ctal.,, 2022a) and is summarised in Suppl. material § 5.6.1. The tri-culture model was transformed

into SBML level 3 version 1 and can be found in the git repository.

5.2.9 Community modelling: framework and simulations

Model simulations of the bi-culture and the tri-culture were done using a steady-state approach
that considers balanced growth of the microbial species and that resembles community flux balance
analysis (cFBA) (Benito-Vaquerizo et al., 2020; Benito-Vaquerizo et al., 2022a; Khandelwal et
al., 2013). Biomass synthesis reactions of each species incorporated the species relative abundance
and total biomass. Specific fluxes (mmol g =" h™") were replaced by environmental fluxes (mmol
h™), taking into account the biomass density of each species (g L") and the culture volume (L). An
extensive description of community model simulations is given in Suppl. material § 5.6.1. Commu-
nity growth rate and composition were varied and species growth rates were set to be equal to the
community growth rate. Uptake rates were limited by constraining the corresponding exchange
reactions. To assess the feasibility of a given scenario, FBA was run to predict the maximal biomass
accumulation and only positive non null values were considered indicative of feasible scenarios.

Feasible scenarios were further explored by sampling the solution space.

5.3 Results and Discussion

5.3.1 A tri-culture of 4. wieringae JM, A. neopropionicum and C. kluyveri produces
carboxylic acids and higher alcohols from CO

The proof-of-concept of the synthetic tri-culture of A. wieringae JM, A. neopropionicum and C.
kluyveri was tested in batch fermentation with continuous supply of CO. Over the course of the
fermentation, the tri-culture produced a mixture of acids (C2 - C7), mostly during exponential
phase, and alcohols (C2 - C6), during stationary phase (Fig. 5.1). Cessation of all metabolic activity

(day 9) was likely due to nutrient depletion or to the toxicity of accumulated products.
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Cell growth and pH

Prominent growth occurred through days 2 to 5, during which OD | rose exponentially from
0.4 to 5.6 (Fig. 1a). Microscopic inspection of the co-culture confirmed the presence of the three
strains and showed predominance of 4. wieringae JM cells (Suppl. material § 5.6.2: Fig. S5.1). Sub-
stantial foaming was formed on top of the liquid layer as cell density increased; therefore, on day 4,
antifoam was added (Antifoam 204; 0.005% v/v) and the stirring was increased from 300 to 400
rpm. We chose to keep the agitation at this moderate speed to avoid saturation of the liquid with
CO. While 4. neopropionicum tolerates CO during growth on ethanol, as we observed in batch
incubations (data not shown), C. kluyveri is inhibited by it, particularly when intense shaking is
applied (Diender et al., 2016).

The pH increased at different time points during the fermentation (Fig. 5.1a). Upon the start
of the CO feed, the pH rose from 7.0 to 7.4 due to loss of acidity as the CO, supplied was lowered
from 20% to 5%. Since pH control was based solely on the correction of acidity via the addition of
KOH, we manually adjusted the pH to 7 by adding HCI (red data points in Fig. 5.1a). However, a
few hours later, the pH had increased to 7.2 (evening measurement), and it remained at this value
until manual correction again (at 1.8 days). The pH remained at 7 for the subsequent days, which
coincided with exponential growth of the tri-culture. The stationary phase of the culture (day 5
onwards) was characterised by a progressive decline of the cell density and an increase of pH. The
latter hinted at the production of alcohols in the system via reduction of accumulated carboxylic

acids, as described below.

Acidogenesis

The initially supplied ethanol (25 mM) was depleted after 1.2 days and converted to propionate
(15 mM) and acetate (14 mM) by A. neopropionicum (Fig. 5.1b-c). Likely, some acetate was also
produced from CO by 4. wieringae JM in this period. Propanol (up to 3 mM) was also formed, as
by—product of ethanol fermentation byA. neopropionicum (Benito—Vaquerizo etal., 2022b; Tholozan
etal,, 1992). Acetate continued to accumulate during exponential growth, reaching a maximum
concentration on day 4 of 98 mM, while propionate concentration did not increase significantly
in the following days. Thus, production of acetate throughout the growth phase can be attributed
to the utilisation of CO by the acetogen. The latter is supported by the fact that 4. wieringae JM
was dominant in the co-culture (Suppl. material § 5.6.2: Fig. S5.1). C. kluyveri might have also
contributed to acetate production, yet to a lesser extent (one molecule of acetate is produced per
1/6% of ethanol consumed, theoretically; Seedorf et al., 2008).

Production of C4 — C6 carboxylates began upon inoculation of C. kluyveri and A. wieringae JM
(day 1). Butyrate was the most abundant product of chain elongation, reaching a concentration
of 24 mM at the end of the growth phase, followed by equally high concentrations of valerate
and caproate (=10 mM) (Fig. 5.1b). Traces of heptanoate were detected only from day S onwards
(<0.3 mM). We also measured isobutyrate (up to 1.7 mM) and isovalerate (up to 2.8 mM) that
can be produced by A. neopropionicum via the fermentation amino acids present in yeast extract
or cross-fed (Benito-Vaquerizo et al., 2022b; Moreira et al., 2021). Chain elongation of even- and
odd-chain products took place simultaneously, as seen before in pure culture experiments of C.

kluyveri (Candry et al., 2020b; Parera Olm & Sousa, 2023). However, the production of butyrate
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(from acetate) proceeded at a faster rate than that of valerate (from propionate), and even-chain
products (C4+C6) reached a higher concentration. This could indicate that the enzymes involved
in chain elongation in C. kluyveri have a higher affinity for acetate than for propionate. In addition,
previous reports have suggested that C. kluyveri oxidises excessive ethanol to acetate in the presence
of propionate, increasing the acetate pool and the proportion of even-chain products (Candry et
al., 2020b; Parera Olm & Sousa, 2023).

Except for acetate, all the other products could have only been formed from the ethanol pro-
duced by the acetogen. Ethanol concentration remained low (<2 mM) during the fermentation
(Fig. 5.1c), indicative of its rapid consumption via cross-feeding. Interestingly, even though the
culture was CO-limited, ethanol production was concurrent with that of acetate from initial stages
of cultivation. This indicates that consumption of ethanol by 4. neopropionicum and C. kluyveri
favoured its production by the acetogen, a phenomenon that we further on studied in chemostat

bioreactors (see section below).

Solventogenesis
A maximum of 20.6 mM higher alcohols (C3 - C6) were produced in the stationary phase (day
8.8; Fig. 5.1c), representing 14% (mol/mol) of the products. Butanol accounted for half of them
(10.3 mM), followed by hexanol (5.1 mM), pentanol (4.2 mM) and propanol (1 mM). Pentanol is
reported here for the first time by a syngas-fermenting community. The production of higher alco-
hols can be attributed to CO-driven reduction of carboxylic acids by 4. wieringae JM, as observed
in other acetogens (Diender et al., 2016b; Liu et al., 2014b; Perez et al., 2013), while propanol could
have also been formed by C. kluyveri and A. neopropionicum (Candry et al., 2020b; Parera Olm &
Sousa, 2023). Alcohol formation was likely driven by the accumulation of carboxylic acids, as these
reached 149 mM at the end of the growth phase, on day 5. At that point, the total undissociated
fraction of carboxylic acids was 0.6%, or a concentration of #0.93 mM (at pH 7 and assuming an
average pKa of 4.83), which is in the range found to be detrimental to other Clostridia (Diender et
al., 2016b; Kucek et al., 2016; Vasudevan et al., 2014; Weimer & Stevenson, 2012). In those studies,
growth inhibition was attributed to undissociated caproic acid in a concentration range of 0.5 - 1.5
mM. Here, we calculated a concentration of undissociated caproic acid of 0.035 mM, an order of
magnitude lower; therefore, we hypothesise that growth was inhibited by the fraction of undissoci-
ated acetic acid (0.56 mM). The reduction of acids to alcohols is assumed to be a mechanism of the
cell to avoid further acidification of the environment (Diender et al., 2016b; Ganigué et al., 2015).
Interestingly, the production of higher alcohols occurred simultaneously with the consumption
of short-chain carboxylates and with chain elongating activity (days 4 - 8; Fig. 5.1b-c). This con-
trasts with observations from studies employing mild acidophiles as acetogenic partner, such as C.
autoethanogenum (Diender et al., 2016b), C. [jungdablii (Richter et al., 2016a) or C. carboxidiv-
orans (Baumler et al., 2023; Ganigué et al., 2016), where alcohol production and chain elongation
competed due to the different optimal pH for the viability of the two processes. Here, we hypoth-
esise that the reduction of elongated carboxylates to alcohols (e.g., butyrate to butanol) shifted the
equilibrium towards their production from the corresponding precursors via chain elongation
(e.g. acetate to butyrate), which was enabled at neutral pH. In addition, our results show that an

acidic extracellular pH is not imperative for alcohol production, as generally reported in syngas
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fermentation studies (Ferndndez-Naveira et al., 2017; Ganigué et al., 2016; Richter et al., 2016a).
When sufficiently high concentrations of carboxylates were reached, 4. wieringae JM reduced these
to alcohols at pH 7 (Fig. 5.1). Solventogenesis by A. bacchi strain CP15, an acetogen that grows
optimally at pH 8.0, was also reported to occur at neutral pH (Liu et al., 2014a). Thus, it is more
likely that conditions restricting growth (e.g., the accumulation of toxic products or low availability
of nutrients) where the availability of reducing equivalents increases are a more important trigger
than pH to the production of reduced products such as alcohols (Zahn & Saxena, 2012).

CO consumption, and production of H, and CO,

Consumption of CO by the tri-culture was relatively low; during the growth phase, we measured
an average CO partial pressure of ~66 kPa (Suppl. material § 5.6.2: Fig. $5.2), implying a consump-
tion of 15% CO. The headspace of the bioreactor also comprised H, and CO,. H, is an expected
product as it is produced by C. kluyveri during growth; however, the partial pressure of H, was very
low during the whole fermentation (<1 kPa) (Suppl. material § 5.6.2: Fig. $5.2). This suggests H,
is consumed by 4. wieringae JM as complementary energy source to CO, particularly if the avail-
ability of the latter was limited (due to gas transfer constraints). 4. neopropionicum requires CO,
for propionate formation (Benito-Vaquerizo et al., 2022b; Tholozan et al., 1992). Still, the CO,
partial pressure increased substantially (from 7 to 20 kPa) during the growth phase (Suppl. material
§5.6.2: Fig. $5.2), indicative that carboxydotrophic metabolism by the acetogen was dominant (as
supported by the high acetate production).

5.3.2  Reduction of carboxylic acids to alcohols by 4. wieringae JM with CO as
electron donor

The ability of 4. wieringae JM to reduce C3 — C6 carboxylic acids to their respective alcohols (i.e.,
propanol, butanol, pentanol and hexanol) was investigated in batch growth on CO. Each carboxylic
acid (20 mM), or none (control), was added separately to cultures of 4. wieringae JM at the start
of incubations. Cell density, CO consumption, products formed and pH at the end of incubations

are shown in Table 5.1.
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After 9 days of incubation, CO was depleted in the control cultures and in those with propionate
or butyrate. Conversely, in the incubations containing valerate or caproate, CO consumption was
only 34+4% and 234+2%, respectively, after 28 days. These cultures were ended at this point, as no
further metabolic activity was expected. The presence of 20 mM propionate or butyrate did not
affect the final cell density of the cultures (~0.5 g L; p value > 0.05 compared to the control),
suggesting no growth inhibition under these conditions. A similar behaviour was seen in C. Jjung-
hdalii when cultivated with 15 mM of either carboxylic acid (Perez et al., 2013). In addition, only a
small fraction of electrons derived from CO are used in the reduction of carboxylic acids, therefore
there is a negligible effect of this conversion on biomass formation. In contrast, growth inhibition
was reported in syngas-fermenting cultures of A. bacchi at pH 7.5 with both propionate (20 mM)
and butyrate (17 mM) (Liu et al., 2014b), which suggests a higher sensitivity of this strain. In our
study, valerate and caproate (20 mM) did significantly inhibit growth of A. wieringae JM (final
density of 0.1 g L"), consistent with a higher toxicity of carboxylic acids as carbon chain
increases (Herrero et al., 1985).

A. wieringae JM reduced all the C3 - C6 carboxylic acids to alcohols, albeit to varying degrees
(Table 5.1). The highest consumption was that of propionate (9.1+1.4 mM), yet about half of the
carboxylate remained unused. Incomplete conversion of carboxylic acids could be due CO deple-
tion, combined with the low final pH (=5) that was likely detrimental to strain JM. The consump-
tion of butyrate and valerate was similar (=5 mM) despite the significant differences in biomass
formation and CO utilisation between the two conditions. This indicates that the reduction of
carboxylic acids occurred uncoupled to growth, probably just as a means of the cell to dispose of
reducing equivalents derived from substrate (CO) oxidation. The lowest conversion was obtained
for caproate, along with limited growth in these cultures.

Compared to the control, the final concentration of acetate was higher with propionate or butyr-
ate present, in detriment of ethanol formation (Table 5.1). This could hint to a higher demand of
ATP (produced via acetate kinase) in these cultures due to energy-consuming mechanisms dealing
with the accumulation of intracellular protons. If that were the case, however, biomass formation
would have been compromised, which was not observed. Instead, it is more likely that the cultures
without carboxylate supplementation required a higher production of ethanol to halt acidification
of the environment. It can be speculated that, in the experimental conditions, the production of
higher alcohols preceded ethanol formation due to higher availability of the corresponding car-
boxylates (propionate and butyrate) vs. acetate at the start of cultivation (Perez et al., 2013). Thus,
less ethanol would need to be produced in these cultures to stop acidification. This hypothesis
is supported by the fact that the final pH in the control cultures was 4.840.0, the lowest of all
the conditions tested, while higher final pH values were obtained with propionate and butyrate
(5.1£0.2 and 5.0%0.0, respectively).

In general terms, the solventogenic ability of 4. wieringae JM seems to be like that of other ac-
etogens; the outcomes differ depending on the specific capabilities of each strain and the applied
cultivation strategy. For example, A. bacchi reduced =37% of propionate or butyrate supplied (17
mM) into the corresponding alcohols at pH 7.5 (Liu et al., 2014b), a similar conversion efficiency
to A. wieringae JM (Table 5.1). However, the authors also reported growth inhibition and low CO

utilisation (#30%), which we did not observe with strain JM. In another study, high conversion
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(>70%) of C3 — C6 carboxylates (15 mM) were obtained with C. Jjungdahlii (Perez et al., 2013),

likely facilitated by the continuous syngas feed applied, which was not done in our study.

5.3.3  Effect of co-cultivation with C. kluyversi or A. neopropionicum on the physiology
of A. wieringae JM in chemostat CO fermentation

The physiology of A. wieringae JM during CO fermentation and the induced changes during
co-cultivation with 4. neapropionicum or C. kluyveri were studied in CO-limited chemostats. Two
bioreactors, R1 and R2, were operated in parallel, and cultivation in each system was divided in
two phases with respective steady states: first, monoculture of 4. wieringae JM (inR1and R2; du-
plicates) and second, bi-culture of the acetogen with C. k/uyveri (in R1) or with A. neopropionicum
(in R2) (Fig. 5.2). Several technical issues (the stirring spiked, and the system turned off) occurred
during operation of the bioreactors that altered biomass and product concentrations at different
time points. Therefore, establishment of steady states of each phase took quite some time, and the
total cultivation time was rather long (140 days) despite the relatively short HRT (48 h).

Upon start of the continuous mode, increasing the stirring speed from 500 to 700 rpm (on day
23.7) led to an increase of the cell density and acetate levels (Fig. 5.2), accordingly with a CO-lim-
ited system. Agitation was maintained at 700 rpm for the rest of the cultivation; while higher
stirring speeds could have been applied to enhance CO consumption, we wanted to avoid CO
accumulation in the liquid, which might hamper growth of C. kluyveri during the co-cultivation
phase. We assumed that the system remained CO-limited during the rest of the cultivation given
the relatively low flowrate (0.01 vvm) and because, during co-cultivation, we did not observe inhi-
bition of C. kluyveri.Steady-state parameters of the two bioreactors (mono- and bi-culture phases)
are summarised in Table 5.2. During monoculture of 4. wieringae JM, the main product of CO
fermentation was acetate (60 mM). Ethanol was detected in traces (<0.2 mM) except for transient
accumulation (<3 mM) when system failures occurred. Inoculation of C. kluyveri (R1) and A. neo-
propionicum (R2) was done at the end of the monoculture steady states (day 60), and it was followed
by the accumulation of products of the respective strains (butyrate, caproate and propionate) (Fig.
5.2¢-d). These products could have only been formed by C. kluyveri and A. neopropionicum from
ethanol as electron donor. Thus, while in monoculture the metabolism of 4. wieringae JM was
entirely acetogenic, co-cultivation of the acetogen with ethanol-consuming species immediately
triggered ethanol production. This metabolic shift (from acetogenesis to solventogenesis) was also
observed in C. autoethanogenum co-cultured with C. kluyveri (Diender et al., 2016b; Diender
etal., 2019). Several studies have postulated that the acetogenic/solventogenic shift in acetogens
under nutrient-limited growth is controlled by thermodynamics rather than by transcriptomic or
translational regulation (Diender et al., 2019; Moreira et al., 2021; Richter et al., 2016b; Valgepea et
al.,2018). In accordance with this, we hypothesise that, in the bi-cultures of our study, C. kluyveri
and A. neopropionicum kept ethanol levels in the system very low (<0.1 mM), thus favouring the
thermodynamics of ethanol production by the acetogen. Enzymes involved in ethanol production
are always abundant (even during acetogenesis) in 4. wieringae JM (Moreira et al., 2021), therefore

ethanol can be produced immediately when the conversion is rendered favourable.

117



CHAPTER 5

—e—Cell density —+ Acetate -+ Ethanol Butyrate —e-Caproate -+ Propionate

5 5

a b
Ri1 AwdM +Ck R2 AwdM +An
— — — —

4 4
H
[=)
C , 3
o
]
3
s 2 2
°©
(&)

1 1

0 0

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
100 10 100 10
R1 d R2
c AwJM +Ck AwJM +An
—~ —— N
= . i @ PR s g
E (&5 o
5 Apasihd Z
2 0 ¥ 6 60 6 3 E
] Ing s o ¢ as
£ ° [} MR ¥ K g §
w o, ? Lo fo o ©
g 40 ][5 i RS R 4 5a
s s P S
s ° | . 20
3 ‘ . o
“0 M t o
4& \
| o
0 - e 2 o o0 0
0 20 40 60 80 100 120 140 [ 20 40 60 80 100 120 140
Time (days) Time (days)
Inoculation Ck Ethanol spike Inoculation Aneo Ethanol spike

Figure 5.2 Cell density and products formed during cultivation of A. wieringae JM (AwJM) in monocul-
ture and in bi-culture with C. kluyveri (R1; a, ¢) or A. neapropionicum (R2; b, d) in CO-limited chemostat
bioreactors. Two phases can be distinguished in each bioreactor: monoculture of the acetogen (days 0 - 60),
and co-culture with C. kluyveri (Ck) or A. neopropionicum (An) (days 60 — 140). Orange bars indicate the
monoculture and bi-culture steady states.

In monoculture, consumption of CO by A. wieringae JM was significantly lower than observed in
CO-limited chemostat cultivation of C. autoethanogenum (90% vs. ~46% in this study) (Diender
etal, 2019). Yet, a lower volumetric CO feeding rate was provided in that system (155 mmol L*
d"!vs. 430 mmol L' d" in this study). The volumetric CO uptake rate was therefore higher with
A. wieringae JM (180 — 200 mmol L d*; Table 5.2) than with C. autoethanogenum (147 mmol L™
d*; Diender et al., 2019). This suggests a higher growth efficiency of strain JM, a trait that could be
the result of metabolic adaptation to CO during the long-term enrichment previous to isolation
(Arantes et al., 2020).

Bi-culture steady states were reached, after a period of sporadic technical issues, a few weeks
later (day 109; Fig. 5.2). Compared to the monocultures, the cell density increased only slightly (by
5-10%) in both bi-cultures (Table 5.2), and the predominance of acetogenic cells was confirmed
via microscopic observation. Consumption rate of CO during co-cultivation was the same as in
the monoculture phase (Table 5.2), as observed in co-cultivation of C. autoethanogenum with C.
kluyveri (Diender et al., 2019). This indicates that, in both the mono- and bi-culture phases, kinetics

of the process were dictated by the limited mass transfer rate of CO into the liquid.
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Table 5.2 Steady-state parameters® of A. wieringae JM monocultures (R1 and R2; duplicates) and subsequent
bi-cultures with C. kluyveri (Ck; R1) or with A. neopropionicum (An; R2) in CO-limited chemostat bioreactors.

R1 R2
Parameter Monoculture Bi-culture Ck  Monoculture Bi-culture An
CO volumetric inflow rate (mmol 424 434
L1d")
HRT (h) 48.1 46.6
D (h) 0.021 0.021
Steady-state period (days) 38-60 109 - 137 34-60 109 - 137
Headspace pCO (kPa) 51.7£1.3 477+2.2 53.4+2 52.442.7
Headspace pH, (kPa) 0.0740.01 0.06£0.01 0.06£0.01 0.04+0.01
Headspace pCO, (kPa) 12.4+1.2 14.5+2.2 11.5£1.3 11.142.1
CO vol. uptake rate (mmol L' d")  202+12 215t16 188423 188+16
CO utilisation (%) 48+3 51+4 44+5 43+4
Biomass (g L") 0.80+0.06 0.89+0.03 0.7940.11 0.85+0.03
Acetate (mM) 63.2+4.6 41.7+4.5 58.7+4.2 47.1+4.3
Ethanol (mM) 0.51+0.87° ND <0.02 <0.01
Propionate (mM) ND ND ND 2.4+0.5
Butyrate (mM) ND 5.8+0.7 ND <0.01
Caproate (mM) ND 1.3£0.3 ND ND
Acetate vol. production rate 31.1+2.3 20.5£2.2 29.9+2.1 24.0+2.2
(mmol L' d")
Ethanol vol. production rate 0.25£0.43"  0.6+0.1 <0.09 <0.02

(mmol L' d")

*Average values with standard deviations correspond to values obtained in the steady-state periods indicated
in Fig. 5.2. A steady-state was considered when biomass and acetate concentrations were stable (+ 5-7%) for
a period longer than 3x-times the HRT. This was the case with few exceptions (deviation up to 14%) duc to
the technical issues encountered during operation. "The large standard deviations are due to transient ethanol
accumulation (<3 mM) upon sporadic system failures. HRT: hydraulic retention time; D: dilution rate; ND:
not detected.

Compared to the monoculture phase, the steady-state acetate concentration was significantly lower
in the bi-cultures, in favour of butyrate (5.840.7 mM) and caproate (1.3+0.3 mM) in R1, and pro-
pionate (2.4+0.5 mM) in R2. The low accumulation of these products compared to acetate (=45
mM) can be attributed to limited availability of ethanol in the system. This was evident when the
concentration of both propionate and acetate increased upon spiking with 10 mM ethanol and,
later, 50 mM in R2 (on days 98 and 103, respectively; Fig. 5.2d). The same response was observed
upon spiking 50 mM ethanol in R1 (on day 103; Fig. 5.2¢). Interestingly, most ethanol upon the
spike was oxidised to acetate (Fig. 5.2c-d), presumably by 4. wieringae JM. Ethanol is an overflow

product of acetogenic metabolism, and it is thought to serve as energy storage under conditions
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of substrate scarcity (Allaart et al., 2023). Thus, 4. wieringae JM likely used ethanol as additional
electron donor due to CO limiting in the system, as previously observed in cultures of C. autoeth-
anogenum upon depletion of CO (Diender et al., 2016b). Ethanol oxidation metabolism has also
been described in 4. woodii (Bertsch et al., 2015) and C. fjungdahlii (Liu et al., 2020b), and it is

probably a common acetogenic trait.

5.3.4 Genome-scale metabolic modelling predicts 4. wieringae JM phenotype
and steady-state production rates

As first step to establish the community model of the tri-culture, we constructed the genome-scale
metabolic model (GEM) of 4. wieringae JM, iAWJM_SB617. This is the first GEM of this strain
and, to our knowledge, the first of the species A. wieringae. The model comprises 617 genes, 1065
metabolites and 1081 reactions (Suppl. material § 5.6.2: Table S5.1). The final model obtained a
score of 73% in MEMOTE. The annotation of metabolites and reactions received a very high score
(=82%). However, the annotation of genes scored only 33%, since neither KBase nor MEMOTE
recognized the protein IDs (TYCXXXXX) or locus tags (FXB42_XXXXX) associated to 4.
wieringae JM. Qualitative validation of the model was done by assessing growth on several carbon
sources and comparing the model output with experimental data generated in this study and from

literature (Arantes et al., 2020; Ross et al., 2020) (Fig. 5.3).
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Figure 5.3 a) Growth phenotypes of 4. wieringae JM predicted by the GEM constructed in this study,
iAWJM_SB617, and reported in experimental studies (this work, and Arantes et al., 2020). Growth pheno-
types of the type strain, 4. wieringae DSM 19117 (Ross et al., 2020), are also included. Green: growth; grey:
no growth; ND: no data available. b) Steady-state production rates of acetate and ethanol by A. wieringae JM
during growth on CO observed in bioreactors (_¢’) and predicted by the model (°_m’). Error bars indicate the
standard deviation of two biological replicates (for experimental data) or 5000 samples (for model predictions).

The model correctly predicted growth of A. wieringae JM on all the Cl feedstocks tested except for
methanol (Fig. 5.3a), due to incompleteness of the methanol assimilation pathway in the genome
annotation. Growth on glucose seems to be a trait of strain JM but not of the type strain, as shown
by our model and by cultivation experiments (Arantes et al., 2020; Braun & Gottschalk, 1982).
This divergence could be due to different selective pressures in the original habitat of these strains,
or merely to the use of different cultivation medium, as reports in literature are often contradictory

(Ross et al., 2020). Our model also predicted growth on 1,2-PDO and the amino acid alanine,
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both of which had not been tested before on strain JM but are predicted substrates of the genus
Acetobacterium (Ross et al., 2020).

Accordingly with experimental observations, the model predicted growth of 4. wieringae JM on
CO as sole substrate (Fig. 5.3a). In contrast, the type strain of the species can only grow on CO in
the presence of formate (Arantes et al., 2020), similarly to the close relative 4. woodii (Bertsch &
Miiller, 2015b). The distinctive ability of strain JM to grow on CO is likely an evolutionary trait
developed during long-term exposure to this substrate (Arantes et al., 2020). A hypothesis was
formulated on the origin of such adaptation. Both 4. wieringae type strain and 4. woodii use the
hydrogen-dependent CO, reductase (HDCR) for the reduction of CO, to formate in the methyl
branch of the Wood-Ljungdahl pathway (Arantes et al., 2020; Schuchmann & Miiller, 2013).
According to our genome annotation, 4. wieringae JM also harbours an HDCR composed of a
formate dehydrogenase (TYC86388; f/) and an Fe-hydrogenase (TYC85752; hydA). The HDCR
is sensitive to high concentrations of CO; thus, a priori, growth on CO by acetogens harbouring
the HDCR would be restricted to the presence of formate or H,+CO,, as observed in 4. woodii
and 4. wieringae type strain (Arantes et al., 2020; Bertsch & Miiller, 2015b). However, CO inhi-
bition of the HDCR has been shown to be fully reversible (Ceccaldi et al., 2017). As hypothesised
by Arantes et al. (2020), it is plausible that prolonged exposure to CO limited inhibition of the
HDCR in strain JM, enabling use of CO as sole substrate. A similar case is that of the acetogen
Thermoanaerobacter kivui, which also employs the HDCR and has been adapted to growth on
CO (Weghoft & Miiller, 2016).

Besides the growth phenotypes, model simulations also fitted the experimental values of steady-
state acetate and ethanol production rates with good approximation (Fig. 5.3b). In bioreactor culti-
vation under steady-state, 4. wieringae JM produced mostly acetate (0.51+0.01 mmol h*) and traces
of ethanol (<0.01 mmol h") (average of duplicates R1 and R2; Table 5.2). The higher production
rates of acetate (0.66+0.03 mmol h™) and ethanol (0.02+0.02 mmol h?) resulting from the simu-
lation could be due to a slightly higher predicted CO uptake rate (3.5£0.02 mmol h') compared to
the experimental value (3.3+0.2 mmol h?), or different ATP maintenance costs (non-growth asso-
ciated maintenance; NGAM). The latter reaction (‘'rxn00062_aw’) was fitted in the model using
experimental values of the two replicate monoculture chemostats, however a better fitting could be
obtained by calculating the NGAM and the growth-associated with maintenance (GAM) using
data from chemostat cultivation at different growth rates, which was not available here. Overall,
the predictions and simulations demonstrate the validity and reliability of the newly constructed

GEM of 4. wieringae JM, which we used to construct the multi-species model of the tri-culture.

5.35  The tri-culture of 4. wieringae JM - A. neopropionicum - C. kluyveri is predicted
to be feasible in a narrow range of species ratios and dilution rates

Simulations using cFBA were run to assess the feasibility of the tri-culture in a wide range of
biomass species ratios and growth rates (or, dilution rates) during continuous growth on CO
(Suppl. material § 5.6.2: Fig. $5.3). At the lowest growth rate tested, 0.005 h' (HRT = 200 h), the
tri-culture was predicted to be feasible at all biomass species ratios, which ranged from 1/1/8 to
8/1/1 (A. wieringae JM/A. neopropionicum/C. kluyveri). At growth rates between 0.01 - 0.025 h!
(HRT =100 - 40 h), very low or very high abundance of any of the species was unfavourable to
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the feasibility of the tri-culture. In other words, a balanced community resulted in a wider solution
space in this range. Despite the three species having maximum growth rates of 0.1 - 0.2 h* (Candry
etal., 2018; Parera Olm & Sousa, 2023), our simulations predicted the tri-culture to be unfeasible at
growth rates higher than 0.03 ' (HRT < 33.3 h). In the model, the CO uptake rate is constrained
based on experimental values, eventually limiting the minimum retention time required to allow
for cross-feeding of shared metabolites in the tri-culture. We expect that simulations at higher
CO uptake rates (which were not tested here) would have led to a feasible tri-culture also at higher
growth rates due to increased overflow metabolism, i.e., higher ethanol production.

According to the simulations, abundances of the acetogen above 50% led to a feasible tri-culture
only at growth rates below 0.02 h' (Suppl. material § 5.6.2: Fig. S5.3fh), that is, with HRT > 50
h. In the chemostat experiment we performed, with an HRT of 48 h, 4. wieringae JM largely
dominated both bi-cultures, as indicated by the high proportion of acetate (Table 5.2) and by
microscopic observations (not shown). Thus, the tri-culture would have likely not been established
in these conditions. We hypothesise that, with the acetogen being the dominant species, longer
HRTs would be required to yield a high enough concentration of acetate that would favour the
production of ethanol, key intermediate in the tri-culture. In contrast, model simulations predicted
a wider range of feasibility when A. wieringae JM was slightly less dominant in the community
(i-e., 30 - 50%) (Suppl. material § 5.6.2: Fig. $5.3¢-¢). In this scenario, a higher abundance of the
ethanol-consuming strains might favour the thermodynamics of ethanol production sufficiently
even at shorter HRTs.

Next, we looked at prcdicted production rates at the range of biomass species ratios thatledtoa
feasible tri-culture at a growth rate of 0.02 h”' (HRT = 50 h) (Fig. 5.4). Valerate was the predom-
inant product with a rather balanced community and with dominant chain-elongating activity,
i.c., a biomass species ratio of 3/3/4 (4. wieringae JM/A. neopropionicum/C. kluyvers). Production
of heptanoate was not predicted by the model, probably due to insufficient accumulation of the
precursor (valerate) at the specified dilution rate. Low abundance of A. neopropionicum (20%;
ratio 4/2/4) resulted in the highest production of caproate, yet valerate was still the main product
in this condition. This scenario also resulted in the lowest acetate production rate, perhaps due to
low contribution to acetate by A. neopropionicum and to enhanced chain-elongating activity. Thus,
when A. neapropionicum was slightly more dominant (ratio 4/3/3), acetate production was higher,
in detriment of the chain-elongated products. Overall, these results suggest that maintaining a
strong chain-elongating activity and balanced carboxydotrophy and propionigenesis favours the

production of valerate by the tri-culture.
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Figure 5.4 Production rates from CO fermentation by the tri-culture A. wieringae JM - A. neopropionicum
- C. kluyveri, predicted by the model using FBA at the feasible biomass species ratios at a fixed growth rate
of0.02 h'.

5.3.6  cFBA simulations predict enhanced ethanol and chain-elongated prod-
ucts by the tri-culture with the addition of H,

Syngas typically contains H, in a similar proportion as CO (Couto et al., 2013). Acetogens can
use H, as additional electron donor to enable the fixation of CO,, increasing the yield of carbon
fixation in the fermentation (Redl et al., 2017). Here, we performed cFBA simulations with Flux
Sampling to study the effect of H, addition on the production of acetate and ethanol by 4. wieringae
JM, and on the product spectrum of the tri-culture under steady-state. To this end, we varied the
ratio of CO:H, uptake rates, with constrained CO uptake rate (1.5 - 3.5 mmol h") and growth
rate (0.02 h'; HRT =50 h).

In simulations of 4. wieringae JM monoculture, we tested CO:H, ratios ranging from 3.5 to 0.5
(Fig. 5.5a). The model simulations supported by data obtained in the chemostat experiment showed
that, under the conditions tested, acetate was virtually the only product of CO fermentation (model
prediction: 0.66+0.03 mmol h) (Fig. 5.3b). Our results indicate that H, supplementation would
increase acetate production as long as CO is present in a higher proportion, that is, up to a CO/
H, ratio of 1 (Fig. 5.5a). At this ratio, the predicted acetate production was the highest (1.36+0.09
mmol h"), and ethanol production remained very low (<0.1 mmol h'). With CO/H, uptake rate
ratios <1, solventogenesis was significantly enhanced. With a CO/H, ratio of 0.5 (i.c., with double
the uptake rate of H, than CO), acetate production was negligible compared to an ethanol pro-
duction of 1.56+0.01 mmol h', the highest we obtained in our simulations.
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Figure 5.5 Production rates at different CO/H, uptake rate ratios by the monoculture of 4. wieringae JM
(a) and by the tri-culture of 4. wieringae JM, A. neapropionicum and C. kluyveri (b) predicted by model sim-
ulations using FBA. Tri-culture model simulations were done at a fixed biomass species ratio of 4/3/3. The
growth rate was fixed at 0.02 h' (HRT = 50 h).

Simulations of the effect of H, on the tri-culture model were done at a fixed biomass species ratio
of 4/3/3 (A. wieringae JM/A. neopropionicum/C. kluyveri). This ratio was chosen as it resulted in
a feasible tri-culture in previous simulations (Suppl. material § 5.6.2: Fig. $5.3), and it reflected
predominance of the acetogen, matching our observations in the bioreactor experiments. We tested
the CO/H, uptake rate ratios of 1.75, 1 and 0.7. Our results showed that the addition of H, grad-
ually increased the production of chain-clongated products (Fig. 5.5b). Interestingly, the lowest
presence of H, (ratio CO/H, of 1.75) already resulted in the production of heptanoate, which was
not detected in simulations with only CO (Fig. 5.4). With the highest H, supplementation (ratio
of 0.7), the predicted production rates of odd-chain products (C5+C7) reached 0.35 mmol h*,
the highest obtained in our simulations. Heptanoate was predicted to be the main end product
in this scenario, followed by similar proportions of valerate and caproate, and low accumulation
of short-chain carboxylates. We hypothesise that, with H, as additional electron donor, propion-
igenesis (by A. neopropionicum) and subsequent chain elongation (by C. kluyveri) were enhanced
due to increased production of ethanol by the acetogen (up to 0.78 mmol h in our simulations; see
git repository). As expected, the production of CO, decreased (to < 0.1 mmol h") with increased
presence of H_, accordingly with a higher carbon fixation through the Wood-Ljungdahl pathway.

5.4 Conclusions

This study demonstrates the ability of a novel synthetic microbial tri-culture to produce odd- and
even-chain carboxylic acids (C4-C7) from solely CO as substrate. The tri-culture is composed of A.
wieringae JM, an acetogen that grows optimally at neutral pH; A. neopropionicum, a propionigenic
bacterium that grows on ethanol; and C. kluyveri, well-studied for its chain-elongating metabo-
lism. Co-cultivation of the three strains in a bioreactor with continuous supply of CO resulted
in the production of C4-C7 carboxylic acids followed by the reduction of some of the acids into
the corresponding higher alcohols (max. 14% mol/mol). Our work showed that 4. wieringae JM
shares particular traits observed in other acetogens, namely the thermodynamic regulation of the

acetogenic/solventogenic metabolism, and the CO-driven reduction of carboxylic acids, which
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can occur at neutral pH in this strain. In addition, genome-scale metabolic modelling combined
with FBA predicted that, under steady-state, the tri-culture would be feasible in a narrow range of
biomass species ratios that, generally, represent an overall balanced community. Low growth rates
(or dilution rates) of < 0.03 h” were also essential for the viability of the tri-culture, presumably to
enable sufficient production ethanol, key intermediate. Model simulations also showed that H, as
additional electron donor to CO would increase ethanol production by the acetogen, ultimately
enhancing the production of odd-chain carboxylates by the tri-culture. Future work may address
improving the constructed GEM of A. wieringae JIM with additional expcrimental data, as well as

model-driven assessment of the tri-culture performance during continuous fermentation of CO.

5.5  Availability of data and materials

The constructed models and the data generated by the models in this study are available in the
following Gitlab repository: \\https://gitlab.com/wurssb/Modelling/triculture_aw_an_ck/-/tree/
master/.

Supplementary information is provided hereafter, in § 5.6.
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5.6  Supplementary material

5.6.1 Supplementary Materials & Methods

Reconstruction of the GEM of 4. wieringae JM, iAWJM_SB617

The genome-scale metabolic model (GEM) of Acetobacterium wieringae JM was reconstructed using
as scaffold the GEM of the acetogen Clostridium auntoethanogenum — iCLAU786 (Valgepea etal.,
2017) —, and adapted according to the genomic features of A. wieringae JM. An orthology-based
approach was followed. First, the genomic sequence of A. wieringae JM (GCA_008107585.1) and
the reference annotation were retrieved (in GFF format) from the National Center for Biotech-
nology Information (NCBI) under accession number VSLA00000000 (Arantes et al., 2020). The
genome was functionally annotated using eggNOG-mapper 2.1.7 (Huerta-Cepas et al., 2017) and
structurally annotated using the reference annotation. The annotation can be found in the public
GitLab repository: https://gitlab.com/wurssb/Modelling/triculture_aw_an_ck/-/tree/master/.
The genomic sequence of C. autoethanogenum DSM 100617 (GCA_001484725.1) was retrieved
(in FASTA format) from NCBI (Humpbhreys et al., 2015) and orthologous genes of the two were
identified using OrthoFinder 2.5.4. (Emms & Kelly, 2019). The scaffold model of C. autoethano-
genum was adapted for 4. wieringae JM. Reactions with a gene-protein-reaction (GPR) association
of genes with predicted orthologs in 4. wieringae JM were kept. A new GPR was associated to
these reactions by replacing the C. autoethanogenum locus tag (CAETGH_RSXXXXX’) by the
corresponding 4. wieringae JM protein ID “TYCXXXXX'. Reactions for which no homologous
genes were identified were further inspected. Enzyme Commission (EC) numbers describing these
reactions were retrieved from the template model, and gene(s) associated to these EC numbers in A.
wieringae JM were retrieved either from the genome annotation file or from the PATRIC (Davis
et al., 2019) or UniProt (Apweiler et al., 2004) databases. Reactions without an annotated EC
number in the template model were searched by their ModelSEED (Henry et al., 2010), KEGG
(Ogatactal., 1999), MetaCyc (Karp et al., 2002), or BIGG identifier (Schellenberger et al., 2010)
in the corresponding databases. The EC numbers obtained were used to retrieve the genes from
cither the genome annotation file, PATRIC or UniProt databases. The stoichiometry and mass
balances of the reactions was also verified in the aforementioned databases. The biomass reaction
was kept the same as in the model of C. antoethanogenum. Finally, the draft model was transformed
into SBML (xml) format using Python and COBR Apy (Ebrahim et al., 2013).

Next, growth on CO and on H,/CO, was maximised using flux balance analysis (FBA) in CO-
BR Apy. The uptake rates of CO, H, and CO, were fixed at 30 mmol gcmv’l h', 40 mmol gCDW'1 ht!
and 20 mmol g h?, respectively. Then, reactions with non-associated GPR (orphan reactions)
were removed, except for extracellular and transport reactions. We also checked whether the growth
rate and the production rate of acetate were affected if each reaction belonging to the template
model of C. antoethanogenum was removed. Reactions from the template model that led to the
same rates when removed (under both CO and H,/CO, growth) were excluded from the model
as they were considered not essential and/or not present in A. wieringae JM. To eliminate these
reactions, the function single_reaction_deletionReactions of COBRApy was used. Metabolites

involved exclusively in the removed reactions were also eliminated. The model was amended with
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reactions and metabolites whose associated proteins were annotated in the genome of 4. wierin-
gae JM and reported to be present in other Acetobacterium species (Ross et al., 2020) but not in
Clostridium. Additionally, the GEM of the close relative Acetobacterium woodii (CNA_AW’)
(Bertsch & Miiller, 2015b; Koch et al., 2019) was used to refine the model. Reactions were added
by keeping the same information and namespace of the scaffold model using ModelSEED. Once
new reactions were added, the previous procedure was repeated to identify possible non-essential
orphan reactions. The final model in format xml was translated into SBML Level 3 Version 1 using
KBase (Arkin et al., 2018). The model was validated using MEMOTE (Lieven et al., 2020) and
SBML Validator (Hucka et al., 2015). The final GEM of 4. wieringae JM, iAW JM_SB617, can be
found in the git repository in Table format, json and SBML L3V 1 standardization, together with
a MEMOTE report of quality assessment.

Qualitative validation of the GEM iAW]JM_617 using FBA

The iAWJM_617 model was qualitatively validated by assessing growth phenotypes on carbon
sources previously tested in or predicted for 4. wieringae type strain and other Acerobacterium
species (Ross et al., 2020). Model simulations were done through FBA in COBR Apy version 0.24.0,
and Python 3.9. For each carbon source, the lower bound of the substrate uptake rate per time
point was constrained to -30 mmol g * h" when assessing growth on a single carbon source,
and to-30 mmol g h” in total when assessing growth on more than one carbon source, unless
specified otherwise. The biomass synthesis reaction was used as the objective function. Growth was

considered positive when the growth rate was higher than 0.0001 h.

Quantitative validation of the GEM iAW]JM_617 with chemostat cultivation data
Quantitative validation of the IAWJM_617 model was done by comparing production rates (of
acetate and ethanol) predicted by the model with those measured in this study in the duplicate
chemostat bioreactors of A. wieringae JM growing on CO. The hydraulic retention time (HRT)
of the bioreactor determined the growth rate of the culture in steady-state, defined as the inverse
of HRT (1/HRT). Fluxes were expressed as environmental fluxes (mmol h) instead of specific
fluxes (mmol g h'), as previously shown (Khandelwal et al., 2013). The biomass reaction was
constrained by the growth rate multiplied by the average amount of biomass measured in the bio-
reactor. The lower bound of the CO uptake rate reaction was constrained between -3.5 mmol h!
and -1 mmol h'. The zon-growth-associated maintenance (NGAM) value of the ATP maintenance
reaction (‘rxn00062_aw’) was adjusted based on the CO consumed in the cultivation experiment
and it was used to constrain the lower bound of this reaction. The solution space and the set of
fluxes compatible with the measured constraints were sampled using the sample function in the
flux_analysis submodule of COBR Apy. The results shown are the average and standard deviation
of 10000 iterations.

Construction of the community model of 4. wieringae JM — C. kluyveri — A. neopro-
pionicum
The tri-culture model of 4. wieringae M, Anaerotignum neopropionicum and Clostridium kluyveri

was generated by combining the single species models of each strain: iAWJM_617 (this work),
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iANEQO_607 (Benito-Vaquerizo et al., 2022b) and iCKL708 (Zou et al., 2018), respectively. The
methodology followed was the same as reported in our previous studies (Benito-Vaquerizo et al.,
2020; Benito-Vaquerizo et al., 2022a). In short, each species was associated to an intracellular
compartment: ‘Cytosol_ AW, ‘Cytosol_AN’ and ‘Cytosol_CK’, with ‘aw’, ‘an’ and ‘ck’ as their
respective identifiers (id). The extracellular compartment, whose identifier is ‘¢’, was shared by
the three species. Intracellular metabolites were labelled with the id of the metabolite and the
corresponding compartment id (e.g., acetate_aw). Reactions and metabolites that were defined as
extracellular (*_¢’) in the single species models were also defined as extracellular in the tri-culture
model. Extracellular reactions and metabolites originally present in more than one species were
given the same nomenclature in the three-species model. Similarly, repeated reactions across the
individual models were unified to be unique in the tri-culture model. Biomass of each species was
represented by its own biomass synthesis reaction, denoted by the following id: ‘Biomass_aw’, ‘Bio-
mass_an’ and ‘Biomass_ck’. An additional reaction was created to represent the community biomass
(‘EX_Biomass_e’), which combined the three biomass contributions represented by metabolites
‘cpd11416_aw’, ‘cpd11416_an’ and ‘Biomass_ck’. Lastly, the tri-culture model was transformed
into SBML level 3 version 1 (git repository).

Tri-culture model simulations

FBA was used to evaluate the feasibility of the tri-culture in a range of combinations of species
ratios and growth rates (dilution rates) during growth on CO. We tested growth rates from 0.005
to 0.05 h-1, and biomass species ratios between 0.1 and 0.9. The cell density of the community
was estimated based on biomass measurements done in monoculture experiments of 4. wieringae
(0.32 g). For each community biomass, we assessed growth with all the combinations of growth
rates and species ratios. The biomass of each species was calculated based on the indicated species
ratio and the community biomass. The biomass of each species was multiplied by the pertinent
growth rate, and the value was used to constrain the flux through the biomass synthesis reaction
of each species. Species growth rates were set to be equal and equal to the community growth rate.
The lower bound of the CO uptake reaction was constrained between -3.5 mmol h' and -1 mmol
h, based on CO inflow rates measured in chemostat cultivation of 4. wieringae JM (this study).
The community biomass reaction was defined as the objective function for maximization. We also
explored the metabolite profile of CO fermentation at a fix growth rate (0.02 h) and at the biomass
species ratios that led to feasible solutions. The solution space and the set of fluxes compatible with
the measured constraints were sampled using the sample function in the flux_analysis submodule
of COBR Apy. Finally, we simulated the effect of H, as additional energy source on the production
of medium-chain carboxylic acids by the tri-culture. Several H, uptake rates were tested, under a
fixed 4:3:3 species ratio (4. wieringae JM/A. neopropionicum/C. kluyveri) and growth rate of 0.02
h'. The total biomass was fixed to 0.32 g. The lower bound of the CO uptake rate was constrained
to -3.5 mmol h', and the upper bound to -1.5 mmol h'. H, uptake rates were varied from -5 to -2
mmol h'. Presented results are the average and standard deviation based of 5000 iterations generated

for each condition (git repository).
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5.6.2  Supplementary Figures and Tables

Figure S$5.1 Phase-contrast microscopy pictures of the tri-culture in batch cultivation in a bioreactor with
continuous gas supply (CO/N,/CO,). Samples were taken during the growth phase at a) 2.1 days, and b)
2.8 days. The arrows point to cells of Acezobacterium wieringae JM (blue), Clostridium kluyveri (orange) and
Anaerotignum neopropionicum (green).
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Figure 5.2 Composition of the gas inflow (average of technical replicate measurements) and headspace
during batch cultivation of the tri-culture in a bioreactor with continuous gas supply (CO/N,/CO,). Error
bars indicate the standard deviation of triplicate measurements.
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Table $5.2 Composition of the model iIAW]JM _SB617. Three types of reactions are distinguished; conversion,
transport and exchange reactions. Transport reactions represent the translocation of metabolites between the
intracellular compartment (id:"aw’) and the extracellular compartment (id:e’). Exchange reactions represent
the uptake of substrates or production of metabolites, into and outside the cell. Reactions non-associated
with genes correspond mostly to: i) enzyme-independent transport reactions (e.g., diffusion reactions); and
ii) exchange reactions that are artificial representations and, thus, without enzymes.

Features Abundance
Genes 617
Metabolites 1065
Intracellular metabolites 915
Extracellular metabolites 152
Reactions 1081
Conversion reactions 832
Transport reactions 159
Exchange reactions 76
Reactions associated with genes 775 (71.7%)
Reactions non-associated with genes 306 (28.9%)
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Figure $5.3 Predicted feasible solution space of the tri-culture of 4. wieringae JM (AwJM), A. neopropionicum
(Anco) and C. kluyveri (Ck) in steady-state during growth on CO, obtained by FBA model simulations. Each
panel corresponds to a fixed abundance of 4. wieringae JM (10-80%).
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CHAPTER 6

Abstract

Clostridium autoethanogenum has been co-cultivated with Clostridium kluyveri to expand the
product spectrum of syngas fermentation via chain elongation. However, a significant challenge
observed in this co-culture is the discrepancy between the optimal pH requirements of the two
microorganisms. Sustained production of ethanol by the acetogen —optimal at mildly acidic con-
ditions in C. antoethanogenum— is key to maintain chain-elongation activity by C. #/uyveri, which
grows best at neutral pH. In this work, we explored the effect of pH on co-cultures using different
acetogens with C. kluyveri. The selected acetogens, namely C. antoethanogenum, Clostridium car-
boxidivorans, Acetobacterium wieringae strain JM and Alkalibaculum bacchi, were chosen based on
their different optimal pH for growth varying in a range from 6 to 8. Our goal was to identify the
combinations of acetogen—C. kluyveri and pH that result in maximum CO and H, conversion, and
produce the highest titres of medium-chain carboxylic acids (butyrate and caproate). 4. wieringae
JM and C. autoethanogenum were the best-performing strains in co-cultures with C. kluyveri to
produce butyrate and caproate at pH values 7-7.5 and 6, respectively. In contrast, A. bacchi and
C. carboxidivorans showed slow growth and poor H, utilisation (<15%). With repeated refilling
of the headspace, the A. wieringae J-C. kluyveri co-cultures at pH 7.5 almost exclusively butanol
(17 mM) and hexanol (15 mM), highlighting the solventogenic potential of this co-culture. This
study contributes with the first acetogen—pH screening for optimal co-cultivation with C. kluyveri
for the revalorisation of syngas (CO/H,). To further enhance productivity and titres, future work
should involve bioreactor experiments with controlled, continuous CO load using the most prom-
ising co-cultures. The findings of this study also contribute with insights into the physiology of
different acetogens.
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6.1 Introduction

Synthesis gas (syngas; CO/H,/CO,) fermentation has emerged as a promising biotechnological
platform for the revalorisation of waste streams into chemicals (Képke & Simpson, 2020). Be-
sides biomass-derived syngas obtained through gasification, other sources of CO-rich streams are
off-gases from steel-mills. The primary components of syngas can be metabolised by acetogens.
These are strictly anaerobic bacteria that employ the reductive acetyl-CoA pathway to fix CO,
while harvesting energy from CO and H,, among other substrates (Schuchmann & Miiller, 2014;
Schuchmann & Miiller, 2016). Acetate is the main product of acetogenic metabolism, and some
species can also produce ethanol when sufficient reductive power is available. In acetogens, ethanol
production is normally favoured in acidic environments and/or limiting certain nutrients (e.g.,
phosphate, metals or some B-vitamins) (Kopke et al., 2011). Due to the energy-constrained me-
tabolism of acetogens (Schuchmann & Miiller, 2014), the range of native products beyond acetate
and ethanol is limited. Only a few species of acetogens are reported to produce other compounds,
such as 2,3-butanediol or butyrate, albeit to a lesser amount (Liew et al., 2016; Molitor et al., 2017).
Thus, in syngas fermentation, monocultures of wild-type acetogens have been almost exclusively
exploited for their ability to produce ethanol. Metabolic and genetic engineering have recently
advanced in model acetogens, such as Clostridium autoethanogenum, Clostridium ljungdahlii and
in Acetobacerium species (Arslan et al., 2022; Bourgade et al., 2021; Lauer et al., 2022; Liew et al.,
2022; Moreira et al., 2023). However, despite considerable progress, engineering of acetogens is
still in early stages of development, as the efficient integration of foreign genetic material in these
non-standard microorganisms is challenging (Bourgade et al., 2021; Charubin et al., 2018).

An alternative to broaden the product spectrum of syngas fermentation is to rely on microbial
communities, either open mixed cultures (undefined) or synthetic co-cultures (defined) (Baleeiro
etal., 2019; Parera Olm & Sousa, 2021). In these networks, the products of acetogenic metabolism
can be converted into more complex, higher-value end products by other partners in the communi-
ty. A well-known case is the co-cultivation of acetogens with chain-elongating bacteria, in which
medium-chain carboxylic acids (MCCAs; e.g., caproate) can be produced from syngas, a process
facilitated by cross-feeding of ethanol and acetate (Diender et al., 2016b; Richter et al., 2016a).
Clostridium kluyveri is the model organism for ethanol-based chain elongation; its physiology has
been extensively studied (Barker & Taha, 1942; Bornstein & Barker, 1948; Candry et al., 2020b;
Kenealy & Waselefsky, 1985; Parera Olm & Sousa, 2023; Yin et al., 2017), its genome has been
fully sequenced (Seedorf et al., 2008), and kinetic and metabolic models have been recently made
available (Candry etal., 2018; Zou et al., 2018). In this microorganism, chain elongation takes place
via the reverse f-oxidation pathway, a cyclic pathway that elongates a carboxylate two carbons ata
time by adding an acetyl-CoA molecule derived from ethanol (Seedorf et al., 2008).

Co-cultures of acetogens and C. kluyveri are highly influenced by environmental pH, which hasa
direct impact on: i) the cell growth rate, ii) the product spectrum, iii) the equilibrium shift towards
undissociated carboxylic acids that negatively affect cell growth, and iv) product recovery. In an
carlier work, a synthetic co-culture of C. auroethanogenum and C. kluyveri was established that
successfully produced butyrate (C4), caproate (C6) and their respective alcohols from solely CO
(Diender et al., 2016b). C. antoethanogenum is a mild acidophile that grows at pH 4.5-6.5, with an

135



CHAPTER 6

optimum of 5.8-6.0 (Abrini et al.,, 1994). In contrast, the optimum pH for C. kluyveriis 6.8, with
growth observed between pH 6.0 and 7.5 (Barker & Taha, 1942). Due to the disparity between the
optimal pH for growth of these microorganisms, the C. autoethanogenum — C. kluyveri co-culture
was only functional within the narrow pH range of 5.5-6.5 (Diender et al., 2016b). Additionally,
the pH influences the product spectrum of syngas-fermenting chain-elongating cultures. Mildly
acidic conditions favour solventogenesis by acetogens, while pH values around neutrality are re-
quired to maintain chain elongation activity (Diender et al., 2016b; Ganigué et al., 2015; Ganigué
etal,, 2016; Richter et al., 2016a; San-Valero et al., 2020). Since ethanol availability is a requisite for
chain elongation, the functionality of such co-cultures is conditioned by the balanced co-occurrence
of acetogenic and chain-elongating metabolism. At the same time, acidic environments favour
the accumulation of the undissociated form of carboxylic acids (with pKa values ~4.8) that, due
to their hydrophobic nature, pass freely across the cell membrane and inhibit cell growth (Kamp
& Hamilton, 2006). On the other hand, acidic environments enhance #7 situ product recovery
(e.g., via pertraction) since the driving force of such methods is the concentration gradient of the
undissociated species of carboxylates (Gehring et al., 2020).

In addition to C. autoethanogenum, other acetogens have been used in co-cultivation with C.
kluyveri for the fermentation of syngas. Examples are C. fjungdahlii (Richter et al., 2016a), a strain
physiologically very similar to C. autoethanogenum (Bengelsdorf et al., 2016; Tanner et al., 1993),
Clostridium carboxidivorans (Biumler et al., 2021), which grows optimally at pH 6.2 (Liou et al,,
2005), and Clostridium aceticum (Ferndndez-Blanco et al., 2022) that has an optimum pH of 8.3
(Braun etal., 1981). Each of these acetogens has been isolated from a different environment, confer-
ring each strain not only adaptation to distinct environmental factors such as pH, but also metabolic
differences that influence substrate utilisation, product formation and cell growth (Bengelsdorf et
al., 2016; Bertsch & Miiller, 2015a; Diender et al., 2015; Shin et al., 2016). In this study, we screened
a selection of acetogens in co-cultivation with C. k/uyveri under different pH values in order to
ascertain the combinations of species and pH yielding maximum CO and H, conversion rates and
product titres of MCCAs (butyrate and caproate). We tested the following acetogenic strains at
pH values from 6 to 8: C. autoethanogenum, C. carboxidivorans, Acetobacterium wieringae strain
JM and Alkalibaculum bacchi. Our study highlights the importance of exploring diverse acetogenic

strains and pH conditions in co-cultivation approaches for syngas fermentation.

6.2 Materials and Methods

6.2.1 Microbial strains and cultivation medium

All strains were obtained from the German Collection of Microorganisms and Cell Cultures (Leib-
niz Institute DSMZ, Braunschweig, Germany), with the exception of 4. wieringae strain JM, which
was isolated in our lab (Arantes et al., 2020). Medium preparation was done as described hereafter.
The following components were combined to a final composition of (per litre): 1.0 gNH,Cl, 0.8
gNaCl, 0.2 g MgSO,7H,0,0.1 g KCL0.1g KH,PO,, 20 mg CaClZ-ZHZO, 20 mM acetate, 10
mL of trace element solution from medium ATCC 1754, and 0.5 mg resazurin as redox indica-
tor. 2-(N-Morpholino)ethanesulfonic acid (MES monohydrate) (20 g L") or 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid (HEPES) (12 g L) were added as buffering agents depending
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on the experiment and initial pH of the medium, as indicated in the next section. After boiling
the medium, 0.75 g L of L-cysteine-HCI was added as reducing agent. The pH was adjusted to 6
(for C. autoethanogenum) or 7 (for all other strains) using NaOH. The reduced medium was then
cooled down under a continuous N, flow, and dispensed into bottles that were sealed with butyl
rubber stoppers and aluminium caps. The headspace was filled with the desired gas and according
pressure after which the bottles were autoclaved. Yeast extract (final concentration of 0.5 g L) and
vitamins were added after autoclavation from anaerobic, sterile stock solutions. The final composi-
tion of vitamins was (per litre): 0.5 mg pyridoxine, 0.2 mg thiamin, 0.2 mg nicotinic acid, 0.1 mg
p-aminobenzoic acid, 0.1 mg riboflavin, 0.1 mg D-Ca-pantothenate, 0.1 mg cobalamin, 0.05 mg
folic acid, 0.05 mg lipoic acid, and 0.02 mg biotin. Cultures of all acetogens were grown in 250
mL anaerobic bottles filled with 50 mL medium with a CO/H, headspace (66:34%, v/v; 170 kPa).
All acetogens were incubated shaking (100 rpm) at 37°C, with the exception of A. wieringae strain
JM which was incubated at 30°C. Cultures of C. kluyveri were grown in 250 mL anaerobic bottles
with S0 mL medium and a NZ/CO2 hcadspacc (80:20%, v/v; 150 kPa), with 20 mM acetate plus

80 mM ethanol as substrates. C. kluyveri cultures were incubated statically at 37°C.

6.2.2  Co-cultivation experiments in serum bottles

Co-cultures of C. kluyveri with either of six different acetogens were established in 250 mL serum
bottles (batch) containing S0 mL medium as described above. The headspace of all bottles was
filled with CO/H, (66:34%, v/v; 170 kPa). Inoculation was done with 1 mL of actively growing
acetogen plus 1 mL of actively growing C. kluyveri. Table 6.1 shows the list of the strains stud-
ied in the co-cultures (six acetogens plus C. kluyveri), their pH for growth and the pH tested in
co-culture experiments. For each acetogen-C. kluyveri pair, co-cultivation was done at different
initial pH values from 6 to 8, with increments of 0.5. Two subsequent sets of experiments (A and
B) were performed that differed in the strains tested, the buffer used, the shaking conditions and
the headspace refilling. In both experiments, each condition was tested in triplicate. Specific details

of each experiment are given below.

Table 6.1 Strains of acetogens and C. k/uyveri tested in this study and their pH range for growth. The pH
range tested in syngas-fermenting co-cultures of each acetogen with C. k/uyveri is also included.

Tested pH range in
co-culture with
i H H o f.
Strain pHrange pHopt. Re C. kluyveri
(this study)
Clostridium autoethanogenum 45-65  5.8-6.0 Abrinietal, 1994 6-6.5
DSM 10061
Clostridium carboxidivorans DSM ~ 4.4-7.6 6.2 Liou etal., 2005 6-7
15243
Acetobacterium wieringae strain JM 7 NA Arantesetal., 2020  6-7.5
Alkalibaculum bacchi DSM 22112 6.5-10.5  8-8.5 Allen etal., 2010 7.5-8
Clostridium kluyveri DSM 555 6-7.5 6.8 Barker & Taha, 1942 -

NA: data not available. *Strain JM is reported to grow at pH 7, but the pH range for growth has not been
yet defined.
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In experiment A, we tested the co-cultures of C. kluyveri with C. autoethanogenum, C. carboxidiv-
orans, A. wieringae JM, and A. bacchi. Upon inoculation, bottles were incubated at 30°C statically
and were placed shaking (150 rpm) when CO consumption was observed. The buffer used for
cultivations with an initial pH of 6 and 6.5 was MES (86 mM), while for cultivations starting at
pH 7 or higher the buffer was HEPES (50 mM). Liquid and gas sampling were performed regularly
for analysis of cell density, headspace and soluble products composition.

In experiment B, C. kluyveri was co-cultivated with C. autoethanogenum or A. wieringae JM.
Due to poor growth observed in the first experimental set (see Results: § 6.3.1), C. carboxidivorans
and A. bacchi were left out of this part of the study. All incubations were performed with MES
buffer (86 mM) as it sustained a more favourable environment for C. k/uyveri than HEPES. Bottles
were initially incubated at 30°C statically, and were put shaking (150 rpm) when at least one bottle
of the three replicates consumed at least 15% of the initial CO. Additionally, the headspace was
refilled when less than 15% of H, was left in at least one bottle of the three replicates. Refilling
of the headspace was done multiple times (see Results), until no metabolic activity was observed
in the cultures. Before the first refill of the headspace, liquid and gas sampling were performed
regularly. Afterwards, liquid samples were only taken every time the headspace was refilled, while

gas samples were still taken regularly.

6.2.3  Analytical techniques

Gascous compounds (CO, CO,, and H,) were analyzed in a gas chromatograph (GC; Compact
GC 4.0, Global Analyser Solutions, The Netherlands) with argon as carrier gas. The gas chro-
matograph comprised two channels with a thermal conductivity detector (TCD). CO and H,
were separated using a Carboxen 1010 pre-column followed by a Molsieve 5A column operated
at 140°C. Separation of CO, was performed on a Re-Q-BOND column set at 60°C. Analysis of
soluble compounds (acetate, ethanol, and butyrate) was performed by high-performance liquid
chromatography (HPLC; LC-2030C, Shimadzu, Japan). The HPLC was equipped with a Shodex
SH1821 column operated at 65 °C. Arabinose (10 mM) was used as internal standard and 0.01
N H,SO, was used as eluent. The flowrate was set at 1 mL/min. The concentration of volatiles
(butanol, hexanol, and caproate) was measured on a gas chromatograph (GC-2010, Shimadzu,
Japan) equipped with a headspace autosampler (HS-20). The column employed was a DB-WAX
Ulera Inert (Agilent, USA), operated at a gradient from 50 to 200 °C, and nitrogen was used as
carrier gas. Sample preparation was performed in 10 mL headspace vials with 100 pL of clear liquid
sample plus 100 uL 10 mM methanol in 1% (w/v) formic acid to acidify acids in the sample. The
vial was transferred to the oven of the autosampler (60 °C) where it was held for five minutes before
aheadspace sample was taken that was brought on the column. Detection of compounds was done
with a FID detector. Data analysis of both HPLC and GC peaks was performed with Chromele-
on™ data analysis software (Thermo Fisher Scientific), version 7.2.10. The microbial growth was
estimated using an optical density measurement at 600 nm (OD600) using a spectrophotometer
(UV-1800, Shimadzu, Japan).
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6.2.4 Calculation of the theoretical ethanol production

Ethanol is a key intermediate in the co-cultures, as it sustains growth of C. £/uyveri. Ethanol is used
in the production of butyrate and caproate via chain elongation. Subsequently, these carboxylic acids
may be reduced to butanol and hexanol. Where indicated, the theoretical ethanol production by

the acetogenic partner in co-cultures was calculated based on the stoichiometry of chain elongation

and alcohol production (Table 6.2).

Table 6.2 Theoretical stoichiometry of chain elongation and CO-driven alcohol production, used to calculate
the theoretical ethanol (in bold) produced in co-cultures.

Product Reaction

Butyrate 6 C,HOH +4 CH,COO"»5CH COO +H"+4H,0+2H,

Caproate 6C,HOH +5C,H COO »5CH COO +CH,COO +H"+4H,0+2H,
Alcohols 2CO +H,0 +Xn-COO~ + H"»Xn-CH,0OH +2 CO,

(butanol and hexanol)

6.3 Results and Discussion

6.3.1 Co-cultures without refilling of the headspace at pH 6-8 (experiment A)

In experiment A, we compared the performance of co-cultures of C. kluyveri with cither C. au-
toetbzmogmum, C. carboxidivorans, A. wieringae JM or A. bacchi. These four species were selected
for a first screening as they are representative acetogens of optimal growth at different pH: mildly
acidic (C. autoethanogenum and C. carboxidivorans), neutral (4. wieringae JM) and slightly alka-
line (4. bacchi) (Table 6.1). Serum bottles containing 20 mM acetate were incubated with CO/
H, in the headspace (66:34%, v/v; 170 kPa) at pH values ranging from 6 to 8 (increments of 0.5)
depending on the acetogen present in the culture (Table 6.1). Incubations were terminated when

COand H, were depleted or when cell growth (measured as OD, ) ceased. Consumption of CO/

)
600!
H,, products formed, theoretical ethanol production (see § 6.2.4), and final pH of incubations are
presented in Table 6.3.

Opverall, a higher ethanol production in the system (“theoretical ethanol production”) correlated
with a higher formation of chain-elongated products —particularly, caproate— and/or of higher
alcohols (butanol and hexanol). The highest production of butyrate (10.5+0.4 mM) and caproate
(4.46+1.38 mM) were obtained with C. autoethanogenum—C. kluyveri co-cultures at pH 6. Both
co-cultures C. autoethanogenum—C. kluyveri and A. wieringae JIM—C. kluyveri showed the highest
CO/H, consumption (75-100%, at all initial pH tested). In contrast, co-cultures with 4. bacchi
were characterized by slow and poor growth (Suppl. material § 6.5: Fig. $6.1) and incomplete con-
sumption of H, similarly to C. carboxidivorans (Table 6.3). Interestingly, though, 4. bacchi-C.
kluyveri co-cultures produced the highest amounts of butanol (x4 mM) and hexanol (x4 mM).
Co-cultures of C. kluyveri with C. autoethanogenum at pH 7, and with A. bacchi at pH 6.5-7
showed weak growth and low metabolic activity (Suppl. material § 6.5: Table S6.1).
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In the next sections, we analyse and compare the performance of co-cultures based on two factors:

the type of acetogen and the initial pH.

Effect of the acetogen

The performance of different acetogens can be evaluated by comparing co-cultures with C. kluyveri
at the same pH. The C. autoethanogenum—C. kluyveri co-culture at pH 6 was the most efficient,
as it depleted both gaseous substrates and produced the highest titres of butyrate (10.5+0.4 mM)
and caproate (4.46+1.38 mM) of experiment A. The other co-culture at pH 6 was with C. carbox-
idivorans; this strain consumed all the available CO but consumed only 14% of the H, after 27
days of incubation, and produced lower amounts of C4/C6 products (Table 6.3). It is worth to not
that these products could have originated solely from C. carboxidivorans without any significant
contribution from C. kluyveri in the fermentation process (Phillips et al., 2015).

A second comparison can be made between co-cultures with C. autoethanogenum, A. wieringae
IM or C. carboxidivorans at pH 6.5. A main difference was the incomplete utilisation of H, by C.
autoethanogenum (74.9%) and C. carboxidivorans (14.6%) compared to its depletion by strain JM.
In spite of this, the three co-cultures produced similar amounts of butyrate (6 mM) and caproate
(=2 mM) (Table 6.3), indicating different dynamics taking place in these co-cultures. Unexpect-
edly, co-cultures with 4. wieringae JM did not yield significantly higher titres of chain-elongated
products despite complete utilisation of CO/H,. Our preliminary hypothesis is that this species
assimilates more substrate into biomass, as suggested by high final cell densities (up to OD = 2.6)
with this acetogen in all co-cultures (Suppl. material § 6.5: Fig. S6.1).

At pH 7, the co-culture of 4. wieringae JM also performed best, as denoted by complete sub-
strate utilisation and significant accumulation of C4/C6 products. In contrast, C. carboxidivorans
consumed low CO/H, (<40% in total) and produced minimal amounts of products (Table 6.3).

At pH 7.5, two co-cultures were tested: C. kluyveri with ecither 4. wieringae JM and with 4.
bacchi. Co-cultures with strain JM performed the best, both in terms of CO/H, utilisation (near-
ing 100%) and production of butyrate and caproate. In contrast, 4. bacchi did not consume all
the CO (67.6%, respectively) and H, (<10%). Poor substrate consumption by A. bacchi could be
due to the suboptimal pH for this strain (Table 6.1). This would also explain the accumulation of
ethanol (5.06+1.90 mM), butanol (3.90+0.95 mM) and hexanol (3.99+0.51 mM; the highest in
experiment A) in these incubations. Likely, 4. bacchi reduced the C4-C6 carboxylic acids produced

in the system (Liu et al., 2014b) in order to reverse acidification of the environment.

Effect of pH
C. autoethanogenum consumed all the available CO in the two conditions tested (pH 6 and 6.5).

The highest accumulation of chain-elongated products was obtained with the co-culture at pH 6,
in which the H, was also depleted. In contrast, significantly lower amounts of C4/C6 products
were obtained at pH 6.5, condition that resulted in the highest acetate concentration (50.0+2.6
mM) of experiment A. The lower productivity of this co-culture could be attributed to the slower
growth of C. autoethanogenum at pH valus above 6 (Abrini et al., 1994; Table 6.1), resulting in a
limited supply of ethanol/acetate for utilization by C. kluyveri.
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Co-cultures with 4. wieringae JM at initial pH values 6.5-7.5 behaved rather similarly. CO and
H, were fully consumed in the three conditions, and the product spectrum was comparable, with
a few exceptions. As in the co-cultures with C. autoethanogenum, acetate was the main product
followed by butyrate in one order of magnitude lower (Table 6.3). Butyrate concentration did not
differ strongly within the three conditions, with the highest value (7.84+0.47 mM) obtained at
pH 75. The highest concentrations of caproate (1.99+0.91 mM) and butanol (0.93+0.13 mM)
were observed at pH 7, presumably stimulated by the higher theoretical ethanol production in
this condition (Table 6.3). The rather low production of caproate (compared to co-cultures with
C. autoethanogenum) could be attributed to limited ethanol production in the system (Table 6.3).

A. bacchi co-cultures at pH 7.5 and 8 exhibited incomplete utilisation of CO (=#50-70%) and H,
(=8%). This was after 19 days of incubation, a longer period compared to growth of the two other
acetogens (7 — 13 days; Suppl. material § 6.5: Fig. S6.1). A. bacchi co-cultures produced little acetate
(<2 mM) and accumulated the highest amounts of ethanol (5 mM) and higher alcohols (x4 mM),
likely as a response to suboptimal pH conditions as mentioned above. A low preference of this train
for CO, as observed before (Liu et al., 2014a), could have also triggered a detoxification mechanism,
resulting in overflow metabolism towards the production of alcohols (Allaart et al., 2023).

C. carboxidivorans showed rather poor performance in the three conditions tested (pH 6-7).

This was mainly due to low H, use (max. 14%) and slow growth (not shown), as described above.

Best acetogen/pH combinations for co-cultivation with C. kluyveri
Based on substrate utilisation and final titres of C4/C6 carboxylates, C. autoethanogenum and
A. wieringae JM and are the best candidates for co-cultivation with C. £/uyveri. The highest con-
centrations of butyrate and caproate were obtained with C. autoethanogenum at pH 6 (Table 6.3).
While higher pH values are likely detrimental to C. autoethanogenum, alower pH of 5.5 has been
reported to support this co-culture (Diender et al., 2016b). At pH 6.5, the two acetogens appear as
comparable choices; depending on the conditions, C. autoethanogenum could potentially sustain
higher ethanol production. 4. wieringae JM is an equally good candidate at pH 7 and 7.5.

An interesting observation was the higher cell density of co-cultures with 4. wieringae JM (final
o = 1.2-1.6) (Suppl.
material § 6.5: Fig. $6.1). Experiments with pure cultures of the acetogens should be conducted

OD,,, = 1.2-2.2) compared to co-cultures with C. autoethanogenum (OD

to get more insight into this apparent divergence biomass yield, and to investigate the underlying
physiological reasons.

The clear differential use of H, by the different acetogens does not come as a surprise, given
their phylogenetic and physiological versatility. A recent study determined the H, thresholds of
different acetogens; that is, the H, partial pressure at which acetogenesis becomes thermodynami-
cally unfavourable (Laura & Jo, 2023). This threshold varies across acetogens due to their different
bioenergetic mechanisms (e.g., the cation involved in chemiosmotic gradient, or the use of elec-

tron—bifurcating hydrogenases), which would explain the differences observed here.

6.3.2  Co-cultures with repeated refilling of the headspace (experiment B)
In experiment B, we compared co-cultures of C. kluyveri with the acetogens C. autoethanogenum

and 4. wieringae JM at different initial pH values (6-7.5). Due to poor substrate use of co-cultures
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with C. carboxidivorans and A. bacchi in the previous experiment, these strains were not included
here. In this experiment, the headspace was refilled upon CO/ H, depletion. With this, we aimed to
lower acetate accumulation and stimulate the production of the more reduced products (butyrate,
caproate, and alcohols). In addition, MES buffer was used for all the incubations, as we considered
that HEPES did not yield enough buffering capacity before. Table 6.4 summarizes the CO/H,
consumption, product formation, theoretical ethanol production, and final pH in these incubations.

Co-cultures with C. autoethanogenum (pH 6-6.5) and 4. wieringae JM (pH 6-7.5) consumed
two and three CO/H, headspaces, respectively. Incubations with A. wieringae JM at pH 6 grew
slower, and therefore only one headspace was sampled. Cumulative CO consumption was overall
high (>90%) (Table 6.4). Conversely, H, consumption varied from 60 to 90%, being higher at pH
6 for both strains.

Effect of the acetogen

At pH 6.5, A. wieringae JM~C. kluyveri co-cultures exhibited the shortest lag phase (not shown),
the highest amount of CO/H, consumed, and the highest combined titres of C4/C6 products
(Table 6.4). At pH 6, C. antoethanogneum was a better acetogenic partner, since incubations with
A. wieringae JM grew much slower. Since the latter were fed with only one headspace, an additional
comparison can be made with results from experiment A. Co-cultures with C. autoethanogenum
at pH 6 accumulated the highest amounts of C4/C6 carboxylic acids (Table 6.3), whereas 4. wie-
ringae JM produced more alcohols, indicating perhaps a suboptimal pH for this strain, an aspect

that has not been yet determined.

Effect of the pH

C. autoethanogenum—C. kluyveri co-cultures at pH 6 and 6.5 exhibited similar gas consumption
and product formation (Table 6.4). Accumulation of C4/C6 products was low in contrast to high
production of acetate (50-70 mM) and ethanol (20 mM). Remarkably, the highest accumulation
of C4/C6 products was observed in the co-culture at pH 6 in experiment A (without headspace
refilling; Table 6.3). In contrast, the other three co-cultures (C. autoethanogenum at pH 6.5 in
experiment A, and aat pH 6-6.5 in experiment B) have similar amounts of accumulated products.
To explain this, an essential aspect to consider is the timing of initiating shaking conditions during
the incubation. The incubations at pH 6 in experiment A were placed shaking when 30% of the CO
was consumed, while the other three cultures were placed shaking when about 15% of the CO was
consumed. Presumably, the establishment of C. k/uyveri in the co-culture depends on the toxicity
of dissolved CO and, consequently, the capacity of C. autoethanogenum to effectively detoxify the
medium from CO. The timing of when shaking conditions are applied therefore played a crucial

role in this dynamic, as seen previously (Diender et al., 2016b).
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A. wieringae JM—C. kluyveri co-cultures at pH from 6.5 to 7.5 showed notable differences in the
types of products formed. At pH 6.5, high amounts of ethanol (24.9+3.4 mM) accumulated, as
well as significant amounts of C4/C6 alcohols (13.7+0.3/6.7+0.7 mM). Instead, at pH 7 higher
concentrations of butyrate (8.8+1.3 mM) and caproate (10.5+1.5 mM) were observed, and buta-
nol (10.7+1.1 mM) and hexanol (4.940.6 mM) were also produced. Remarkably, the 4. wieringae
JM-=C. kluyveri co-culture at pH 7.5 produced the highest titres of butanol (16.940.8 mMor 1.3 g
L") and hexanol (14.8+0.6 mM or 1.5 g L) with minimal carboxylic acid and ethanol accumula-
tion. These are notably high concentrations and product specificities of higher alcohols for syngas
fermentation, close those obtained with specialised solventogenic strains like C. carboxidivorans
(Fernandez-Blanco et al., 2023).

Solventogenesis by the 4. wieringae JM—-C. kluyveri co-culture

The A. wieringae JIM—C. kluyveri co-cultures at initial pH 6.5 to 7.5 showed high solventogenic
potential (Table 6.4). In these cultures, butyrate and caproate were first produced, and were subse-
quently reduced to their corresponding alcohols upon refilling of the headspace with CO/H, (Fig.
6.1). The switch to solventogenesis can be observed after the second headspace refill. Solventogenesis
was most prominent in the co-cultures starting at pH 6.5 and 7.5, in which almost all the butyrate
and caproate present were reduced. The co-culture starting at pH 7, however, did not completely
convert all butyrate and caproate in butanol and hexanol. We hypothesize this could be due to
enhanced activity of C. kluyveri (i.c., enhanced chain elongation) at the start of incubations, since
the initial pH was closest to the optimum for this species (Table 6.1).

The exact reason for the solventogenic switch of 4. wieringae JM remains to be clarified. We noted
different phenomena taking place around the time of the switch. First, the pH of the cultivations
(initially 6.5-7.5) dropped to 5.8-6.0, which has been reported to trigger alcohol but it hinders
chain elongation production (Ganigué et al., 2016; Richter et al., 2016a). Second, the concentration
of undissociated acids reached inhibitory levels, partially due to the drop in pH. The levels of un-
dissociated acetic, butyric, and caproic acids were approximatcly 3,1.4,and 0.85 mM, respcctivcly,
at t = 6.8 days. For caproic acid, this concentration falls in the same range as previously reported
inhibitory to C. £luyveri (Diender et al., 2016b; Weimer & Stevenson, 2012). High concentrations
of undissociated acids impair microbial growth by passing through the cell membrane, acidifying
the cytoplasm, and releasing anions that interfere with microbial growth (Herrero et al., 1985).
Third, it is possible that essential growth factors were depleted from the medium after seven days of
exponential growth; at that point, the cell density of the co-cultures had reached its highest point
at OD_, 3.1 (data not shown). Notably, H, consumption by the co-cultures stopped around the
same time of the switch to solventogenesis. This most likely is a direct consequence of the impaired
growth of the co-culture. Solventogenesis is considered a non-growth associated, energy-inefficient
overflow metabolism for acetogens (Allaart et al., 2023; Isom et al., 2015; Zahn & Saxena, 2012).
Complying with this, we observed that 70-80% of the CO present in the third headspace refill was
oxidised to CO,,a higher amount than in both the first and second headspace refills.
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Figure 6.1 Experiment B: CO and H, consumption (a-c) and product profiles (d-f) over time of the co-cultures
of A. wieringae JM-C. kluyveri at initial pH values of (a,b) 6.5, (b,¢) 7.0, and (c,f) 7.5. Error bars indicate the
standard deviation of biological triplicates.

6.4 Conclusions

This work provided a comprehensive comparison of the performance of well-known acetogenic
species in co-cultivation with C. kluyveri for the fermentation of syngas (CO/H,). In addition, we
investigated the effect of the initial pH, a parameter that has a strong impact on the cell growth
and behaviour of the species involved. Our results showed that C. ansoethanogenum and A. wi-
eringae JM were the best-performing strains for the production of C4/C6 carboxylates at pH
values of 6 and 7-7.5, respectively. In contrast, A. bacchi and C. carboxidivorans showed rather slow
growth and incomplete utilisation of H,, which could be due to different bioenergetic mechanism
in these species. Notably, 4. wieringae JM-C. kluyveri co-cultures at initial pH of 7.5 produced high
amounts of butanol and hexanol with high specificity when refilling of the headspace was applied.
This finding sets the ground for future investigation on the production of higher alcohols from
syngas by this co-culture. The results presented in this study emphasize the significance of strain-
and pH-specific effects on the viability, performance, and product spectrum of syngas-fermenting
co-cultures. Understanding the metabolic variations and environmental adaptations of different
acetogens should enable the selection of suitable pH/strain combinations that yield high substrate
utilization and target product formation. Moreover, the findings in this study contribute to the
understanding of the physiology of acetogens and open new line of research. Further work shall
include the cultivation of the most promising co-cultures in bioreactor with continuous supply of
CO, to better study the effects of pH and evaluate the performance of the cultures in producing
MCCAs or higher alcohols.
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CHAPTER 7

GENERAL DISCUSSION

This thesis aimed at studying the potential of synthetic microbial consortia as innovative biotech-
nological platforms in syngas fermentation processes. While doing so, we focused on attaining the
production of odd-chain products (carboxylic acids and alcohols) via chain elongation, thereby
addressing a recognised gap in the field (Strik et al., 2022). The experimental findings from our
work contribute particularly to the knowledge of chain elongation and microbial production of
propionate from ethanol, an unconventional yet sustainable feedstock choice (Blank et al., 2020).
The use of genome-scale metabolic modelling has played a pivotal role in uncovering novel insights
into the species metabolism that were previously unexplored, and in evaluating the feasibility of
the synthetic communities studied. Over the course of this study, we have witnessed a surge of in-
terest regarding the use of microbial communities for the revalorisation of syngas, with numerous
research contributions to the matter. In the following discussion, the key findings, challenges, and

prospects arising from this thesis are examined in light of the current state of research in the field.

7.1  Microbial networks to expand the product range of

syngas fermentation

Syngas/CO fermentation is an established industrial platform for the sustainable production of eth-
anol. At the forefront is the New-Zealand-founded LanzaTech, a company that, since its foundation
in 2005, has been dedicated to advancing the CO fermentation platform and is now pushing the
boundaries of applications beyond the production of ethanol (Karlson et al., 2021; Kopke & Simp-
son, 2020). Recently, LanzaTech’s research team achieved an outstanding milestone by genetically
engineering Clostridium autoethanogenum to realise the production of acetone and isopropanol
from syngas with industrially relevant production rates (3 gL' h'), a remarkable accomplishment
result of interdisciplinary efforts over years (Liew et al., 2022).

However, the inherent challenges associated with engineering acetogens cannot be overlooked.
The fact that these microorganisms operate at the thermodynamic edge of life (Schuchmann &
Miiller, 2014) makes it a difficult task to achieve successful genetic modifications while sustaining
robust growth on C1 feedstocks. Additionally, genetic tools for non-model microorganisms like
acetogens are still in the developmental stage and face important challenges (Bourgade et al., 2021;
Charubin et al., 2018). Examples are the evasion of host restriction-modification systems, success-
ful DNA transformation protocols, or the development of high-throughput screening tools. In
addition, genetic features of acetogens vary across strains, and some genetic tools are strain-specific
(Bengelsdorf et al., 2016; Bourgade et al., 2021). Yet, significant advances are being made at a rapid
pace (Lee etal., 2022), for example the development of a novel, efficient transformation system and
molecular toolkit for Acetobacterium, reported recently by Moreira et al. (2023). Genome-scale
metabolic modelling ha also proven useful as a tool to predict and guide genetic manipulation of
acetogens (Benito-Vaquerizo et al., 2020; Kabimoldayev et al., 2018). It can be expected that further

breakthroughs will be achieved in the years to come.
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In light of the energetic restrictions of acetogens, alternative approaches are sought to expand the
metabolic scenario of syngas fermentation. Nature provides a solution in the form of microbial com-
munities, where synergistic interactions among different microorganisms enable complex pathways
to occur. In the last decade, extensive research has focused on establishing principles and tools for
the engineering of microbial communities for biotechnology and ecology studies, employing both
experimental and computational approaches (Ben Said & Or, 2017; Brenner et al., 2008; Cao et
al., 2017; Lawson et al., 2019; McCarty & Ledesma-Amaro, 2019; Roell et al., 2019; Zerfafl et al.,
2018; Zhang & Wang, 2016).

As we expose in Chapter 2, both open mixed cultures and synthetic co-cultures are promising
strategies for syngas fermentation, as they leverage the metabolic capabilities of diverse microor-
ganisms to achieve a broader product spectrum (Diender et al., 2021). Microbial communities
from environments treating heterogeneous wastes (i.c., activated sludge, anaerobic digesters) have
shown carboxydotrophic ability while not being originally used or described for that, highlighting
the omnipresence of acetogens and other carboxydotrophic microorganisms in nature. Undefined
microbial communities might be particularly well suited for syngas biomethanation, as relevant
methane production rates, with high selectivity and conversion efficiency, have been obtained in
semi-pilot scale process (Table 2.1; Asimakopoulos et al., 2021b). Furthermore, despite the acknowl-
edged low tolerance of methanogens to CO (Diender et al., 2016a; Parera Olm & Sousa, 2021),
recent findings have demonstrated the remarkable adaptability of carboxydotrophic, methanogenic
communities, eliminating CO inhibition as an obstacle in this process (Figueras et al., 2023). Due
to its low operational costs, biomethanation of syngas could be particularly suited to increase the
flexibility of small-scale gasification plants by exploiting syngas for heat and electricity production
(Grimalt-Alemany et al., 2018b).

The production of chemicals of higher value via syngas fermentation is more attainable with the
use of synthetic co-cultures, given the higher product specificities that can be obtained (Chapter
2; Diender et al., 2021). Since ethanol and acetate are the major native products of syngas fer-
mentation, and the factors influencing their production have been well established, integration of
syngas fermentation with the chain elongation platform has been a popular approach in this regard.
Ganigué and colleagues demonstrated that sludge from an anaerobic digester was suitable to con-
vert syngas into C4 and C6 products (Ganigué et al., 2015). Diender et al. (2016b) simplified this
approach with a pioneering work of a carboxydotrophic synthetic co-culture of C. autoethanogenum
with C. kluyveri, which was later tested for industrial implementation (Haas et al., 2018). Since
then, many other synthetic co-cultures have been tested (Table 2.1), which also provided insights

on the metabolic interactions involved.

7.2 Beating the odds with syngas-driven chain elongation

7.2.1  Solventogenesis vs. chain elongation: more than a pH issue

Perhaps the most critical aspect when combining syngas fermentation with chain elongation is the
fermentation pH. Chain elongation by C. kluyveri is favoured at pH around 6.8 (Barker & Taha,
1942). On the other hand, it has been reported that alcohol production by acetogens is triggered
at mildly acidic pH upon the accumulation of carboxylic acids (Diender et al., 2016b; Ganigué et
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al., 2016; Richter et al., 2016a). This implies that chain elongation and solventogenesis (of ethanol
or other alcohols) can hardly take place at the same time, which is a hurdle to productivity since
ethanol production is essential to chain elongation. However, in our study with Acezobacterium
wieringae JM in Chapter 5, we observed alcohol production (both ethanol and higher alcohols)
at pH 7 or higher and concurrent with chain-elongating activity (§ 5.3.2). Additionally, striking
differences in ethanol production across acetogens cultivated at pH values from 6 to 8 were ob-
served in Chapter 6.

This suggests that an acidic pH is not a fixed requisite to trigger solventogenic metabolism in
acetogens. Instead, more important factors are: i) the thermodynamics of alcohol formation, as
observed in co-cultivation with ethanol-consuming species (§ 5.3.3) and supported by literature
(Diender et al., 2019; Mock et al., 2015; Richter et al., 2016b). And: ii) the accumulation of (un-
dissociated) carboxylic acids to a threshold concentration that becomes inhibitory to cell growth.
That is, in both cases, in the presence of excess reductant. This applies to acetogens but to other
bacteria, too: in pure culture experiments, we observed that both Anaerotignum neopropionicum
and C. kluyveri reduced propionate to propanol under conditions of reduced growth (low pH) and
abundance of substrate (Chapter 3: § 3.3.1 and § 3.3.2). Other scenarios that restrict growth have
also been shown to trigger solventogenesis, for example reducing the availability of yeast extract,
certain metals or B-vitamins (Abubackar et al., 2019; Gaddy, 2007; Saxena & Tanner, 2011; Simp-
son et al., 2010; Zahn & Saxena, 2012). In essence, a lower pH (be it acidic or not) imposes a growth
limitation, since it is a suboptimal pH that likely causes some disturbance to the cell. Achievinga
high product specificity of acids or of alcohols in one-pot syngas fermentation is a challenge because
acetate and longer carboxylic acids are products of active, exponential growth, while alcohols are
the result of limited growth and overflow metabolism (Allaart et al.,, 2023; Zahn & Saxena, 2012),
opposite scenarios. Synthetic co-cultures fermenting syngas and producing MCCAs operate some-

where in the middle of this dichotomy (Fig. 7.1).
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Figure 7.1 Dichotomy between carboxylic acid production and alcohol production in syngas fermentation:
Opposing factors favour each type of metabolism, with thermodynamic and strain-specific bioenergetic fac-
tors strongly influencing both. Syngas-driven chain-elongating microbial communities operate somewhere

in the middle.

Ensuring ethanol availability is a key challenge, as we observed in the tri-culture of 4. wieringae

IM, A. neopropionicum and C. kluyveri. In this tri-culture, despite the evident chain-elongating
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activity, acetate accumulation was predominant (Chapter 5: § 5.3.1 and § 5.3.3). Strategies should
be sought to address this problem in order to increase the productivity and potential of these
cultures. The straight-forward approach would be to increase mass transfer of CO into the liquid
by increasing agitation or employing different bioreactor configurations (Abubackar et al., 2019).
However, care should be taken not to inhibit growth of the other species in the co-culture due to
CO toxicity. Besides nutrient limitation as mentioned before, another option would be to supply
ethanol, as it is done in chain-elongation studies (Grootscholten et al., 2013; Kucek et al., 2016).
However, there is a potential drawback since the acetogenic partner may oxidise ethanol back to
acctate when reducing equivalents become limiting, as reported for C. antoethanogenum (Diender
et al., 2016b) and observed with 4. wieringae JM in CO-limited chemostats (§ 5.3.3, Fig 5.2).
Another potentially more suitable strategy to increase ethanol production is the addition of H,, as
demonstrated by our model simulations using flux balance analysis (Fig. 5.5) and reported in the
literature (Steinbusch et al., 2011).

Furthermore, the choice of the acetogenic partner also influences the solventogenic/acetogenic
behaviour of the synthetic co-culture. The screening study in Chapter 6 revealed that 4. wieringae
JM and C. autoethanogenum were the most efficient in utilizing CO/H2, whereas Alkalibaculum
bacchi and Clostridium carboxidivorans exhibited low H, utilization (Table 6.3). Among the first
two, C. auntoethanogenum appeared to be a more suitable partner for C. kluyveri in producing me-
dium-chain carboxylic acids. Interestingly, 4. wieringae JM showed great promise as candidate for
solventogenesis through carboxylate reduction, producing significant titres of butanol and hexanol
with high specificity (Table 6.4). Future research should focus on further understanding these met-
abolic variations among acetogens and leveraging them to enhance production yields and rates of
end products. Investigating metabolic redundancy (i.e., different acetogens in the same co-culture)

and robustness could also enhance the performance of synthetic co-cultures.

7.2.2  Synthetic co-cultivation for odd-chain products
Since only even-chain intermediates are produced via syngas fermentation (i.e., acetate and etha-
nol), the production of odd-chain compounds requires the presence of microorganisms specialised
in the production of odd-chain intermediates (i.c., propionate) from syngas or their products. As
proof-of-concept, in this thesis we relied on the ethanol-consuming bacterium A. neopropionicum
as propionate-producer in the system. First, we demonstrated the continuous production of up to
C7 carboxylates from ethanol and CO, by the bi-culture of 4. neopropionicum and C. kluyveri
(Chapter 3: § 3.3.4). We showed that C5-C7 carboxylic acids can be produced with high ethanol
conversion efficiency (99%) and significant product specificity (=25% for valerate; Table 3.4). This
indicated the self-regulation of the species ratio in chemostat cultivation to sustain an interaction
based on cross-feeding of acetate and propionate (Fig. 3.4). Such co-culture could be used to up-
grade syngas fermentation effluent, a strategy tested before (Gildemyn et al., 2017; Vasudevan et
al., 2014). Two-stage processes in which syngas fermentation to ethanol is separated from chain
clongation would allow to establish optimal conditions for each conversion, potentially realising
higher production rates of the end products.

We also tested the one-pot strategy by cultivating 4. wieringae JM, A. neopropionicum and C.
kluyveri in a batch bioreactor with continuous supply of CO (Chapter 5). Due to the nature of the
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cultivation, the tri-culture produced first a mixture of C4-C6 carboxylic acids that were later re-
duced to the corresponding alcohols by the acetogen. In the later stage of cultivation, solventogenesis
took place at the same time as chain-elongation and at pH around 7, a rather unusual observation as
discussed earlier (§ 7.4.1). The tri-culture produced valerate (<10 mM), but the main chain-clongat-
ed product was butyrate (24 mM), in line with favoured even-chain elongation by C. kluyveri, as
seen in Chapter 3 (§ 3.3.4) and discussed later on (§ 7.6.3). Among the higher alcohols, we observed
production of pentanol (up to 4.2 mM), which is rarely reported in syngas-fermenting studies with
microbial communities. Certainly, this was facilitated by the presence of only a few (three, in this
case) specialised strains in the consortia, in contrast to the very diversified types of metabolism
and interactions generally converging in open mixed cultures that hinder product specificities.
Time constraints did not permit the establishment of the tri-culture in continuous cultivation.
However, genome-scale metabolic modelling combined with community flux balance analysis
(cFBA) resulted valuable in predicting and learning about the functionality of the co-culture (§
5.3.5). The fact that the tri-culture was predicted most feasible at balanced biomass species ratios
might stem from the fact that the three species (4. wieringae JM, A. neopropionicum and C. kluyveri)
have similar growth rates. Presumably, the enhanced presence of either of the strains would either
take over the culture or impede its feasibility. Model simulations also predicted that H, addition
would enhance ethanol production and, consequently, the production of longer-chain carboxylates,
including that of heptanoate. The use of H, as co-electron donor has proven successful in previous
studies (Baleeiro et al., 2021; Steinbusch et al., 2011), and it would be worth to test also here.
While the tri-culture proved the proof-of-concept of combining syngas fermentation with pro-
pionigenesis and chain elongation to produce odd-chain products in one-pot, the titres obtained
are far to be considered industrially relevant (>1 g L*). An alternative that might improve titres
and productivity is to separate the production of ethanol from syngas, and odd-chain elongation

in two bioreactors, as proposed in Chapter 3.

7.3  Genome-scale metabolic modelling: a double-edged

sword for the study of microbial metabolism

Genome-scale metabolic modelling is a powerful tool for studying microbial metabolism, offering
insights into the complex network of biochemical reactions within a cell (Almaas et al., 2004;
Covert et al,, 2004). By integrating genomic and biochemical information in genome-scale met-
abolic models (GEMs), this approach allows to explain and predict the metabolic capabilities of
microorganisms and understand how they respond to their environment (Kim et al., 2018). In
recent years, metabolic modelling has advanced to study model microbial communities, and many
tools have been developed for this purpose (Ibrahim et al., 2021; McCarty & Ledesma-Amaro,
2019). Community modelling tools can aid in understanding the underlying interactions of mi-
crobial ecosystems (Goyal et al., 2014; Hanemaaijer et al., 2015; Hanemaaijer et al., 2017; Stolyar
ctal.,, 2007), as well as in the prediction, design and optimization of engineered communities for
biotechnological applications (Benito-Vaquerizo et al., 2020; Benito-Vaquerizo et al., 2022a; Li &
Henson, 2019; Moreno-Paz et al., 2022).
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However, while certainly being a revolutionary approach, genome-scale metabolic modelling also
presents limitations. Major hurdles are the availability of accurate experimental data for model re-
construction, and the difficulty to incorporate certain physiological or environmental variables (e.g.,
the effect of pH, enzyme afhinity, or adaptation to stress factors) (Kim et al., 2018). For example,
co-factor use by many enzymes is unclear [e.g., NAD(H) vs. NADP(H)], as well as H*/Na* use by
the Rnf complex. The model may also suggest phenotypes that are not observed empirically, as ex-
emplified in the next section. These hurdles force the use of assumptions during the reconstruction
and simulation processes, aﬂ%cting the predictive accuracy of GEMs. Therefore, while metabolic
modelling provides valuable insights, it must be handled thoughtfully, acknowledging it can be a
double-edged sword in the study of microbial metabolism.

Odur research emphasized the significance of validating GEMs with experimental data. This vali-
dation process played a key role in ensuring the accuracy of the model’s predictions and establishing
its credibility as a research tool. An example was the production and use of H, by 4. neopropion-
icum, which was predicted by the preliminary model given the presence of a hydrogenase in the
genome annotation of the species (Chapter 4). However, in cultivation experiments and previous
studies (Ato et al., 2014; Tholozan et al., 1992), H, was never consumed or produced. Therefore,
this reaction was blocked in the final GEM. Without this validation step, the inclusion of H, as
product of the metabolism of A. neopropionicum would have resulted in erroneous predictions due
to changes in the redox balance of the cell. This affectation would have also been reflected in the
tri-culture model (Chapter 5) since H, can be used by the acetogen as additional electron donor to
CO. While there are some gaps of information and likely incorrect assumptions in the first GEM
of A. neopropionicum, we incorporated sufficient genomic and experimental data to elucidate key
pathways and most relevant phenotypes (Chapter 4: Table 4.2, § 4.3.6).

The positive aspect of computational approaches was evident in this work. Through iz silico
analysis, we revealed the presence of two previously unidentified enzymatic complexes in 4. zeo-
propionicum: the acryloyl-CoA reductase~EtfAB (Acr-EtfAB), and the NADH-dependent reduced
ferredoxin:NADP* oxidoreductase complex (Nfn) (Chapter 4). These complexes play crucial roles
in the metabolism of this species. The Acr-EtfAB is an electron-bifurcating enzyme that catalyses
the reduction or acryloyl-CoA to propionyl-CoA in the acrylate pathway. On the other hand, the
Nfn generates NADPH, an essential reductant to anabolic redox reactions. By employing model
simulations with the reconstructed GEM of A. neopropionicum, we successfully confirmed the
functionality and significance of these enzymes. However, this was only possible by incorporating
information from literature documenting the biochemistry and physiology of these enzymes. For
example, theoretically, the Acr-EtfAB could drive the reduction of ferredoxin with NADH due
to the high redox potential of the acryloyl-CoA/propionyl-CoA pair (E’ = +70 mV), potentially
drivinga proton-motive force. Yet, this was disproved in experimental studies with the close relative
A. propionicum that showed that the enzyme is found in the cytoplasm and that it is not involved in
anacrobic respiration (Hetzel et al., 2003). Following a similar approach, we confirmed the presence
in A. wieringae ]M of the H,-dependent CO,-reductase (HDCR), the enzyme catalysing the re-
duction of CO, to formate in the WLP (Chapter 5). The presence of the HDCR in a CO-utilising
acetogen is of significance due to the fact that this enzyme is inhibited by CO (Ceccaldi et al., 2017;
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Schuchmann & Miiller, 2013), as is the case for many hydrogenases. In the upcoming section, I
further elaborate on this topic.

As highlighted previously, one inherent risk of genome-scale metabolic modelling is the making
of incorrect assumptions that still result in a feasible solution space. While the model can offer
some utility, it may incorporate information that is ultimately inaccurate or misleading. This likely
happened here. In Chapter 4, we postulated that, in A. neopropionicum, formation of butyrate
(a minor by-product) occurs via the circular variant of the acetyl-CoA route, as described for C.
kluyveri (Seedorf et al., 2008). We identified candidate enzymes to catalyse all except for one of
the reactions of the pathway (§ 4.3.7, Fig. 4.6). This included two enzymes usually involved in the
acrylate pathway: i) the acryloyl-CoA reductase—EtfAB (Acr-EtfAB), which we hypothesised could
also catalyse the reduction of crotonyl-CoA to butyryl-CoA due to similarity with butyryl-CoA
dehydrogenase (Bed) of C. kluyveri; and ii) the propionate-CoA:lactoyl-CoA transferase (Pct),
which we assigned to the generation of butyrate from butyryl-CoA based on its broad substrate
specificity (Selmer et al., 2002). The enzyme acetoacetyl-CoA thiolase (reaction 3 in Fig. 4.6) was
not found in the genome but was added to the model during the gap-filling step. However, in a
study published this year, Baur & Diirre (2023) fairly disclaimed our hypothesis of the butyrate
pathway in A. neopropionicum and provided a more fitting alternative. According to the authors,
the only possible way butyrate could be produced is via the degradation of L-threonine (present in
low amounts in yeast extract), through the activity of enzymes that are all present in the genome
of this strain. The proposed pathway makes use of one of the analogues we identified for the Bed
activity, as well as the Pct of the acrylate pathway. The theory of Baur & Diirre (2023) fit with our
observations: the low concentrations of butyrate in the cultures could be attributed to the likely
presence of threonine in yeast extract, a constituent of our medium.

In brief, GEMs and related computational approaches should be viewed as tools, not as a primary
means, to study microbial interactions and metabolism. The statistician George Box said: “Remem-
ber that all models are wrong; the practical question is how wrong do they have to be to not be
useful” (Box & Draper, 1987). Metabolic models are useful, as they reduce the vast complexity of
metabolism and allow to derive the key principles of it. Yet, to exploit their potential, it is crucial to
incorporate validation steps and to increase the availability of experimental data. This shall include
not only phenotypical and physiological data, but also proteomics and/or transcriptomics datasets,
as well as kinetic parameters. Such comprehensive models can aid not only in resolving fundamental
questions and improving phenotype predictions (Grof8eholz et al., 2016; Zhou et al., 2021), but

also in guiding strain engineering and bioprocess optimisation efforts (Domenzain et al., 2022).

7.4  Insights into the physiology and metabolism

7.4.1  Ethanol fermentation by Anaerotignum neopropionicum

Through this thesis, we have uncovered aspects of the physiology of the bacterial species studied.
Perhaps the most extensive contribution in this regard has been elucidating the complete route for
ethanol fermentation to propionate (via the acrylate pathway) in A. neopropionicum (Chapter 4:
Fig. 4.5). The computational approach allowed us to shed light into the physiology of this species,

which would have been challenging to achieve solely through empirical observations. Among other
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contributions, we rejected the former assumption that reduced ferredoxin (Fd*) required for the
synthesis of pyruvate from acetyl-CoA (via PFOR) was obtained during the oxidation of ethanol
(Tholozan etal., 1992). This hypothesis did not hold true because ethanol oxidation yields NADH
as electron carrier. Instead, with supporting evidence by Moreira et al. (2021), we postulated that
Fd* is obtained in the Rnf complex through transfer of electrons from NADH in an ATP-driven
manner. Operation of the Rnf complex in this way is usually referred to as the “reverse” direction
since, in acetogenic bacteria, it functions most often to produce NADH from Fd?*, ultimately
driving ATP synthesis (Schuchmann & Miiller, 2014). As our model simulations in A. neapropi-
onicum demonstrated, the Rnf complex is essential during growth on ethanol as there is no other
way to reduce ferredoxin from NADH. This is true for A. neopropionicum but it is also the case
for acetogens that can grow on low-energy substrates (e.g., ethanol or lactate), such as 4. woodii
(Bertsch et al., 2015; Westphal et al., 2018). Importantly, our findings imply that substrate level
phosphorylation via acetyl phosphate (i.c., via acetate production) remains the only mode of energy
conservation in 4. neopropionicum, at least during growth on ethanol.

The presence ofa putative ferredoxin hydrogcnasc in A. neopropionicum was intriguing, yet its
role remains to be elucidated. While hydrogenotrophic or hydrogenogenic activity was neither
observed in our cultures nor reported in literature during growth on ethanol or sugars (Chapter
4; Baur & Diirre, 2023; Tholozan et al., 1992), it was suggested that the degradation of leucine or
valine could result in the production osz (Moreira etal.,2021). However, H, was not detected in
cultures of A. neopropionicum thar utilised these amino acids (Ato et al., 2014). Production of H,
by the close relative species A. propionicum (formerly, Clostridium propionicum) has also not been
reported except for in few reports where H, production was either very low (Chartrain & Zeikus,

1986) or it was not quantified (Ueki et al., 2017).

7.4.2 A putative HDCR in Acetobacterium wieringae JM

A. wieringae strain JM is able to grow on carbon monoxide as sole substrate, contrary to the type
strain of the species and to the close relative Acetobacterium woodii (Arantes et al., 2020; Bertsch &
Miiller, 2015b). The presence in the two latter strains of the CO-sensitive Hz-dependent COz-reduc-
tase (HDCR) is hypothesised as the reason for this inability. HDCR catalyses the reduction of CO,
to formate with H, or reduced ferredoxin (Schuchmann & Miiller, 2013), the first step in the methyl
branch of the WLP (Fig. 1.3) and, therefore, essential to acetogenesis. The hydrogenase module of
this enzymatic complex is inhibited by CO, as is the case for other hydrogenases (Bertsch & Miiller,
2015b; Ceccaldi et al., 2017; Schuchmann & Miiller, 2013). Our i silico analysis of the GEM of 4.
wieringae strain JM corroborated the presence of an HDCR in 4. wieringae JM —initially predicted
by Arantes et al. (2022)—, as we identified the formate dehydrogenase (TYC86388; fe/5) and an
Fe-hydrogenase (TYC85752; hydA) subunits (Chapter 5: § 5.3.4). As set out above, the use of
HDCR would be incompatible with growth on CO. However, inhibition of the HDCR by CO is
reversible (Ceccaldi et al., 2017), and an adaptation period can enable growth on this substrate, as
observed in Thermoanacerobacter kivui (Weghoff & Miiller, 2016). Strain JM was isolated from a
long-term carboxydotrophic enrichment exposed to CO (Arantes et al., 2020), a selective pressure

that could have resulted in such adaptation in this microorganism as well.
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The putative HDCR genes identified in our study were not found in a gene cluster, which would
be cxpccted foran enzymatic complex. Thus, alternatively, A. wieringaeJM could harbour another
variant of a formate dehydrogenase. Acetogens are phylogenetically very diverse and have been re-
ported to use different enzymes for the reduction ofCOz (Bertsch & Miiller, 2015a; Schuchmann
& Miiller, 2014). Ferredoxin- or NAD(P)-dependent formate dehydrogenases, which are known
not to be inhibited by CO, are typically used. Within the genus Acetobacterium, several types of
clusters have been identified encoding for HDCR-related and formate dehydrogenase genes (Ross
et al., 2020). Another case is that of C. autoethanogenum, which uses a formate dehydrogenase
associated to an electron-bifurcating ferredoxin- and NADP-dependent hydrogenase (Wang et
al., 2013). Despite the sensitivity of hydrogenases to CO, the CO steady-state concentrations in
the cell would be lower than the apparent inhibition constant (Ki) of the enzyme, enabling the
enzyme to function.

Further research is needed to verify the presence of an HDCR in 4. wieringae J]M. While this
option aligns with the scenario observed in closely related strains, A. wieringae type strain and
A. woodii, there is also a possibility that strain JM employs an alternative variant of a formate de-
hydrogenase, cither in conjunction with a hydrogenase or independently. Such investigation will
surely provide novel insights into the mechanisms and adaptations involved in the utilization of

carbon monoxide by acetogens.

7.4.3  'The cost of odd-chain elongation in C. kluyveri

In Chapter 3, we investigated aspects of the metabolism of odd-chain elongation by C. kluyveri,
which has been generally less studied than the even-chain metabolism. A key finding was that
ethanol-driven elongation of propionate had negative consequences in the cell growth and in the
odd:even product ratio (§ 3.3.2; Table 3.3). We also found that the presence of acetate in propio-
nate-fed cultures reversed the negative effects of growth, but that the theoretical odd:even product
ratio was still altered (in batch cultivation experiments, 27% of odd-chain product were formed,
while the theoretical proportion is 16.7%; Fig. 3.3). The question why excessive ethanol oxidation
occurs during odd-chain elongation in C. k/uyveri remains unanswered. As described in § 3.4.3, it
is possible that this is a response to two factors: i) the toxicity of propionyl-CoA, and ii) a scarcity
of acetyl-CoA, a major building block of the cell.

Excessive ethanol oxidation does not negate the possibility of a preference for either acetate or
propionate. It is important to distinguish between these two phenomena. Both in pure culture
experiments with C. kluyveri and co-cultures tested in this study, we observed a higher conversion
of acetate (to even-chain products) compared to propionate (to odd-chain products), also when the
availability of the two SCCAs was the same. These observations imply a distinct preference for the
utilization of acetate, possibly due to higher enzyme affinity. Further research, including enzymatic
assays and integration of recent studies (Candry et al., 2020b), is needed to understand the differen-
tial conversion of acetate and propionate in chain elongation of C. £/uyveri. Understanding this can

contribute to improving product specificity of odd-chain products in chain elongation processes.

160



General discussion

75  Perspectives on the use of microbial communities for

syngas fermentation

Medium-chain carboxylic acids, in particular butyrate and caproate, have been typically targeted
as end products in syngas fermentation studies using microbial communities (Table 2.1 and Table
2.2). In this thesis, we have shown that the odd-chain counterparts (valerate and heptanoate) can
also be produccd by using a synthctic co-culture approach. However, the highcst valerate titre ob-
tained in this study (1.3 g L; Table 3.4) and productivity (<0.1 g L' h'; Table 3.4) are still far from
being industrially-relevant for their application as chemical building blocks (>5 g L, >10 g L™ h™')
(Takors etal., 2018). In addition, the maximum product specificity of odd-chain products obtained
is rather low (<50%), resulting in a mixture of C4-C7 carboxylates as end products. While further
work can contribute to improving titres and product specificity, mixtures of MCCAs produced via
fermentation also find applications, for example as animal feed (Ricci et al., 2018).

Additionally, the product spectrum of syngas fermentation can be further diversified. Recent
interest has emerged in the production of higher alcohols through syngas fermentation as an al-
ternative to conventional carbohydrate-based methods [i.e., acetone-butanol-ethanol (ABE) fer-
mentation] (Ferndndez-Blanco et al., 2023; Pinto et al., 2021). Syngas-driven solventogenesis offers
a cost-effective and flexible approach, bypassing food/feed competition concerns. While current
butanol titres from syngas fermentation are an order of magnitude lower (2 g L) than conven-
tional methods (20 g L), the cthical advantages of using syngas as feedstock make it an attractive
platform for higher alcohol production. C. carboxidivorans has been most used for higher alcohol
production from syngas, as there are hardly other species with the ability to produce such longer
alcohols directly from autotrophic substrates. High production of hexanol (5 to 8 g L) was recently
achieved by this species with repeated addition of extractant and ethanol during CO fermentation
(Ohetal., 2023).

Microbial consortia have also proven to be promising solventogenic platforms in this regard, in
combination with process configurations aimed at improving productivity. For example, a co-cul-
ture of Clostridium ljungdahlii and C. kluyveri in a bioreactor with biomass retention and product
extraction produced relevant titres of butanol (up to 4.2 g L") and hexanol (up to 4.7 g L) (Richter
et al., 2016a). In another study, a two-stage process was employed, where carboxylates produced
by a C. carboxidivorans—C. kluyveri co-culture in the first bioreactor (at pH 6) were subsequently
reduced to alcohols by an acetogen in the second bioreactor (at pH 5), resulting in the accumulation
of butanol, hexanol and octanol (Biaumler et al., 2023). In this thesis, a co-culture of 4. wieringae
JM with C. kluyveri produced up to 1.3 gL butanol and 1.5 g L hexanol (Chapter 6: Table 6.4).
These are superior titres than obtained with C. autoethanogenum as acetogenic partner (Table 6.4;
Diender et al., 2016b), revealing a higher solventogenic ability of strain JM that should be further
explored. In addition, we also observed the production of pentanol (4.2 mM or 0.4 g L") by the
A. wieringae JM~A. neopropionicum—C. kluyveri tri-culture (Chapter S: § 5.3.1). Pentanol accu-
mulation had not been reported before by a syngas-fermenting microbial consortia; the presence
of a propionigenic strain in the co-culture was essential to achieve this, highlighting the extended

possibilities that can be attained through the use of synthetic co-cultures.
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Incorporating genetically-engineered strains into synthetic co-cultures hold strong potential to
increase the value of end products of syngas fermentation (Fig. 7.2). A successful example is the
production of 3-hydroxypropionic acid and itaconic acid (< 50 mg L) using genetically-modified
Escherichia coli in co-cultivation with an acetogen (Cha et al., 2021). Acetate, generated through
syngas fermentation, served as a key intermediate in this system. Although there were areas for
improvement (e.g., achieving an efficient conversion of acetate to biochemicals by the engineered
strain), this approach demonstrates that the combined use of genetic engineering and microbial
community engineering magnifies the potential of syngas fermentation processes. As the intro-
duction of genetic engineered strains in co-cultures starts to take place, the distinction between
synthetic and artificial or engineered microbial communities may emerge, the former including
genetically modified organisms (Cha et al., 2021; McCarty & Ledesma-Amaro, 2019; Roell et al.,
2019).

4

Figure 7.2 Combining microbial community engineering with genetic engineering can facilitate the efficient
production of added-value products. In synergy, these two approaches offer a multifaceted solution to the
challenges associated with syngas fermentation.

Ultimately, an interdisciplinary approach, combining expertise from different fields (including,
among others, physiology, bacterial genetics and process engineering), is crucial to realise the high-
est potential of syngas fermentation as biotechnological manufacturing platform. Implementing
process strategies such as two-stage processes, cascade reactors, and tightly controlling parameters
like partial pressure of CO, stirring and pH are essential for optimizing productivity in produc-
tion strategies. Downstream processing should also be considered in the early stages of bioprocess
design; for example, in the case of medium-chain carboxylic acids, often in-line product extraction
is applied that requires an acidic pH during fermentation (Ge et al., 2015; Gildemyn et al., 2017).
Synthetic biology tools can help unravel the principles governing microbial communities (nat-
ural and synthetic), and guide their rational engineering (McCarty & Ledesma-Amaro, 2019).
Regarding the use of community GEMs, being able to monitor different microbial populations
and quantifying their relative ratios in the community can improve the quality and applicabili-
ty of the models. Techniques like FISH (fluorescence in-situ hybridization), gPCR (quantitative
PCR), FAST (fluorescence-activated cell sorting), microscopy, and others have been employed

for monitoring cell populations, and have recently been applied in syngas fermentation and chain
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elongation studies (Biumler et al., 2023; Innard & Chong, 2022; Kim et al., 2013; Robles et al.,
2023; Schneider et al., 2021).

7.6  Concluding remarks

Microbial communities are resilient systems, and their expanded metabolic networks make them a
suitable platform for the production of chemicals. Synthetic co-cultures have proven to be partic-
ularly useful in this regard, as exemplified in this thesis. While this thesis has provided significant
contributions, new questions have emerged, laying the foundation for exciting research directions.
The study of microbial physiology, coupled with computational tools and bioprocess engineering,
can help resolve these questions and advance syngas fermentation.

Syngas is meant to be a next-generation feedstock in biotechnology. As we look ahead, the con-
tinued collaboration and knowledge-sharing between industry, academia, and regulatory parties
will be instrumental in unlocking the full potential of syngas fermentation. I strongly believe that
harnessing the potential of this technology can contribute to addressing the pressing challenges of

carbon CO, emissions, waste management, and sustainable chemical production.
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APPENDICES

SUMMARY

The transition towards sustainable chemical production is crucial for long-term environmental
sustainability and the reduction of CO, emissions. By shifting away from finite fossil resources and
adopting renewable feedstocks and biobased processes, we can mitigate the environmental impact
and promote the development of a low-carbon, circular economy. In this context, this thesis takes
part in the growing interest on the revalorisation of C1 feedstocks, and explores the potential of
microbial communities as biocatalytic platforms. I focused on investigating syngas-driven chain
elongation to produce odd-chain carboxylic acids and alcohols using synthetic microbial consortia.
A combination of experimental work and genome-scale metabolic modelling demonstrated the
advantages of an interdisciplinary approach in advancing our understanding of microbial metab-
olism and interactions.

Through a comprehensive review, Chapter 2 delved into the potential of microbial communi-
ties for producing fuels and chemicals from carbon monoxide. The characteristics of open mixed
cultures and synthetic co-cultures were examined, and contrasted with those of monocultures of
acetogens. Whereas open mixed cultures have promising potential for syngas biomethanation,
products of higher complexity, such as medium-chain carboxylates or higher alcohols, are better
produced using synthetic co-cultivation approaches due to higher product specificities. Genetic
engineering may expand the possibilities of synthetic co-cultures by facilitating the production of
non-native compounds. Looking ahead, we recommended the application of genome-scale meta-
bolic modelling for studying microbial interactions and predicting co-culture behaviour.

In Chapter 3, we tested the performance of a synthetic co-culture composed of two anaero-
bic, ethanol-consuming species, Anaerotignum neopropionicum and Clostridium kluyveri. This
co-culture produced a mixture of odd- and even-chain carboxylic acids (up to C7) from ethanol
and CO,. Within a syngas platform, ethanol and CO, can be produced via syngas fermentation
with acetogens. In the co-culture, 4. neopropionicum generated propionate and acetate, which C.
kluyveri used for chain elongation. Continuous cultivation in a bioreactor showed the viability of
the co-culture at ethanol loading rates up to 6.7 g L d™. Approximately 37% odd-chain products
were obtained, indicating the co-culture’s potential for odd-chain elongation in addition to even-
chain elongation. Experiments with C. kluyveri revealed the excessive oxidation of ethanol to acetate
in the presence of propionate, a behaviour that we further discussed. In addition, we determined
the tolerance of A. neopropionicum to ethanol (300 mM) and the maximum growth rate on this
substrate (0.103£0.003 h), extending the knowledge on the physiology of this strain.

In Chapter 4, the first genome-scale metabolic model (GEM) of A. neopropionicum was con-
structed and validated, by combining an in silico analysis of the genome with experimental data.
We identified all the enzymes involved in the fermentation of ethanol to propionate (via the acrylate
pathway) in this microorganism, as well as important aspects of the energetic metabolism. Key
findings include the identification of three important complexes: the acryloyl-CoA reductase—elec-
tron-transferring flavoprotein (Acr-EtfAB), the membrane-associated reduced ferredoxin:NAD*
oxidoreductase (Rnf), and the NADH-dependent reduced ferredoxin:NADP* oxidoreductase
(Nfn). Our GEM shows that, in this species, the Rnf complex operates “in reverse”, catalysing

the ATP-driven reduction of ferredoxin, crucial for pyruvate synthesis during growth on ethanol.
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Growth phenotypes and product profiles during batch cultivation were predicted by model simu-
lations using dynamic flux balance analysis (dFBA) with high accuracy, supporting the reliability
of the model. This model was used in a follow-up study to construct a multi-species GEM of a
syngas-fermenting tri-culture (Chapter 5).

In Chapter 5, we integrated the knowledge gained in the previous works by studying a tri-cul-
ture of the acetogen Acetobacterium wieringae JM with A. neopropionicum and C. kluyveri, using
experimental and computational approaches. On the one hand, we showed that, in batch culti-
vation with continuous supply of CO as sole substrate, the tri-culture produced medium-chain
carboxylates (C4-C7) and, subsequently, higher alcohols, among them pentanol that had not been
reported before for syngas-fermenting microbial consortia. The fermentation was done at neutral
pH, which was a key factor to maintain the activity of the three strains in co-cultivation. We also
demonstrated that the acetogen switches from acetogenesis to ethanol production (partly) when in
the presence of the ethanol-consuming species, under conditions that would otherwise not favour
such metabolism. On the other hand, we constructed the first GEM of 4. wieringae JM and we
used it in the construction of a multi-species GEM of the tri-culture. Model simulations using
community flux balance analysis (cFBA) predicted that a balanced presence of the three strains is
key for the feasibility of the tri-culture in steady-state conditions. The eftect of H, addition on the
product spectrum of the co-culture was also simulated. In addition, we identified the H,-dependant
CO,-reductase (HDCR) in 4. wieringae JM, and theorised how this strain is able to grow solely
on CO despite the reported CO inhibitory effect on this enzyme.

Chapter 6 aimed at consolidating knowledge on the diverse metabolic capabilities of acetogens
in co-cultivation with C. kluyveri. Co-cultures of C. kluyveri with various relevant acetogens were
established at pH values from 6 to 8, and tested for their ability to consume CO/H, and pro-
duce chain-clongated products (i.c., butyrate and caproate). Results indicated varying CO and H,
utilization among the acetogens tested. Based on substrate utilization and final titres of C4/C6
carboxy[ates, C. ﬂutoethﬂnogenum and A. wieringae JM were identified as the best co-cultivation
candidates with C. #/uyveri at pH 6-7.5. In addition, the 4. wieringae JM—C. kluyveri co-culture
demonstrated promising potential as a solventogenic platform, producing mainly butanol and
hexanol upon refilling of the headspace.

A general discussion is given in Chapter 7, highlighting the strengths and limitations of the
use of synthetic co-cultures in syngas fermentation, and placing them in context of the current
developments in the field. Novel aspects of the microbial physiology that were uncovered in this
research are also discussed, and new lines of investigation are proposed. Suggestions are given for
future work, that emphasize the need for an interdisciplinary approach in realising the full potential

of syngas fermentation.
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