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Propositions

1. The concentrations of n- and isobutyrate during
methanol-based chain elongation at low pH are
determined by the thermodynamic equilibrium of
isomerization.

(This thesis)

2. The reduction of carboxylates to their corresponding
alcohols, coupled to ethanol oxidation can be done by
both chain elongators and by a syntrophic
community.

(This thesis)

3. The greatest obstacle to discovery is not ignorance -
It is the illusion of knowledge.

(Steven Hawking)

4. Science filters personal perception of truth to
absolute truths, however a “truth” is meaningless
without context.

5. Free will gradually emerges when an individual entity
can both understand and manipulate its own
environment.

6. A conscious observation requires the expression of
language.

7. Overcoming cognitive dissonance is necessary to
reach compromises.
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Introduction

The “circular economy”

In this thesis research on open culture chain elongation fermentation is presented that can
aid in the development of a “circular economy”. However, before diving into the
technological specifics, it is warranted to discuss what is meant with a “circular economy”,
without simply using the term as a buzzword to grab attention. A research performed in
2017 analyzed 114 different definitions for circular economy and distinguished differences
between the formulated definitions . In most cases the definitions of circular economy
state that it should lead to economic prosperity by replacing the take-make-dispose system
with a system of recycling and increasing the valorization of waste streams 2. In fewer
cases the definitions included that a circular economy should promote maintaining and
improving environmental quality, whereas the impact of a circular economy on promoting
social equity and on maintaining a suitable environment for future generations was barely
mentioned. The research eventually came up with the following aggregated definition to
incorporate all these aspects: "Circular economy is an economic system that is based on
business models which replace the ‘end-of-life’ concept with reducing, alternatively reusing,
recycling and recovering materials in production/distribution and consumption processes,
thus operating at the micro level (products, companies, consumers), meso level (eco-
industrial parks) and macro level (city, region, nation and beyond), with the aim to
accomplish sustainable development, which implies creating environmental quality,

economic prosperity and social equity, to the benefit of current and future generations.”

The systemic innovations that are necessary for a circular economy to truly be
implemented on a global scale are not only of technological nature 3. The regulatory
barriers, market barriers and cultural barriers are numerous and act as a resistances that
can significantly slow down adoption of circular economy practices, even though required
technologies might already exist . Moreover, a growing wealth inequality has been argued

to be a significant cause of environmental degradation >8.

Environmental degradation, which should be prevented at all cost within a circular economy
framework, can be partly attributed to an absence of sufficient incentivization mechanisms
in the form of regulatory measures °. A strong type of incentivization is deemed necessary
to resolve conflicts between economical stakeholders and environmentalist stakeholders in
a game theory-derived way that creates an environment that selects decisions which lead
to a long-term sustainable outcome °. Although human conflict resolutions are undoubtedly
much more complex, a parallel can be drawn from game theory 10 to the principle in

biotechnological mixed culture engineering of using a strict environmental pressure in a
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system to select for a functionality. This biotechnological principle is implied by the Baas
Becking hypothesis:* Everything is everywhere, but the environment selects 1.” It is clear
that when discussing how to achieve a circular economy it should be included how the
global environment would select for authorities and companies that make decisions in favor

of a long-term sustainability.

Moreover, irrevocably intertwined with the “economy” in “circular economy” is the concept
of money itself. The current fiat currencies are, among others, created via a continuous
expansion of debt by issuance from commercial and central banks 2. To what degree this
financial system can exist without infinite consumer growth and facilitate a sustainable
economy is up for debate 13 14 Necessary bail-out measures in differing forms of
quantitative easing by central banks now have become more unconventional by including
large scale asset purchases in order to prevent an economic collapse *>. Aside from creating
moral hazard 16, these unconventional measures could have further aggravated wealth

inequality 17 and, arguably, with it the strain on the environment.

Some propose that in order to achieve a sustainable economy it is necessary to reform the
economic environment on various levels. Examples of reform include new economic
instruments such as the concept of an obligatory “precycling insurance”, where
manufacturers are responsible to price in the complete recycling costs of their goods 8. It
would create incentive towards innovation and counter planned obsolescence strategies.
Another, rather radical, alternative approach would be to replace the centralized money
issuance by more incentive-driven decentralized governance structures. With the rise of
blockchain technologies, decentralized governance structures can be organized while being
able to facilitate transparency, harness democratic principles and temper corrupted

practices 4 19-21,

How to create an environment that selects for decision making to favor the development
of a circular economy, however, is a very complex endeavor and fortunately does not fall
any further into the scope of this thesis. Inside the scope of this thesis is a much simpler
research on how to use mixed culture biotechnology principles to enrich microbiomes that

can be used to recycle organic residue streams via production of useful biochemicals.
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Chain elongation fermentation within a circular economy

This research contributes to the transition towards a circular economy by addressing a
technological aspect that could help increase efficiency and sustainability within our
ecosystem. More specifically the research is focused on exploring the potential of chain
elongation fermentation to widen its product spectrum and thereby its application range.
Chain elongation is an emerging biological resource recovery method that can be utilized
to recycle for example complex organic residues via production of short and medium chain
carboxylates (SCCs and MCCs) 22. It is an attractive alternative to biogas fermentation due
to the wide application potential and higher economic value of carboxylates compared to
methane 23. SCCs and MCCs are suitable for large scale implementation in the industry as
building blocks for lubricants, plasticizers, plastics, feed additives and eventually - if
production costs go down sufficiently - for biofuel precursors 2% 24, The many potential
applications of SCCs and MCCs require a market and manufacturing shift for biobased SCC
and MCCs to become important platform chemicals 2°. ChainCraft is an example of such
development by being the one of the first companies to have started up a full scale
demonstration plant in 2020 that produces medium chain carboxylate salts from GFT
(Vegetables, Fruit and Garden)-waste with the purpose to sell the product as feed additive

in the agricultural industry 26,

Chain elongation fermentation within open-culture
anaerobic fermentation
Anaerobic fermentation processes that are used to valorize organic residue streams often
employ enriched open cultures. These enriched cultures are acquired by designing the
environment of the reactors in such a way that a selection pressure causes the desired
metabolisms to become dominant. Such systems have several advantages: (i) they
inherently cannot be contaminated which removes the necessity of costly sterilization, (ii)
they are able to convert complex substrate mixes due to the functional abundance within
open-culture microbiomes and (iii) they often allow for continuous operation which reduces
overall complexity and costs of the process 27. Typically, when anaerobic microbiomes
convert organic carbon matter in the absence of a strong external electron acceptor, a
large part of the energy within the chemical bonds of the compounds is remained in the
end-product. As a result the energy yield within the metabolism of anaerobic fermentative
bacteria is relatively low, leading to low biomass yields per formed product and
subsequently to high product yields 28. Consequently, anaerobic fermentation can be used
to efficiently convert complex mixtures of carbohydrates, proteins and fats into useful

energy-rich chemicals 2°.

10
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Figure 1. A generalized scheme for chain elongation is depicted that utilizes the reverse beta
oxidation pathway 2°. The mechanism for oxidation and acetyl-CoA formation is dependent on the
used electron donor. ATP formation during oxidation and acetyl-CoA formation prior to the reverse
beta-oxidation could occur but is excluded in this simplified scheme. The amounts of electrons and
acetyl-CoA intermediates that are released during the oxidation are dependent on the carbon content
and degree of reduction of the electron donor. In the case where methanol is used as electron donor,
acetyl-CoA formation would require the utilization of the Wood-Ljungdahl pathway 3°. Ethanol-
derived acetyl-CoA requires oxidation via dehydrogenases 31.

Chain elongation bioprocesses utilize a specific niche within anaerobic microbial
conversions, that with the right selective pressure can be made dominant within
microbiomes. They combine an electron donor (such as ethanol, lactate, methanol and
glucose) with a short or medium chain carboxylate as electron acceptor within their energy
metabolism 32, Typically the chain elongation is executed via what is known as the reverse
beta-oxidation pathway 33. In Figure 1 a generalized scheme for chain elongation
metabolic route is shown. Within the metabolism a carboxylate electron acceptor is
elongated with an acetyl-CoA unit in a Claisen condensation reaction that is catalyzed by
a thiolase 3*. The acetyl-CoA elongation unit is usually derived from oxidation of the
electron donor, whereas electrons from this oxidation are used to reduce the elongation
product after condensation. It results in an elongated carboxylate as metabolic end-product

that has been extended by two hydrated carbon atoms.
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Formation of the branched carboxylates via isomerization
and elongation — expanding the product spectrum
In 2017 it was discovered that using methanol as electron donor in food-waste chain
elongation fermentations can lead to the formation of branched carboxylates, in particular
isobutyrate 3°. It opened up the possibility to investigate the potential of enriched
microbiomes to produce branched carboxylates via open culture chain elongation. A robust
fermentation process to produce branched carboxylates at high selectivities can bring to
the industry biochemicals with enhanced chemical performance properties such as better
oxidative stabilities, lower melting points and different viscosities 36-3%, Hypothetically,
isobutyrate is formed after chain elongation of acetate to n-butyrate via subsequent
isomerization by butyryl-CoA:isobutyryl-CoA mutase (see Figure 2). This isomerization
step has been hypothesized to help overcome the toxic effect of n-butyrate at high
concentrations 35, Methanol based chain elongation is one of the bioprocesses that has
been researched in this thesis for its capacity to produce branched carboxylates.

0 _SCoA Oy___-SCoA
C C
/K ICM, IcmF
_—
isobutyryl-CoA butyryl-CoA

Figure 2. The figure shows the carboxylate group rearrangement as it occurs during isomerization
of n-butyrate to isobutyate. The figure is taken from Cracan and Banerjee (2012)3° and adapted to
show the n-butyrate-isobutyrate specific isomerization reaction performed by butyryl-
CoA:isobutyryl-CoA mutase (ICM, IcmF).

A mechanism by which medium chain branched carboxylates could hypothetically be
formed is by extension of smaller branched carboxylates within the reverse beta-oxidation.
In this scheme the branched groups of the electron acceptor are maintained throughout
the elongation process. To predict what product can be expected from this chain elongation
process is it helpful to study the catalytic mechanism of extension: the thiolase driven
Claisen condensation reaction 34. Figure 3 shows that during condensation the carboxylate
electron acceptor (green) is elongated with acetyl-CoA (blue). The keton group on the third
carbon atom is then targeted for subsequent reduction within the reverse beta oxidation
route. As a result the branched groups of the chain elongation product will be located at

the end of the molecule opposing the carboxylate group.
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A prerequisite for this process is that the involved enzymatic machinery of the chain
elongating microbes have sufficient affinity for branched carboxylates. Additionally a high
enough throughput through this alternative metabolism would be required in order for
microbes that utilize this route to be competitive enough to maintain their dominance in
an open reactor. Isocaproate formation was observed in trace amount in a study that
focused on ethanol based chain elongation of carboxylates from acidified supermarket
waste 49, The potential of ethanol based chain elongation to produce branched medium

chain carboxylates is further investigated in this thesis.

(a) Acetyl-transfer reaction (b) Claisen condensation reaction
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Figure 3. This scheme shows the catalytic process of the Claisen condensation reaction as it occurs
within the thiolase catalytic site. The green acyl-CoA compound is the initial carboxylate electron
acceptor; the blue acetyl-CoA is the unit that is used to elongate the electron acceptor by two carbon
atom. The figure is taken from Haapalainen et al (2006) 34 and adapted by adding an R-group to
include alternative carboxylate electron acceptors.
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Selection pressure in open systems - engineering
microbiomes for chain elongation bioprocesses
Enriching open culture microbiomes towards an efficient ethanol and/or methanol based
chain elongation functionality requires operation at conditions that impose a strict selective
pressure. This requires a multifaceted approach to incorporate all aspects in a reactor that
can influence bacterial proliferation. One of the most important selection pressure tools is
the choice of carbon source. For the investigated chain elongation processes, the limited
carbon source range already significantly narrows down the possible microbial conversions.
Still, there are anaerobic microbes with different energy metabolisms that will compete for
the available substrates, which could lessen the yield and rate of chain elongation. By
performing a thermodynamic state analysis of the possible conversions within the
microbiome, insight can be gained in what bioprocesses are feasible within the system 28.
Table 1 shows an overview of possible (ethanol- and methanol-based) chain elongation
conversions and alternative bioprocesses that could occur within the microbiome. The
reaction Gibbs energy of these conversions is calculated for standard biological conditions,
as well as for two hydrogen partial pressures (1kPa and 1 Pa). A short description of

methanol-based and ethanol-based chain elongation is given in Box 1 and Box 2.

14



Chapter1

Box 1

Methanol-based chain elongation

Methanol-based chain elongation was previously described as acidogenesis with methanol
as substrate #4144, It is known that microorganisms, which anaerobically metabolize
methanol within their energy-providing pathway, utilize the Wood-Ljungdahl pathway (see
Figure B1). Methanol-based chain elongation can facilitate n-caproate formation, but only
up to a low concentration (~10 mM) relative to other types of chain elongation 4. Besides
n-caproate formation via n-butyrate elongation, n-valerate can also be formed via
propionate elongation. During open-culture fermentation at high n-butyrate concentrations,
also isobutyrate formation was observed 3>. Methanol based chain elongation of acetate
experimentally followed this stoichiometry 33 43 46, 47;

2 CH30H + CH3COO~ > C3H7COO" + 2 H20 A:GOt = -106.8 kJ

Besides the elongation of existing carboxylates, CO2 can also be utilized as electron
acceptor which results in methanolotrophic acetate formation (Figure B1B). In cases
where sufficient methanol and CO:z is provided methanol chain elongation to butyrate can
also occur 44, However, it can be argued that in this instance the butyrate formation is
simply the result of methanolotrophic acetate formation follow by methanol-based chain
elongation of acetate.
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Figure B1. A) Pathway in methanol-utilizing acidogenis bacteria as was suggested back in 1986
(taken from Heijthuijsen and Hansen 1986) 42. B) Pathway for methanol metabolism by A. Woodii.
(taken from Kremp et al. (2018) that includes electron bifurcation mechanisms 3°. A complete verified
pathway for methanol-based chain elongators that includes the elongation and reduction of longer
carboxylates in detail, has not yet been elucidated.
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Box 2

Ethanol-based chain elongation

Clostridium kluyveri is a well-known chain elongator that uses ethanol as electron donor.
Its activity was first described in 1937 by Barker 4. Later in 2008 its full genome was
sequenced and its metabolic pathway unraveled 3!. As shown in Figure 1, chain elongation
consists of two stages: (i) the oxidation and acetyl-CoA formation and (ii) the elongation
and reduction. In the case of ethanol based chain elongation an additional part of the
ethanol is oxidized towards acetate and two dihydrogen molecules, while performing ATP
synthesis via substrate level phosphorylation (Figure B2). Bifurcating and confurcating
enzymes allow redirection of electron flows to different electron carriers with different
redox potentials to maximize energy conservation (NAD(P)H, Ferrodoxin, FAD) 4° 30, This
allows C. kluyveri to have a versatile metabolism and it was proposed that C. kluyveri can
adjust the stoichiometry of chain elongation to maximize the ATP yield and maintain chain
elongation during varying conditions?2. Within this thesis the stoichiometry of ethanol
based chain elongation was generalized as reverse beta-oxidation combined with ethanol
oxidation coupled ina 5 (n=5) to 1 (p=1), or 4(n=4) to 1(p=1) ratio (reaction 1 for acetate
and 2 for longer carboxylates):

(1gy + p)CH,CH,OH + (., — p)CH,COO™ —> 1.,,C;H,COO™ +2 pH, + (1., — p)H,0+ pH" 1)
(ng; + p)CH,CH,OH +n.,C H, ,COO™ — n,C,_, HZ(HZMCOO’ +2pH, +(n,, — p)H,O+ pH" + pCH,COO~ (2)
A B
4 Acetate 6 Ethanol 3 Acetate 5 Ethanol
BAcety-CoA _ 5, 5Acetyl-CoA
g 1% : A 1x (V)
1.‘ :gf 5 Acetoacetyl-CoA ¥ "‘7", 4 Acetoacetyl-CoA
. 5 Acetyl-CoA (0] s 4 Acetyl-CoA (vi) NS
5 Acetate )/ 5 3-Hydroxybutyryl-CoA 4 Acetate D/‘ 4 3-Hydroxybutyryl-CoA
5 n-Butyrate 5H,0 4 n-Butyrate *4 H,0
5 Butyryl-CoA 5 Crotonyl-CoA 4 Butyryl-CoA 4 Crotonyl-CoA
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1.5 ADP | 1.5 ATP 2
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—
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)

Figure B2. The figure shows two proposed stoichiometries for ethanol based acetate elongation that
are adjusted to maximize ATP yield and allow chain elongation to proceed under different conditions:
A) At high substrate concentrations relative to product concentrations the resulting A/G% < -184.5
kJ reactiont, which allows ATP synthesis via both SLP (1 ATP) and electromotive force-driven ATPase
(1.5 ATP). B) At low substrate to product concentration ratios, the reduction of 3-ketoacyl-CoA
requires NAPDH instead of NADH to sufficiently drive the reaction and a single ATP is formed only via
SLP (A/G® = -77 kJ reaction!). The figure was taken from Angenent et al (2016) 22.
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The hydrogen partial pressure is an important parameter that determines the feasibility of
competing reactions such as ethanol and methanol oxidation (substrate competition) and
beta oxidation (product degradation). These bioconversions generally require a syntrophic
partner to keep the hydrogen pressure low enough for the reaction to be energetically
favorable °'. Syntophic partners include hydrogenotrophic acetogenesis (reaction 9),
hydrogenotrophic carboxylate reduction (reaction 10) and hydrogenotrophic
methanogenesis (reaction 11). Maintaining a sufficiently high hydrogen partial pressure is
one strategy to minimize substrate competition and product degradation within a chain
elongation microbiome. Because hydrogen is produced within ethanol based chain
elongation, this chain elongation process already helps create a favorable environment for
itself. However, a too high hydrogen partial pressure (>80kPa) is known to also affect the
rate of ethanol based chain elongation 22. In addressing the feasibility of reactions from a
thermodynamic standpoint it must always be considered that macro-level parameters may
differ from what is happening at the micro-level. Environmental niches can be exist within
biofilms, which could allow locally different hydrogen partial pressures during syntrophic
interactions. Sufficient mixing could prevent biofilm formation and with it the syntrophic
growth. In some cases, however, biofilm formation can be desired to help increase the
volumetric conversion rate of a bioprocess >2. This would pose additional challenges to

maintain a stringent selection pressure and will be discussed in later chapters.

In general, the rate by which a conversion can take place will affect the degree by which
the converting microbe establishes their relative abundance within a microbiome. For
instance there are many reactions that require bicarbonate as electron acceptor (reactions
2,36, 7 and 9) and by limiting the bicarbonate supply, the rate of such reactions can be
lowered. As a result the microbes performing these bioconversions can be prevented from
becoming dominant within the microbiome. Note that in some conversions, for example
acetotrophic and methylotrophic methanogenesis, bicarbonate is produced. Therefore,
limiting these types of methanogenesis in a chain elongation system would have an added
effect of preventing other substrate-competing bioconversions that require bicarbonate.
However, limiting the bicarbonate availability too much will also affect the growth of
ethanol based chain elongator: Clostridium kluyveri, because it requires bicarbonate for
biomass formation °3. For methanol based chain elongation bicarbonate can be a direct
substrate for the formation of acetate and butyrate 3. Though, recent research has also
shown that methanol based chain elongation of acetate, without the utilization of
bicarbonate, is possible 4. Bicarbonate dosing in this case should be dependent on the

desired methanol based chain elongation conversions.

Another important selection pressure tool is the possibility to enforce a certain minimum

growth rate by setting the hydraulic retention time of a reactor during continuous operation

17
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54,55 As a result, suspended microorganisms that cannot grow as fast or faster than the
dilution rate will be washed out the reactor. Note that in cases where biofilms are growing
in a reactor, this selection pressure tool becomes less effective as hydraulic retention time
is then decoupled from solid retention time. In the continuous reactor experiments that
are presented in this thesis, the hydraulic retention time was always selected with the aim
to promote the growth of chain elongation microbes and simultaneously minimize the

accumulation of methanogens.

Additionally, what helps to promote successful acidogenic fermentation in general is an
environment with high carbon source concentrations (>10g L) %, Previous studies showed
that a resulting high MCC product concentration inhibits ethanol oxidation and increases
the selectivity of ethanol based chain elongation >7 . In the case of methanol, high
concentrations (>1 g L) have been observed to trigger methanol based chain elongation

within methanogenic systems while reducing methanogenesis 8.

Finally, a low pH can amplify the toxic effect of high carboxylate concentrations. When the
reactor pH approaches the pKa values of carboxylates, protonated carboxylic acids will start
to diffuse into the bacterial cells creating an energy draining futile cycle that significantly
increases the maintenance requirement for microbes *°. This will put more strain on the
whole microbiome and thereby more stringently select for the most adapted microbe. This

strategy is utilized in the chapters about methanol-based chain elongation.
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Introduction

Outline of this thesis

This thesis presents proof of principles to produce branched carboxylates via the use of
enriched microbiomes that perform chain elongation fermentations. Two different types of
chain elongation fermentations were investigated: (i) ethanol-based chain elongation and
(ii) methanol-based chain elongation. The results show research on how to obtain

alternative products using enriched mixed culture anaerobic digestion techniques.

In Chapter 2 a long-term continuous reactor experiment shows how to enrich a
microbiome for the production of n-Cs4 and i-C4 via methanol-based chain elongation of
acetate. The reactor pH is identified as an important parameter with which the product
spectrum can be changed from almost solely n-C4 formation to the formation of i-C4 and
n-Cs in varying ratios. The reactor experiments were complemented with two batch series
that showed that the formation of n-C4 and i-Cs4 is coupled to the thermodynamics of
isomerization. The slightly lower Gibbs formation energy of i-C4 compared to n-Cs steers
the broth concentrations towards a ratio of 0.69 i-C4 to 0.31 n-Cs. The dominant
microorganisms in the reactor were related to Eubacterium limosum for methanol based
chain elongation of acetate to n-Cs4 at a high pH (6.75) and related to Clostridium luticellarii

for methanol based chain elongation of acetate to i-C4 and n-C4 at a low pH (5.2).

The potential of methanol-based chain elongation is further explorer in Chapter 3. Two
continuous reactor experiments show successful elongation of propionate to n-valerate via
methanol-based chain elongation. One of the initial goals of this research was to investigate
if i-Cs could be produced from propionate in a similar fashion as how i-C4 and n-Cs are
formed during methanol-based chain elongation of acetate. This, however, did not occur
and propionate was elongated to only n-Cs without any significant isomerization. The most
dominant microorganism within the valerate producing enriched microbiome was found to

be the same as in the i-C4 producing microbiome: related to Clostridium luticellarii.

The research presented in Chapter 4 shows successful formation of branched medium
chain carboxylates. During a continuous reactor experiment an enriched microbiome
utilized ethanol-based chain elongation to elongate isobutyrate (i-C4) to isocaproate (i-Cs).
The results are explained from the perspective of the known metabolic pathway of
Clostridium kluyverii, called the reverse beta-oxidation pathway, and from the perspective
of known ethanol oxidation routes that directly compete with chain elongation microbes for
ethanol as substrate. Microbial community analyses were performed to confirm that the

most dominant microorganism within the enriched microbiome is
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strongly related to Clostridium kluyverii. Additionally, it shows data that support the

stoichiometric analysis in relation to competing biochemical routes.

The possibilities and limitations of this enriched microbiome are further investigated in
Chapter 5. A continuous reactor experiment explores the effect of CO2 dosage on branched
chain elongation during acetate limitation. Higher alcohol formation was observed to be
thermodynamically coupled to ethanol oxidation that led to acetate formation. Additionally
multiple series of batch experiments showed the likely elongation of i-Cs to i-C7, albeit in
very small quantities. This chapter shows that the elongation of branched electron
acceptors in the acquired enriched microbiomes is closely coupled to the elongation of
straight chain carboxylates in the sense that the first only occurs as side-process to the

latter, which is known as co-metabolism.

A general discussion of the experimental chapters is presented in Chapter 6. Some content
of the research chapters is reevaluated in scope of additional literature research. Process
performances are discussed; also various applications and follow-up research topics are

presented.
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Methanol-based chain elongation to n-butyrate and isobutyrate

Abstract

Biomass fermentation technologies offer alternative methods to produce platform
chemicals that currently originate from fossil sources. This research showed that an
enriched microbiome was capable to produce isobutyrate (i-C4) from acetate via methanol
based chain elongation. A long term continuous reactor experiment showed that the
selectivity for i-C4 and/or n-butyrate (n-C4) could be reversibly adjusted by changing the
reactor pH. A reactor pH of 6.75 led to formation of (carbon per total carbon of products)
0.78 n-C4 and 0.024 i-C4, whereas a reactor pH of 5.2 led to a selectivity of 0.24 n-C4 and
0.65 i-Cs4 . This shift in product spectrum was also represented by a shift in microbial
composition. The results suggest that an Eubacterium genus is responsible for the
formation of n-C4, whereas a Clostridium luticellarii strain is responsible for the formation
of a mixture of i-C4 and n-Ca. The formation of n- and i-C4 at a low pH was observed to be
coupled according to the thermodynamics of isomerization. At a reactor pH of 5.5 and 5.2
the product ratio of i-C4:n-Cs approached 0.69 i-Cs4 : 0.31 n-Cs4, which is the theoretical
ratio that would be achieved when determined by the equilibrium of isomerization. Various
batch experiments at pH 5.5 and 5.2 confirmed that addition of either n-C4 or i-C4 at the
start of the batch would directly lead to the formation of the other butyrate component.
Moreover, batch experiments performed at pH 6.5 produced mainly n-C4 and led to the
development of a completely different microbiome. The imposed pH is a strong selection
pressure that can facilitate changes in product selectivities for n-Cs4 and i-C4 during

methanol based chain elongation of acetate.

Keywords: Chain elongation, Selection pressure, Open-culture fermentation, Biobased

chemicals, Methanol, n-Butyrate, Isobutyrate
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Chapter 2

Introduction

The necessity to transition towards a circular economy has driven researchers to explore
new biomass fermentation processes for alternative production of currently oil-derived and
palm-derived chemicals?? 7972, Microbial chain elongation fermentations have potential to
become an alternative and sustainable technology for acquiring platform chemicals, such
as short chain carboxylates (SCCs) and medium chain carboxylates (MCCs)?2% 7374, Biomass
residues and CO: are used as favorable substrates for these bioprocesses. The carbon
streams can be more efficiently recycled which could help lessen environmental harmful
expansion of agricultural areas. Microbiomes that catalyze chain elongation processes have
been enriched using different selection pressures, for which the electron donor is an
important factor?? 75, Methanol is an exceptionally interesting electron donor, because it
can be electrochemically synthesized from CO2 or thermochemically produced from

lignocellulosic biomass*> 76-78,

Recently it has been shown that isobutyrate (i-C4) can be formed during a methanol based
microbial chain elongation3> 7°. It was observed that a high concentration of n-butyrate (n-
C4) is necessary to stimulate isomerization towards i-C4 within the methanol based chain
elongation microbiome. It was also shown that addition of methanol to n-Cs-rich fermented
supermarket waste residue induced the formation of i-C4. The precise metabolic route for
the biochemical i-C4 formation has not been fully elucidated, but it was suggested that it
takes place via methanol chain elongation and subsequent isomerization of n-Cs to i-Ca.
Alternatively i-C4 can be formed via microbial electrosynthesis, however, for now its
formation was only observed as a side product®® 8!, Also biological production of i-C4 from
sugars has been shown using metabolically engineered strains®® 83, Currently, i-C4 is
produced chemically from fossil-based feedstocks and other compounds such as alkali
metal bases or metal alcoholates®*. Isobutyrate can be used in the production processes
of transparent thermoplastics, emulsifiers, vitamins, antibiotics and organic solvents®% 8>
86, It has a market size of around 2.7 - 10° ton/year®3. The newly discovered methanol
chain elongation bioprocess within a mixed culture prospects an alternative route towards
i-C4 production3. By using only acetate and methanol as sole substrates and by using a
mixed culture, a versatile organic residue based fermentation process can be developed?’.

Methanol based chain elongation experimentally complied to the following stoichiometry3>

43, 46.

2 methanol + acetate - n-butyrate + 2 H20 AG/°t = -106.8 k]

The objectives of this study were to further elucidate the selection pressure involved in
enriching the i-C4 forming microbiome and to develop this microbiome without supplying

exogenous n-Cs. A long term continuous reactor system was operated to study varying pH
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levels (from 6.75 to 5.2). The necessity for high n-Cs4 concentrations in earlier studies was
hypothesized as a toxic effect on the microbiome that induced isomerization3>,
Hypothetically a similar selection pressure could be achieved by high amounts of in situ
butyrate formation from acetate and methanol. Additionally, lowering the pH and thus
increasing the amount of undissociated acids in the broth could further amplify the toxicity
of the formed butyrates towards microorganisms> 87, We show with this experimental
work that at pH 5.2 the microbiome produced i-C4 with a 65% carbon selectivity from
acetate and methanol as sole substrates. A selection pressure tool is presented that can
be used to form i-C4 with a mixed culture from simple molecules such as acetate and

methanol.

In addition to the continuous reactor experiment, a series of batch experiments was
performed to gain insight into the microbial activity and microbiome enrichment under
varying starting pH levels, different n-/i-C4 starting concentrations and different substrate
(acetate and methanol) concentrations. These batch series give insight into how the i-C4
production is coupled to catabolic conversion of the chain elongation substrates and how

the isomer formation specificity is affected.

Material and Methods

This research aimed to investigate what selection pressure is needed for a methanol chain
elongation microbiome to produce isobutyrate (i-C4) and/or n-butyrate (n-Cs4) from acetate
(C2) and methanol (MeOH). A continuous reactor was operated throughout seven phases
to investigate the effect of different pH levels (pH 5.2, 5.5, 6.0 and 6.75). Moreover, CO2
addition was removed (phase I-II), a slight increase and consecutive decrease of acetate
in the influent was executed (II-III—-IV) and the vitamin B12 supply was dropped by a
factor of 30 (III-IV). A description of the operating conditions during the seven phases is
shown in Table 1. The reactor system was characterized by analysis of the steady state

mass balances for the total amount of carbon and electrons in the liquid and gas phase.

In addition to the continuous reactor, batch experiments were performed to investigate (i)
the immediate effect of two different pH levels (5.2 and 6.5) on product formation and
microbial composition; (ii) whether initial n-C4 or i-C4 addition affects the product
selectivity; (iii) how the absence or presence of carbon sources affect the
(de-)isomerization of n- and i-C4 and (iv) how different substrate concentrations affect the
methanol chain elongation process. An overview of the batch experiments is given in Table
2.
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Medium

The synthetic growth medium contained the following macro nutrients (g L!): NH4H2PO4
3.60; MgCl2.6H20 0.33; MgS04.7H20 0.20; CaCl2.2H20 0.20; KCI 0.20 and yeast extract
1.0. Micro nutrients were used as described in Phillips et al. (1993) (designed basal medium,
Pfennig trace metals and B-vitamins)®8. The B-vitamin composition of this medium differed
in phase I, II, and III. The vitamin Bi2 cobalamin concentration in these phases was 30
times higher than in the following phases (0.375 mg L' compared to 0.0125 mg L!). The
higher vitamin concentration was initially used in concordance to the earlier performed
research on methanol based formation i-C43°. The vitamin concentration was lowered to
rule out the necessity of these high amounts. The carbon sources during the whole study
were acetate and methanol. For the continuous reactor experiment in phase I, II, IV, V VI
and VII the concentrations were 150 mM (8.9 g L!) acetate and 300 mM (9.6 g L?)
methanol and during phase III the acetate concentration was temporarily increased to 180
mM (10.8 g L?!). The starting concentrations for the batch experiments ranged from 50
mM and 25 mM to respectively 300 mM and 200 mM for methanol and acetate. See Table
2 for the exact starting concentrations for each batch.

Inoculum

The reactor was inoculated with an undefined anaerobic culture that originated from a
reactor that performed methanol chain elongation from n-Cs to n-caproate and also formed
i-C43°. It's complete 1 L broth was used at the start of this experiment. The batches of the
first series (I-VIII, Table 2) were inoculated with suspended biomass from the continuous
reactor during the end of phase VII. The batches of the second series were inoculated with
biomass that originated from batch III and was subsequently kept active with a repeated
batch. A more detailed description of the inoculation is described in the Supplementary

Information section ‘Materials & Methods’.

Reactor set-up and operation

The reactor experiment was performed for 489 days in a lab-scale continuous up flow
anaerobic reactor setup (1L working volume) as described in an earlier chain elongation
research®. Table 1 summarizes the operating parameters (HRT, pH, CO2). The
temperature was kept constant at 35°C. The medium inflow was set at 25 ml hour!, which
led to an HRT of around 40-46 hours. During the first four phases the HRT slowly increased
due to diminished flow rate caused by clogging of the influent tubes. This problem was
solved from phase V and onwards. The aim of the chosen HRT value was to provide
sufficient retention for methanol based chain elongation organisms, while simultaneously
suppressing suspended methanogenic growth*> ?0, Biofilms were allowed to grow in the

reactor; periodically (approximately once per month) sludge-like biomass that
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accumulated in the pH control unit was removed. The reactor pH was regulated by
automatic titration using 1M KOH as base. In the first phase (120 mIn day*) CO2 was
supplied, because earlier experiments showed successful methanol based chain elongation
under CO2 supplementation*> 46, However, CO2 can act as electron acceptor for acetate-
producing methylotrophs which compete for methanol as substrate and reduce selectivity
towards butyrates*3. Additionally, sufficient CO2 was produced in the reactor itself, via
possibly yeast extract conversion and/or methanogenesis. Therefore its supply was
stopped from phase II and onwards. The reactor was partially mixed via internal
recirculation at 150 ml mint. A schematic overview of the reactor setup is shown in Figure
S1.

Table 1. The overview shows a short description of each phase as well as the phase duration, the
steady state period per phase, the pH set points and the set HRTs.

Phase I Phase II Phase III Phase IV Phase V Phase VI Phase VII
Changed Decreased
Changed pH set acetate from Changed
pH set point from  10.8 to 9.0 Changed pH pH set Changed pH
Description point 5.5, no CO2 5.5to 6, glLt, set point point from set point
CO; flow input increased decreased from 6.0 to 6.75 to from 5.50 to
set to 120 acetate vitB12 from  6.75 5'50 5.20
mLn day? from 9.0 to 362.5 ug L? :
10.8gL1? to 12.5ug L?
. day 1 to day 48 to day 111 to day 142 to day 181 to day 327 to day 399 to
Phase period 4o 111 day 142 181 327 399 489

Steady state day 40 to day 94 to day 123 to day 166 to day 311 to day 345to day 472 to

period 48 111 135 181 327 364 489
I?gperat“re 35 35 35 35 35 35 35

. 120 mLn
COzinflow 42 - - - - - -
pH set point 5.5 5.5 6.0 6.0 6.75 5.5 5.2
Set HRT 40 40 40 40 40 40 40
(hrs)

Steady state characterization

During the seven phases a steady state was assumed when the following criteria were met:
(i) for at least 5 times the HRT no setup change had occurred and (ii) main metabolite
concentrations and corresponding conversion rates were relatively constant. Relatively
constant was defined as when the confidence interval was less than 20% of the steady
state average values. Confidence intervals were determined with an a of 0.01 and are
indicated with a +.
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Chapter 2

At the end of the seventh phase a series of 8 batch experiments was carried out in duplo

to investigate how the formation of n-Cs and i-Cs4 is coupled to methanol based acetate

elongation under various conditions (see Table 2).

Table 2. Overview of the performed batches.

Inoculum Methanol MM  Acetate mM  pH i-C4 mM n-C4 mM Batch Code

50 25 5.2 50 I
Phase VII 50 25 6.5 50 I
(suspended cells) 50 25 52 50 III

50 25 6.5 50 v

- - 5.2 50 \Y
Phase VII - - 6.5 S0 VI
(suspended cells) - = 5.2 50 VII

= = 6.5 50 VIII

300 150 5.5 0 - A
Repeated batch 300 150 55 5 _ B
(suspended cells)

300 150 5.5 20 - C

300 150 5.5 50 - D
none 300 150 5.5 0 - E
Repeated batch B
(suspended cells) 0 e 35 e 7

50 25 5.5 50 - G

100 50 55 50 - H
Repeated batch 200 200 55 B i ]
(suspended cells) 300 150 55 50 - K

50 25 52 50 - S

repeat)

0 0 5.5 50 - M
Eubacterium 300 150 55 - - EL batch
imosum

Firstly, batches were performed at pH 6.5 (batch II, IV, VI and VIII) and at pH 5.2 (batch
I, III, V and VII). Secondly the effect of initially present chain elongation product on

formation selectivity was investigated: either 50 mM n-Cs4 (batch I, II, V and VI) or 50 mM
i-C4 (batch III, IV, VII and VIII) was added. Thirdly (V to VIII), a control series was

performed without methanol and acetate in the medium, because it was unclear if i-C4 was

formed via a secondary isomerization coupled to degradation °1-%5 or via a catabolically

(and seemingly irreversible) driven formation. After this first series the microbiome from

batch III was used for a second series of 12 batch experiments in duplicate (batches A to

M, Table 2) to determine how different substrate concentrations affect the methanol based
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chain elongation. In addition to these batches a pure culture Eubacterium limosum 2A
(DSM 2593) was used as inoculum to perform a batch at pH 5.5 and methanol and acetate
as substrate. The aim was to check if this culture was able to also form i-Cs under these
conditions, as it is know that E. /imosum can form n-Cs %. The protocols for the batch
experiments are described in the Supplementary Information section M&M (and Table S1
to Table S6).

Sampling and measurement

Continuous reactor samples were taken approximately two or three times per week. Batch
samples were taken three times per week in the beginning and less frequently as the batch
progressed. The pH of the samples was checked using an external pH meter, which allowed
periodic recalibration of the internal pH-controller in the continuous system. The liquid
samples were analyzed for primary alcohols (methanol to hexanol), isobutanol and volatile
fatty acids (acetic acid to n-caprylic acid) composition via gas chromatography by an earlier
described method °7. The headspace gas was analyzed every time a liquid sample was
taken. The concentrations of O2, N2, CH4, H2, and CO2 were determined via two gas
chromatography systems as described earlier 4> 74, The headspace of the continuous
reactor was connected to a gas meter (uFlow Bioprocess Control, Sweden) to measure gas
production. The headspace pressure in the batches was measured (pressure meter GMH
3151).

Microbial community analysis

Biomass samples during the steady states in phase II, IV, V, VI and VII, as well as biomass
samples taken at the end of batches (I to VIII) were used to analyze the microbial
compositions. Biomass was acquired by spinning down approximately 25 mL of suspended
broth (either from the continuous reactor, or at the end of a batch run) and subsequently
snap freezing the pellet using liquid nitrogen and storing it at -80°C. In the case of the
biofilm sample in phase VI 1 mL of biomass sludge was used for the DNA extraction. All
biomass samples were taken in duplo and analyzed separately. DNA was extracted using
a Powersoil DNA isolation kit. The isolated DNA was used as template for amplifying the
V3-V4 region of 16S rRNA gene using the illumina library generation method described by
Takahashi et al 8. Exactly the same method for the 16S rRNA gene amplicon analysis was
used as described earlier 8% 99-101 Sequences of frequently found OTUs were used for a
NCBI BLAST query. Canoco 5 was used to make two redundancy triplots (Figure S21 and
S22) to support discussed correlations. Sequencing data is submitted to the ENA database
and can be found with the accession number PRJIEB36205.
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Results

Reactor pH influences formation selectivities of n-C; and
i-Cs during methanol based chain elongation of acetate.
The continuous reactor system enriched microbiomes that performed methanol based
chain elongation of acetate (C:) to isobutyrate (i-C4) and n-butyrate (n-Cs4) as main
products in varying ratios dependent on reactor pH. Side products were n-caproate (n-Ces)
and methane (CH4). Figure 1 shows the reactor broth concentrations of the main
metabolites and Table 3 summarizes the performance of the reactor. The results from
phase IV to VII are particularly important, because the only varied reactor parameter in
the phases following phase IV was the broth pH. During the shift from phase IV to V it took
around 100 days for the i-C4 formation rate to drop and stabilize at around 4 mmol C L!
day!. Consequently n-C4 formation increased with 86% to 142 £13 mmol C L! day™* or
3.1 £0.3 g Lt dayt. With a concentration of 237 £22 mM C or 5.2 £0.5 g L*!, n-C4 was
the dominant product in phase V (78% selectivity based on carbon atoms). The reactor pH
set point was lowered to pH 5.5 in phase VI to investigate the reversibility of using pH as
a selection pressure to enrich an i-C4 forming microbiome.

120 mIn  cut COz Acetate lowered B12
day! CO: supply spike vitamins

pH: 5.5 55 6 6 6.75 5.5 5.2
I 1} m IV v VI VI
300 : : i n
: : a . & iCy
i i A :“ A nCy
~ ! ! A
g 250 b : : 4 4 A a n-Cs
E - - ’?.} A .. ||+ Methano
£ 200 | i i of 2y el N PR | L
= ' H n = ans A A l"
z 41 o 4 N By I . a A
I ST I Y S S Y
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H : ) ] n
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5 100 | AR g A * e el L T
= ¢ Q‘.’ N ¢ » .0 EA‘ A ad o
E A‘ "q . ‘t : %“ % J‘A. ’ 1"0“ 0‘
A * [ b 4
E 50 _0.0..‘1’ Qowi ““ A .0 QAA P ‘..
[ : ..Q’Q A A »
| . ] - :’.\ M $a 4 .
0 1S M . N ptine

0 100 200 300 400 500
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Figure 1. The graph shows the reactor broth concentrations of the main metabolites. A short
summary of each phase is depicted above the graph. For phase VII the pH set point value 5.2 was
stably maintained only for the last 50 days (10 measurement points) due to pH probe calibration
issues.
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Table 3. This overview shows the measured steady state averaged values of pH, HRT,
volumetric conversion rates, organic loading rate (OLR), i-C4 to n-C4 ratios, main product
selectivites, percentages of unconverted substrate and carbon/electron balances. Yeast
extract (YE) was assumed to be completely consumed (using 0.4148 g C g'1)192, Propionate
and b/n-valerate are not shown (< 3 mmol C L1 day?).

Phase I Phase II Phase III Phase IV Phase V Phase VI Phase VII
Stead
state Y day 40 to 48 day 94 to day 123 to day 166 to day 217 to day 345 to day 472 to

at Y 111 135 181 233 364 489
period
pH 5.79 £ 0.03 5.65 £ 0.04 6.10 £ 0.03 6.02 £ 0.5 6.76 £ 0.8 5.61 £ 0.06 5.23 £ 0.07
HRT 42.8+2.2 45.6 £ 5.2 455 £ 1.0 46.3 1.9 40.9 £ 0.2 40.2 £ 0.8 41.5 £ 0.9
Volumetric C molar conversion rates and OLR (mmol C L* day!)
i-Ca 87 +12 90 +11 86 +3 80 + 4 4 +2 106 +12 111 + 14,5
n—C4 49 +4 53 +6 69 22 8 76 +2 142 2 i3 54 +7 42 + 4
n'CS 10 +3 19 +2 14 +1 17 +1 5.0 +1 14 +2 14 + 4.4
CH4 31 +1 23 +3 31 +5 21 +1 22 +8 20 +5 2 +1.8
COs 11 +1 9.1 +1 11 +1 6.2 +0.5 3.1 +09 8 +13 1 + 0.4
MeOH -129 =6 -137 + 14 -154 +£3 -134 +3 -134 g3 117/ -120 + 18 -93 g3 117/
Cz -91 + 10 -103 + 16 -110 =7 -90 + 4 -67 +8 -84 + 11 -68 + 10
Yeast Extract -14 +£09 -13.8 +13 -14 + 0.3 -13.3 +£0.2 -153 +04 -156 =£0.3 -15.0 *+0.3
OLR 347 + 21 335 + 33 361 +8 319 +4 367 +8 373 +6 359 +6
i-C4 to n-C4 ratios, selectivities and percentages of unconverted substrates
i-Cs to n-C4 . . . . . . .
ratios 0.64 : 0.36 0.63 : 0.37 0.55 : 0.45 0.51 : 0.49 0.03:0.97 0.66 : 0.34 0.73:0.27
(molar)
i-C4 / total
products 46% 46% 40% 39% 2% 51% 65%
(carbon)
n-Cs / total
products 26% 27% 32% 37% 78% 26% 24%
(carbon)
gneonverted 4504, 38% 42% 41% 61% 53% 60%
Unconverted 550, 14% 3% 12% 24% 33% 46%
MeOH
Balances

C-balance 86% 7% 82% +£4% 81% =+ 3% 87% +5% 89% £+ 3% 95% + 2% 98% + 2%
e-balance 86% 7% 82% +4% 82% *+3% 88% + 6% 89% +4% 95% 2% 99% + 2%
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It took 18 days (about 11 times the HRT) for the i-C4 formation rate to return back to the
levels achieved in phase I and II. In the last phase (VII) the pH set point was set to 5.2.
This led to the highest achieved steady state average volumetric production rate for i-Cs,
with 111 £15 mmol C L' day™ or 2.4 +£0.3 g L't day!, an average broth concentration of
191 £28 mM C or 4.2 0.6 g L't and 65% selectivity (based on carbon atoms).

Methanogenic activity was strongly sensitive to
change between pH 5.6 and 5.2

From day 374 in phase VI to day 455 in phase VII there were calibration issues of
the automatic titration setup that led to increased hydroxide dosage and
subsequently to a broth pH that was higher than the set point (See Figure S4). As
a result, prior to the steady state in phase VII (at pH 5.23 +£0.07), the pH rose
slowly from pH 5.24 up to 5.64 on day 455. An increase and decrease in methane
formation rate was observed concomitant with this pH rise and fall (Figure S4).
During the steady state of phase VII the average methane formation rate had
dropped with 90% compared to the steady state value in phase VI (at pH 5.61
+0.06). The i-C4 formation rate and concentration did not change significantly

compared to phase VI, whereas n-C4 formation rate had dropped with 20%.

Cutting CO:z supply (II) and reducing vitamin B12 feed
(IV) did not adversely affect the chain elongation
performance

In the second phase the CO: addition was ceased, which led to a 26% decrease in
CH4 formation and a 47% increase in n-Cs formation. The steady state average CO:z
partial pressure did drop from 23.7 £1.4 (phase I) to 17.2 +£1.3 kPa (phase II). Gas
headspace partial pressures are shown in Figure S5. Conversion of the main
metabolites (substrates MeOH, Cz and products n-C4 and i-C4) was not significantly
affected by cutting CO2 dosage. Lowering the vitamin B12 concentration from 0.375
mg Lt to 0.0125 mg L* in phase IV also did not significantly affect the overall
performance of the reactor (see Table 3). Confidence intervals of the conversion
rates overlap for phase II and VI, where the only difference is the influent B12

concentration.

Batch experiments show that at pH 5.2 i-C4 formation
is caused by the presence of n-Cs and vice versa

The results of the first batch series are summarized in Figure 2. The concentration
profiles and gas headspace partial pressures for each separate batch are given in
Figures S8 to S11 in the Supplementary Information section. The results show that
at pH 5.2, i-C4 formation is triggered by the presence of n-C4 (I, V) and that n-C4
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formation is triggered by the presence of i-C4 (III, VII). Additionally, a pH of 5.2
induces n-Cs formation, whereas at pH 6.5 hardly any n-Cs is formed. At pH 6.5
there is mainly acetate and n-C4 formation from methanol and CO:z (II and IV).

In batches V to VIII substrate was limited to the amount that came from the
inoculum. Here, methanol was quickly consumed in three batches (V, VI and VIII)
and more slowly in the batch at pH 5.2 with added i-C4 (VII). The batch with added
n-Cs4 at pH 6.5 (VI) showed significant n-C4 consumption (45% of the supplied n-C4
was consumed) and acetate was formed together with methane. In contrast, the
batch with added i-C4 at pH 6.5 (VIII) showed very little i-C4 degradation (~98%
remained) within the timeframe of the experiment (77 days). The substrate limited
batches show that (de-)isomerization occurred at pH 5.2 (V and VII) as well as at
pH 6.5 (VIII). However, the concentration profiles (Figure S9) of these batches show
that (de-)isomerization activity occurred only during chain elongation activity when
methanol was present, but not after methanol was depleted. This is emphasized by
the calculated conversions that occurred after methanol was depleted (shown in
Figure S7).
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Figure 2. Formation and consumption of carbon containing components during the batch
experiments. Error bars show the difference between the duplicate experiments. The yeast
extract that was added to the medium is was assumed to be fully consumed 192, The total
formation and consumption after 77 days are shown.
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Determining that i-C4; and n-C4 ratios meet thermodynamic
equilibrium of isomerization

A second batch series was performed (A-M, Table 2) at pH 5.5 to further investigate
the impact of methanol, acetate and i-C4. Batches A-F started with different initial
amounts of i-C4 (0 to 50 mM) and batches G-M started with different initial amounts
of acetate and methanol (50mMC to 300mMC) at t=0. The results of each individual
batch are shown in Figure S12-S19 (concentration profiles, as well as headspace
partial pressure profiles). All batches showed i-C4 and n-C4 formation from acetate
and methanol with a similar pattern as during the first series: presence of initial i-
C4 (A-F) caused n-C4 to be formed first, followed by simultaneous formation of both
butyrate species. The results of batches A to F and G to M are summarized in Figure
3A and 3B respectively, which show the ratios of i-C4 and n-Cs4 over total C4 as

measured during all batches throughout the operation period.
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Figure 3. A (batch A to E, negative control F excluded) and B (batch G to L) show the i-C4 and n-
C4 to total C4 ratios as measured during all batches throughout the operation period. The
dotted lines represent the calculated equilibrium ratio using an isomerization AG; of -1.98 kJ28: 103,
The concentrations of n-C4 and i-C4 are interdependent and approach a ratio that is determined by
equilibrium of isomerization as the batches progress. In A the unfilled symbols represent the batch
that was started without inoculum (but apparently was contaminated). In B the unfilled symbols
represent the batch that started with 300 mMC methanol, acetate and 50 mM i-Cs. The two series
are highlighted in this way because they show a deviating behavior compared to the other batches
(not seeming to approach the calculated equilibrium ratios).

In addition a horizontal line is added to the figure that represents the ratio at
isomerization equilibrium conditions, which is calculated as shown on page S10 and

S11 in the Supplemental Information. Eventually the concentrations of the butyrate
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species seem to approach this equilibrium in most cases. The progress of the i-Ca
and n-C4 to total C4 ratios in the continuous reactor system are shown in Figure S6

and follow the same relation when operated at low pH (5.2-5.5).

Microbial community analysis: key players in reactor
are related to Clostridium luticellari and Eubacterium
limosum

The biomass from phase 1II, IV, V VI and VII of the continuous reactor, as well as
biomass from batch I to VIII was harvested to be used for a 16S rRNA gene amplicon
microbial community analysis. A heat map of the microbial community analysis data
is shown in Table 4 (Table S7 in the Supplementary Information section shows the
complete data). The results show that operating the reactor at increasing pH levels
causes a gradual shift in Clostridiales composition from Clostridiaceae 1 (at pH 5.2)
to Eubacteriaceae (at pH 6.75). The shift was reversed when reactor pH was
decreased again. The batch experiments (I-VIII) that were inoculated with biomass
from phase VII (pH 5.2) show a selection towards different microbiomes at the end
of the batch.

In the reactor at pH 6.75 the most dominant genus is Eubacterium. The most
abundant OTU (40% relative abundance, Table S8) showed a slight similarity
(94.8% identity, 100% query cover) with Eubacterium limosum. Operating the
reactor at pH 5.2 caused an apparent complete washout of the Eubacterium order
and strictly selected for Clostridium sensu stricto 12 dominance. The most abundant
Clostridium sensu stricto 12 OTU (Table S9) showed a very high similarity (99.7%
identity, 100% query cover) with Clostridium luticellarii.

The batch series showed a microbial selection that was similar to the selection in
the continuous reactor to some extent. C. /uticellarii presence is maintained at pH
5.2, albeit at a lower relative abundance than within the continuous reactor. At pH
6.5 the relative abundance of the Eubacterium order increased from 0% (phase VII
used as inoculum) to 8% and 9% in batch II and IV respectively. In addition to these
microbes, a large amount of other Clostridiales emerged in the batches among which
the most abundant were Oxobacter (at pH 5.2), Family XI and Oscillibacter (at pH
6.5).
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Table 4. Heat map showing the relative abundances of all orders and for the Clostridiales
also all observed genera.
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Discussion

Methanol based chain elongation with acetate to n-
butyrate and isobutyrate at varying (high) selectivities
dependent on pH

This study shows that the product spectrum of methanol based chain elongation can be
adjusted using pH as a selection pressure tool. A pH of around 6.75 in the continuous
reactor facilitated the dominance of an unknown Eubacterium that resembled Eubacterium
limosum, which is a known methanol based chain elongation microbe®®. The results suggest
that the microbiome dominated by Eubacterium does not form isobutyrate (i-C4) under
these conditions. A pure culture experiment with E. /imosum performed at pH 5.5 also
showed no i-C4 formation, only n-butyrate (n-C4) formation (Figure S20).

Lowering the pH in the reactor towards 5.5 changed the microbiome towards a state where
a Clostridium luticellarii related species was dominant. At this pH there was still a small
amount of Eubacteria present (6%), and more so in the sampled biofilm that had grown
within the pH control volume (See Figure S1 and Table S7). Further lowering the pH to 5.2
led to a steady state in phase VII without the Eubacterium genus (0% relative abundance)
and with the OTU related to C. luticellarii at a 55.5% relative abundance. A pure culture of
C. luticellarii has recently been shown to be able to form i-C4 and n-Cs4 under

supplementation of acetate and methanol04,

Suppressing methanogenesis at pH 5.2 increased chain
elongation selectivity

Shifting the reactor pH from 5.5 to 5.2 significantly lowered methanogenic activity as well
as the relative abundances of the Archaea. The microbiome analysis showed two
potential candidates for methanogenic activity: (i) hydrogenotrophic
methanogenesis by the Methanoculleus genus (98.8% identity, 99% query cover,
Methanoculleus palmolei DSM 4273)195 and (ii) methylotrophic methanogenesis by
an unknown Candidatus methanogranum (closest similarity to
Methanomassiliicoccus luminyensis, 87.76% identit, 99% query cover)0% 107 The
decrease in methanogenic activity was simultaneous with a decrease in methanol
consumption, suggesting that the observed methanogenesis at pH 5.5 was of a
methylotrophic nature!®. This shift from pH 5.5 to 5.2 effectively lowered methanogenic
activity, while maintaining chain elongation activity. Methylotrophic methanogenensis can
occur down to pH 4.219°, However, its inhibition is known to be amplified by high
concentrations of undissociated acids>® 1% and by sufficient mixing that prevents niche and
biofilm formation!!!, As a result, total chain elongation selectivity increased from 84% to
96% (percentage of the summed formed i-C4, n-C4 and n-Ce per total amount of formed

products, based on carbon atoms). Overall the selection pressure in the reactor was
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sufficient to select for methanol based chain elongators and to prevent methanogenesis

from becoming the dominant bioprocess.

The i-Cs and n-C; ratios meet thermodynamic equilibrium
of isomerization

In the continuous reactor experiment, the formation of i-C4 and n-C4 at pH 5.5, as well as
at pH 5.2, seemed to occur towards concentrations that approached the thermodynamic
equilibrium of isomerization (Figure S6A and S6B). The batch series A-M also showed i-C4
and n-Cs formation progressing towards a similar ratio (Figure 4), as well as a previous
study on methanol based chain elongation*é. Moreover, an experiment that was performed
with cell extracts and was designed to determine butyryl-CoA:isobutyryl-CoA mutase
activity showed that in this setup isobutyryl-CoA to butyryl-CoA ratios approach a similar
value®>, The genome of C. luticellarii (DSM No. 29923) has recently been sequenced and
harbors genes encoding for enzymes within the isobutyryl-CoA mutase (ICM)-like
subfamily (NCBI Reference Sequence: WP_106007777.1 and WP_106008210.1)!12, In
contrast, the sequences of two known Eubacterium limosum species (taxid: 1736 and
903814) do not contain any similarities to genes of the ICM-like subfamily (NCBI blastp
queries with various fused isobutyryl-CoA mutases, icmF, show no similarity). Based on
the stoichiometric and microbial analysis of this research and the work on pure C. luticellarii
(DSM No 29923)%%4, it is suggested that this species forms both i-C4 and n-Cs4 during
methanol based chain elongation of acetate coupled to a bidirectional isomerization
reaction dictated by thermodynamic conditions. For this fermentation, i-C4 and n-C4 are
effectively the main end products (apart from the formation of small n-Ce amounts), which
allows their ratios to approach thermodynamic equilibrium. In contrast, during other
isobutyrate-forming  fermentations, e.g. methanogenesis systems® 113 and
bioelectrochemical systems8% 8!, the metabolic fluxes are also geared towards the
formation of alternative products from butyrate as intermediate, which could prevent

equilibrium of isomerization from being established.

Isobutyrate formation was observed to be coupled to
catabolic activity of methanol chain elongation at low pH

Isomerization of n-Cs and i-C4 can occur in both directions and is regularly observed within
methanogenic cultures®: 114, Within methanogenic cultures (de-)isomerization of butyrate
species is coupled to beta-oxidation and consecutive hydrogenotrophic and acetotrophic
methanogenesis® %4, In this research, however, the microbiome performed methanol
based chain elongation, and methanogenesis was mainly methylotrophic. It took the
microbiome three weeks in a batch (VI, at pH 6.5, Figure S9) to develop observable beta-
oxidation activity, which shows this activity was negligible during continuous reactor

operation. The increase in relative abundance of Syntrophomonas and Methanoculleus%>
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115 (Table 4, batch VI) supports this observation. Moreover, deisomerization of i-Ca
occurred slowly, if not at all (batch VII and VIII).

In the first batch series (I-VIII), which was performed at low substrate concentrations,
equilibrium of isomerization could not be achieved before substrate was depleted; in the
absence of methanol, catabolic activity (chain elongation) was halted and so was
(de-)isomerization activity. It shows that the i-C4 formation is driven by the active
formation of the butyrate species via methanol based chain elongation. The enzyme
butyryl-CoA:isobutyryl-CoA mutase that performes reversible isomerization requires
activation of the substrates via a Coenzyme A bond!!é, It is known that transition from
exponential phase (during substrate abundance) to stationary phase (when energy sources
become limited) can lead to drastic changes of the metabolic fluxes!!’, accompanied by
large changes in intracellular CoA-derivative concentrations!!® 1%, The metabolic changes
during substrate limitation, combined with other regulatory mechanisms!2? 121 could
potentially have reduced the flux towards (de-)isomerization and explain the lack of
passive (de-)isomerization. However, to experimentally verify this hypothesis, pure culture
experiments with C. /uticellarii to determine intracellular concentrations and enzyme

activity assays to determine Km and ket values would need to be performed.

Isomerization of n-C4 to i-C4 may provide a competitive
advantage to chain elongation microbes at low pH and a
high undissociated acid concentration

A physiological reason for i-C4 formation can be found in exploring what selection
advantage is gained under the supplied conditions. Isobutyrate formation was stimulated
in an environment with a high concentration of fatty acids and a pH that approaches the
pKa values of these acids (See Figure S4 for the undissociated acids concentration in the
reactor). It is known that branched fatty acids have a lower toxic effect on microorganisms
than unbranched forms!?2. Partly this can be explained because i-C4 is predicted to have a
lower diffusivity through cellular membranes compared to n-C4123, thereby lessening the
strain on maintenance due to futile cycling®®. Thus, hypothetically, switching towards an i-
C4 forming catabolism could give a competitive advantage to the chain elongation microbe
that is growing at low pH and at high undissociated acid concentrations. This would explain
the dominance of i-C4 formation at the lower applied pH, and its absence at a higher pH
where an anabolic investment of making an additional enzyme by organisms to perform

the isomerization is not energetically rewarded.

40



Chapter 2

Future outlook

During the last phase (VII, at pH 5.2) of the reactor the highest i-C4 volumetric productivity
was 111 £15 mmol C L?! day? or 2.4 £0.3 g L! day?! with an average broth
concentration of 191 £28 mM C or 4.2 £0.6 g L' and a selectivity towards i-C4 of 0.65
carbon per carbon of total products. The achieved volumetric productivity was 20%
higher (continuous reactor) and the achieved concentration was 80% higher (batch) than
in an earlier study on i-C4 formation via methanol based chain elongation3>. The batch
experiments showed i-Cs4 production up to a concentration of around 400 mM C, 8.8 g L!
(and n-C4 up to a concentration of around 150 mM C, 3.3 g L'!), where chain elongation
became constrained despite acetate and methanol still being available. It shows the
limitations of methanol based chain elongation in the batch set up, but also that a higher
broth concentration within the continuous system can likely be achieved. The necessary
increased productivity may be reached by an increase of the amount of active biomass via
biomass retention with e.g. techniques?* 125, Further exploring the metabolic pathway(s)
and investigating the potential physiological reasons for i-C4 formation may also give more
insight in the fundamental principles that drive the selection of the developed reactor
microbiome. Finally, more researches on effective product recovery methods and specific
case-tailored solutions are necessary to determine how valorization of organic residues by

chain elongation can become economically feasible!?6,

Supporting Information

The Supporting Information is available in the Supporting Information Section of this
thesis. Additional information regarding Materials and Methods and additional figures and

graphs for the Results and Discussion, 22 figures, and 13 tables (PDF).
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Abstract

Chain elongation forms a new platform technology for the circular production of biobased
chemicals from renewable carbon and energy sources. This study aimed to develop a
continuous methanol based chain elongation process for the open-culture production of a
new generation biofuel precursor and potential platform chemical: n-valerate. Propionate
was used as substrate for chain elongation to n-valerate in an anaerobic open culture
bioreactor. Additionally, the co-production of n- and iso-butyrate in addition to n-valerate
via respectively acetate and propionate elongation was investigated. N-valerate was
produced during batch and continuous experiments with a pH in the range 5.5 - 5.8 and a
hydraulic retention time of 95 hour. Decreasing the pH from 5.8 to 5.5 caused an increase
of the selectivity for n-valerate formation (from 58 up to 70 weight%) during methanol
based propionate elongation. n-Valerate and both n- and iso-butyrate were produced
during simultaneous methanol based elongation of propionate and acetate. Propionate was
within the open-culture preferred over acetate as substrate with 10-30% more
consumption. Increasing the methanol concentration in the influent (from 250 to 400 mM)
resulted in a higher productivity (from 45 to 58 mmol C/L/day), but a lower relative product
selectivity (from 49 to 43 weight%) of n-valerate. The addition of acetate as substrate did
not change the average n-valerate productivities. Within the continuous bioreactor
experiments 6 to 17 weight% of formed products was methane. The microbial community
during all steady states in both methanol based elongation bioreactors was dominated by
species related to Clostridium luticellarii and Candidatus Methanogranum. C. luticellarii is
the main candidate for n-valerate formation from methanol and propionate. n-Valerate was
for the first time proven to be produced from propionate and methanol by an open culture
bioreactor. Methanogenic activity can be inhibited by decreasing the pH, the n-valerate
productivity can be improved by increasing the methanol concentration. The developed
process can be integrated with various biorefinery processes from thermochemical,
(bio)electrochemical, photovoltaic and microbial technologies. The findings from this study
form a useful tool to steer the process of biological production of chemicals from biomass

and other carbon and energy sources.

Keywords: Chain elongation, Selective pressure, Open-culture fermentation, Mixed-

culture fermentation, Biobased chemicals, Methanol, Butyrate, n-Valerate

44



Chapter3

Introduction

The growing world population causes arable land to become more scarce, waste to be
produced in larger quantities and carbon emissions to rise due to fossil fuel usage 127 128,
These developments emphasize the need for more sustainable and efficient production of
chemicals. Microbial chain elongation processes can contribute to the realisation of a more
circular economy by providing a versatile approach to convert complex organic waste
streams to fatty acids (short (C1-C5) and medium (C6-C10) chain length). Currently the
company ChainCraft is starting a commercial demonstration factory using ethanol based
chain elongation to produce mixture of carboxylate salts for use as feed additive in the

agro-food industry 129,

Several chain elongation microbial pathways are known including homoacetogenesis
(Wood-Ljungdahl pathway), the Arnon-Buchanan cycle and reverse beta-oxidation 13,
Chain elongation processes utilize short carbon chains as electron acceptor and by
elongating the fatty acids the carbon atoms are getting increasingly reduced (with a limit
to 6 electrons per carbon). The products of the chain elongation conversions are largely
dependent on the supplied substrates. Various electron donors can be used for chain
elongation such as ethanol, methanol, lactate, sugars or electrons provided via microbial
electrosynthesis 130133 Currently, the usage of methanol as electron donor is not sufficiently

investigated and therefore is the focus of this study.

Methanol is an available electron donor 34, which could be further mass produced via
various thermochemical and electrochemical methods. Substrates for methanol production
include lignocellulosic biomass, waste streams (e.g. via syngas) or CO:z sources including
air 135137 Hypothetically, when methanol is used as an electron donor for chain elongation,
a cobalamin-dependent methyltransferase system coupled to the Wood-Ljungdahl pathway,
could allow for its oxidation towards acetyl-CoA, which can then be utilized in a reverse
beta oxidation to reduce and elongate short chain fatty acids to longer carbon chains 138,
The short chain fatty acids acetate and propionate, which are substrates for the currently
studied chain elongation process, can be produced via a hydrolysis or acidogenesis
fermentation process. Additionally, the acids can be produced from CO2 with pure or open-

culture microbial electrosynthesis, from acetyl-CoA by biosynthesis and from amino acids
139-141

The known products that can be formed within an open-culture methanol based chain
elongation of acidified supermarket waste are n-butyrate, iso-butyrate, n-valerate and n-
caproate *. N-valerate is a new generation biofuel precursor and potential platform
chemical. The esterification product of protonated n-valerate (valeric acid) can be used as

an additive to diesel fuels 142 143, butyrate and n-valerate are also suitable precursors for

45



Methanol-based chain elongation to n-valerate

bioplastic (Polyhydroxyalkanoates) production 44 and Kolbe electrolysis of pure n-valerate

would lead to gasoline (octane) formation 145,

N-valerate production from waste streams is a rarely investigated environmental
biorefinery process 146, N-valerate formation during chain elongation processes occurred in
previous research during methanol based chain elongation from acidified supermarket
waste. However, due to presence of various electron donors (e.g. methanol and
endogenous produced ethanol) it could not be shown whether methanol based propionate
elongation occurred '47. A pure culture experiment with Eubacterium Limosum also
successfully showed propionate elongation with methanol to n-valerate 148 149, So far no
study focussed on utilizing an open culture to elongate propionate with methanol to n-
valerate. Such open-culture microbiome could be advantageous for application since no
sterilization is needed and a waste stream (i.e. organic waste) could be used as feedstock

during open-culture operation.

Fermentation of complex/mixed substrates using open-culture microbiomes typically
results in a plethora of microbial processes that are either desired for chain elongation or
are a competing process 2°, Reactor conditions such as temperature, pH, gas composition
and hydraulic retention time (HRT) become important selective pressure tools that will
determine the product spectrum 2 133, 147 In this study pH and hydraulic retention time
were varied to selectively inhibit competitive methanol consumption processes. Slow
growing methylotrophic methanogens and acetogens !*° are competitive methanol
consuming microbes and should be kept low in humbers by maintaining a suitably low HRT.
This effect is enforced by operating at a low pH that causes more maintenance stress and
overall lowers the growth rate of all microbes 1. Moreover, the presence of undissociated
acids at a low pH hinders bacteria due to futile cycling caused by diffusion of undissociated
acids through the cell membranes 132154, Therefore in combination with a low pH high
volatile fatty acids concentrations could provide additional selection pressure, assuming
that the microorganisms performing the desired chain elongation reactions are better
suited to withstand this compared to undesired methanogenic and acetogenic

microorganisms 133,

The aim of this study was to develop a continuous n-valerate production process using
methanol based chain elongation in an anaerobic open-culture reactor. Also, the co-
production of n- and iso-butyrate in addition to n-valerate from methanol based elongation
using respectively acetate and propionate was investigated. Two continuous reactors were
developed that successfully performed methanol based chain elongation where propionate

was elongated to n-valerate and acetate was elongated to n-butyrate and iso-butyrate.
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Materials and Methods

Batch tests and continuous experiments were carried out during this study. A series of
batch experiments was carried out in duplo with an initial pH ranging from 5 to 7.5 (with
steps of 0.5) to study which pH range allowed propionate elongation to n-valerate. Serum
bottles (250 ml) were filled with 150 ml medium with 250 mM methanol and 150 mM
propionate and 10 ml inoculum from a continuous methanol based acetate elongation
reactor!>¢ and placed in a shaking cabinet at 308 K. The initial headspace consisted of 20%
CO2 and 80% N2. An elaborate overview of the medium composition can be found in the
SI.

Continuous methanol based chain elongation

An 1-L upflow anaerobic bioreactor (UAB) with 0.2-L headspace, as used by Chen et al. 4°,
was used for continuous methanol based propionate elongation (Figure 1). A gas counter
was used to measure the amount of produced gas. The reactor content was recirculated
with a peristaltic pump (Watson Marlow S CIQ 323, UK) with a velocity of 400 mil/min. In
the recirculation loop, the turbidity and the pH (Endress Hauser M, Netherlands) were

measured. The pH was maintained constant by automatic addition of potassium hydroxide.

Gas counter 4————

X Sampling port A

Turbidity sensor

Reactor
Effluent

Temp
control

Recirculation Medium inflow
pump pump

Figure 1. Schematic (A) and actual (B) setup of upflow anaerobic bioreactor used for continuous
methanol based chain elongation.

The medium was pumped into the reactor by a peristaltic pump (Watson Marlow IP31, UK),
the hydraulic retention time (HRT) could be adjusted by adjusting the pump rate. Carbon
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dioxide was supplied during the continuous methanol elongation process for acetate
formation from methanol and bicarbonate (Table 3: R2). The temperature of the reactor
was kept at 309 K using a water bath (Julabo 4, Germany). A medium with 250 mM
methanol, 150 mM sodium propionate and 1 g/L yeast extract was used. The exact
composition of the medium is shown in the SI. The medium was stored in a camelbag (MSR

Dromedary, 6 L) in a fridge at 279 K that was continuously flushed with nitrogen.

A second reactor was used to study the simultaneous use of acetate and propionate as
substrate for methanol based chain elongation. A 3-L upflow anaerobic bioreactor (UAB)
with 0.6-L headspace was used for continuous methanol based acetate and propionate
elongation (Figure 1A). The recirculation velocity of the reactor content was 300 ml/min
(Watson Marlow 505 S, UK), the turbidity and pH were measured in the recirculation loop
(Endress Hauser M, Netherlands). The pH was maintained constant by automatic addition

of potassium hydroxide.

The medium (250 mM methanol, 75 mM sodium propionate, 75 mM sodium acetate and 1
g/L yeast extract) was pumped into the reactor by a peristaltic pump (Watson Marlow IP31,
UK). To compare the substrate use, propionate and acetate were added on a 1:1 molar
base. The exact composition of the medium is shown in the SI. The medium was stored in
a camelbag in a fridge at 277 K that was continuously flushed with nitrogen. Carbon dioxide
gas was let into the reactor continuously and the temperature of the reactor was kept at
309 K using a water bath (Julabo F25, Germany).

Analysis

Three times a week, a gas sample was measured using gas chromatography to analyse
the fractions of oxygen, carbon dioxide, methane, nitrogen and hydrogen in the gas phase
(Shimadzu GC-2010, Japan). Additionally, a liquid sample was taken, from which the
concentrations of volatile fatty acids and alcohols (methanol, ethanol, propanol, butanol,
pentanol, hexanol, acetate, propionate, n-butyrate, iso-butyrate, n-valerate, iso-valerate,
n-caproate, iso-caproate, heptylate and caprylate) were measured using gas
chromatography. A liquid sample was also taken from the fresh and old medium when the
medium was replaced. The concentration of volatile fatty acids and alcohols of the medium
samples were measured as well using gas chromatography (HP5890, USA). The difference
between 2-methylbutyrate and 3-methylbutyrate could not be measured using the
available equipment. Therefore, no distinction could be made between the formation of 2-
and 3-methylbutyrate during this experiment and both compounds were measured as iso-

valerate.
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Reactor setting changes

The setup changes during different phases of the continuous methanol based propionate
elongation process are shown in Table 1. The reactor was inoculated with biomass from
the previously mentioned n-valerate formation batch experiments at day 0 and day 27.
During phase I, decrease of the n-valerate formation was observed, the HRT was doubled
for phase II. The pH during the n-valerate formation phase of the batch experiments was
5.8, so the pH was lowered to 5.8 to stimulate n-valerate formation even further in phase
III. Steady state was reached at day 78, and after 12 days of steady state n-valerate
formation, the pH of the medium was decreased to 5.5 to inhibit methanogenesis (phase
IV). The carbon dioxide supply was changed with changing pH to maintain a constant
bicarbonate concentration during the formation process. The change of the concentration
of dissolved CO2 and the pH in time (Figure S1) and the calculation of the required CO:2
gasflow are shown in the SI.

Table 1. Setup for the different phases of the continuous formation of valerate from propionate
and methanol to study the effect of pH lowering on n-valerate formation. The pH in the reactor was
controlled during phase III and phase IV.

Phase Phase

Phase conditions PhaseI 1II ITI Phase IV
Hydraulic retention time
(h) 42.3 95.2 95.2 95.2
Phase duration (days) 0-27 27-43 43-91 91-120
pH influent 7.0 7.0 5.8 5.5

6.4 6.3
pH reactor +0.3 +0.2 5.8 5.5
CO; supply (ml/min) 0.18 0.18 0.36 0.40

The setup changes during different phases of the continuous methanol based acetate and
propionate elongation process are shown in Table 2. The reactor was inoculated with
biomass from the n-valerate formation batch experiments at day 0. No conversions of
methanol and acetate were observed during phase I, so the pH was lowered from 7.0 to
5.8. Carbon dioxide was supplied to the reactor from phase III and onwards. During phase
ITI, the high methanol concentration in the reactor was presumed to be prohibiting
microbial activity. Therefore, the reactor was set in batch mode during phase 1V, so that
the methanol could be consumed and biomass could be accumulated. The hydraulic
retention time was increased after the batch phase (during phase V) to prevent washout
of n-valerate producing organisms. A steady state was reached from day 64 to day 71. In
phase VI, the methanol concentration was increased to study whether increase of the
concentration of methanol would stimulate the formation of n- and iso-butyrate and n-

valerate at the same biomass retention rate.
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At day 29 (during phase III) and 38 (start of phase IV), the reactor was inoculated with a
mix of biomass from the methanol elongation reactor with propionate and a continuous
methanol elongation reactor with acetate. The carbon dioxide supply was changed with
changing pH to maintain a similar theoretically supplied the bicarbonate concentration

constant during the formation process from phase IV (SI Figure S1).

Table 2. Setup for the different phases of the continuous formation of valerate and n- and iso-
butyrate from propionate, acetate and methanol to study the effect of methanol increase on n-
and iso-butyrate and n-valerate formation. The pH in the reactor was controlled during phase II to
phase VI. The methanol concentration of the influent was increased from 250 mM to 400 mM in
phase VI. The reactor was in batch mode during phase IV.

Phase conditions PhaseI PhaseIl Phase III Phase IV Phase V Phase VI
Hydraulic retention time
(h) 46.3 42.5 45.4 oo 90.5 87.8
Phase duration (days) 0-17 17-20 20-38 38-45 45-71 71-104
pH influent 7.0 5.8 5.8 5.8 5.8 5.8

6.9
pH reactor +0.1 6.1 +0.2 5.8 £0.1 5.8 £0.0 5.7 £0.1 5.8 £0.1
CO2 supply (ml/min) 0 0 0.18 0.36 0.36 0.36
Methanol in influent
(mM) 250 250 250 - 250 400

Stoichiometric analysis

A stoichiometric analysis of the occurred conversions was performed based on the main
possible conversions shown in Table 3 combined with the observed changes in the
compound composition of the reactors and the obtained carbon and electron balances. The
carbon balances per data point are shown in SI Figure S3. Further indications of the
conversions were given by the measured production of protons and gases (methane,

carbon dioxide, hydrogen).
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Microbial community analysis

In order to characterize the enrichment of the biomass during propionate methanol chain
elongation samples of both inoculum and steady state biomass were used for 16S rRNA
gene amplicon analyses. Inoculum biomass was taken three months after taking the last
sample from one of the batches that was started at pH 6.5. Reactor biomass was taken
from the propionate methanol chain elongation reactor on day 90 and day 125 (at the ends
of the steady states). For the propionate/acetate reactor biomass samples were taken on
day 69 and day 106 (also at the end of the steady states). All biomass samples were taken,
in duplo, by spinning down 20ml in a centrifuge tube and snap freezing the pellet using

liquid hydrogen. From here on the in duplo taken samples were analysed separately.

DNA was extracted from the pellets using the Powersoil DNA isolation kit according to their
instruction manual. The isolated DNA was then used as template to amplify the V3-v4
regions of 16S rRNA gene via PCR using the primer sets provided by Takahashi et al. 8.
This allowed simultaneous amplification of bacterial and archaean 16S rRNA genes. The
illumina library generation °® methods were subsequently used to generate DNA sequence
data.

After acquiring rDNA sequence data a statistical analysis allowed OTU picking, using the
SILVA version 128 16S reference database and uclust 37 18, The RDP classifier (version
2.2) > was trained with the same SILVA reference database and subsequently used to
classify the OTUs. Taxonomic analysis was performed using QIIME software version 1.9.1
160, This bioinformatics process was performed on the 21t of August 2018. From the
acquired data a heat map such as shown in SI Table S10 could be made using Microsoft
Excel. Open source software Rstudio v3.5.0 was used to sort the data and create
quantitative OTU tables (as in SI Table S10 to S13) that belonged to a chosen taxonomic
group. This allowed counting the most abundant OTU’s that were classified within a single
genus. The rDNA sequences of selected abundant OTUs (as in SI Table ) were then used
for Megablast to search within the NCBI nucleotide database on the 18th of April 2019.
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Results

N-valerate formation during batch experiments with pH
ranging from 5 to 7.5

The open-culture batch experiments showed that indeed methanol based chain elongation
of propionate is feasible. The series of batch experiments started at an initial pH ranging
from 5 to 7.5 (with steps of 0.5) and showed propionate elongation with methanol to form
n-valerate (n-C5). Figure 2 shows the results of a batch that started at pH 7. Figure S2
in the SI shows the results of the methanol based propionate elongation batches with initial
pH values ranging from 5.5 to 7.5. Table 3 shows the main conversions that could occur

during continuous methanol based elongation of propionate and acetate.

A --M--methanol --A--acetate propionate B
500 . ~ 3~ n-valerate  —+—pH 80 60 T O carbondioxide
= "y 1 70 40+ E methane
O 400 T NI " © FIn-caproate
S et EF———— 1 —— T 60 S
£ X -1 g 20 T 7 n-valerate
£300 - 5.0 £ .
5 4 +403% Z 0 H isovalerate
®200 + 130 % I n-butyrate
I LNy E---E 2.0 -3 -20 T #isobutyrate
S 100 4 TE. T e
S AR a M acetate
o A - _-5-.\—‘—‘————-‘---‘ + 1.0 -40 +
-l =" A T methanol
0 mE=== f —S-—m—L 00 -
0 20 Time (days) 40 -60 — [ propionate

Figure 2. Concentration profile (A) during a batch experiment with methanol and propionate with
initial pH 7 at 308 K. Initially (day O - 25) acetate is formed via CO, elongation with methanol
concurrently with a pH drop. Propionate elongation to valerate starts slowly in the beginning, however,
after 40 days when the pH is 5.8 it is the most prevalent metabolic activity. The total conversions at
the end of the batch experiment are shown as well (B). The error bars represent the minimum and
maximum values measured in the duplo experiments.
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Table 3. Overview of main catabolic conversions shown occurring during continuous methanol based
propionate and acetate elongation under anaerobic conditions at 308 K and pH 5.8 with the Gibbs
free energy of the reactions. The calculation of the Gibbs free energy is shown in the SI.

Nr Description Catabolic reaction AG;!
(k3/reaction)
1 Methylotrophic 4CH;0H — 3CH, + HCO; + H,0 + H* -310.8
methanogenesis 161
2 Methylotrophic 4 CH3;0H + 2HCO3 - 3CH3;C00~ + HY + 4H,0 -178.7
acetogenesis 44
3 N-valerate formation 2CH30H + C3H505 — CsH905 + 2H,0 -106.1
from methanol and
propionate
4 N-butyrate formation 2CH30H + CH;C00~ - CH3(CH,),C00~ + 2H,0 -106.1

from methanol and
acetate 149

5 Iso-butyrate formation 2CH3;0H + CH3;C00~ — (CH3),CHCOO™ + 2H,0 -106.1
from methanol and
acetate

6 Acetotrophic CH3C00~ + H,0 —» CH,+ HCO3 -49.9
methanogenesis 162

7 Hydrogenogenic CH3CH,C00~ + 3H,0 » CH;CO00~ + HCO; + H* + 3H, 26.7 with pH;
propionate degradation 100 Pa
163, 164

8 Hydrogenotrophic 4H, + HCO3 + H* - CH, + 3H,0 -68.4 with pH>
methanogenesis 16> 100 Pa

9 Hydrogenotrophic 4H, + 2HCO3 + H* - CH3C00~ + 4H,0 -36.1 with pH;
acetogenesis 166 100 Pa

Continuous n-valerate formation with HRT 95h and pH
5.5-5.8

N-valerate was produced continuously during methanol based propionate elongation by an
anaerobic open-culture in a continuous reactor (Figure 3). No methanol was consumed
until the HRT was changed from 42 to 95 h (day 27, start of phase II). At the start of phase
ITII (CO2 supply, day 43), the methanol concentration decreased rapidly and increased
again after the pH was lowered to 5.5 (SI Figure S3, day 90). The propionate consumption
increased from the moment the pH was decreased to 5.8 (day 43). The n-valerate
production was low (£2.4 mmol/L/day) during phase II with pH 6.3 (day 27-43) and
increased after the pH was decreased to 5.8 (day 43) to a value of 9.3 mmol/L/day. A
slight increase in the n-valerate productivity (to 9.7 mmol/L/day) and concentration (40
mM) followed in phase IV, when the pH was 5.5 (day 111-120) (Figure 4, Table 4). The
concentration profiles of the most important compounds with the carbon and electron

balances are shown in the SI (Figure S3A).
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Figure 3. Volumetric productivities in time during continuous methanol based propionate
elongation in an anaerobic open-culture reactor at 309 K. The production of protons in mmol/day is
also shown (—-—+-). The vertical lines indicate the major changes in the setup: change of the hydraulic
retention time (HRT) from 42 to 95 h (— . =), pH change from 6.3 to 5.8 (— —) and pH change
from 5.8 to 5.5 (= = =).

Formation of n- and iso-butyrate in addition to n-valerate
during simultaneous elongation of acetate and propionate
The continuous experiment with simultaneous propionate and acetate elongation with
methanol showed formation of both n- and iso-butyrate and n-valerate. The concentration
profile of the most important compounds is shown in the SI (Figure S3B). A steady state
was reached after 64 days, subsequently the methanol concentration in the influent was
increased (from 250 to 400 mM) to study whether a higher methanol concentration would
lead to a higher chain elongation productivity. The concentrations of methanol in the
reactor were 27 £4 mM and 76 £14 mM respectively during the steady states with 250
mM methanol and 400 mM methanol in the reactor influent. After the increase of the
methanol concentration in the influent from 250 to 400 mM, the n-valerate formation
increased, while the productivities of iso-butyrate and n-butyrate stayed constant
compared to the phase with 250 mM methanol in the influent (Figure 4 and SI Figure S4).
More iso-butyrate was formed compared to n-butyrate, the iso-butyrate/n-butyrate ratios
were 2.5 £0.3 and 2.1 £0.1 respectively in the steady states with 250 and 400 mM
methanol in the influent of the reactor with continuous methanol based propionate and
acetate elongation (Figure 4: right two bars). Small amounts (1 mM) of iso-valerate were
observed during both continuous methanol based chain elongation processes. This iso-

valerate is likely produced from the amino acids in the yeast extract present in the medium

167, 168
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Table 4. Average concentrations, volumetric productivities and relative product selectivities of n-
valerate during the steady states of phase III (day 78-90) (pH 5.8) and phase IV (day 111-120) (pH
5.5) of continuous methanol based propionate elongation and during the steady state of phase V
(day 64-71) (methanol in influent 250 mM) and during the last days of phase VI (day 97-104)
(methanol in influent 400 mM) of continuous methanol based propionate and acetate elongation in
an anaerobic open-culture reactor at 309 K.

Propionate Propionate Propionate Propionate &

; PH 5.8; ; PH 5.5; & acetate; acetate; pH
250 mM 250 mM pH 5.8; 250 5.8; 400 mM
methanol methanol mM methanol
methanol

Average n-valerate 3., .9 334414 3392423 42.8 £0.7

concentration (mM)

Average n-valerate

productivity 9.3 £0.2 9.7 £0.4 9.0 £1.0 11.5 £0.2

(mmol/L/day)

Average n-valerate 58 70 49 43

selectivity (wt%)
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Figure 4. Average volumetric production and consumption rates during the steady states of phase
III (day 78-90) (pH 5.8) and phase IV (day 111-120) (pH 5.5) of continuous methanol based
propionate elongation in an anaerobic open-culture reactor and during the steady state of phase V
(day 64-71) (methanol in influent 250 mM) and during the last days of phase VI (day 97-104)
(methanol in influent 400 mM) of continuous methanol based propionate and acetate elongation in
an anaerobic open-culture reactor at 309 K. The error bars represent the minimum and maximum
values measured during the phase. Table 4 shows an overview of the average concentrations,
productivities and relative product selectivities of n-valerate during the same four phases. The carbon
balances for the four steady states were 88 +£2, 93 +£4, 88 £4 and 92 +£3 % from left to right, the
electron balances were 92 +£2, 98 +£4, 87 £4 and 91 +3 %, respectively. The balances can be found
in SI Figure S3.
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Increase of relative methane selectivity after increase of
methanol concentration

The increase of the methanol concentration in the reactor increased the n-valerate
productivity, but decreased the relative selectivity for n-valerate production from 49 wt%
to 43 wt% of the total carbon containing products (Figure 5, Table 4). The main reason
for the decreased selectivity is the net carbon dioxide formation and the increased methane

production that occurred with a higher methanol concentration in the influent.
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Figure 5. Relative selectivity of the formed n-butyrate (n-C4), iso-butyrate (i-C4), n-valerate (n-
C5), iso-valerate (i-C5), n-caproate (n-C6), carbon dioxide (COz) and methane (CH4) of continuous
methanol based propionate and acetate elongation in an anaerobic open-culture reactor at 36 °C
at the steady state with 250 mM methanol in the influent (A) (day 64-71) and at the last days with
400 mM methanol in the influent (B) (day 111-120). The values are calculated based on the
production rates in g/L/day, the total production rates were 1.37 £0.26 (A) and 2.12 +£0.18 (B)

g/L/day.

Clostridium Iluticellarii (species) dominant during both
acetate and propionate elongation

Within the methanol chain elongation reactor two orders predominantly were present:
Clostridiales and Thermoplasmatales. Table 5 shows the composition of the microbial
communities at the end of the two last phases in both the continuous methanol based
propionate elongation reactor and the continuous methanol based acetate and propionate
elongation reactor. The most abundant OTU from the Clostridiales bacteria (~20%, ~17%,
~43% and ~17% of the total OTU count, respectively for the phases from left to right in
Table 5) appeared to be highly similar to Clostridium luticellarii (99.72% similarity, SI
Table S12). In Table S10 to S13 (Supporting Information) more extensive information on

genus level relative abundances, OTU counts and ncbi BLAST results can be found.
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Table 5. Overview of the relative abundances within the microbiomes, given in percentage (%) at
order level. The samples were taken at the end of the steady states of phase III (day 90) (pH 5.8)
and phase IV (day 125) (pH 5.5) of continuous methanol-based propionate elongation in an
anaerobic open-culture reactor and at the end of the steady state of phase V (day 69) (methanol in
influent 250 mM) and during the last day of phase VI (day 106) (methanol in influent 400 mM) of
continuous methanol-based propionate and acetate elongation in an anaerobic open-culture
reactor at 309 K. For all biomass samples the duplo results are shown indicated by 1 & 2. More
detailed information and the relative abundances found for the inoculum samples can be found in
the SI: Tables S10 to S13.

methanol methanol
1 2 1 2 1 2
Clostridiales
Thermoplasmatales (Archaea) 29.3% 32.7% 25.0% 21.6% 18.1% 19.2% 33.9% 38.2%
Pseudomonadales 6.3% 3.2% 0.0% 0.0% 0.1% 0.1% 0.0% 0.1%
Rhodocyclales 4.9% 3.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Bacteroidales 3.4% 4.0% 12.1% 11.5% 8.5% 9.0% 10.3% 10.3%
Methanomicrobiales (Archaea) 2.2% 2.8% 5.1% 3.3% 0.2% 0.3% 4.5% 4.0%
Coriobacteriales 2.0% 2.2% 4.3% 3.9% 0.4% 0.4% 1.1% 1.0%
Burkholderiales 1.3% 0.7% 2.1% 1.9% 1.0% 0.9% 1.2% 1.3%
Campylobacterales 1.3% 1.4% 0.0% 0.0% 0.1% 0.1% 0.0% 0.1%
Synergistales 0.8% 1.0% 0.4% 0.4% 0.3% 0.2% 0.3% 0.3%
Spirochaetales 0.5% 0.5% 0.5% 0.4% 0.4% 0.5% 0.5% 0.4%
Erysipelotrichales 0.5% 0.5% 7.6% 6.6% 9.4% 8.2% 8.3% 8.0%
Selenomonadales 0.3% 0.3% 1.7% 1.7% 0.6% 0.4% 0.3% 0.3%
Methanobacteriales (Archaea) 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0%
Sum of all order 95.2% 95.7% 97.9% 98.1% 97.4% 97.7% 98.5% 98.5%
Other orders 4.8% 4.3% 2.1% 1.9% 2.6% 2.3% 1.5% 1.5%
Total OTU count 132846 221728 197444 208429 189896 194669 183205 200691
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Discussion

N-valerate formation during batch experiments with pH
ranging from 5 to 7.5

During the batches three predominant metabolic groups were deducted from the consumed
substrates and produced biochemicals: (1) methylotrophic methanogens, (2)
methylotrophic acetogens and (3) methanol based propionate elongation (Table 3). Also
traces of n-butyrate and iso-butyrate were found (Figure 2B) which indicates methanol

based acetate elongation activity.

The degree in which the main metabolic activities occurred depended heavily on initial pH
and final concentrations. An initial pH of 7 and 7.5 caused some methanogenic activity and
acetogenesis to occur in the beginning of the batch, whereas methanol based chain
elongation of propionate to n-valerate caught on after approximately 30 days when pH had
already dropped to 5.8 £0.1. In the batch that started at pH 6.5 this pattern was similar
but showed a longer lag phase and more extended/slowed production profile. The batches

performed at pH 6 and lower showed no significant production after 60 days (SI Figure S2).

Continuous n-valerate formation with HRT 95h and pH
5.5-5.8

The hydraulic retention time (HRT) and the pH appeared to be critical for continuous n-
valerate production. The HRT of 42 h appeared to be too short for the valerate producing
organisms, since the concentration of n-valerate and the n-valerate productivity decreased
exponentially after the startup of the experiment (Figure 3: day 0 to 27). The n-valerate
producing culture probably washed out during the first phase, since a decrease in optical
density was by eye observed. For this study, a HRT of 95 h was used, so most
microorganisms that carry out competitive methanol consuming processes (Table 3: R1
and R2) could now theoretically grow in the continuous reactor, based on their growth

rates found in literature 159, The minimum HRT will be between 42 and 95 h.

The chain elongation reactions occurred at pH values between 5.5 and 5.8 during both
batch and continuous experiments. A pH of 5.5 is optimal for n-valerate formation during
continuous methanol based propionate elongation (Figure 3). The pH decrease from 5.8
to 5.5 led to selectivity increase for n-valerate formation from methanol and propionate
(from 58% to 70%, Table 4), which was attributed to two causes.

Firstly, the acetate formation (Table 3: R2) decreased after the pH was lowered from 5.8
to 5.5 (day 90) (Figure 3). The theoretical available amount of dissolved carbon dioxide
was maintained equal at pH 5.8 and 5.5, so substrate availability was not the reason for

the decreased acetogenic activity (SI Figure S1). The acetogenic activity could decrease at

58



Chapter3

lower pH 162 or at higher concentration of undissociated acids present at the lower pH 12,
Less acetate was apparently available for n- and iso-butyrate formation at pH 5.5 (Table

3: R5), so the n- and iso-butyrate formation decreased as well.

Secondly, the methanogenic productivity decreased after the pH was lowered from 5.8 to
5.5 (day 90) (Figure 4). This finding is supported by the decreased relative abundance of
the Thermplasmatales family at pH 5.5 compared to pH 5.8 in the continuous methanol
based propionate elongation reactor (Table 5). The Thermoplasmatales family contains
methane producing archaea; they were identified to fall within uncultured species of the
methylotrophic methanogen genus Candidatus methanogranum '7° (Table 3: R1). These
archaea are known to utilize methanol as a substrate for methane formation, which well
fits the observed methanogenesis in our system (Figure 4) 7. The methanogenesis
inhibition with the pH decrease could e.g. be caused by either the higher extracellular

proton concentration or by the higher concentration of undissociated volatile fatty acids
152-154

Increase of methanol concentration caused increase of
both n-valerate productivity and methanogenesis

The n-valerate production improved after the increase of the methanol concentration in
the influent, while the prior methanol concentration did not limit the n- and iso-butyrate
production (Figure 4). Methylotrophic methanogenesis (Table 3: R1), one of the
competing methanol consuming processes, increased as result of the higher methanol
influent concentration in phase VI. The relative abundance of the Candidatus
Methanogranum genus also increased with the increasing methanol concentration (Table
5), indicating a growth of the methanogenic bacteria community. The methanol
concentration in the influent and reactor was the only parameter that changed between
the two steady states shown in Figure 5, indicating that the methylotrophic
methanogenesis was limited by the methanol concentration (27 £4 mM) during the first
steady state. Further examination of the Ks value for methylotrophic methanogenesis
under the described conditions can verify whether kinetics were indeed limiting at lower
methanol concentrations. The yield of n-valerate over propionate was 1.01 mol/mol, while
the yield of n- and iso-butyrate over acetate was 0.76 mol/mol during phase VI. The lower
yield of butyrate over acetate indicates that acetate was consumed for other processes

than butyrate formation; likely acetate was utilized for biomass formation.

Clostridium luticellarii (species) dominant candidate for
continuous methanol based propionate elongation

Clostridium luticellarii is a known butyrate producing strain (SI Table S11) within the

Clostridium sensu stricto 12 genus. It shares highest similarities with Clostridium
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ljungdahlii and Clostridium kluyverii *’?. C. luticellarii is the prime candidate for performing
the methanol based chain elongation, which well fits its similarities to a Wood-Ljungdahl
harbouring (C. ljungdahlii) microorganism and a reverse B-oxidation harbouring (C.
kluyverii) microorganism. The OTU with a high similarity (100% cover, 99.72% identity,
Table S12) to C. luticellarii has the highest relative abundance among the Clostridium sensu
stricto 12 for both the methanol based propionate elongation reactor and the methanol
based propionate and acetate elongation reactor. Based on this finding can be suggested
that C. luticellarii is responsible for both the elongation reactions from acetate to n- and
isobutyrate (Table 3: R4 and R5) and the elongation from propionate to n-valerate (Table
3: R3). The proposed mechanism by which C. luticallarii performs the methanol based
chain elongation reaction (for propionate elongation to n-valerate) is shown in Figure 6.
Methanol as electron donor is known to be metabolized within the Wood-Ljungdahl pathway
where some methanol is oxidized to CO, while the rest of the methanol is used for
elongation with this CO to form acetyl-CoA 3% 173, It was observed in this study that the
electron acceptor (acetate and propionate) was always elongated with two-carbon units.
This stoichiometry suggests that the elongation is executed via an acetyl-CoA thiolase-
driven reaction similar to reverse beta-oxidation 33 34, The proposed route should be
verified by isolating the responsible strain and by performing a genome analysis to identify

the corresponding enzymes.
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Figure 6. The figure shows the hypothetical proposed mechanism for methanol based propionate
elongation to n-valerate. Within the Wood-Ljungdahl pathway one methanol is oxidized via the THF-
route to formate/CO, while another methanol is supplied to the ACS complex via a CH3-[Co]-Enzyme
intermediate 3% 173, The ACS complex then catalyses the formation of acetyl-CoA. Depending on the
intracellular potential formate could either be directly utilized for the formation of CO (dotted line)
173, or alternatively CO formation would require the bifurcating hydrogenase as well as a Rnf complex
to balance the redox compounds (dashed line) 30. The formed acetyl-CoA is then likely used in a
thiolase-driven condensation step with propionyl-CoA to form 3-ketopentanoyl-CoA, similar to the
reverse beta-oxidation mechanism in C. kluyveri 132, The two NADH generated during the oxidation
of methanol are subsequently used to reduce 3-ketopentanoyl-CoA to 3-hydroxypentanoyl-CoA and
to reduce pent-2-enoyl-CoA to pentanoyl-CoA. Because the methanol based chain elongation of
propionate to n-valerate (Table 3:R3) has a AG of -106.1 kJ/reaction an ATP yield of 1.5 ATP would
be expected (106.1kJ / ~ 70 kJ/ATP 174 = 1.5 ATP). This suggests that additional energy would be
gained via a proton/Na* motive force (pmf) that is likely generated at the oxidation of CH3-THF 174,
Potentially additional bifurcation steps within the reverse beta-oxidation part might be necessary,
depending on the intracellular redox potentials of the redox cofactors 174175,
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Shift in catabolic conversions as a result of the pH change
and the methanol increase

During continuous methanol based propionate elongation, the pH decrease from 5.8 to 5.5
caused a decrease in both acetate formation and n-valerate degradation (Figure 7: A and
B). The microbial analysis that was performed during the steady state at pH 5.8 was
combined with the stoichiometric analysis to obtain an overview of the main catabolic
conversions (Figure 7A). The proton production decreased after the pH decrease (SI
Figure S3), suggesting methylotrophic acetogenesis (Table 3: R2) is less likely to occur at
pH 5.5.

Methanol based propionate elongation: pH 5.8 A) Methanol based propionate elongation: pH 5.5 B)

n-valerate

Propionate Propionate

7a

/
co, i co,
H,

Methanol based elongation of acetate and propionate:
250 mM methanolin the influent

Methanol based elongation of acetate and propionate:

B 400 mM methanol in the influent

n-valerate

D)

o, <= i
2 /9 Propionate Propionate

Isobutyrate

Figure 7. Schematic overview of the proposed main conversions that occurred during continuous
methanol based elongation of propionate (Pro) and simultaneous propionate and acetate (Pro&Ac)
elongation at 36 °C. The four scenarios represent the steady states in the propionate elongation
reactor at pH 5.8 (A) and pH 5.5 (B) and in the simultaneous propionate and acetate elongation
reactor with 250 (C) and 400 (D) mM methanol in the reactor influent. The conversions with dashed
arrows are proposed to maintain the electron balance. The main reactions are indicated with thicker
arrows. For simplicity, only the productivities of the compounds with a value higher than 5
mmol/L/day are shown. The reaction equations and Gibbs free energy of the numbered conversions
can be found in the SI.

Isobutyrate
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The change in the molar yield of n-valerate over propionate (from 0.80 at pH 5.8 to 0.97
at pH 5.5) indicated that the degradation reaction of propionate (Table 3: R7) did not
occur during the steady state at pH 5.5 (Figure 7B). Only very small traces of Hz were
observed during the continuous methanol based elongation of acetate (max 0.02
mmol/L/day) and during the simultaneous elongation of acetate and propionate (max 0.03
mmol/L/day). Some blasted OTUs from the Clostridium sensu stricto 21 genus found during
this study (SI Table S11) were also found in mixed cultures where hydrogen production
was observed 176 177 so possibly propionate degradation by H>-producing bacteria took
place at pH 5.8. However, the Gibbs free energy of the propionate degradation is positive
at 100 Pa H2 (becomes <-20 kJ/reaction at 0.1 Pa) making this reaction unlikely to have
occurred. The conversion is dashed since it is unknown whether hydrogen produced during
the propionate degradation. The competing methanol and propionate consumption

processes (2 and 7) were almost completely inhibited at pH 5.5 (Figure 7).

The increase of the methylotrophic methanogenesis conversion (Table 3: R1) is the main
change observed from the stoichiometric analysis of the steady states in the reactor with
simultaneous acetate and propionate elongation (Figure 7: C and D). The molar ratio
between the productivity of methane and CO:2 is 3:1 (Figure 4), supporting the proposed
methylotrophic methanogenesis (Table 3: R1). The molar yield of n-valerate per
propionate increased (from 0.81 to 1.01) after the increased methanol concentration in
the influent. This indicates that the propionate degradation reaction (Table 3: R7) mainly
occurred during the phase with 250 mM methanol in the influent. Since no significant net
hydrogen production was measured in the reactor during the continuous acetate and
propionate elongation process, a hydrogen-consuming process must have taken place if
propionate was degraded to bicarbonate and hydrogen. Hydrogenotrophic methanogenesis
(Table 3: R8) and hydrogenotrophic acetogenesis (Table 3: R9) are suggested to have
occurred as hydrogen-consuming process during the steady state with 250 mM methanol

in the influent (Figure 7C).

The molar yield of n- and iso-butyrate over acetate was 0.99 during the steady state with
250 mM methanol in the influent, so when propionate degradation occurred, the hereby
produced acetate (Table 3: R7) has been consumed in another process. Acetotrophic
methanogenesis (Table 3: R6) is suggested to have occurred during the steady state with
250 mM methanol in the influent (Figure 7C). The molar yield of n- and iso-butyrate over
acetate decreased (to 0.76) after the methanol concentration in the influent was increased,
so presumably acetate was consumed in other processes than butyrate formation during
the phase with 400 mM methanol in the influent (Figure 7D).
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Outlook on application and process improvements

Microbially formed n-valerate can become an additional platform chemical for various
applications. Instead of sugarcane molasses 78, more and possible cheaper substrates
such as organic waste could be used as a substrate for n-valerate production. A recent
study from Gonzalez-Garcia et al. 1% showed that propionate production can be achieved
via various metabolic pathways. Microbial produced propionate will enter the market in the
near future 4%, which will make n-valerate production easier and more attractive. Mixtures
of acetate and propionate can also be produced from the earlier used supermarket/food
waste 3> but are also reported for microbial electrosynthesis from COz 14!/ 172, Methanol can
be produced from syngas from lignocellulose or waste, but can also be produced by
thermo-chemical CO2 conversions 135 137, 180 The electrosynthesis and thermochemical
processes can be driven by electricity obtained from photovoltaics. In summary, with
substrates from various waste sources and renewable energy, the developed process can

be applied in an integrated and sustainable n-valerate biorefinery processes.

The developed n-valerate formation process can be further improved. In the experiments,
the addition of acetate as substrate did not lower the effectiveness of propionate elongation
with methanol. Using a mixture of acetate and propionate for n-valerate production gave
similar average n-valerate productivities (45.1 £4.8 mmol C/L/day with propionate and
acetate, and 46.6 +1.1 mmol C/L/day with only propionate, at pH 5.8 and 250 mM
methanol in the influent). Depending on the desired product spectrum the decreased
selectivity of the n-valerate production as result of the addition of acetate as substrate
(from 58 to 43%), could form a disadvantage during n-valerate production with multiple

substrates.

Two main findings can be used to increase the selectivity and productivity of methanol
based propionate elongation to n-valerate. Firstly, the selectivity was improved by lowering
the pH from 5.8 to 5.5 (within the propionate methanol elongation reactor) (Table 4). This
increase in selectivity is mainly caused by the decrease of methylotrophic methanogenic
activity. Secondly, the productivity was improved by increasing the methanol concentration
in the influent from 250 mM to 400mM (Table 4). The methanol concentration prior to

increase was a limiting factor for the propionate chain elongation.

When by combining these findings that allow for increased selectivity and productivity the
next step in optimizing process performance is to increase the biomass concentration. The
use of carrier materials or biomass granulation are efficient strategies to improve the
biomass concentration and retention, as shown during other studies 124 181,182 Challenges
then lie in maintaining the correct selective pressure, as decoupling solid retention time

(SRT) from HRT might introduce new problems with methanogen retention in the system.
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Further optimizing additional factors like pH, volatile fatty acid concentrations, CO:2
availability in the bioreactor could provide methods to increase the selective pressure

towards methanol chain elongation, by inhibiting methanogenic activity.

Chen et al. %7 used acidified supermarket waste as a substrate for methanol based chain
elongation at approximately pH 6.2 and a hydraulic retention time of 40h. Based on the
results from the current study it can be suggested to decrease the pH (5.5-5.8) and
increase the hydraulic retention time (to 95 h) to stimulate n-valerate from propionate
containing supermarket waste. Additionally, the methane production could be decreased
by decreasing the pH to 5.5. Implementing this knowledge about selective pressure can
reduce the costs for n-valerate production and create a new open-culture process of

biological production of chemicals from biomass and other carbon sources.

Conclusions

N-valerate was for the first time proven to be produced from propionate and methanol
during a continuous methanol based chain elongation process in an anaerobic open culture
reactor. Acetate formation from methanol occurred at pH 5.8 and decreased at pH 5.5 due
to the higher proton concentration and/or the accompanying increased undissociated acids
concentration. Methanol consumption did not occur at a HRT of 42h, while a HRT of 95h
showed to be long enough for methanol consuming chain elongation processes. The
product selectivity for n-valerate was increased with pH lowering from 5.8 to 5.5 during
continuous methanol based propionate elongation. Propionate elongation to n-valerate and
acetate elongation to iso-butyrate and n-butyrate occurred simultaneously in a continuous
methanol based chain elongation reactor with both propionate and acetate present as chain
elongation substrate. The addition of acetate as substrate did not cause a decrease of the
n-valerate productivity. The productivity of n-valerate was improved by increasing the
methanol concentration in the influent from 250 to 400 mM during methanol based
elongation of propionate and acetate. Clostridium Iuticellarii was suggested to be most
abundant during all steady states of methanol based elongation of both propionate and
simultaneous elongation of acetate and propionate and is therefore proposed as main

candidate for methanol based chain elongation.
Supporting Information

The Supporting Information is available in the Supporting Information Section of this
thesis. Additional information regarding Materials and Methods and additional figures and
graphs for the Results and Discussion, 4 figures, and 13 tables (PDF).
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Abstract

Chain elongation fermentation can be used to convert organic residues into biobased
chemicals. This research aimed to develop a bioprocess for branched medium chain fatty
acids (MCFAs) production. A long-term continuous reactor experiment showed that iso-
caproate (4-methyl pentanoate, i-Cs) can be produced via ethanol based chain elongation.
The enriched microbiome formed iso-caproate from iso-butyrate at a rate of 44 £6 mmol
C I't dayt during the last phase. This amounted to 20% of all formed compounds based on
carbon atoms. The main fermentation product was n-caproate (55% of all carbon), as a
result of acetate and subsequent n-butyrate elongation. The microbiome preferred
straight-chain elongation over branched-chain elongation. Lowering the acetate
concentration in the influent led to an increase of excessive ethanol oxidation (EEO) into
electron equivalents (e.g. H2) and acetate. The formed acetate in turn stimulated straight
chain elongation, but the resulting lower nett acetate supply rate towards straight chain
elongation led to an increased selectivity towards and productivity of i-Ce.. The electrons
produced via oxidation routes and chain elongation were apparently utilized by
hydrogenotrophic methanogens, homoacetogens and carboxylate-to-alcohol reducing
bacteria. Further improvements could be achieved if the acetate-producing EEO was

minimized and limitations of ethanol and CO2 were prevented.

Keywords: Chain elongation, Open-culture, Fermentation, isobutyrate, isocaproate,

ethanol, n-caproate
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Introduction

Sustainable alternative technologies need to be developed to transform the linear fossil-
based economy into a circular economy'83, Biomass residues, organic waste streams, and
gaseous CO2 streams offer microbial convertible feedstocks for procuring new biochemicals.
The carboxylate platform is regarded as a potent tool that can supply alternatives to some
of the still widely used fossil-derived products?> 84, One emerging bioprocess is the
elongation of short chain fatty acids (SCFA, carbon length Ci-Cs) into medium chain fatty
acids (MCFA, carbon length Cs-C12) via microbial chain elongation!85. It provides the means
to catalyze the conversion of complex organic residues into a broad range of useful
chemicals?3 186, 187 MCFAs as potential new platform chemicals can be used as feedstocks
for the fuel industry, chemicals for antimicrobial agents, additives in animal feed'88, flavor
additives, lubricants and plasticizers?2. The global market size for MCFAs shows a growing
trend and was predicted to grow from 5.32 billion USD in 2014 to ~8 billion USD by the
end of 2023%%°. Of all MCFAs, Ces has by far the lowest availability in traditional resources
(Cs constitutes around 2% of the total fatty acids in palm and kernel 0il*®°.) and thus its
scarcity provides a window of opportunity for alternative production by microbial chain
elongation. A recent research effort has led to the implementation of chain elongation
technology on a large scale in the Netherlands. ChainCraft B.V. is building the first large-
scale demonstration plant in Amsterdam that will produce MCFAs from organic waste

streams via a multi-step fermentation process at a few metric tons per year?S.

During chain elongation microbes that employ reverse beta-oxidation use an electron donor,
such as ethanol, to elongate SCFAs to MCFAs?? °1, The elongation is always executed with
two carbon atoms via an acetyl-CoA condensation step. Besides for the production of n-
caproate (n-Cs), the microbes can also be used to produce n-valerate (n-Cs), n-heptanoate
(n-C7) and n-caprylate (n-Cg)1% 193, To date, reports have mainly mentioned straight-
chained (n-forms) MCFAs production via open culture chain elongation with the focus on
n-Cs as dominant product, whereas branched chained (iso-forms) MCFAs have been
reported to be produced in low amounts only4°. Moreover, in the processes studied it was
not clear if i-Cs had been produced via either chain elongation or protein degradation. So
far the only known iso-Cs bioprocess has been created while using a pure culture of
genetically-modified E. coli, which converted glucose to i-Cs at a high titer of 13 grams per

literto4,

Branched fatty acids have various interesting applications because of their different
physical properties compared to straight forms. These properties include a lower boiling
point, higher viscosity, a reducing effect on crystallization3® and higher oxidative stability3”-
38, For example, branched MCFAs can be added in the substrate mix for Kolbe electrolysis®*

195 to acquire fuels that have an increased octane number®®, Successful microbial
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production of branched MCFAs would greatly expand the application spectrum of chain

elongation technologies.

Protein-rich waste streams are an attractive substrate for potential branched chain
elongation. Anaerobic degradation of protein-rich waste leads to formation of branched
fatty acids, such as iso-butyrate, iso-valerate and iso-caproate!®® 197, Valine, leucine and
iso-leucine are substrates for branched carboxylic acids formation in this fashion, and
represent a small but significant fraction of protein mass in organic residues!®®. Moreover,
(de-)isomerization - of n/iso-butyrate in particular - is stimulated in some acidifications!®®
that are associated with methanogenesis?® 1. %4 which leads to temporarily increased iso-
butyrate titers. Alternatively, as recently shown i-C4 feedstock can be obtained from
organic residues via a mixed culture methanol chain elongation bioprocess that
simultaneously stimulates isomerization35. Such a precursor could eventually be used to

produce i-Cs from any type of fermentable organic residue.

Chain elongation of iso-butyrate (i-C4) with various electron donors including ethanol was
attempted via batch experiments, but did not show iso-caproate (i-Cs) formation!33.
Theoretically, though, it should be possible to form i-Ce via i-C4 elongation with ethanol,
assuming the enzymes within the microbiome have affinity for branched carboxylic acids.
The objective of this study was to develop a chain elongation bioreactor system capable of
producing branched MCFAs. A continuously fed bioreactor was used to enrich an i-Cs
producing community. As starting microbiome, biomass from an ethanol chain elongation
reactor that produced n-Ce2°! was used, as well as biomass from a methanol chain
elongation reactor that produced i-C43>. Within the enriched microbiome i-C4 was

successfully elongated to i-Cs (4-methyl pentanoate).
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Material and Methods

This study aimed to develop a chain elongation bioreactor system capable to produce
branched MCFAs. The experiment was divided into six phases to investigate the effect on
iso-caproate production of iso-butyrate, methanol, acetate and vitamin Bi2 Cobalamin.
During each of these six phases the medium composition was changed, as shown in Table
1. The reactor system was characterized by analysis of the steady state mass balances for

the total amount of carbon and electrons in the liquid and gas phase.

Reactor set-up and operation

The experiment was performed in a lab-scale continuous up-flow anaerobic reactor
(schematic depiction shown in Figure S1) with a height of 35 cm and an internal column
diameter of 6.5 cm (working liquid volume of 1 | with a headspace of 0.15 I). The medium
inflow was set at 25 ml hour?. This flow led to a hydraulic retention time (HRT) of
approximately 40 £2 hours, which, at the start of the experiment when no biofilms were
observed, was sufficient for growth and accumulation of chain elongating bacterial®? 202,
while low enough to provide a selective pressure against dominant growth of suspended
methanogens®. The liquid phase was partially mixed by internal recirculation (150 ml
minute!) with a pump (Watson-Marlow® 323Dz, UK). Biofilms were allowed to grow in the
reactor, which then decoupled the HRT from the SRT. In the first five phases biomass
growth was mainly suspended, while a thin biofilm grew on the wall of the reactor. In phase
VI black granular biofilms developed and started to accumulate in the recirculation tubes
and at the bottom of the reactor. The temperature was kept constant at 35 °C, using a
water jacket and water bath (Fisher Scientific Polystat 37, USA). The pH was controlled
(pH 6.5 +£0.1) to maintain a suitable pH for chain elongation®? 203 by automatic titration
using 1M KOH as base. CO2 was continuously added (at a rate of 240 ml, day™!) with the
aim of maintaining a sufficient (>1 kPa) CO:2 partial pressure needed for growth of ethanol

chain elongating bacteria204 205,

Inoculum
The reactor was inoculated with a mixture of two undefined anaerobic cultures that
originated (1)2°! from an ethanol based chain elongation reactor and (2)3° from a reactor

performing methanol based chain elongation to produce iso-butyrate.

Medium

The synthetic growth medium contained the following macro nutrients (g I'*): NHaH2PO4
3.60; MgCl2:6H20 0.33; MgS04:7H20 0.20; CaCl2:2H20 0.20; KCI 0.20. In addition, the
micro nutrients (Pfennig trace metals and B-vitamins) of the designed basal medium

described in Phillips et al. (1993)2% were used. The B-vitamin composition of this medium
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differed in phases I, II, IV, V and VI. The vitamin Bi2 cobalamin concentration in these
phases was 30 times higher than in phase III (0.375 mg I compared to 0.0125 mg I'%).
The carbon sources were acetate, methanol, ethanol, n-butyrate and i-butyrate. The
composition of the carbon sources during each of the six phases changed as shown in
Table 1. The reason for the shifts in vitamin Bi2 concentration and the addition/removal

of methanol are given in the Supplementary Information section.

Table 1. The overview shows changes of the influent carbon source compositions (mM C), the steady
state period per phase and the acquired values for pH, HRT and C/e-balances. During phases III and

IV there was also a change in vitamin B> concentration.

Phase I Phase II Phase III Phase IV Phase V Phase VI
acetate 150 150 150 150 150 14
n-Cs4 136 272 1] - - -
Influent i-Ca 136 o 272 272 272 272
MeOH 94 94 94 94 1] 0
EtOH 369 369 369 369 369 369
n-C4 was
i-Ca was replaced by vit By from — lowered
- i-Ca/N-Cq y i-C4 & Vit 12.5ug I acetate
Description i replaced by . methanol .
ratio: 1/1 n-C B1i> from to 375 ug | o concentrati
4 375ug It to 1 on
12.5 ug It
Phase dav 1 to 38 day 38 to day 112to day 190to day 262to day 297 to
period Y 112 190 262 297 388
Stt:fedy day 16 to day 52 to day 157 to day 225to day 269 to day 330 to
: 36 65 181 254 290 358
period
pH 6.40 £ 0.09 6.60 £ 0.09 6.50 £ 0.06 6.47 £ 0.06 6.46 £ 0.04 6.50 = 0.05
HRT 42.6 £ 2.2 42.1+£28 40.2+1.2 41.59+06 43.1+ 0.8 39.1+ 0.6
(hours)
C-balance 97 £ 2 % 90+ 4 % 100£2 % 103 £ 1% 105 £ 2% 100 £ 2%
e-balance 932 % 87 4% 97 £ 2% 100+ 1% 102 £ 2% 96 £ 1%

Sampling and measurement

The reactor was sampled approximately three times per week. Liquid samples were stored
at -20° and analyzed once every two weeks using gas chromatography according to the
procedure described by Jourdin (2018)2%7. This method allowed the quantification of volatile
fatty acids from n-Cz to n-Cs, i-C4, b-Cs (both 2- and 3-methylbutanoic acid have the same
retention time) and i-Cs (4-methyl-pentanoic acid). The i-Ce isoform, 4-methyl-pentanoic
acid, has a different retention time than 2-methyl-pentanoic acid, as is shown in Figure S2.
In addition to the volatile fatty acids, the alcohols methanol to hexanol, including iso-
butanol and iso-hexanol could be quantified. Prior to injection, samples were acidified in a

final concentration of 1.5%wt formic acid.
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The headspace gas was analyzed every time a liquid sample was taken. The concentrations
of Oz, N2, CHs, H2, and CO2 were determined via gas chromatography using 2 GC systems
with a standardized method**> 185, The headspace was connected to a gas meter (uFlow
Bioprocess Control, Sweden) to measure gas production. In this internal recirculation loop

the turbidity was continuously measured to indicate the suspended biomass concentration.

Steady state characterization

During all six phases the reactor was assumed to be in a steady state when it met the
following criteria: (i) the reactor had been operating at the same conditions for at least 5
times the HRT value and (ii) the main metabolite concentrations and corresponding
conversion rates were relatively constant. The second criteria was defined as when the
confidence interval was less than 20% of the steady state average values. Confidence

intervals were determined with an a of 0.01 and are indicated with a *.

Calculation for excessive ethanol oxidation

There are various competing excessive ethanol oxidation (EEO) routes that lower the
efficiency of ethanol usage in chain elongation processes (see Table S1). Moreover, ethanol
oxidation yields acetate that directly causes a favorable selective pressure towards straight
chain elongation, which competes with branched chain elongation. The percentage of
ethanol that was not used for chain elongation could be quantified via stoichiometric
analysis of chain elongation activity (using the measured formation of n-C4, n-C40H, n/i-Cs,
n/i-CsOH and n-Cg) and the measured ethanol consumption. The stoichiometry of chain
elongation was generalized as reverse beta-oxidation combined with ethanol oxidation
coupled ina 5 (n=5) to 1 (p=1), or 4(n=4) to 1(p=1) ratio (reaction 1 for acetate and 2
for longer carboxylates)??:

(e, + p)CH,CH,OH +(n., — p)CH,COO™ — n.,C;H,COO™ +2pH, +(n., — p)H,0+ pH" (1)

(n¢; + p)CH,CH,0H +n.,C.H, ,COO" = n.,C, ,Hy ., COO™ +2pH, +(ng; — p)H,0+ pH" + pCH,COO" (2)

EEO as a percentage of total ethanol consumption was calculated as follows :

EEO(%) = [1 B z Chain _elongation _activity ]. 100

Observed _ethanol _consumption
where >Chain_elongation_activity is the amount of ethanol necessary to perform all

=Y ng

1
observed chain elongation and as such Ci=C2,n-C4,i-C.etc
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Furthermore, for the calculation the following assumptions were made:

- Consumed methanol was used for methanol based chain elongation of acetate to

butyrate (reaction 9 in Table S1).

- EEO was calculated using two different stoichiometries for chain elongation (i)
where n=5 and p=1 and (ii) where n=4 and p=1. For simplicity it was assumed that
elongation of externally added carboxylates, besides acetate, occurs with similar
stoichiometry. The letter n stands for the amount of ethanol used for the summed
chain elongation activity and p stand for the amount of ethanol used for substrate
level phosphorylation and acetate+H. formation. Both ratios were used because
thermodynamic calculations of the chain elongation reaction (Figure S5) showed
that the reaction Gibbs free energy was not always sufficient for generation of 2.5
ATP?2,

- If B-oxidation was occurring, then this will cause a net increase of EEO(%). Chain
elongation (reaction 1) followed by five times B-oxidation (reaction 5 in Table S1)
yields the same stoichiometric outcome as six times direct ethanol oxidation
(reaction 2 in Table S1). Thereby potential -oxidation activity is incorporated within
this calculation.

Microbial community analysis

Biomass samples during the steady states in phase I, II, IV and VI ( for VI both suspended
biomass and granules) were used for 16S rRNA gene amplicon analysis to determine the
microbial compositions. The biomass samples were taken, in duplicate, by spinning down
~20 ml (for suspended growth) and ~1 ml (wet granular biomass) in 2 ml Eppendorf
centrifuge tubes for 5 minutes at 9300 RCF, snap freezing the pellets using liquid nitrogen
and storing the frozen pellets at -80°C until DNA extraction. The samples taken in duplicate

were then analyzed separately.

DNA was extracted from the pellets applying a Powersoil DNA isolation kit, according to
the instruction manual. The isolated DNA was used as template for amplifying the V3-V4
region of 16S rRNA gene via Illumia sequencing using the primer sets described by
Takahashi et al®8. This allowed simultaneous amplification of the both bacterial and
archaean 16S rRNA gene regions. The 16S rRNA gene amplicon analysis and subsequent
taxonomic analysis was performed using QIIME software version 1.9.%% 101, 208, 209 (For
more details see supplementary information.) This bioinformatics process was performed
on the December 31, 2017.

From the acquired data a heat map was made using Microsoft Excel. Open source software

Rstudio v3.5.0 was used to sort the data and create quantitative OTU tables that belonged
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to the chosen taxonomic group. This allowed counting the most abundant OTU’s that were
classified within a single genus. The rDNA sequences of selected abundant OTUs were then
used for Megablast to search within the NCBI nucleotide database on September 27, 2018.

It is important to emphasize that the performed 16s rRNA gene amplicon analysis limits
the microbial community analysis to taxonomic and phylogenetic determination. Functional
roles within the microbiome cannot be attributed to the observed taxa using this data.
Instead the microbial community analysis was used to link the stoichiometric analysis of
the experiment to existing literature. Moreover, the relative abundances estimated by this

NGS method are an indication but should not be used for quantitative analyses.

Results and Discussion

Elongation of iso-butyrate with ethanol to iso-caproate

A reactor system with an ethanol based chain elongation microbiome was developed that
formed iso-caproate (i-Cs) continuously for 250 days (Figure 1). The highest volumetric
production rate was 44 6 mmol C I'* day* (0.86 +0.1 g I'* day!) during the last phase of
operation with a broth concentration of 73 £7 mM C or 1.4 +0.1 g I'. This amounted to
20% of all the formed compounds based on carbon atoms. The complete concentration
profiles of all measured carbon compounds, as well as the headspace gas pressures, are
shown in Figure 1. From these profiles it can be seen that the presence of i-Cs4 steers

towards i-Cs formation.

The measured Cs isoform, 4-methyl pentanoate, matches the predicted compound for i-C4
elongation. According to the described mechanism for ethanol based chain elongation??,
the carboxylates are always elongated with two carbon chain units via acetyl-CoA
condensation. In the case of ethanol based chain elongation this suggests that the first
step is a thiolase driven catalysis in which the alkyl-transfer reaction allows for i-C4 to
covalently bind one of the cysteines in the catalytic site. Next, a Claisen-type condensation
reaction adds the subsequent acetyl-CoA33 34, For i-Cs elongation, reduction of the acquired
3-keto-4-methyl-pentanoyl-CoA should then occur via 3-hydroxy-4-methyl-pentanoyl-CoA,
4-methyl-2-pentenoyl-CoA to 4-methyl-pentanoate, as shown in Figures S3 and S4.
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Figure 1. Graph a, b and c show the reactor broth concentrations (mM C) of the soluble compounds
throughout the six operation phases. Carboxylic acids are indicated according to their carbon number
and straight (n-) or branched (i-) form. Alcohols are indicated by name or the OH suffix. Graph d
shows the headspace gas partial pressures throughout the phases, excluding nitrogen gas and
oxygen (which was kept under 1%).
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During start up, in phase I when both n-Cs4 and i-C4 were fed into the system, only small
amounts of i-Cs were formed (6 £2 mmol C I day!). Mainly straight (n-)Cs was formed.
The i-Cs formation stopped completely in the following phase (II), when i-C4 was removed
from the influent and replaced by the same amount of n-Cs4. In the phase thereafter (III)
the n-C4 was replaced by i-C4 and branched (i-)Cs was formed again. In Table S2 the molar
ratios of i-Cs-derived production (e.g. the formation of i-C40H, i-Cs, i-CeOH) and i-C4
consumption are given for each steady state during the phases. In phases III, IV, V and
VI these ratio were between 98% and 112%. The fact that i-Cs formation was equivalent
to i-C4 consumption further supports the proposed mechanism for ethanol based i-C4

elongation and suggests that in these phases no de-isomerization took place.

Iso-caproate formation without elevated Bi> or methanol
As earlier work on i-C4 formation indicated the necessity for methanol and high vitamin Bi2
concentrations3®, the reactor system was started with similar amounts in the influent. The
vitamin Bi2 concentration was lowered (phase III) and methanol was removed from the
influent (phase V). Figure 1b shows that lowering the Bi2 concentration and removing

methanol from the influent did not affect i-Cs formation.

Straight chained MCFA n-Cs formation was preferred over
i-Ce formation

In Figure 2 the volumetric conversion rates show that throughout the six phases n-Cs was
the most abundantly formed compound. When n-C4 and i-C4 were present in equal ratios
(phase I), there was 26 times as much n-Cs formation than i-Cs formation (0.038 i-Ce per
n-Cs). Even when no n-C4 was fed (from phase III onwards) the major part of the formed
MCFAs was n-Cs. Formation of this n-Ce could be attributed to regular chain elongation of
C2 via n-C4 to n-Cs. There is a preference for Cz and straight-C4 over branched-Cs during
ethanol based chain elongation. Straight chain elongation should thus be prevented to

develop a more selective branched MCFA bioprocess.

In the final phase (VI) the effect of a lowered acetate concentration in the influent
(reduction from 4.5 g I'! to 0.42 g I'!) was studied with the aim to prevent n-Ce formation
via Cz2 and to increase i-Cs formation. However, it was observed that direct (excessive)
ethanol oxidation (EEO) was stimulated which resulted into the formation of acetate and
subsequent elongation to n-Cs and n-Cs. Yet, less n-Cs was formed than at the high acetate
load during preceding phases. Still, the ratio of i-Ce per n-Ces in the final phase turned out
the be the highest ever achieved in this system (0.4 i-Cs per 1 n-Cs).
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Figure 2. The figure shows an overview of the net volumetric conversion rates, averaged over the
steady state periods with corresponding confidence intervals. The phases are indicated by a roman
numeral and a designation at the top. Consumption of compounds is indicated as negative volumetric
conversion, while formation is indicated with a positive number. Values of conversion rates and
steady state concentrations are shown in Table S3 in the supplementary information.

Excessive ethanol oxidation and acetate limitations

The excessive ethanol oxidation in Figure 3 shows a decreasing trend during the first five
phases. This coincides with a low ethanol broth concentration (0 to 0.5 g I'!) and a Cz broth
concentration of 1.0 to 2.5 g I't. Moreover, when the EEO was near zero during phases IV
and V, the headspace hydrogen partial pressure (pn2) was regularly above 1 kPa (Figure
1d), during peaks around day 196, 210, 240 in phase IV and constantly above 1 kPa during
phase V. A pH2 higher than approximately 1 kPa thermodynamically inhibits direct ethanol
oxidation to acetate and Hz, as is shown in Table S1.
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Figure 3. The percentage of ethanol consumption that is not used for chain elongation (EEO) is
shown. Data points from measurements that did not fall in-between a 90%-110% carbon balance
were omitted. The sudden increase of EEO during phase IV around day 217 occurred during a pump
malfunction which resulted in a temporary high HRT. The graph shows the EEO in case of NADH
driven reduction (Figure S3, n = 5 and p = 1) and NADPH driven reduction (Figure S4, n = 4 and p
= 1) of the 3-ketoalkanoyl-CoA intermediate. Note that the ratio (n=5 and p=1) was derived for
simplified chain elongation at high substrate concentrations?? and only holds in the scenario where
solely acetate is supplied for elongation with ethanol. Adding extra - not internally produced -
carboxylates as substrate breaks the constraint put to this stoichiometric model and could result in
>n;>5.

The negative values in Figure 3 during phase IV and V can be explained by: (i) chain
elongation with a higher than 5 to 1 reverse beta-oxidation to ethanol oxidation ratio; (ii)
utilization of electrons (i.e. hydrogen gas) to reduce acetate to ethanol leading to additional
chain elongation?!9; (iii) additional SCFAs production due to biomass decay that had
accumulated during the preceding days. (The averaged carbon balance in phase V was

105%. See Table 1 in the Material and Methods section.)

In contrast, during the last phase (VI), when the acetate influent concentration was
lowered to 0.42 g It the EEO increased significantly to 20-40% of the total ethanol
consumption. Chain elongation became less efficient, as is shown by the higher amount of
unconverted ethanol in the effluent (2 g I'*) and lower Cs production. Instead of Cz2 being
consumed, there was a net Cz production which led to a C2 broth concentration of 0.63
+0.06 g I'L. The acetate for straight chain elongation had to come from ethanol oxidation,

(niche-driven) B-oxidation or homoacetogenesis, the rates of which would determine
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acetate supply to straight chain elongating microbes. Although the i-C4/i-Ce elongation rate
increased by a factor of 1.5, this was insufficient to keep the ethanol in the previous 0 -

0.5 g I"* concentration range. During this period the total i-Cs formation was highest.

From ethanol limited conditions to carbon dioxide (and
acetate) limited conditions

During the last phase (VI) the carbon dioxide partial pressure in the headspace was
consistently around 1 kPa (Figure 1d), whereas in previous phases it was in a higher range
(2-10 kPa). It is known that an increased COz supply (i.e. greater availability) does enhance
the activity of hydrogenotrophic methanogens and EEO in chain elongation microbiomes?*1.
In this case, however, it seemed that increased EEO led to more reducing equivalents that

could be harvested with CO: as electron acceptor, leading to a lower CO2 concentration.

The increased activity of methanogens (from 3.0+0.5 to 4.8+1.2 mmol C I'! day?, Table
S3) and possibly acetogens caused CO:2 to reach limiting concentrations for chain
elongation (Figure S6 shows the total dissolved carbon dioxide species)>3. Moreover, the
fact that in the last phase ethanol is no longer completely consumed suggests that the
chain elongation microbes were inhibited by the low carbon dioxide concentrations, and
possibly also by the low acetate concentrations. Additionally, a shift away from the
confurcating metabolism of chain elongation bacteria (Figure S5) would lower the amount
of internally produced acetate by stoichiometry. In this final phase branched chain
elongation had - relative to straight chain elongation - a higher probability to occur than in
the previous phase because more ethanol was present in conjunction with the high i-C4
concentration, while there was less acetate supply, both by influent and by production of

the microbiome itself.

Concurrent methanogenesis, acetogenesis and
carboxylate-to alcohol reduction

In the scenario of CO2 limitation, excess reducing equivalent (e.g. hydrogen released
during ethanol oxidation, B-oxidation and chain elongation) is present without sufficient
bicarbonate for hydrogenotrophic methano- and/or acetogenesis. Therefore an alternative
electron acceptor must be reduced?!2. The remaining electron equivalents were utilized by
carboxylate reducers that performed biohydrogenation of fatty acids to alcohols?!3, or
ethanol was consumed via direct carboxyl-hydroxyl exchange (reaction 14 in Table S1).
By these processes, iso-butanol could be formed up to a concentration of 0.5 g It and n-
hexanol up to 0.3 g I'!; also trace amounts of n- butanol and iso-hexanol were observed.
This is the first prospective observation of branched carboxylic acid and n-caproate
reduction at these levels during mixed culture chain elongation, without other electron

donors being supplied besides ethanol (e.g. carbon monoxide or via biocathodes).
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Production rates of higher alcohols were similar to those of a chain elongation co-culture
growing on hydrogen, carbon monoxide and carbon dioxide?!4. Besides the carboxylate-to-
alcohol reduction mechanism as energy yielding pathway, chain elongating bacteria could
also be responsible for the observed n-butanol and n-hexanol formation throughout the

operation period, where it acts as an additional electron sink?293: 215,

Thermodynamic calculations of the carboxylate-to-alcohol reduction suggest that a high
reactant to product ratio for hydroxyl-carboxyl exchange is necessary to maintain a AG
lower than -20 kJ reaction™* (Table S1) when the hydrogen pressure is insufficient and pH
too high to drive the reduction. During earlier phases (I and II) where EEO was also around
20% to 40%, less carboxylate-to-alcohol reduction occurred. This could be explained by
the too low reactant-to-product ratio in these phases and abundance of CO: as external
electron acceptor (Figure S6). Moreover, during phase VI small black granules were
observed. The emergence of these granules, together with the microbiota data, suggests
a syntrophic culture that created its own niche to facilitate otherwise thermodynamically
unfeasible reactions (see Table S1). Close proximity of various microbes within a biofilm
facilitates syntrophic interactions?!6. It is known that effective electron transfer (via
hydrogen or Direct Interspecies Electron Transfer (DIET)) between ethanol (or B-) oxidizers
and syntrophic partner organisms, such as methanogens, is feasible?!7-21°, Therefore we
can hypothesize that here the ethanol oxidation, or possibly beta-oxidation, was linked via
reducing equivalent transfer (hydrogen, formate, or other) or DIET to methanogenesis,

acetogenesis and/or carboxylate-to-alcohol reduction.
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Microbial community analysis

In Table 2 a heat map shows the relative abundances of orders within the microbiome for
phases I, II, IV and VI. In Table S4 the heatmap is extended towards genus level. OTU
counts and BLAST results are shown in Table S5 to S28. The black granules (0.5 to 1 mm
diameter) that were formed during phase VI were also analyzed and are referred to as ‘VI

granule’.

Table 2. The heat map shows the relative abundance in percentage of the different orders within
the microbial community. Data was acquired via Illumina sequencing the V3-V4 regions of the 16S
rRNA gene and OTU taxonomic classification. For each phase two rows are shown which represent
the values for the duplicates.

Order 1 1 II I v v VI VI VI VI
granule granule
Clostridiales 89.3% 86.5% 70.5% 76.2% 81.9% 83.1% 73.2% 70.3%
Erysipelotrichales ~ 3.4%  7.4% 0.4% 0.3% 0.7% 0.5% 1.0% 1.3% 0.9% 1.0%
Methanomicrobiales 4 g0,  g50, 2.1% 1.0% 7.2% 6.6% 2.8% 3.3%  10.4% 12.3%
(Archaea)
Bacillales 1.3% 0.9% 1.3% 4.4% 0.3% 0.2% 0.1% 0.2% 0.1% 0.1%
Bacteroidales 0.8% 0.3% 1.4% 0.9% 1.3% 1.4% 1.8% 2.6% 4.6% 4.4%
Desulfovibrionales  0.6% 1.1% 1.0% 0.9% 4.0% 3.4% | 10.7% 10.3% 23.8% 25.1%
Micrococcales 0.5% 1.9% | 13.6% 11.2% 0.4% 0.4% 0.4% 0.4% 0.6% 0.5%
Thermoplasmatales g 30/, 0206, 5.4% 2.4% 1.6% 1.6% 5.4% 6.6% 0.8%  0.8%
(Archaea)
Anaerolineales 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.5% 0.6%  10.0% 10.4%
Sum of all orders  98.2% 98.7% 95.8% 97.3% 97.5% 97.2% 96.0% 95.6% 96.8% 97.2%
Other orders 1.8% 1.3% 4.2% 2.7% 25% 2.8% 4.0% 4.4% 3.2% 2.8%
Total OTU count 165606 162885 64675 115043 116599 111495 158258 04834 102788 118583

The heat map shows that in all analyzed samples Clostridiales is the most abundant order,
in which the most abundant OTU belonged to Clostridium kluyveri (100% coverage and
98% similarity, Table S5 & S6). C. kluyveri is a well described bacterium that performs the
chain elongation. It is likely that in this case a strain of C. kluyveri is present that can
perform the branched chain elongation. Hypothetically the elongation is executed using
the same enzymes that are used for straight-chain elongation, albeit that these enzymes
have different affinities for the metabolites involved in the branched-chain elongation.
Alternatively a different microbe could be responsible for iCs formation. By isolating and

characterizing the responsible bacteria a definitive explanation could be given.

As mentioned earlier, the microbiome contains several other functional groups apart from
chain elongation. Figure S7 shows a putative overview of possible metabolic activities of

the presented microbiome. Some conversions were attributed to microorganisms that were
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identified within the community. Among these are bioprocesses such as beta-oxidation and
direct ethanol oxidation??°, These bioconversions form reducing equivalents, such as
hydrogen gas that can be utilized via hydrogenotrophic methanogenesis,

homoacetogenesis and carboxylate-to-alcohol reduction.

It should be noted that the reactor was not a sole ideally mixed system because some
biofilms (in the form of wall growth and granules) were present. Niche formation, which is
underlined by the granule formation in phase VI, increases the possibility for these
syntrophic processes to occur. Biofilm growth decouples solids retention time from
hydraulic retention time and allows microbes that grow slower than the reactor dilution
rate to be maintained in the reactor. The B-oxidizers Syntrophomonadaceae in phase I had
some similarity (100% coverage, 96% similarity, Table S8) with Syntrophomonas zehnderi
OL-4. These microbes are thermodynamically only able to oxidize fatty acids at a partial
H2 pressure below 1 Pa (Table S1)> 27, although higher hydrogen partial pressures were
measured. Due to local differences and fluctuations in the micro environment around the
bacteria, thermodynamic calculations performed with macroscopic data (e.g. headspace
partial pressures) should therefore be interpreted with a wider range of uncertainty. In
phase VI the granules contained a syntrophic culture of B-oxidizing microbes within the
Anaerolineaceae UCG-001 order and methane forming Methanoculleus palmolei (99%

coverage, 99% similarity, Table S28, Methanomicrobiales order)105 221,

The Methanoculleus genus has been reported to perform hydrogenotrophic
methanogenesis in other mixed culture chain elongation microbiomes!®® 211, In contrast to
Methanoculleus palmolei, that had a high presence within the granular biofilm, the
Thermoplasmatales had a relatively low abundance in the granular biofilm compared to
their abundance within the suspended biomass. The OTU classification of the
Thermoplasmatales showed very low similarity to Methanomassiliicoccus luminyensis B10
(99% coverage, 88% similarity, Candidatus methanogranum genus). On account of its low
abundance in the granular biofilm compared to the abundance in suspension this unknown
C. methanogranum is hypothesized to not be a syntrophic reduction partner. Instead,
assuming it is a methane producing organism, it could be involved in either
alcoholotrophic®* or acetoclastic methanogenesis (reaction 4 and 13 respectively in Table

S1), which both are thermodynamically feasible independent on hydrogen partial pressure.

The observed Desufovibrio most likely work in conjunction with the Anaerolineaceaea ICG-
001 and Methanoculleus palmolei. Desulfovibrio are known to be able to perform B-
oxidation in the absence of an extracellular electron acceptor??? 223, The most abundant
Desulfovibrio OTU was identified to resemble Desulfovibrio legallii H1 (95% coverage and
99% similarity, Table S20), which is also known to be able to perform direct ethanol

oxidation??3. These type of sulfate reducing bacteria are versatile in bioelectrochemical
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processes and can donate or take up electrons from electrodes while converting various
organics or CO2. Possibly the Desulfovibrionales were (partly) responsible for the usage of
electrons or Hz2 while they were reducing CO: to acetate and/or forming alcohols??4 225, In
addition to these fermentation processes, the Desulfovibrio could also have been
responsible for the black coloration of the granules by causing black precipitation of FeS
after reducing the little amounts of present sulfate and iron(III)22% 227, Some types of FeS

compounds have been shown to enhance direct interspecies electron transfer?:®,

Future outlook

Here we report on iso-caproate bioformation via chain elongation. We also observed that
higher alcohols such as iso-butanol, hexanol and iso-hexanol were formed. Branched
alcohol formation has not been reported in earlier chain elongation research work. Higher
branched alcohols could be interesting fermentation products because of their advantages
over bioethanol such as higher energy density, lower hygroscopicity, lower vapor pressure,
and compatibility with existing transportation infrastructures??®, The developed mixed
culture microbiome represents a complex mix of microbial processes with several possible
competing and syntrophic interactions. The reactor system was not operated with
conditions for maximal production rate and product titers. By increasing ethanol loads and
preventing CO2 to become limiting for chain elongation higher MCFA production rates and
concentrations can likely be achieved. In addition, a more stringent selective pressure
could be achieved by lowering the hydraulic retention time!®% 202 and by increasing the

mixing to prevent niche-formation.

In order to improve the selectivity of i-Cs production via i-C4 elongation, the microbiome
must be enriched to the point where C2/n-Cs/n-Ce elongation is no longer the dominant
chain elongation process. Excessive ethanol oxidation and beta-oxidation should be
prevented to the point where the resulting acetate production in turn does not allow for
dominant C2/n-C4 elongation. A 100% selective production process of i-Ce is impossible in
principle, due to the fact that some C: is always present. There will always be acetate
production during the reverse beta-oxidation process, due to substrate level

phosphorylation coupled to ethanol oxidation 22.

The feedstock to produce i-Cs could be derived from an i-C4 bioproduction process that
uses methanol and organic waste (e.g. outdated food waste) 3°. The presence of methanol
remaining from such a first stage will likely not hamper the i-Cs formation, as in this study
methanol did not have an effect on i-Cs formation. Hypothetically, earlier formed iso-

valerate too could be elongated to i-C7 within the developed microbiome.

Further studies will be required to exploit the formation of the branched MCFAs and alcohols.

The i-Cs production rate of 0.86 g I'! day! is still 65 times lower than optimized n-Cs (55.8
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g n-caproate It day') chain elongation systems??® and thus needs to be increased.
Moreover, the i-Cs broth concentration (1.4 g I'?) in this study was 10 times lower than the
maximum solubility of the protonated acid-form. Concentrations in this higher range are
necessary for effective extraction?3. Once these criteria are met, efficient downstream
processing methods can be developed that will allow for branched chain elongation to

become viable in industry.

Supporting Information

The Supporting Information is available in the Supporting Information Section of this
thesis. Additional information regarding Materials & Methods, a summary table with
bioprocesses and thermodynamic calculations, additional depictions for Results &

Discussion, 13 figures and 29 tables.
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Abstract

Chain elongation fermentation technologies allow for the synthesis of useful biobased
chemicals from complex organic residue streams. In order to expand the product spectrum
of chain elongation technology and its application range we investigated (i) how to increase
selectivity towards branched chain elongation and (ii) whether alternative branched
carboxylates such as branched valerates can be used as electron acceptors. Elongation of
isobutyrate (i-C4) elongation towards 4-methyl-pentanoate (i-Cs) was achieved with a
selectivity of 27% (of total products, based on carbon atoms) in a continuous system that
operated under CO2 and acetate limited conditions. Increasing the CO2 load led to more in
situ acetate formation that increased overall chain elongation rate, but decreased the
selectivity of branched chain elongation. A part of the in situ acetate formation was related
to alcohol formation that seemed to occur via hydrogenogenic ethanol oxidation
thermodynamically coupled to hydrogentrophic carboxylate reduction. Several alcohols
including isobutanol and n-hexanol were formed. The microbiome from the continuous
reactor was also able to form small amounts of 5-methyl-hexanoate (i-C7) likely from 3-
methyl-butanoate (i-Cs) and ethanol as substrate in batch experiments. The highest
achieved concentration of i-C7 was 6.4 £ 0.9 mM C, or 118 £ 17 mg/L, which contributed
for 7% to the total amount of products (in carbon). The formation of i-C7 was dependent
on the isoform of branched-C5. While 3-methyl-butanoate (i-Cs) was likely elongated to 5-
methylhexanoate (i-C7), a racemic mixture of L/D 2-methyl-butanoate was not. When i-
Ca and i-Cs were added simultaneously as substrates there was a large preference for
elongation of i-C4 over i-Cs. Overall, this work show that chain elongation microbiomes can
be further engineered with supplement of branched-electron acceptors towards the
formation of iso-caproate and iso-heptanoate as well as that longer alcohol formation can

be stimulated.
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Introduction

Chain elongation is an emerging bioprocess by which medium chain carboxylates (MCCs)
can be produced in an alternative way. Currently, MCCs are mainly produced by either
non-renewable fossil resources or palm and kernel oil-crops, both of which aggravate
environmental problems?3t: 232, Chain elongation fermentations provide a sustainable
alternative by utilizing organic residue streams as substrate?® 1°1, The formation of MCCs
from organic residues provide an economically attractive alternative to biogas formation?3.
The amount of research groups that study the formation of straight MCCs such as n-
caproate (n-Cs) and n-caprylate (n-Cs) via microbial chain elongation is quickly expanding??*
185,233-238, Commercial application by ChainCraft B.V. in Amsterdam will demonstrate large
scale production of n-Ce from organic residues?3. Chain elongation fermentation
technologies could become an impactful recycling method that can aid in the development

of a circular economy?32,

Recently it was also shown that branched MCFA iso-caproate (i-Cs) can be formed in
significant amounts when iso-butyrate (i-C4) is used as electron acceptor in an open-culture
ethanol based chain elongation fermentation 24, This research suggests that formation of
other branched MCFAs such as iso-heptanoate (i-C7) should be possible. The necessary
iso-valerate (i-Cs) substrate could be formed via protein degradation steps'®® 24! or
genetically engineering organisms!®*. While iso-caproate was sometimes in trace amounts
detected in chain elongation microbiomes, to our best knowledge, iso-heptanoate was not??
40, Branched MCFAs are interesting compounds because their physical properties differ
from those of straight MCFAs. Branched MCFAs have a higher viscosity, they reduce
crystallization3® and have an oxidative stability3® 242 that can improve fuel combustion243,
MCFAs in general can be used in the production of e.g. solvents, feed additives!ss,
lubricants, surfactants, emulsifiers, pharmaceuticals?? and as precursors for plastics and
fuels3® 195, In addition to MCFAs, higher alcohols are also interesting fermentation products
and can be coproduced within a chain elongation microbiome?i# 240, 244 A petter
understanding on their production mechanism could facilitate the development of higher
alcohol formation from organic residues, rather than from more expensive glucose based

fermentations24s: 246,

A challenge with ethanol based chain elongation fermentations is minimizing the (excessive)
direct ethanol oxidation. Excessive ethanol oxidation is thermodynamically feasible at a
hydrogen partial pressure below approximately 1 kPa and can be stimulated when
syntrophic partners in biofilms utilize the produced hydrogen?*7.248 The usage of 1st
generation ethanol has a big impact on the sustainability and costs of the ethanol-based
chain elongation process?3°. Additionally, the in situ acetate formation reduces the

selectivity of branched and odd-chain carboxylate elongation %% 240, Earlier research has
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shown that reducing the CO2 dosage could reduce excessive ethanol oxidation and increase

carboxylate elongation selectivity 21,

The objective of this study was to expand the usage of branched electron acceptors for the
formation of isocaproate and isoheptanoate by ethanol-based chain elongation reactor
microbiomes. A continuous anaerobic filter bioreactor that was fed with ethanol and
isobutyrate was operated under two different CO2 loads was used to grow a chain
elongation dominant microbiome. The results indicated that branched chain elongation
selectivity was indeed higher at low CO: loads. This effect, however, could be transient due
to microbiome adaptation that gain acquired increased functionality towards alcohol

formation that seemed to be coupled to excessive ethanol oxidation.

The same microbiome was used in batch bioreactors to evaluate the feasibility of using
branched five-carbon fatty acids (3-methyl butanoate i.e. iso-valerate and L/D 2-methyl
butanoate) as substrate and electron acceptor within an ethanol based chain elongation
microbiome. We show the first appearance of i-C7 (5-methylhexanoate) which was likely
formed from microbial iso-valerate (3-methylbutanoate) elongation using ethanol as
electron donor. After this observation another batch series was performed to evaluate the
effect of initial higher hydrogen partial pressure and acetate concentrations that are known
to influence the chain elongation activity 2% 185 187,240 In addition substrate specificity of
iso-valerate was compared to that of iso-butyrate as an alternative substrate and electron
acceptor. The results led to a discussion which highlighted that branched chain elongation
occurs as cometabolism during straight chain elongation, meaning that a minimum amount

of acetate is required for chain elongation to occur at all.

Materials and Methods

Continuous reactor setup

A continuous anaerobic filter bioreactor was set up to investigate the effect of CO2 supply
microbial chain elongation reactor that was fed with isobutyrate (650mM C), ethanol (540
mM C) and yeast extract (1 g L'!) as carbon sources (acetate was omitted from the influent).
The reactor system was similar to the previous research on isocaproate formation via
ethanol based chain elongation?*. Different was the addition of a carrier material to retain

microbial biomass increase the rate of chain elongation activity24°.

After startup the reactor was completely filled with sponge carrier material (0.15 L liquid
exclusion volume of 15 by 15 mm polyurethane cubes; Recticel, Belgium) to support
additional growth of biomass (phase II). To maintain anaerobic conditions during this

procedure the reactor was flushed with N2 gas. The addition of cubes changed the active
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liquid volume of the reactor from 1 L to 0.85 L. The influent rate was adjusted accordingly
(from 22.2 mL hour? to 18.9 mL hour?!) to maintain an HRT of around 45 hours. The CO2
supply was doubled in phase III and halved again in phase IV. An overview of the influent
carbon sources, the steady state duration for each phase, the HRT, pH and the CO2 supply

are listed over the different phases in Table 1.

Table 1. Overview over the different phases in the reactor. The influent carbon sources, the steady

state duration for each phase, the HRT, pH and CO2 supply are listed.

Phase I II III Iv

Condition Start-up Add car_rler COz increase CO:2 decrease
material

Phase period 1-45 45-78 78-94 94-129

(days)

HRT (h) 44 + 7 46 + 8 44 + 2 47 + 6

Isobutyrate (mM C) 650 650 650 650

Ethanol (mM C) 540 540 540 540

pH 6.65 + 0.07 6.6 £ 0.03 6.6 £ 0.02 6.62

CO:z supply

(mLn/min) 0.18 0.18 0.36 0.18

Batch experimental setup

The batch experiments were performed in 250 mL serum bottles (150 mL liquid medium).
The remaining 100 mL gas headspace was replaced at the start of each batch up to a
pressure of 150kPa. The macronutrients and micronutrients medium composition for the
batches is given in Tables S1-S3 in the Supplementary Information. The batch bottles were
kept in a shaker at 35 °C and 150 rpm throughout the whole experiment. The exact step-
by-step protocol for the batches is given in the Supplementary Information. All batches

were carried out in duplicates.

Investigating i-C5 elongation proof of concept - first
batch series

The first experimental series consisted of eight batches (1.A to 1.H) that aimed to
investigate if an enriched microbiome that produced i-Cs could also elongate branched
valerates to branched heptanoates. Ethanol and a small amount of acetate were always
added as substrate, whereas the types of branched valerates were varied throughout the
series. In batch 1.A and 1.B a racemic mixture of L/D 2-methylbutanoate was added. Iso-
valerate (i.e. 3-methylbutanoate, i-Cs) was added in batch 1.C and 1.D. In batch 1.E and
1.F a 50:50 mixture of the L/D 2-methylbutanoate racemate and iso-valerate was added
to investigate their combined effect on chain elongation. All these batches were performed
at two different substrate concentrations. BES (2-bromoethanesulfanoate) was added at

10 g/L to inhibit methanogenesis?>°, except in the control batch 1.G. Additionally a control
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batch (1.H) was performed without yeast extract to be able to exclude the possible
formation of i-C; from yeast extract. Table 2 shows the different carbon source
concentrations that were used as well as other parameters that were varied throughout

the two batch series.

Table 2. Overview of the different starting parameters for the first batch series.

1.A 1.B 1.C 1.D 1.E 1.F 1.G 1.H

EtOH (mM C) 320 160 320 160 320 160 160 160
Acetate (mM C) 13 6.5 13 6.5 13 6.5 6.5 6.5
L/D 2-

methylbutanoate 325 162.5 - = 162.5 81.3 - =
(mM C)

(3-) i-Cs (mM C) - - 325 162.5 162.5 81.3 162.5 162.5
BES (g/L) 10 10 10 10 10 10 = 10
Yeast (g/L) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 -
pH 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
N2 % 90 90 90 90 90 90 90 90
CO2 % 10 10 10 10 10 10 10 10
H> % 0 0 0 0 0 0 0 0

Investigating the substrate specificity and limiting factors
for chain elongation activity - secondary and tertiary
batch series

In the first batch series ethanol was not completely converted and it remained unclear if
this was caused by the drop in pH, a limiting acetate concentration, the increased hydrogen
partial pressure or something else (such as product inhibition on the microbiome>’).
Therefore a second and third series was performed to further investigate the effect of
increased hydrogen partial in combination with different starting acetate concentrations.
In contrast to the first series that contained no hydrogen at the start of the experiment,
the second series was performed with hydrogen already present in the headspace at the
start of the batch (20% for all batches, except 2.C which contained 80% H: at the start).
This was done to minimize acetate formation via potential excessive ethanol oxidation
which is thermodynamically inhibited at higher H2 pressures?!! and to investigate the effect
of an even higher Hz pressure on the chain elongation itself?? 2°1, These batches were all
started at pH 7 instead of 6.5 to allow for more potential proton formation due to ethanol
oxidation before pH becomes a limiting factor and prevent a subsequent limiting
bicarbonate concentration?°* 252, One batch (2.B) was started with an initial acetate
concentration ten times higher than the other batches (2.A as control). Additionally to
investigate the necessity of acetate during chain elongation, batch 3.B was started with

zero added acetate (3.A as control, in the third batch series).
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To batch 2.D i-C4 was added in addition to i-Cs to get insight into substrate preferences for

branched chain elongation. In the third batch series n-valerate was added (batch 1.D) to

compared its utilization as electron acceptor with i-Cs and exclude possible i-C7 formation

via n-Cs. Table 3 and 4 show overviews of the second and third batch series respectively.

The medium was the same as the medium from the first series, except for the indicated

changes in the tables.

Table 3. Overview of the different starting parameters for the second batch series.

2.A 2.B 2.C 2.D

(low acetate) (high acetate) (high hydrogen) (including i-Cs)
Inoculum Batch 1.D Batch 1.D Batch 1.D Batch 1.D
EtOH (mM C) 160 160 160 160
(3-)i-Cs (mM C) | 162.5 162.5 162.5 162.5
i-C4 (mM C) - - - 64.5
Acetate (mM C) 6.5 65 6.5 6.5
BES (g/L) 10 10 10 10
Yeast (g/L) 0.5 0.5 0.5 0.5
pH 7 7 7 7
Nz (%) 70 70 10 70
COz2 % 10 10 10 10
Hz (%) 20 20 80 20

Table 4. Overview of the different starting parameters for the third batch series.
3.A 3.B 3.C (no extra 3.D
(low acetate) (no acetate) carboxylate) (n-Cs)

Inoculum

EtOH (mM C)
(3-) i-Cs (mM C)
n-Cs (mM C)
Acetate (mM C)
BES (g/L)

Yeast (g/L)

pH

Nz (%)

CO2 %

Hz (%)

regrown 2.D

320
162.5

13
10
0.5
7
60
20
20

regrown 2.D

320
162.5

10
0.5

60
20
20

regrown 2.D

320

13
10
0.5

60
20
20

regrown 2.D

320

162.5
13

10
0.5

7

60

20

20
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Inoculum

The continuous reactor as well as the first batch series was inoculated with a mixture of
two undefined anaerobic cultures. One volume part was taken from the continuous reactor
that elongated i-Cs to i-Ce2%° and a second equal volume part came from a mixed bovine
rumen sample. The bovine rumen liquid from three cows was provided by the Animal
Science Department of Wageningen University and Research. Biomass concentration was
not measured within the inocula. The inoculum mixture was put in 50 mL centrifuge tubes
and spinned down at 4500 rcf for 10 minutes. The cell pellets were resuspended in carbon
source free medium prior to inoculation as described within the step-by-step protocol in

the Supplementary Information section.

The inoculum for the second batch series was taken from batch 1.D of the first series. Its
contents were centrifuged in 50 mL tubes at 4500 rfc and the pellets were subsequently
combined and re-suspended with 50 mL carbon source free medium. These re-suspended
cells were then used as inoculum for the second batch series as described within the step-
by-step protocol. Similarly, the third batch series was inoculated with biomass that
originated from batch 2.D. However, before inoculating, batch 2.D was stored for one and
a half year at room temperature. Sporulation of bacteria was observed under the
microscope, prior to activation. Before starting the third batch series an activation batch
was performed using the same conditions as in batch 2.D. The third batch series was then
inoculated with this freshly activated biomass.

Sampling and measurement

Samples of the gas phase were taken once per week and analyzed using an established
protocol for gas chromatography to determine the fractions of Oz, N2, CH4, Hz2, and CO>.18>
253 Before sampling the pressure was measured using a pressure meter (GMH 3151). At
the same time liquid samples (3.5 mL) were taken, centrifuged at 10000 rfc and stored in
a freezer at -20 °C. Every two weeks these samples were analyzed according an earlier
described method®” to determine the concentrations of primary alcohols and volatile
carboxylic acids (ethanol, propanol, butanol, iso-butanol, pentanol, b-pentanol, n-hexanol,
iso-hexanol and acetic, n-butyric, iso-butyric, n-valeric, b-valeric, n-caproic, iso-caproic,
n-heptanoic, iso-heptanoic and n-caprylic acid). The isomers 3-methylbutyric acid (i-Cs)
and L/D 2-methylbutyric acid (L/D 2-MB) indicated as b-valeric acid (prefix b- refers to
branched compounds, regardless of which of the isomers), as well as the isomers 3-
methylbutanol and L/D 2-methylbutanol, indicated as b-pentanol, could not be
distinguished with the available equipment because the isomers exhibited the same
retention time. Therefore the batches were designed to investigate their effect on chain
elongation separately to analyze which isomers of branched Cs were used for the formation

of which branched C;. The expected forms of branched heptanoic acids, (4-) and (5-)
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methylhexanoic acid (MHA), could be distinguished as is shown in Figure S1 in the
Supplementary Information. Hypothetically a L/D 4-MHA racemate is the elongation
product of L/D 2-MB, whereas 5-MHA (i-C7) is the elongation product of i-Cs, assuming the
elongation occurs in a similar fashion as during earlier observed i-C4 elongation to i-Ce and
other chain elongation mechanisms?>*. For the continuous experiment the data is presented
using the averaged values during each phase and a confidence interval (%) using an a of
0.1. For the batches the duplicate results are averaged and the error bars (£) indicate the

differences between each measurement.
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Results
CONTINUOUS REACTOR

Non-reversible reactor performance behavior after CO2
increase and decrease

During the first three weeks after starting the isobutyrate and ethanol fed continuous
reactor, acetate accumulated in the broth, followed by n-butyrate, n-butanol and
isobutanol. Around day 30 the broth concentration of these compounds, except for
isobutanol, lowered while n-caproate and isocaproate formation started to occur. When
caproate concentrations no longer increased at the end of the start-up (phase I) carrier
material was added on day 45. The reactor then reached a steady state from day 62 to
day 78 in phase II. The CO2 headspace partial pressure was consistently below 1kPa as
soon as chain elongation activity was observed, even after doubling the CO: in phase III.
The highest volumetric productivities and concentrations of i-Cs were obtained during
phase III at increased CO:2 supply, reaching a rate of 57 £ 4 mM C/day, or 1.1 £ 0.07
g/L/day and a concentration of 125 = 6.6 mCM, or 2.43 + 0.13 g/L. However, selectivity
towards iCs (carbon per tot carbon in products) was highest in in phase II (27%) and
dropped to 20% in phase III. The metabolite broth concentrations are shown in Figure 1
and the product yields per phase are shown in Table 5. Excessive ethanol oxidation (EEO)
as shown in the table is calculated from the observed chain elongation activity and ethanol

consumption using an earlier described method?4°.
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Figure 1. Broth concentrations of metabolites within the continuous reactor system. Additionally the
carbon balance and pH are shown in (A) and methane formation is rate shown in (B). The grey boxes
at the end of each phase show the range where the averages were taken for the values in Table 5.
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The reactor was not allowed to develop a steady state in phase III because methane
formation kept increasing, which was deemed unfavorable for chain elongation activity in
the long term. Instead, the CO2 load was lowered from 0.36 mLn/min (phase III) to 0.18
mLn/min (phase IV) with two aims: (i) lower methanogenic activity and (ii) investigate if
the i-Cs selectivity could be increased again. However, the reactor had also developed an
increased alcohol (in particular i-C4OH) productivity. As a consequence different conversion
rates were observed in phase VI compared to phase II, although reactor operating
conditions were the same. Alcohol (n-C40H, i-C40H, n-CsOH and i-CeOH) formation had
increased from a combined selectivity of 10% in phase II to 16% in phase IV. Also an
increase in straight carboxylates was observed relative to phase II, while i-Ce selectivity
had dropped down to 12% in Phase IV. Additionally the hydrogen partial pressure had
dropped below 1kPa from phase III onwards and did not recover to the levels observed in
phase II (up to 10 kPa). The gas partial pressures in the reactor headspace are shown in
Figure S2 in the SI. Evidently, the average conversion rates in the reactor show a non-

reversible behavior after the CO:z increase and decrease.
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Table 5. Overview of averaged operating parameters and conversion rates including confidence
intervals. Averages from phase IV are taken when caproate formation had stabilized (day 106 to
113).

Phase II Phase III Phase IV
Discription A(::a‘f:;g?r CO2 increase CO2 decrease
Phase period day 45-78 day 78-94 day 94-129
Averages taken from day 62-78 day 85-94 day 117-129
Calculated EEO (%) 21 +7 25 +6 44 +11
HRT (hours) 46 +8 44 +2 43 ==l
pH 6.6 +0.03 6.6 +0.02 6.5 +0.04
CO2 loading (mLn min-t) 0.18 0.36 0.18
C-balance (%) 96 +3 95 +3 87 +10
e-balance (%) 96 +3 97 +3 84 =0
Volumetric C molar conversion rates (mmol C L-1 day-1)
Cc2 13 +1 14 +2 17 +2
i-C4 -49 +8 -58 +6 -67 +20
n-C4 17 +0 25 +5 31 +4
i-C6 50 +3 57 +4 25 +3
n-Cé6 82 +5 146 +4 88 +11
n-C8 2 +0 5 +0 2 +0
EtOH -134 +13 -219 +20 -203 +32
n-C40H 2 +0 1 +0 3 +1
i-C40H 8 +1 11 +1 16 +2
Hexanol 8 +1 5 +1 10 +2
i-C60H 1 +0 1 +0 1 +0
CH4 (gas) 6 +1 24 +8 18 +7
COz2 (gas) -11 +0 -23 +0 -11 +0
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BATCHES

Chain elongation using different carboxylates as
additional electron acceptors at acetate limitation

The dominant bioprocess throughout all batch series was straight chain elongation towards
n-Cs. Depending on the added carboxylate (i-Cs4, n-Cs, i-Cs) besides acetate, varying
amounts of alternative elongation products (i-Cs, n-C7 and i-C7 ) were formed. The amount
of acetate that was present in the beginning of the batch significantly affected the time it
took for chain elongation to be observed. Concentration profiles of the second and third

batch series are shown in Figure 2 and Figure 3 respectively.

It is relevant to emphasize that during all batches, except batch 2.B (where 65 mM C
acetate was added), a large fraction of ethanol was not consumed and therefore still
available as electron donor. Increasing the initial acetate concentration (2.B, Table 4 and
Figure 2) caused a substantial higher chain elongation activity towards n-Cs (2.6 times
compared to 2.A); significantly more ethanol was consumed in this batch up to a higher
pr2 and higher final acetate concentration. However, only 3.1 mM C i-C7 was formed versus
6.4 mM C i-C7 in the control with a low initial acetate amount (2.A). As known, in general
the low acetate concentration in combination with a high hydrogen partial pressure?tt 25>
was identified as the plausible cause that hampered chain elongation activity in the first
two series, excluding control batch 1.G. Here, the absence of BES allowed methanogenesis
to consume CO. down to a partial pressure <1lkPa, concomitant with more excessive
ethanol oxidation to acetic acid that led to a pH drop to <5.7. These low CO2 partial
pressure and pH values are limiting conditions for (ethanol-based) chain elongation

bacteria 33: 2%6,
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i-Cs and 6.5 mM C acetate, 80% initial H, (2.C)
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Figure 2. Concentration profiles of batches performed with i-Cs as additional electron donor and
varying levels of starting acetate amounts and hydrogen partial pressures (2.A-2C). Batch 2.D shows
the preference for i-C4 over i-Cs as alternative electron acceptor leading to branched MCFA formation
concomitant with straight chain elongation. The i-Cs addition results only in marginal i-C; formation.
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i-Cs and 13 mM C acetate (3.A) i-C and no acetate (3.B)
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Figure 3. The four batches illustrate the effect of different initial acetate amounts and added
carboxylates beside acetate on chain elongation activity. Complete absence of initial acetate (3.B)
causes a prolonged lag phase, whereas the addition of a small amount (3.A) sped up the onset of
chain elongation by approximately 7 days. Additionally, the batch without any additional carboxylate
besides acetate shows an even faster onset of chain elongation activity (3.C). The batch with added
n-Cs (3.D) shows n-Cs and n-C; formation and no i-C; formation.

Alcohol formation was observed in all batches and showed a general trend that whenever
a carboxylate is present, the corresponding alcohol is formed albeit up to a significantly
lower concentration (i.e. i-C4 led to i-C40OH, n-Ce led to n-CsOH, etc.). The alcohol formation
occurred in all batches up to a final concentration range between 1 and 5 mM C for each
produced alcohols species. The concentration profiles of metabolites in this lower
concentration range are shown for all batches in Figure S4, S6, S7 and S9. Gas headspace

partial pressure profiles of all batches are shown in Figures S5, S6, S8 and S10.
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Formation of small i-C; amounts is observed during
presence of i-Cs.

The first batch series showed 5-methylhexanoate (i-C7) formation in the batches fed with
3-methylbutanoate (i-Cs), albeit in very low amounts (Figures S3 and S4). The L/D 2-
methylbutanoate racemate (L/D 2-MB) was seemingly not utilized at all as substrate for
chain elongation, as no hypothetical elongation product (4-MHA) was observed. Small
amounts of branched pentanol formation were observed in all batches regardless which
form of branched pentanoate was available. Due to a relative high standard error of the
branched Cs analysis compared to the low i-C7 and b-pentanol concentrations, it could not
be determined whether i-C5 was molar-equally consumed. However, in all batches that did
not contain isovalerate no isoheptanoate formation occurred. Additionally, the positive
control batch without added yeast extract also showed i-C; formation, excluding yeast
extract conversion, as potential cause for i-C7; formation. The likely chain elongation of i-
Cs towards i-C7 accounted to 7.2% (based on carbon atoms) of the formed compounds in
the best performing batch in regards to i-C; formation (2.A). However, in this batch 98%
of the supplied i-Cs still remained unconverted. The n-Cs accounted to 79.6% (based on
carbon atoms) of formed compounds. Hexanol and iso-pentanol constituted to 4.7% and

0.6% respectively of the formed compounds.
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Discussion

Tradeoff between branched carboxylate selectivity and
productivity dependent on acetate availability

The continuous reactor experiment was operated without any acetate in the influent to
maximize isobutyrate utilization during chain elongation and thereby maximize selectivity
towards isocaproate formation. Compared to a previous study on isocaproate formation 24°
this system achieved a 30% higher volumetric i-Ces (57 £ 4 mM C/day, or 1.1 £ 0.07
g/L/day) formation rate and a 70 % higher average i-Cs broth concentration (125 + 6.6
mCM, or 2.43 £ 0.13 g/L) in phase III. During the whole operation period the reactor was
operating under apparent COz2 limited conditions (<1kPa), meaning that the low availability
limits chain elongation activity of well-known chain elongators such as C. kluyveri *3. When
the CO:2 load in phase III was increased, overall chain elongation activity increased. There
was a higher (branched) i-Cs productivity, although selectivity towards i-Ce¢ had dropped
(from 27% in phase II to 20% in phase III). Higher in situ acetate formation, both directly
via the chain elongation metabolism and via increased excessive ethanol oxidation led to
increased straight chain elongation (see Table S5). It shows there is a tradeoff to be made
when designing the system: (i) selectivity towards isobutyrate elongation is high during
acetate and CO: limitation (which reduces overall chain elongation activity), or (ii) straight
chain elongation is stimulated by lifting the CO:2 limitation leading to a decreased selectivity
towards alternative carboxylate elongation. In all phases i-C4 was abundantly available,
while acetate was only available via in situ formation. The sensitivity to increases in acetate
show that there is a preference towards acetate as electron acceptor over i-C4 (and i-Cs, in

the batches) within the established chain elongation microbiome.

The affinity for i-Cs elongation is limited, a co-metabolism
with straight chain elongation is suggested

The degree by which b-valerates and iso-butyrate are elongated in a batch system varied.
Formation of i-C7 contributed only 4% (based on carbon atoms) to the total produced
compounds in the batch with both i-Cs and i-C4 (2.D). In contrast, i-Ce formation
contributed for 27% to the total product spectrum, even though the molar concentration
of i-Cs was higher than i-Cs. With the L/D 2-methylbutanoate racemate batches no
elongation product was observed at all and overall the chain elongation rate diminished.
Moreover, in the batch reactors a higher acetate availability negatively influences the
selectivity towards branched chains, similar to what was observed in the continuous reactor.
This is emphasized by the batches performed at 65 mM C and 6.5 mM C initial acetate. A
higher initial acetate concentration (batch 2.B) increased total chain elongation activity,
but significantly lowered the selectivity towards i-C7 (1.4%) compared to the control (7.3%)

at low initial acetate amounts (batch 2.A). The results suggest the microbiome harbors
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affinities for branched carboxylate elongation. Hypothetically, the higher i-C; selectivity
during acetate limitation (2.A) can arise from kinetic impairment of acetate elongation at
low acetate concentrations. Consequently at higher acetate concentrations (2.B) the
alleviated kinetic impairment leads to more acetate elongation compared to branched chain
elongation. These two scenarios where varying kinetics lead to different selectivities are

illustrated in Figure S12.

The initially available acetate (6.5 mM C in 2.A versus 65 MM Cin 2.Band 13 mM Cin 3.A
versus 0 mM C in 3.B) in the batch series greatly affected the lag time of chain elongation.
These results are in line with earlier studies that show a reduced chain elongation activity
during acetate limitation 25>, Despite presence of sufficient alternative electron acceptors,
a minimum amount of acetate seems to be required for chain elongation to occur. The
requirement of acetate hints towards a cometabolism for the branched electron acceptors
within chain elongation; i.e. branched carboxylates are only elongated during straight chain

elongation.

Alcohol formation driven by high substrate to product
ratios as alternative source for in situ acetate production

The observed longer alcohol formation during the continuous reactor experiment followed
a dependency on the concentrations of ethanol and acetate as well as on the concentration
of the longer carboxylates and their corresponding alcohols species. This finding was in line
with the earlier study where i-Cs and alcohol (i-C4OH, n-CsOH and i-CeOH) formation were
found 24°, It suggests that (hydrogenogenic) ethanol oxidation and (hydrogenotrophic)
carboxylate reduction are coupled within the microbiome as shown in Table 6, resulting in
a net carboxyl-hydroxyl exchange reaction. A coupling of reactions would imply that the
thermodynamics driving force is no longer affected by pH and hydrogen partial pressure
(pH2), in contrast to hydrogenotrophic carboxylate reduction to alcohols that is favored at
a lowered pH and an elevated pH2 (See Figure S2 for the pn2 in the continuous reactor) 213,
Figure 5 shows that after startup the ArG! of the combined reactions for each carboxylate
- alcohol pair (when correcting for the broth concentrations of the reactants and products)
remained between 15-25 kJ reaction™. This value is close to the currently known minimum
required energy gain for a catabolic reaction to sustain microbial growth 257, and suggests
that this bioconversion could be utilized as energy-providing route by organisms growing
in a specific niche. It still needs to be revealed which organism(s) play(s) a role in this

alcohol formation.

Possibly chain elongation microorganisms themselves are solely responsible for the
formation of the longer alcohols. It is reported that Clostrdium kluyveri, a well-known chain

elongator, is able to produce small amounts of higher alcohols 244. A batch series performed
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using pure Clostridium kluyveri with propionate and ethanol under different hydrogen
pressures showed that propanol formation increased with an increasing p+22°8. The alcohol
formation during acetate limitation in combination with a high pn2 could hypothetically be
method to get rid of excess electrons when chain elongation-coupled ethanol oxidation is
thwarted due to high hydrogen partial pressures. Carboxylate reduction then replaces

hydrogen formation as electron sink.

Alternatively, another specialized organism performing the hydroxyl-carboxyl exchange is
present. It would require a C. autoethanogenum-like species?!* that can harvest the energy
from ethanol-derived electrons via an energy-coupled transhydrogenase (Rnf complex)*’
before reducing the larger carboxylates. A second alternative would be syntrophic
interaction between ethanol oxidizers and “hydrogenotrophic” carboxylate reducers (via H2
exchange and/or Direct Interspecies Electron Transfer (DIET)2*8). Although the
thermodynamic calculations performed with macroscopic data show that the
hydrogenotrophic carboxylate reduction is often unfeasible (Figure 5B), a syntrophic
coupling of ethanol oxidation and carboxylate reduction would imply that the actual
microscopic conditions are such that both (in syntophy-growing) microorganisms are able

to proliferate?s°.

Table 6. Thermodynamic calculations for ethanol oxidation and carboxylate (n-butyrate as example)
reduction towards the corresponding alcohol (n-butanol). A.G° indicates the reaction Gibbs free
energy change at standard biological conditions (298°C, pH 7). A:G2 and AG3 are corrected for
reactants to products ratios (carboxylates and alcohols only) of 100 and 0.01 respectively.

Bioprocesses Reaction A.G°! AG?> AG3
Hydrogenogenic ethanol oxidation CH,CH,0H + H,0 —» CH,COO" +2H, +H" 9.6 -1.8 21.1
Hydrogenotrophic carboxylate CUH,COO™ +2H, + H' — C,H,CH,OH + H,0 -16.4 279 -5.0
reduction (butyrate)

Combined: Hydroxyl-carboxyl C,H,C00" +CH,CH,0H — C,H,CH,0H +CH,CO0"  -6.8 -29.6 16.0

exchange

The gradual increase of i-C4OH formation during phase III and the increased alcohol
formation in phase IV compared to phase II indicate that this additional bioconversion
capability had slowly become more prominent within microbiome. Consequently, the pn2
did not recover in phase IV to the earlier values in phase II (9.2 1.3 kPa ) after reducing
the CO:2 load; it was kept in a lower range (0.6 £0.4 kPa in phase IV) by the microbiome,
while alcohol formation spiked. The alcohol formation likely acted as an alternative electron
sink when methane formation had dropped due to the sudden lower availability of CO2, as

was also observed previously 249,
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The onset of the alcohol formation implies that the earlier achieved high selectivity towards
i-Cs in phase II could be transient. A low acetate concentration is used as steering
parameter in this research to increase the selectivity towards i-Cs4 elongation. However, in
combination with high ethanol and high other carboxylate amounts, a low acetate
concentration leads to a thermodynamic potential that allows an alternative source of in

situ acetate formation via hydroxyl-carboxyl exchange.
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Figure 5. A) The concentration ratios of carboxylates to corresponding alcohols (and ethanol to
acetate) are shown. These ratios seem to be inversely correlated to the ethanol to acetate ratio,
especially in the later phases (III and IV), except for the i-C4 to i-C4OH ratio. Isobutyrate was
continuously fed into the reactor and present at high concentrations in the broth. This would
contribute to the driving force of isobutanol formation, while lessening the inverse correlation of the
i-C4 to i-C4OH ratio to the ethanol to acetate ratio. B) The Gibbs free energy change (ArG?) is shown
for the reactions: Ethanol + Carboxylate — Acetate + Corresponding Alcohol (for iC40H, n-C40H, n-CsOH
and i-Ce¢OH), direct ethanol oxidation and hydrogenotrophic butyrate reduction. The Gibbs free
energy change was adjusted for the conditions (including pH and hydrogen partial pressure for
ethanol oxidation and hydrogenotrophic reduction) in the reactor. The combined hydroxyl-carboxyl
exchange reaction seems to remain stable in the range of -15 to 25 kJ reaction™!. The used Gibbs
formation energies and assumption for the calculations are given in Table S6.
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Outlook for further bioprocess development

Chain elongation microbiomes can be engineered to produce various chemicals depending
on the supplied feedstock and steered reactor conditions. The higher branched and straight
alcohol formations described in this research are thermodynamically dependent on the
reactant to product ratio. If the products could be removed in situ this would drive the
reaction towards more straight and branched alcohol formation. Increasing the alcohol
formation in this way could lead to an interesting biochemical production process in itself;
the observed alcohol titers are in a suitable range for in situ extraction via gas stripping
244 This process may be used to develop processes that upgrade the ethanol in dilute

ethanol-containing residue streams to higher alcohols.

Branched carboxylates such as i-C4 and apparently also i-Cs can be used as electron
acceptor during chain elongation fermentations with a varying degree of efficiency.
Operating the reactor under acetate and CO: limited conditions increases the selectivity
towards branched carboxylate elongation, but as a tradeoff overall chain elongation activity
is reduced. The conversions of branched carboxylates to longer chains seem only to occur
as a form of co-metabolism during straight chain elongation. It remains to be seen if the
co-metabolism, that is expressed as a dependency on straight chain elongation activity,
can be lifted. Acetate plays a pivotal role within the chain elongation metabolism as it can
both serve as a primer and elongation (acetyl-CoA) unit?%%, However, research has already
shown that it is possible to increase the affinity of butyrate relative to acetate for an
engineered thiolase 26!, as well as first efforts to modify thiolases to use branched
carboxylates as primers 202, Further efforts to tailor the thiolase and other involved
enzymes via metabolic engineering could offer perspectives where the ket and Km values

for branched carboxylates and their conversion intermediates are increased.

Production of i-C7 in the observed amounts in this study at this stage are unattractive for
direct industrial applications compared to the formation of n-Cs. Still with fractional
distillation of the produced broth significant amounts of i-Cz may be obtained. In the
bioreactors i-Cs is hardly elongated (~98% remains unconverted) in the case where it is
supplied in excess and acetate is only present in low amounts. So far, it is remarkable that
i-C4 elongation has different kinetics compared to i-Cs elongation. It potentially shows that
the involved microbiome has not developed fully optimized enzymes for the artificially
imposed selective pressure with low amounts of acetate and large amounts of alternative
electron acceptors. In addition to metabolic engineering approaches further research on
selection pressure and natural adaptation in open culture microbiomes can provide a

potential i-C7 bioprocess development utilizing organic residual streams.
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Supporting Information

The Supporting Information is available in the Supporting Information Section of this
thesis. Additional information regarding Materials & Methods and Results & Discussion, 12

figures and 6 tables.
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General Discussion

Introduction

In this thesis we explored how open-culture microbiomes can be enriched for the
production of branched small and medium chain carboxylates and alcohols. The research
chapters can be categorized by the two main metabolic functionalities that were the focus
of enrichment: (i) methanol-based chain elongation and (ii) ethanol-based chain elongation.
In this chapter the most important findings of each study are highlighted. Then the studies
are reevaluated in the context of the microbial activity and reactor performances. Finally
biotechnological implementations of both types of fermentations are discussed and how
these can contribute to circular economy principles. All researches were performed using
synthetic defined media that contained fixed amounts of carboxylates (used as electron
acceptor) and alcohols (used as electron donor). Further development of the discovered
processes into useful technologies would require applying the knowledge from this thesis
to engineer case-tailored solutions for recycling appropriate organic residue streams to

useful and valuable products.

Methanol based chain elongation of acetate and
propionate to iso/n-butyrate and n-valerate

The first two research chapters entailed the enrichment of methanol-based chain
elongation microbiomes. In Chapter 2 formation of n-butyrate and iso-butyrate via the
elongation of acetate with methanol was elucidated. We showed that the microbiomes
could be enriched in multiple ways to control the product spectrum using pH as a selection
pressure tool. At pH 6.75 most of the fermentation product was n-butyrate, whereas at a
pH 5.2 the formation of the butyrate species approached a ratio of 0,69 i-C4 to 0.31 n-Cq4,
determined by the thermodynamic equilibrium of isomerization. Chapter 3 showed that
methanol-based propionate elongation led to mainly n-valerate formation and no
significant amounts of branched valerates. Using an influent with both acetate and
propionate led to simultaneous isobutyrate, n-butyrate, n-valerate and n-caproate
formation. The results suggested that Clostridium luticellarii is responsible for methanol-

based chain elongation of both acetate and propionate in the investigated reactor.

A revised hypothesized metabolic pathway for Clostridium
luticellarii

A hypothetical metabolic pathway for methanol-based chain elongation was proposed in
Figure 5 of Chapter 3. Although it was suggested that the ATP yield of overall energy-
providing metabolism should be around 1.5 ATP reaction™!, the proposed pathway did not
show this. Moreover, the mechanism for CO formation was ambiguous and possible
electron bifurcation steps during the pent-2-enoyl-CoA reduction were proposed but
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excluded from the figure. In Figure 1 of this section a revised metabolic pathway is
proposed. The figure is adapted to generalize the methanol based chain elongation
mechanism. Additionally the isomerization step is added; for now this has only been
verified for n-butyrate/isobutyrate isomerization. The proteome of C. luticellarii was
checked for enzymes that are required for performing the proposed conversions. Indeed,
NCBI protein-protein BLAST results verify that C. luticellarii harbours the genes necessary
for conducting conversions of both the Wood-Ljungdahl pathway and the reverse beta-
oxidation pathway (NCBI protein-protein BLAST results are shown in Table S1 and S2 in
the Appendix of this chapter).

It is important to emphasize that the hypothetically proposed pathway is by no means
proven. To verify the pathway, extensive experimentation is necessary. Pure culture
experiments with the C. luticellarii strain using Ci3 labeled substrate could help track
intermediate formations and thereby quantize the metabolic fluxes 263, Additionally, the
identified genes should be tested for their actual functionality; extraction of enzymes and
performing activity assays could be used to experimentally reconstruct and verify individual

elements of the proposed pathway 264 265,
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Figure 1. Revised hypothesized methanol-based chain short-chain carboxylate elongation pathway.
The figure shows how the Wood-Ljungdahl pathway could be coupled to the reverse beta-oxidation
pathway, while conserving electron mediator homeostasis and providing a source for ATP formation.
It shows an extension to Figure 5 in Chapter 3 by incorporating electron bifurcation at the alk-2-
enoyl-CoA reduction step, similar to how it is suggested to occur during reverse-beta oxidation in
Clostridium kluyveri 31. By introducing this electron bifurcation step, a small electromotive force can
be established. Consequently the overall ATP yield approaches 1.3 ATP reaction!, using the same
efficieny for the Rnf complex and ATPase as proposed for Acetobacter woodii 3°. The ATP yield is
approximately in line with the expected yield when considering the A.G of the reaction (-106.1 kJ
reaction™ / 70 kJ ATP! = 1.5 ATP reaction™!).
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Outlook for methanol based chain elongation: Improving
reactor performance and conceiving potential applications
The developed methanol-based chain elongation processes showed high product
selectivities for isobutyrate, n-butyrate and n-valerate formation. However, there are many
more factors that determine if and how methanol-based chain elongation can become an
effective, economically viable, recycling technology. These factors include and are not
limited to: (i) the extend of substrate conversion, (ii) volumetric conversion rates, (iii)
product titers and, (iv) not unrelated to the previous point, the difficulty of downstream
processing (DSP). The process performance for points i to iii for the methanol-based chain

elongation reactors is shown in Table 1.

Table 1. Reactor performance parameters for the investigated methanol-based chain elongation
reactors.

Phase V, pH Phase VII, Phase IV Phase VI
6.75 pH 5.2 (pro), pH (pro+ac),
(Chpt. 2) (Chpt. 2) 5.5 (Chpt. 3) pH 5.8
(Chpt. 3)
Unconverted acetate 61% 60% = 49%,
Unconverted propionate - - 74% 46%
Unconverted methanol 24% 46% 29% 18%
Volumetric n-butyrate
. 3.1 0.3 0.9 £0.3 0.020 £0.003 0.23 £0.008
productivity (g L* day*)
Vvolumetric i-butyrate
. 0.10+0.04 2.4 £0.3 0.055 £0.007 0.48 £0.015
productivity (g L* day*)
Volumetric n-valerate
- - 0.99 +£0.05 1.18 £0.02
productivity (g L™* day?)
n-butyrate broth
4.5 +£1.0 1.6 £0.2 0.09 £0.01 0.86 £0.03
concentration (g L)
i-butyrate broth
. 0.5 £0.1 4.2 £0.6 0.22 +0.01 1.80 +£0.05
concentration (g L)
n-valerate broth
= = 3.9 £0.1 1.37 +£0.08

concentration (g L)

115



General Discussion

Biomass retention could aid in increasing conversion
rates, but creates additional challenges of maintaining
selection pressure

Significant improvements can still be made regarding the extend of substrate conversion.
In most phases, sufficient substrate was still available in the reactors for additional
conversion. Likely, the reactor performance was limited by the amount of active biomass
in the system. Volumetric conversion rates were relatively low in comparison to what was
achieved for ethanol-based chain elongation to n-caproate (46.5 g n-Cs L't day™') 22°. As
was already shortly discussed in chapter 2 and 3, the conversion rates could be improved
via accumulation of the biocatalyst via biofilm retention techniques. Biomass retention
could create additional challenges in maintaining the right selection pressure. The open-
culture fermentations with methanol-based chain elongation always showed a competition
for methanol as substrate between the chain elongators and methylotrophic methanogens.
Chain elongation activity was kept dominant by a combination of factors: (i) high substrate
concentrations, (ii) high volatile fatty acids concentrations, (iii) a low pH and (iv) a
relatively low HRT. By allowing growth of biofilms, however, microbes are better able to
protect themselves from adverse effects of the environment 2%, Moreover, they are able
to proliferate in the reactor at low growth rates with less risk of washout 2¢7. Allowing
biofilm retention techniques could assist in acquiring a higher volumetric productivity and
possibly also higher product titers. But, further experimentation will need to explore
whether methanol-based chain elongation dominance can then still be maintained. A
positive sign that this should be possible are the results from Chapter 2 of phase VI and
VII - reduction of operating pH from 5.5 to 5.2. Here, methane formation had dropped
strongly by 90%, whereas chain elongation was only slight affected, suggesting that
methanol-based chain elongators are more suited than the methylotrophic methanogens

to operate at that respective pH and undissociated acid concentration.

Operation at low pH invites in situ extraction for n-
valerate

The product titers were relatively low compared to what is needed for economically viable
DSP. In general high product titers in the range of >50 g L' are necessary to facilitate
efficient DSP, especially for short-chain fatty acids?%8. Depending on the chain length, as
well as on the desired final product, lower titers might also suffice 26°. For the investigated
methanol-based chain elongation process, n-valerate was the longest observed main chain
elongation product. Recent advances on in situ extraction methods suggest that n-valerate
(and longer chains) could be efficiently extracted in situ at pH values (~5.5) that still allow
methanol based chain elongation 27°. Experiments performed with ethanol-based chain

elongation of glycerol-derived propionate showed successful n-valerate production and
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simultaneous extraction 271272, The achieved n-valerate titers and conversion rates within
these fermentations were comparable to the rates and titers achieved in this thesis for
methanol-based chain elongation. Methanol-based n-valerate formation could provide an
interesting alternative to ethanol-based chain elongation, depending on the cost
differences for methanol and ethanol which can strongly vary depending on the
geographical location 273, The fact that methanol is used during biodiesel (and glycerol
residue) production 274 presents an opportunity that could favor valorization methanol-
based chain elongation, provided that its cost-effectiveness outweighs alternative recycling

methods.

Methanol-based chain elongation in multi-step production
schemes

Performing direct cost-effective DSP for n-butyrate and iso-butyrate production from these
fermentations will likely be challenging. Concentration steps via reverse osmosis or
evaporation (after centrifugation and filtrations) might be necessary before purification of
the compounds can be efficiently performed 26275, An alternative to purification of n- and
isobutyrate would be to utilize the fermentation broth for subsequent fermentations and
further upgrade the compounds. The short chain carboxylates could be converted towards
their corresponding alcohols or towards medium chain fatty acids via ethanol-based chain
elongation methods presented in Chapter 4 and 5. The presence of both n-butyrate and
isobutyrate in the broth, however, will affect the selectivity of ethanol-based isobutyrate
elongation. Likely, first all n-butyrate will be converted before significant amounts of
isobutyrate are elongated to isocaproate, due to preferential/kinetic differences within the

chain elongation metabolism (Chapter 4).

An alternative method to concentrate the products of methanol-based chain elongation
would be to utilize the fermentation effluent for polyhydroxyalkanoate (PHA) production.
In this scheme the carboxylates in the effluent are transferred to an accumulation reactor
where Plasticicumulans acidivorans-like bacteria can concentrate the compounds as PHA
in their cell mass 276. This will introduce complexities such as that the effluent needs to be
nitrogen-limited to maintain the feed-famine regimes that are used to enrich the
accumulation reactor 277. The methanol-based chain elongation experiments in this thesis
were performed with an overabundance of nitrogen in the broth, so it will need to be
researched if these fermentation can also be performed using less ammonium. PHA
production is attractive concept to valorize very low cost and low quality organic residue
streams. It remains to be seen if methanol-based chain elongation can compete on an
economic and sustainability level with such anaerobic digestion methods. The DSP of PHA,
however, is also challenging in itself and currently subject of many research attempts to

increase efficacy 278.
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An interesting property of methanol based chain elongation, is that it provides a method
to form n-butyrate from acetate and methanol when fermenting at pH 6.75 (Chapter 2). A
next research step would be to investigate whether an enriched microbiome could also
achieve similar n-butyrate productivities and titers from methanol and CO: alone. Methanol,
in turn could be produced via aqueous electrochemical reduction of CO> using sustainable
electricity sources 279 280, An advantage would be that the electrochemically derived
aqueous methanol solution would not need DSP before entering the fermentation.
Combining the electrochemical reduction of CO2 to methanol with methanol based chain
elongation in that way could provide an effective carbon sequestration process that allows

the formation of longer-chain reduced carbon compounds.

Ethanol-based branched carboxylate elongation
versus ethanol oxidation and straight-chain
elongation

The third and fourth research chapters focused on ethanol based chain elongation using
branched short chain (i-C4 and i-Cs) carboxylate as electron acceptors. In chapter 4
isobutyate elongation towards isocaproate was achieved. Microbiome analysis showed that
a Clostridium kluyveri species is likely responsible for the observed chain elongation activity.
The elongation of isobutyrate occurred concomitant with the formation of straight chained
carboxylates due to in situ produced acetate; the main product in all researched ethanol
based fermentation remained straight-chained n-caproate. In Chapter 5 the selectivity of
isobutyrate was increased by introducing acetate and CO: limitations. However, a drawback
of this strategy was reduction of the overall chain elongation rate. This research indicated
that small amounts of i-Cs could also be elongated, albeit at significantly lower rates than
i-C4 elongation. It was proposed that branched chain elongation occurs only as co-
metabolism to straight chain elongation and is reliant on sufficient ethanol oxidation
towards acetate. Coupled to ethanol oxidation, in some cases carboxylate reduction
towards the corresponding alcohols was observed. This carboxylate reduction seemed to
be driven by a high substrate to products ratio of two coupled reactions: ethanol oxidation

and hydrogenotrophic carboxylate reduction 2%,

Reevaluation of ethanol oxidation during ethanol-based
chain elongation in view of its versatile stoichiometry

The degree of ethanol oxidation within chain elongation, while it is coupled to reverse-beta
oxidation is suggested to be versatile??. Depending on the substrate and product
concentrations the chain elongators can apply different strategies to maximize the energy
yield of the conversions, to keep its metabolism going and to maintain competitive

conversion rates. As presented in the introduction, the stoichiometry of chain elongation
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can shift depending on (i) possibility to use electron bifurcation for electromotive force
buildup and (ii) the need for electron confurcation towards NADP*/NADPH reduction (Refer
back to Box 1 in the introduction). In the first case (n=5, p=1) ATP yield for the entire
reaction is predicted to be around 2.5 ATP reaction™!, 1 ATP coming from substrate level
phosphorylation (SLP) and 1.5 ATP coming from an electromotive force-driven ATPase??.
In the second case (n=4, p=1) the ATP yield is suggested to be 1 ATP reaction?, its only
source for production being SLP as no electromotive force is generated. The overall

stoichiometry for ethanol-based chain elongation is given by equation (1) and (2).
(ncz +p)CH3CH20H + (nc2-p)CH3COO™ > nc2C3H7COO" + 2pH2 + (ncz2-p)H20 + pH* (1)

(nci +p)CH3CH20H + nciCxHax+1COO™ > NciCx+2H2(x+2)+1CO0" + 2pH2 + (nc-p)H20 + pH* +
pCH3COO- (2)

However, besides these two scenarios, another stoichiometry was proposed where
additional ethanol oxidation could provide an increased ATP yield during a high ethanol to
acetate ratio 22. In this case p=3.33 and n=3.33, and during acetate elongation all acetate
is formed in situ by the ethanol oxidation step and elongated to n-caproate. This results in

an overall stoichiometry shown in equation (3).
10 Ethanol - 3.33 n-Caproate- + 3.33 H+ + 6.67 H2 + 3.33 H20 (+ 3.33ATP) (3)

For each reverse beta-oxidation cycle, the chain elongator then metabolizes a higher
amount of ethanol. This change in stoichiometry has partly been experimentally verified
(and extended to n-caprylate formation) and is thought to occur at very high ethanol to
carboxylate ratios 2°°. Consequently this stoichiometric versatility necessitates a
reevaluation of the calculated amounts of excessive ethanol in this thesis. In chapter 5 the
ethanol to acetate ratios were especially high and could have been triggered such a
stoichiometric shift. The introduction of an externally provided carboxylate creates adds
complexity in evaluating the stoichiometry of chain elongation, as an extra driving force is
competing with acetate elongation. How the stoichiometry is affected then relies on kinetic
differences of the different conversions. Potentially, an overestimation of the calculated
“excessive ethanol oxidation” is the result of the chain elongators themselves adjusting the
stoichiometry of conversion. A way to establish the true overall stoichiometry of chain
elongation would require tracking all electron equivalents, including correcting for biomass
yield. Such investigation would need further experimentation with high measurement

resolutions, because the required stochiometric analysis is sensitive to measurement errors.
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Exploring branched chain elongation co-metabolism in
view of thermodynamics and dependency on acetate
availability

The availability of acetate plays a pivotal role in the progression of ethanol-based chain
elongation activity 22 255, Acetate can be formed during chain elongation of other electron
acceptors besides acetate, however, its formation was not always sufficient to keep
branched carboxylate chain elongation ongoing without continuous in situ formation of
acetate. This is illustrated by the batches performed with isovalerate as electron donor in
Chapter 5. Figure 2 shows the calculated ArG for straight chain elongation and isovalerate
elongation within two batches that were discussed in chapter 5: batch 2.A, with low initial
acetate and batch 2.B, with high initial acetate. A driving force is present for isovalerate
elongation in all cases. However, the batch with low initial acetate amounts stagnates
nonetheless. In contrast, the batch with high initial acetate amounts proceeds to continue
chain elongation (mainly straight chains n-C4 and n-Cs) until the A:G of the reaction
approaches the threshold for 1 ATP. At that point SLP is suggested to be the only source
of ATP generation, because the confurcating mechanism prevents the formation of an
electromotive force due to the necessary NADPH formation 22; -72 kJ reaction'! becomes
the minimum threshold for ethanol-based chain elongation to conserve energy. Chain
elongation in the non-acetate limited batch is able to proceed completely towards eventual

mechanistic limitation for energy conservation, while ethanol was still available.

Low initial C2  (2.A) High initial C2:  (2.B)
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—o— i-Cs > i-C7(u=4,p=1) —4— iCs > iC7(n=5,p=1)
------ 1 ATP via SLP === 2.5 ATP (1.5 via electromotive

force and 1 via SLP)

Figure 2. Thermodynamic calculations for observed ethanol-based chain elongation in Batch 2.A and
2.B, Chapter 5, corrected for the measured reactor conditions (e.g. extracellular metabolite
concentrations, headspace partial pressure of H,). For the calculations the stoichiometries for a 2.5
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ATP yield (n=5, p=1), as well as for a 1 ATP yield were used. It was assumed that chain elongation
of branched compounds (i-Cs in this case) occurs via the same stoichiometry. Due to the lack of
thermodynamic data on isoheptanoate, the A:G° for i-Cs elongation to i-C; was assumed to be the
same as that of n-C4 elongation to n-Ce. Although as result there could be an error of a few kJ, the
effects of the reactor conditions on the corrected A:G! will be sufficiently representative.

In contrast, the catabolic reaction energies for branched chain elongation were far more
exergonic (<< -72 kJ reaction™!), and must have been inhibited by other factors. In chapter
5 it was discussed that the inhibition in this case could not have been caused by limited
CO2 availability or pH. The fact that the thermodynamic calculations for branched
carboxylate chain elongation in the batches show feasible ArG values but nonetheless no
branched chain elongation occurs without concomitant straight chain elongation, suggests
that there are physiological limitations that may arise from the differences in kinetic

parameters.

Exploring branched chain elongation co-metabolism in
view of kinetics and intracellular intermediate
concentrations - hypothesizing a negative feedback loop

Acetate consumption due to straight chain elongation hypothetically outpaces acetate
formation from branched chain elongation and can lead to limiting intracellular
concentrations of chain elongation intermediates (e.g. acetyl-CoA), despite the presence
of abundant alternative electron acceptors such a branched carboxylates and sufficient
thermodynamic driving force. For simplicity only the effect of intracellular acetyl-CoA is
considered with Km,coa being the affinity constant during the Claisen condensation step. A
negative feedback loop could occur when kinetic parameters for straight chain elongation
are significantly different (e.g. Km,coa,straight<<Km,coa,branched) from those for branched chain
elongation. Straight chain elongation would cause acetate to be consumed down to levels
where branched chain elongation is significantly inhibited; the resulting intracellular
concentrations of acetyl-CoA (< <Km,coabranched) could become too low for reactions with the
branched carboxylates as electron acceptor to proceed, causing a hampering of the whole
catalytic machinery that is the primary source for acetate/acetyl-CoA formation.
Consequently, although there might be a high driving force for branched chain elongation,
it can only occur as cometabolism during straight chain elongation; branched chain
elongation does occur, but only during periods of straight chain elongation, when
intermediate concentrations are temporarily higher than during stationary phase. A
premise of this hypothesis is that acetyl-CoA levels are elevated during chain elongation
activity and slow down during stagnation of the energy metabolism. This explained
cometabolism can evidently be observed during acetate limitation and high hydrogen
partial pressures that inhibit direct ethanol oxidation towards acetate. A contrasting case,
with an elevated hydrogen pressure where solely propionate and ethanol were provided as

respective electron acceptor and donor, has shown continued chain elongation to n-
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valerate and n-heptanoate, despite the absence of initial acetate 2°8. It indicates that
differences for kinetic parameters between propionate and acetate elongation are smaller
than the proposed kinetic differences between branched (i-Cs in particular) and straight

chain elongation in this research.

Outlook for ethanol-based branched carboxylate chain
elongation in industry

The developed ethanol-based branched carboxylate elongation process provides the first
steps towards a biorefinery capable of producing isocaproate. With volumetric productions
rates of 0.86 g i-Cs L' day! (Chapter 4) and 1.2 g i-Cs L! day! (Chapter 5) the
performance of the reactor was a few times lower than that of an earlier researched odd-
chain elongation reactor system that was designed to produce heptanoate from propionate
(4.5 g n-C7 L day) 192, pPossibly, by following similar strategies employed to increase
volumetric productivity — e.g. facilitate biomass retention and decrease the HRT 229 249—
isocaproate productivity can also be increased. Evidently the introduction of biofilms results
in a selection pressure that can lead to more ethanol oxidation (and other associated
conversions). Consequently this will likely affect selectivity of branched-chain elongation,
but it is a tradeoff that needs to be evaluated when designing a commercial industrial

process.

A recent insight is that the ethanol to carboxylate ratio is an important factor that affects
selectivity of odd-chain elongation selectivity 2°8. That research shows that as the ethanol
to carboxylate (propionate in their case) ratio approaches 0.5, chain elongation selectivity
of the odd-chain carboxylates increases significantly. Their results seem to show that
propionate elongation towards n-valerate can approach the theoretical maximum amount
where ~83.3% of the ethanol (5/6%) is used for elongation of propionate alone (assuming
that the remaining 1/6% ethanol is being used for SLP-driven acetate formation and
excluding biomass formation). Usage of this strategy for branched chain elongation could
similarly lead to higher branched carboxylate conversion selectivities. Consequently rates
may be negatively affected, and a lower ethanol to carboxylate ratio would lead to less
alcohol formation coupled to ethanol oxidation. Again, deciding upon how to utilize these
sensitive process-determining operating conditions for industrial use will depend on the

desired end-products and accompanying DSP methods.

Concluding remarks

Open culture fermentation offer potential to discover new metabolic functionalities that
could aid in the development of new processes. At the start of this thesis it was largely
unknown if and how branched carboxylates could be formed via chain elongation

fermentations. Isobutyrate formation was considerably uncovered: (i) the sole substrates
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were identified, (ii) the key microbial player (C. luticellarii) was identified and (iii) a
successful selection pressure was applied to enrich the culture to the point that isobutyrate
was formed according to thermodynamic equilibrium of isomerization from n-butyrate.
Furthermore an efficient n-valerate production method via methanol-based chain
elongation was developed. In the realm of ethanol-based chain elongation isocaproate
formation was discovered as well formation of isoheptanoate. This has led to more insights
into the versatility of ethanol-based chain elongation microbiomes and of the associated

metabolic functionalities.

Very recently branched-chain carboxylate production (i-Cs, i-C7 and i-Cg) was for the first
time achieved using waste biomass as substrate supplemented with ethanol 281,
Interestingly, this study shows that also i-C8 was formed during the fermentation, which
further expands the ethanol-based chain elongation product spectrum beyond what was
discovered in this thesis. Due to the nature of chain elongation leading to a mixture of
compounds in the broth, especially in the case when branched electron acceptors are
introduced, an industrial process would likely need to incorporate DSP schemes that lead
to (i) either a commercial product wherein the carboxylates are present in a mix or (ii) will
require separating the compounds via e.g. distillation or chromatography techniques 2%
269, 282 This thesis focused on the fermentation aspect of chain elongation biorefineries.
However, the cost-effectiveness of DSP will also largely determine if and how branched
medium chain carboxylate production can be realized on an industrial scale. Moreover, the
introduction of new biochemicals require industrial purchasers that design commercial

products and require the usage of these newly introduced biochemicals as resource.

By expanding the available knowledge on energy efficient resource recovery methods,
chain elongation fermentation technology can act as a new catalyst to more efficiently
recycle resources and to create value. The knowledge presented in this thesis contributes
to the field of biological resource recovery methods to enable a more sustainable
environment on this planet. Further research and applications of the developed processes
should align with the Sustainable Development goals set by the United Nations to facilitate

a smooth transition towards a circular economy.
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In order to achieve a sustainable society it is paramount to develop technologies that can
aid in recycling waste streams and in reducing the environmental footprint of human
activity on this planet. The introduction of this thesis underlines the necessity of
transitioning towards a circular economy and presents a technology that can help with
recycling and valorising organic residues. Chain elongation fermentation allows the
production of medium chain carboxylates (MCC) from complex organic waste. The
fermentation products can be used for a wide range of applications within agriculture and
the chemical industry. In this thesis new methods for chain elongation are discovered and
researched that broaden the product spectrum of the technology. Besides straight
molecular chains, branched chained MCCs have been shown as dominant products in these
new fermentation types. The products with a different molecular structure inherently have
different physical properties that might make them better suited for certain applications

within society.

The research chapters elaborated on how specific selection pressures in open culture
fermentations can be used to enrich microbiomes to harbour desired biocatalytic
capabilities. Two different types of chain elongation fermentation are the subject of these
investigations: methanol-based and ethanol-based chain elongation. These two alcohols
are used by the microbiomes as electron donors within the fermentation. In order to
harvest energy and grow, the organism use a metabolism where they process the energy-
rich electrons from the alcohols. The electrons are subsequently used to reduce a

carboxylate electron acceptor, which is simultaneously elongated in the process.

Within methanol-based chain elongation microbiomes, the elongation of acetate leads to
mainly butyrate formation. Depending on the pH, the microbiome could be enriched to the
point that isomerization of n-butyrate to isobutyrate occurred (Chapter 2). At a pH around
6.75 no isomerization happened, but at a pH around 5.5 it did. The ratio of the n-butyrate
and isobutyrate concentrations were found to be coupled to the thermodynamic equilibrium
of isomerization. The responsible microorganism for isobutyrate formation was found to be

closely related to an earlier described Clostridium luticellarii.

When propionate was used as electron acceptor, elongation to n-valerate occurred
(Chapter 3). The enriched microbiome also contained C. luticellari as dominant
microorganism. The microbiome was capable to simultaneously elongate both acetate and
propionate to n-butyrate, isobutyrate, n-valerate as dominant products. Also small
amounts of n-caproate were formed whenever n-butyrate was present within methanol-

based chain elongation microbiomes. Based on literature a metabolic pathway for
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methanol-based chain elongation was proposed that could describe the experimentally

observed stoichiometry.

Microbiomes were also enriched to perform ethanol-based chain elongation, in particular
for the elongation of branched electron acceptors. When isobutyrate was fed to the
microbiome together with ethanol, elongation towards isocaproate was stimulated
(Chapter 4). However, due to the nature of ethanol-based chain elongation in situ acetate
formation always occurs. Additionally ethanol can in some situations be directly converted
towards acetate and hydrogen by other microbes that compete for substrate. This leads to
a situation where the chain elongators can use an increasing amount of acetate as electron
acceptor, which seemed to be preferred over isobutyrate. Limiting acetate supply led to

isocaproate production up to 20% of the total products.

In an attempt to control the excessive ethanol oxidation in the reactor, conditions were
adjusted to limited CO2 supply (Chapter 5). Limitation of CO2 leads to a deficiency for
hydrogenotrophic methanogens; they need CO2 as electron acceptor for their energy-
providing, methane-producing metabolism. However, the conditions of the reactor were
such that an alternative route for ethanol oxidation was stimulated. High ethanol to acetate
ratios, and high (other) carboxylate to corresponding alcohol ratios created the potential
for carboxylate reduction coupled to ethanol oxidation. In turn in situ acetate formation
persisted, whereby straight chain elongation remained the most dominant metabolic

functionality.

In the general discussion hypotheses are presented that could further mechanistically
explain the observed metabolic functionalities. For methanol-based chain elongation the
metabolic pathway is revised, using supporting evidence from the genome of C. luticellarii.
Improvements on reactor operation are suggested to increase the performances.
Additionally recommendations are given on how integrated bioprocess designs could
circumvent downstream processing difficulties. Finally an outlook on ethanol-based chain

elongation fermentation for branched carboxylate production is presented.
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Supporting Information - Chapter 2

Methanol based chain elongation with acetate to n-butyrate and isobutyrate

at varying selectivities dependent on pH

Kasper D. de Leeuw, Sanne M. de Smit, Sabine van Oossanen, Marinus J. Moerland, Cees
J.N. Buisman, David P.B.T.B. Strik
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Material and Methods
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Figure S1. Schematic overview of the continuous reactor setup.
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Protocol batch experiments
1.1 Inoculum preparation

Inoculum for batch I to VIII was taken directly from the reactor during phase VII. Ten

percent of the total batch volume in this first series was inoculum.

The second series (A-M) was performed after the first and used an inoculation method that
prevented carbon source from the inoculum affecting the batch experiment. The culture
containing iC4 producing chain elongating bacteria was taken from a batch III. The
inoculum was was kept active in repeated batches with conditions that were that same as
batch A. The medium contained 150 mM acetate and 300 mM methanol as substrate. A 21
day old culture of 300 mL was used to inoculate series A to M. To prepare the inoculum for

batch series A-M, the following protocol was followed:

1. Distribute the 300 mL culture over 25 mL tubes

2. Centrifugate at 10000 rpm for 15 minutes

3. Discard the supernatant

4. Resuspend each pellet in 20 mL medium without carbon source
5. Repeat step 1-2 to wash.

6. Resuspend all pellets and combine in one flask using 150 mL medium without carbon
source. This is the prepared inoculum, from which 12 mL is used during preparation for

each duplicate batch.

For the pure Eubacterium limosum the protocol provided by dsmz was used to activate the
culture. The batches performed with this inoculum (batch EL) were treated in a laminar
flow cabinet with extra sterilization measures (by continually burning the stopper and

needles with flame and 70% ethanol) to ensure the culture was kept pure.
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1.2 Batch series preparation

The following protocol was repeated for each batch, except the pure Eubacterium limosum
batch. The protocol provides enough medium for two batch bottles (duplicate batches were
performed for each different set of parameters). The compositions of the Stock, Vitamin
and Trace element solutions are given in Table S1 to S6. As shown in Table 2 in the main

manuscript, substrate concentrations, iC4 concentrations and pH vary per experiment.

1. Mark the 150 mL level of two clean serum bottles (250 mL total volume) using demi

water.

2. Add in the following order to a 500 mL beaker

e ~300 mL water

* 0.50 g yeast extract

e Acetate (NaCH3COO-3H20) (amount varies per series)
e Methanol (amount varies per series)

¢ i-C4 or n-C4 (amount varies per series)

¢ 0.50 mL Vitamin solution

¢ 0.25 mL Trace element solution I

¢ 0.25 mL Trace element solution II

e 10 mL Stock solution I

e 10 mL Stock solution II

3. Fill to a volume of 400 mL with demi water.

4. Set the pH according to either 5.2, 5.5 or 6.5. using 1M HCl or 1M KOH.

5. Transfer the medium solution to a 500 mL flask.

- For series I to VIII, 50 ml inoculum taken directly from the reactor during phase VII

was added, after which the volume was adjusted up to 500 mL using demi water.

- For series A-M, the volume was adjusted up to 500 mL using demi water and the

inoculation was performed at step 8.
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7. Transfer the medium solution to a 600 mL beaker.

8a. (for batch I to VIII) Inoculation was performed at step 6.

8b. (for batch A-M)

Centrifugate 12 mL of previously prepared inoculum at 10000 rpm for 15 minutes.

- Prepared inoculum: suspended cells originating from batch III that were kept active

in a repeated batch at the same conditions as batch A.
Discard the supernatant.
- Resuspend the pellet in the prepared medium.
- Add to the beaker, mix shortly.
9. Fill up the batch bottles with solution to the 150 mL mark.

10. Take 2x 5 mL sample, spin down at 10000 rpm for 15 minutes and store for further
analysis at -20°C.

11. Cap the batch bottles.

12. Replace the headspace with 90% (or 80% for the EL batch) N2 and 10% (or 20% for
the EL batch) CO:z at 1.5 bar using the gas exchanger.

14. Place the bottles in a 35°C incubator mixing at 120 rpm (Series A-F) or 130 rpm (Series

G-M). Mixing was increased in the second series, to reduce biofilm formation.

N.B. For the batches (EL batch) performed with pure Eubacterium limosum the medium
(excluding the vitamins) was added to the batch prior to an additional autoclave step.
Vitamins were subsequently added through a styrile 0.2 um filter. Every sampling step

during this batch was performed in a sterile environment within a laminar flow cabinet.

1.3 Biomass optical density and dry weight determination (Protocol OD/dry

weight correlation curves)

The biomass concentrations in batch experiments A-M were correlated to optical density
using dry weight measurements and spectrometry. Two correlation curves were made for
the i-C4 producing microbiome. Biomass was spinned down initially in order to concentrate
the suspended cells and acquire a complete calibration curve and determine the linear

range.

Protocol for spectrometry measurements
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1. Spin down 20 mL of i-C4 producing culture for 10 minutes at 15000 rpm
2. Take off supernatant

3. Resuspend the pellets in medium without added carbon. use 5 ml of medium without

carbon source (4x concentrated. or 0.25x diluted)
4. Add 2 mL of resuspended pellet to 2 mL of medium without carbon source (0.5x diluted).

5. Add 2 mL of the suspension from step 4 to 2 mL medium without carbon. Repeat so a

dilution series is made until a 64x dilution.

6. Calibrate a spectrometer at 2=660 nm using medium without carbon as blanc
7. Measure the optical density of each dilution

Protocol for dry weight measurements

1. Dry a 2 ym filter (Whatman. 47 mm. grade GMF) in an aluminium cup for 1 hour at
105°C

2. Weigh the cup and filter (m0)
3. Weigh a 30 mL tube (mB1)
4. Add 20 mL of iC4 producing culture to the tube. weigh the tube again (mB2)

5. Put the filter on a Blichner funnel with under pressure. wash the filter three times with

demi water
6. Filter the tube content
7. Fill the tube with demi water. filter the tube content. Repeat three times

8. Turn off under pressure. take off the filter with tweezers and return to the aluminium

cup
9. Dry the filter+cup overnight at 105°C

10. Weigh the filter+cup (m1)

12. Dry the filter+cup for at least 2 hours at 550°C
13. Weigh the filter+cup (m?2)

The total suspended solids (TSS) and volatile suspended solids (VSS) are defined as

follows:
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TSS = 210 gy = MmO VSS = TSS — ASH

mB2-mB1 mB2-mB1

Conversion of dry weight to moles carbon

The filter was assumed to only contain biomass as carbon source. other carbons were
assumed to be smaller than 2um and to be washed away. The molar biomass concentration
was calculated by dividing the average TSS of triplicates over the molar weight of biomass.
When assuming a biomass composition of CH1.800.5No.2284, the molar weight of biomass is
24.6 g/Cmol.

Calibration curves

For the biomass calibration (See Figure S2) of the iC4 producing inoculum of the reactor.
the OD660 measurements were performed in duplicate and the dry weight measurements
in triplicate. To find the correlation between the optical density and the VSS content. the
average VSS content of triplicates was multiplied with the dilution factors used for the

optical density samples.

2,5
2 x
=0 y=1844x ¥
e R2 = 0,996
8 1
(5]
0,5
0
0 0,0005 0,001 0,0015 0,002 0,0025
VSS (g/mL)

Figure S2. Biomass calibration curve of the i-C4 producing microbiome used as inoculum for batch
series G-M. correlating biomass optical density and VSS content. Error bars mark the confidence
interval of triplicate optical density measurements. Optical density measurements are linear up to an
0OD660 absorption of 0.92.

N.B.: Biomass determinations were only completely performed for batches G to M (only
halfway A-F was biomass determination introduced, after the exponential phase). However,
some solid biofilm-like particles were observed that greatly affected the measurements.

Therefore these results are not discussed in the main article.

Additionally the method used to make the calibration line - concentrating before making

the dilution series - could have introduced errors by the extra sample handling steps. This
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needs to be checked in the future when the results are to be used for precise calculations

of biomass specific rates and such.

Medium compositions
1.1 Medium composition for batch experiments- methanol based chain elongation of

acetate

Table S1. Medium composition for methanol chain elongation experiments with acetate as electron
acceptor. The compositions of the stock solutions, vitamin solution and trace element solutions are
shown in Table S2 to Table S6.

Compound I:mount per Unit
NaCH3CO0O0-3H20 | Variable g
Yeast Extract 1 g
Stock I 20 mL
Stock II 20 mL
Methanol (liquid) | Variable g
n-butyric acid Variable g
i-butyric acid Variable g
Vitamin solution |1 mL
Trace elements I 0.5 mL
Trace elements IT | 0.5 mL

Table S2. Composition of stock solution I

Concentration (g
L)
NH4H2PO4 180

Compound

MgCl2-6H20 |16.5

MgS04:7H20 | 10
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Table S3. Composition of stock solution II

Concentration (g L-
)
CaCl2:2H20 | 10
KCI 7.5

Compound

Table S4. Composition of the vitamin solution, 1000x concentrated.

Compound :’:)oncentration (g L-
Biotin 0.106
Folic acid 0.005
Pyridoxal-HCL 0.0025
Lipoic acid 0.015
Riboflavin 0.0125
Thiamine HCI 0.266
Ca-D-Pantothenate 0.413
Cyanocobalamin 0.0125
P-aminobenzoic acid 0.0125
Nicotinic acid 0.0125

Table S5. Composition of trace element solution I, 2000x concentrated

Compound |Concentration (g L)
FeCl2:4H20 |30
HCI (1M) 77
MnClI2:4H20 | 0.6
H3BO3 6.0
COCI2:6H20 (4.0
CuCl2:4H20 |0.2
NiCl2:6H20 |0.4
ZnS04:7H20 | 2.0
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Table S6. Composition of trace element soution II, 2000x concentrated

Compound Concentration (g L)
Na:Mo04*2H.0 | 0.6
Na2SeOs 0.2
KOH (4M) 3.1

Calculations
Total inorganic carbon

The total dissolved inorganic carbon was calculated rewriting the Herderson-Hasselbach

equation (1):

HyC0g1+([H*]? 4K ay +[H¥]+K 4, K ;)

[total inorganic carbon (aq)] = [ e (1)
With ([H*] in M) using (2):
[H*]=107P" (2)
Carbonic acid dissociates into HCOs™ (3) and CO3* (4):
H,CO; > HCO3 + H* with pK,, = 6.35 (3)
HCO3 - CO¥ + H* withpK,, = 10.33 (4)
And (5):
[H, €0, (M)] = Leozo)Pror(atm) (5)

Kn
ycoz = fraction CO: in the headspace

Pwt = total pressure in the batch bottle, or atmospheric pressure for the continuous reactor

system

Ky = Henry constant = 29.41 atm/M 28>

Equilibrium of isomerization concentrations - i-C4 and n-C4 to total butyrate species-ratios

In figure S3 a graph is given showing the AG:! of de-isomerization and isomerization, de-
isomerization being Isobutyrate & n-butyrate (AG/%? = +1.98KkJ) (6)

AG! = AG? + RTIn(2E4)) (6)
[iC4]
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and isomerization being n-butyrate 2 isobutyrate (AG:%° = -1.98k] = - AG/%?)3 (7).

AGE = AG®® + RTIn(LSy (7)
[nC4]

Using [C4,total] = [iC4] + [nC4] for substitution and rewriting yields (8)

[iornCy] 1 (8)

- 1_pgp0aorb
(€4 gorarl exp <%>+1

RTIn

Which with AG* = 0, gives the equilibrium ratios for i-C4 to total C4 and n-C4 to total Ca.

30,00
20,00
10,00

0,00 == De-isomerization

1,2

-10,00 Isomerization

AGr! (kJ/reaction)

-20,00

-30,00

_iC (M)
iC,+#nC, (M)

Figure S3. The figure shows where the AG/! for de-isomerization and isomerization intersect and at
what ratio equilibrium of isomerization would set in.

Volumetric conversion rate

Volumetric conversion rate (10) is calculated for the continuous reactor between each two

measurement points using the following parameters
- Vr: Reactor volume was 1 L.

- Fin: Inflow was determined by using a scale and weighing the amount of influent
that had flowed into the reactor. Unit: kg day, converted to L day™ using an

experimentally determined density of the medium.

- Fout: Outflow was determined by taking the inflow and adding the volume
amount of dosed 1M KOH. Unit kg day?, converted to L day! using an
experimentally determined density of the broth.
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- (Cinfleunt) Concentrations of compounds of the influent were known

- (Coroth) Concentrations of compounds in the effluent were measured via GC.

. mmol C
Total Conversion Rate = Foy; * Cororn — Fin * Cinfruent [W] (9)
. . Total Conversion Rate [mmol C
Volumetric Conversion Rate = Y [ L day ] (10)
T
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Results and Discussion
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Figure S4. Graph showing the measured pH values in the continuous reactor and the calculated
undissociated acids concentrations using the measured values for the broth fatty acids concentrations
and their associated pK; values.
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Figure S5. Measured gas headspace partial pressure through the operation period of the continuous
reactor.

142



Supporting Information — Chapter 2

0,8

"0,6 KA‘ 0’6 " »
l"‘ .

.
0,4 ¢

0,3 ‘

3
< ¢
= L 4
o s’\ MR 1
b 9 ’
o o o/ * 348
200

Ratio i-C, : Total C,

~NS~—~"
0 400 500 550 6,00 6,550 7,00
Operation period (days) A Measured reactor pH

Figure S6. The graph shows the i-C4/(i-C44+n-C4) ratio calculated from the measured concentrations
on the y-axis, with the operation period (A) and the measured reactor pH (B) on the x-axis. The
dotted lines represent the calculated equilibrium ratio using an isomerization AG°! of -1.98 kJ 28 103,
The dots within the encircled part are from measurements during the first 2 weeks of operation at
pH 5.5 (phase VI) after a long period at pH 6.75 (phase V) when the microbiome was adapting to
the change in reactor conditions.
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Batches I - VIII

Tlyeast
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Figure S7. Formation and consumption of carbon containing components calculated for the period
after methanol was consumed for batches V to VIII. Error bars show difference between the duplicate
experiments. The yeast extract that was added to the medium is shown as well and is shown to be
fully consumed, however, likely it was consumed during the active period when methanol was
available. The shown conversions are calculated from day 14 and onwards, when the small amount
of methanol that came from the inoculum was depleted, except for batch VII. During batch VII the
small amount of methanol was only slowly consumed and the shown conversions are calculated from
day 63 and onwards.
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Figure S8. Concentrations of methanol, acetate, n-butyrate and iso-butyrate during the batch

experiments I to IV.
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Figure S9. Concentrations of methanol, acetate, n-butyrate and iso-butyrate during the batch

experiments V to VII.
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Figure S12. Concentrations of methanol, acetate, n-butyrate, iso-butyrate and the determined

biomass concentration during the batch experiments A to D.
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biomass concentration during the batch experiments E and F.
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Figure S14. Headspace percentage of hydrogen, methane, carbon dioxide, oxygen and nitrogen
during the batch experiments A to C. Pressures in the headspace were always In between 1 and 1.5

bar.
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Figure S16. Concentrations of methanol, acetate,
biomass concentration during the batch experiments G, H, J and K.
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Figure S17. Concentrations of methanol, acetate, n-butyrate, iso-butyrate and the determined
biomass concentration during the batch experiments L and M.
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Figure S18. Headspace percentage of hydrogen, methane, carbon dioxide, oxygen and nitrogen

during the batch experiments G, H and J. Pressures in the headspace were always In between 1 and
1.5 bar.
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Figure S19. Headspace percentage of hydrogen, methane, carbon dioxide, oxygen and nitrogen
during the batch experiments K, L and M. Pressures in the headspace were always In between 1 and
1.5 bar.
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Figure S20. A) These two figures show the pH and headspace gas composition of two in duplo
Eubacterium limosum pure culture batches. B) These two figures show the concentration profiles of
the main metabolites (Methanol, acetate, n-butyrate) and the carbon balance of the two in duplo
Eubacterium limosum pure culture batches.
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Figure S21. Unconstrained redundancy triplot using as parameters: the steady state average
conversions for the phases in the reactor (positive=formation, negative=consumption), the
difference between the pH levels (Using a positive difference for pH 5.2 compared to 6.5 and vice
versa) and the steady state average total undissociated fatty acids concentration. Microbioal data of

the genera for phase II, IV, V, VI and VII was used creating this plot.
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Figure S22. Unconstrained redundancy triplot using as parameters: the total conversions at the end
of the batch (positive=formation, negative=consumption), the difference between the pH levels
(Using a positive difference for pH 5.2 compared to 6.5 and vice versa) and the final total
undissociated fatty acids concentration. Microbioval data of the genera for batch I to IV was used

creating this plot.
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Supporting Information - Chapter 3

Continuous n-Valerate Formation from Propionate and Methanol in an

Anaerobic Chain Elongation Open-Culture Bioreactor

Sanne M. de Smit*, Kasper D. de Leeuw*, Cees J. N. Buisman and David P. B. T. B.
Strik*

*Sanne M. de Smit and Kasper D. de Leeuw contributed equally to this work
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Material and Methods

Medium composition for batch methanol based elongation with propionate

Table S1. Medium composition for the batch methanol elongation reactor with propionate as chain
elongation substrate. The compositions of stock I, stock II, vitamin B solution, trace element 1 and
trace element 2 solution are shown in Table S4 to Table S8.

Amount per Unit

Compound L

Sodium

propionate 14.4 ’
Yeast Extract 1.00 g
Stock I 20 ml
Stock II 20 ml
Methanol (liquid) 8.0 g
Vitamin B 1 ml
solution

Trace element 1 0.5 ml
Trace element 2 0.5 ml

Medium composition for continuous methanol based elongation with propionate

Table S2. Medium composition for the continuous methanol elongation reactor with propionate as
chain elongation substrate. The compositions of stock I, stock II, vitamin B solution, trace element
1 and trace element 2 solution are shown in Table S4 to Table S8.

Amount per Unit

Compound L

Sodium

propionate 14.4 ’
Yeast Extract 1.00 g
Stock I 20 ml
Stock II 20 ml
Methanol (liquid) 8.0 g
Vitamin B 1 ml
solution

Trace element1 0.5 ml
Trace element 2 0.5 ml

169



Methanol-based chain elongation to n-valerate

Medium composition for continuous methanol based elongation with propionate
and acetate

Table S3. Medium composition for the continuous methanol elongation reactor with propionate and
acetate as chain elongation substrates. The compositions of stock I, stock II, vitamin B solution,
trace element 1 and trace element 2 solution are shown in Table S4 to Table S8.

Amount per Unit

Compound L

Sodium propionate 7.2 g
Sodium acetate g
trihydrate 10.2

Yeast Extract 1.00 g
Stock I 20 ml
Stock II 20 ml
Methanol (liquid) 8.0 g
Vitamin B solution 1 ml
Trace element 1 0.5 ml
Trace element 2 0.5 ml

Composition of stock solutions
The composition of the stock solutions is given in the tables below.

Table S4. Composition of “Stock I” solution.

Compound Concentration
(g/L)
NH4H2PO4 180.0
MgCl2*6H20 16.5
MgS04*7H20 10.0

Table S5. Composition of “"Stock II” solution.

Compound Concentration
(g/L)

KCI 7.5

CaCl2*2H20 10.0
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Table S6. Composition of “Vitamin solution”.

Concentration

Compound (g/L)
Biotin 35.33
Folic acid 1.67
Pyridoxal-HCI 0.83
Lipoic acid 5.00
Riboflavin 4.17
Thiamine HCI 88.67
Ca-D-

Pantothenate 137.67
Cyanocobalamin 4.17
P-aminobenzoic

acid 4.17
Nicotinic acid 4.17

Table S7. Composition of “Trace element I” solution.

Concentration

Compound (g/L)
FeCl2*4H20 10000
HCI (1 M)

MnCl2*4H20 200
H3BOs 2000
CoCl2*6H20 1333
CuCl2*H20 67
NiCl2*6H20 133
ZnS04*7H20 667

Table S8. Composition of “Trace element II1” solution.

Concentration

Compound (g/L)
Na:Mo04*2H>0 200
Na2SeOs 67
NaOH (4 M) 167
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Calculation of the concentration dissolved CO2
When CO2 comes in contact with water, the following reaction takes place:
CO, + H,0 - H,CO;4
Carbonic acid dissociates into HCO3™ and CO3?:
H,C0; > HCO3 + H* with pK,, = 6.35
HCO3 - CO%™ + H* with pK,, = 10.33 28¢
This gives the following equations (with all concentrations in M):

_[H"] = [HCO5]  Equation 1

K = "Ti,c0,]
K - [H*] = [C037] Equation 2
427 [HCO;]

The total dissolved inorganic carbon is given by:

[total inorganic carbon (aq)] Equation 3
= [HCO3] + [COZ] + [HyC 5]

H2COs3 and CO3? can be expressed in H*, HCO3™ and Ka from Equation 1 and Equation 2:

[H*]=[HCO;] Equation 4

[H,CO5] = K,

1

K4, x[HCO5]  Equation 5
2—-1 _ 2
[€037] ST

Combining Equation 3, Equation 4 and Equation 5 gives:

[total inorganic carbon (aq)] Equation 6
Ki, * [HCO3) | [H*]  [HCO3]
[H*] Ky

= [HCO3] +

1

Dividing [H2CO3] (Equation 4) by the total CO2 (Equation 6) gives:
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[H*] = [HCO;]

[H,C04] ) i,
Kn, * [HCO;] _[H*] = [HCO;]
P R,

[total inorganic carbon (aq)] [HCO;]

1
Simplifying gives:

[H2CO5] [H*]?

total inorganic carbon (aq)] ~ [H*12 4+ K, * [H*] + K, * K,
g 1 1 2

The total dissolved inorganic carbon can be calculated:

[HyCOs] * ([H*1? + Ky, * [H*] + Ky, % Ka,)
[H*]?

[total inorganic carbon (aq)] =

With ([H*] in M):
[H*] = 10"PH
And:

Yco2(=) * Pyor(atm)

[H,C0(M)] = o

ycoz2 = fraction CO2 in the headspace
Ptot = total pressure in the batch bottle

Ky = Henry constant = 29.41 atm/M 287
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Calculation of the required CO: inflow

The concentration of total dissolved CO2 at t=1 ([CO2]1 in M) was calculated using the
equations above and the CO2 concentration in the headspace of the bioreactor (Fcoz,1 in
atm*M?) with a known CO: inflow rate (Rcoz: in ml/min) and pH (pHi). For the total
pressure (Pwt), 1 atm was assumed. Changing the pH will change the amount of total
dissolved CO2. To maintain the same concentration of total dissolved [CO2], the CO2 supply
needs to be changed. The fraction of COz (Fcoz,2) needed in the headspace at pH2 and t=2
can be calculated from [CO2]2=[CO2]1:

[total CO,(aq)], * Ky * [H*],”
Prot * ([H*12% + Ka, * [H*]; + Ko, * Ky,)

Feoz2 =

The rate of CO2 supply needed to provide this concentration in the headspace was

calculated by:

_ Reoza * Feon
Reoz2 = —F.
c02,1
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Results and Discussion
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Figure S1. Change of the concentration of dissolved total inorganic carbon in the reactor and pH in
time during the different phases in the continuous open culture reactors with methanol based
propionate elongation (A) and simultaneous methanol based elongation of propionate and acetate
(B). The vertical lines indicate the major setup changes. The required CO; inflow was calculated as
described above.
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Calculation of Gibbs free energy

a[W] + b[X] - c[Y] + d[Z] Equation 7

AG® = cArGy + dAsGY — al Gy, — dA:GY  Equation 8

A.G = A,G° + RTIn

[rie[z1¢. Equation 9
[w]e[x]®

The Gibbs free energy from a reaction (Equation 7) can be calculated from the formation
energy of the substrates and products from the reaction (Table S9), as shown in Equation
8. When the concentrations of the substrates and products are taken into account, the
Gibbs free energy for a reaction can be calculated as shown in Equation 9, with R the gas
constant (kJ/(K*mol)) and T the temperature (K).

Table S9. Gibbs free energy values used for the calculation of the Gibbs reaction energy values
given in Error! Reference source not found..

Compound Name Phase Gt°(kJ/mol)
H* Proton Aq 0.0 %t

Ha Hydrogen G 0.0 6t
H20 Water L -237.2 6t
CHO3" Bicarbonate Aq -586.9 288
CHa Methane G -50.8 ¢!
CH40 Methanol Aq -175.4 288
C2H302" Acetate Aq -369.4 288
C3Hs03" Propionate Aq -361.1 288
C4H702 Butyrate Aq -352.6 288
CsHoO2" Valerate Aq -344.3 6t
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Concentration and conversion

profile of batch

experiments with initial pH from 5 to 7.5
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Figure S2. Concentration profiles and total conversions during

batch experiments with methanol

and propionate with initial pH values of 5.0 (A and B), 5.5 (C and D), 6.0 (E and F), 6.5 (G and H)
and 7.5 (I and J) at 308 K. The error bars represent the minimum and maximum values measured

in the duplo experiments.
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Concentration profiles of continuous methanol based
chain elongation reactors
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Figure S3. Change in concentrations of methanol, acetate (C2), propionate (C3), n-butyrate (n-
C4), iso-butyrate (i-C4) and n-valerate (n-C5) in time during continuous methanol based
propionate elongation (A) and simultaneous acetate and propionate elongation (B). The change
of the pH, the carbon balance and the electron balance are shown as well. The vertical lines
indicate the major setup changes. The carbon balance was calculated by dividing the total amount
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of carbon in mmol C/day in the liquid and gas effluent streams over the total amount of carbon in
mmol C/day in the liquid and gas influent. The electron balance was calculated by dividing the total
amount of electrons in mmol e/day in the outgoing liquid and gas stream by the total amount of
electrons in mmol e/day in the ingoing liquid stream. The amount of electrons per compound is
equal to the degree of reduction of that compound. The compounds taken into account for the
carbon and electron balance are: methanol, ethanol, propanol, butanol, pentanol, hexanol, acetate,
propionate, iso-butyrate, n-butyrate, isovalerate, n-valerate, isocaproate, caproate, heptylate,
caprylate, methane and carbon dioxide.

Volumetric productivities during continuous methanol
based elongation of acetate and propionate
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Figure S4. Volumetric productivities of methane, carbon dioxide (CO2), methanol, acetate (C2),
propionate (C3), n-butyrate (n-C4), iso-butyrate (i-C4) and n-valerate (n-C5) in time during
continuous methanol based elongation of acetate and propionate in an anaerobic open-culture
reactor at 309 K. The production of protons in mmol/day is also shown (——+-).
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Methanol-based chain elongation to n-valerate

Table S11. The table shows the OTU counts as classified within the Clostridium sensu stricto 12 genus.
The samples were taken at the end of the steady states of phase III (day 90) (pH 5.8) and phase IV (day
125) (pH 5.5) of continuous methanol based propionate elongation in an anaerobic open-culture reactor
and at the end of the steady state of phase V (day 69) (methanol in influent 250 mM) and during the last
day of phase VI (day 106) (methanol in influent 400 mM) of continuous methanol based propionate and
acetate elongation in an anaerobic open-culture reactor at 309 K. The inocula samples from the
continuous methanol based acetate elongation reactor and the propionate elongation batch experiment
with initial pH 7 (Figure 2) are shown as well. For all biomass samples the duplo results are shown
indicated by 1 &2. OTUs where only one hit was found in total in all 12 samples were omitted due to the

size of the table.

OTU counts
Inoculum: . .
continuous Pl;locil.;l:n:.. Propionate; pH Propionate; pH Pr:]il?n?:%&;c Prtolil?nal:c(es&;c
methanol based op 'a € 5.8; 250 mM 5.5; 250 mM etate; pii >.0; etate; pHi 5.6;
pH 5.8 (Figure 250 mM 400 mM
acetate methanol methanol
X 1) methanol methanol
elongation
OTU identifiers 1 2 1 2 1 2 1 2 1 2 1 2
AB509213.1.1431 11549 77123 4606 505 26595 44552 2497 4265 7772 8690 3259 3222
2 4 5 8 5 4 0 4
CBXIOL000003540.135 | 1605 1125 | 46 59 | 356 657 | 3908 4337 | 3 3 9 15
GU907811.1.1429 2 0 0 0 35 78 570 946 0 0 0 0
KM251144.1.1452 253 229 0 0 6 9 341 318 42 26 43 40
EU828395.1.1425 6453 6129 3 6 37 26 156 143 1159 800 495 406
New.ReferenceOTU249 105 153 15 15 101 235 119 185 293 185 243 148
EU307088.1.1475 265 153 8 6 63 88 67 100 116 115 66 44
Cropped...
SumlofONlcounts 125707 86453 | 4866 5396 | 27704 46595 | 30944 49631 | 80320 89248 | 34005 33518
within genus
Total OTU counts in 199344 145130 | 14547 1404 | Loocie aa170g | 19744 20842 | 18989 19466 | 18320 20069
sample 7 99 4 9 6 9 5 1

Table S12. Result of searching the NCBI 16S rRNA gene amplicon sequence (Baceria and Archaea)
database using Megablast (executed in april 2019) using the most abundant Clostridium sensu

stricto OTUs.

OTU identifyers

Description

Max
scor
e

Total
score

Query
cover

E

Ident
value

Accession

AB509213.1.1431

CBX1010000035.40.1
552

Clostridium
luticellarii
strain FW431
16S ribosomal
RNA, partial
sequence

Clostridium
tyrobutyricum
strain KCTC
5387, complete
genome

2623 2623

2750 16493

100%

100%

0.0

0.0

99.72%

100.00%

NR_145907.1

CP014170.1
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AB509213.1.1431 OTU sequence:
GACGAACGCTGGCGGCGTGCCTAACACATGCAAGTCGAGCGAAGAAGCTCCTTCGGGAGGTTCT
TAGCGGCGGACGGGTG
AGTAACACGTGGGTAACCTGCCTCAAAGAGGGGGATAGCCTCCCGAAAGGGAGATTAATACCGC
ATAATAAGTGCAGTTC
GCATGAACCGCACTTTAAAGGAGAAATCCGCTTTGAGATGGACCCGCGGCGCATTAGCTAGTTG
GTAAGGCAGCGGCTTA
CCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACATTGGAACTGAGAGACGGT
CCAGACTCCTACGGGAG
GCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCAACGCCGCGTGAGTGAAG
AAGGTTTTCGGATTGTA
AAGCTCTGTCATCTGGGACGATAATGACGGTACCAGATGAGGAAGCCACGGCTAACTACGTGCC
AGCAGCCGCGGTAATA
CGTAGGTGGCAAGCGTTGTCCGGAATTACTGGGCGTAAAGGGTGCGCAGGCGGACATTTAAGTG
AGATGTGAAAGACCCG
GGCTTAACTTGGGCAGTGCATTTCAAACTGGATGTCTGGAGTGCAGGAGAGGAGAACGGAATTC
CTAGTGTAGCGGTGAA
ATGCGTAGAGATTAGGAAGAACACCAGTGGCGAAGGCGGTTCTCTGGACTGTAACTGACGCTGA
GGCACGAAAGCGTGGG
TAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTACTAGGTGTAGGAGG
TATCGACNCCTTCTGT
GCCGCAGTAAACACAATAAGTACTCCGCCTGGGAAGTACGATCGCAAGATTAAAACTCAAAGGAA
TTGACGGGGCCCGCA
CAAGCAGCGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCTGGACTTGACATCCC
CTGCATATCTTAGAG
ATAAGAGAAGCCCTTCGGGGCAGGGAGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGA
GATGTTAGGTTAAGTC
CTGCAACGAGCGCAACCCCTATTGTTAGTTGCTAGCAGTAAGATGAGCACTCTAACGAGACAGCC
GCGGTTAACGCGGAG
GAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGTCCAGGGCAACACACGTGCTACAATG
GGCAGAACAGAGAGAA
GCAAGACCGCGAGGTGGAGCGAACCTTGAAAACTGCTCCCAGTTCGGATTGCAGGCTGAAACCC
GCCTGCATGAAGCTGG
AGTTGCTAGTAATCGCGAATCAGCATGTCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCC
CGTCACACCATGAGA
GCTGGCAACACCCGAAGTCCGTAGTCTAACGAAAGAGGACGCGGCCGAAGGTGGGGTTAGTGA
TTGGGGTG

CBXI010000035.40.1552 OTU sequence:
AGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAACACATGCAAGTCGAGCGATG
AAACCCCTTCGGGGGT
GGATTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCTCAAAGTGGGGGATAGCCTTCC
GAAAGGAAGATTAATA
CCGCATAAAGCCAAGTTTCACATGGAATTTGGATGAAAGGAGTAATTCGCTTTGAGATGGACCCG
CGGCGCATTAGTTAG
TTGGTGGGGTAATGGCCTACCAAGACAGCGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACA
TTGGAACTGAGATACG
GTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGC
AACGCCGCGTGAGTGA
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TGAAGGTCTTCGGATTGTAAAGCTCTGTCTTTTGGGACGATAATGACGGTACCAAAGGAGGAAGC
CACGGCTAACTACGT
GCCAGCAGCCGCGGTAATACGTAGGTGGCGAGCGTTGTCCGGATTTACTGGGCGTAAAGGGTG
CGTAGGCGGATGTTTAA
GTGAGATGTGAAATACCCGGGCTTAACTTGGGTGCTGCATTTCAAACTGGATATCTAGAGTGCAG
GAGAGGAGAATGGAA
TTCCTAGTGTAGCGGTGAAATGCGTAGAGATTAGGAAGAACACCAGTGGCGAAGGCGATTCTCT
GGACTGTAACTGACGC
TGAGGCACGAAAGCGTGGGTAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGAT
GAGTACTAGGTGTAGG
AGGTATCGACCCCTTCTGTGCCGCAGTAAACACATTAAGTACTCCGCCTGGGAAGTACGATCGCA
AGATTAAAACTCAAA
GGAATTGACGGGGGCCCGCACAAGCAGCGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAA
CCTTACCTGGACTTGAC
ATCCCCTGAATAACCTAGAGATAGGCGAAGCCCTTCGGGGCAGGGAGACAGGTGGTGCATGGTT
GTCGTCAGCTCGTGTC
GTGAGATGTTAGGTTAAGTCCTGCAACGAGCGCAACCCTTATTGTTAGTTGCTAACATTCAGTTGA
GCACTCTAACGAGA
CTGCCGCGGTTAACGCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGTCCAGG
GCAACACACGTGCTAC
AATGGGCAGAACAAAGAGAAGCAATACCGCGAGGTGGAGCCAAACTCAAAAACTGCTCTCAGTT
CGGATTGCAGGCTGAA
ACTCGCCTGCATGAAGCTGGAGTTGCTAGTAATCGCGAATCAGCATGTCGCGGTGAATACGTTCC
CGGGCCTTGTACACA
CCGCCCGTCACACCATGAGAGCTGGCAACACCCGAAGTCCGTAGTCTAACGTAAGAGGACGCGG
CCGAAGGTGGGGTTAG
TGATTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGAGAACCTGCGGCTG
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Table S13. The table shows the OTU counts as classified within the Candidatus Methanogranum genus.
The samples were taken at the end of the steady states of phase III (day 90) (pH 5.8) and phase IV (day
125) (pH 5.5) of continuous methanol based propionate elongation in an anaerobic open-culture reactor
and at the end of the steady state of phase V (day 69) (methanol in influent 250 mM) and during the last
day of phase VI (day 106) (methanol in influent 400 mM) of continuous methanol based propionate and
acetate elongation in an anaerobic open-culture reactor at 309 K. The inocula samples from the continuous
methanol based acetate elongation reactor and the propionate elongation batch experiment with initial pH
7 (Figure 2) are shown as well. For all biomass samples the duplo results are shown indicated by 1 &2.
OTUs where only one hit was found in total in all 12 samples were omitted due to the size of the table.

OTU counts
Inoculum:
continuous Inoculum: Propionate; pH Propionate; pH Propionate&acet | Propionate&acet
methanol based Propionate; pH 5.8; 250 mM 5.5; 250 mM ate; pH 5.8; 250 ate; pH 5.8; 400
acetate 5.8 (Figure 1) methanol methanol mM methanol mM methanol
elongation
. OTU 1 2 1 2 1 2 1 2 1 2 1 2
identifiers
]F980498'1'14; 12109 8781 15769 183; 38560 71682 48792 44685 33959 36779 61411 75857
New.CleanUp.Re
ferenceOTU147 17 28 58 40 107 203 110 99 43 78 129 179
471
NEwReierence 83 64 7 16 70 98 45 59 135 173 55 73
0TU188
New.CleanUp.Re
ference0TU233 83 61 3 2 38 57 40 43 112 145 46 67
223
New.CleanUp.Re
ferenceOTU119 0 0 5 7 32 63 73 32 0 3 97 85
462
Cropped...
Sum of OTU 1856
counts within 12359 8979 15956 3 38965 72400 | 49309 45119 | 34425 37357 | 62043 = 76629
genus
:?)?I::ZT: 19934 14513 | 14547 1404 | 13284 22172 | 19744 20842 | 18989 19466 | 18320 20069
4 0 7 99 6 8 4 9 6 9 5 1
sample
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Methanol-based chain elongation to n-valerate

JF980498.1.1419 sequence:
CTGGTTGATCCTGCCGGCGGCCACCGCTATAGGAATTCGATTAAGACATGCGAGTCGAGAGTCG
TAATGGACTCGGCGGA
CTGCTCAGTAACACGTGGATAACGTGCCCTTAAGTGGAGGATAATCTCGGGAAATTGAGGATAAT
ACTCCATAGATCATG
ACACCTGGAATGAGTCATGGTTCAAAGTTCCGGCGCTTAAGGATCGGTCTGCGGCCTATCAGGTA
GTAGTGGGTGTAATG
TACCTACTAGCCTATGACGGGTATGGGCCTTGAGAGAGGGAGCCCAGAGTTGGATTCTGAGACA
CGAATCCAGGCCCTAC
GGGGCGCAGCAGTCGCGAAAACTTCACAATGGGCGCAAGCCCGATGAGGGAACTCCTAGTGCTA
GCACTTTTTKTGTTAG
CTTTTCTTCAGCGTAGATAACTGAAGGAATAAGGGCTGGGTAAGACGGGTGCCAGCCGCCGCGG
TAATACCTGCAGCCCA
AGTGGTGGTCGATTTTATTGAGTCTAAAACGTTCGTAGCCGGTCTGGTAAATCCTTGGGTAAATC
GGAAAGCTTAACTTT
CCGAATTCCGAGGAGACTGCCAGACTTGGGACCGGGAGAGGCTAGAGGTACTTCTGGGGTAGG
GGTAAAATCCTGTAATC
CTAGAAGGACCACCGGTGGCGAAGGCGTCTAGCTAGAACGGATCCGACGGTGAGGGACGAAGC
CCTGGGTCGCAAACGGG
ATTAGATACCCCGGTAGTCCAGGGTGTAAACGCTGCAGACTTGGTGTTGGAGATCCTTCGAGGG
TATTCAGTGCCGGAGA
GAAGTTGTTAAGTCTGCTACTTGGGGAGTACGTCCGCAAGGATGAAACTTAAAGGAATTGGTGG
GGGAGCACCGCAACGG
GAGGAGCGTGCGGTTTAATTGGATTCAACACCGGAAAACTCACCAGGGGAGACTGTTACATGAA
AGCCAGGCTAATGACC
TTGCTCGATTTTCAGAGAAGTGGTGCATGGCCGTCGTCAGTTCGTACCGTAAGGCGTTCTCTTAA
GTGAGATAACGAACG
AGACCCTCACTAATATTTGCTACTCCGTTCTCCGGAACGGAGGCACATTATTGGGACCGCTGGCG
CTAAGCCAGAGGAAG
GAGAGGTCAACGGTAGGTCAGCATGCCCTGAATCTCCTGGGCTACACGCGCGCTACAAAGGGCG
GGACAATGGGTTCCGA
CACCGAAAGGTGAAGGTAATCTCGAAACCCGTCCGTAGTTCGGATTGAGGGTTGTAACTCACCCT
CATGAAGCTGGATTC
CGTAGTAATCGCGAATCAACAACTCGCGGTGAATATGCCCCTGCTCCTTGCACACACCGCCCGTC
AAACCATCCGAGTTG
GGTTTCAGTGAAGCTGCCTCTAACTAGGGTTGTTGAACTGAGATTTAGCAAGGAAGGTT
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Supporting Information - Chapter 4

Branched Medium Chain Fatty Acids: iso-caproate formation from iso-
butyrate broadens the product spectrum for microbial chain elongation

Kasper D. de Leeuw, Cees J. N. Buisman, David P. B. T. B. Strik
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Materials and Methods

Reactor set-up and operation

(Gas COUNTEr —i—— .
XSampllng port
ir 1)
Turbidity sensor
—t— < o o
pH control Reactor
Effluent

co N « N Temp
XZ $2 i control

Recirculation Medium inflow

pump pump

Figure S1. Schematic depiction of the reactor setup that was used for the experiment.
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Isocaproate Formation from Isobutyrate

Medium considerations for Bi2 variations and initial methanol addition

A high (0.375 mg I'!) Bi2 concentration was used because the previous study on iso-
butyrate formation used this amount to ensure sufficient availability required for
isomerization of butyate3®. In the initial stage of the experiment it was unclear if branched
Cs would be formed via similar reciprocal isomerization®> (which would lead to 2-methyl
pentanoic acid) or i-C4 elongation (which would lead to 4-methyl pentanoic acid). Lowering
the Bi2 concentration in phase III was performed to investigate if an elevated Bi2

concentration in regard to branched Cs formation was necessary.

Methanol was initially included in the medium because (i) it stimulated branched Ca
formation3> (It was unclear if branched Cs would be formed in a similar fashion.) and (ii)
its effect on ethanol based chain elongation should be investigated in case methanol based
chain elongation would be used as prior fermentation step to produce an i-C4 substrate

stream.

Sampling and measurement

Figure S2. The three chromatograms in the figure show that the compound identified in the sample
(blue) as 4-methyl pentanoic acid matches the retention time of 4-methyl pentanoic acid (i-C6) in
the standard (pink). A prepared solution of 2-methyl pentanoic acid (black) was also analysed and
shows clearly different retention time, indicating that this method is suitable to distinguish between
isoforms of six carbon monocarboxylic acids. Chromeleon software was used to generate this figure.

Microbial community analysis - QIIME 16s rRNA gene amplicon analysis

The paired-end MiSeq reads were merged based on the overlap between the two reads.
Only merged sequences were used in subsequent analyses and the non-overlapping pairs
were discarded. The 16S rRNA gene amplicon analyses were performed using QIIME®®
version 1.9.1. The primer sequences were removed from the merged sequence reads and
then place in a single fasta file using the add_giime_labels.py script with the options
‘cutadapt -m 100 -u 17 -u -21°. OTU picking was performed with the script
pick_open_reference_otus.py using the SILVA version 1282%° 16S reference database and
uclust!®l, The RDP classifier (version 2.2)%8 was trained with the same SILVA reference
database and subsequently used to classify the OTUs. The QIIME script
core_diversity_analyses.py was used to calculate alpha- and beta-diversity statistics of the

samples (see Figures S8-S13).
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Results and Discussion

Table S1. Thermodynamic calculations of observed bioprocesses under different conditions indicated
with superscript 1-4. The coupled bioprocess shows how reactant and product ratios of the respective
alcohol and carboxylate species can drive or inhibit carboxylate reduction in the absence of sufficient
hydrogen partial pressures. Values of AG are given in kJ per reaction. Formation Gibbs energies were
taken from Kleerebezem and Van Loosdrecht (2010)28.

#  Bioprocess Reaction AG°! AG* AG?

1 Ethanol based chain elongation 6CH,CH,OH +4CH,COO™ — 5C,H,COO™ +2H, +4H,0+ H" -183.4 -206.2 -240.4
(acetate)

1a ?;X")e"se beta-oxidation SCH,CH,OH +5CH,COO™ — 5C,H,COO" +5H,0 -193.0  -193.0  -193.0

1b ;Zlou)p/ed ethanol oxidation CH,CH,OH + H,0 — CH,COO™ +2H, + H* 9.6 13.2 47.4

X,

5  Hydrogenogenic ethanol CH,CH,OH + H,0 — CH,COO™ +2H, + H" 9.6 -13.2 -47.4
oxidation - ?

3 Ethanol oxidation with HCO3- 2CH,CH,0H +2HCO; —3CH,COO" +2H,0+H" -85.2 -85.2 -85.2

4  FEthanolotrophic 2CH,CH,0H + HCO; — 2CH,COO™ +CH, + H,0+ H" 1162 -116.2  -116.2
methanogenesis

5  Beta-oxidation CH,CO0™ +2H,0 - 2CH,COO™ +2H, + H" 48.2 25.4 -8.8

¢  Hydrogenotrophic HCO; + H* +4H, — CH, +3H,0 1355  -89.8  -21.3
methanogenesis :

7 Hydrogenotrophic acetogenesis 2HCO; +H' +4H, —» CH,CO0™ +4H,0 -104.4 -58.8 9.7

g Hydrogenotrophic carboxylate C,H,CO0™ +2H, +H" — C,H,CH,0H + H,0 16.4 6.4 40.6
reduction °
Methanol based chain - -

9 ; CH,0OH +2C,H,COO" - C;H,COO™ +2H,0 -106.8 -106.8 -106.8
elongation

10 Methamlc’tmph'c acetate 4CH,0OH +2HCO; —3C,H,COO" +4H,0+H" -221.6 -221.6 -221.6
formation :

11 Methanolotrophic 4CH,OH —3CH, + HCO; + H,0+H" -314.7  -314.7  -314.7
methanogenesis -

12 Hydrogen-methanol CH,0H +H, — CH,+ H,0 -112.6  -101.1  -84.0
methanogenesis

13 Acetoclastic methanogenesis CH,COO™ +H,0 - CH, + HCO; -31.05 -31.05 -31.05
Alcohol formation (14) as
combined process (2 & 8) Reaction AG°! AG3 AG*
without H2

,  Hydrogenogenic ethanol CH,CH,OH +H,0 - CH,CO0™ +2H, + H* 9.6 1.8 21.1
oxidation °
Hydrogenotrophic carboxylate - .

8 / C,H,COO" +2H,+H" - C;H,CH,0H + H,0 -16.4 -27.9 -5.0
reduction

14 Carboxylate-to-alcohol C,H,CO0" +CH,CH,0H — C,H,CH,0H +CH,COO" 6.8 296 16.0
reduction :
AG®! biological standard conditions (pH 7)
AG? hydrogen partial pressure = 1 kPa
AG? hydrogen partial pressure = 1 Pa
AG3 reactants to products ratio = 100
AG* reactants to products ratio = 0.01

* For reactants and products only the concentrations of the respective alcohols and
carboxylates were changed according to indicated ratios. Proton concentration (pH 7) was
kept constant. Hydrogen partial pressure was kept constant at 1 bar. Water activity was

setat 1.
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Table S2. This table shows the averaged molar ratios of isomeric compounds formed (i-C6, i-C40H
& i-C60H) divided by the amount of i-C4 comsumed for each phase during steady state. In all but
phase I the produced compounds more or less fit with the amount of consumed iso-butyrate. For
phase I the discrepancy could be due to the instable i-C6 production, relatively low i-C6 concentration
and relatively high i-C4 concentration. Small measurement errors in particular for i-C4 concentration
would have a big impact on this ratio.

Phases I II I v Vv VI
i-C6 formed / i-C4 consumed 51% - 98% 111% 112% 74%
i-C40H & i-C60H formed / i-C4 consumed - - = - = 38%
total 51% - 98% 111% 112% 112%
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Table S3. Averaged conversion rates, C molar concentrations (liquid) and partial pressures
(headspace gas, kPa) during each of the six phases.

Phase I Phase II Phase III Phase IV Phase V Phase VI
n-C4 was
S i-C4/n-C4 i-C4 was replaceq by i- Vit B12 from Removed Lowered
Discription ratio: 1/1 replaced by n- C4 & vit B12 12.5ug/L to MeOH from acetate_
C4 from 375ug/L 375ug/L feed concentration
to 12.5pg/L
EZ;@‘Z day1to38  day38to112 day 112to190 day 190 to 262 day 262 to 297 day 297 to 388
Steady
state day 16 to 36 day 52 to 65 day 157 to 181 day 225 to 254 day 269 to 290 day 330 to 358
period
Volumetric C molar conversion rates (mmolC L-1 day-1)
Cc2 -30.6 5 5 -36.2 +3 -52.9 +2.1 -56.0 +2 -56.4 +2 4.8 +1
i-C4 -8.6 +1.9 1.4 +1 -21.5 +2.2 -18.4 +1.2 -17.8 +4 -39.6 +3
n-C4 34.8 + 16 -51.5 +6 51.4 +2.2 55.0 +2.3 54.6 +3 18.3 +1
i-C6 6.6 + 1.3 - - 31.8 % 24 305 +0.5 30.0 +2 44.2 +6
n-Cé6 171.4 + 18.4 240.8 + 22 186.8 +5.8 197.3 + 3.8 191.7 +8 123.1 +3
n-C8 2.6 + 1.0 6.7 +0.6 4.9 +0.4 6.6 + 0.4 6.9 +0.7 4.2 +0.4
MeOH -14.8 +4.1 -24.0 +7 -10.9 +1.8 -9.9 +1.0 = = - -
EtOH -186.9  +10.3 -200.1 + 13 -201.8  *£3.9 -199.2 +23 -197.4 +6 -166.1 +3
n-C40H 1.9 +2
i-C40H 15 +1.4
n-C60H 2.9 +1.9 0.9 +1.1 9.9 +0.2
i-C60H
CH4 (gas) 9.3 +2.4 8.2 +1.3 4.0 +1.9 3.2 +0.7 3.0 +0.5 4.8 +1.2
CO2 (gas) -9.1 +£1.9 -8.6 +0.3 -9.0 + 0.4 -8.7 +0.2 -8.7 £0.1 -8.7 +0.2
C molar concentrations (liquid, mM C) and partial pressures (headspace gas, kPa)
Cc2 89.9 + 11 81.2 +8 53.9 +6 48.6 +3 44.4 +2 21.8 +2
i-C4 115.8 +4 2.5 +1 215.9 + 20 233.0 +2 232.8 + 7 199.1 +4
n-C4 192.5 + 28 173.1 +9 82.1 +7 95.3 +3 98.2 +7 30.1 +2
i-C6 11.6 +2 - - 50.4 + 6 52.9 +1 53.7 +2 72.5 +7
n-Cé 303.5 + 35 420.3 + 20 303.9 + 22 341.9 +7 344.0 + 10 202.0 +8
n-C8 4.5 +2 11.7 +1 8.2 +1 11.4 +1 12.3 + 1 6.9 +1
MeOH 64.3 +7 49.0 +9 67.3 +6 73.9 +2 0.0 = 3.2 +1
EtOH 25.3 + 16 8.4 +2 18.4 +3 13.7 +5 10.1 +4 85.2 +9
n-C40H 4.6 +3 Traces
i-C40H 24.1 +3
n-C60H 5.9 +3 Traces Traces 4.8 +1 16.3 +0.3
i-C60H Traces
CH4 (gas) 80.2 +2 79.3 +3 74.6 +1 47.3 +17 49.4 +12 68.0 +19
CO2 (gas) 3.2 +2.3 3.4 +0.6 3.1 + 0.6 3.9 +0.6 4.0 +0.2 1.1 +0.1

193



Isocaproate Formation from Isobutyrate

ch\/OH

nics+p Ethanol

2(nyce#p) NAD*
pADP p ATP
2(nica+p) NADH + 2(nicstp) H

o
\[r CoA b

: g Y
A - H4C ““CoA
pR— TP ACSTECON =l fics NADH + nies H
p H.0 -

HsBl LIOF

nic; NAD
CH3 HaC
4 S ) .
i g CoA HaC “CoA
o o
HaC OH ©
Nica160-BITTECOA Nics 3-hydroxy-4-methyl-pentanoyl-CoA

Nics H0
CH3
& HaG
= S.
HeG HsC' “CoA HaC ~2 “CoA
9 o)
nice Iso-butyrate Nicq 4-1 methyl pentanoyl-CoA Nics 4-methylpent-2-enoyl-CoA
Blfurcatmg OH 4
2n,c; NAD* 2n;cs NADH + 2n;c, H
o BcdA-EtfBC
2n;c-4p H*/Na* J H,

Nics-2p)/2 ADP (nics-2p)/2 ATP _
(nice-2p)/ 2nicq Fd + 2njcs H 4/) e rap I |H1 ase ’7 2n;cq Fdoy

(nica-2p)  (Mica-2p) NADH +
NAD (nics-2p) H

2n;c-4p H'/Na*

Figure S$3.2° The figure shows the proposed mechanism for iso-butyrate elongation to 4-methyl-
pentanoate within the reverse beta-oxidation pathway. Iso-butyryl-CoA is condensed with acetyl-
CoA to form 3-keto-4-methyl-pentanoyl-CoA, which is subsequently reduced to 3-hydroxy-4-methyl-
pentanoyl-CoA, hydrolyzed to 4-methylpent-2-enoyl-CoA and reduced further to 4-methyl-
pentanoyl-CoA (4MPC), before the Coenzym-A is released and the cycle begins anew. The
stoichiometry is indicated in terms of n (amount of carboxylates elongated) and p (amount of ethanol
oxidized to acetate via substrate-level phosphorylation route). The figure was adjusted from
Angenent et al. (2016)22. The stoichiometry was suggested so that n = 5 and p = 1. It is important
to note that if chain elongation of different fatty acids occur simultaneously within the same
organism, then n can be seen as the sum of ncz, Nn-cs, Ni-cs, etc.
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Figure S4.2° This figure shows the alternative hypothesized chain elongation mechanism in the case

of a confucating RNF complex to form NADPH. The figure was adjusted from Angenent et al. (20
For the confurcating pathway the stoichiometry was suggested so that n =4 and p = 1.

16).
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Figure S5. The figure shows the calculated Gibbs energies for chain elongation of a) acetate to n-
butyrate, b) n-butyrate to n-caproate and c) iso-butyrate to iso-caproate, using the metabolite
concentration within the reactor. In blue the stoichiometry is used where n=5 and p=1 and in red
the stoichiometry is used where n=4 and p=1. The bracketed lines indicate the energy needed for i)
formation of one ATP via substrate level phosphorylation (SLP) and ii) the energy that would be
needed for one ATP via SLP and additional 1.5 ATP production via H*/Na* motive force driven ATPase.

(Here indicated with pmf.)
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Figure S6. The graphs shows the calculated dissolved carbon dioxide species within the reactor
during the whole operation period. Values are calculated from measured CO2 in the headspace and
pH measurements using the Henderson-Hasselbalch equation for carbon dioxide species within the
liquid (pKa 6.35 for HCOs™ and pKa 10.33 for CO3%") and a (Kn) Henry’s constant for CO, of 29.41
L-atm-mol-t.
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Ethanol based chain elongation

Clostridium kluyveri strain NBRC 12016 (100% coverage, 98% similarity)

(n+p)EtOH + Nics i-C6 + pC2 + 2pH,
Nics i-C4 +pH*

(n+p)EtOH + > Nc2 n-C4 + pC2 +
nc; C2 2pH. + pH*

(n+p)EtOH + Nnca nce SCE Nh.ca, ncs(N-C6, N-C8)
(n-C4, n-C6) > + pC2 + 2pH, + pH*

n=Zn; where i is C2, n-C4, etc.

Syntrophic oxidation routes

Alternative fermentations

EtOH + Cc2+
i-c4 i-C40H
Desulfovibrionales order
2HCOy + o
2EtOH 2H,0 +
H*

Eubacteriacaea family

c2+ ACM CH, +
H.0 HCOy

Potential Candidatus Methanogranum genus

| C2+2H, + 2etoH+ | ELM _ cH,+2c2

H HCOy +H0 +H'
Desulsovibrio legallii strain H1 (95% cverage, 99% similarity) Methanoculieus genus
Potential Candidatus Methanogranum genus
= 2C2 + 2H
e e 4MeOH MM 3CH,

2H,0 +H —_— +4H,0 +

HCO;- + H*

Syntrophomonas zehnderi strain OL-4 (100% coverage, 96% similarity)
Desulsovibrio legallii strain H1 (95% coverage, 99% similarity)
Anaerolineales order
CH, +H:0

MeOH + MHM
H, —_—

Syntrophic partner reduction routes

Methanoculleus genus

HCO, + HM CH. + 4MeOH + 3C2 + 4H,0
aH, + H' ——. 3H,0 2HCOx +H
Methanoculleus palmolei strain DSM 4273 (99% ge, 99% similarity) Ei ium limosum strain JCM 6421 (100 coverage, 95% similarity
2HCO; + Cc2+ MeOH + n-C4 +
aH, + W 4H,0 2c2 2H,0

Eubacterium limosum strain JCM 6421 (100 coverage, 95% similarity Eubacterium limosum strain JCM 6421 (100 coverage, 95% similarity

Saccharides
+ Peptides

i-C4 + 2H,
+H

i-C40H

C2,C4,C6
+ H0

Sporanaerobacter acetigenes strain Lup33 (100% coverage, 99% similarity
Caproicip itolivorans (92% ge, 97% similarity

Desulfovibrionales order

Figure S7. The figure depicts a collection of different possible functional groups within the
microbiome: BCE = branched chain elongation, SCE = straight chain elongation, EO = ethanol
oxidation, BO = beta-oxidation, HM = hydrogenotrophic methanogenesis, HA = hydrogenotrophic
acetogenesis, HCAR = hydrogenotrophic carboxylate-to-alcohol reduction, ECAR = Ethanolotrophic
carboxylate-to-alcohol reduction, EOBC = Ethanol oxidation with bicarbonate, ACM = Acetoclastic
methanogenesis, ELM = ethanolotrophic methanogenesis, MM = methanolotrophic
methanogenesis, MHM = methanol-hydrogen methanogenesis, MA = methanolotrophic
acetogenesis, MCE = methanol based chain elongation and GSPF = Generalized saccharide and
peptide fermentation. The color of the reducing equivalent, expressed as H2, indicates its relative
thermodynamic feasibility depending on the hydrogen partial pressure. Green indicates that the
process can occur in a wide range of hydrogen partial pressures, while orange and red signifiy that
a lower (in the case of reduction routes) or higher (in the case of oxidation routes) partial pressure
is needed for an energetically feasible bioconversion (see Table S1 for numbers).
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Table S5. OTU counts within the genus Clostridium sensu stricto 12 (Clostridiales order). The 16S
rRNA gene amplicon sequences of the in grey highlighted OTU identifyers were selected to search
the NCBI database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Z:‘]aa:jles VL,
OTU identifyer a b a b a b a b a b
EU307088.1.1475 74402 73085 29896 64364 65863 64755 42913 19834 21710 23294
3Q072606.1.1361 267 178 69 115 136 135 119 52 99 115
IN650257.1.1438 258 590 111 249 507 467 203 140 128 120
New.ReferenceOTU460 107 108 7 8 37 29 21 5 10 17
AB509213.1.1431 81 101 709 726 42 54 14263 9275 345 316
New.ReferenceOTU538 52 53 15 34 8 14 154 132 12 31
3Q072575.1.1354 51 143 10 33 81 119 39 21 33 18
3Q072154.1.1365 46 88 14 23 69 101 36 16 26 25
3;:§E§a"UP'REf"’e“ce°T 19 24 22 40 117 102 38 30 45 69
GQ487959.1.1446 17 5 0 2 18 35 6 2 78 70
New.ReferenceOTU691 13 13 6 4 31 36 14 5 11 11
CBXI010000035.40.1552 12 6 0 2 7 5 601 346 3 8
Cropped...
SUM 75416 74651 30932 65736 67262 66161 58938 30277 22734 24358
Total OTU count in sample éeseo ;6288 64675 ;1594 ;1659 ;1149 25825 94834 ;0278 ;1858
Relative abundance  of ..o 4580, 47.8% 56.7% 57.7% 59.3% 37.2% 31.9% 22.1%  20.5%

genus

Table S6. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Clostridium sensu stricto

12 OTUs.
E

OoTU - Max  Total Query Iden .
) ) Description valu Accession
identifyer score score cover t

Clostridium kluyveri strain
e b NBRC 12016 16S ribosomal 2553 2553 100% 98% NR_074447.1
1475 -

RNA, partial sequence

Clostridium kluyveri strain

DSM 555 16S ribosomal 2519 2519 98% 98% NR_074165.1

RNA, partial sequence

Clostridium luticellarii

strain  FW431 - 165 555, 2252 99% 94% NR_145907.1

ribosomal RNA, partial
sequence
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AB509213.1.

1431

Clostridium luticellarii
strain Fw431 16S
ribosomal RNA, partial
sequence

2623

2623

100% O

99%

NR_145907.1

JQ072606.1.
1361

Clostridium kluyveri strain
DSM 555 16S ribosomal
RNA, partial sequence

2396

2396

99% O

98%

NR_074165.1

Clostridium kluyveri strain
NBRC 12016 16S ribosomal
RNA, partial sequence

2396

2396

99% O

98%

NR_074447.1

IJN650257.1.
1438

Clostridium kluyveri strain
DSM 555 16S ribosomal
RNA, partial sequence

1973

1973

99% O

92%

NR_074165.1

Clostridium kluyveri strain
NBRC 12016 16S ribosomal
RNA, partial sequence

1973

1973

99% O

92%

NR_074447.1

CBXI1010000
035.40.1552

Clostridium tyrobutyricum
strain ATCC 25755 16S
ribosomal RNA, partial
sequence

2632

2632

97% 0

99%

NR_044718.2

Table S7. OTU counts within the family Syntrophomonadacaea (Clostridiales order). The 16S rRNA
gene amplicon sequences of the in grey highlighted OTU identifyers were selected to search the NCBI
database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
New.ReferenceOTU249 48905 26991 1258 1853 1762 1873 6660 3632 2568 3063
New.ReferenceOTU53 1142 476 34 51 77 62 98 49 76 90
JX575888.1.1355 426 95 4 10 4 5 24 13 23 30
New.ReferenceOTU593 319 166 11 12 33 24 24 17 15 22
HQ904231.1.1514 301 186 8 9 25 13 115 55 8 5
Cropped...
SUM 51613 28362 1329 1968 1936 2029 7083 3922 2819 3402
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583
Relative abundance of genus 31.17% 17.41% 2.05% 1.70% 1.66% 1.82% 4.48% 4.14%  2.74% 2.87%
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Table S8. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Syntrophomonadacaea

OTUs.
OTU identifyer Description Max — Total = Query E value Ident Accession
score score cover
Syntrophomonas
zehnderi strain
OL-4 16S
New.ReferenceOTU249 684 684 100% O 96% NR_044008.1
ribosomal RNA
gene, partial
sequence
Clostridium
kluyveri strain
New.ReferenceOTU53 DSM 555 16S 527 527 100% 2E-149 90% NR_074165.1
ribosomal RNA,
partial sequence
Clostridium
kluyveri strain
NBRC 12016 16S 527 527 100% 2E-149 90% NR_074447.1
ribosomal RNA,
partial sequence
Syntrophomonas
zehnderi strain
C.)L_4 165 507 507 76% 2E-143 96% NR_044008.1
ribosomal RNA
gene, partial
sequence

Table S9. OTU counts within the genus Eubacterium (Clostridiales order). The 16S rRNA gene
amplicon sequence of the in grey highlighted OTU identifyer was selected to search the NCBI

database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
DQ804417.1.1386 689 2094 4685 7831 9052 8575 4472 2576 782 700
EU939391.1.1539 9 34 63 117 172 198 43 15 19 15
JN698651.1.1409 5 1 1 2 3 5 5 2 3 0
Cropped...
SUM 712 2155 4847 8190 9525 9145 4649 2669 819 743
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583
Relative abundance of genus 0.43% 1.32% 7.49% 7.06% 8.17% 8.20% 2.94% 2.81% 0.80% 0.63%

203



Isocaproate Formation from Isobutyrate

Table S10. Results of querying the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Eubacterium OTU.

OTU identifyer Description Max Total  Query E Ident Accession
score score cover value
Eubacterium
limosum strain JCM
DQ804417.1.1386 6421 16S ribosomal 2150 2150 100% O 95% NR_113248.1
RNA gene, partial
sequence
Eubacterium
callanderi strain DSM
3662 16S ribosomal 2137 2137 98% 0 95% NR_026330.1
RNA gene, partial
sequence
Eubacterium
limosum strain ATCC
8486 16S ribosomal 2132 2132 100% O 94% NR_044719.2

RNA,
sequence

partial

Table S11. OTU counts within the family Family XI (Clostridiales order). The 16S rRNA gene amplicon
sequences of the in grey highlighted OTU identifyers were selected to search the NCBI database

using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
EU887812.1.1471 4520 3796 1052 2218 551 517 14703 9021 2977 3284
AB742052.1.1452 616 488 1785 2306 4497 3894 6888 4230 3394 3967
JX575815.1.1501 710 1055 410 540 24 32 696 530 517 572
EU888001.1.1399 56 48 21 67 55 41 186 116 190 214
New.ReferenceOTU265 57 47 19 28 15 12 165 119 65 82
New.ReferenceOTU132 18 10 57 104 226 237 163 97 110 151
Cropped...
SUM 6302 5721 3500 5549 5493 4910 23817 14979 7830 9060
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583
Relative abundance of genus 3.81% 3.51% 5.41% 4.79% 4.71% 4.40% 15.05% 15.79% 7.62% 7.64%
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Table S12. Results of querying the NCBI 16S rRNA gene amplicon sequence database (Bacteriea
and Archaea) with Megablast (executed in september 2018) with the selected Familiy XI OTUs.

OTU Identifyer Description Max  Total Query Ident Accession
Sscore score cover value
Sporanaerobacter
EUS87812.1.1471 Cocetigenes  strain o5 5623 100% 0 99% NR_025151.1
Lup33 16S ribosomal
RNA, partial sequence
Sporanaerobacter
AB742052.1.1452 A2cetigenes strain - yg51 1851 100% 0 90% NR_025151.1

Lup33 16S ribosomal

RNA, partial sequence

Table S11. OTU counts within the genus Oscilibacter (Clostridiales order). The 16S rRNA gene
amplicon sequences of the in grey highlighted OTU identifyers were selected to search the NCBI

database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
HK556666.9.1518 8381 20994 144 254 1216 1093 263 154 58 64
New.ReferenceOTU529 157 262 3 17 28 37 34 14 7 6
New.CleanUp.ReferenceOTU29092 117 531 3 1 33 35 17 13 2 0
EU775103.1.1401 72 334 1 3 11 20 7 6 1 1
JQ246090.1.1431 46 116 71 267 46 36 993 633 136 133
New.CleanUp.ReferenceOTU127988 43 63 0 0 0 0 1 3 0 0
Cropped...
SUM 8908 22438 268 654 1414 1296 3835 2567 305 343

Total OTU count in sample

Relative abundance of genus

165606 162885

5.38% 13.78%

64675

0.41%

115943

0.56%

116599 111495

1.21% 1.16%

158258 94834

2.42% 2.71%

102788 118583

0.30% 0.29%

Table S12. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Oscilibacter OTUs.

OTU Identifyer Description

Max
score

Total
score

Query E

Ident Accession

cover value

Oscillibacter
valericigenes

strain
16S
RNA,

HK556666.9.1518

sequence

Sjm18-20
ribosomal
complete

2789

2789

100% O

100% NR_074793.2

Oscillibacter

ruminantium strain
JQ246090.1.1431 GH1 16S ribosomal
RNA gene, partial

sequence

2573

2573

98% O

99%  NR_118156.1
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Oscillibacter
ruminantium strain
GQ243726.1.1415 GH1 16Sribosomal 2449 2449 96% 0 99% NR_118156.1
RNA gene, partial
sequence

Table S13. OTU counts within the genus Caproiciproducens (Clostridiales order). The 16S rRNA gene
amplicon sequences of the in grey highlighted OTU identifyers were selected to search the NCBI
database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
CCNL01000002.384.1925 306 458 1243 1890 2369 2215 2089 1372 1790 1920
New.ReferenceOTU280 47 88 13 21 659 588 1006 639 608 594
KT337628.1.1480 12 30 1 1 1 0 24 18 12 13
New.CleanUp.ReferenceOTU53385 10 4 16 22 26 35 11 18 22 21
Cropped...
SUM 391 603 1287 1966 3114 2917 3849 2628 2612 2765
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583
Relative abundance of genus 0.24% 0.37% 1.99% 1.70% 2.67% 2.62% 2.43% 2.77% 2.54% 2.33%

Table S14. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Caproiciproducens OTUs.

Max Total Query E

Ident Accession
score score cover value

OTU Identifyer Description

Caproiciproducens
CCNLO100000 galactitolivorans strain BS- o o NR_1459
2.384.1925 1 16S ribosomal RNA, 2303 2439 92% 0 7% 591
partial sequence

Caproiciproducens
New.Referenc galactitolivorans strain BS- o 1E- o NR_1459
e0TU280 1 16S ribosomal RNA, >0/ 97 100% o4 93B% 91

partial sequence
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Table S15. OTU counts within the genus Christensenellaceaea R-7 group (Clostridiales order). The
16S rRNA gene amplicon sequences of the in grey highlighted OTU identifyers were selected to search
the NCBI database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
New.ReferenceOTU382 7 1 11 6 2 5 3353 1809 4086 3451
GQ132397.1.1400 17 37 14 18 1 3 100 77 185 94
New.CleanUp.ReferenceOTU124159 0 1 0 1 0 0 37 26 69 99
Cropped...
SuM 30 62 31 37 5 8 3592 1997 4540 3852
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583

Relative abundance of genus

0.02% 0.04%

0.05% 0.03%

0.00%

0.01% 2.27%

2.11%

4.42% 3.25%

Table S16. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Christensenellaceae R-7

group OTUs.
Max  Total Quer E Iden
OTU Identifyer Description scor scor |y value ' Accession
e e cover
Christensenella
massiliensis strain
:;:’l;g:fze’e"c Marseille-P2438 165 508 508 3/00 ZZ 89% TR—144742'
ribosomal RNA, partial °
sequence
Christensenella
massiliensis strain
23;32397'1'1 Marseille-P2438 16S 1677 1677 :/00 0 88% TR—144742'
ribosomal RNA, partial °
sequence
Christensenella
timonensis strain
Marseille-P2437 16S 1615 1615 3/00 0 88% TR—144743'
ribosomal RNA, partial °
sequence
Christensenella minuta
s.traln YIT 12065 16S 1615 1615 99% 0 88% NR_112900.
ribosomal RNA gene, 1

partial sequence
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Table S17. OTU counts within the genus Anaerolineaceae UCG-001 (Anaerolineales order). The 16S
rRNA gene amplicon sequence of the in grey highlighted OTU identifyer was selected to search the
NCBI database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
EF688175.1.1346 5 4 26 21 103 129 709 510 10158 12092
New.CleanUp.ReferenceOTU25650 0 0 0 0 0 0 0 1 9 21
Cropped...
SUM 5 4 26 21 103 132 715 521 10375 12343
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583

Relative abundance of genus

0.00% 0.00%

0.04%

0.02%

0.09%

0.12%

0.45%

0.55% 10.09% 10.41%

Table S18. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Anaerolineaceae UCG-

001 OTU.
OTU Identifyer Description Max — Total Query E Ident Accession
score score cover value
Bellilinea
caldifistulae  strain
EF688175.1.1346 G.OMI_I 16S 1810 1810 99% 0 91% NR_041354.1
ribosomal RNA
gene, partial
sequence
Ornatilinea apprima
strain P3M-1 16S
ribosomal RNA 1753 1753 97% 0 91% NR_109544.1
gene, partial
sequence
Longilinea
arvoryzae strain
K.OME_I 165 1749 1749 99% 0 90% NR_041355.1
ribosomal RNA
gene, partial
sequence
Levilinea
saccharolytica strain
K.IBI_I 165 1749 1749 97% 0 91% NR_040972.1
ribosomal RNA
gene, partial
sequence
Pelolinea submarina
strain MO-CFX1 165 706 1746 979% 0 91% NR_133813.1

ribosomal RNA,
partial sequence
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Table S19. OTU counts within the genus Desulfovibrio (Desulfovibrionales order). The 16S rRNA
gene amplicon sequence of the in grey highlighted OTU identifyer was selected to search the NCBI

database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
EU234111.1.1514 978 1656 629 993 4270 3384 15809 8896 22405 27998
EU234116.1.1507 35 79 27 42 219 242 838 499 1657 1265
New.ReferenceOTU528 7 9 9 17 40 44 90 53 148 182
New.ReferenceOTU520 6 8 2 4 19 33 111 53 159 166
New.ReferenceOTU431 13 13 6 20 79 84 98 49 112 158
New.ReferenceOTU79 0 0 0 0 0 0 15 6 86 115
SUM 1060 1792 679 1092 4688 3851 17165 9771 24976 30396
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583

Relative abundance of genus  0.64% 1.10% 1.05% 0.94% 4.02% 3.45% 10.85% 10.30% 24.30% 25.63%

Table S20. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Desulfovibrio OTU.

Max  Total Query E

Ident Accession
score score cover value

OTU Identifyer Description

Desulfovibrio legallii
strain H1 16S

EU234111.1.1514 ribosomal RNA 2562 2562 95% O 99% NR_108301.1
gene, partial
sequence

Table S21. OTU counts within the genus Anaerohabdus furcosa group (Erysipelotrichales order).
The 16S rRNA gene amplicon sequence of the in grey highlighted OTU identifyer was selected to
search the NCBI database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
F1660595.1.1491 5279 11772 156 234 646 447 937 780 724 992
New.CleanUp.ReferenceOTU98424 64 172 0 11 15 12 13 7 10 13
New.CleanUp.ReferenceOTU11853 48 57 1 0 6 7 3 1 1 0
New.CleanUp.ReferenceOTU91548 21 41 3 2 17 6 6 1 4 3
New.CleanUp.ReferenceOTU106291 21 21 0 0 2 1 1 1 0 0
New.CleanUp.ReferenceOTU49871 0 0 0 0 0 0 0 2 0 0
New.CleanUp.ReferenceOTU105945 0 0 0 0 0 0 2 1 6 6

Cropped...
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SUM 5433 12066 160
Total OTU count in sample 165606 162885 64675
Relative abundance of genus 3.28% 7.41% 0.25%

247

115943

0.21%

686

116599

0.59%

473

111495

0.42%

963

158258

0.61%

794

94834

0.84%

745 1014

102788 118583

0.72% 0.86%

Table S22. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Anaerohabdus furcosa

group OTU.

OTU Identifyer Description

Max
score

Total
score

Query
cover

E value

Ident

Accession

Holdemania
massiliensis
strain AP2
F]J660595.1.1491 1.65
ribosomal
RNA gene,
partial
sequence

1389

1389

99%

84%

NR_125628.1

Erysipelothrix
larvae strain
LV19 16S
ribosomal
RNA,
complete
sequence

1386

1386

99%

84%

NR_146813.2

Traorella
massiliensis
strain
Marseille-
P3110 16S
ribosomal
RNA, partial
sequence

1378

1378

99%

84%

NR_147369.1

Table S23. OTU counts within the genus Pseudoclavibacter (Micrococcales order). The 16S rRNA
gene amplicon sequences of the in grey highlighted OTU identifyers were selected to search the NCBI

database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
AB329630.1.1460 113 1348 8344 11659 393 363 125 99 442 405
HQ266601.1.1376 642 1533 234 709 50 43 137 79 90 113
EU303275.1.1433 0 3 5 8 0 0 0 3 0 0
New.CleanUp.ReferenceOTU129543 0 3 10 9 0 0 0 3 4 0
New.ReferenceOTU42 21 58 9 48 4 2 10 2 5 4
SUM 776 2945 8602 12433 447 408 272 186 541 522
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583
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0.47% 1.81%

13.30%

10.72%

0.38%

0.37%

0.17%

0.20%

0.53%

0.44%

Table S24. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Pseudoclavibacter OTUs.

OTU Identifyer Description Max  Total Query E Ident Accession
score score cover value
Pseudoclavibacter
soli strain KP02
AB329630.1.1460 16S ribosomal RNA 2697 2697 100% O 100% NR_041614.1
gene, partial
sequence
Pseudoclavibacter
alba strain IFO
1.5616 165 2353 2353 99% 0 96%  NR_024673.1
ribosomal RNA
gene, partial
sequence
Pseudoclavibacter
caeni strain MJ28
HQ266601.1.1376 16S ribosomal RNA 2538 2538 100% O 100% NR_109073.1
gene, partial
sequence

Table S25. OTU counts within the genus Candidatus Methanogranum (Thermoplasmatales order,
Archaea). The 16S rRNA gene amplicon sequence of the in grey highlighted OTU identifyer was
selected to search the NCBI database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
JF980498.1.1419 475 318 3532 2760 1861 1738 8705 6218 778 1000
New.ReferenceOTU377 0 0 4 0 3 8 7 4 10 13
Cropped...
SUM 481 319 3561 2782 1884 1767 8750 6283 796 1024
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583
Relative abundance of genus  0.29% 0.20% 5.51% 2.40% 1.62% 1.58% 5.53% 6.63% 0.77% 0.86%
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Table S26. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Candidatus
Methanogranum OTU.

Max Total Quer E Iden
OTU Identifyer Description scor y valu Accession
score t
e cover e
Methanomassiliicocc
us luminyensis strain
JF980498.1.141 B10 16S ribosomal 165 165200 0.99 0% 0.88 NR_118098.
9 . 2 % 1
RNA gene, partial
sequence

Table S27. OTU counts within the genus Methanoculleus (Methanomicrobiales order, Archaea). The
16S rRNA gene amplicon sequence of the in grey highlighted OTU identifyer was selected to search
the NCBI database using Megablast.

OTU counts

phase I phase II Phase IV Phase VI Phase VI, granules
OTU identifyer a b a b a b a b a b
EF112188.1.1002 3042 803 1336 1212 8343 7243 4373 3060 10443 14258
EU662678.1.1435 80 3 11 6 63 57 31 15 292 356
EU369626.1.1443 20 4 4 6 38 39 30 24 74 92
Cropped...
SUM 3161 824 1364 1242 8560 7431 4488 3152 10937 14883
Total OTU count in sample 165606 162885 64675 115943 116599 111495 158258 94834 102788 118583

Relative abundance of genus 1.91% 0.51% 2.11% 1.07% 7.34% 6.66% 2.84% 3.32% 10.64% 12.55%

Table S28. Results of searching the ncbi 16S rRNA gene amplicon sequence (Bacteriea and Archaea)
database using Megablast (executed in september 2018) with the selected Methanoculleus OTU.

Max  Total Query E

Ident Accession
score score cover value

OTU Identifyer Description

Methanoculleus
palmolei strain DSM

EF112188.1.1002 4273 16S ribosomal 1779 1779 99% 0 99% NR_028253.1
RNA gene, partial
sequence
Methanoculleus
receptaculi strain
ZC-2 16S ribosomal 1729 1729 99% O 98% NR_043961.1
RNA gene, partial
sequence
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Figure S8. The figure shows the alpha rarefaction: PD_whole_tree of the sample set. Graph only
shows values until 60000 sequences. Total OTU counts for each sample are given in Table S4
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Figure S9. The figure shows the alpha rarefaction: chaol of the sample set. Graph only shows values
until 60000 sequences. Total OTU counts for each sample are given in Table S4
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Rarefaction Measure: observed OTUs
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Figure S10. The figure shows the alpha rarefaction: observed OTUs of the sample set. Graph only
shows values until 60000 sequences. Total OTU counts for each sample are given in Table S4

PC3 (16.78 %)

(o o

PC2 (23.81 %)

PC1 (46.75 %)

Figure S11. The figure shows the beta-diversity within the sample set.
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Figure S12. The figure shows the beta-diversity within the sample set.
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Figure S13. The figure shows the beta-diversity within the sample set.
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Table S29. The Table shows the first results of Qubit measurements to determine DNA
concentrations after extraction. Comments say how the samples were handled before measurement.
After these measurements some dilution or concentrations steps were performed to achieve a final
concentration of 5 ng pl! before using the DNA for Illumina sequencing.

DNA concentration

sample (measurement 1)
ng/ul Comments
I(1) 5.0
1(2) 3.5 after speedvac concentration
II (1) 4.3
11 (2) 4.6
vV (1) 7.9
1V (2) 11.5
VI (1) 2.0 after speedvac concentration
VI (2) 2.7 after speedvac concentration
VI granule (1) 17.9 diluted 25 times
VI granule (2) 15.3 diluted 25 times
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Supporting Information - Chapter 5

Expanding the Usage of Branched Electron Acceptors for the Formation of
Iso-caproate and Iso-heptanoate by Ethanol-based Chain Elongation
Reactor Microbiomes.

Kasper D. de Leeuw, Theresa Ahrens, Cees J. N. Buisman, David P. B. T. B. Strik
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Material and Methods

Medium composition

The basic feed recipe is shown in Table S1 and remained the same throughout the
experiments. The composition of the used stock solutions with vitamin B and trace
elements are listed in Table S2, Table S3 and Table S4.

Table S1. Basic feed recipe used for the reactors and with small alterations also for the batch
experiments. Composition of the vitamin B and trace element solutions can be found in Table S2,
Table S3 and Table S4. Stock solutions I and II were made resulting in the final listed
concentrations in the medium.

Compound Concentration g/1
Sodium Acetate trihydrate 2.5
Yeast extract 1
NaOH pellets 1.1
Ethanol (Abs) (liquid) 14.96
i-C4  (liquid) 11.9
NHH>PO4 3.6

Stock I (50x) | MgCl*6H>0 0.33
MgSO,*7H,0 | 0.2
CaCl;*2H>0 0.2

k11
StockIT (505 | ey 0.15
Vitamin solution 1 ml
Trace elements, I & I1 0.5 ml

Table S2. Composition of the “Vitamin solution” 1000x concentrated

Compound Concentration (g/L)
Biotin 0.106
Folic acid 0.005
Pyridoxal-HCl 0.0025
Lipoic acid 0.015
Riboflavin 0.0125
Thiamine HCI 0.266
Ca-D-Pantothenate 0.413
Cyanocobalamin (Vit. B12) 0.0125
P-aminobenzoic acid 0.0125
Nicotinic acid 0.0125
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Table S3. Composition of the “Trace elements I” solution 2000x concentrated

Compound Concentration (g/L)
FeClz*4H20 30
HCI (1 M) 77
MnClz*4H20 0.6
H3BO3 6.0
CoCl2*6H20 4.0
CuClz*H20 0.2
NiCl2*6H20 0.4
ZnS04*7H20 2.0

Table S4. Composition of the “Trace elements II” solution 2000x concentrated

Compound Concentration (g/L)
NazMo0+*2H20 ‘ 0.6
NazSe03 ‘ 0.2
NaOH (4 M) ‘ 3.1
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Step by step protocol for the batches

1.

10.

11.

12.

13.

14.

Add to a 500 ml beaker in this order (plan for minimal waste):
e 0.25 g yeast extract (except batch 1.H)

e Ethanol, i-Cs, acetate, i-C4 were added according to Table 1 and Table 2 in the
main manuscript: 50/25 mL 1.6M ethanol solution, 50/25 mL 65mM sodium
acetate trihydrate, 100/50 mL 325 mM (2-) / (3-) i-Cs

e 10 ml stock I (see composition in Table S1)

e 10 ml stock II (see composition in Table S1)

e 100 mL 50 g/L BES solution (except batch 1.G)

e 0.5 ml vitamin solution (see composition in Table S2)

e 0.25 ml trace element I solution (see composition in Table S3)

e 0.25 ml trace element II solution (see composition in Table S4)

. Add demi water up to 400 ml

Set pH to 6.5 (4M KOH)

. Transfer to a 500 ml flask
. Add 5 ml re-suspended cells

. Add demi water up to 500 ml

Stir shortly

. Transfer 150 ml to each batch bottles

. Take a sample from the batch reactors (5 ml)

Cap the batches

Replace the headspace at 1.5 bar with a gas exchanger, composition was 90 % N2z
and 10 % CO: for the first batch series (Table 1) and according to Table 2 for the
second batch series. Add one extra bottle in each cycle.

Measure the absolute pressure
Carry out headspace gas composition analysis of the extra bottle

Place the bottles in a 35°C shaking incubation cabinet
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Branched C; carboxylate determination

Standard low conc
A-methylhexanoic acid
S-methylhexanoic acid
Sample batch 2.0

=] o
= =
V8 =
= Vo
: n : n
 z  z
= =1
B 'E
"o n-C5 -
- -
V E VE nlce S-MHA.
e e ce 4-MHA
| | /\ ]\ |
1 H '
H H H
1 H '
H | I r +
— —f :
H 1 H
1 H '
1 1 i min
: . L
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9.60 9.80 10.00 10.20 10.40 10.80 10.80 11.00 11.20 11.42

Figure S1. Chromatogram showing the branched heptanoate produced is 5-methylhexanoate
(indicated in picture as 5-MHA). 4-MHA clearly has a different retention time and was not observed
as product throughout the experiments.
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Results and Discussion

I - Start-up II - Carrier III - COz incr. IV - CO2 decr.
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Figure S2. Gas partial pressures within the continuous reactor headspace.
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Figure S3. The graphs show the concentration profiles of batch 1.A to 1.F. Concentration profiles
of the metabolites that were present in very low concentrations (e.g. acetate, n-hexanol, b-
pentanol as well as i-C7 in a range between 0 and 25 mM C) are shown in Figure S4. Headspace
compositions are shown in Figure S5. Concentration profiles of the control batches are shown in

Figure S6.
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Figure S4. Concentration profiles of the first batch series for metabolites that were present at low
concentrations.
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Figure S5. Headspace compositions and pressures of the first batch series. Both methane and
oxygen overlap at around 0 %.
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Figure S6. Concentration profiles and headspace compositions of the two negative controls where
BES was left out (1.G) and where yeast extract was left out (1.H).
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Figure S7. Concentration profiles of the second batch series for metabolites that were present at
low concentrations.
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i-Cs and 6.5 mM C acetate (2.A)
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Figure S8. Headspace compositions and pressures of the second batch series. Both methane and

oxygen overlap at around 0 %.
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Figure S9. Concentration profiles of the third batch series for metabolites that were present at low
concentrations.
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i-Cs and 13 mM C acetate (3.A)
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Figure S10. Headspace compositions and pressures of the third batch series.
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Figure S11. Carbon balance of the continuous reactor and calculated excessive ethanol oxidation.
When the carbon balance drops below ~90% around day 100, the calculated excessive ethanol
oxidation rises increasingly. The explanation for this overestimated EEO is a mismatch between the
measured ethanol and fatty acids compared to what would be expected from the stoichiometry that
is used to calculate the EEO. It indicates that concentration measurements (for ethanol in
particular) might have been too low for phase 1V, leading to an overestimation of EEO and a
resulting mismatch in observed CE / calculated C2 formation.
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Figure S12. This figure illustrates a simplified interpretation (non-cooperative, Michaelis-Menten)
of the possible enzyme kinetics at play when acetate is present at a low concentration (Vi, blue),
while a branched carboxylate (V», red) is present at a high concentration. Values in this graph are
arbitrarily chosen and therefore not shown. The circles show where the conversion speeds would be
under acetate limited conditions, Vi being severely limited while V., would be operating at
maximum rates. At high acetate concentrations the relative speeds would be different leading to a
lower branched carboxylate elongation selectivity.
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Table S6. Overview of Gibbs formation energies for components used to calculate the Gibbs
reaction energies of the hydroxyl-carboxyl exchange reactions??°. The Gibbs formation energies are
based on chemical group contributions?®!, The formation energies of n-hexanol, isohexanoate and
isohexanol could not be found. However, during the hydroxyl-carboxyl exchange reactions, the
contribution to the reaction Gibbs energy difference comes from the difference between the AGf of
acetate/ethanol and the AGf of the larger carboxylate/alcohol pairs. The lengths of the hydrated
carbon atoms tails for n-pentanoate/n-pentanol and n-octanoate/n-octanol hardly contribute to the
AGf0 (-177.6 and 176.6 kJ mol! respectively) and the resulting A:G° (-11.3 and -12.3 kJ mol!
respectively). Therefore, the A/G° of the n-hexanoate to n-hexanol and the isohexanoate to
isohexanol hydroxyl-carboxyl exchange reactions was assumed to be -11.3 kJ mol-}, in line with
the hydroxyl-carboxylate exchange reactions for n-pentanoate and n-octanoate.

Component G AGPR Reaction AGO
kJ mol* | kJ mol! id mol

Acetate -367.9

Ethanol -179.0 -188.9

butyrate -352.6 hydroxyl-carboxylate exchange n-C4 + EtOH =2 n- 78

n-butanol -171.5 -181.1 C40H + C; ’

i-butyrate -340.9 hydroxyl-carboxylate exchange i-C4 + EtOH 2 i- 11.3

i-butanol -163.3 -177.6 C40H + C2

n-pentanoate -336.6 hydroxyl-carboxylate exchange n-Cs + EtOH -2 n- -11.3

n-pentanol -159.0 -177.6 CsOH + C>

n-octanoate -315.7 hydroxyl-carboxylate exchange n-Cg + EtOH =2 n- -12.3

n-octanol -139.1 -176.6 CsOH + C2

n-hexanoate -329.6
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