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Acetic acid is an essential industrial building block and can be produced by acetogenic
bacteria from molecular hydrogen (Ho) and carbon dioxide (CO,). When gasses are
supplied as substrates, bioreactor design plays an important role for their availability.
Trickle-bed bioreactors (TBs) have an enhanced gas-to-liquid mass transfer and cells
remain in the system by forming a biofim on the carriers. So far, TBs have been
investigated extensively for bio-methanation processes, whereas studies for their use
in acetic acid production are rare. In this study, we evaluated the reproducibility of two
parallel TBs for acetic acid production from H,:CO, (= 70:30) by a mixed culture with a gas
flow rate of 3.8 mL min~" and a medium flow rate of 10 mL min~". Additionally, the effect of
glucose addition during the starting phase on the resulting products and microbial
composition was investigated by setting up a third TB2. Partial medium exchanges to
decrease the internal acetic acid concentration (AAC) combined with recycling of
withdrawn cells had a positive impact on acetic acid production rates with maxima of
around 1 gL' d™" even at high AACs of 19-25 g L. Initial glucose addition resulted in the
accumulation of unwanted butyric acid up to concentrations of 2.60 + 0.64gL~". The
maximum AAC of 40.84 gL~" was obtained without initial glucose addition. The main
families identified in the acetogenic TBs were Peptococcaceae, Ruminococcaceae,
Planococcaceae, Enterobacteriaceae, Clostridiaceae, Lachnospiraceae,
Dysgonomonadaceae and Tannerellaceae. We conclude that a TB is a viable solution
for conversion of H,/CO, to acetate using an anaerobic enrichment culture.

Keywords: acetic acid, Ho/CO, conversion, gas fermentation, trickle-bed (bio) reactors, mixed culture, microbial
composition analysis

INTRODUCTION

Several renewable energies, like wind and solar power, are characterized by high fluctuations, as a
result of the prevailing conditions, and therefore demand storage solutions (Jafari et al., 2022; Polleux
et al.,, 2022). As such, technologies like the power-to-gas concept have been developed, contributing
to a flexible energy storage system (Mehrjerdi et al, 2022). The power-to-gas concept entails
producing electricity that is utilized to generate hydrogen gas (H,) through the electrolysis of water
(Gotz et al., 2016). Technologies for the storage of H, in turn, must be implemented, but have several
limitations since H, is highly flammable and may not be injected at high amounts in the already
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existing natural gas grid (Alamri and Alamri, 2009
Hadjipaschalis et al.,, 2009; Romeo et al., 2022). A promising
solution is the conversion of H, into liquid hydrocarbons, the so-
called power-to-liquid concept (Herz et al, 2021).
Thermochemical Fischer-Tropsch (FT) synthesis is a well-
established process for producing liquid hydrocarbons from
H, and CO/CO,. However, the required elevated temperatures
and pressures (200-350°C and 0.5-3 MPa) involve high power
input (Gupta et al., 2021). An additional major drawback is the
strong dependence on a suitable feed gas composition and purity
(Griffin and Schultz, 2012; Montoya Sanchez et al., 2022).

Microbial gas fermentation is considerably less dependent on
gas purity and gas composition, and, additionally, is significantly
less energy-intensive than FT synthesis (Munasinghe and Khanal,
2010; Griffin and Schultz, 2012). Currently, there are various
methods to capture CO, from flue gases (Bond et al, 2001;
Kanniche et al., 2010; Zhang et al., 2020) and the subsequent
fixation of CO, by microbial gas fermentation is beneficial with
respect to environmental issues. Some anaerobic bacteria catalyze
the conversion of gaseous H, and CO, into liquid products like
alcohols and acids such as formic acid and acetic acid (Abubackar
etal,, 2018; Cheng et al., 2018; Miiller, 2019; Xu et al., 2015). Being
an essential industrial building block that today is mainly
produced from fossil oil, the bioformation of acetic acid is a
cornerstone in the production of green chemicals and fuels
(Wagner, 2002; Cheung et al., 2012; Merli et al., 2021).

Acetic acid producing bacteria, so-called acetogens, are a
diverse group of anaerobic, autotrophic bacteria that utilize the
Wood-Ljungdahl pathway for energy conservation. This diverse
group has different morphologies, habitats, and physiological
properties to produce acetic acid from H, and CO,
(Schuchmann and Miiller, 2014). Up until 2013, acetogens
appeared in 21 genera, with Clostridium and Acetobacterium
comprising the highest number of acetogenic species (Drake et al.,
2013). Many studies have applied acetogenic pure cultures to
produce acetic acid (Hu et al., 2013; Kantzow et al., 2015; Groher
and Weuster-botz, 2016; Abubackar et al.,, 2018; Cheng et al,,
2018). However, the requirement of sterilization and the limited
metabolic capacity of pure cultures constrain the production of
acetic acid. The application of acetogenic mixed cultures, on the
other hand, is more attractive, due to the lack of a sterilization
requirement and the adaptive capacity resulting from the
microbial diversity (Kleerebezem and van Loosdrecht, 2007;
Zhang et al., 2013; Xu et al., 2015).

Several studies described that trickle-bed bioreactors (TBs)
have an enhanced gas-to-liquid mass transfer combined with low
power consumption (Klasson et al., 1992; Bengelsdorf et al,
2018). In TBs, cells remain in the system by forming a biofilm
on the carriers. The medium trickles downwards on the carriers
while gas flows counter- or co-currently (Bredwell et al., 1999).
TBs have been investigated for bio-methanation processes quite
extensively (Rachbauer et al., 2016; Ullrich et al., 2018; Burkhardt
etal, 2019), whereas studies for their use in acetic acid production
are rare (Klasson et al., 1990; Devarapalli et al., 2016; Devarapalli
et al., 2017). This study is the first to use acetogenic mixed
cultures in TBs. A question that comes up for large-scale
implementation of gas fermentation is the start-up phase of
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TBs. Initial glucose addition can be a tool to deplete the
remaining molecular oxygen (O,) in the system due to its
consumption by aerobic and facultative anaerobic organisms.
The depletion of O, not only enables the growth of obligate
anaerobic organisms, but also minimizes the risk of O, and H,
forming potentially explosive mixtures. Additional to their
autotrophic growth, most acetogens are capable of growing
heterotrophically (Schuchmann and Miiller, 2016). Hence,
another advantage of an initial glucose addition is that specific
growth rates of the desired acetogens are increased via their
heterotrophic metabolism. In the model acetogen Acetobacterium
woodii, only 0.3 mol of ATP per mole of acetic acid are generated
during autotrophic growth (Schuchmann and Miiller, 2014),
whereas 4.3 mol of ATP are generated during its heterotrophic
growth, converting 1 mol of glucose into 3 mol of acetic acid
(Schuchmann and Miiller, 2016).

In this study, we evaluated the reproducibility of 2 TBs for
acetic acid production from H, and CO, utilizing mixed cultures.
Initial glucose addition (pretreatment) and partial medium
exchange(s) (MEs) were applied over the course of the
fermentations. The influence of glucose addition on the
resulting products and microbial composition was investigated
by setting up a third TB without pretreatment. Acetic acid
production rates (AAPRs) were determined at different ranges
of acetic acid concentration (AACs) to provide a knowledge base
for future continuous processes. Recycling of cells which were
suspended in the withdrawn liquid phase during MEs was
investigated, as well as the AAPR potential of solely the
immobilized biofilm-forming cells.

MATERIALS AND METHODS

Media

The ingredients (Supplementary Table S1) were dissolved one by
one in RO water while stirring. Fermentation medium
(henceforth referred to simply as medium) was used for all
TBs and contained variable amounts of yeast extract (YE) and
8gL™' 2-bromethane-sulfonic acid (BES) to suppress
methanogens. For the vitamin solution, vitamin K1 and lipoic
acid were dissolved in 1 mL 96% ethanol, Niacin in 1 mL RO-
water, and Hemin in 1 mL 1 mol L' NaOH before adding them
into the purchased Kao & Michayluk vitamin solution
(PhytoTech Labs, USA). A whole-cell conversion (WCC)
medium without essential nutrients for cell growth was
applied for biofilm investigation. Ready-made media were
purged with gaseous nitrogen (N,) for at least 30 min before
introducing them into the bioreactors to ensure anoxic
conditions.

Set-Up of Three Parallel Trickle-Bed

Bioreactors

Three parallel trickle-bed bioreactors (TB1-3, Figure 1) consisted
of glass columns, with an empty column volume of 387 mL each,
a diameter of 3.3 cm and a total height of 45 cm. The packing
height of the carriers (Bioflow nine PE black, RTV Process
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contained magnetic stir bars, and peristaltic pumps (12).

FIGURE 1 | Schematic drawing of three parallel TBs with gas cylinder (1), MFC (2), gas distributer (3), liquid traps (4), humidification flasks (5), MGCs (6), three
columns with heating jackets (7), sampling ports (8), pressure balancing tubes (9), three medium collection flasks (10) which were located on magnetic stirrers (11) and

Equipment GmbH, Germany) was 33.5 cm. The gas volume of
each packed column was 316 mL. The ends of the glass columns
were closed with screw caps (GL45, DURAN Group, Germany)
which contained a lid-element with three quick connectors
attached to tubing (PUN-H-6x1, FESTO, Germany) for the
equal distribution of gas entry and gas exit as well as medium
circulation.

After trickling through the columns, the medium (400 mL)
was drained and collected in closed 1 L medium collection flasks.
From there, the medium was continuously recirculated to the
column at a rate of 9.8 mL min~" using a peristaltic pump (PD
5201, Heidolph, Germany). Three tubes were connected to each
medium collection flask: a medium drain tube, a circulation tube,
and a pressure balancing tube. The medium circulation tubes split
up in two before entering on the tops of the columns to dispense
the medium over the carriers more homogeneously. The drain
tube contained a three-way valve for liquid sampling (sampling
port). The pressure balancing tube between the bottom of the
column and the medium collection flask ensured pressure
equalization and facilitated drainage. Heating jackets were
wrapped around the columns and medium collection flasks to
regulate the temperature to 30 + 1°C. The temperature was
monitored online in the medium collection flasks. The pH was
adjusted to 7 + 0.3 once per day with 4 mol L' NaOH.

The gas flow rate from the gas cylinder (H,:CO, = 70:30,
Linde, Ireland) was controlled via a mass flow controller (MFC,
type 8,711, Biirkert, Germany). A self-constructed gas distributor
distributed the gas flow equally over the three columns. The gas
passed liquid traps to protect the gas distributor and MFC in case

unwanted overpressure should occur in the following
humidification flasks where the gas was saturated by sparging
through RO-water. The gas entered the columns at the bottom
end and exited on the top before passing milligascounters (type:
MGC-1 V3.4 PMMA, Ritter, Germany) for gas consumption
measurement. The gas flow rate through each column was set to
3.8 + 0.4 mL min . The gas flow rate was determined prior to the
experiments via the MGCs downstream of the columns when the
TBs were filled with water.

Inoculation of Trickle-Bed Bioreactors With

Pretreatment

Two trickle-bed bioreactors (TB1 and TB2) were filled with
400 mL of medium containing 2gL™" YE and 1gL™" glucose
to enhance O, depletion and specific growth rates of acetogens.
After flushing the bioreactors for 1 h with substrate gas at 9.2
0.4 mL min~' per TB, 10 mL of mixed culture inoculum 1, were
introduced through the sampling port. The gas flow rate was
reduced to 3.8 + 0.4 mL min~" per TB. After 2 days, an additional
1gL™" glucose was added to each bioreactor. After 5 days, the
medium was completely exchanged with 400 mL of medium
containing 2gL™" YE. To start the main acetic acid
production phase, 10 mL of mixed culture inoculum 2 were
introduced to each bioreactor. Inoculum 1 varied from
inoculum 2 (Supplementary Table S2), as it was
supplemented with sewage sludge from the aeration tank of
the municipal sewage plant in Tulln, Austria. During the main
acetic acid production phase, partial medium exchanges (MEs)
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TABLE 1 | Percentages of medium that were exchanged at different time points
during fermentations of TB1-3.

ME1 ME2 ME3
% On day % On day % On day
TB1 50 ih 22 39 12 46
B2 50 iRl 9
B3 —* —* 35 28 21 35
Cell recycling No No Yes

*Start of fermentation.

were conducted (described in Medium Exchanges). For microbial
composition analysis, 10 mL of liquid sample was withdrawn
from each TB. Samples of days 28 and 36 (MCA1) were pooled
together as well as samples of days 57 and 64 (MCA?2) to gain an
insight on acetic acid production and respective microbial
composition over a time range of 1 week, instead of the snapshots.

Inoculation of Trickle-Bed Bioreactor

Without Pretreatment

To investigate the effect of initial glucose addition on the
fermentation, the third bioreactor (TB3) was filled with
400 mL medium containing 0.5gL™" YE and inoculated with
10 mL of inoculum 2 without the preceding addition of glucose
and inoculum 1. Before inoculation, the bioreactor was gassed
with substrate gas at 28 + 0.1 mL min~" for 3 h to exchange the
gas volume of the medium flask and column. The fermentation
was started at the same time as ME1 was conducted in TB1 and
TB2 (Table 1). In TB3, only ME2 and ME3 (explained in Medium
Exchanges) were conducted. For microbial composition analysis,
10 mL liquid samples were withdrawn. Samples of days 16 and 24
were pooled together as well as days 45 and 52, similar to the
samples from pretreatment TBs.

Medium Exchanges

MEs are listed in Table 1. For ME1-3, the medium with 0.5 g L™
YE was introduced. During MEI, half of the medium was
exchanged to reduce the YE concentration in TB1 and TB2. In
contrast to ME1 and ME2, cells from the withdrawn liquid phase
were recycled during ME3 by centrifuging. The pellet was
resuspended in the fresh medium.

Potential of Acetic Acid Production in
Biofilm

To investigate the AAPR of solely the biofilm that built-up on the
carriers, the medium was completely exchanged in TB1 and TB2
on day 67 and in TB3 on day 56. The fresh medium lacked
essential nutrients (WCC medium, Supplementary Table S1).
The cells in the withdrawn medium were not recycled back into
the bioreactors. The biofilm remained untouched on the carriers
of the bioreactors. The investigation was conducted for 1 week. At
the end of the investigation, the bioreactors were opened and
samples of biofilm were gathered from the carriers for microbial
composition analysis.

Acetogenic Trickle-Bed Bioreactors

Analytical Methods

Optical density (ODggg) was measured at 600 nm in 1mL
cuvettes (VWR, United States) using a spectrophotometer (DR
2800, Hach-Lange GmbH, Germany). The pH was measured
offline with a pH-meter (FiveEasy/pH/mV, Mettler Toledo,
Switzerland). Volatile fatty acids including acetic acid, butyric
acid, and propionic acid as well as ethanol were quantified using
high pressure liquid chromatography (Agilent 1,100 Series HPLC
System with G1362A refractive index detector, Agilent
Technology, CA USA) as previously described by Rachbauer
et al. (2016).

16S rBRNA Gene Amplicon Sequencing

All samples were frozen in liquid nitrogen and stored at —80°C.
The samples were shipped on dry ice to the University of Vienna
for microbial composition analysis. The microbial composition of
the samples was obtained through amplicon sequencing of the
V3-V4 region of the prokaryotic ribosomal small subunit (16S)
gene. Primer design for amplicon sequencing is described
elsewhere (Caporaso et al, 2010). The primer sequences
containing adaptors are represented in Supplementary Table S3.

Sample Preparation

DNA was extracted using a modified version of the protocol by
Griffiths et al. (2000). Details can be found in Supplementary
Chapter 1.3.2. Nucleic acid quantification was performed with
NanoDrop (NanoDrop Technologies, USA) and DNA from the
samples was stored at —20°C until analysis. The PCR parameters
and reagents were optimized according to the S7 Fusion DNA
polymerase (Biozym, Oldendorf, Germany). Details are shown in
Supplementary Chapter 1.3.3. Each sample was amplified in
triplicate and after the amplification, they were checked with
electrophoresis. The triplicates were combined, and purified
using the QIAquick PCR purification kit (Qiagen,
Netherlands) according to the manufacturer’s instructions.
Cleaned DNA for sequencing was quantified using a
Qubit™2.0 Fluorometer (Invitrogen) using the dsDNA HS
Assay Kit. Equimolar ratios of DNA from the individual
samples were prepared and 16S rRNA gene amplicon
sequencing was performed on an Ilumina MiSeq (paired-end
300-bp reads) at the Vienna Biocenter Core Facilities (VBCF).

Data Analysis

After the raw data was retrieved from the sequencing facility, the
qualities of thel6S amplicon sequences from each sample were
checked using FastQC (Andrew, 2020). The sequence reads
(https://www.ncbi.nlm.nih.gov/sra/PRINA791644) were
processed with the QIIME2 (v.2018.11) (Bolyen et al., 2019)
and the variants were predicted using the DADA2 (Callahan
et al., 2016) pipeline within QIIME2. For taxonomic annotations
the VSEARCH (Rognes et al., 2016) tool with the SILVA (v. 132)
(Quast et al., 2013) database was used. The alpha diversity and the
phylogeny-based measures of the samples were calculated in
QIIME2. Relative abundance was calculated as the number of
sequences affiliated with that taxonomic group divided by the
total number of sequences per sample and visualized using
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FIGURE 2 | (A) AAC (solid lines) and (B) BAC (dashed lines) and ethanol concentration (dotted lines) during acetic acid production in TB1 (grey circles) and TB2
(black squares) with MEs 1-3 (vertical lines); time intervals (1.) for calculation of AAPR after MEs; time intervals for microbial composition analysis (MCA).

45 55 65
Time /d

ME 2 ME3

Time /d

SigmaPlot version 13.0. Statistical analyses were performed using
SigmaPlot version 13.0.

RESULTS AND DISCUSSION

Trickle-Bed Bioreactors With Pretreatment
Pretreatment With Glucose for O, Depletion

Before inoculation, glucose was added to TB1 and TB2 at a
concentration of 1 gL' to enhance O, depletion by aerobic and
facultative anaerobic microorganisms. This procedure was
repeated on day 2. Glucose was completely consumed within
1 day. Until day 5, AAC continuously increased to 2.65 g L' and
2.50 g L™! in TBI and TB2, respectively (Supplementary Figure
S1B). Propionic acid accumulated until day 5 to 0.18 gL ™" and
0.62gL ™" in TB1 and TB2, respectively (Supplementary Figure
S1C). Lactic acid production and its subsequent consumption
was observed within 1 day in both bioreactors (Supplementary
Figure S1D).

Main Acetic Acid Production Phase

For the main acetic acid production phase, the medium was
exchanged completely for the medium with 2 gL™" YE without
glucose, and inoculum 2 was added to the bioreactors. Within
1 week, ODgyy reached 0.44 and 0.49 in TB1 and TB2,
respectively. Subsequently, the ODgy (Supplementary Figure
§2) decreased to 0.05 and 0.15 in TB1 and TB2 by the end of the
fermentation while acetic acid (Figure 2A) was continuously
produced. This indicates that the cells were successfully

immobilized on the carriers rather than suspended in the
liquid medium. Due to the acidification and readjustment, the
pH fluctuated between 5.5 and 7.0. This sort of pH regulation is
an effective tool to reduce product inhibition due to decreased
levels of undissociated acetic acid at pH-values above 6 (Wang
and Wang, 1984; Sakai et al., 2005).

Initially, AAC progressed similarly in TB1 and TB2. In the 1%
week of the main acetic acid production phase until ME1 (where
medium was 50% exchanged with medium containing 0.5 g L™
YE), TB1 and TB2 produced 4.53 gL ™" and 4.27 gL' of acetic
acid, respectively, while ethanol accumulated to about 1 gL ™" in
both bioreactors (Figure 2B). By the end of the experiment, AAC
increased to maxima of 31.19 g L™ in TB1 and 28.79 g L ™" in TB2.
Gas consumed  throughout the fermentations
(Supplementary Figure S3), except in TBI1 in the week after
ME3, where the output gas flow was up to 20% higher than the
input gas flow. The reason could be gas production by
microorganisms or the release of a preceding unintended
overpressure build-up directly after ME3. The latter could
have added to the increased AAPR in TB1 compared to TB2
during interval 4 (I.4) as seen in Table 2 (Demler and Weuster-
Botz, 2011).

Analysis of the C-balances between days 5 and 67
(Supplementary Tables S4, 5) showed that minima of 69%
and 66% of C contained in acetic acid must be derived from
CO, rather than from liquid components in TB1 and TB2,
respectively. According to literature, the C content of YE was
estimated by 0.4 gg™' (Holwerda et al., 2012; Thompson et al.,
2017). The total input of C contained in the YE was 32 and

was
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TABLE 2 | Calculated AAPRs over time intervals (. and MCA) and corresponding AACs for TB1 and TB2.

TB1
Interval Days AAPR/g L™ d™"

1.1 5-11 0.82

1.2 12-18 0.88

MCAT1 27-35 0.59

1.3 40-46 0.44

1.4 47-53 0.64

MCA2 56-63 0.47

31 mmol while the total output of C contained in acetic acid was
429 mmol and 368 mmol in TB1 and TB2, respectively, between
day 5 and 67.

Between ME1 and ME2, ethanol concentrations in both
bioreactors initially stayed at high levels. Ethanol peaks of
122gL ™" on day 11 in TBI and 1.30 gL' on day 25 in TB2
were followed by a complete consumption of ethanol in both
bioreactors. Meanwhile, butyric acid concentrations (BAC)
increased to 2.15gL”" and 3.05gL”' in TBl and TB2,
respectively, until the end of the experiment. To summarize,
TB2 produced slightly less acetic acid but more butyric acid than
TBI1. Butyric acid could be produced from acetic acid with
ethanol as electron donor (Steinbusch et al., 2011).

The goal for ME2 and ME3 was to readjust the AAC to
15-20 g L', AAPRs were calculated for time intervals (Ls) after
each ME at varying AACs (Table 2). The highest AAPRs
(0.88gL™'d™" in TB1 and 0.92gL 'd™" in TB2) were reached
after ME1 when AAC was between 3-8 g L™". At higher AAC,
AAPRs decreased. This is in line with reported product inhibition
by Kantzow et al. (2015), where inhibition of the acetogen
Acetobacterium woodi started at AACs of 8-12gL™'. For
product purification, a higher AAC in the withdrawn medium
is favored (Uribe Santos et al., 2020). In a study by Sakai et al.
(2005), cell recycling combined with product removal was a
suitable strategy to compensate for product inhibition in
repeated batch cultures with Moorella thermoacetica.
Therefore, recycling of cells from the withdrawn liquid phase
was conducted during ME3 to evaluate if AAPR could be
increased at higher AACs. Cell recycling during ME3 had a
positive impact on AAPR versus without cell recycling during
ME2. At AACs of 17-21gL™", AAPRs increased from 0.44 to
0.64 gL~'d"" in TB1 and from 0.32 t0 0.42 g L'd"" in TB2 during
1.3 and L4, respectively.

Microbial Composition Analysis
Microbial composition analysis was performed to confirm the
presence of acetogens in TB1 and TB2. AAPR during time
intervals between pooled samples (MCA1 and MCA2) were
calculated (Table 2). Similar to the results presented in Main
Acetic Acid Production Phase, TB1 showed 27 and 40% higher
AAPRs than TB2 during MCA1 and MCA2, respectively. While
in total 32% more butyric acid accumulated in TB2 compared to
TB1, despite the equal starting conditions for both TBs. Microbial
composition analysis was conducted to elucidate the findings.
To identify the microbial composition at a high accuracy, a
targeted amplicon study was conducted. The V3-V4 region was

TB2
AAC/g L™ AAPR/g L™ d™’ AAC/g L
0.01-4.53 0.76 0.03-4.27
3.22-8.22 0.92 2.87-8.25

14.51-19.85 0.43 15.47-19.55

18.73-21.23 0.32 18.56-20.58
16.90-20.91 0.42 18.17-20.76
22.70-26.06 0.28 22.66-23.82

selected for microbial composition analysis. This region is
considered the most effective for paired-end sequencing with
increasing coverage for long sequences and one of the most
frequently targeted regions of the 16S rRNA gene (Mizrahi-
Man et al.,, 2013; Franzén et al., 2015). Hence, Illlumina MiSeq
sequencing technology (paired-end 300-bp reads) based on the
16S rRNA gene (V3-V4 region) was applied to assess the changes
in the consortium, and identify the differences between the MCAs
in TB1-2 and TB3.

The main families identified in the microbial composition

analysis of TBs were Enterobacteriaceae, Clostridiaceae,
Ruminococcaceae, Lachnospiraceae, Peptococcaceae,
Planococcaceae, Dysgonomonadaceae, Tannerellaceae

(Figure 3A). The overview of relative abundances can be
found in Supplementary Table S6. Methanogens were not
detected due to the fact that BES was added to the
fermentations (Supplementary Table S1). As expected, due to
equal starting conditions, the presence of these organisms was
similar in TB1 and TB2, and altered (either decreased or
increased) comparably from MCA1 to MCA2. However, even
though the trend was the same, the degree of alteration of
microbial composition varied.

In TBI, families Enterobacteriaceae, Tannerellaceae and
Clostridiaceae 1, decreased by 4.4, 2.5 and 2.9% from MCALI
to MCA2, while in TB2 these ratios were 2.3, 9.5 and 10.7% from
MCAl1 to MCA2, respectively. Enterobacteriaceae and
Tannerellaceae are known to produce acetic acid from glucose
(Sakamoto et al., 2007; Octavia and Lan, 2013). Initial glucose
addition might have stimulated the early growth of
Enterobacteriaceae and Tannerellaceae, while their presence
started to decreased once glucose was completely depleted
after day 5 in TB1 and TB2. A drastic decrease in the
Clostridiaceae 1 family, which contains acetogens, resulted in
an 8% reduction of maximum AAC in TB2 compared to TBI.
There was no obvious reason why this drastic decrease occurred
in TB2 but not in TB1. Potentially, Clostridiaceae 1 were outrun
by other organisms in TB2. Ruminococcaceae, for example,
increased by 12.9% from MCA1 to MCA2 in TB2, but only by
9.0% in TBI1. Ruminococcaceae contain butyrate producing-
bacteria (Esquivel-Elizondo et al., 2017), reasonably explaining
the 32% higher butyric acid amount in TB2 compared to TB1.

A significant  decrease  of  Peptococcaceae  and
Peptostreptococcaceae by 27.6 and 11.9% was observed in TB1
and TB2, respectively. Some species of Peptococcaceae and
Peptostreptococcaceae are known to metabolize amino acids,
YE and/or glucose to H,, CO, and short chain fatty acids
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FIGURE 3 | (A) Microbial composition of TB1 and TB2 with pretreatment during intervals MCA1 and MCA2. (B) Microbial composition of TB3 without pretreatment
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including acetic acid and butyric acid (Rogosa, 1971; Slobodkin,
2014). Their decrease is consistent with the depletion of initially
added glucose and the YE reduction during the MEs.

Other Firmicutes (Planococcaceae, Lachnospiraceae) and
Bacteroidetes (Dysgonomonadaceae) increased. Planococcaceae
perform incomplete oxidation of organic compounds to acetic
acid (Robertson et al., 2001; Spring and Rosenzweig, 2006;
Villemur et al., 2006). Their increase can be explained by the
addition of 2gYEL™ during ME one and addition of 0.
5g YEL™' during MEs 2-3. It has been shown that acetate is
predominantly produced by the phylum Bacteroidetes, whereas

butyrate is the main product of the phylum Firmicutes (Ismail
etal., 2011). Most acetogens, which produce acetic acid from H,/
CO,, belong to the class of Clostridia of the phylum Firmicutes,
including the families Lachnopsiraceae and Clostridiaceae (Drake
et al,, 2008), explaining the increase of Lachnospiraceae in both
TBs. However, a higher increase of Lachnospiraceae by 4.5% was
observed in TB1 compared to 2.0% in TB2. Higher percentages of
Clostridiaceae 1 and Lachnospiraceae in TB1 (7.4 and 5.3%,
respectively) compared to TB2 (1.5 and 3.2%, respectively)
explain the higher AAPR of 0.47gL™" d™' in TB1 compared
to 0.28gL™" d”' TB2 during MCA2.
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TABLE 3 | Calculated AAPRs over time intervals (1. and MCA) and corresponding
AACs for TB3.

TB3
Interval Days AAPR/g L™ d™" AAC/g L

12 1-7 1.12 0.18-6.64

MCA1 16-24 0.72 15.09-22.08
13 29-35 0.67 19.74-23.47
1.4 36-42 1.08 19.17-25.50
MCA2 45-52 0.76 28.74-34.25

Trickle-Bed Bioreactor Without

Pretreatment

Main Acetic Acid Production Phase

In TB3, the main acetic acid production phase started directly with
inoculum 2 and proceeded without initial glucose addition with
0.5 gL_1 YE. The ODg increased to a maximum of 0.48 after
14 days and afterwards gradually decreased to 0.10 by the end of the
fermentation (Supplementary Figure S4) while acetic acid was
continuously produced (Figure 4A), indicating that the cells were
immobilized in the column.

After a short lag phase of 2days, AAC accumulated to
2736 gL ™" until ME2. Butyric acid accumulated to 0.93 gL ™",
whereas ethanol was not detected (Figure 4B). TB3 reached a
high final AAC of 40.84 g L™" with a still-rising trend. Xu et al.
(2015) investigated acetogenic mixed cultures in 1 L serum bottles
and reached a maximum AAC of 57gL™" with daily pH
adjustment. The highest maximum AAC reported for
acetogenic pure culture was 59 g L™ with A. woodii (Kantzow
et al,, 2015). We hypothesize that similar high AACs could have
been reached in TB3 with a prolonged process time. Wang et al.
(2017) reported a maximum AAC of 424g¢g L™ with a
thermophilic (55°C) mixed culture in hollow-fiber membrane
(HEM) bioreactors. Similar to our study, butyric acid was the
other byproduct.

Analysis of the C-balance (Supplementary Table S7) showed
that a minimum of 85% of C contained in acetic acid must have
derived from CO, rather than from liquid components. The total
input of C contained in YE was 11 mmol while the total output of
C contained in acetic acid was 651 mmol in TB3, from day 1 to
day 56. Gas consumption was noticed throughout the
fermentation (Supplementary Figure S5).

As for TB1 and TB2, the goal for ME2 and ME3 was to reset the
AAC to 15-20 g L™". AAPRs were calculated for time intervals after
MEs (Table 3) as in experiments with pretreatment (Main Acetic
Acid Production Phase). The highest AAPR (1.12 gL_1 d™h) was
observed during the 1% week 1.2. AAPRs decreased with elevated
AACs without cell recycling. Cell recycling from the withdrawn
liquid phase during ME3 must be highlighted here as it enabled
similarly high AAPR (1.08 g L' d™") at a significantly elevated AAC
of 19-25 g ", The AAPR during 1.4 increased by 61% compared to
1.3 without cell recycling.

Microbial Composition Analysis
The microbial composition of TB3 contained the same main
families as TB1 and TB2 (Microbial Composition Analysis of

Acetogenic Trickle-Bed Bioreactors

Trickle-Bed  Bioreactors ~With  Pretreatment). However,
community structure altered differently in TB3, which we
attribute to the lack of pretreatment (initial glucose addition)
in TB3, in direct contrast to TB1 and TB2. The overview of
relative abundances can be found in Supplementary Table S8. In
contrast to TB1 and TB2 with pretreatment, where butyric acid
producing Ruminococcaceae increased (Microbial Composition
Analysis  of Trickle-Bed Bioreactors With Pretreatment),
Ruminococcaceae decreased by 11.1% from MCA1 to MCA2
in TB3 (Figure 3B). Hence, in total 57 and 70% less butyric acid
accumulated in TB3 compared to TB1 and TB2, respectively.
Also, percentages of families Enterobacteriaceae and
Tannerellaceae, which produce acids from glucose (Octavia
and Lan, 2013; Duysburgh et al, 2019), decreased by 9.9 %
and 5.2%, respectively, from MCA1l to MCA2 in TB3, likely
due to the lack of pretreatment.

The families Dysgonomonadaceae, Peptococcaceae and
Planococcaceae, on the other hand, increased by 2.9, 9.7 and
13.0% from MCAI1 to MCA2. Dysgonomonadaceae belongs to
the phylum Bacteroidetes which is known for acetic acid
production  (Ismail et al, 2011). Additionally, the
Peptococcaceae population, that oxidizes propionate to acetate,
formate, and H,, might be dominant in TB3 (Miiller et al., 2010).
As said in Microbial Composition Analysis of Trickle-Bed
Bioreactors With Pretreatment, some of the members of the
Planococcaceae perform incomplete oxidation of organic
compounds to acetate (Robertson et al, 2001; Spring and
Rosenzweig, 2006; Villemur et al., 2006). Hence, the increase
of Dysgonomonadaceae, Peptococcaceae and Planococcaceae
could be an indication for the higher AAPR of 0.76 gL ™" d™'
in TB3 (Table 3) compared to 0.47 gL' d ' and 0.28 gL' d' in
TB1 and TB2 (Table 2) during MCA2.

In contrast to TB1 and TB2, the percentage of Clostridiaceae 1
did not decrease but stayed at 3.6%, while Lachnospiraceae
increased by 3.0% from MCA1l to MCA2 in TB3. Many
members of the Clostridiaceae 1 and Lachnospiraceae are
prominent acetogens, producing acetic acid from H,/CO,
(Drake et al, 2008). Their presence explains the higher
maximum AAC in TB3 (31 and 42% compared to TB1 and
TB2) as observed in our results in main acetic acid production
phases of Trickle-bed bioreactors with and without pretreatment.

Additionally, the Peptococcaceae population that oxidized
propionate to acetate, formate, and H,, might be dominant in
TB3 (Miiller et al., 2010). As said in Microbial Composition
Analysis of Trickle-Bed Bioreactors With Pretreatment, some of
the members of Planococcaceae perform incomplete oxidation of
organic compounds to acetate (Robertson et al., 2001; Spring and
Rosenzweig, 2006; Villemur et al., 2006). This could be another
indication for higher AAC, although less YE was added to TB3
than to TB1 and TB2.

Comparison of Fermentations With Versus
Without Pretreatment

In contrast to TB3, TB1 and TB2 received pretreatment in the
form of the initial addition of glucose and inoculation with
inoculum 1 which was supplemented with sewage sludge.
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Aerobic and facultative anaerobic organisms were supposed to
deplete O, and subsequently decrease under the anaerobic and
almost autotrophic conditions of the main acetic acid production
phase. On day 5, the medium was completely exchanged to a
medium with 2gL™" YE, to enhance the formation of an
acetogenic biofilm, and inoculation with inoculum 2 was
conducted. At this point, TB3 was started with 0.5gL™" YE
and inoculated with inoculum 2. Subsequently, the YE
concertation was only lowered in TB1 and TB2 during partial
medium exchanges with a medium containing 0.5gL™" YE.
Hence, the TB1 and TB2 contained more non-CO, C-sources,
especially in the starting phase.

TB1 and TB2 developed similarly regarding the accumulation
of acetic acid and butyric acid (Main Acetic Acid Production
Phase of Trickle-Bed Bioreactors With Pretreatment) as well as
regarding the microbial composition (Microbial Composition
Analysis  of Trickle-Bed Bioreactors With Pretreatment).
Whereas TB3 developed differently (Main Acetic Acid
Production Phase and Microbial Composition Analysis of
Trickle-Bed Bioreactor Without Pretreatment). C-balance
analysis (Supplementary Sections 2.1.4 and 2.2.3) showed that
acetic acid was successfully produced in all TBs from H,/CO,. In
TBs with pretreatment, C contained in acetic acid constituted
90 + 3% of total C contained in produced volatile fatty acids, while
C contained in butyric acid was 10 + 3%. Relatively fewer side
products and more acetic acid accumulated in TB3 without
pretreatment, where C contained in acetic acid constituted
97% of total C contained in the produced volatile fatty acids,
while C contained in butyric acid was only 3%. Wang et al. (2017)
also observed the side-production of butyric acid during
conversion of H,/CO, to acetic acid with thermophilic mixed
culture. However, acetic acid still accounted for ca. 99% of total
volatile fatty acids, while their medium did not contain YE and
glucose at all. In summary, the enhanced formation of side
product (butyric acid) at the expense of acetic acid production
seems to overshadow the beneficial effect of initial glucose
addition for O, depletion as well as of YE addition for
enhancing the acetogenic biofilm formation.

AAC lag phases of about 2 days occurred in both scenarios
(with and without pretreatment). Hence, the pretreatment and
higher amounts (2gL™") of YE did not promote early AAPR.
Direct inoculation to 0.5gL™" YE without glucose addition
resulted in the highest AAPR, of 1.12gL™" d', during the
main acetic acid production phases (achieved in TB3). Similar
observations were made in a previous study, where the decrease of
YE concentration from 0.5 to 0.25gL™" during acetic acid
production with A. woodii did not affect the AAC lag phase
(Steger et al., 2017).

Cell recycling from withdrawn culture broth had an
accelerating effect on AAPR in all TBs during ME3, indicating
that cells in the liquid phase contributed to AAPRs, additionally
to immobilized cells in the columns. Thereby, initially high AAPR
(1.12gL™" d™") was fully regained at significantly higher AAC
(19-25gL™") in TB3. In TB1 and TB2, initially high AAPRs
(0.90+0.03 g L' d™) were only partly regained after ME 3 with
0.53 + 0.16 gL' d ™" at higher AAC (18-21 gL™"). The positive
effect of cell recycling or retention combined with product

Acetogenic Trickle-Bed Bioreactors

TABLE 4 | Calculated AAPRs over biofilm investigation of TB1, TB2 and TB3 with
corresponding AACs.

B Days Final ODgoo AAPR/g L' d™! AAC/g L™
TB1 67-75 0.22 0.90 2.51-9.01
B2 67-75 0.36 1.15 2.69-11.15
B3 56-64 0.16 0.82 3.36-10.02

removal was already shown by other studies (Suzuki et al,
1993; Sakai et al, 2005; Kantzow et al, 2015; Steger et al.,
2017). Kantzow et al. (2015) used a CSTR with a submerged
HFM module to increase the biomass of A. woodii and to reach
one of the highest AAPRs reported so far during continuous
fermentation (146.8 gL™" d™'). However, membrane blockage
might be a challenge when HFM is applied for cell retention.
Suzuki et al. (1993) increased the mean AAPR from 0.60 g L'd™!
in batch mode to 0.76 gL™" d™" in repeated batch mode with
flocculated cells of A. woodii. Steger et al. (2017) reached a
constant AAPR of 12gL™" d' when A. woodii was
immobilized on linen in a continuous CSTR fermentation.

At the end of the fermentations, AAC in TB3 was about
10gL™" higher than in TB1 and TB2, with 40.84 gL', In the
literature, similarly high AACs were reached with mixed culture
by Xu et al. (2015) with 57gL_1 and Wang et al. (2017) with
424¢L™", both without the addition of YE and glucose,
confirming the observation made during the current study,
that YE addition counteracts the accumulation of acetic acid
with mixed culture in TB systems as well.

AAPR Potential of Biofilms

The medium was completely exchanged in all three bioreactors
and substituted with WCC medium without essential nutrients
for cell growth to investigate the AAPR potential of solely the
biofilms on the carriers for 1 week. In all 3 TBs, ODgq, increased
from about 0.1 to 0.22, 0.36 and 0.16 in TB1, TB2, and TB3,
respectively (Supplementary Figure S6), indicating that cells
detached from the biofilm. However, residues of the old
medium might have permitted little growth of microorganisms
as MEs were conducted without washing steps.

Final BACs were low with 0.42 g L™,0.51 gL', and 0.26 g "
in TB1, TB2, and TB3, respectively (Supplementary Figures S7B,
D). Ethanol formation was not detected in all TBs. Acetic acid was
produced in all 3 TBs indicating that acetogens were successfully
retained in the biofilms in the columns. AACs increased after a lag
phase of about 2 days in TB1-3 (Supplementary Figures S7A, C),
as already seen during the main acetic acid production phases of
TB1-3 (Figure 2A and4a). TB2 showed the highest increase of
ODgqo together with the highest AAPR of 1.15gL™" d™' during
this study (Table 4). AAPR seemed to correlate with ODgq as
TB3 showed the lowest AAPR of 0.82 g L™' d™' together with the
lowest ODgqp. This result was surprising because, initially, TB3
produced more acetic acid than TB2 (Figures 2, 4). One possible
explanation is that acetic acid was also formed by acetogens that
were suspended in the liquid phase of the TBs, which would
explain the positive effect of cell recycling during MEs. Microbial
composition of the biofilms was similar for the 3TBs
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(Supplementary Figure S8). The main families were
Peptococcaceae, Tannerellaceae, Clostridicaea 1,
Ruminococcaceae, Planococcaceae and Enterobacteriaceae. The
overview of relative abundances can be found in Supplementary
Table S9. Potential roles of these families were already discussed
in microbial composition analysis of Trickle-bed bioreactors with
and without pretreatment. Especially Clostridiaceae 1, which are
well-known for their acetic acid production (Drake et al., 2008),
were found in higher percentages in the biofilms (11.6, 5.1 and
7.4% in TB1, TB2 and TB3) than in the liquid phases of the TBs
during the MCA2 (7.4, 1.5 and 3.6% in TB1, TB2 and TB3).

SUMMARY AND CONCLUSION

The current study proves that TBs are convenient systems for
the production of acetic acid from H, and CO, achieving high
AACs (at least 40.84 g L") and AAPRs (upto1.15¢g Ltah.
Higher AAPRs were reached when AACs were below 8 gL ™.
However, recycling of cells from withdrawn liquid phase
during medium exchanges could compensate for product
inhibition regarding AAPR. Acetogens were successfully
retained in the biofilms in the columns, whereas, the cells in
the liquid phase added a significant amount to AAPR. Thus, we
recommend the recycling of withdrawn cells during
continuous or semi-continuous mode in the starting phase
of the fermentation.

The microbial composition of the liquid phases developed
comparably in 2 TBs with pretreatment (glucose addition). On
the contrary, microbial composition altered differently in the
third TB without pretreatment. Inoculation to almost autotrophic
conditions (0.5 g L' YE) without pretreatment was advantageous
over initial glucose addition and higher amounts of YE (2 gL™).
Glucose and YE addition did not, as hypothesized, shorten the
lag-phase of acetogens, but increased the growth of non-acetic
acid producers and therefore the formation of side products
(butyric acid and ethanol).

YE was not contained in the added medium during the
investigation of the AAPR potential of the biofilms. However,
acetic acid was produced at AAPRs of up to 1.15 g L' d”! within
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