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Abstract: Clostridium ragsdalei was found to produce (S)-2-hydroxyisovalerate (2-HIV) as a novel
product in addition to acetate, ethanol, and D-2,3-butanediol in heterotrophic (D-xylose), autotrophic
(CO), and mixotrophic (D-xylose + CO) conditions. Mixotrophic batch processes in stirred-tank
bioreactors with continuous gassing resulted in improved production of this alpha-hydroxy acid
compared to batch processes solely with either D-xylose or CO. The maximal CO uptake rate was
considerably reduced in mixotrophic compared to autotrophic processes, resulting in a concomitant
decreased total CO2 production. Simultaneous conversion of 9.5 g L−1 D-xylose and 320 mmol CO
enabled the production of 1.8 g L−1 2-HIV in addition to 1.1 g L−1 D-2,3-butanediol, 2.0 g L−1 ethanol,
and 1.8 g L−1 acetate. With reduced initial D-xylose (3.1 g L−1), L-valine production started when
D-xylose was depleted, reaching a maximum of 0.4 g L−1 L-valine. Using L-arabinose or D-glucose
instead of D-xylose in mixotrophic batch processes reduced the 2-HIV production by C. ragsdalei.
Considerable amounts of meso-2,3-butanediol (0.9–1.3 g L−1) were produced instead, which was not
observed with D-xylose. The monomer 2-HIV can form polyesters that make the molecule attractive
for application as bioplastic (polyhydroxyalkanoates) or new composite material.

Keywords: 2-hydroxyisovalerate; 2-hydroxy-3-methylbutyric acid; polyhydroxyalkanoates; PHA;
Clostridium ragsdalei; syngas fermentation; D-xylose; meso-2,3-butanediol

1. Introduction

The synthesis of value-added molecules from fossil resources comes along with the
production of greenhouse gases [1]. Especially, the use of microorganisms as whole-cell
biocatalysts is an alternative to the classical chemical synthesis processes of producing fine
chemicals, pharmaceuticals, platform chemicals, or biofuels from renewable resources [2,3].
The vast variety of microorganisms existing in nature offers very diverse characteristics
based on their genetic features. Depending on the target product, the production strain has
to be decided, and an optimal process design is needed. The standard whole-cell biocata-
lysts are aerobic microorganisms using respiration for energy supply, such as Escherichia
coli [4,5], Corynebacterium glutamicum [6,7] or Pseudomonas putida [8], with the exception
of ethanol fermentation by yeasts. Moreover, Cupriavidus necator is prominent in regards
to polyhydroxyalkanoate (PHA) production [9,10]. Less thoroughly explored are strictly
anaerobic and acetogenic microorganisms since their growth requirements entail compli-
cated laboratory handling for a long time. Nonetheless, the ability of acetogenic bacteria to
fix gaseous substrates into alcohols is a remarkable characteristic that can be beneficial for
the chemical industry, and a few acetogens, such as Acetobacterium woodii [11], Clostridium
ljungdahlii [12], and Clostridium autoethanogenum [13], have already been well investigated.
The mutants of C. autoethanogenum are used nowadays for the industrial-scale production
of ethanol [14,15].
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In this study, the Gram-positive bacterium Clostridium ragsdalei [16], an acetogen that is
genetically close to C. autoethanogenum and C. ljungdahlii [17], attracted our attention, as it is
less researched than the other two but is also able to produce ethanol and D-2,3-butanediol
as platform chemicals, using CO, CO2, and H2 as gaseous substrates [18]. In regards
to its autotrophic growth behavior, results had shown that sulfide supply improved the
alcohol production in general [19], and a specific dissolved CO concentration, which was
dependent on the applied CO partial pressure and the bioreactor power input, optimized
the alcohol production [20]. Using a trickle-bed reactor was also beneficial for the ethanol
production by C. ragsdalei [21].

Moreover, the bacterium is able to convert various acids into their corresponding
alcohols [22]. Many studies about C. ragsdalei focused on optimizing the fermentation
medium to improve the alcohol production. For example, adding biochar to the medium
that was derived from biowastes, such as poultry litter [23] or switchgrass and red cedar [24],
provided many nutrients that increased the ethanol yield. Replacing yeast extract with corn
steep liquor was also possible and increased the final ethanol titer [25,26]. Varying the trace
metal concentration in the medium can control the product distribution as well [27]. In the
respective study, the researchers found that increasing the Ni2+, Zn2+, SeO4

−, and WO4
−

content in ATCC medium increased the ethanol production and improved the growth of
C. ragsdalei.

For carbon fixation during autotrophic growth with CO or CO2/H2, C. ragsdalei uses
the linear reductive acetyl-CoA pathway (the Wood–Ljungdahl Pathway, WLP) [17]. Within
the methyl branch, the carbon in the CO2 is sequentially reduced to a methyl group (bound
to tetrahydrofolate) and then combined with a carbonyl group together with Coenzyme
A to form the central intermediate acetyl-CoA. The carbon can enter the pathway as CO2
or CO because the carbon monoxide dehydrogenase enables the conversion of CO to CO2
or vice versa. Biomass, acetate, ethanol, and D-2,3-butanediol are synthesized as the main
products from acetyl-CoA. For a more detailed description and illustration of the WLP, the
reader is referred to the literature [28–31].

The WLP is very energy efficient in regards to carbon fixation, as it only requires one
ATP that is recovered by acetate production from acetyl-CoA [32]. To produce biomass
and building blocks, the cell is dependent on further ATP production through an energy
conservation system. Here, H2 and CO play a major role as electron donors in produc-
ing reduced ferredoxin, which is the key reducing equivalent in acetogenic bacteria for
ATP production and redox balance [28,33]. The electrons in the reduced ferredoxin are
transferred to another electron acceptor in parallel to the establishment of an ion gradient
across the membrane, and the energy for ATP synthesis by an ATPase is drawn either
from a proton or a Na+ gradient (chemiosmotic ion gradient-driven phosphorylation [28]).
Two different energy conservation systems have been found: the Ech-complex [34,35] and
the Rnf-complex [36]. The latter one was also found in C. ragsdalei [17]. CO-converting
bacteria, including C. ragsdalei, directly use the energy from CO to CO2 oxidation to reduce
ferredoxin by the carbon monoxide dehydrogenase, making CO a more favored substrate
over CO2/H2 from a thermodynamic point of view [32,33].

Apart from the autotrophic properties, C. ragsdalei is known to use heterotrophic
carbon sources as well, such as xylose, fructose, sucrose, and glucose [16]. In general,
hexoses are metabolized via glycolysis to pyruvate that is converted to acetyl-CoA by a
puruvate:ferredoxine oxidoreductase (PFOR) [37]. Pentoses are transformed to fructose-6-
phosphate and glyceraldehyde-3-phosphate within the pentose phosphate pathway to be
channeled into glycolysis [37]. During this oxidative part of the metabolism, NAD(P)+ and
ferredoxin are reduced. These must be regenerated in the reductive part of the metabolism.
For comparison, aerobes use the electron transport chain to finally transfer the electrons to
oxygen. Acetogenic bacteria use the WLP to reduce CO2 (or CO) to acetate. Regarding sole
autotrophic growth, H2 or CO are oxidized to generate reducing equivalents, such as NADH
and reduced ferredoxin [28]. Here, different enzyme complexes with electron-bifurcating
functions allow the coupling of endergonic and exergonic reduction reactions [38], such
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as the hydrogenase HydABC in A. woodii [39], the HytA-E in C. autoethanogenum [40],
or the Nfn complex in C. ljungdahlii or C. autoethanogenum [41,42]. The carbon fixation
through the WLP is the reductive part, and the production of acetate, ethanol, and D-2,3-
butanediol consumes reducing equivalents as well [43]. Considering the carbon source,
organotrophic or lithotrophic, the ATP yield is different [44]. However, balancing all the
components involved in redox homeostasis is still difficult since the enzymatic constitution
for some reactions of the WLP or redox metabolism is still not unraveled, especially for
C. ragsdalei. The reliable redox potential of the involved ferredoxins remains unknown [28].
For A. woodii, C. ljungdahlii, and C. autoethanogenum, many findings exist, and calculations
in regards to the ATP yield were performed assuming the participation of certain redox
mediators [28,33,41]. In summary, the redox metabolism is very important for acetogenic
bacteria as it determines the product spectrum, which is also dependent on the reduction
degree of the used carbon source [43,45].

The metabolic conversion of organotrophic substrates releases CO2. Therefore, the
idea of coupling heterotrophic growth with CO2 fixation through acetogenic bacteria under
mixotrophic conditions is reasonable in terms of decreasing CO2 emissions and creating a
circular carbon economy [46]. From another perspective, the additional consumption of
energy-rich sugar sources could be advantageous since autotrophic growth occurs under
energy-limited conditions [28]. However, the WLP offers a very efficient redox and energy
economy that might allow an optimized mixotrophic process design using acetogenic
bacteria to channel the carbon from heterotrophic and lithotrophic sources into target
products without (or reduced) CO2 production [46].

Mixotrophic fermentation using sugars and synthesis gas components (CO, H2, and
CO2) is less investigated, but studies have already revealed that regulation within the cell
can hamper the co-utilization of various substrates, and these mechanisms differ signifi-
cantly between acetogenic bacteria. A. woodii is able to consume fructose, CO2, and H2 in
parallel [47], and the increased amount of fixed carbon was reflected by higher biomass and
acetate production. Using the same cultivation conditions without CO2 in the gas phase,
growth was disabled, indicating an inhibition by H2. In the same study, Clostridium aceticum
was also inhibited by H2, but that was pH dependent, and no significant gas consumption
was observed during fructose usage, a sign for a downregulated WLP. Moreover, C. ljung-
dahlii was shown to consume fructose, CO2, and H2 simultaneously, and the respective
study gave insights to its mixotrophic behavior [48]. On the one hand, the utilization of
the autotrophic substrates by C. ljungdahlii was still dominant. On the other hand, the
Nfn complex was not important for the redox economy under mixotrophic conditions.
However, studies on the CO conversion in parallel to the fructose consumption are miss-
ing. Further aspects were evaluated in investigations with Clostridium carboxidivorans [49],
where heterotrophic chemostats (glucose) were fed with different gas mixtures. Similar
to C. aceticum [47], H2 feeding did not induce its consumption, but CO supply, either as
part of synthesis gas or purely, enabled its parallel utilization to glucose. Interestingly, the
carbon efficiency was lower when CO and glucose were consumed together in comparison
to heterotrophic growth, indicating that the CO to CO2 reduction served partly to produce
reduced ferredoxin.

Looking one step further, mixotrophic process designs using sugars and (waste) synthe-
sis gas from the gasification of biomass [50] or electrolytic techniques [20,51] as substrates
for acetogenic bacteria offer an opportunity for carbon-efficient production processes. Plant
residues as natural carbon storage consist of (ligno)cellulosic polymers that can be de-
graded to their monomeric sugars. These serve as substrates for yeasts to be converted to
ethanol [52]. In general, the released sugars can be used for any fermentation process. Here,
one critical issue remains: the pretreatment of the plant biomass (mechanical, heat, or enzy-
matic) to achieve high monomeric sugar yields without inhibitors for microbial growth [53].
The above-mentioned studies focused on the mixotrophic consumption of hexoses. Nev-
ertheless, pentoses, such as D-xylose or L-arabinose, are building blocks of hemicellulose,
and their fraction in residual plant waste varies depending on the plant source.
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Not every microorganism is able to use pentoses, but their conversion is essential for
good carbon efficiency when using plant-based biomass. Mann et al. [54] demonstrated
that simultaneous conversion of CO and D-xylose by wild-type C. autoethanogenum was ben-
eficial, and in a recent study, C. autoethanogenum converted CO and L-arabinose to 9.5 g L−1

ethanol, 2.2 g L−1 D-2,3-butanediol, and 1 g L−1 meso-2,3-butanediol in mixotrophic batch
processes [55]. Another possibility is to engineer bacteria or yeasts towards pentose uti-
lization to enable parallel consumption with hexoses without catabolite repression [56–58].
Examples of Saccharomyces cerevisiae used to produce isobutanol, 2,3-butanediol, and 3-
hydroxypropionic acid from D-xylose were reviewed by Lee et al. [59].

Since the isolation of C. ragsdalei, it is known that this bacterium can convert D-
xylose [16], but no studies on defined mixotrophic processes exist. To gain more insights,
this study aimed to focus on the behavior of C. ragsdalei under mixotrophic conditions
using D-xylose as a heterotrophic substrate and an artificial synthesis gas mixture as an
autotrophic source in batch-operated stirred tank bioreactors with continuous gassing. In
the first mixotrophic batch process, the product 2-hydroxyisovalerate (2-HIV) was newly
discovered to be synthesized in considerable amounts besides acetate, ethanol, and D-2,3-
butanediol. Therefore, reaction engineering studies were conducted with C. ragsdalei in
controlled batch processes using different initial D-xylose concentrations with a defined
synthesis gas mixture containing CO, CO2, and H2 to investigate the product distributions.
Differences between autotrophic, heterotrophic, and mixotrophic growth in regards to the
product distribution were analyzed eventually. In addition, mixotrophic batch processes
with L-arabinose and D-glucose were performed for comparison.

2. Materials and Methods
2.1. Identification of 2-HIV as a Novel Product of C. ragsdalei

The unknown product found on the HPLC chromatogram (see Figure 1) was isolated
according to the following procedure: The final fermentation sample (10 mL) from the
mixotrophic process using an initial D-xylose concentration of 9.6 g L−1 was lyophilized
(Lyophilizer Alpha 1–2 LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode
am Harz, Germany), resuspended in 1 mL of reverse osmosis (RO) water, and filtered
(0.2 µm size exclusion). The concentrated sample (100 µL) was loaded on a carbohydrate-
analysis column (Aminex HPX-87H, Biorad, Munich, Germany), installed in a HPLC
(LC2030C-Plus, Shimadzu, Kyoto, Japan). Formic acid (10 mM) was used as the mobile
phase, and the analytes of the sample were separated isocratically on the column (T = 60 ◦C)
at a volume flow of 0.6 mL min−1. Following this, the fraction of the unknown by-product
was collected manually. The procedure was performed several times until around 30 mL
fraction was collected. The fraction was lyophilized again and resuspended in 1 mL of
MS-grade water. Finally, the pure and concentrated sample could be analyzed using NMR
spectroscopy (see Figure 1), and the molecular weight was verified using mass spectroscopy.

All one- (1H, 13C) and two-dimensional NMR measurements (1H, 1H correlation
spectroscopy (COSY); 1H, 13C heteronuclear single-quantum coherence (HSQC); 1H, 13C
hetero-nuclear multiple-bond correlation (HMBC)) for structure verification were con-
ducted at 300.15 K on an Avance NEO 500 MHz System (Bruker, Rheinstetten, Germany)
equipped with a cryoprobe (CP 2.1 TCI). Data acquisition and analysis were performed us-
ing TopSpin 4.1.1 software (Bruker, Rheinstetten, Germany). 1H NMR (500 MHz, methanol-
d4, H,H COSY) δ (ppm): 0.84 [d, 3H, J = 6.9 Hz, H-C(4a)], 1.0 [d, 3H, J = 6.9 Hz, H-C(4b)],
2.05 [m, 1H, H-C(3)], 3.77 [d, 1H, J = 3.3 Hz, H-C(2)]. 13C NMR (125 MHz, methanol-d4,
HSQC, HMBC) δ (ppm): 15.2 [CH3, C(4a)], 18.8 [CH3, C(4b)], 31.6 [CH, C(3)], 76.8 [CH,
C(2)], 179.9 [C, C(1)]. For the determination of specific optical rotation, the polarimeter
Jasco P-2000 Digital Polarimeter (Jasco Deutschland GmbH, Pfungstadt, Germany) with a
5 cm cuvette was employed. The aperture was set to 1.8 mm.
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Figure 1. H,H COSY NMR spectrum of 2-hydroxyisovalerate (2-HIV; 2-hydroxy-3-methylbutyric
acid), isolated and purified from the fermentation broth, and the HPLC Chromatogram (Aminex-
87H analysis column, Biorad, Munich, Germany) of a filtered fermentation sample with a maximal
2-HIV concentration. Details about collecting 2-HIV from the fermentation broth are described in
the methods Section 2.1. The analyte concentrations in the HPLC standard were 0.4 g L−1 sodium
formate, 2 g L−1 sodium acetate trihydrate, 1 g L−1 2-HIV, 0.4 g L−1 D-2,3-butanediol (2,3-BD), and
1 g L−1 ethanol. Equal sample amounts were loaded on the HPLC analysis column.

Samples were dissolved in deionized water and measured at room temperature (22 ◦C).
The isolated compound showed the same optical activity/direction of polarization as the
reference compound (2S)-2-hydroxy-3-methylbutyric acid.

2.2. Microorganisms, Media, and Inoculum Preparation

C. ragsdalei was ordered from the German Collection of Microorganism and Cell Cul-
tures GmbH (DSM No. 15248, DSMZ GmbH, Braunschweig, Germany). The freeze-dried
sample was used to inoculate anaerobic cultivation medium according to the procedure
recommended by DSMZ GmbH. The anaerobically grown culture was aliquoted to Hun-
gate tubes using 10% (v/v) glycerol or 5% (v/v) DSMO, and the tubes were stored at
−80 ◦C. The fermentation medium for inoculum preparation and the batch processes was
composed according to Doll et al. [60]. The pre-cultivation medium was prepared with
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15 g L−1 2-(N-morpholino)ethanesulfonic acid (MES) as a buffer in a 2 L batch, boiled
for 20 min, purged with N2 for 20 min, and was then aliquoted to 0.5 L anaerobic bottles
in an anaerobic glove box. Afterward, the anaerobic bottles were sterilized by autoclav-
ing. Cysteine-hydrochloride as a reducing agent and D-xylose stocks were prepared with
anaerobic water and autoclaved as well.

The two-step inoculum preparation has already been described [20]. For inoculation
and to achieve an initial cell dry weight concentration of 0.030–0.035 g L−1 in the bioreactor,
the required volume of the second autotrophic pre-culture (gas mixture: 1.2 bar CO, 0.4 bar
CO2, and 0.4 bar H2) was centrifuged and resuspended in 10 mL of anaerobic PBS buffer.

2.3. Batch Processes in a Continuously Gassed Standard Stirred Tank Bioreactor

All mixotrophic batch processes with D-xylose were conducted in a 2 L standard
stirred tank bioreactor (Labfors, Infors AG, Bottmingen, Switzerland) with 1 L working
volume. The bioreactor was fully controlled (pH 5.5, T = 32 ◦C, n = 1200 min−1, volumetric
power input P V−1 = 11.8 W L−1) and equipped with baffles and two Rushton turbines.
The pH was measured with a sterilizable probe (405-DPAS-SC-K8s/120, Mettler Toledo,
Giesen, Germany). The vessel was continuously gassed with a defined synthesis gas
mixture (200 mbar CO, 200 mbar CO2, 200 mbar H2, and 400 mbar N2) using a gas volume
flow of 5 NL h−1 (ambient pressure). The gas volume flows were controlled either by a
compact module (WMR, Westphal Mess-und Regeltechnik, Offenbach, Germany) or by
four independent mass flow controllers (F-201CV-500 RGD-33-V, Bronkhorst High Tech
B.V., Ruurlo, The Netherlands), depending on the used bioreactor station.

The stirred tank bioreactor was autoclaved with RO water. Afterwards, the reactor
was connected to the control station, and 5 NL h−1 N2 purging was started. The water
was replaced by an autoclaved fermentation medium (without vitamins) using aseptic
methods. The sterile filtrated vitamin solution was added via a septum, and the vessel was
anaerobized for at least one hour with N2. Overnight, the bioreactor was conditioned with
the desired synthesis gas mixture.

Mixotrophic batch processes with L-arabinose and D-glucose were conducted in a
different bioreactor using the same working volume of 1 L as before. The geometry of
the other reaction vessel, a 2.4 L stainless steel stirred-tank (KLF2000, Bio-Engineering,
Wald, Switzerland), differed slightly as the reactor diameter was smaller, resulting in a
higher volumetric power input (P V−1 = 15.1 W L−1). Due to excess gas supply and only
small gas conversion in mixotrophic fermentations, the dissolved gas concentrations are
not limiting for C. ragsdalei so that the different power inputs of the reactors did not affect
the CO uptake rate and the bacterial growth. The stirred tank was sterilized in place with
the fermentation medium (121 ◦C for 21 min at pabs = 2.2 bar), and vitamins were added
aseptically after sterilization. The same probes were used for pH and redox measurements
as described before.

Prior to inoculation, 0.4 g L−1 L-cysteine-HCl was always added from an anaerobic
stock as a reducing agent under aseptic conditions, as well as the anaerobic D-xylose,
L-arabinose, or D-glucose solution for the mixotrophic batch process.

2.4. Product Quantification

Regular samples were taken in the batch processes. For calculating the cell dry weight
concentration (CDW), the optical density at 600 nm was converted to CDW using a device-
specific OD600-CDW correlation. Concentrations of the sugar, acids, and alcohols were
determined by HPLC (LC2030C-Plus, Shimadzu, Kyoto, Japan) using filtered fermentation
samples (0.2 µm size exclusion). Analytes were separated on a carbohydrate-analysis
column (Aminex HPX-87H, Biorad, Munich, Germany) using a constant volume flow
(0.6 mL min−1) of 5 mM H2SO4. A refractive index detector (RID-20A, Shimadzu, Kyoto,
Japan) detected the analytes, and using an external standard calibration, the peak areas
were converted to the respective concentration values.
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L-valine was also quantified by HPLC using a different analysis method but the
same instrument. Amino acids were derivatized prior to analysis that was automated by
the HPLC instrument. A total of 1 µL of the filtered fermentation sample (0.2 µm size
exclusion) was added to a destination vial (65.8 µL of a 40 mM bicine buffer solution
(pH 10.2) containing 0.34 mM 3-mercaptopropionic acid). Next, 2 µL of an iodoacetic
acid solution (3.5 mM in 40 mM bicine) and then 7 µL of an o-phthaldialdehyde solution
(OPA) were added to the destination vial. The OPA solution was prepared by dissolving
100 mg OPA in 5 mL methanol and 5 mL 40 mM bicine buffer (pH 10.2), adding 65 µL
3-mercaptopropionic acid, and diluting it ten times. Between each pipetting step of the
derivatization procedure, the sample was mixed 3 times using a mixing volume of 25 µL,
and the reaction mixture was incubated for 1 min. Finally, 10 µL of the mixture was
loaded on the analysis column (Gemini C18 column, 150 mm × 4.6 mm × 5 µm, 110 Å,
Phenomenex Ltd., Aschaffenburg, Germany). The flow rate of the mobile phase was
1 mL min−1, and the column temperature was controlled to 40 ◦C. A 20 mM NaH2PO4
solution was used as solvent A, and in the analysis method, a gradient was applied with
solvent B (methanol/acetonitril/water = 45%/45%/10% (v/v/v)) according to the certain
profile: 0–3 min 100% solvent A, 8.5 min 75% solvent A, 30 min 60% solvent A, 30.02 min 0%
solvent A, 32 min 0% solvent A, 34 min 20% solvent A (increased flow rate to 1.2 mL min−1),
38 min 100% solvent A (flow rate 1 mL min−1), and 43 min 100% solvent A.

2.5. Off-Gas Analysis

A mass flow meter (F-111B-500-RGD-33-E, Bronkhorst, High Tech B.V., Ruurlo, Nether-
lands) measured the mass flow of the off-gas before it was analyzed online by gas chro-
matography (490 Micro GC or 450 Micro GC, Agilent Technologies, Waldbronn, Germany).
Both micro GCs were equipped with different analysis columns. The 490 micro GC model
consisted of a COX column to analyze CO, H2, and CO2, and the 450 micro GC had one
molecular sieve 5A column to separate CO, H2, and N2 and a PlotPQ column to quantify
CO2. In both micro GCs, analytes were detected by thermal conductivity.

The resulting peak areas were converted to the respective gas shares using an external
calibration with defined gas mixtures. If N2 was not measured (490 micro GC), the N2 share
was calculated by subtracting the other gas shares from the absolute pressure. For each
measurement, the mixing gas conversion factor was calculated to correct the off-gas mass
flow. The factor considered the individual gas calibration parameters and the measured gas
shares. Multiplying the measured exhaust gas volume flow by the factor, each gas volume
flow (CO, H2, CO2, and N2) could be calculated. The gas uptake rates were determined
by subtracting the actual volume flow from the initial volume flow and conversion to
[mmol L−1 h−1]. To attain total gas consumption in mmol, the rate was integrated over
time using a 10 min increment.

2.6. Carbon and Electron Recoveries

The consumed D-xylose amount and final product concentrations were converted
to [mmol C L−1]. Finally, total produced carbon (biomass, 2-HIV, acetate, ethanol, 2,3-
butanediol, and L-valine) was related to the total consumed carbon (CO, D-xylose, and
yeast extract) to determine carbon recoveries. Using the reduction degrees of the substrates
and products, including H2, the respective electron recoveries could be calculated.

3. Results
3.1. 2-HIV Production by C. ragsdalei in Autotrophic, Heterotrophic, and Mixotrophic Batch
Processes with D-Xylose

Autotrophic batch processes have been performed previously with C. ragsdalei, study-
ing the influence of pH, temperature, sulfide, and pCO on process performance [19,20].
In the HPLC chromatograms for the analysis of carbohydrates and alcohols, an unknown
peak was always present in the data of the autotrophic batch processes, but with a ne-
glectable small peak area. Performing the first mixotrophic batch process with D-xylose
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and synthesis gas as substrates revealed that these conditions supported the synthesis
of the so-far unknown product, identified later as 2-hydroxy-3-methylbutyric acid (or
2-hydroxyisovalerate) by NMR analysis. Polarimeter measurements with the purified
molecule revealed that the (S)-enantiomer was produced by C. ragsdalei. In the following
experiments, batch processes were conducted in a fully controlled standard stirred tank
bioreactor (pH 5.5, 32 ◦C, and n = 1200 min−1) with continuous gassing. The mixotrophic
batch process using 9.5 ± 0.4 g L−1 D-xylose initially was then compared to the het-
erotrophic conditions using 4.8 or 9.2 g L−1 D-xylose. Moreover, the already published
autotrophic reference process [20] was included, this time with four instead of two repli-
cates, together with the final quantification of 2-HIV. The respective results are presented in
Figure 2.

Mixotrophic conditions enabled the production of 2-HIV with up to 1.8 ± 0.2 g L−1

after a process time of 6 d. When D-xylose was depleted after 4 d, the production of 2-HIV
stopped. Under autotrophic conditions at 200 mbar CO, finally 1.1 ± 0.3 g L−1 2-HIV was
produced by C. ragsdalei after 6 d. Pure heterotrophic conditions enabled the synthesis of
2-HIV as well, but the autotrophic and mixotrophic 2-HIV production started earlier. In
the case of the autotrophic batch process, the end of the exponential growth phase was
almost reached at a biomass concentration of around 0.4 g L−1 CDW when the 2-HIV
synthesis started at a process time of 1.7 d. Under mixotrophic conditions, C. ragsdalei was
still in the exponential growth phase at t = 0.8 d when 2-HIV synthesis began. Consuming
4.8 g L−1 D-xylose in the heterotrophic batch process, 2-HIV could be detected only in the
end in tiny amounts, whereas a higher initial sugar concentration of 9.2 g L−1 D-xylose
enabled a longer total process time and therefore a higher final 2-HIV concentration. At the
time of stopping the heterotrophic process with a higher availability of D-xylose, the sugar
was not completely consumed, but regarding the 2-HIV concentration at t = 4.8 d, 0.7 g L−1

was produced in comparison to 1.1 ± 0.3 g L−1, gained from CO as a sole carbon source in
the autotrophic batch process.

Product formation kinetics with regard to the other fermentation products, acetate,
ethanol, and D-2,3-butanediol, exhibited several variations. The time course of the acetate
concentration, both for the autotrophic and mixotrophic processes, is divided into two
phases, but the phase durations differ. For the mixotrophic case, the acetate production
rate is high until the end of the exponential growth phase that was reached at t = 1.5 d and
then slowed down until the end of the batch process, resulting in 1.8 ± 0.7 g L−1 acetate.
In the autotrophic batch process, acetate increased with increasing CDW concentration
until the maximum was achieved at t = 3 d and stayed constant until the end of the batch
process. However, the maximal acetate concentration of 2.7 ± 0.4 g L−1 is in the same range
as the mixotrophic process, and that was also true for the final acetate concentration in the
heterotrophic process.

Mixotrophic ethanol production started with a delay after 0.4 d and was synthesized
up to 2.0 ± 0.8 g L−1 ethanol as long as D-xylose was available, similar to the production
of 2-HIV. Autotrophic ethanol production was detected after 1 d, and synthesis continued
for further 5 days, which was growth-decoupled, so that maximal 4.5 ± 0.4 g L−1 ethanol
was measured. Interestingly, the ethanol production rate was similar under autotrophic
and mixotrophic conditions within the exponential growth phase. During heterotrophic
growth, ethanol was produced at a lower level, generally. With 4.8 g L−1 D-xylose, ethanol
was synthesized in parallel to biomass and acetate. A higher amount of 9.8 g L−1 D-xylose
rather served for biomass and acetate production, and at higher CDW concentrations, for
the production of the longer-chained products D-2,3-butanediol and 2-HIV.

The D-2,3-butanediol production started together with the 2-HIV synthesis at t = 0.8 d
in the mixotrophic process. In the end, a maximum of 1.1 ± 0.3 g L−1 D-2,3-butanediol was
reached. D-2,3-butanediol was also synthesized continuously under autotrophic conditions,
but the production started later in the end of the exponential growth phase (t = 1.5 d).
Finally, 0.81 ± 0.10 g L−1 D-2,3-butanediol was attained by autotrophic growth and differed
not significantly from the mixotrophic process.
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The D-xylose consumption kinetics revealed further differences between the mixotrophic
and heterotrophic growth with 9.8 g L−1 D-xylose. Both curves showed a sigmoidal decay
behavior, but simultaneous CO consumption led to a faster D-xylose decrease. It took
4.5 d for total sugar utilization, whereas in heterotrophic growth, the residual D-xylose
concentration was 3 g L−1 at this process time.

Moreover, the exhaust gas was analyzed online by gas chromatography, and the gas
uptake rates for heterotrophic, autotrophic, and mixotrophic growth in relation to time are
depicted in Figure 3.
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Figure 3. Gas uptake rates in autotrophic, heterotrophic (D-xylose), and mixotrophic batch processes
in stirred tank bioreactors with continuous gassing. In autotrophic and mixotrophic processes, the
synthesis gas mixture was composed of 20% (v/v) CO, CO2, and H2 each and 40% (v/v) N2. The
heterotrophic processes were conducted with 90% (v/v) N2 and 10% (v/v) CO2 (Fgas,in = 5 L h−1,
32 ◦C, pH 5.5, and n = 1200 min−1). The data for the mixotrophic and autotrophic processes represent
the results of one representative process with three (mixotrophic) or four (autotrophic) replicates.

The CO uptake rate was substantially reduced to 2.9 ± 1.0 mmol L−1 h−1 during
mixotrophic growth, whereas an uptake rate of 13.2 ± 2.5 mmol L−1 h−1 was reached
during autotrophic growth at maximal CDW concentration. That correlated with a de-
creased CO2 production rate of 3.4 ± 0.5 mmol L−1 h−1 under mixotrophic conditions
in comparison to 8.2 ± 0.9 mmol L−1 h−1 during growth solely using CO. Significant H2
uptake or production was not observed.

During heterotrophic D-xylose utilization, CO2 and H2 were released in parallel. Due
to the higher growth rate in the process using initially 4.8 g L−1 D-xylose, the maximal
gas production rates were higher (1.4 mmol L−1 h−1 H2 and 2.3 mmol L−1 h−1 CO2,
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respectively) than in the heterotrophic process using 9.2 g L−1 D-xylose. In both cases,
the production rates rose until the maximal CDW concentration was achieved. In the
heterotrophic process with initially 9.2 g L−1 D-xylose, a total production of 52 mmol H2
and 67 mmol CO2, respectively, was observed, whereas 4.8 g L−1 D-xylose resulted in a
gas release of 36 mmol H2 and 47 mmol CO2. Sugar depletion was reflected by a rapid
drop in the gas production rates when 4.8 g L−1 D-xylose was supplied. Using initially
9.2 g L−1 D-xylose, the sugar was not completely consumed after 4.8 d, and therefore, no
sudden decrease in the CO2 and H2 production was observed.

In summary, heterotrophic (D-xylose), autotrophic, and mixotrophic batch fermenta-
tions with C. ragsdalei proved the production of 2-HIV. However, the product distribution
differed as autotrophy supported growth-decoupled ethanol production, and mixotrophy
resulted in a carbon flow towards the longer-chained product 2-HIV. Simultaneous CO and
sugar conversion were observed in mixotrophic cultivations, but sugar availability reduced
CO utilization.

3.2. Mixotrophic Batch Processes with Various Initial D-Xylose Concentrations

Using 9.5 ± 0.4 g L−1 D-xylose, the 2-HIV production seemed to stagnate in the
stationary growth phase so that no growth-decoupled production was observed. Therefore,
we assumed that a higher 2-HIV concentration cannot be achieved in our mixotrophic
batch process design. Moreover, the CO consumption was significantly reduced with sugar
supply. Consequently, we reduced the initial D-xylose concentration with C. ragsdalei to
study the effect on the product distribution and the CO consumption. Following this, initial
D-xylose concentrations of 7.3 g L−1, 4.7 ± 0.1 g L−1, and 3.1 ± 0.4 g L−1 were tested (see
Figure 4).

Reducing the initially supplied D-xylose concentration, decreased the final 2-HIV con-
centration to 1.1 g L−1, 1.2 ± 0.1 g L−1, and 1.3 ± 0.4 g L−1, respectively (Figure 4). In the
mixotrophic batch processes with 7.3 g L−1 and 9.5 ± 0.4 g L−1 D-xylose, the 2-HIV produc-
tion ceased with sugar depletion. On supplying 4.7 ± 0.1 g L−1 or 3.1 ± 0.4 g L−1 D-xylose,
growth-decoupled 2-HIV synthesis was observed.

Biomass, acetate, ethanol, and D-2,3-butanediol formations were very similar for
all mixotrophic processes shown in Figure 4. Independent of the initial sugar concen-
trations, 2–3 g L−1 ethanol, 0.55 g L−1 CDW at the maximum, and 0.6–1.3 g L−1 D-2,3-
butanediol were measured. In contrast, the supply of 3.1 ± 0.4 g L−1 D-xylose increased
the maximal CDW concentration to 0.63 ± 0.1 g L−1 and the final acetate concentration
to 3.3 ± 0.8 g L−1. Comparing specific product yields between the different mixotrophic
processes, the ethanol yield was not dependent on the sugar concentration, as 4.0 ± 0.6,
4.4 ± 1.1, 3.8, and 3.7 ± 1.2 gEthanol gCDW

−1 were determined with 3.1 ± 0.4, 4.7 ± 0.1, 7.3,
and 9.5 ± 0.4 g L−1 D-xylose, respectively. A small increase in the 2,3-butanediol yield
(1.1 ± 0.4, 1.1 ± 0.2, 1.5, and 2.1 ± 0.8 g2,3BD gCDW

−1) was observed with the highest
D-xylose supply, but the effect was not substantial. For 2-HIV, the trend was significant.

Since L-valine differs from 2-HIV by the presence of an amino group instead of the
2-hydroxy group of 2-HIV, we searched for L-valine in the fermentation broth of C. ragsdalei.
For the mixotrophic process conducted with initial 4.7 ± 0.1 g L−1 D-xylose, L-valine
could be quantified only for two replicates. On adding less than 9.5 ± 0.4 g L−1 D-xylose,
L-valine production was detected in mixotrophic processes. The less sugar was supplied,
the earlier L-valine synthesis started and the higher its final concentration was. Using
3.1 ± 0.4 g L−1 D-xylose, up to 0.42 ± 0.17 g L−1 L-valine was produced until the end of
the process.

As shown before, a high sugar supply (>4.7 g L−1) under mixotrophic conditions led
to a reduced CO uptake compared to the autotrophic batch process. It was evident that the
higher the initial D-xylose concentration, the lower the maximal CO uptake rate.
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D-xylose. L-Valine quantification for the process with 4.7 ± 0.1 g L−1 was performed only for
two replicates.

3.3. Mixotrophic Batch Processes with D-Glucose and L-Arabinose

Growth and product formation by C. ragsdalei under mixotrophic conditions were also
tested with different sugars, D-glucose and L-arabinose, and compared to the mixotrophic
process using D-xylose (see Figure 5).

Utilizing 9.6 g L−1 D-glucose or 8.8 g L−1 L-arabinose did not support the 2-HIV pro-
duction to the same extent as 9.5 ± 0.4 g L−1 D-xylose, as only 0.3 and 0.9 g L−1 2-HIV were
measured at the end with the respective sugars as further carbon sources. However, other
differences were observed in regard to growth, CO conversion, and product formation.
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with continuous gassing using different sugars, D-glucose and L-arabinose, and a defined synthesis
gas mixture. The synthesis gas was composed of 20% (v/v) CO, CO2, and H2 each and 40% (v/v) N2

(Fgas,in = 5 L h−1, 32 ◦C, pH 5.5, and n = 1200 min−1).

Conversion of L-arabinose revealed a biphasic growth curve. First, the CDW con-
centration increased slightly (t = 0–0.8 d), then stagnated for almost one day, and then
rapid growth occurred. A reversed course was observed for the sugar consumption. The
maximal CDW concentration was increased by 1.8 times to 0.94 g L−1 in comparison to
0.52 ± 0.07 g L−1 using D-xylose. On applying D-glucose as a carbon source, the sugar
was consumed immediately, different to L-arabinose, and faster, different to D-xylose. The
maximal CDW concentration was similar to the mixotrophic process with L-arabinose but
was reached almost one day earlier.

In contrast to the mixotrophic process using D-xylose, the L-arabinose and D-glucose
consumption enabled the production of meso-2,3-butanediol. Fast D-glucose utilization
resulted in the strong synthesis of D-2,3-butanediol up to 1.6 g L−1 initially. Afterward, at
t = 1.5 d, its concentration decreased, but the production of the meso-2,3-butanediol diastere-
omer started. In the end, the presence of 1.4 g L−1 D-2,3-butanediol and 1.3 g L−1 meso-2,3-
butanediol was determined in the mixotrophic process with D-glucose. Fast L-arabinose
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conversion after 1.75 d of process time initiated the D-2,3-butanediol production as well,
but the synthesis of the meso diastereomer started rather simultaneously. Eventually,
1.0 g L−1 D-2,3-butanediol and 0.8 g L−1 meso-2,3-butanediol were quantified, which is less
than in the process with L-arabinose.

D-glucose and L-arabinose were converted in parallel to CO. A higher CDW concentra-
tion resulted in a higher maximal CO uptake rate in comparison to the mixotrophic process
with D-xylose. The maximal CO uptake rate reached similar levels in the mixotrophic
processes with D-glucose and L-arabinose.

3.4. Carbon Balances and Electron Balances

Carbon and electron balances were calculated for all batch processes of C. ragsdalei
with continuous gassing until a process time of 100 h (4.2 d), except for the heterotrophic
process with 4.8 g L−1 D-xylose (shorter total process time). The data are presented in
Tables 1 and 2. Carbon and electron balances were closed to 92–105% (C-balance) and
89–110% (electron balance) within the estimation error, except for the mixotrophic process
with L-arabinose, where the electron balance could not be closedfor unknown reasons.

Table 1. Carbon balances and electron recoveries in autotrophic and heterotrophic batch processes.
The balances were calculated for a process time of 0–4.2 d, except for the heterotrophic process
using 4.8 g L−1 D-xylose (shorter total process time of 3 d). For the electron recovery, H2 uptake or
production was included.

Autotrophic
(4 Replicates) Heterotrophic

Initial D-xylose, g L−1 0 4.8 9.2 *

Substrates,
mmol C

D-xylose 0 160 184
CO 818 ± 124 0 0

YE + L-cystein-HCl 9 9 9

Products,
mmol C

Biomass 18 ± 1 11 16
2-HIV 36 ± 10 1 23

Ethanol 134 ± 14 43 24
2,3-BD 28 ± 5 1 16
Acetate 99 ± 15 57 63

CO2 525 ± 28 47 50

CO2/total C consumed, % 62 ± 2 28 26
C-recovery, % 101 ± 3 98 98

Electron-recovery, % 99 ± 11 98 103

* 5.5 g L−1 were consumed.

CO utilization was substantially reduced from 818 ± 124 mmol CO in the au-
totrophic process (see Table 1) to 229 ± 40 mmol C under mixotrophic conditions
when 9.5 ± 0.4 g L−1 D-xylose was supplied (see Table 2). Consequently, the CO2 pro-
duction was reduced to 189 ± 34 mmol C in the mixotrophic batch processes compared to
525 ± 28 mmol C in the autotrophic processes. Significant H2 uptake or production was
not observed.

The ratio of totally produced CO2 per total carbon consumed (CO, xylose, carbon in
yeast extract (YE), and 0.4 g L−1 cysteine-HCl) was calculated for the autotrophic and all
mixotrophic fermentations (Tables 1 and 2), and the data are visualized in Figure 6A. The
relative CO2 release decreased with increasing D-xylose consumption in the autotrophic
(62 ± 2%) and mixotrophic batch processes (down to 41 ± 3%).
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Table 2. Carbon balances and electron recoveries in mixotrophic batch processes using L-arabinose,
D-glucose, and D-xylose. The balances were calculated for a process time of 0–4.2 d. For the electron
recovery, H2 uptake or production was included.

L-Arabinose D-Glucose
D-Xylose

(3 Replicates) (3 Replicates) (3 Replicates)

Initial Sugar, g L−1 8.8 9.6 3.1 ± 0.4 4.7 ± 0.1 7.3 9.5 ± 0.4

Substrates,
mmol C

Sugar 293 384 104 ± 14 156 ± 7 242 229 ± 40
CO 520 527 515 ± 158 269 ± 9 210 153 ± 30

YE + L-cystein-HCl 9 9 9 9 9 9

Products,
mmol C

Biomass 29 27 20 ± 3 16 ± 1 15 17 ± 1
2-HIV 11 31 43 ± 15 41 ± 1 50 70 ± 14

Ethanol 76 97 95 ±26 89 ± 15 85 85 ± 33
2,3-BD 47 59 21 ± 10 22 ± 5 32 41 ± 7

meso-2,3-BD 12 45 0 0 0 0
L-valine n.a. n.a. 8 ± 5 4–6 4 0
Acetate 104 159 89 ± 24 52 ± 21 56 53 ± 12

CO2 260 539 323 ± 65 221 ± 11 197 189 ± 34

CO2/total C consumed, % 46 59 52 ± 4 51 ± 3 43 41 ± 3
C-recovery, % 96 105 96 ± 6 102 ± 4 96 98 ± 4

Electron-recovery, % 82 91 94 ± 3 99 ± 6 89 92 ± 4
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fermentations with C. ragsdalei. (A) Ratio of total CO2 produced to total carbon consumed (xylose,
CO, and carbon in yeast extract). (B) Total CO2 produced. (C) Assuming that 27% of the carbon in
D-xylose was released as CO2, the CO2 amount derived from D-xylose and the CO2 amount derived
from CO oxidation were estimated.

In addition, the total CO2 produced (mmol C) is plotted against the utilized D-
xylose (mmol C) in Figure 6B. This shows again that the mixotrophic processes with
D-xylose released less CO2 (189 ± 34 mmol C) in comparison to the autotrophic process
(525 ± 28 mmol C). Whereas the released CO2 amount in the mixotrophic batch process
with L-arabinose was similar to D-xylose, the CO2 amount released in the mixotrophic
batch process with D-glucose was similar to the CO2 amount produced autotrophically.

The heterotrophic batch processes were the lowest CO2 producers. From 4.8 g L−1 D-
xylose (=160 mmol C), 47 mmol CO2 was released, which gives 28% CO2 produced from
D-xylose and the medium components. For the other heterotrophic process applying
9.2 g L−1 D-xylose, 26% was calculated. Using the mean value of 27% and assuming now
for the mixotrophic processes with D-xylose that 27% of the carbon in D-xylose was released
as CO2, the CO2 amount derived from CO oxidation can be estimated by subtracting the
respective value from the total produced CO2 amount (Figure 6C, black circles). The linear
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correlation between the total produced CO2 amount from D-xylose and the consumed
sugar amount is obvious (Figure 6C, white circles). In consequence, the amount of CO2
produced from CO declined with increasing initial D-xylose concentrations (Figure 6C,
black diamonds).

4. Discussion
4.1. Suggesting a Route for 2-HIV Synthesis as a Novel Product of C. ragsdalei

This study demonstrated the presence of 2-HIV (2-hydroxy-3-methylbutyric acid)
as a novel product of C. ragsdalei in addition to ethanol, D-2,3-butanediol, and acetate.
Polarimeter measurements with the purified product proved the presence of (S)-enantiomer.

2-HIV possesses two chemical characteristics that make the molecule attractive for
application as bioplastic. On the one hand, the two functional groups allow the formation
of polyester, the so-called polyhydroxyalkanoates (PHA) [61]. On the other hand, the
isopropyl group features more hydrophobicity, and it has been shown that the polyester
had a higher melting temperature than polylactic acid (PLA) [62]. Moreover, the co-polymer
formation of lactic acid together with 2-HIV or the co-crystallization of the corresponding
pure polyesters is promising for the design of new composite materials [63–66].

2-HIV synthesis was observed in heterotrophic, autotrophic, and mixotrophic batch
processes with D-xylose. Simultaneous D-xylose and CO conversion supported the syn-
thesis of this novel by-product. Since it has the same structure as L-valine, the production
through the L-valine synthesis pathway is apparent and therefore very likely (see Figure 7).
Moreover, L-valine production could be detected in this study with C. ragsdalei.

Natural 2-HIV production was described with some subspecies of Lactobacillus lac-
tis (subspec. lactis NCDO 2118 [67], subsp. cremoris MG1363 [68], and subsp. lactis
IL1403 [69]) beside other alpha-hydroxy acids, such as 2-hydroxyisocaproate or 2-hydroxy-
3-methylvalerate [70]. In these strains, similar to the D-2,3-butanediol production, the
2-HIV synthesis happens through acetolactate. However, the pathway splits then into the
L-valine production and the D-2,3-butanediol production route (see Figure 7).
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Figure 7. Proposed 2-HIV production route in C. ragsdalei. Synthesis of acetate, ethanol, and D-
2,3-butanediol from Acetyl-CoA is illustrated according to the genetically closely related strains
C. autoethanogenum and C. ljungdahlii [17,71,72].

For L-valine production, acetolactate is reduced to 2,3-dihydroxyisovalerate first and
then converted to 2-ketoisovalerate. The keto group is exchanged by an amino group to
form L-valine. The contig sequencing data of C. ragsdalei were recently annotated for a
second time (genome assembly ASM167516v1, GenBank: LROS00000000.1) [17]. The genes
involved in the production of L-valine were annotated in the contig sequencing data (ilvC:
ketol acid reductoisomerase, ilvD: dihydroxy-acid dehydratase, and ilvE: branched-chain
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amino acid transferases OBR95711 and OBR95035). In L. lactis, 2-ketoisovalerate is reduced
to a hydroxy group to synthesize 2-HIV, catalyzed by a 2-hydroxyacid dehydrogenase
(wrongly annotated as a 2-hydropantoate 2-reductase (PanE)) [70]. A 2-hydroxyacid dehy-
drogenase can be found in the sequencing data of C. ragsdalei as well. Nevertheless, several
enzymes in L. lactis could catalyze the reduction of alpha-hydroxy in vitro, for instance, the
L-lactate dehydrogenase [67] or the 2-hydroxyisocaproate dehydrogenase [70]. Occasion-
ally, the reduction reaction is dependent on the branched chain. In the contig sequencing
data of C. ragsdalei, a L-lactate dehydrogenase was annotated first but not in the second
annotation data. In the HPLC chromatogram, lactate was never detected as a by-product of
C. ragsdalei. Moreover, the already mentioned 2-hydropantoate 2-reductase (PanE) is able
to catalyze the reduction of the 2-keto-group to a hydroxy group in E. coli [73,74]. Another
group found that the ketol acid reductoisomerase (ilvC) is also active for the production of
2-HIV in engineered Klebsiella pneumoniae [75]. However, the genome of C. ragsdalei is not
completely sequenced, and many genes are not annotated, suggesting that one can only
speculate about the 2-HIV synthesis pathway in the acetogenic bacteria.

4.2. D-Xylose Supply in Mixotrophic Batch Processes Shifted Product Distribution from Ethanol
Towards 2-HIV

Summarizing the main results, an initial high D-xylose concentration of 9.5 ± 0.4 g L−1

resulted in an exclusively higher 2-HIV concentration of 1.8 ± 0.2g L−1 in comparison to all
other mixotrophic, autotrophic, and heterotrophic processes with C. ragsdalei. Even the au-
totrophic process without any sugar supply enabled the production of up to 1.1 ± 0.3 g L−1

2-HIV, a final concentration comparable to the mixotrophic processes with 4.7–7.3 g L−1 D-
xylose. The acetate and D-2,3-butanediol production did not differ between the autotrophic
and mixotrophic processes, but remarkably, the growth-decoupled ethanol production was
only observed when CO was the sole carbon source. In general, the CO uptake abated the
more D-xylose was consumed, and less CO2 production was measured by the exhaust gas
analysis. Hence, D-xylose substituted CO as the main carbon source, but both substrates
were used simultaneously.

The variations in the product spectrum, which depend on the consumed substrates,
may indicate an important role of redox homeostasis in C. ragsdalei. During autotrophic
growth, carbon is fixed through the acetyl-CoA pathway, and oxidation of electron donors
(H2, CO) is required to produce the main redox player, ferredoxin, for ATP produc-
tion [28,33]. Utilizing CO as the sole carbon and electron source, the CO oxidation provides
one reduced ferredoxin. Comparing the ferredoxin yield from CO to the yield possibly
gained from D-xylose, one sugar molecule offers more energy, and two reduced ferredox-
ins are generated [28]. Therefore, the consumption of sugar as a preferred, energy-rich
substrate can explain the decreased need to oxidize CO. Oppelt et al. [55] used the same
fermentation medium for mixotrophic fermentations with C. autoethanogenum, but addi-
tional carbon from the sugar source was used for biomass production, and that could be
related to higher CO consumption, completely different from C. ragsdalei with D-xylose.
The latter strain seemed to prefer the consumption of D-xylose, but the less D-xylose was
supplied, the more CO was used in total. With C. carboxidivorans, mixotrophic CO and
glucose consumption were also beneficial for the product formation (acetate, ethanol, and
1-butanol), and an increased CO supply also enhanced CO uptake, whereas at the same
time, the glucose uptake rate decreased [49].

However, mixotrophic fermentations with C. ragsdalei showed parallel consumption of
CO and D-xylose, and the combination could have resulted in an increased pool of reduced
ferredoxin and reduction equivalents. It was shown for C. autoethanogenum and C. ljungdahlii
that the production of ethanol, through the aldehyde ferredoxin oxidoreductase (AOR), and
the 2,3-butanediol synthesis function as electron sinks [45,76,77]. The conversion of acetate
to ethanol needs one reduced ferredoxin and NADH. The production of pyruvate from
acetyl-CoA by the pyruvate:ferredoxin oxidoreductase requires one reduced ferredoxin.
After conversion to acetolactate and then acetoin, the final reduction to D-2,3-butanediol
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requires further reduction equivalents. Mixotrophic cultivations did not support ethanol
and D-2,3-butanediol production significantly, but in these processes, the 2-HIV synthesis
could have assumed the respective function. Regarding the L-valine biosynthesis in Figure 7,
one reduced ferredoxin is consumed for acetolactate production. Then, two reduction steps
and one dehydration are required to form 2-HIV, according to the suggested pathway in
the previous section. In total, more reduction equivalents are necessary. The intensified
2-HIV synthesis under high D-xylose availability supports the hypothesis of an alternative
electron sink in C. ragsdalei. Nevertheless, the mixotrophic processes with different initial
D-xylose concentrations varied in terms of growth-decoupled 2-HIV production. With
higher supplied D-xylose amounts (7.3–9.5 g L−1), its production stopped when the sugar
was depleted, indicating an immediate termination of the carbon flux to the novel product.

On the contrary, less sugar supply enabled growth-decoupled 2-HIV production,
although the sugar was already consumed completely. Additionally, growth-decoupled
L-valine synthesis was observed with reduced initial D-xylose concentrations. Regarding
the reduction degrees of 2-HIV and L-valine, for both, a value of 24 can be calculated if am-
monium is the nitrogen source for L-valine synthesis from 2-ketoisovalerate (see Figure 7).
Therefore, the regulation of their synthesis cannot be explained by redox homeostasis, and
it is difficult to discuss how the ratio between 2-HIV and L-valine depends on the D-xylose
concentration. Less is known about C. ragsdalei in regards to its genome, but a different
regulation mechanism needs to be taken into account. Here, further investigations are
necessary to analyze the regulation of the 2-HIV and L-valine synthesis, with the main
objective of maximizing their final concentrations.

The energetic benefit from sugar conversion was also reflected by the fact that the
supply of 9.5 ± 0.4 g L−1 D-xylose tended to reduce the acetate production in comparison to
lower initial D-xylose concentrations. During autotrophic growth using the WLP pathway,
one ATP is consumed that is regenerated by acetate production [28]. Sugar conversion
delivers a higher yield of reduction equivalents, such as Fdred, allowing a higher ATP yield
and consequently decreasing the acetate production. Applying 3.1 ± 0.4 g L−1 D-xylose
as the lowest sugar concentration in this study, the final acetate concentration was the
highest of all mixotrophic processes, but similar to the final concentration in the autotrophic
process. In our other study with C. ragsdalei [20], the autotrophic growth with reduced
CO availability induced energy-limited conditions that resulted in an additional CO2/H2
uptake, related to a strong acetate production. In the mixotrophic process with initial
3.1 ± 0.4 g L−1 D-xylose, the sugar was depleted before the maximal CDW concentration
was achieved so that the energy limitations were compensated by higher CO conversion and
acetate production. Comparing the results to C. autoethanogenum, the mixotrophy of CO and
D-xylose increased the ethanol and D-2,3-butanediol titers in the batch process [55], whereas
for C. ragsdalei, 2-HIV was synthesized to a greater extent from D-xylose. Metabolization of
the sugar via glycolysis yields pyruvate, and pyruvate is one precursor of 2-HIV. In this
study, mixotrophy may have reduced the flux through the reductive acetyl-CoA pathway,
and therefore, the acetate and the ethanol production were not supported in general, but the
production of the longer-chained molecules via pyruvate instead. Regarding the biomass-
specific ethanol yield produced by C. ragsdalei, no significant dependency on the sugar
concentration was observed. The respective values for C. autoethanogenum in the study
of Oppelt et al. [55] were 8.5, 8.3, and 9.2 gEthanol gCDW

−1 in mixotrophic processes with
19.3, 13.7, and 10.3 g L−1 D-xylose, showing also their independence from the initial D-
xylose concentration. In contrast, the specific 2,3-butanediol yield increased with increased
sugar supply for both C. ragsdalei (this study) and C. autoethanogenum [48]. However, with
C. ragsdalei, increased 2,3-butanediol and 2-HIV yields were only observed at the highest
supplied D-xylose amount (9.5 ± 0.4 g L−1). We expected that with all different initial
sugar concentrations (0–9.5 g L−1 D-xylose), a clear shift in the final product distribution
from ethanol (autotrophic) to 2-HIV (mixotrophic, 9.5 ± 0.4 g L−1 D-xylose) would be
observed with increasing initial sugar amounts. However, at lower sugar concentrations,
no significant changes were observed for the ethanol, 2,3-butanediol, and 2-HIV production,
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and our results showed that the total amount of consumed sugar in relation to the total
consumed CO amount did not influence the product distribution. During the batch process,
the available sugar concentration decreases, possibly affecting the metabolism of C. ragsdalei,
as a shift from mixotrophic to autotrophic metabolism takes place. A continuous process
design with defined sugar and CO feed rates is necessary to determine all steady state
production rates under unlimited growth conditions to gain more knowledge about how
the product distribution is controlled.

4.3. Conversion of D-Glucose or L-Arabinose Enabled the Synthesis of Meso-2,3-Butanediol

Similar to C. autoethanogenum [55], L-arabinose consumption resulted in the production
of meso-2,3-butanediol by C. ragsdalei, in addition to D-2,3-butanediol, which was probably
the (2R,3R)-enantiomer [18,72]. The meso diastereomer was produced even before the other
enantiomer was detected. The acetoin can racemize to the (S)-enantiomer spontaneously,
resulting in the formation of meso-2,3-butanediol (see Figure 7) [72].

The biphasic growth behavior with L-arabinose indicated an adaptation to L-arabinose
as the sugar source, different from D-xylose and D-glucose, as they were used rather
immediately. In the first pre-culture, fructose was supplied, and in the second pre-culture,
only CO served as the main carbon and electron source. Therefore, for all three other sugars,
the same process conditions were applied. Parallel consumption of L-arabinose with CO
was also observed, however delayed, and that was distinct to C. autoethanogenum [55].

When rapid D-glucose consumption started, the D-2,3-butanediol production rose
sharply and reached a maximum of 1.7 g L−1. Small amounts of the meso diastereomer
were also synthesized, but its strong synthesis started while the D-2,3-butanediol concen-
tration declined and when the sugar was already consumed completely. CO was taken
up simultaneously. C. autoethanogenum cannot utilize D-glucose, so no comparison can be
drawn [13]. C. ljungdahlii can use D-glucose after an adaptation to the sugar source [12].
However, studies focused on the conversion of D-fructose, as it is the favored organotrophic
substrate [12,44,48].

The growth of C. ragsdalei, both with L-arabinose and D-glucose, enabled higher
biomass. Therefore, a higher CO uptake could be observed. Nevertheless, comparing their
conversion to D-xylose utilization, the product spectrum shifted from 2-HIV with D-xylose
to biomass, acetate, and meso-2,3-butanediol using L-arabinose or D-glucose.

4.4. Mixotrophy for a More Carbon-Efficient Process Design with C. ragsdalei

Reducing CO2 emissions in terms of climate change is a current challenge, aiming to
enable the carbon-efficient production of value-added molecules. Mixotrophic growth of
acetogenic bacteria with organotrophic and gaseous substrates derived from waste material
(plant residues or waste gases) might be an opportunity to reduce carbon release as CO2,
as it is always a by-product in either aerobic or anaerobic fermentation.

The synthesis gas mixture in this study supplied excess of the gas components (CO,
H2, and CO2); hence, all the processes of this basic research were not carbon efficient.
Large-scale applications usually aim for the utilization of all three gases by adjusting the
incoming synthesis gas mixture from a previous gasification process [78]. The used gas
mixture in our research was based on a previous study applying a defined gas composition,
and parallel CO, CO2, and H2 uptake with C. ragsdalei was only possible under CO-limiting
conditions [20]. In this study, CO was not a limiting substrate. Nevertheless, there were
differences between autotrophic and mixotrophic CO conversion or CO2 production by
C. ragsdalei.

For example, C. ragsdalei released around 60% of the consumed CO as CO2 during
autotrophic growth. This value is similar to the results reported in other studies with
C. ljungdahlii [45], C. autoethanogenum [79], and C. carboxidivorans [49]. Heterotrophic growth
resulted in only 26–28% CO2 from D-xylose. During mixotrophic growth with D-xylose,
CO utilization, and consequently CO2 evolution, was reduced, indicating that CO to CO2
oxidation rather served for the regeneration of reduction equivalents [28,45,49]. However,
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mixotrophic growth performed better than heterotrophic growth in regards to the final
product concentrations, underlining again that CO is a favored substrate for C. ragsdalei,
especially as an electron source. Moreover, mixotrophy with D-xylose outcompeted the
autotrophic growth with better carbon efficiency and proved potential for future process
designs with C. ragsdalei. Since low CO conversion was sufficient for improved growth
and product formation in comparison to the heterotrophic conditions, lower CO partial
pressures should be tested in further studies.

5. Conclusions

Depending on the acetogenic bacterium used, many differences are observed in organ-
otrophic or lithotrophic substrate utilization. The types of carbon or electron source and
the products with different degrees of reduction can both influence the total product
distribution, and that is very individual for each acetogen, obviously.

For C. ragsdalei, a novel product 2-HIV was found, with putative applications as a
monomer for bioplastics or novel composite material. Mixotrophic cultivations with high
initial D-xylose concentration demonstrated intense production of 2-HIV in comparison
to heterotrophic or autotrophic growth. Sugar consumption and less CO utilization
resulted in a decreased release of carbon as CO2, making the mixotrophic process design
attractive for climate-friendly and sustainable production of value-added molecules,
such as 2-HIV. Moreover, the utilization of D-glucose and L-arabinose showed the pro-
duction of meso-2,3-butanediol.
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