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Abstract

Synthesis gas fermentation using acetogenic clostridia is a rapidly increasing research
area. It offers the possibility to produce platform chemicals from sustainable C1 car-
bon sources. The Wood-Ljungdahl pathway (WLP), which allows acetogens to grow
autotrophically, is also active during heterotrophic growth. It acts as an electron sink
and allows for the utilization of a wide variety of soluble substrates and increases
ATP yields during heterotrophic growth. While glycolysis leads to CO, evolution,
WLP activity results in CO, fixation. Thus, a reduction of net CO, emissions during
growth with sugars is an indicator of WLP activity. To study the effect of trace ele-
ments and ventilation rates on the interaction between glycolysis and the WLP, the
model acetogen Clostridium ljungdahlii was cultivated in YTF medium, a complex
medium generally employed for heterotrophic growth, with fructose as growth sub-
strate. The recently reported anaRAMOS device was used for online measurement of
metabolic activity, in form of CO, evolution. The addition of multiple trace elements
(iron, cobalt, manganese, zinc, nickel, copper, selenium, and tungsten) was tested, to
study the interaction between glycolysis and the Wood ljungdahl pathway. While the
addition of iron(ll) increased growth rates and ethanol production, added nickel(ll)
increased WLP activity and acetate formation, reducing net CO, production by 28%.
Also, higher CO, availability through reduced volumetric gas flow resulted in 25%
reduction of CO, evolution. These online metabolic data demonstrate that the
anaRAMOS is a valuable tool in the investigation of metabolic responses i.e. to deter-
mine nutrient requirements that results in reduced CO, production. Thereby the

media composition can be optimized depending on the specific goal.
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1 | INTRODUCTION

The climate goals defined by the European commission demand a
drastic reduction of greenhouse gas emission with two targets set for
2030 and 2050, requiring new technological advances.'? Several
strategies of “carbon capture and storage” and “carbon capture and
utilization” are under investigation. One promising technology for
future applications is gas fermentation. Gaseous carbon and energy
sources from industrial exhaust gas or gasified organic materials like
municipal waste or lignocellulosic biomass can be used as a feedstock
to produce platform chemicals and fuels.>"® These gases have in
common that they are composed of H,, CO,, and CO in differing
ratios and are called synthesis gas or syngas. As a group generally
referred to as acetogens, several bacterial species can use these
gases as a substrate for growth and production of a wide array of
industrially relevant chemicals, especially organic acids and
alcohols.” ! Acetogens employ a linear carbon fixation pathway
called the Wood-Ljungdahl pathway (WLP), yielding acetyl-CoA as an
energy rich intermediate’*® (shown in Figure 1). The ability to cap-
ture carbon from industrial or agricultural byproducts turns these
microorganisms into promising biocatalysts, to reduce our global car-
bon footprint through sustainable production of commodity
chemicals.

Even though acetogentic bacteria are generally investigated con-
cerning their ability to grow autotrophically and turn syngas into com-
modity chemicals, carbohydrates as a carbon source provides an easily
accessible substrate that is neither toxic nor limited by gas-water
transfer rates. While consumption of Cé sugars such as glucose or
fructose leads to the emission of CO, in various anaerobically grown
organisms, acetogens can convert fructose stoichiometrically into
three molecules of acetate without net production of CO, by using
the same metabolic route as used for autotrophic growth.!* This is
achieved by employing the WLP to reduce the CO, evolved during
glycolysis with the electrons derived from the sugar. The formation of
three moles of acetate per mole of fructose was reported early in the
research of acetogens, when the second isolated acetogen, Clostridium
thermoaceticum, was described in 1942.2>¢ Employing the WLP as a
metabolic module to reestablish redox homeostasis during growth on
fructose allows acetogens to conserve more energy than their com-
petitors in the same environment, providing them with an evolution-
ary edge.”*® Furthermore, the WLP has been shown to allow
acetogens to access growth substrates like lactate!” or ethanol,2°-2?
which are products of many anaerobic fermentations. Both com-
pounds are relatively common in anaerobic environments and inacces-
sible as carbon and sources for many other organisms. It has been
demonstrated for the model acetogen C. ljungdabhlii, that the genes of
the WLP pathway are constitutively transcribed. When grown on
CO/CO, + H,, where the WLP acts as the key metabolic route, tran-
scription of the WLP genes is only increased 1.31-2.06 fold compared
to growth with fructose, where the WLP provides a supporting role

for the hexose metabolism?%24 (

Figure 1).
During glycolysis, fructose is converted into two coenzymeA-

bound acetyl-groups, two molecules of CO, and eight electrons.

Electrons are carried by four redox equivalents, namely two NADH
and two reduced ferredoxin. Both CO, molecules can then depen-
dent on the activity of the WLP, be reduced with electrons from the
redox equivalents and incorporated into one additional acetyl-CoA
via the WLP.** This remarkable feature allows for reestablishing the
redox homeostasis and conserves additional energy, if acetate is pro-
duced from the acetyl-CoA. Thus, acetogens are able to conserve
more energy during growth on fructose, compared to organisms
without the WLP, which produce, for example, ethanol + CO, or lac-
tate from sugars.17 If fructose is the only available electron donor,
redox homeostasis allows for the formation of three molecules of
acetate from fructose. However, at low CO, availability due to exces-
sive stripping into the gas phase or in the presence of additional gas-
eous electron donors like Hy, or CO, a shift from CO, reduction
toward reduction of acetate to ethanol allows the cells to conserve
more energy per carbon. This in turn leads to net CO, emission
instead of strict homoacetogenesis. During autotrophic growth with
H, as electron source, acetogens employ a bifurcating hydrogenase
to transfer the electrons from H, to NAD(P)H and Fd.**? In theory,
during growth with fructose, this enzyme might act in reverse and
lead to the production of traces of H,. Moorella thermoacetica for
example, is known to produce small traces of H, during growth with
glucose (2 mmol H, per 100 mmol glucose) under CO, limitation.?¢
This, however, might be neglected for the purpose of this study,
since this amount of H, evolution only accounts for a small fraction
of the electrons transferred during the glycolysis. Since eight elec-
trons per hexose are transferred to electron carriers during glycolysis,
100 mM glucose provide 800 mM of electrons. Since two electrons
are needed for the production of a H, molecule, the electrons
derived from 100 mM of glucose would in theory allow for the pro-
duction of 400 mM of hydrogen. Thus, the observed 2 mmol of H,
produced from 100 mmol of glucose by M. thermoacetica only consti-
tute 0.5% of the available electrons in the cited study. Hence, the
interaction and activity of these pathways, glycolysis, WLP and
reduction of acids to alcohols, determine carbon conversion effi-
ciency and product ratios.

Due to the increased industrial value and the broader field of
applications of alcohols compared to organic acids, research generally
focuses on increasing yield and selectivity for alcohol production.?”~32
Various methods to genetically increase the spectrum of available
products and to improve specificity for the targeted product have
been reported.®*~3¢ Another route for higher selectivity and improved
titers of targeted products is the optimization of fermentation condi-
tions, especially media composition. Variation of the gas composition
and gas availability has also been reported to influence the product
ratio of acetate to ethanol. For example, an increased CO availability
resulted in higher alcohol and decreased acid production.*42>2¢

An essential issue in alcohol production is the availability of nec-
essary cofactors for enzymes involved in the required pathways. Since
many enzymes in acetogens depend on metallic cofactors®” (Figure 1),
optimization of trace element compositions is crucial for optimal
enzyme activity in syngas fermentation. The metal involved in the

most significant number of metabolic conversions in acetogens
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Carbon and electron flux during growth on fructose of C. ljungdahlii with online CTR measurement using the anaRAMOS. CO,

evolved during glycolysis can be fixed in the Wood-Ljungdahl pathway or it can be exhausted into the gas phase. Exhausted carbon dioxide is
detected by the anaRAMOS (1). For detailed explanation please see main text. Ack: acetate kinase, ACS/CODH: bifunctional acetyl-CoA
synthase/CO dehydrogenase, AdhE: bifunctional aldehyde—/alcohol dehydrogenase, AOR: aldehyde-ferredoxin oxidoreductase, PFOR: pyruvate-
ferredoxin oxidoreductase, pta: phosphotransacetylase. If the electron carriers NADH or ferredoxin are involved in reactions, only the reduced
form of the electron carrier is shown for easier readability of the figure. For the same reason, free CoA, THF and ADP + Pi were omitted. [H] is
used as a placeholder for electron carriers (proton + electron), if the electron carrier involved in the reaction is variable. Possible electron transfer
between molecular hydrogen, NADH and ferredoxin via bifurcating hydrogenase and rnf complex are not shown. Products are not stoichiometric,
as dependent on multiple parameters. Source: Figure modified from Kopke et al.*®

is iron(I1).%8 1t is required in the electron carrier ferredoxin,®?*° in

many enzymes catalyzing reactions of the WLP®” and alcohol dehy-
drogenases and aldehyde oxidoreductases'®#! (Figure 1). Additionally,
it was found to be required in concentrations an order of magnitude
higher than almost all other trace elements in an optimized trace ele-
ment solution for alcohol production in C. carboxidivorans.*? But also
other metals like nickel, selenium, tungsten, zinc, and cobalt are

essential,>*?4% due to their involvement in several reactions.

In the first step of the WLP and the reduction of necessary elec-
tron carriers, iron(ll) and nickel(ll) are essential. The genome of the
model acetogen C. ljungdahlii encodes four [FeFe] hydrogenases and
one [NiFe] hydrogenase. These hydrogenases are either involved in
reducing electron carriers like NAD(P)H, and ferredoxin (containing
FeS-cluster) with electrons derived from H,, or are part of the enzyme
complex catalyzing the initial step of the WLP, reduction of CO, to
formate.'* Both metals are also essential for several further reactions
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in the WLP, like the final fusion of both reduced C1 intermediates to
the coenzymeA-bound acetyl-group by the CO-dehydrogenase/ace-
tyl-CoA-synthase (CODH/ACS)*® (Figure 1). In this final reaction of
the WLP, a cobalamin corrinoid iron(ll)-sulfur protein is essential for
transferring the methyl group from THF to form acetyl-CoA.3”%4
From here on, two distinct routes are possible. Either acetyl-CoA
is directly reduced to ethanol via acetaldehyde by an iron(ll)-
dependent bifunctional alcohol-/aldehydedehydrogenase (adhE), with
electrons derived from two NADH, or acetate is produced first by
phosphotransacetylase and acetate kinase, leading to the formation of
one ATP (Figure 1). Acetate can then be further reduced to acetalde-
hyde via a tungsten-dependent aldehyde-ferredoxin-oxidoreductase
(aor) with electrons derived from ferredoxin. Finally, ethanol is pro-
duced in a second step from acetaldehyde via adhE.*? Even though
the discussed number of enzymes involved in the WLP requiring
metals as cofactors is not comprehensive, it clearly emphasizes the
need for sufficient trace metal availability in the fermentation
medium. Different studies investigated trace element composition
and showed the inherent potential in fermentation optimization by
adjusting the trace element composition.3¥%?%% YTF medium is a
medium commonly
C. ljungdahlii>4*>=*° Since YTF (Yeast extract-Tryptone-Fructose)

employed for heterotrophic growth of
medium only contains the trace elements provided through yeast
extract and tryptone, it is debatable whether all required trace ele-
ments for the maximum activity of the WLP are provided in this
medium.

To study the impact of trace metals on metabolic activity, the
anaerobic Respiration Activity Monitoring System (anaRAMOQOS) device
was used. The anaRAMOS offers the possibility of real-time online
monitoring of the carbon dioxide transfer rate (CTR) in up to eight
parallel shake flasks.**°° The measured CTR is a direct quantitative
indication of metabolic activity and can be used to calculate the total
amount of produced net CO, (CT). As already discussed, in hexose
metabolism, acetogens first produce two mol CO, per sugar, which
can subsequently be reduced to acetyl-CoA in the WLP with electron
carriers reduced during glycolysis. Any relative reduction of the
observed CO, production by the anaRAMOS is an indicator of the
WLP activity. This is the case, because in all experiments fructose was
fully consumed. Hence, the carbon converted into biomass, acetate
and ethanol was the same in all experiments.

The anaRAMOS has previously been demonstrated to be a help-
ful tool to optimize growth conditions.* Through this method an
iron(ll)-deficiency in YTF medium for C. ljungdahlii was detected. A
model was introduced, which allows determination of the necessary
amount of iron(ll) for unlimited growth on a given amount of fruc-
tose.* In the present study, the addition of metal salts from PETC
1754 medium (iron, cobalt, manganese, zinc, nickel, copper, selenium,
and tungsten) to YTF medium was analyzed to demonstrate the influ-
ence of different trace elements on the cultivation of C. ljungdahlii in
complex medium. For this goal the anaRAMOS was deployed to moni-
tor changes in metabolic activity through online measurement of CO,
evolution. These results highlight the benefit of the anaRAMOS in
understanding microbial metabolism. Additionally, due to semi-

continuous ventilation, the anaRAMOS is closer to industrial fermen-
tation conditions, compared to non-ventilated, but commonly used
serum bottles. A special focus is set on the interaction of glycolysis
and WLP. This is done by evaluating the CO, production, dependent
on the experimental setting.

2 | MATERIAL AND METHODS

2.1 | Strain and media

Clostridium ljungdahlii (DSMZ 13528) was obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braun-
schweig, Germany). YTF medium, as previously reported, was used for
all cultivations.>* The growth medium consisted of the main stock
solution, fructose stock solution, and cysteine stock solution. The 1.5
fold concentrated main stock solution contained per liter 15 g yeast
extract (Yeast extract, Oxoid™, France), 24 g tryptone (Tryptone from
Casein pancreatic digested, CarlRoth, Germany), 6 g NaCl (CarlRoth,
Germany) and was autoclaved. The 20 fold concentrated fructose
stock solution contained per liter 100 g fructose (CarlRoth, Germany)
and was autoclaved. L-Cysteine (Sigma-Aldrich, Germany) stock solu-
tion was concentrated 10 fold and contained per liter 7.5 gLt
cysteine-HCI and was sterile filtered. Right after, the stock solution
was made anoxic by purging with 100% N,. Trace element solution
(TE) or single trace elements were added to the experiments when
indicated (amounts are given for each experiment). The composition
of the TE solution was derived from ATCC medium 1754 PETC trace
elements components containing per liter 0.8 g (NH4),Fe(SO4),-6H,0,
0.2 g CoCly-6H50, 1 g MnSO4-H,0, 0.02 g Na,M004-2H,0, 0.0002 g
ZnSO4-7H,0, 0.02g NiCl-6H,0, 0.02g CuCl,-2H,0, 0.02g
NaySeO3-5H,0, 0.02 g Na,WO4-2H,0 and 2 g nitrilotriacetic acid.
Single trace element solutions were prepared to contain per liter 0.2 g
CoCly-6H,0, 0.8 g (NH4),Fe(SO4),-6H,0O or 0.02 g NiCly-6H,0,
respectively. The TE solution and single trace elements were sterile
filtered.

Before each experiment, the main stock solution, fructose stock
solution, and cysteine stock solution were mixed. Trace element solu-
tion or single trace elements were added according to the experi-
ment's aim (details are given for each experiment). The pH was set to
a value of 6 with HCI, and the final volume was adjusted using sterile
deionized water. The completed medium was transferred into serum
bottles or shake flasks under sterile conditions. Serum bottles were
flushed for 20 min before inoculation using 90% ultra-high purity
(99.999%) nitrogen (Praxair, Germany) and 10% carbon dioxide
(99.995%) (Praxair, Germany). For anaRAMOS cultivations, the shake
flasks containing aerobic medium were installed in the anaRAMOS
device and flushed for a minimum of 2 h using ultra-high purity
(99.999%) nitrogen (Praxair, Germany), while constant shaking at
100 min~* (dp = 5 cm). Prior to each experiment, a pressure test was
performed in order to verify tightness of each cultivation flask. Hence,
oxygen contamination can be excluded as all flasks were air tight.

Cryo stocks of cells were stored at —80°C after the addition of 10%
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anoxic DMSO to an actively growing culture in YTF medium at
ODggpo = 0.8.

2.2 | Cultivation conditions

Two sequential pre-cultures were grown in serum bottles at 37°C and

a shaking frequency of 220 min~!

at a shaking diameter of
do = 3 mm. The first pre-culture with a total filling volume of 10 ml
(in 100 ml serum bottles) was inoculated with a thawed cryo stock in
a ratio of 1:10. After 24 h, the second pre-culture with a filling volume
of 50 ml (in 250 ml serum bottles) was inoculated in a 1:10 ratio. After
20-24 h, an optical density of 1.0 was reached, and the second pre-
culture was used to inoculate the main culture. Main cultures were
inoculated in a 1:10 ratio unless stated differently. The pre-culture
was transferred into the RAMOS flasks through a septum using a 5 ml
syringe with a cannula.

All main cultivations were performed in non-baffled 250 ml shake
flasks at 37°C in an orbital climo-shaker ISFX-1 from Kihner AG
(Switzerland). An in-house built anaRAMOS device was used for semi-
continuous online monitoring of the CTR.%® A filling volume (V,) of
50 ml was used at a shaking diameter (d,) of 50 mm and a shaking fre-
quency (n) of 100 min~1. Each shake flask was ventilated using ultra-
high-purity (99.999%) nitrogen (Praxair, Germany) at a flow rate of

-1

5 mlmin~" per shake flask (flow phase). A detailed setup of the

anaRAMOS device and calculation of the CTR is reported in previous

49,50

publications, as well as in the Supplementary Information S1 and

Figure S1.

2.3 | Offline analysis

For offline analysis, shake flasks were removed from the anaRAMOS
after the cultivation was terminated. The optical density (OD) was
measured, after adequate dilution (OD 0.1-0.3), at a wavelength of
600 nm using a Genesys 20 Photospectrometer (ThermoScientific,
USA). Subsequently, the OD was used to calculate the cell dry weight.
For this, the OD to cell dry weight (CDW) correlation was determined
as shown in Figure S2. Equation (1) was used for calculation. For
CDW measurement a pre-dried and pre-weight filter paper was used.
Ten-milliliter samples were transferred onto the filter paper while vac-
uum was applied. Filter papers were dried for 48 h and the weight

was taken thereafter.

0D =0.0019 - CDW [‘%] (1)

Biomass composition of CHq4¢6Np230027 With a molecular
weight of 20.7 g mol~! was used to calculate the carbon content in
biomass.>? Two milliliters of sample were centrifuged for 5 min at
RCF = 18,000 g (Rotina 35 R, Hettich Zentrifugen, Germany). The
supernatant was partly used for pH measurement (H1221 Micropro-

cessor pH Meter, Hanna Instruments, Germany). The remaining

PROGRESS

supernatant was stored at —20°C for High-Performance Liquid Chro-
matography (HPLC) analysis. For HPLC analysis, samples were
thawed, filtered (pore size 0.2 pm), and stored at 4°C until analysis.
HPLC analysis (Prominence HPLC, Shimadzu, Germany) was per-
formed using an organic acid column (ROA-Organic Acid H-+,
Phenomenex Inc., Germany) at 60°C and 5 mM H,SO, as the mobile
phase with a flow rate of 0.8 ml min~1. Elution was detected using a
Refracting Index Detector (RID-10A, Shimadzu, Germany).

3 | RESULTS AND DISCUSSION
3.1 | Influence of the addition of trace elements
(TE) on C. ljungdahlii metabolic activity

The first goal of this work was to gain insights into the influence of
added trace elements (TE) on the chemotrophic cultivation of
C. ljungdabhlii. Therefore, cultivations on standard YTF medium and
YTF medium supplemented with 10 ml L=! trace element solution
from PETC 1754 medium were performed, and the CTR was mea-
sured with the anaRAMOS device (Figure 2). Cultivation on standard
YTF medium resulted in two CTR peaks (Figure 2a). Phase | (until peak
1) was mainly based on consumption of complex media components,
while phase Il was mainly based on fructose conversion, as already
reported in a previous study.*” For a better overview, Phases and
Peaks are also outlined in Figure S3. Supplementation with TE
resulted in a shortening of phase | from 12 to 11 h compared to the
reference without added TE. The maximum CTR of the first peak
(at the end of phase ) was, on average, 1.3 mmol L= h~? for both cul-
tivations. The cultivation duration until fructose depletion with sup-
plemented TE was reduced by 42.5% from 40 to 23 h compared to
the reference. Fructose depletion is indicated by the drop of the CTR
to 0 mmol L= h™? at about 50 h. A reference experiment with offline
data is shown in Figure S4. The second CTR peak (during phase II) of
the cultivation with TE reached a maximum CTR of 3.2 mmol L™* h™?,
while in standard YTF medium, the maximum CTR was only
2.1 mmol L~ h~L. In comparison, the cultivation without TE displayed
a plateau after the second CTR peak for the remainder of phase Il. In
the cultivation with added TE, the CTR decreased sharply after the
CTR peak at 19 h and reached O mmol L™* h™* after 23 h of cell
growth. The progression of the CTR over time for the cultivation with
TE did not adhere to the typical CTR curve shape expected for unlim-
ited growth.>® Reasons for this were investigated in the subsequent
experiments reported in this manuscript.

To calculate the total CO, production throughout the cultivation,
the CTR curve can be integrated to obtain the CT value (Figure 2b).
Providing 5 g L™ (27.8 mmol L= = 166.8 mmol L~ carbon) of fruc-
tose results in a theoretical CT of 55.6 mmol L= CO,, if the WLP is
inactive (two mole of CO, are formed per mole of fructose, as shown
in Figure 1). CO, utilized via the WLP is not released into the gas
phase and can thus not be detected by the anaRAMOS device. There-
fore, a reduction of the observed CT compared to a reference cultiva-

tion is an indicator for increased carbon fixation in the WLP. In our
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FIGURE 2 Metabolic activity of C. ljungdahlii grown in complex
medium with fructose in the absence (YTF) and in the presence
(YTF + TE) of added trace elements (as described in material and
methods section) monitored by the anaRAMOS. Each condition was
tested in duplicates (dashed lines). (a) Carbon dioxide transfer rate
(CTR) (mmol L~ h~%). (b) Total carbon dioxide (CT) (mmol L™1%)
calculated as integral from the online CTR measurement (Phase | + II).
Error bars indicating minimal and maximal value. Cultivation
conditions: Temperature: T = 37°C, pHyo = 6, shaking frequency:

n = 100 min~%, shaking diameter: do = 50 mm, culture volume:

V, = 50 ml, absolute gas flow rate: 5 ml min~* N,, medium = YTF
medium, initial fructose concentration ¢y = 5 g L™2, inoculation
density: ODyo = 0.1.

experiment, standard YTF medium resulted in a CT of 48 mmol L™
(Figure 2b), indicating only background WLP activity. The slightly
reduced amount of total detected CO,, compared to the theoretical
yield from fructose (55.6 mmol L™1), could also be caused by medium
dilution during inoculation. In cultures with added TE solution, the CT
was reduced to 35 mmol L. The change of CT indicates initiation of
WLP activity in the presence of added TE, since CO, produced from
fructose can only either be utilized via the WLP or exhausted. These
first results demonstrate that even when grown in the well-
established YTF medium, metal availability limits metabolic activity of
C. ljungdahlii, which can be alleviated by supplementing additional
trace elements.

To examine, which TE influences the cultivation need further
analysis, all trace elements were added individually (Figure 3). Distinct
changes in CTR progression were only observed with iron(ll) and
cobalt(ll) (Figure 3a). The addition of iron(ll) led to a 13% increase in
CT compared to the reference without added TE (Figure 3b),

FIGURE 3
batch cultivation of C. ljungdahlii (DSM 13528) in YTF medium on
fructose in ten 250 ml anaRAMOS flasks (two experiments).
Reference YTF medium without added TE, or with supplemented

8 mg L~ Ammonium iron(ll) sulphate hexahydrate ((NH,4),Fe
(SO4),-6H,0), 2 mg L~ Cobalt(ll) chloride hexahydrate (CoCl,-6H,0),
10 mg L~ Manganese sulphate monohydrate (MnSO,-H,0),

2 mg L~ Sodium molybdate dihydrate (Na,M0O,4-2H,0),

0.002 mg L™ Zinc sulphate heptahydrate (ZnSO4-7H,0), 0.2 mg L1
Nickel(ll) chloride hexahydrate (NiCl,-6H,0), 0.2 mg L~ Copper

(1) chloride dihydrate (CuCl,-2H,0), 0.2 mg L~ Sodium selenite
pentahydrate (Na,SeO3-5H,0), 0.2 mg L~! Sodium tungstate
dihydrate (Na,WOQO,-2H,0). (a) Carbon dioxide transfer rate (CTR)
[mmol L~ h~1]. (b) Total carbon dioxide (CT) [mmol L~ calculated as
integral from the online CTR measurement. Cultivation conditions:
Temperature: T = 37°C, pHyo = 6, shaking frequency: n = 100 min~2,
shaking diameter: do = 50 mm, culture volume: V|_ = 50 ml, absolute
gas flow rate: 5 ml min~! N, medium = YTF medium, initial fructose
concentration ¢o = 5 g L™, inoculation density: ODg = 0.1,
inoculation from actively growing pre-culture in serum bottle.

Influence of addition of different trace elements on

indicating less efficient carbon utilization. With added cobalt(ll), the
CTR curve was significantly influenced, but cultures displayed a similar
CT to the reference without added trace elements. Even though the
CTR curve with added nickel(ll) had a similar progression as the con-
trol, a 15% decrease in CT was observed in comparison to the refer-
ence (Figure 3b). This increase in carbon utilization in the presence of
nickel(ll) might be explained by higher CODH/ACS activity without
nickel(ll) limitation.
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The recorded CTR curves clearly show that iron(ll) addition led to
an unlimited exponential increase of metabolic activity. The logarith-
mic plot is shown in Figure S5. The addition of cobalt(ll) initially led to
linear increase of metabolic activity, while for the last 3 h of the culti-
vation (23-26 h), a steep vertical drop in CTR was observed. To obtain
more detailed results on the influence of these metals on WLP activity
in C. ljungdahlii, the addition of iron(ll), cobalt(ll), and nickel(ll) was fur-

ther investigated.

3.2 | Influence of iron(ll)

The first trace metal investigated was iron(ll). Some of the data was
previously shown in Reference [54]. To obtain information on the
effects of different concentrations, YTF medium was supplemented
with 0, 2, 4, or 8 mg L™ of (NH4),Fe(50.,),-6H,0. For growth phase |,
as defined in Figure 2a, there was no observed difference in the CTR
curves, independent of the amount of iron(ll) added (Figure 4a). Dur-
ing phase Il, the addition of increasing iron(ll) concentrations pro-
longed the duration of exponential increase of the metabolic activity
and led to higher maximum CTR values (Figure 4a). The addition of
8 mg L~ (NH,4),Fe(S50.,),-6H,0 prolonged exponential increase of the
CTR by 10 h and resulted in exponential growth until fructose deple-
tion (Figure 4a). The maximum CTR increased from 1.6 mmol L2 h~?1
to approximately 7.5 mmol L~ h~1. Possibly, more available iron(ll)
leads to an enhanced ferredoxin maturation. Ferredoxin is required
for various reactions catalyzed by C. ljungdahlii in both glycolysis and
WLP, as discussed in the introduction. The observed CT was also
slightly higher (13%) in the presence of higher concentrations of
iron(ll) (Figure 4b). The increase of the metabolic activity with
increased iron(ll) concentrations led to higher CO, production and
higher CO, concentrations in the gas phase. In turn, this resulted in a
net carbon loss in the cultivation since more CO, was removed via
active ventilation during CTR measurement (Figure 1).

Besides increasing CO, production, iron(ll) addition led to a slight
shift in the product spectrum. With an increasing concentration of
iron(ll), titers of the more reduced product ethanol increased at the
expense of acetate formation (Figure 4c). This result was expected in
light of the increased CO, production observed during cultivation.
Since CO, was not reduced in the WLP but released into the gas
phase in the presence of increased iron(ll) concentrations, acetate had
to be reduced to ethanol to recycle electron carriers reduced during
glycolysis. The shift toward ethanol in the presence of higher iron(ll)
concentrations occurs most probably since C. ljungdahlii converts ace-
tate into ethanol using iron(ll)-dependent alcohol dehydrogenase
(Figure 1).2° Since the authors are not aware of a study reporting H,
evolution from sugars by C. ljungdahlii, and the H, evolution from
sugars reported for other acetogens is negligible as discussed
before,?® potential H, production is not considered in this study. In
total, more biomass was produced with increased iron(ll) availability
(Figure 4c). This finding correlates well with the non-inhibited expo-
nential CTR increase (Figure 4a). These results also correspond well to

the findings of our previous study, where iron(ll) was reported to
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FIGURE 4 Influence of iron(ll) in batch cultivation of C. ljungdabhlii

(DSM 13528) on fructose in seven 250 ml anaRAMOS flasks (Some of
the data is taken from Reference [49]). Ammonium iron(ll) sulphate
hexahydrate ((NH,),Fe(SO,4),-6H,0) concentration is varied (0, 2,

4 and 8 mg L™2). Duplicates are indicated by dashed lines. (a) Carbon
dioxide transfer rate (CTR) (mmol L= h=%). (b) Total carbon dioxide
(CT) (mmol L™ calculated as integral from the online CTR
measurement and pH [—]. (c) Ethanol and acetate concentration

(g L) and ODyggo [—] determined at the end of the cultivation. Error
bars indicate minimal and maximal value. Cultivation conditions:
Temperature: T = 37°C, pHyo = 6, shaking frequency: n = 100 min~2,
shaking diameter: do = 50 mm, culture volume: V| = 50 ml, absolute
gas flow rate: 5 ml min~! N, medium = YTF medium, initial fructose
concentration ¢c,o = 5 g L%, inoculation density: ODyo = 0.1. Parts of
the information were previously shown in reference 54.

display a positive influence on the alcohol production in
C. carboxidivorans.*?

Carbon balances were calculated with CT data and measured
product titers (Figure S6). With increasing iron(ll) concentrations, total
carbon in CO, and products slightly increased. Carbon balances were

calculated for all experiments and revealed slightly higher amounts of
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carbon in the products than supplemented via fructose in the pres-
ence of added iron(ll) (Figures S6-S8). This hints at an improved utili-
zation of complex substrates like yeast extract in the presence of
added iron(ll).

3.3 | Influence of cobalt(ll)

The second trace element investigated in detail was cobalt(ll).
C. ljungdahlii was cultivated in the presence of either O, 1, 2, or
4 mg L~! of added CoCl,-6H,0 (Figure 5). In the first 12 h of cultiva-
tion, no difference in growth behavior was observed, independent of
the added cobalt(ll) concentration. After the second CTR peak after
12 h, a linear increase of the CTR was observed in cultures with added
cobalt(ll), but not in the reference. Without added cobalt(ll), the CTR
curve followed the same pattern as in previous experiments, where
measured CTR slowly declined over time. In the presence of added
cobalt(ll), the CTR decreased sharply after 23 h before fructose
depleted after 26 h, and no more CO, production was observed. The
first peak, indicating depletion of complex growth substrates, was sim-
ilar in all cultivations. Curiously, a small additional peak appeared in
cultivations with added cobalt(ll), precisely at the same time as peak I
occurred in the reference cultivation (indicated by an arrow in
Figure 5). Since we did not observe this peak when iron(ll) was added
to cultivations (compare Figure 4), we conclude that this local maxi-
mum in CTR indicated the onset of iron(ll) limitation in cultures with
added cobalt(ll). Potentially, this could be an indicator that cobalt(ll)
can partly replace iron(ll).

The cultivation duration with added cobalt(ll) was decreased by
approximately 12 h, compared to the reference cultivation in YTF
medium without added cobalt(ll). Even though the addition of
1 mg L~ cobalt(ll) had a dramatic effect on CTR compared to the
control, higher concentrations only led to slightly increasing CTR
values. CT values were similar in all cultivations, independent of the
added cobalt(ll) concentration (Figure 5b). More biomass was formed
in the presence of additional cobalt(ll). Ethanol titers increased
slightly at the expense of acetate, causing a higher final pH due to
decreased acid production (Figure 5b,c). Much like CTR values, the
effect was not influenced by higher cobalt(ll) concentrations. Calcula-
tion of carbon balances confirmed that all carbon derived from fruc-
tose was metabolized into either CO,, biomass, acetate, or ethanol
(Figure S7). These results show that the addition of cobalt(ll) strongly
influences CTR progression, growth, and product formation of
C. ljungdahlii, but above 1 mg L~! added cobalt(ll) no concentration

effect was observed.

3.4 | Influence of nickel(ll) and iron(ll)

The third trace element investigated in more detail was nickel(ll).
C. ljungdahlii was cultivated in the presence of either 0, 0.1, 0.2 or
0.4 mg L™! of NiCly- 6H,0. Since previous results clearly showed a

secondary substrate limitation from insufficient iron(ll) (see Figure 3),
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FIGURE 5 Influence of cobalt(ll) in batch cultivation of

C. ljungdahlii (DSM 13528) on fructose in eight 250 ml anaRAMOS
flasks. Cobalt(ll) chloride hexahydrate (CoCl,-6H,0) concentration is
setto 0, 1,2 and 4 mg L~ L. Each condition was tested in duplicate
(dashed lines). (a) Carbon dioxide transfer rate (CTR) (mmol L~ h~1).
(b) Total carbon dioxide (CT) (mmol L™2) calculated as integral from
the online CTR measurement and pH [—]. (c) Ethanol and acetate
concentration (g L™1) and ODggo [—] determined at the end of the
cultivation. Error bars indicate minimal and maximal value. Cultivation
conditions: Temperature: T = 37°C, pH;o = 6, shaking frequency:

n =100 min~ 1, shaking diameter: do = 50 mm, culture volume:

V. = 50 ml, absolute gas flow rate: 5 ml min~! No, medium = YTF
medium, initial fructose concentrationco =5 g L%, inoculation
density: ODyo = 0.1.

an additional 8 mg L™ of (NH4),Fe(SO4), 6H,0 were supplemented
to all cultivations in this experiment. We observed no influence of
added nickel(ll) on fermentation phase |, as defined in Figure 2
(Figure 6). However, the maximum CTR decreased with higher
nickel(ll) concentrations and occurred earlier compared to the refer-
ence. While the maximum CTR of the reference cultivation was
6.4 mmol L™* h™%, the addition of 0.4 mg L~* NiCly-6H,O decreased
the maximum CTR by 42% to 3.7 mmol L™* h~% While in the
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FIGURE 6 Influence of nickel(ll) on batch cultivation of

C. ljungdahlii (DSM 13528) on fructose in seven 250 ml anaRAMOS
flasks in YTF medium with 8 mg L~ Ammonium iron(ll) sulphate
hexahydrate ((NH4)2Fe(SO4),-6H,0). Varying concentrations of
Nickel(ll) chloride hexahydrate (NiCl,-6H,0) were added (0.1, 0.2
and 0.4 mg L™Y), duplicates are indicated by dashed lines. (a) Carbon
dioxide transfer rate (CTR) (mmol L=t h~2). (b) Total carbon dioxide
(CT) (mmol L™1) calculated as integral from the online CTR
measurement and pH [—]. (c) Ethanol and acetate concentration

(g L™Y) and ODgqo [—] determined at the end of the cultivation. Error
bars indicate minimal and maximal value. (d) Carbon in products and
carbon in CO5, at the end of the cultivation. Cultivation conditions:
Temperature: T = 37°C, pHyo = 6, shaking frequency:

n = 100 min~?, shaking diameter: do = 50 mm, culture volume:

V, = 50 ml, absolute gas flow rate: 5 ml min~— N, medium = YTF
medium, initial fructose concentration ¢;o = 5 g L™2, inoculation
density: ODy = 0.1.
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reference cultivation, the CTR dropped to O mmol L™ h~? directly
after the maximum was reached. CTR curves in the presence of
nickel(ll) sloped down more gently, after reaching their maximum
values (Figure 6a).

Compared to the reference, CO, production (CT) decreased by 28%
in cultures with added 0.4 mg L~ of NiCl,-6H,0 (Figure 6b), indicating
higher WLP activity if nickel(ll) is available. Since the crucial enzyme in
the WLP, the CODH/ACS responsible for the formation of acetyl-CoA,
is strictly nickel(ll) dependent.37 It can be assumed, that an increased
nickel(ll) availability results in an increased CODH/ACS activity and thus
higher CO, reassimilation. Higher nickel(ll) availability also led to an
increase in acetate production at the expense of ethanol production and
correlated to a downward shift in final pH (Figure 6b,c). The higher car-
bon utilization efficiency is explained by increased WLP activity. Since
more electrons are diverted toward CO, reduction to acetate, fewer
electrons are available to reduce acetate to ethanol.>® This causes a
higher ratio of soluble products (acetate and ethanol) to CO, with higher
nickel(ll) availability (Figure 6d). Biomass yields also increased with added
nickel(ll) compared to the reference cultivation, but there was no correla-
tion between higher nickel(ll) concentrations and biomass yields. Total
product carbon balances were calculated and showed a slight increase in
carbon metabolized into products (CO,, acetate, and ethanol) in the
presence of added nickel(ll) (Figure S8). In conclusion, NiCl,-6H,0 (and
Fe(ll)) addition to complex medium resulted in higher growth yield. It
increased acetate formation at the expense of ethanol and CO, forma-
tion, indicating higher WLP activity, most probably due to alleviated limi-
tation of CODH/ACS.

To gain further information on the influence of nickel(ll) availabil-
ity on the growth and production behavior of C. ljungdahlii, additional
cultivations were performed, and offline sampled to generate data for
OD and products. The results were correlated with the CTR curves
recorded by the anaRAMOS (Figure 7). When only Fe(ll) (8 mg L™ of
(NH4),Fe(S0O4),-6H,0) was added, cells displayed a diauxic growth
behavior with higher initial exponential growth for the first 8-10 h,
followed by a second, slower exponential growth rate (indicated by
log OD in Figure 7b,e). The same applies for online measured CTR
(indicated by log CTR in Figure 7b,e). This was accompanied by a first
CTR peak at 6 h and a subsequent short decline in CTR before it rose
again to a second, much higher peak after approximately 22 h and a
sharp decline toward O net CO, evolution (Figure 7a). However, if
Ni(ll) (0.4 mgL~* NiCl,-6H,0) and Fe(ll) (8 mgL™* of (NH),Fe
(SO4),-6H,0) were added together, no strict diauxic growth behavior
was observed in the OD measurements. The CTR sloped off earlier
and more gently after 17 h of growth (Figure 7d). These results high-
light the importance of online CTR monitoring, as sole monitoring of
the OD would not have provided the distinct difference between
growth (OD) and metabolic activity (CTR). Likely, the change in the
metabolic activity results from more efficient carbon utilization,
resulting in a reduced CT, as shown in Figure 6.

During the first 6-8 h of cultivation, acetate formation was similar
at both conditions tested. While in the presence of only added iron(ll),

no alcohol formation was observed, added nickel(ll) also facilitated
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ethanol production at this early stage. After 8 h, however, there was a 3.5 | Influence of volumetric ventilation rate on

steep increase in ethanol production in the cultivation with only
added iron(ll), leading to 2 g L~! ethanol and 1.5 g L™! acetate at the
end of cultivation (Figure 7c). With added Ni(ll), final titers of 1.5 g L™
ethanol and 3 g L™! acetate were produced (Figure 7f). After 20 to
22 h, fructose was depleted at both conditions tested. The offline
measured depletion of fructose goes well in hand with the online
detected halt of the metabolic activity, indicated by the abrupt drop
of the CTR. This phenomenon is caused by the generally low Ky
values of microorganisms for preferred carbon sources like fructose.
In conclusion, even though growth rates and CT were lower in the
presence of added nickel(ll), final biomass and product yields were
strongly increased compared to the reference. This indicates much
higher carbon utilization efficiency if nickel(ll) is available during
growth in complex medium.

The logarithmic plot of the CTR and the OD (Figure 7b,e) supports
the observations discussed for Figure 7a,d. When only iron(ll) is added,
both the CTR and the OD show exponential increase throughout the
second cultivation phase (Figure 7b). When iron(ll) and nickel(ll) are
added, the exponential increase in CTR ceases before fructose depletion
(Figure 7e). In contrast, the logarithmic plot of the OD shows an expo-
nential increase until fructose depletion (Figure 7e). These results clearly
indicate, that online measurement with the anaRAMQOS device provides
valuable insights into metabolic activity, which can otherwise not be

deduced solely by offline sampling.

the CO,, utilization

The results of the previous experiments clearly show a relation
between the metabolic activity of C. ljungdahlii on fructose and the
availability of CO, as an electron acceptor. Given that the volume of
the culture vessel and the absolute flow rate of gas remains constant,
an increased filling volume results in a decreased volumetric ventila-
tion rate and thus less CO, stripping. Hence, cultivations with iron(ll)
and nickel(ll) were conducted using different filling volumes, in order
to investigate the influence of the volumetric ventilation rate in the
cultivation vessel. Cultivations with either 10, 50, or 80 ml medium
(resulting in a volumetric ventilation rates of 0.5, 0.1 and 0.063 min?,
respectively) in 250 ml RAMOS flasks were performed (Figure 8). The
progressions of the CTR over time for 50 and 80 ml filling volumes
were similar to the ones in previous experiments, which were per-
formed with 50 ml medium in the same flasks. However, the cultiva-
tion with 10 ml filling volume showed a lower growth rate after 12 h
cultivation time, leading to a delayed second CTR peak at 22 h com-
pared to 16 h with larger filling volumes. Furthermore, a steeper
decline in CTR was observed after the second peak in the cultivation
with 10 ml medium.

The CT for the 10 ml cultures (39 mmol L™%) was 13 mmol L~
higher than values for the 50 and 80 ml cultures (both 52 mmol L™2).
In total, this accounts for a reduction of carbon loss by 25% at larger
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with the higher acetate-ethanol ratio (Figure 8c), the pH value
decreased with larger filling volumes (Figure 8b). The results in the
experiment with increased filling volume was similar to the results for
increasing nickel(ll) concentrations. Both, a larger filling volume
(Figure 8b) and a higher nickel(ll) concentration (with iron(ll) present)
(Figure 6b), allow for an enhanced CO, utilization via the WLP and
shift the product spectrum toward acetate production. Interestingly,
an increase in filling volume in standard YTF medium without the
addition of iron(ll) and nickel(ll) displayed the same trend (Figure S5).
Even though WLP activity was limited due to a shortage of trace
metals, increased availability of dissolved CO, (higher filling volume)
led to shorter cultivation times and reduced CO, release. However,
this effect was less pronounced than in the presence of added iron(ll)

Carbon fixation via the WLP is enhanced by increased iron(ll) and
nickel(ll) concentrations and higher CO, partial pressures. Increasing
activity of the WLP in both cases (Figures 6 and 8) leads to faster growth
and a decreased carbon loss in the form of CO, into the gas phase.

In this study, the anaRAMOS was applied for online CTR measure-
ment for the investigation of C. ljungdahlii's metabolic response, when
grown in YTF medium with added trace elements (TE). The online
measurement of evolved CO, allowed for a relative evaluation of
different  environments

(TE availability and CO, stripping rates). These online data can be used
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FIGURE 8 Influence of liquid filling volume on cultivation of
C. ljungdahlii (DSM 13528) on fructose in eight 250 ml anaRAMOS
flasks using YTF medium containing 8 mg L~ Ammonium iron(ll)
sulphate hexahydrate (NH.),Fe(5O.,),-6H,0) and 0.4 mg L~ of
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N, resulting in volumetric ventilation rates of 0.5, 0.1 and

0.063 min~2. (a) Carbon dioxide transfer rate (CTR) (mmol L=* h=1).
(b) Total carbon dioxide (CT) (mmol L™%) calculated as integral from
the online CTR measurement and pH [—]. (c) Ethanol and acetate
concentration (g L™ and ODggo [—] determined at the end of the
cultivation. Error bars indicate minimal and maximal value. Cultivation
conditions: Temperature: T = 37°C, pHo = 6, shaking frequency:
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medium, initial fructose concentration c;o = 5 g L™2, inoculation
density: ODyo = 0.1.

1of

filling volumes. This was to be expected since higher availability of dis-
solved CO, in the larger media volumes allows the cells to form more
acetate in the WLP and simultaneously decreases the need to recycle

reducing equivalents via acetate reduction to ethanol. In accordance

to evaluate the impact of TE on different metabolic modules (glycoly-
sis, WLP and reduction of acetate to ethanol) as well as display the
exact time point during the fermentation when inhibition occurs.
These observations are only possible with online measurement of the
CTR as a direct metabolic marker for metabolic activity, clearly under-
lining the importance and possibilities of applying real-time analysis
with the anaRAMOS. Additionally, it is demonstrates that the utiliza-
tion of online monitoring devices drastically reduces the need to take
offline samples. With these results we were able to show, that the
model acetogen C. ljungdahlii displays only background WLP activity
during heterotrophic growth in YTF medium, even though WLP activ-
ity would lead to higher acetyl-CoA availability and ATP vyields. This
lack in WLP activity is caused by TE limitation. To avoid TE limitations
when cultivating acetogenic bacteria in complex media, a TE composi-
tion, optimized for the strain in question, should be added to complex
media. The composition of the TE has to be adjusted depending on
the goal of the respective cultivation.

For C. ljungdahlii cultivations in YTF medium, iron(ll), cobalt(ll),
and nickel(ll) were identified to influence the CO, production, the
product spectrum, and biomass formation. The addition of iron(ll)
led to increased ethanol production. The addition of nickel(ll) and
iron(ll) led to a reduction of CO, production by 28%. In comparison,
an increase of the filling volume resulted in a reduction of CO, emis-
sion by 25%. In both cases, the product spectrum was shifted toward

acetate, indicating more efficient carbon utilization during recycling of
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NADH and ferredoxin reduced during glycolysis. The reported results
help to better understand the metabolic activity of C. ljungdahlii and the
influence of trace elements on product and biomass formation. With this
study as a proof of concept, it is now feasible to evaluate different media
compositions, growth substrates and cultivation conditions for
acetogenic bacteria, to characterize their behavior and improve strains
and fermentation conditions. In the next steps, a more detailed analyses
concerning the influence of additionally supplemented CO, on hetero-
trophic growth needs to be conducted. Future experiments could also
investigate other carbon sources. The RAMOS device was recently

adjusted to syngas as carbon source.”®
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