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Abstract
Online monitoring of microbial cultures is an effective approach for studying
both aerobic and anaerobic microorganisms. Especially in small-scale cultiva-
tions, several parallel online monitored experiments can generate a detailed
understanding of the cultivation, compared to a situationwhere a few data points
are generated from time course sampling and offline analysis. However, the
availability of small-scale online monitoring devices for acetogenic organisms
is limited. In this study, the previously reported anaerobic Respiration Activ-
ity MOnitoring System (anaRAMOS) device was adapted for online monitoring
of Clostridium ljungdahlii (C. ljungdahlii) cultures with fructose as the carbon
source. The anaRAMOS was applied to identify conversion of different carbon
sources present in commonly used YTF medium. An iron(II) deficiency was
discovered in this medium for C. ljungdahlii. Addition of iron(II) to the YTF
medium reduced the cultivation time and increased biomass yield of C. ljung-
dahlii cultures by 50% and 40%, respectively. The measurement of the carbon
dioxide transfer rate was used to calculated the iron(II) contained in complex
components. By demonstrating the application of the anaRAMOS device for
medium optimization, it is proven that the described online monitoring device
has potential for use in process development.
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1 INTRODUCTION

The cultivation of organisms capable of utilizing gaseous
carbon and energy sources has been intensively studied
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in recent years [1–4]. Fermentation using gaseous carbon
sources is highly flexible with respect to the origins of the
gas. For example, industrial off-gases, gasified lignocellu-
losic biomass, or gasified municipal waste can be used as
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substrates [4–7]. Microbial fermentation of gaseous carbon
sources, which commonly consist of a mixture of carbon
monoxide (CO), carbon dioxide (CO2), and hydrogen (H2)
(syngas), is an alternative process to Fischer–Tropsch syn-
thesis [8]. Syngas fermentation is less affected by gaseous
impurities, while being more flexible with respect to the
gas composition. Owing to lower temperature and pres-
sure requirements compared to chemical processes, the
overall energy consumption for heating and pressurizing is
lower in syngas fermentations [1,9]. Furthermore, a range
of molecules, from acetate and ethanol to longer chain
alcohols and acids, can be produced using syngas fermen-
tation [3,10–12].
The most commonly studied microorganism for syngas

fermentation is Clostridium ljungdahlii (C. ljungdahlii), a
strict anaerobic spore-forming acetogen capable of metab-
olizing carbon monoxide and carbon dioxide in combi-
nation with hydrogen, which was first isolated in 1988
[13]. Besides gaseous carbon and energy sources, C. ljung-
dahlii is able tometabolize several solid carbon and energy
sources, such as C5 and C6 sugars [14]. However, C. ljung-
dahlii growth on solid carbon sources is rarely reported
in literature, although it is useful for medium optimiza-
tion and growth characterization. Different medium com-
positions are used to culture C. ljungdahlii. While the
ATCC 1754 medium is mainly used in studies investigating
gaseous carbon sources, YTF medium with fructose as the
main carbon source is commonly used in studies focusing
on genetic engineering of C. ljungdahlii [15–18].
Acetogenic organisms, such asC. ljungdahlii, aremainly

cultured in serum bottles at small scales [11,15,19], or in
lab-scale bioreactors such as stirred tank reactors (STR) or
bubble column reactors. Serum bottles are used for screen-
ing multiple conditions simultaneously. However, offline
sampling intervenes with cultivation and alters the cul-
ture conditions. Usually, samples are taken from the same
serum bottles throughout one experiment, instead of using
one serum bottle per sampling point. Furthermore, cul-
ture conditions in a closed system, such as serum bottles,
change throughout the cultivation period due to gas pro-
duction and consumption, affecting the gas composition
and pressure.
The availability of small-scale online monitoring

devices, which are widely used for aerobic processes
[20], are currently rather limited for anaerobic processes.
Bioreactors, on the other hand, provide several online
monitoring tools and maintain constant culture condi-
tions throughout the experiment via constant aeration,
pH control, etc. However, performing several bioreactor
experiments simultaneously for screening purposes is
laborious and expensive. The recently developed anaero-
bic respiration activity monitoring system (anaRAMOS)
is the first device combining online monitoring with

PRACTICAL APPLICATION

The designed tomeasure the carbon dioxide trans-
fer rate in shake flasks, was adapted and used
to monitor the growth of the model acetogen
Clostridium ljungdahlii (C. ljungdahlii). In this
study, an iron(II) limitation in the commonly used
YTF medium for C. ljungdahlii was determined
using the anaRAMOS.Cultivation inYTFmedium
with added iron(II) reduced the cultivation time by
50% and increased the biomass yield by 40% com-
pared to that in YTF without added iron(II). By
combining the online monitoring device with the
presented experimental approach, a fast, reliable,
and easy process optimization and the discovery of
medium deficiencies can be achieved.

semi-continuous ventilation in small-scale cultivation
of anaerobic organisms [21]. The AnaRAMOS holds up
to eight 250 mL shake flasks that are semi-continuous
ventilated with nitrogen, while being shaken at a con-
stant temperature. Carbon dioxide sensors allow the
measurement of the carbon dioxide concentration in
the head space, thereby enabling the calculation of
the carbon dioxide transfer rate (CTR). Generally, the
measured CTR is assumed to be equal to the carbon
dioxide evolution rate; thus, representing a direct mea-
sure of the metabolic activity, as reported for aerobic
processes [22].
This study aims to validate the use of the anaRAMOS

device for monitoring the cultivation of the model ace-
togen C. ljungdahlii with fructose as the main carbon
source. By demonstrating the optimization of the com-
monly used YTF medium, the potential and advantages
of the anaRAMOS device for future research are demon-
strated.

2 MATERIAL ANDMETHODS

2.1 Strain and medium

C. ljungdahlii (DSM 13528) was kindly provided by Fraun-
hofer IME (Germany) as an actively growing culture in
YTF medium in a 250 mL serum bottle. Initial cryo
stocks were stored as 2 mL aliquots with 10% anoxic
DMSO at -80◦C. YTF medium containing 10 g yeast
extract (Yeast extract, Oxoid™, France, Lot: 2522291-02),
16 g tryptone (Tryptone/Peptone aus Casein, Roth, Ger-
many, Lot: 395234974), 4 g NaCl, 0.75 g cysteine-HCl, and
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5 g fructose per liter was used for all cultivations. A 1.5-
fold medium stock solution containing yeast extract, tryp-
tone, and NaCl was prepared and autoclaved at 121◦C
for 20 min. Sterile filtered cysteine-HCl and autoclaved
fructose from a 20-fold concentrated stock solution were
added prior to each experiment. The pH was set to
6 using 1 M HCl and the final volume was adjusted
using autoclaved deionized water. The medium was trans-
ferred into serum bottles and RAMOS flasks under ster-
ile conditions. Serum bottles were ventilated for 20 min
using ultra-high purity (99.999%) nitrogen (Praxair, Ger-
many). Subsequently, 10 mL (for 100 mL serum bot-
tles) or 25 mL (for 250 mL serum bottles) carbon diox-
ide (99.995%) (Praxair, Germany) was added to each
serum bottle using a syringe and needle. For anaRAMOS
cultivations, RAMOS flasks containing aerobic medium
were installed in the anaRAMOS device and semi-
continuously ventilated using ultra-high purity (99.999%)
nitrogen for a minimum of 2 h to completely remove oxy-
gen from the gas phase and dissolved oxygen from the
medium.

2.2 Cultivation conditions

Two consecutive pre-cultures were performed for each
experiment. The first pre-culture with a total volume
of 10 mL (in 100 mL serum bottles) contained 1 mL of
thawed cryo stock and was cultivated for 24 h. The second
pre-culture with a total 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 terminated. The main cultures were
inoculated in a 1:10 ratio, unless stated otherwise. Inocu-
lation took place after an initial ventilation phase of the
anaRAMOS device for a minimum of 2 h by transferring
pre-culture through a septum into the RAMOS flasks
using a 5 mL syringe with a needle (0.6 mm × 30 mm). For
the experiment shown in Figure 2, the second pre-culture
was, in contrast to the other experiments, grown in the
anaRAMOS (Supplementary Figure S8). The main cul-
tures were inoculated using a 5 mL syringe with a needle
(0.6 mm × 30 mm) immediately after the CTR dropped to
0 mmol L–1 h-1.
All main cultures were performed in unbaffled 250 mL

shake flasks at 37◦C in an orbital shaker (climo shaker
ISFX-1, Kühner AG, Switzerland) using an in-house built
anaRAMOS device according to Munch et al. 2019 [21]. A
filling volume (VL) of 50 mL was used at a shaking diame-
ter (d0) of 50 mm and a shaking frequency (n) of 100 rpm.
The anaRAMOS device was used to semi-continuously
monitor the carbon dioxide transfer rate in up to eight
parallel shake flasks. Each flask was equipped with an

inlet and an outlet valve (Supplementary Figure S1A posi-
tions 2 and 6), a pressure sensor (Type 26PCA, Honey-
well Inc., USA) (Supplementary Figure S1A position 3),
a micro pump (Microfluidic piezo membrane pump, Bar-
tels Mikrotechnik, Germany) (Supplementary Figure S1A
position 4), and a CO2 sensor (MSH P CO2, Dynament,
UK) (Supplementary Figure S1A position 5). The pump
(4) continuously circulated gas from the head space past
the CO2 sensor (5). The direction of the gas flow is shown
in Supplementary Figure S1A. Measurement of the CTR
includes three phases: the flow phase (1), the measure-
ment phase (2), and the high flow phase (3) depicted in
Supplementary Figure S1B. During the flow phase, each
shake flask was individually ventilated using ultra-high-
purity (99.999%) nitrogen (Praxair, Germany) at a flow rate
of 5 mL min–1 per shake flask. During the measurement
phase, the inlet and outlet valves allowed closure of in-
gas and off-gas, resulting in a closed gas head space dur-
ing the measurement phase. The linear increase in the
carbon dioxide concentration, monitored by the CO2 sen-
sor within the measurement phase, was used to calculate
the CTR [21]. Prior to each experiment, a pressure test
was performed with pressure sensors located within the
gas loop to ensure a fully air-tight system. Further details
on the setup and calculation methods have been reported
previously [21].

2.3 Offline analysis

For offline analysis, 3 mL of the sample was removed
from one shake flask using a 5 mL syringe with a needle
(0.6 mm × 30 mm). Sampled shake flasks were not fur-
ther considered for online and offline analyses, as culti-
vation conditions are altered due to volume changes. The
optical density (OD) was measured after appropriate dilu-
tionwith sterilemedium at awavelength of 600 nmusing a
Photometer (Genesys 20 Photospectrometer, ThermoSpec-
tronic, USA). The optical density was used to calculate the
carbon content of the biomass. Therefore, the OD to BTM
correlation in Equation 1 was used (compare to Supple-
mentary Figure S2).

𝑂𝐷 = 0.0019 ⋅ 𝐶𝐷𝑊 (1)

A biomass composition of CH1.666N0.23O0.27 with a
molecular weight of 20.7 g mol–1 was assumed [23].
The remaining sample was centrifuged for 5 min at
RCF = 18 000 × g. A portion of the supernatant was used
for pH measurement (HI221 Microprocessor pH Meter,
Hanna Instruments, Germany) and the remainder was
stored at –20◦C for high-performance liquid chromatog-
raphy (HPLC) analysis. For HPLC analysis, samples were
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thawed, filtered (pore size 0.2 µm), and stored at 4◦C
until analysis. HPLC (Prominence HPLC, Shimadzu, Ger-
many)was performed using an organic acid column (ROA-
Organic Acid H+, Phenomenex Inc., Germany) at 60◦C
and a flow rate of 0.8 mL min–1 of 5 mM H2SO4. Elution
was detected using a refractive index detector (RID-10A,
Shimadzu, Germany).

3 RESULTS AND DISCUSSION

3.1 Adaptation of C. ljungdahlii to
cultivation conditions

The anaRAMOS was used for monitoring the cultivation
of C. ljungdahlii in YTF medium. A previous study has
reported the use of anaRAMOS with a gas ventilation
rate of 10 mL min–1 N2 per flask for the cultivation of
Clostridium pasteurianum (C. pasteurianum) [21]. Since
themetabolic activity of C. ljungdahlii is lower than that of
C. pasteurianum, the ventilation rate was reduced to 5 mL
min–1 N2, decreasing CO2 removal from the flasks because
CO2 is beneficial for anaerobic organisms [24].

3.2 Reference culture

To establish a reference cultivation, C. ljungdahliiwas cul-
tivated in YTF medium containing 5 g L-1 fructose (Fig-
ure 1). For better understanding, the cultivation is divided
into three phases, as indicated in Figure 1 and clarified in
Supplementary Figure S3. To validate the CTR measured
online, offline samples were regularly taken and the sam-
pled flasks were not used for further analysis. The com-
parability among the different parallel flasks in one exper-
iment is shown in Supplementary Figure S4. Variations
were observed in the reference cultures of different culti-
vations (Supplementary Figure S5). This likely results from
slight variations in the pre-cultures. Pre-culture has been
previously reported as a major factor impacting microbial
cultivation [25].
The CTR indicated exponential growth for approxi-

mately 12 h (Phase I), reaching a CTR of approximately
1.1 mmol L-1 h–1 (logarithmic plot is shown in Supplemen-
tary Figure S6). During this period, the OD (Figure 1A)
increased to 0.4, pH increased slightly, and fructose con-
centration decreased. The increase in pH is likely due to
the consumption of complex components, as previously
reported for other organisms [26,27]. The product concen-
tration (ethanol and acetate) increased by 0.4 g L–1. While
no ethanolwas produced in the pre-culture, a slight acetate
carryover into the main culture was observed (Figure 1B).
After 12 h, the CTR shows an intermittent drop before

further exponentially increasing to a maximum value of

F IGURE 1 Parallel batch cultivation of C. ljungdahlii DSM
13528 in seven 250 mL shake flasks containing YTF medium. One
online shake flaskwas removed for each sampling time point. P I, P II,
and P III indicating phase one, phase two, and phase three of the cul-
tivation are defined in Supplementary Figure S3. (A) Carbon dioxide
transfer rate (CTR) and optical density at 600 nmwavelength (OD600)
(B) Fructose, acetate, and ethanol concentrations. Cultivation condi-
tions: Inoculation density OD = 0.1, inoculation from actively grow-
ing pre-culture in serum bottle, temperature (T) = 37◦C, pH = 6,
shaking frequency n = 100 rpm, shaking diameter d0 = 50 mm, fill-
ing volume VL = 50 mL, initial fructose concentration c = 5 g L–1,
ventilation using 100% N2, and flow rate qin = 5 mL min–1. The data
that support the findings of this study are openly available at [DOI:
10.18154/RWTH-2020-10467]

1.6 mmol L-1 h-1 after 20 h (Phase II) (Logarithmic plot is
shown in Supplementary Figure S6). The OD during the
second growth phase increased further to 1.0 at the maxi-
mumCTR (after 20 h). At the same time, the pH decreased
due to increasing acetate concentration; ethanol concen-
tration increased similarly. The decrease in CTR after
phase I as well as the different growth rates represented
by the slopes of the logarithmic CTR plots (µmax = 0.084
h–1 versus µmax = 0.053 h–1, compare to Supplementary
Figure S6) are indicators of a metabolic switch, which has
previously been denoted as diauxic effect for aerobic cul-
tures. After 20 h (start of Phase III), the CTR slowly starts
to decrease and reaches a value of 0.9 mmol L-1 h-1 after
48 h. Subsequently, the CTR drops to 0 mmol L-1 h-1. Dur-
ing phase III, the OD increases at a lower rate compared
to cultivation phases I and II, while fructose concentra-
tion decreases steadily and depletes at the same time as
the CTR drops to 0 mmol L-1 h-1. The pH during phase III
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decreased and reached a minimum value of 5.1 after 48 h.
The product concentration further increased to maximum
values of 2 g L–1 for acetate and 1.5 g L–1 for ethanol. The
slightly decreasing plateau of the CTR during phase III is
most likely the result of a secondary substrate limitation,
as reported in case of aerobic cultivations [28,29]. The ODs
measured offline throughout the cultivation indicate that
the growth of C. ljungdahlii was similar to data published
elsewhere [17].
The initial fructose concentration as well as the acetate

and biomass carryovers from the pre-culture can be used
to calculate the amount of carbon initially added to the
cultivation. In total, 183 mmolCarbon L-1 was added at the
start of the cultivation (excluding the amount of carbon
added via complex components). An equivalent amount
of carbon is expected in the products (carbon dioxide,
biomass, acetate, and ethanol). The integral of the CTR
curve from phases I–III can be used to calculate the total
carbon dioxide evolution (Supplementary Figure S3).
Based on HPLC results, the total amount of carbon in
ethanol and acetate can be calculated, and the OD can be
used to calculate the total carbon in the biomass. At the
end of the cultivation, a total amount of 200 mmolCarbon
L–1 was measured in the products, including ethanol,
acetate, biomass, and carbon dioxide. A detailed distri-
bution of carbon between the substrates and products
is plotted in Supplementary Figure S7. The deviation
between the amounts of carbon in the substrates and
products is most probably the result of the undefined
amount of carbon added via complex components.

3.3 Identification of the cultivation
phases observed in reference cultures

After establishing a reference cultivation as described
above, it was attempted to identify the different phases
observed during cultivation on 5 g L–1 fructose (Fig-
ure 2). Therefore, different initial fructose concentrations
(0, 2.5, and 5 g L–1) were added to the subsequent cultures
(Figure 2). All cultivations (0, 2.5, and 5 g L–1 of fruc-
tose) shown in Figure 2 were inoculated from a pre-
culture grown in anaRAMOS immediately after carbon
source depletion (pre-culture progression is plotted in
Supplementary Figure S8), preventing fructose carryover
from the pre-culture into the main culture. Inoculation
from stationary phase cultures resulted in a prolonged
lag phase of approximately 18 h, which was not observed
in cultivations inoculated from actively growing cultures
(Supplementary Figure S5).
After a lag phase of approximately 24 h, phase I of all

cultivations was comparable to that of the previous culti-
vation (Figure 2) (Figure 1A). Since growth in phase I was

F IGURE 2 Variation of initial fructose concentrations in batch
cultivations of C. ljungdahlii DSM 13528 in six 250 mL shake flasks.
Fructose concentration varied between 0, 2.5, and 5 g L–1. Car-
bon dioxide transfer rate (CTR), duplicates are indicated by dashed
lines. Cultivation conditions: Inoculation from cryogenic culture,
YTF medium, temperature T = 37◦C, pH = 6, shaking frequency n =
100 rpm, shaking diameter d0 = 50 mm, filling volume VL = 50 mL,
initial fructose concentration c = 5 g L–1, ventilation using 100% N2,
and flow rate qin = 5 mL min–1. The data that support the findings of
this study are openly available at [DOI: 10.18154/RWTH-2020-10467]

also observed for the cultivation with 0 g L-1 fructose, it
may be deduced that the growth was necessarily based on
complex components added via yeast extract and tryptone.
Phase II was not observed for the cultivation with 0 g L–1
fructose. The cultivations with 2.5 and the 5 g L–1 fructose
were run in parallel for phase II. The duration of phase
III depended on the fructose concentration. In phase III,
2.5 g L-1 of fructose depleted after 58 h, whereas 5 g L–1 fruc-
tose depleted after 71 h. The plot in Figure 2 clearly iden-
tifies the diauxic growth. During phase I, complex compo-
nents are utilized; thereafter, the additional carbon source
fructose is consumed.
To investigate the influence of the complex components

in cultivations, higher concentrations of these compo-
nents (yeast extract or/and tryptone) were used (Figure 3),
while fructose concentration was maintained at 5 g L–1.
With increasing concentrations of complex components,
the duration of phase I increased (Figure 3A). While
phase I for the reference cultivation is 12 hours, doubled
yeast extract as well as doubled tryptone lead to a phase
I duration of 13 hours. Interestingly, the maximum CTR
in the first peak for cultivation with doubled yeast extract
concentration increased by 0.2 mmol L–1 h–1 compared
to the reference, whereas doubled tryptone concentration
led to an increase in the first peak by 0.5 mmol L–1 h–1
compared to the reference cultivation. Thus, tryptone pro-
motes higher metabolic activity during phase I compared
to yeast extract. This is also demonstrated by the higher
amount of carbon dioxide produced during the first peak
when the tryptone concentration was increased compared
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F IGURE 3 Influence of complex components on batch culti-
vation of C. ljungdahlii (DSM 13528) in eight 250 mL shake flasks.
Concentrations of complex components varied among flasks, refer-
ence cultures in standard YTF medium, and cultivation with either
doubled yeast extract (2xYE) concentration or doubled tryptone
(2xTRP) concentration or both doubled yeast extract and double tryp-
tone (2xYE; 2xTRP) concentrations. (A) Carbon dioxide transfer rate
(CTR). Duplicates shown in Supplementary Figure S9 (B) Accumu-
lated carbon dioxide (CT) calculated on the basis of the online CTR
measurement for phase I and phase I + II, as defined in Supplemen-
tary Figure S3. Error bars indicate minimal andmaximal values. Cul-
tivation conditions: Inoculation density OD = 0.1, inoculation from
actively growing pre-culture in serum bottle, YTF medium, temper-
ature T = 37◦C, pH = 6, shaking frequency n = 100 rpm, shaking
diameter d0 = 50 mm, filling volume VL = 50 mL, initial fructose
concentration c = 5 g L–1, ventilation using 100% N2, and flow rate
qin = 5 mLmin–1. The data that support the findings of this study are
openly available at [DOI: 10.18154/RWTH-2020-10467]

to that when the yeast extract concentration was increased
(Figure 3B). When the concentrations of both yeast extract
and tryptone were doubled in one cultivation, phase I was
prolonged to 14 h and a maximum CTR of 1.6 mmol L-1 h-1
was reached. This represents the sum of the maximum
CTR of the reference (in phase I) and the increase in
the CTR when yeast extract and tryptone were added
separately (0.9 + 0.2 + 0.5 = 1.6 mmol L-1 h-1).
As expected, the duration of phase II until reaching

the plateau increased with an increase in the amounts of
complex components added. However, plateau formation
in phase III was still observed in all cultivations. Dou-
bled yeast extract concentration increased the duration of
phase II from 7 to 11 h, whereas doubled tryptone con-

centration increased this duration from 7 to 9 h. Hence,
doubled yeast extract increased phase II duration by
4 h, while doubled tryptone concentration increased this
duration by 2 h. Based on the increase in duration when
only tryptone concentration or yeast extract concentra-
tion was increased, the expected increase when both tryp-
tone and yeast extract are doubled can be calculated. The
expected increase from 7 to 13 h (2 h increase (tryptone)
+ 4 h increase (yeast extract) = 6 increase) was observed
in the experimental results (Figure 3A). The same trend
was observed for the amount of carbon dioxide produced
during phase I + II (Figure 3B). The more the amounts
of complex components added, the higher is the amount
of carbon dioxide produced during phase I + II. Hence,
the secondary substrate limitation indicated by the plateau
formation occurs later, with the addition of more complex
components.
Yeast extract and tryptone are rich in proteins, amino

acids, and other organic supplements. These compounds
are likely not limiting. Therefore, macro or trace elements
may limit cultivation. Available literature suggest iron(II)
dependency of C. ljungdahlii [30] and other acetogenic
Clostridia such as C. carboxydivorans [31] and C. rags-
dalei [32], and hence, the influence of iron(II) addition
was exemplarily tested to demonstrate the potential of the
anaRAMOS for process development.

3.4 Iron(II) supplementation for
unlimited growth

To overcome the secondary substrate limitation antici-
pated based on the experiments described earlier, iron(II)
was tested as a potential candidate in the subsequent exper-
iments. In Figure 4, the effect of three different iron(II)
compounds on the cultivation of C. ljungdahlii in YTF
medium is demonstrated. Of these, FeSO4 and FeCl2 were
chosen to ensure that neither ammoniumnor sulfate intro-
duced via ammonium iron(II) sulfate influence the cultiva-
tion conditions.
As no reference culture was performed for the varia-

tions of the iron(II) compounds, the reference of another
experiment is plotted in Figure 4. The observed differ-
ence in phase I likely results from slight differences in
the pre-cultures. As shown in Supplementary Figure S5,
the CTR progression of the reference cultivations varies
slightly among the different experiments. Apart from the
difference in CTR progression, phase I was observed as in
all previous experiments, despite the addition of iron (II).
The addition of 20 µmol L–1 iron(II) (in the form of

FeCl2, FeSO4, and (NH4)2Fe(SO4)2) resulted in expo-
nential growth in phase II, without the formation of a
plateau (Figure 4), as observed in previous experiments
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F IGURE 4 Influence of different iron(II) compounds on the
carbon dioxide transfer rate (CTR) of batch cultivations of C. ljung-
dahlii (DSM 13528) in four 250 mL shake flasks. 8 mg L–1 ammonium
iron(II) sulfate hexahydrate ((NH4)2Fe(SO4)2⋅6H2O), 2.58 mg L-1 of
iron(II) chloride (FeCl2), or 5.67 mg L–1 iron(II) sulfate (FeSO4) was
added to the cultivation, resulting in 20 µmol L–1 iron(II). Culti-
vation conditions: Inoculation density OD = 0.1, inoculation from
actively growing pre-culture in serum bottle, YTF medium, temper-
ature T = 37◦C, pH = 6, shaking frequency n = 100 rpm, shaking
diameter d0 = 50 mm, filling volume VL = 50 mL, initial fructose
concentration c = 5 g L–1, ventilation using 100% N2, and flow rate
qin 5 =mLmin-1. The data that support the findings of this study are
openly available at [DOI: 10.18154/RWTH-2020-10467]

(Figures 1–3). In the reference culture, phase III started
after approximately 16 h. Phase III was not observed
at all when the CTR dropped after 24 h, and fructose
was depleted. Compared to the reference culture, the
maximum CTR reached 6.5 mmol L-1 h-1 when iron(II)
was added.
As three different iron(II) compounds consistently

resulted in unlimited growth (Figure 4), iron(II) can cer-
tainly be identified as the limiting component in the ref-
erence culture. To determine the necessary amount of
iron(II), different iron(II) concentrations were added to C.
ljungdahlii cultures in YTFmedium, as shown in Figure 5.
As iron(II) concentration increased, phase II duration also
increased, whereas phase III duration decreased. The addi-
tion of 20 µmol L–1 iron(II) led to unlimited growth (phase
III was not observed as discussed for Figure 4 earlier), with
a maximum CTR of 7.5 mmol L–1 h–1.
Figure 5B shows the degree of limitation based on the

carbon dioxide exhaust. For unlimited growth following
the addition of 20 µmol L–1 of iron(II), the total car-
bon dioxide (CT) for the whole cultivation (Phases I, II,
and III) was equal to the CT until iron(II) becomes lim-
iting (Phase I and II) (Compare to Supplementary Fig-
ure S3). When the amount of added iron(II) was reduced,
the CT until iron(II) becomes limiting (Phase I and II)
decreased, while the CT of the complete cultivation (Phase
I, II, and III) decreased only slightly. The slight decrase

F IGURE 5 Influence of the available amounts of iron(II) on
batch cultivation of C. ljungdahlii (DSM 13528) in seven 250 mL
shake flasks. Iron(II) concentration added via ammonium iron(II)
sulfate hexahydrate ((NH4)2Fe(SO4)2⋅6H2O) varied among cultiva-
tionswith 0, 5, 10, and 20 µmol L–1 fructose. (A) Carbon dioxide trans-
fer rate (CTR), duplicates are indicated by dashed lines. (B) Accu-
mulated carbon dioxide (CT) calculated based on the online CTR
measurement. Error bars indicate minimal andmaximal values. Cul-
tivation conditions: Inoculation density OD = 0.1, inoculation from
actively growing pre-culture in serum bottle, YTF medium, temper-
ature T = 37◦C, pH = 6, shaking frequency n = 100 rpm, shaking
diameter d0 = 50 mm, filling volume VL = 50 mL, initial fructose
concentration c = 5 g L–1, ventilation using 100% N2, and flow rate
qin = 5 mLmin–1. The data that support the findings of this study are
openly available at [DOI: 10.18154/RWTH-2020-10467]

in CT of the whole cultivation (Phase I, II, and III) with
decreasing amounts of iron(II) results from the conversion
of C6 compounds into three C2 compounds without the
production of CO2 by C. ljungdahlii [33]. As the cultvi-
ation duration increases with less iron(II) added, more
CO2 can be converted. CO2 converted into soluble prod-
ucts (acetate, ethanol, or biomass) cannot be detected by
the anaRAMOS. An increase in the iron(II) concentration
results in faster growth. Thus, the same amount of CO2 as
in the reference culture is produced in a shorter period of
time, resulting in higher CO2 concentration in the head
space of the shake flask. Hence, more CO2 was removed
from the shake flask before being utilized byC. ljungdahlii.
The relationship between the amount of CO2 pro-

duced until iron(II) becomes limiting (Phase I and II)
(compare to Supplementary Figure S3) and the iron(II)
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F IGURE 6 Total carbon dioxide until iron(II) limitation (Phase
I and II) plotted against the iron(II) concentration based on experi-
mental data shown in Figure 5. Black squares indicate measured val-
ues from Figure 5B (crosshatched bars). Black line indicates correla-
tion. Blue line indicates the total carbon dioxide production resulting
from iron(II) additionally supplemented to the medium in the form
of ammonium iron(II) sulfate hexahydrate ((NH4)2Fe(SO4)2⋅6H2O).
Green triangle indicates the dependence of the total carbon diox-
ide until iron(II) limitation based on the iron(II) concentration. Red
lines indicate the concentration of iron(II) initially added via complex
components

concentration added to the medium is plotted in Figure 6.
Therefore, the CT of phase I+ II shown in Figure 5Bwith a
known amount of iron(II) is used. Without the addition of
iron(II), 11.7 mmol L–1 CO2 was produced in phase I+II,
representing the iron(II) added via the complex compo-
nents (yeast extract and tryptone) of the YTFmedium (Fig-
ure 6). As shown in Figure 6, 11.7 mmol L–1 of the car-
bon dioxide produced could be traced back to approxi-
mately 5.5 µmol L-1 iron(II) added to the reference culture
in YTF medium via complex components. Furthermore, it
can be calculated that 2.15 mmol L–1 CO2 was produced
per µmol L–1 iron(II) under unlimited conditions. These
findings can be used to adapt the iron(II) concentration to
the amount of carbon source provided. During glycolysis,
the pathway used for fructose conversion, one molecule of
fructose is converted into two molecules of CO2 and two
molecules of acetyl-CoA.Hence, 5 g L–1 of fructose resulted
in approximately 55 mmol L-1 CO2 production, theoreti-
cally. Based on this information, it can be calculated that
11 mmol CO2 was produced per 1 g of fructose. As shown in
Figure 6, 25.1 µmol L–1 iron(II) was needed for the unlim-
ited production of 55 mmol L–1 CO2, which was equivalent
to the conversion of 5 g L–1 of fructose. In total, 25.5 µmol
L–1 iron(II) (5.5 µmol L–1 iron(II) from complex compo-
nents, and 20 µmol L–1 iron(II) in the form of ammonium
iron(II) sulfate hexahydrate) was added to the unlimited
cultivation shown in Figure 5.
To further validate the results and confirm the data

generated by online monitoring of the CTR, cultivation

F IGURE 7 Optimized parallel batch cultivation of C. ljung-
dahlii DSM 13528 in eight 250 mL shake flasks containing YTF
medium with the addition of 8 mg L–1 ammonium iron(II) sul-
phate hexahydrate ((NH4)2Fe(SO4)2⋅6H2O) (resulting in 20 µmol L–1

iron(II)). One online shake flaskwas removed for each sampling time
point. (A) Carbon dioxide transfer rate (CTR) and optical density
(OD) (B) Fructose, acetate, and ethanol concentrations. Cultivation
conditions: Inoculation density OD = 0.1, inoculation from actively
growing pre-culture in serum bottle, temperature T = 37◦C, pH = 6,
shaking frequency n = 100 rpm, shaking diameter d0 = 50 mm, fill-
ing volume VL = 50 mL, initial fructose concentration c = 5 g L–1,
ventilation using 100% N2, and flow rate qin = 5 mL min–1. The data
that support the findings of this study are openly available at [DOI:
10.18154/RWTH-2020-10467]

was performed using the optimized medium composition.
Offline sampling of a cultivation with 20 µmol L–1 iron(II)
(Figure 7) supported the findings previously described on
the basis of the online signals shown in Figures 4 and 5.
The CTR plotted in Figure 7A shows the same progres-
sion as described for Figures 4 and 5A. The final optical
density after 22 h of cultivation was 2.0 (Figure 7A), com-
pared to 1.2 after 48 h in standardYTFmedium (Figure 1A).
Thus, the addition of iron(II) resulted in a 40% increase in
the biomass concentration compared to thatwithout added
iron(II). The cultivation time (phase I – III) in medium
containing added iron(II) was reduced by 50% compared to
that in mediumwithout added iron(II). When iron(II) was
added, the product spectrum shifted slightly from acetate
to ethanol (2.0 vs. 1.6 g L–1 of acetate and 1.4 vs. 2.0 g L-1 of
ethanol) (Figure 7B and Figure 1B). This shift maybe due
to an iron(II) - dependent alcohol dehydrogenase present
inC. ljungdahlii [30]. The results plotted in Figure 7 clearly
show a distinct influence of the addition of iron(II).
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4 CONCLUSION

The aim of this study was to establish the cultivation
of the acetogenic model organism C. ljungdahlii using
anaRAMOS and to improve the composition of the com-
monly used YTF medium. AnaRAMOS, as described pre-
viously [21], proved to be a useful online measurement
tool for monitoring the cultivation of the acetogenic model
organism C. ljungdahlii. AnaRAMOS allows for online
monitoring in semi-continuously ventilated shake flasks.
However, its application has not been previously reported
for acetogenic organisms. Online monitoring of the CTR
revealed iron(II) limitation in the commonly used YTF
medium for C. ljungdahlii. The addition of iron(II) led to
a 3-fold increase in the maximum CTR, 40% increase in
biomass, and a 50% reduction in cultivation time compared
to cultivation in YTF medium without added iron(II).

ACKNOWLEDGMENTS
We are grateful for the financial support from the Federal
Ministry of Education and Research (BMBF), grant num-
ber 03INT513BE. We would like to thank Fraunhofer IME
(Aachen) for providing the Clostridium ljungdahlii strain.
Open access funding enabled and organized by Projekt

DEAL.

CONFL ICT OF INTEREST
The authors have declared no conflict of interest.

REFERENCES
1. Munasinghe, PC,Khanal, S. K., Biomass-derived syngas fermen-

tation into biofuels: Opportunities and challenges, Bioresour.
Technol. 2010, 101, 5013–5022.

2. Subramani, V., Gangwal, S. K., A review of recent literature to
search for an efficient catalytic process for the conversion of syn-
gas to ethanol. Energy & Fuels 2008, 22, 814–839.

3. Phillips, J. R., Huhnke, R. L., Atiyeh, H. K., Syngas fermentation:
A microbial conversion process of gaseous substrates to various
products. Fermentation 2017, 3, 152–177.

4. Daniell, J., Köpke, M., Simpson, S., Commercial biomass syngas
fermentation. Energies 2012, 5, 5372–5417.

5. Sun, Y., Nakano, J., Liu, L., Wang, X. et al., Achieving waste to
energy through sewage sludge gasification using hot slags: syn-
gas production. Sci. Rep. 2015, 5, 1–12.

6. Wainaina, S., Horváth, I. S., Taherzadeh, M. J., Biochemicals
from food waste and recalcitrant biomass via syngas fermenta-
tion: A review. Bioresour. Technol. 2018, 248, 113–121.

7. Teixeira, L. V., Moutinho, L. F., Romão-Dumaresq, A. S., Gas fer-
mentation of C1 feedstocks: commercialization status and future
prospects. Biofuels, Bioprod. Biorefining 2018, 12, 1103–1117.

8. Jahangiri, H., Bennett, J., Mahjoubi, P., Wilson, K. et al., A
review of advanced catalyst development for Fischer–Tropsch
synthesis of hydrocarbons from biomass derived syn-gas. Catal.
Sci. Technol. 2014, 4, 2210–2229.

9. Abubackar, H. N., Veiga, M. C., Kennes, C., Biological
conversion of carbon monoxide: rich syngas or waste
gases to bioethanol. Biofuels, Bioprod. Biorefining 2011, 5,
93–114.

10. Henstra, A. M., Sipma, J., Rinzema, A., Stams, A. J., Microbiol-
ogy of synthesis gas fermentation for biofuel production. Curr.
Opin. Biotechnol. 2007, 18, 200–206.

11. Richter, H., Molitor, B., Diender, M., Sousa, D. Z. et al., A nar-
row pH range supports butanol, hexanol, and octanol produc-
tion from syngas in a continuous co-culture of clostridium ljung-
dahlii and clostridium kluyveri with in-line product extraction.
Front. Microbiol. 2016, 7, 1773.

12. Diender, M., Stams, A. J. M., Sousa, D. Z., Production of
medium-chain fatty acids and higher alcohols by a synthetic co-
culture grown on carbon monoxide or syngas. Biotechnol. Bio-
fuels 2016, 9, 82–93.

13. Barik, S., Prieto, S., Harrison, S. B., Clausen, E. C. et al.,
Biological production of alcohols from coal through indi-
rect liquefaction. Appl. Biochem. Biotechnol. 1988, 18,
363–378.

14. Tanner, R. S., Miller, L. M., Yang, D., Clostridium ljungdahlii
sp. nov., an Acetogenic Species in Clostridial rRNA Homology
Group I. Int. J. Syst. Bacteriol. 1993, 43, 232–236.

15. Annan, F. J., Al-Sinawi, B., Humphreys, C.M., Norman, R. et al.,
Engineering of vitamin prototrophy in Clostridium ljungdahlii
and Clostridium autoethanogenum. Appl. Microbiol. Biotech-
nol. 2019, 103, 4633–4648.

16. Leang, C., Ueki, T., Nevin, K. P., Lovley, D. R., A genetic system
for clostridium ljungdahlii: a chassis for autotrophic production
of biocommodities and a model homoacetogen. Appl. Environ.
Microbiol. 2013, 79, 1102–1109.

17. Tremblay, P., Zhang, T., Dar, S. A., Leang, C., et al., The Rnf
complex of clostridium ljungdahlii is a proton-translocating
ferredoxin:NAD+ oxidoreductase essential for autotrophic
growth. MBio 2012, 4, 1–8.

18. Philipps, G., de Vries, S., Jennewein, S., Development of a
metabolic pathway transfer and genomic integration system
for the syngas-fermenting bacterium Clostridium ljungdahlii.
Biotechnol. Biofuels 2019, 12, 1–12.

19. Jack, J., Lo, J., Maness, P.-C., Ren, Z. J., Directing Clostrid-
ium ljungdahlii fermentation products via hydrogen to carbon
monoxide ratio in syngas. Biomass and Bioenergy 2019, 124, 95–
101.

20. Schäpper, D., Alam, M. N. H. Z., Szita, N., Eliasson Lantz,
A. et al., Application of microbioreactors in fermentation pro-
cess development: a review. Anal. Bioanal. Chem. 2009, 395,
679–695.

21. Munch, G., Schulte, A., Mann, M., Dinger, R. et al., Online
measurement of CO2 and total gas production in parallel
anaerobic shake flask cultivations. Biochem. Eng. J. 2019,
153, 1–8.

22. Mühlmann, M. J., Forsten, E., Noack, S., Büchs, J., Prediction
of recombinant protein production by Escherichia coli derived
online from indicators of metabolic burden. Biotechnol. Prog.
2018, 34, 1543–1552.

23. Atkinson, B.,Mavituna, F.,Biochemical Engineering andBiotech-
nology Handbook. [Contains glossary]. United States: Nature
Press, New York, NY, 1982.



28 MANN et al.

24. Drake, H. L., Gößner, A. S., Daniel, S. L., Old acetogens, new
light. Ann. N. Y. Acad. Sci. 2008, 1125, 100–128.

25. Kragh, K. N., Alhede, M., Rybtke, M., Stavnsberg, C., et al., The
inoculation method could impact the outcome of microbiologi-
cal experiments. Appl. Environ. Microbiol. 2017, 84, 1–14.

26. Diederichs, S., Korona, A., Staaden, A., Kroutil, W. et al., Pheno-
typing the quality of complex medium components by simple
online-monitored shake flask experiments. Microb. Cell Fact.
2014, 13, 149.

27. Losen,M., Frolich, B., Pohl,M., Buchs, J., Effect of oxygen limita-
tion and medium composition on Escherichia coli fermentation
in shake-flask cultures. Biotechnol. Prog. 2004, 20, 1062–1068.

28. Anderlei, T., Büchs, J., Device for sterile online measurement of
the oxygen transfer rate in shaking flasks. Biochem. Eng. J. 2001,
7, 157–162.

29. Kottmeier, K., Müller, C., Huber, R., Büchs, J., Increased prod-
uct formation induced by a directed secondary substrate limita-
tion in a batch Hansenula polymorpha culture. Appl. Microbiol.
Biotechnol. 2010, 86, 93–101.

30. Kopke, M., Held, C., Hujer, S., Liesegang, H. et al. Clostridium
ljungdahlii represents amicrobial production platform based on
syngas. Proc. Natl. Acad. Sci. 2010, 107, 13087–13092.

31. Hurst, K. M., Lewis, R. S., Carbon monoxide partial pres-
sure effects on the metabolic process of syngas fermentation.
Biochem. Eng. J. 2010, 48, 159–165.

32. Saxena, J., Tanner, R. S., Effect of tracemetals on ethanol produc-
tion from synthesis gas by the ethanologenic acetogen, Clostrid-
ium ragsdalei. J. Ind. Microbiol. Biotechnol. 2011, 38, 513–
521.

33. Schuchmann, K., Müller, V., Autotrophy at the thermodynamic
limit of life: a model for energy conservation in acetogenic bac-
teria. Nat. Rev. Microbiol. 2014, 12, 809–821.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Mann M, Wittke D,
Büchs JJ. Online monitoring applying the
anaerobic respiratory monitoring system reveals
iron(II) limitation in YTF medium for
Clostridium ljungdahlii. Eng Life Sci. 2021;21:19–28.
https://doi.org/10.1002/elsc.202000054

https://doi.org/10.1002/elsc.202000054

	Online monitoring applying the anaerobic respiratory monitoring system reveals iron(II) limitation in YTF medium for Clostridium ljungdahlii
	Abstract
	1 | INTRODUCTION
	2 | MATERIAL AND METHODS
	2.1 | Strain and medium
	2.2 | Cultivation conditions
	2.3 | Offline analysis

	3 | RESULTS AND DISCUSSION
	3.1 | Adaptation of C. ljungdahlii to cultivation conditions
	3.2 | Reference culture
	3.3 | Identification of the cultivation phases observed in reference cultures
	3.4 | Iron(II) supplementation for unlimited growth

	4 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES
	SUPPORTING INFORMATION


