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Research Article

Growth medium and electrolyte—How

to combine the different requirements

on the reaction solution in bioelectrochemical
systems using Cupriavidus necator

Microbial electrosynthesis is a relatively new research field where microbial carbon
dioxide fixation based on the energy supplied by a cathode is investigated. Reac-
tion media used in such bioelectrochemical systems have to fulfill requirements of
classical biotechnology as well as electrochemistry. The design and characterization
of a medium that enables fast electroautotrophic growth of Cupriavidus necator in
microbial electrosynthesis was investigated in detail. The identified chloride-free
medium mainly consists of low buffer concentration and is supplied with trace el-
ements. Biotechnologically relevant parameters, such as high-specific growth rates
and short lag phases, were determined for growth characterization. Fast growth
under all conditions tested, i.e. heterotrophic, autotrophic and electroautotrophic
was achieved. The lag phase was shortened by increasing the FeSO,4 concentration.
Additionally, electrochemical robustness of the reaction media was proven. Under
reductive conditions, no deposits on electrodes or precipitations in the media were
observed and no detectable hydrogen peroxide evolved. In the bioelectrochemical
system, no lag phase occurred and specific growth rate of C. necator was 0.09 h™'.
Using this medium shortens seed train drastically and enables fast electrobiotech-
nological production processes based on C. necator.
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disinfection of waste water or electroporation [1-3]. Interest-
ingly, input of electric energy into bacterial cultures can also
stimulate the metabolism of microorganisms. Improvement of

Electrochemical (EC) treatment of bacteria impacts cell viabil-
ity in very diverse ways. Sublethal injuries and cell death may
occur, from which various techniques are derived such as EC
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growth with a significant increase in optical density in the ex-
ponential phase, enhanced maximum cell dry weight as well
as faster or improved production or enhanced bio-remediation
have all been described [4-8]. Effects on cells mainly depend
on current or potential applied [2,6,7,9], duration of EC treat-
ment [4, 9, 10], electrode material [7], cell type [7], vicinity
of cells to the electrode/shielding equipment [7], medium in-
gredients [6, 11], temperature, and pH [6]. In 2010, microbial
CO, fixation based on the energy supplied by a cathode was
achieved and termed microbial electrosynthesis (MES) [12]. It
serves as a potentially attractive method to store electrical en-
ergy provided by renewable resources, such as solar cells or wind
turbines as chemical energy in case of energy surpluses. Initially,
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mainly acetogenic microorganisms like Sporomusa ovata have
been used for those applications [12]. In recent years, a large
number of organisms that are able to take up electrons directly
from the cathode or by electrochemically produced carriers have
been investigated [13]. Due to limitations in genetic manipu-
lation techniques and restricted growth rates for those mostly
sensitive anaerobic organisms, product titers are typically low
and production of nonnatural products is hard to achieve [13].

Cupriavidus necator, formerly Ralstonia eutropha, is a Gram
negative bacterium that has been investigated intensively since
the 1970s [14]. C. necator is of interest for the biotechnolog-
ical industry as it has a very flexible metabolism, meaning it
can grow on a variety of industrially relevant carbon and en-
ergy sources [15]. Organic substrates, such as organic acids and
sugars, or even waste products, such as glycerol or waste lipids,
can be used as carbon and energy sources [16]. Besides its het-
erotrophic nature, the organism can use energy supplied by hy-
drogen to fix carbon dioxide via the Calvin-Benson-Bassham
cycle (lithoautotrophic metabolism). Oxygen can serve as elec-
tron acceptor, but under anaerobic conditions nitrate can be re-
duced [17]. Since the genome of C. necator has been sequenced
and a multitude of genetic tools are available for this organism,
genetic engineering of the strain became possible 15, 18]. Sol-
uble products such as alcohols [19,20], alka(e)nes [21], methyl
ketones [22], and hydroxy acids [23] have been produced under
heterotrophic and lithoautotrophic conditions. Defined media
were optimized, especially for improvement of heterotrophic
poly(3-hydroxybutyrate) (PHB) production and growth of
C. necator strains [24-27]. Besides experimental optimization
a lot of effort has been put into mathematic modeling to opti-
mize production processes with C. necator in silico in order to
decrease the number of laboratory experiments during process
development [28].

The substrates for its lithoautotrophic lifestyle carbon diox-
ide and hydrogen can be obtained from waste streams and via
splitting water by electrolysis, respectively. From a potential dif-
ference of 1.23 volts onwards, hydrogen, and oxygen can be
produced simultaneously at the cathode and anode, respectively,
enabling continuous feeding of those substrates. Mainly because
of the lithoautotrophic metabolism under aerobic conditions,
fast growth up to high densities and the availability of genetic
tools, C. necator represents an ideal candidate to be used in
bioelectrochemical systems. Electroautotrophic growth of this
strain using the indirect electron transfer on electrochemically
produced electron donors, such as hydrogen and formate, has
been established for more than 50 years [29]. Since 2012, geneti-
cally modified strains were used under similar conditions to pro-
duce short-chain alcohols, such as isobutanol, isopentanol, and
isopropanol, as well as PHB [19,30,31]. Using the same strain un-
der different conditions, productivity under electroautotrophic
conditions is trailing far behind heterotrophic conditions. Strain
C. necator Re2133-pEG12 could produce approximately 1.9 g/L
isopropanol on fructose as carbon source [20]. Under electroau-
totrophic conditions less than 0.6 g/L were achieved [31], indi-
cating limitations of those processes.

Recent publications have mainly focused on development of
electrode material to improve water splitting efficiency, on reac-
tion efficiency, reducing production of toxic side products or on
strain engineering [30, 31]. Investigation and optimization de-
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mands of an electrobiotechnological process have not been ad-
dressed to date. During our laboratory work we recognized that
the media established for lithoautotrophic or heterotrophic pro-
cesses were not suitable due to the production of toxic byproducts
in the potential range needed for water splitting. On the other
hand, media used so far in bioelectrochemical processes based
on C. necator were not ideal for electroautotrophic production,
as they were lacking in performance considerably compared to
a “standard” lithoautotrophic process. In particular, the specific
autotrophic growth rate decreased by 50% compared to estab-
lished media.

In this work, the design and characterization of a new mini-
mal medium is presented. A design of experiments approach was
used to reduce the number of total conditions investigated and to
take into account parameter interactions. By utilizing response
surface methodology, buffer concentration, medium pH, and
trace elements concentration were optimized to shorten lag time
and increase specific growth rate. Finally, a detailed characteri-
zation of the electrical properties of the medium was performed.

2 Materials and methods
2.1 Microorganisms and media

The isopropanol producing strain C. necator Re2133 + pEG7c¢
[20] was a kind gift from S. E. Guillouet from the INSA, Toulouse
and was used in all experiments, unless otherwise stated. Here,
C. necator PHB™4 (DSM-541) was used as wild-type control.
The strain Re2133 is derived from C. necator H16. It is in-
capable of producing PHB [32]. The plasmid pEG7c contains
genes encoding for 3-ketothioloase A, acetoacetyl-CoA trans-
ferase, acetoacetyl decarboxylase, and alcohol dehydrogenase,
localized under arabinose inducible P, promoter. These genes
enable redirection of acetyl-CoA to isopropanol under limitation
of nitrogen with simultaneous excess of carbon source [20].

Luria-Bertani (LB) broth was used as complex medium. Dif-
ferent minimal media (MM) were investigated in this study
(composition in Supporting Information Table S1). Production
medium 1 [33] and 2 [34] were described for lithoautotrophic
growth and heterotrophic isopropanol production with
C. necator, respectively. Media used so far for electroautotrophic
growth are based on the MM described by Schlegel and Laf-
ferty [29]. Ingredient concentrations for the electroautotrophic
medium used in this study are based on references [29] and [30].
For heterotrophic MM, D(-)-fructose was added to a final con-
centration of 4 g/L. For growth under nitrogen limiting con-
ditions, final concentration of (NH,4),SO, was 0.36 g/L (cy =
0.076 g/L). This facilitates growth up to a maximum cell dry
weight (CDW) of approximate 2.5 g/L. Media was supplied with
200 wg/mL kanamycin to ensure pEG7c maintenance during
cultivation.

Absorbance of bacterial cultures (optical density, OD) was
measured by the Biowave Cell Density Meter CO8000 (Biochrom
WPA, Cambridge, England) at A = 600 nm. CDW was calculated
with the following formula: CDW [g/L] = 1.248*OD (data not
shown). pH was determined using a Five Easy Plus pH Meter
(Mettler Toledo, Ohio, USA).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Seed train

All cultivations were performed at 30°C. Cultures were incubated
at 180 rpm, except in the case of electroautotrophic growth. A
5 mL LB (in tubes) was inoculated from cryo stock and cul-
ture was incubated until stationary growth phase (OD ~ 5) was
reached after approx. 48 h. Heterotrophic cultures were inocu-
lated in 25 mL of the MM to be examined in 100 mL Erlenmeyer
flask toa CDW 0f0.06 £ 0.01 g/L. Whena CDW of 2.5 £ 0.25 g/L
was reached, cells were harvested, centrifuged at room temper-
ature for 20 min at 3220 x g and washed in the corresponding
autotrophic medium to remove remaining fructose. Autotrophic
cultures were inoculated in 25 mL of the MM to be examined in
200 mL septum flasks to a CDW of 0.25 & 0.3 g/L. Septum flasks
were prepared by autoclaving, filling in MM, closing the septum
and adding defined gas mixture. For the defined gas atmosphere,
flasks were evacuated twice to a pressure of 80 mbar and pres-
surized with H,/CO; (80:20) to 1.2 bars. Afterwards, flasks were
evacuated to a pressure of 40 mbar and pressurized first with
H,/CO, (80:20) to 1.2 bars and afterwards with O, to 1.5 bars.
Therefore, gas mixture composition was 64:16:20 (H,/CO,/0O,).
Bioelectrochemical system (BES) was inoculated as septum
flasks, except that autotrophic cultures served as precultures
and washing was carried out with N-limited medium. Dur-
ing the whole seed train, the same basic MM was used for all
experiments.

2.3 Design of experiments

Design of experiment (DoE) was done with the Design Ex-
pert 9 software (Stat-Ease Inc., MN, USA). Analysis of variance
(ANOVA) was used to verify the models fitting the measured data
best. Especially, the coefficient of determination R? and adjusted
R? were used to verify the models fitting the measured data. In-
dependent variables influencing the response were determined
according to statistical tests and parameter significance was con-
firmed by testing at a 95% confidence level for the confidence
interval.

Response surface central composite design was used to in-
vestigate the influence of the independent parameters on the re-
sponses CDW,,,, (highest measured CDW, factor F) and growth
time untila CDW of 2.5 g/L was reached (factor E). Four indepen-
dent variables were chosen: trace elements concentration (factor
C), FeSO, concentration (factor D), buffer concentration (factor
A), and pH (factor B). Trace elements solution stock was com-
posed of (in 0.1 M HCl, in g/L): FeSO,*7H,0 15, MnSO,*H,0
2.4, ZnS0O,*7H,0 2.4, CuSO,*5H,0 0.48, Na,MoO,*2H,0 1.8,
Ni,SO4*6H,0 1.5, CoSO,*7H,0 4.02*10~2. A central composite
design was used to investigate influence of independent factors
on the aforementioned responses. Three groups of design points
were chosen for the practical design with the coded unit 0 as
center point (CP), +1 and -1 as factorial points and ++/2 and
-+/2 as axial points (Table 2).

For all runs of DoE, DoE verification, and detailed investi-
gation of FeSO, concentration, CP medium supplemented with
4 g/L fructose served as preculture and CP medium was used for
washing before inoculation of autotrophic medium. Exact value

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of response variable E was determined by fitting the measured
data with the sigmoidal logistic function, type 3 of origin [35].

2.4 Conductivity measurement

Media conductivity was measured using an electrical conductiv-
ity meter LF 197-S (WTW, Weilheim, Germany). The probe was
placed in a 30°C tempered vessel filled with MM and electrolytes,
respectively.

2.5 Electrochemical setups

A three-electrode system was used throughout the study. All po-
tentials are versus Ag/AgCl. Electrochemical systems were main-
tained at 30°C with an incubation hood. CO, was purged by a
needle into the headspace at a flow rate of 10-15 cm?/min.

2.5.1 BES for electroautotrophic growth

For bioelectrochemical experiments, a modified Schott flask with
three side arms was used as cultivation system. The main screw
cap and the three side screw caps were supplied with septums.
A platinum (Pt) plate contacted by a Pt wire served as working
electrode (WE) (WEI: 8.1 x 2.2 x 0.01 cm = 35.8 cm?, WE2:
4.05 x 2.2 x 0.01 cm = 17.9 cm?, WE3: 1.6 x 0.7 x 0.01 cm =
2.3 cm?) and a dimensional stable anode (Denora, Rodenbach,
Germany, Ti expanded metal type 11159 with Ir-mixed metal
oxide coating) as counter electrode (CE) to catalyze oxygen evo-
lution. A Ag/AgCl reference electrode placed in a Luggin capil-
lary filled with 0.5 M Na, SO, was used to control the potential at
—1.5V with a ECM8 potentiostat (Gamry, Warminster, PA, USA).
Due to water electrolysis, both gases H, and O, were produced
at the cathode and anode, respectively. Exhaust gas was guided
out of the system into a water column. By this, a continuous
overpressure of 40 mbar was reached in BES. Culture was stirred
at 150 rpm with a stir bar. System was equilibrated at least 16 h
before inoculation. Cell voltages, currents, and current densities
described are the mean values of whole operation times of n
individual cultivations (for # see details in text).

2.5.2  Linear sweep voltammetry

MM was characterized by linear sweep voltammetry (LSV),
which was performed using a potentiostat (Interface 1000,
Gamry, Warminster, PA, USA) with a three electrodes system.
Pt plates served as CE and WE (0.8 x 2.0 x 0.01 cm) and a
Ag/AgCl as reference electrode. Medium was equilibrated with
CO; for 16 h as described before. LSV were started at open circuit
potential, which was measured for 60 sec before LSV. LSV's were
measured until =2 V were reached. Scan rate was 100 mV/sec
with a step size of 5 mV. Between every LSV, WE was cleaned
by cyclic voltammograms in 0.5 M H,SO, (Autolab PGSTAT12,
Metrohm, Herisau, Switzerland) with a similar three electrode
system. 200 CVs between +2.5 V and -1 V were performed at a
scan rate of 2 V/s (step size 0.1 V).
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Table 1. Electrobiotechnological processes need to take into account requirements of biotechnology and electrochemistry

Research field Challenge or requirement Experimental task or solution
Biotechnology Fast (electroautotrophic) growth, i.e. Design of experiment to identify optimal medium, e.g. buffer molarities and
reduced lag phase and a pH value, including trace elements that are present in established MM
high-specific growth rate
Autotrophic growth solely based on Replacing carbon containing ingredients, i.e. citrates and carbonates
CO; fixation
Electrochemistry Robust MM during cultivation, i.e. Replacing chloride species by sulfate containing ingredients

avoiding precipitations, chlorine
gas, side reactions

Restricted conductivity in biological
media

Examination of different buffer concentrations

Challenges and experimental tasks or solutions are given. Details are given in Supporting Information Table S1.

2.6 Measurement of electrochemical hydrogen
peroxide production

The setup was the same as for the BES, described before. Be-
sides Pt, a stainless steel (SS, EN steel number 1.4404) was used
as WE. Abiotic samples were analyzed by using the tube test
Nanocolor®Peroxid 2 (Macherey-Nagel, Diiren, Germany) ac-
cording to manufacturer information.

2.7 Calculation of lag time and specific growth rate

(r)

Lag time (t;,) and p were determined by fitting the CDW data
with the formula

K1) = xow exp (15 (1 1)

(%9 inoculated CDW in g/L, u specific growth rate in h™, x()
CDW in g/L at time point t in h, #,, lag time in h) using Origin.

2.8 Formate analysis

Formate concentration was quantified by HPLC (SCL 10-A, Shi-
madzu, Japan) equipped with a refractive index detector. A Rezex
organic acid H+ (8%) analytical column was used (Phenomenex
Inc., California, USA). Elution was preceded with 5 mM H,SO,
at a pump rate of 0.6 mL/min at 65°C. Concentrations were

determined by using a calibration curve for the defined concen-
tration range.

2.9 Statistical analysis

An unpaired two-tailed ¢-test was used to determine p-values. A
95% confidence interval was used to determine significance.

3 Results and discussion

3.1 Electrochemistry and biology have different
demands on their reaction solution

MM for electroautotrophic growth and production processes
need to consider biological and electrochemical requirements
(Table 1). Established MM for C. necator are listed in Support-
ing Information Table S1 regarding composition of ingredients,
element concentration, and growth relevant parameter. For two
established production media, specific growth rate u, lag time,
and maximum CDW were 0.23-0.24 h™!, 2.3-2.7 h, and 6.7—
6.8 g/L for heterotrophic growth (Table 3). For autotrophic
growth 1 was decreased by approximately one half (to 0.12—
0.14 h™"). Lag time in media established for biotechnological
processes is increased to 8.6 and 10.9 h for autotrophic growth.
This results most probably from the shift from heterotrophic
to lithoautotrophic metabolism [36,37]. During the lag time,
regulatory cascades are activated and enzymes for the energy

Table 2. Experimental range of independent variables studied, goal, and importance of variables

Factor Name Level (coded units) Goal Importance
-2 -1 0 +1 +/2

A (mM) Buffer concentration 15 30 65 100 115 In range n.a.

B(-) pH 6.3 6.4 6.6 6.8 6.9 In range n.a.

C (% v/v) Trace elements 0 0.03 0.1 0.17 0.2 In range n.a.

D (uM) FeSO4 concentration 0 0 75 150 181 In range n.a.

E (h) Time until CDW 2.5 g/L is reached Minimize +4++++

F (g/L) CDW nax Maximize +

Independent variables A-D, response variables E-F. n.a. = not applicable.

784

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Engineering
~inLife Sciences
www.els-journal.com

Eng. Life Sci. 2017, 17, 781-791

Table 3. Specific growth rate (1), lag time, and maximum cell dry weight (CDW ) of C. necator Re2133 + pEG7c under heterotrophic
(hetero) and autotrophic (auto) conditions in different minimal media (listed in Supporting Information Table S1)

Production medium 1 [33]

Production medium 2 [34]

Electroautotrophic
medium [29,30]

Medium of this study

Hetero (3) Auto (2) Hetero (3) Auto (2) Hetero (3) Auto (5) Hetero (3) Auto (5)
w(h™h 0.24 £0.01 0.14 £ 0.00 0.23 £ 0.00 0.12£0.03 0.23 £0.01 0.06 £ 0.01 0.25 £ 0.02 0.12 £0.00
lag time (h) 23412 105+ 1.5 2.74+0.3 8.6 5.1 32+£0.7 109+£2.3 1.5+ 1.8 2.84+0.9
CDW ppax (g/L) 6.7+ 0.3 35402 6.8+ 0.3 42+ 14 554 0.1 32409 5.0 + 0.0 3.940.0

Numbers in brackets represent quantity of individual cultures, mean % SD or variance of individual experiments for n > 2 and n = 2, respectively.

conversion of hydrogen (hydrogenases, maturation machinery)
and for fixation of carbon from CO, need to be expressed. Maxi-
mum autotrophic CDW is decreased to values between 3.24 and
4.24 g/L. The amount of gas available in septum flasks limits the
production of higher biomass concentrations. During batch ex-
periments, the pressure decreased from 1.5 bars to 0.5 to 0.6 bars
as the gases supplied were consumed. Gas feeding during growth
resulted in higher biomass concentrations (data not shown).

Although all biotechnological requirements (see Table 1) were
fulfilled, electrochemical challenges occurred. A potential of
—1.5 V was applied to split water. Immediately after polariz-
ing the working electrode, a white precipitation occurred. The
deposits became more pronounced after incubation over night
(Supporting Information Fig. S1). Additionally, toxic chlorine
gas was produced (olfactory determination), excluding the ap-
plication of those media in BES. We concluded that deposits
were chlorine containing species, as in both production media
more than 0.1 g/L chlorine is included (Supporting Information
Table S1).

MM used for electroautotrophic processes [29-31,34] are ro-
bust in BES. Biotechnological requirements, mainly availability
of different trace elements and carbon content, are not taken into
account (Table 1). For heterotrophic and autotrophic growth,
values observed for u, lag time and maximum CDW are com-
parable to established production media (Table 3), except for
for autotrophic growth. With 0.06 h™!, u was just 50% of pro-
duction media for autotrophic growth and 25% of heterotrophic
growth in the same MM.

Discrepancy of autotrophic growth between the MM is also
true for the C. necator strain DSM-541 (Supporting Information
Fig. S2). Both strains need approximately twice the time to reach
a CDW of 2.5 g/L in the electroautotrophic medium compared
to the production media.

The results show clearly the need for an adapted reaction
solution that fulfills electrochemical and biotechnological re-
quirements of media in bioelectrochemical synthesis.

3.2 Design of a suitable reaction solution that fulfills
all requirements

3.2.1 Design pretests

Solutions presented in Table 1 were taken into account, yield-
ing in a carbon and chloride-free medium supplemented with
important nutrients identified for autotrophic growth [38].
A phosphate buffered minimal medium supplemented with

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

131.4mM pH7.6 I

131.4mM pH7.0 I

131.4mM pH6.6

65.7mM pH7.6

65.7mM pH7.2

65.7mM pH 7.0

65.7mM pH 6.8

i

65.7mM pH 6.6

0.0 1.0 2.0 3.0 4.0 5.0
CDW (g/L)

Figure 1. CDW of autotrophically grown C. necator Re2133 +
pEG7c after 23 h (gray), 30 h (black), and 72 h (white). Cells were
grown in MM with different pH and buffer molarities for screening
purpose (n =1).

sulfate salts and trace elements, including (NH,4),SO, as nitro-
gen source, resulted (Supporting Information Table 1, “medium
for pretest”). Besides different pH values, two buffer concen-
trations were investigated: 65.7 mM, which corresponds to the
highest buffer concentration of the three MM compared before
(Supporting Information Table 1); and twice that concentra-
tion, 131.4 mM, which should improve conductivity and pH
stability.

Autotrophic cultures grown in media with low molarities and
pH values exhibited shortest lag phases (Fig. 1). Effects of pH
and buffer molarities on heterotrophic cultures were comparable
(Supporting Information Fig. S3). In medium with low buffer
concentration and low pH, pH decrease during autotrophic cul-
tivation is very pronounced (Supporting Information Fig. $4).
This is caused by the decreasing buffer capacity at lower buffer
concentrations and by the proximity of the adjusted pH toward
the optimal buffering range. To summarize; using low buffer con-
centration and low pH is advantageous regarding short process
time. However, pH stabilization during the cultivation period
is more efficient in high molarities and at higher pH values. It
should be mentioned that besides the composition of the solu-
ble media components also the H,, CO,, and O, transfer from
the gas phase influences the growth characteristic of C. necator.
Repaske et al. showed that the lag period can be shortened by
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decreasing both the pO, and the pCO, [39]. Furthermore the
authors have shown that the bicarbonate requirements changed
at the different growth phases.

3.2.2 Media optimization for autotrophic growth using
DoE

Response surface method designs allow the quantification of re-
sponses within specified ranges of investigated factors. It explores
the relationships between several explanatory variables and one
or more response variables. Specifically a circumscribed central
composite design was chosen to optimize a fast growth under
autotrophic conditions as mentioned before. The CP of buffer
molarity corresponds to the molarity of production medium 2.
The impact of trace elements was investigated (factor C), as there
was a great difference between the three published MM. Iron is an
important element for the production of [NiFe]-hydrogenases
of C. necator. Therefore, FeSO, concentration, which is also part
in the trace elements stock, was investigated separately (factor
D). Experiments were performed in three blocks with a total of
32 experiments (Block 1 and 2 contained 8 noncenter points
and two center points, respectively, block 3 contained 16 non-
center points and two center points) with different combina-
tions of the independent variables A-D (Supporting Information
Table S2).

3.2.3  Model results

A central composite design was used to determine the optimal
levels for the maximization of culture density (F) and minimiza-
tion of time until CDW 2.5 g/L is reached (E), corresponding to
a short lag phase and/or high-specific growth rate (Supporting
Information Table S2). The factor “time until CDW 2.5 g/L is
reached” was defined, as the strain produced isopropanol under
N limiting conditions and nitrogen source was depleted at that
biomass concentration [20]. In future experiments, this nitrogen
limitation should be reached as fast as possible.

Analysis by design expert software revealed a linear model
for response variable E (Supporting Information Table S3).
Data analysis revealed that the buffer concentration showed a
quadratic behavior indicated by a p-value of 0.0088. A reduced
quadratic model with an adjusted R* of 0.82 was chosen (Sup-
porting Information Table S4). For F, a reduced two factor in-
teraction model with an adjusted R? of 0.88 was fitting the data
best (Supporting Information Table S6). Model significancies
were calculated by ANOVA with a p-value of < 0.0001. Fac-
tor responses with a p-value > 0.055 were considered to fullfil
the null hypothesis. p-values < 0.055 declined the null hypoth-
esis and were used to fit the model. For the model calculated
for maximal CDW (factor F), parameters C and D were included
although p-values were > 0.1, as factor interactions in the hierar-
chic model became significant (AD, BC, and CD). In the current
study, model F values of 27.5 and 32.7 for E and F, respectively,
designate the models as significant. The ANOVA results before
and after exclusion of insignificant parameters and interactions
are shown in Supporting Information Table S3-6.

Based on experimental design and ANOVA calculation,
the following final equations in terms of actual factors were
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calculated showing the interactions between the independent
variables:

E = —14.087 — 0.068*A + 5.994*B + 15.705*C
—0.023"D + 8.712*10~** A2

F = —12.878 4+ 0.010*A + 2.454"B + 62.842*C
+4.708*107>"D — 5.199*10°"AD — 9.528*BC
—0.015*CD.

Validity of experimental data was analyzed. The actual val-
ues are in good agreement with the predicted ones as shown
in Predicted versus Actual plots. The residuals were normally
disributed, the corresponding plots are shown in Supporting
Information Fig. S5.

In Fig. 2, interpretation between explanatory and response
variables as well as visualization of factor interactions by us-
ing two and three dimensional plots of the suggested model is
shown graphically. In the two dimensional perturbation plots,
response is plotted by changing only one factor over its range,
while holding all other factors constant. Perturbations are shown
with the center point as reference point. For minimizing process
time (factor E), increasing FeSO, concentration and decreasing
buffer concentration, pH, and traces concentration is advanta-
geous. For maximizing CDW (factor F), buffer concentration
and pH needs to be increased.

In the three dimensional response surface plots, interactions
of variables can be observed. Factors A and D interfere. When
buffer concentration is low, addition of various amounts of
FeSO, has no impact on CDW,,,,. At high buffer concentra-
tions, CDW ., increases with decreasing FeSO, concentration
(negative correlation between D and F at high buffer concentra-
tions). Furthermore, factors B and C interfere. When pH value
is low, addition of trace elements has no impact on CDW,;.
At high pH values, CDW,,, increases with decreasing trace el-
ements concentration (negative correlation between C and F at
high pH values). In addition, factors C and D interfere. With-
out either C or D, the concentration of the other variable can
be changed without altering CDW ;.. When both trace element
concentration and FeSO, concentration is increased, CDW .«
decreases. Transition to the stationary growth phase occures at
lower biomasses when the sum of C and D is high.

Models showed that the two examined response variables
have very contrary demands. The solution of the problem highly
depends on which response is defined at beeing more impor-
tant (fast growth versus high CDW). In this work, we aimed
for a short process time and optimized the medium for a fast
growth on the cost of a lower maximum CDW (Table 2). In the
model optimized medium, a maximum CDW of 4.1 g/L should
be reached and 2.5 g/L biomass should be achieved after 19.8 h
with a desirability of 79%. This medium was supplied with 181
uM FeSO,, no trace elements and 40 mM buffer at pH 6.56
(6.78 under air saturation). To avoid any depletion of trace ele-
ments during subsequent cultivations or long-term experiments,
a small amount of the trace elements solution stock was added
routinely (5% of the value used in CP cultivations). This just in-
creased slighty the response parameter time until CDW 2.5 g/L
is reached (19.9 h).
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The predicted values for E and F (19.9 h and 4.1 g/L) were
expected to be in the range of 18.6-21.2 h and 3.9-4.4 g/L,
respectively, assuming a confidence interval of 95%. To verify
the validity of the model used for optimization the calculated
optimal medium was used in 10 cultures, whereby five individual
heterotrophic precultrues were used. The model is valid as a
CDW of 2.5 g/L was reached after 21.0 hours and maximal CDW
was 4.1 g/L (data not shown).

3.2.4 Detailed investigation of FeSO4 concentration
The predicted optimal value for the explanatory variable FeSO,
(F) is equal to the axial point + /2 with 181 uM. As the model has
just limited reliability at its edges, the influence of FeSO, concen-
tration was investigated in detail. Although AD and CD factor
interactions were observed, FeSO, concentration was investi-
gated in an one-factor-at-a-time-varied experiment as degree of
interaction was just minor (see equation for F above).
Concentrations up to 724 uM were investigated (Fig. 3).
High amounts of FeSO, shortens the lag phase, so that CDW
2.5 g/L is reached earlier (81% using 724 uM FeSO, compared
to calculated DoE optimum, statistically significance between
362 and 724 uM, p = 0.013). High FeSO, concentrations lower
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Figure 2. Perturbation plots (A,
B) and 3D surface plots (C, D,
E). Perturbation plots are shown
for time until CDW 2.5 g/L is
reached (A) and CDWp. (B).
3D surface plots are given for
the three parameter interactions
observed for response CDW a4
(AD, BC, CD) in the range of +/-
017 1 Coded Units. (A) Buffer con-
centration (mM), (B) pH value

(), (C) Trace elements (% v/v),

006 C: Trace elements

9003 (D) FeSO4 concentration (uM).
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Figure 3. Maximum CDW (crosses) and time needed to achieve
a CDW of 2.5 g/L (rhombuses) in MM of this study supplied with
different FeSO4 concentrations. One hundred fifty micromolar
and 181 M represent coded units +1 and ++/2 of the DoE. One
hundred eighty-one micromolar represents optimal concentration
after DoE. n = 3, mean =+ SD. Student’s t-test; *p < 0.05.
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the maximal cell density (91% using 724 uM FeSO, compared
to calculated DoE optimum). This is in agreement with the
results of the DoE and also fits results published before [40],
where a FeSO, concentration of at least 10 «M was necessary
for nonlimited growth of the organism (Fig. 2).

A multitude of enzymes needed for lithoautotrophic growth
of C. necator are iron dependent. Most especially, the hydroge-
nases contain iron in the [NiFe] active site and in the [Fe-S]
clusters. Heme containing cytochromes are used as electron
carriers [41] and regulatory machinery, e.g. regulatory hydro-
genase, contains iron [42]. The element can regulate mecha-
nisms used for energy conversion or CO, fixation, as shown for
Escherichia coli and Acidithiobacillus ferrooxidans, respectively
[43,44]. Iron uptake (putative gene regions described by [45])
and thus accessibility of intracellular iron could be improved
by higher extracellular concentrations. Although adding higher
amounts of FeSO, to the MM designed in this study improved
process time further, the predicted concentration (181 uM) was
used in the standard medium for further experiments mainly
taking into account the costs of the MM.

3.3 Growth comparison with established minimal
media

The newly developed reaction medium was compared with the
published media in regard to specific growth rate, lag time, and
maximum CDW under heterotrophic and autotrophic condi-
tions (Table 3). Growth on fructose was similar regarding spe-
cific growth rate (0.25 h ! versus 0.23 to 0.24 h !). Lag phase
could be slightly decreased to 1.5 h. Maximum CDW is decreased
to 5.0 g/L, from initially 5.5 to 6.8 g/L. Under autotrophic con-
ditions, specific growth rate of the production media could be
restored (0.12 h™ ') and considerable reduction in lag phase to
2.8 h was investigated. Obviously, any medium ingredient(s)
shorten the time needed for the adaptation toward autotrophic
conditions, e.g. iron. Regarding a short-process time, the MM
designed in this study is even better than the MM described so far
for autotrophic growth [33] and for heterotrophic isopropanol
production [34] and much better than the bioelectrochemically
suitable medium used for electroautotrophic growth and iso-
propanol production before [29, 30]. Using the new designed
MM can reduce time and thus costs of processes, where an elec-
trochemically robust medium is needed by decreasing the time
needed for the seed train.

The suitability of the designed medium for repetitive au-
totrophic batch cultures was proven to ensure that no depletion
of any ingredient occurred within the seed train.

3.4 Electrochemical characterization of the optimized
MM

3.4.1 Conductivity

One major limitation of MM described for growth of prokary-
otes is the restricted conductivity in comparison to highly con-
ductive electrolytes typically used in electrochemical systems,
e.g. 0.5 M sodium sulfate or saturated potassium chloride. At
30°C, conductivities of these electrolytes were 64 and 373 mS/cm,
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respectively. Conductivities of the medium described for elec-
troautotrophic production and the MM described in this study
achieved conductivities of 6.3 and 6.1 mS/cm, respectively. In
general, low conductivities will lead to higher inner resistances
in an electrolyte, resulting in unwanted high ohmic losses in the
media. By designing the MM by DoE, higher conductivities were
tested. The MM used for the CP conditions of the DoE had a
conductivity of 9.5 mS/cm. However, these values are still lower
than the usual electrolytes used in electrochemical syntheses.
MM with more positive-coded units of the explanatory variables
would have had even higher conductivities due to the addition of
former salts and ingredients. Nevertheless, for optimal growth
of C. necator low conductive media with approximate 6 mS/cm
seem to be optimal and thus the best compromise between bi-
ological and electrochemical demands. This in agreement with
observations of Liu et al. who tried to overcome limitations in
mass transport and attendant current by increasing buffer con-
centration to 108 mM. However, under these conditions bacterial
production was affected negatively [31]. Evolutive adaption of
the organism to media containing higher salt concentrations may
be beneficial for future optimization.

3.4.2  Stability of the optimized MM

Potentials of —1.1 and —1.5 V versus Ag/AgCl at SS and Pt WE
were applied for more than 7 days. No precipitates were ob-
served, showing the electrochemical stability of the developed
MM. In recent publications [19,30,31], reactive species such as
hydrogen peroxide and hydroxyl radicals evolved due to the ap-
plied reductive potential. In our study, no H,O, evolution was
observed using Pt as WE material, independent of the potential
applied (Supporting Information Fig. S6). Using SS as working
electrode, H, 0, is produced electrochemically depending on the
reductive potential. Concentration increased steadily during an
operation period of 2 days, reaching 0.2 and 1.2 mg/L for —1.1
and —1.5 V, respectively. Torella et al. and Liu et al. [30,31] ob-
served production up to 10 mg/L after 10 h and 18 mg/L H,O,
after 60 min, respectively. Different amounts of H,O, in recent
publications vs. this study could be explained by different cell
potentials and diverging electrode materials, which can favor
alternative electrochemically reactions. Furthermore this could
indicate better electrochemical robustness of the medium de-
signed in this study. In our system, Pt was advantageous over
SS regarding production of the toxic peroxide. Therefore, Pt was
chosen as WE in further experiments. For sure, for large-scale
applications the costs for electrode materials should also be taken
into account.

3.4.3 Characterization of hydrogen evolution by linear
sweep voltammetry (LSV)

Open circuit potential (OCP) of the MM designed in this study
was approximately 0 V versus Ag/AgCl. Linear sweep voltam-
mograms from OCP to —2 V versus Ag/AgCl were performed.
Reductive current increased at approximately -600 mV, indicat-
ing hydrogen evolution (Supporting Information Fig. S7). This
is in agreement with the minimal thermodynamic potential for
water splitting (1.23 V) and reduction potential of =615 mV
versus Ag/AgCL
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Figure 4. Autotrophic and electroautotrophic growth in the MM
that has been designed in this study under N limiting condi-
tions ((NH4)2SO4 = 0.36 g/L). Medium was inoculated with het-
erotrophically grown cells and autotrophically grown cells for au-
totrophic and electroautotrophic conditions, respectively. n = 2
for autotrophic conditions, WE2 and WE3: mean = values for in-
dividual experiments (lines with dots). n = 6 for WE1: mean +
SD.

3.4.4  Abiotic evolution of formate

The indirect electron transfer in MES relies on the production
of small electron donors such as hydrogen and formate at the
cathode. In a recent study, electrochemical reduction of CO, to
formate was described [19], yielding in growth of C. necator.
Therefore, formate evolution over a period of three days was
investigated (Supporting Information Fig. S8). Just traces of for-
mate were produced (approximately 0.1 mM after 24 h and
<0.4 mM after 72 h). By comparing the growth in Fig. 4 and
the measured formate production with literature data [46], sole
biomass increase from formate consumption as well as inhibi-
tion of growth can be excluded. Thus in our system, carbon from
CO, is mainly fixed directly by using hydrogen as electron donor.

3.5 Electroautotrophic growth characteristics

In the developed MM, cultures can reach nitrogen limitation af-
ter approximately 24 h on electrochemically produced hydrogen.
Growth without lag phase after inoculation is observed (Fig. 4).
In comparison to the autotrophic culture, lag time could be de-
creased as cells did not have to adapt to either carbon or energy
source. Specific growth rate was slightly decreased in comparison
to autotrophic growth (Table 3). A u of 0.09 h~! was observed
in systems with high WE electrode areas (WE1 35.8 cm?, WE2
17.9 cm?). Using alower electrode area (WE3 2.3 cm?), after short
exponential growth phase with 4 = 0.045h ™", linear growth with
1 = 0.018 h™' was observed. We assume that initial exponen-
tial growth is caused by an excess of redox equivalents stored in
the cells from preculture, whereas hydrogen is the limiting factor
during subsequent cultivation. The value of u for WE1 and WE2
is trailing behind autotrophic conditions. Shortage of hydrogen
availability is a unlikely reason for this, as two strongly different

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eng. Life Sci. 2017, 17, 781-791

WE areas (35.8 and 17.9 cm?) caused comparable u (Fig. 4). A
multitude of further parameter differs from autotrophic condi-
tions and could decrease u, e.g. gas composition, pressure, and
agitation. Moreover, evolution of small amounts of ROS (besides
H,0,) cannot be ruled out.

Applying —1.5 V versus Ag/AgCl, cell voltages of 3.3, 2.9, and
2.8 V and currents of approximate —45, —23, and —3.6 mA were
obtained using WE1, WE2, and WE3, respectively. This goes
along with a relatively constant current density of —1.26, —1.29,
and -1.57 mA/cm?. Schlegel and Lafferty [29] observed fastest
growth, corresponding with no lag phase and 1 < 0.015 h~!
(calculated), at 4.2 V cell voltage at a Pt WE with surface area
of approx. 16 cm? (600 mA, 37.5 mA/cm?, calculated area, and
current density), using a culture that had been preadapted to
electroautotrophic conditions. Using an autotrophic preculture,
lag phase was increased to 14 h (calculated). We observed no lag
phase and approximately 6-times higher x4 in our setup.

Growth observed by Torella et al. and Liu et al. was much
slower, as C3 to C5 compounds producing strains reached
CDW , after 3 and 4 days (cell voltage 3.0 V with >10 mA/cm?
and 2.0 V), respectively [30,31]. We could shorten growth phase
drastically to one day by using comparable cell voltages (ap-
proximate 3 V). Current densities were much lower than the
ones published before, which demonstrates high efficiency of
hydrogen conversion in our setup. Therefore, multiple effects
like reactor design and medium composition might have caused
the observed advantages of this study.

4 Concluding remarks

The newly developed MM fulfills requirements of classical
biotechnology and electrochemistry (see Table 1) and enables
efficient CO, fixation on electrochemically produced hydrogen.
For solving biotechnological challenges, a carbon-free medium
supplemented with important trace elements was designed. Tak-
ing electrochemical demands into consideration, most impor-
tantly chloride containing salts were exchanged with sulfate ones.
This prevented precipitation of medium ingredients on Pt work-
ing electrodes. In the robust medium, no hydrogen peroxide
evolves up to an applied potential of —1.5 V versus Ag/AgCl. Most
importantly, the MM enables fast autotrophic and electroau-
totrophic growth and production processes using C. necator.
A shorter lag phase and a higher specific growth rate were re-
alized under autotrophic conditions in comparison to the MM
described for electroautotrophic production so far.

By response surface methodology, optimal buffer concentra-
tion was calculated as 40 mM and pH as 6.56. Furthermore, a
high concentration of FeSO, (181 uM) and a low concentration
of the trace element solution mix were advantageous. FeSO,
concentrations up to 724 uM shortened process time further.

Using the new designed minimal medium is advantageous
if an electrochemically robust medium is needed. Process time
can be reduced and thus costs of processes. Under autotrophic
conditions, p was as high as observed in the two production
media but more importantly twice as high as in media used in
BES so far (0.12 versus 0.06 h™!). Therefore, time needed for the
seed train, could be reduced. This aims at a more economically
feasible process. Furthermore, the MM enables fast production
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processes under electroautotrophic conditions without lag phase
and specific growth rates up to 0.09 h™'. Our findings act as one
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further step toward efficient usage of C. necator in MES.

Practical application

Microbial electrosynthesis is an upcoming research field
where ideally the greenhouse gas carbon dioxide is con-
verted in valuable products. The biological conversion is
driven by energy supplied at the cathode. Peak electrical
energy that arises from renewable energy plants can be
converted and stored in chemical energy by using biologi-
cal reactions. The research field aims to promote efficien-
cies of renewable energies. This publication focuses on
the development of a suitable reaction medium and finally
on the improvement of the performance in microbial elec-
trosynthesis. The designed medium fulfills requirements
of biotechnological processes; in particular fast growth as
well as of electrochemical processes, e.g. robustness un-
der reductive conditions. Most of the results can be easily
transferred to the design of reaction media for further bio-

electrochemical production systems.
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