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ABSTRACT
This study investigates adaptive laboratory evolution (ALE) to improve the tolerance of Cupriavidus necator H16 ΔPHB to high

electrolyte concentrations, enabling more energy-efficient electroautotrophic cultivation. Over 3 months, strains were gradually

adapted to up to 400mMNa2SO4. Compared to the wild type, adapted strains exhibited higher growth under elevated salt conditions,

maintaining viability at concentrations up to 300 mM. In bioelectrochemical systems, the addition of Na2SO4 significantly increased

medium conductivity, reducing the cell voltage required under galvanostatic conditions. As a result, energy demand for cultivation

decreased. Experiments demonstrated that the adapted strain grew comparably to the wild type under standard conditions but per-

formedmarkedly better under high-salt conditions, shortening lag phases and reaching higher optical densities. Calculations revealed

an energy saving of approximately 11% during 204 hr of cultivation when using the adapted variant in electrolyte-supplemented

media. This work highlights the potential of combining biological robustness with optimized electrochemical conditions to reduce

energy input inmicrobial electrosynthesis. Unlike purely technical optimizations, ALE provides a straightforward, natural, and trans-

ferable strategy to adapt production hosts to electrochemical process conditions. The findings demonstrate a practical route toward

more sustainable bioelectrochemical processes by lowering energy consumption without compromising microbial performance.

1 | Introduction

Modern life is characterized by high level consumption, not
only of foods, cloths, and other material goods, but also energy,
which still largely derives from fossil sources and is often
treated as inexhaustible. In the last decades, global awareness
has increasingly focused on climate change, to which such con-
sumption contributes significantly. While changes in personal
lifestyle alone are insufficient to counteract this challenge,
industry and the energy sector have a rather big impact thus
are the ones that should lead the way to reduce climate change
as they are responsible for a great deal of emissions of green-
house gasses causing it [1]. Consequently, research aims to
make production processes more energy efficient, achieving
equivalent performance at reduced cost and environmental

impact. Production hosts such as Cupriavidus necator are
already industrially established, particularly for the production
of polyhydroxybutyrate PHB [2]. First described by Schlegel
et al. (1961) C. necator is recognized as a metabolically versatile
production host, capable of heterotrophic, chemolithoautotro-
phic, and mixotrophic growth [3]. It’s broad substrate and prod-
uct spectrum includes different sugars, amino acids, organic
acids, off-gas, and syngas. Especially relevant for sustainable
biotechnology is its ability to convert waste streams into valu-
able compounds such as ethanol, acetone, butanol, succinic
acid, biodiesel but also the bioplastic PHB and many more
[4–13]. Especially electro-autotrophic approaches gain interest
for the production of basic chemicals while simultaneously uti-
lizing CO2, a major greenhouse gas [14]. Within the field of
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bioelectrochemical systems (BES),microorganisms can access elec-
trical energy in several ways [15, 16]. Electrons can be transferred
directly if the organisms have membrane complexes or pili
enabling them to transfer electrons over the membrane (direct
electron transfer – DET) [17, 18]. Mediated electron transfer
(MET) employs redox mediators that are reduced by the electrode
and subsequently oxidized by themicroorganism; this requires that
the host tolerate often-toxic mediators and interact effectively with
them [19, 20]. Indirect electron transfer (IET) involves electro-
chemically generated intermediates, such as hydrogen and oxygen
from water splitting, and can be metabolized by microorganisms
without direct electrode contact or interaction with mediators.
These principles find application in already common ways like
wastewater treatment where electroactive bacteria degrade pollu-
tants while generating electrical energy [21]. A similar concept is
demonstrated in microbial “urine batteries,” in which bacteria
metabolize urine, producing a surplus of electrons that are har-
vested as electrical energy [22]. For efficient application of electri-
cal energy in aqueous medium however, sufficient conductivity is
required. Electrochemical reactions depend on the presence of
electrolytes, but high salt concentrations impose osmotic stress
onmost bacteria, leading to water efflux, desiccation, and in severe
cases plasmolysis [23]. Nevertheless, many bacteria have evolved
mechanisms to withstand osmotic stress. Bacteria from all kinds of
environments like soil-dwelling C. necator but also Escherichia coli
from the gut or Vibrio fischeri isolated from marine environments
are able to accumulate compounds called compatible solutes,
uncharged organic molecules synthesized de novo, or acquired
from the environment, to counteract hyperosmotic conditions
[24–27]. Compatible solutes thus present a natural way to support
bacterial growth in electrolyte-rich environments suitable for elec-
trochemical processes. However, the regulation of compatible sou-
lute production is very complex with several transporters and
metabolic pathways which makes genetic engineering less suitable
to enhance the bacterial stress response to osmotic pressure, as no
single gene provides a universal solution [28, 29]. Adaptive labo-
ratory evolution (ALE) offers a promising alternative. With this
method it’s possible to adapt organisms to conditions and change
them genotypically without interfering genetically [30]. By slight
changes of the culture medium and transfer of cells in periodical
steps, a medium without electrolytes is transformed over time to a
medium with a high concentration of electrolytes which cells do
tolerate. For ALE, random mutations which occur regularly are
inevitable as cells with beneficial mutations for current environ-
mental conditions have an advantage compared to wildtype cells
and are able to overgrow them [31].

In a previous publication we showed that in electrochemical
experiments the electrolyte can be optimized – here we want
to improve the microbial strain [23]. Accordingly, ALE was used
to adapt C. necator H16 ΔPHB to higher concentrations of
the sodium salt Na2SO4 to be able to use those strains in electro-
autotrophic growth experiments with high electrolyte medium
and reduce the needed energy.

2 | Material and Methods

2.1 | Culture Conditions

For electro-autotrophic cultivation, all strains (C. necator H16
DSM 541 and adapted variants) were cultivated in a seed train

of three precultures. From a cryo-conserved glycerin-stock stored
at -80°C, cells were spread on LB agar plates (5 g/L NaCl, 5 g/L
yeast extract, 10 g/L tryptone, 1.8 % agar, pH 7) and incubated at
30°C for 24 h. 5 mL LB-medium (5 g/L NaCl, 5 g/L yeast extract,
10 g/L tryptone, pH 7) were inoculated from a single colony [32].
This preculture was followed by precultures in minimal medium.
The minimal medium was composed as described before [23].
The overall second preculture was heterotrophic by the addition
of 4 g/L fructose. From this preculture either heterotrophic
growth curves or autotrophic precultures were inoculated. The
autotrophic preculture was supplied with a gas atmosphere of
H2, CO2, and O2 (8:1:1). The cultures were incubated at 30°C
and 180 rpm. Growth was measured photometrically via optical
density at a wavelength of 600 nm (OD600).

2.2 | Adaptive Laboratory Evolution (ALE)

ALE was performed in 100 mL baffled Erlenmeyer flasks using
heterotrophic minimal medium [23] supplemented with 4 g/L
fructose as carbon source. Over a period of 3 months, Na2SO4

concentrations were gradually increased from 0 to 400 mM.
Cultures were transferred daily to fresh medium by diluting to
an OD600 of 0.1 in 20 mL medium. Growth was monitored pho-
tometrically, and adapted populations were cryopreserved for
subsequent analysis. Characterization of adapted strains was car-
ried out in a Stratus microplate reader (Cerillo, Charlottesville,
VA, USA) across a Na2SO4 gradient from 0 to 300 mM. A sche-
matic overview of the ALE process is shown in Figure 1.

2.3 | Setup of the Bioelectrochemical
System (BES)

The BES was composed of an undivided electrochemical reactor
with a working volume of 110 mL and a two-electrode setup.
Platinized titanium expanded metal with a surface factor of
1.7 (50 g Pt per m2, Metakem GmbH, Usingen, Germany) and
a geometrical surface area of 6 cm2 was used as anode for water
splitting, and a graphite rod with a geometrical surface area of
6.48 cm2 was used as cathode for the electrochemical production
of H2 [33, 34]. Both electrodes were contacted with a platinum
wire with a diameter of 0.5 mm. The contact of the graphite rod
was additionally secured with Teflon tape. The electrodes were
held at a distance of 1 cm with a 3D-printed separator, printed

FIGURE 1 | ALE – scheme. During the ALE process the salt concen-

tration is increased (gray bars) over time, causing the continuous adap-

tation of the bacteria from initial inoculation till final isolation to high

salt concentrations. ALE is performed by periodically transferring small

amounts of culture to fresh medium with an increased amount of salt.
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with a heat-resistant poly amid fiber (Fiberthree F3 PA-GF30
Pro, Fiberthree, Darmstadt, Hessen, Germany) in the Prusa
3D printer (Original Prusa i3 MK3S+ printer, Prusa Research
a.s., Holešovice, Czech Republic). A current of 15 mA was
applied constantly for water electrolysis via a potentiostat
(Gamry Interface 1010B, Gamry Instruments, Warminster, PA,
USA). For gas supply PTFE tubing was mounted to the lid.
For mixture at 300 rpm a stir bar was added to the reactor.
After sterilizing the reactor by autoclaving, they were filled with
a sterile autotrophic minimal medium as described previously
[14, 23] to a total volume of 110mL; sterilized PTFE tubes were
connected to autoclaved silicone tubes and sterile filters for con-
tinuous gas supply consisting of N2, O2, and CO2 (85:5:10) at a
flow rate of 25 mL/min. The reactors were placed in an incubator
at 30°C and after polarization at given conditions over night they
were inoculated with autotrophic precultures at an OD600 of 0.2.
Composition of the gas phase was measured daily with a gas ana-
lyzer (Gas Analyzer Micro GC Fusion, Inficon, Bad Ragaz,
Switzerland), growth was measured via OD600 and pH with a
pH meter (pH-meter Lab 845, SI Analytics – Xylem Analytics
Germany, Mainz, Germany). A scheme of the setup is shown
in Figure 2.

2.4 | Conductivity Measurement

The conductivity of prepared media was measured at room tem-
perature of 20°C and after incubating closed containers (50 mL
falcon tubes) at 30°C overnight. Conductivity was measured with
an electrical conductivity (EC) meter (WTW cond 340i with
TetraCon 325, Xylem Analytics Germany Sales GmbH & Co.
KG, Weilheim, Germany) by merging the sensor area of the
EC meter into the medium for about 10 seconds.

2.5 | Calculations

For the evaluation of energy needed for the experiments, formula
(1) was used, multiplying the voltage with the power over the

elapsed period of time. In formula (2) the unit of the consumed
power was changed from Wh to J.

P Wh½ �=ΔU V½ � ∗ Δt h½ � ∗ I A½ � (1)

Wh ∗ 3600=Ws= J (2)

3 | Results and Discussion

3.1 | Adaptive Laboratory Evolution – ALE

During and after the adaptation process, culture samples were
periodically collected and cryo-conserved for analysis. The adap-
tation was conducted in 50 mM increments of Na2SO4 every 5 – 7
days beginning with initial cultivation with 100 mM of Na2SO4.
Conserved strains that were analyzed are for enhanced growth in
minimal medium containing higher concentrations of Na2SO4

are listed in Table 1.

The adapted strains were compared to the unadapted wildtype
in minimal medium according to Sydow et al. [23] under het-
erotrophic conditions with 4 g/L of fructose as carbon and
energy source. To evaluate the state of the adaptation, the
strains were cultivated under the influence of 0, 100, 200,
and 300 mM of Na2SO4 and compared to the wildtype. Not only
strains adapted to sodium sulfate were tested but also the
sodium chloride-adapted strains (Figure S1, S2). As the adapted
strains performed mostly similar, a variant from an earlier adap-
tation phase was selected for subsequent experiments, as these
strains exhibited higher overall viability and were less nega-
tively affected by the prolonged adaptation to extreme osmolar-
ities. Although the ad5 variant showed the highest OD600 in the
screening experiment (Figure S1, S2) in the following electro-
autotrophic BES experiments, no growth worth mentioning
could be observed here (Figure S3, S4). Thus, further experi-
ments were conducted with the strain C. necator H16 ΔPHB
adNa2SO4 1 (ad1).

To assess suitability of the strains for electro-autotrophic
experiments more closely, they were grown under autotrophic
conditions with 0, 300, and 500 mM of Na2SO4. Even without
additional electrolyte in the medium it was visible that strain
ad1 grew to higher optical densities than the wildtype H16
ΔPHB which only reached about 1.4 whereas the adapted
strain reached an OD600 of 2 (Figure 3). Under the influence

FIGURE 2 | Setup of the BES (detailed description in the main text).

TABLE 1 | C. necator H16 ΔPHB Strains at Different Stages of

Adaptation.

t (d) Strain Abbreviation
Adapted to X
mM Na2SO4

0 C. necator H16
ΔPHB

WT 0

23 C. necator H16
ΔPHB adNa2SO4 1

ad1 200

36 C. necator H16
ΔPHB adNa2SO4 3

ad3 300

61 C. necator H16
ΔPHB adNa2SO4 5

ad5 400
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of 300 mM the wildtype grew to an ODmax of 1 after 46 h and
the ad1 variant reached an OD600 of 1.5. For both strains addi-
tional sodium sulfate of a concentration of 500 mM was too
much to show any sign of growth (Figure 3). Clearly, the
adapted strain showed improved growth as measured by
OD600 compared to the wildtype with any salt concentration
under electro-autotrophic conditions. Even when the strains
behaved very similar to each other in pre-experiments in the
cultivation system ALE was conducted in (Figure S1), in the
transfer to another cultivation system like autotrophic cultiva-
tion shown here or later electro-autotrophic cultivation, strains
visibly behaved differently.

3.2 | Bioelectrochemical Experiments and
Calculations

To measure the influence of higher osmolarities in the minimal
medium according to Sydow et al. [23] by the addition of varying
concentrations of sodium sulfate, conductivity was measured at
different temperatures with an EC meter. Therefore medium was
produced as usual and incubated at room temperature (20°C) or
at the temperature all growth experiments were conducted in
(30°C). The sensor area of the EC meter was merged into the
medium for about 10 seconds. With rising temperature, a small
difference of 0.2 – 0.7 mS/cm was measurable, and more influ-
ence was seen regarding the concentration of the osmolyte. The
minimal medium according to Sydow [23] shows a conductivity
of 6.5 mS/cm in both temperatures, by the addition of only 100
mM of sodium sulfate the conductivity could be increased by 13.6
mS/cm to a value of 20.1 mS/cm. At 200 mM Na2SO4 the con-
ductivity reached 31.5 mS/cm, at 300 mM, 41.3 mS/cm, at 400
mM, 50.1 mS/cm, and the best conductivity was reached at
500 mM with 58.7 mS/cm (Figure S2). As the conductivity
depends on the number of soluble particles and sodium sulfate
dissociates into two sodium and one sulfate ion. As the concen-
tration is enhanced gradually, the sodium sulfate can’t dissociate
fully; therefore, the conductivity enhances nonlinearly at higher
concentrations. The effect of the temperature difference on con-
ductivity was small but measurable; therefore, one factor having
an impact could be the increased temperature, as solubility of
conductivity-enhancing gasses in aqueous medium decreases
with higher temperature [35, 36].

To evaluate the effect of addition electrolytes in the medium
on the wildtype strains as well as the adapted variant, both
strains were cultivated electro-autotrophically. Therefore, mini-
mal medium according to Sydow et al. [23] was used with a
graphite rod as a working electrode and a platinized titanium
electrode as counter electrode. The system was gassed with a
gas mixture of N2:Air:CO2 (65:25:10), leading to a distribution of
N2:CO2:O2 of 85:10:5. After an overnight polarization at 15 mA a
steady voltage of around 3 V was reached in the medium without
extra electrolytes and around 2.5 – 2.6 V for the medium with
300mMof sodium sulfate. After inoculation to an OD600 of 0.2 both
strains grew similarly in the first 4 days in the medium without
electrolytes to an optical density of about 2.5, from day 5 on the
adapted strain stagnated, the wildtype grew further and reached
a maximal OD600 of about 3.3, whereas the maximal reached
OD600 of the adapted strain lay around 2.7. Therefore, regarding
both strains in minimal medium with 300 mM of sodium sulfate,
the wildtype showed an extended lag phase of 3 days before it
grew steady to an OD600 of about 2. Compared to this, the
adapted strain reached OD600 after just 1 day of lag phase, just
like in the medium without electrolyte, of nearly 3. So, regarding
growth of the adapted variant, even when challenged with high
electrolyte concentrations, compared to the wildtype under stan-
dard conditions, no noteworthy difference could be observed.
Following the observation of growth, the voltage of both strains
was analyzed and compared depending mostly on the amount of
electrolyte added to the medium. Thus, it was much lower in cul-
tures with 300 mM of sodium sulfate compared to the original
medium. For further calculations the time was given in hours
(Figure 4). By integration of the graph of voltage over time
the area under the curve could be calculated. A duration of
204 h was taken as well as the voltage of the wildtype in the usual
minimal medium (black squares) compared to the voltage of the
culture of the adapted variant in minimal medium with extra
electrolyte (blue triangles). Even when it’s lower in the beginning
the growth rate of the ad1 strain in 300 mM medium enhances
strongly and is comparable or higher after 100 h of cultivation
than the growth rate of both strains growing in the basic minimal
medium without salt (Figure 5). Whereas the growth rate of the
wildtype strain in 300mM is low the whole time.

Following Equations (1) and (2), the electrical energy needed to
cultivate strains for 204 hours in the given system could be cal-
culated for the wildtype in unmodified medium

FIGURE 3 | Growth of C. necator H16 ΔPHB WT and ad1 under autotrophic conditions with 0, 300, and 500 mM Na2SO4. Cultures were grown

in minimal medium according to Sydow [23] under autotrophic conditions with a gas atmosphere of H2, CO2, and O2 (8:1:1). From left to right 0, 300, or

500 mM of Na2SO4 were added. The wildtype (black) and the ad1 variant (red) were tested. N= 3.
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P= 598.43V h � 0.015A= 8.976Wh

8.976Wh � 3600= 32315.22Ws= 32315.22 J

According to former calculations, for the adapted variant in min-
imal medium with additional 300 mM Na2SO4, the required
energy was lower.

P= 533.79V h � 0.015A= 8.007Wh

8.007Wh � 3600= 28824.66Ws= 28824.66 J

The energy difference between the two modi was accordingly

ΔJ= 32315.22 J− 28824.66 J= 3490.56 J

The difference of energy that was required for the cultivation of
C. necator H16 ΔPHB strains in the electro-autotrophic growth
amounted to 3490.56 J for a cultivation duration of 204 h
(8.5 days). In percentage, the difference of 3490.56 J is 10.8%
of the initially needed power. So, by using adapted strains and
by the addition of salt to the medium around 11% of energy could
be saved while about the same OD600 values were reached.

The optical density of C. necator can be correlated to the yielding
biomass as shown by Grunewald et al. [37, 38]. It was shown that
the OD600 multiplied by 0.363 results in the produced biomass in
[g/l]. So, the resulting biomass of the strains can be used to see
howmuch energy per biomass was needed. In Table 2, the results
of these calculations are shown. It can be pointed out that the
variant ad 1 in 300 mM (27 193.08 J*l/g ± 2.7%) is nearly as effi-
cient as the original process with the unadapted strain
(26 929.35 J*l/g ± 5.5%) without additional salt in the medium.
Just saving energy by the addition of salt to the medium with
the wildtype would even double the energy needed to yield
the same biomass, whereas only ALE without media alteration
also enhances the energy needed per biomass, due to a decreased
performance of the adapted strain. As the strains were adapted in
a heterotrophic shake flask culture and transferred to a BES, it
was not predictable how the strains would behave in this new
environment. Further ALE or a more BES-fitting ALE process
would in this case be beneficial, but as mentioned before,
ALE in a culture system that takes 8 – 9 days per cultivation
is absolutely impractical. These results state, that, if possible,
ALE should always be conducted in the later desired system.
In the case of BES an appropriate system for ALE still needs
to be developed. Nevertheless, the combination of ALE and
media alteration could result already in a system where energy
could be saved for similar biomass yield (Figure 4).

4 | Conclusion

A combination of supplementary electrolytes in the medium and
natural strain optimization was shown to reduce the needed
energy for electro-autotrophic cultivation of an adapted C. necator
H16 ΔPHB in optimized medium. It’s always the goal to enhance
the energy efficiency in each experiment, this could be therefore
achieved here with salt adaptation and high-electrolyte medium
by around 11% less energy needed.

Conventional targets for optimization in electrochemical or elec-
trobiological experiments typically focus on technical or chemi-
cal parameters, e.g., the electrolytes, the medium, the material of
the electrodes, or their distance. In contrast, this work shows that
enhancing the biological robustness of the production host itself,
through a natural, nongenetic approach, can yield significant
improvements in process efficiency. Media optimization alone
achieves the energy savings but only in combination with
ALE usual biomass yields could be maintained. An advantage
of the herein-shown biological and chemical optimization is that
it is easy and applicable, compared to technical optimizations.
Staying in the field of bioelectrochemistry, there are not many
processes that can be used as example but a great one is the

FIGURE 4 | Growth and voltage of C. necatorH16ΔPHB wildtype and

variant ad1 with and without 300 mM Na2SO4 in minimal medium, N= 2

(A) Growth of C. necator H16 ΔPHB in minimal medium (square, black)

andminimal mediumwith 300mMNa2SO4 (square, light blue) and variant

ad1 in in minimal medium (circle, red) andminimal mediumwith 300mM

Na2SO4 (triangle, blue). Cultures were grown in minimal medium

for 210 hours (8.5 days) at 30°C, 300 rpm and a constant current of

15 mA. They were gassed with N2, O2, and CO2 (85:5:10) at a flow rate

of 25mL/min. (B) Voltage of H16 ΔPHB in minimal medium (black)

and minimal medium with 300 mM Na2SO4 (light blue) and variant

ad1 in minimal medium (red) and minimal medium with 300 mM

Na2SO4 (blue).
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Rheticus project by Evonik. It builds upon the concept of tech-
nical photosynthesis of Haas et al. (2018). Following the example
in this study bacteria used in the Rheticus project could be
adapted to process conditions that are ideal for electrochemistry
presenting unadapted strains with an unsolvable challenge to
achieve energy savings as electricity is the most crucial point con-
cerning greenhouse gas emission worldwide [1].

Achieving more sustainable production processes is becoming
increasingly important in modern research and industry. The
results presented here provide a simple yet effective route toward
this goal, demonstrating how biological adaptation can contrib-
ute directly to improving the energy demand and sustainability of
electrobiological processes.
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300 rpm, and a constant current of 15 mA. They were gassed with N2, O2, and CO2 (85:5:10) at a flow rate of 25mL/min.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Figure S1: Overview of Na2SO4 and
NaCl-adapted strains compared to the Wildtype H16 ΔPHB cultivated
in MM with 0 – 300mM Na2SO4. The wildtype (light green) was com-
pared to adapted variants from timestamp 1 (green), 3 (turquoise), and
5 (purple) in minimal medium containing (from left to right) 0 –

300mM Na2SO4; the first row shows the Na2SO4-adapted variants, the
second row the NaCl-adapted variants. The cultivation was performed
in baffled shake flasks at 180 rpm and 30°C. Supporting Figure S2:
Growth rate overview of Na2SO4 and NaCl-adapted C. necator H16
ΔPHB strains compared to the Wildtype cultivated in MM with 0 –

300mM Na2SO4. The wildtype (light green) was compared to adapted
variants from timestamp 1 (green), 3 (turquoise), and 5 (purple) in mini-
mal medium containing (from left to right) 0 – 300mM Na2SO4; the first
row shows the Na2SO4-adapted variants, the second row the NaCl-
adapted variants. The cultivation was performed in baffled shake flasks
at 180 rpm and 30°C. Supporting Figure S3:Growth (black squares), pH
(line), and potential (black triangles) of C. necator H16 in MES in auto-
trophic minimal medium (n= 4), 30°C, 300 rpm, a constant current of
15 mA, and a gas mixture of 8% N2, 10% CO2, 6% O2 (gassing rate
25ml/min). An OD600max of 3.2 is reached after 7 days with a pH drop
from 6.7 to 6 and a potential of 2.9 V. Supporting Figure S4:
Growth (white squares), pH (line), and potential (white triangles) of
Na2SO4-adapted C. necator H16 in MES in autotrophic minimal medium
with 250mM Na2SO4 (n= 3), 30°C, 300 rpm, a constant current of 15 mA
and a gas mixture of 84% N2, 10% CO2, 6% O2 (gassing rate 25ml/min). An
OD600max.of 3.2 is reached after 7 days with a pH drop from 6.7 to 6 and a
potential of 2.9 V. Supporting Figure S5: Conductivity of minimal
medium according to Sydow et al. [22] with rising amounts of Na2SO4

in 20 and 30°C. Conductivity was measured with an EC meter by emerg-
ing the sensor in medium with 20°C room temperature and after incu-
bation of media in closed falcon tubes over night at 30°C, n= 3.
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