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The sustainable bioproduction of chemicals from CO, remains far from
reaching its full potential. The productivity of autotrophic bioprocesses could

benefit from harnessing ubiquitous mechanical energy sources, which are
inaccessible for energizing bioproduction systems to this day. In this work, we
develop a hybrid system where the efficient piezocatalyst zinc oxide (ZnO)
harnesses mechanical vibration to stimulate the growth of the chemo-
lithoautotrophic bacterium Cupriavidus necator and its production of the
bioplastic polyhydroxybutyrate (PHB) from CO,. Both ultrasonication and

intense wave-like motion at least triple autotrophic PHB production with ZnO
forming a cohesive aggregate with C. necator and transferring charges to its
respiratory metabolism. The same ZnO-C.necator system doubles hetero-
trophic PHB synthesis from fructose, highlighting its extensive potential for
multiple biosynthesis applications. The hybrid approach reported here pro-
vides a blueprint route for powering bioproduction from CO, or other sub-
strates with widespread mechanical energy such as industrial vibrations and

natural waves.

A considerable fraction of anthropogenic CO, emissions responsible
for climate change comes from the usage of oil, coal, and gas. This
includes the production of multicarbon commodity chemicals, fuels,
and plastics, still mostly derived from fossil resources' . A promising
alternative is industrial biotechnologies converting CO, or other C1
feedstocks to value-added products®. With these approaches, auto-
trophic microbes reduce CO, to synthesize multicarbon chemicals,
both preventing greenhouse gases from entering the atmosphere and
competing with CO,-generating technologies™®.

Critical limitations are still impeding the widespread imple-
mentation of CO,-based biosynthesis technologies, including low
productivity and energetic inefficiency’. One of the reasons for these
persistent hurdles is that autotrophic microbes evolved over time to
maximize their growth and dispersion, while their capacity for

harvesting energy efficiently to drive biosynthesis processes was not
prioritized®’. A possible solution to solve these issues is to assist CO5-
fixing microbes in accessing energy sources usually inaccessible to
them by developing hybrid abiotic-biological production systems'*',
So far, research in this area has mainly focused on particulate photo-
catalysts collecting solar energy and converting it to electrical or
chemical energy, before transferring it to non-photosynthetic
microbes for CO, bioconversion to valuable products™ ™. While this
strategy ends up mimicking natural photosynthesis, hybrid systems,
with the right abiotic components, could be developed with other
types of energy in mind such as mechanical energy, which is abundant
but unattainable to autotrophic bioproduction processes.
Piezoelectric materials are non-centrosymmetric crystalline
materials that convert mechanical energy into electrical energy'*"”.
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Under mechanical stress, atomic displacements within the crystal lat-
tice of these materials separate positive and negative charge centers,
leading to the generation of electric dipole moments, which bring
about a piezoelectric potential at the macroscopic level®. It is this
potential that drives the migration of free electrons (e and holes (h*)
at the surface. Consequently, piezoelectric materials are researched
for multiple applications, including the development of transducers,
sensors, nanogenerators, and biomedical therapies, as well as for
piezocatalysis through redox processes such as H, evolution, CO,
reduction, pollutant degradation, and disinfection” . To date, pie-
zoelectric materials have not been explored for energizing autotrophic
bioproduction from CO, conversion. The only reported abiotic-
biological systems including a piezocatalyst were described recently
and focused on bacterial growth and wastewater denitrification**?.

Here, we assemble a biopiezocatalytic hybrid system comprising
well-studied piezocatalytic ZnO nanosheets (NSs)** with the chemo-
lithoautotrophic bacterium Cupriavidus necator H16, with the main
objective of augmenting the production of the bioplastic poly-
hydroxybutyrate (PHB) from CO,. In this system, ZnO converts
mechanical energy, either from ultrasonic vibration or wave motion,
into electrical energy, which is then transferred to C. necator, leading
to an increase in intracellular reduced cofactors available for the bac-
terium’s metabolism. Electric charges from ZnO are transferred to C.
necator either as molecular hydrogen (H,) or directly as e through
flavins and c-type cytochromes released by the bacterium. The same
hybrid system is also capable of augmenting PHB synthesis from
fructose by providing additional reducing equivalents to the hetero-
trophic metabolism of C. necator via the mechanical stimula-
tion of ZnO.

Results and discussion

The principle of the ZnO-C. necator biopiezocatalytic system
ZnO, a non-centrosymmetric wurtzite crystal, was selected as the
piezocatalyst in this work because of extensive research demonstrat-
ing that it can generate, upon mechanical stimulation, e at a potential
that would be suitable to enhance the metabolism of microbial cells
(Fig. 1a, b, Supplementary Figs. 1, 2, and 3, Supplementary
Discussion 1)*%°, For the biological component of the hybrid system,
aerobic C. necator, which fixes CO, via the Calvin-Benson-Bassham
(CBB) cycle, was chosen because it is a model strain for the autotrophic
synthesis of PHB exhibiting good productivity towards this
polymer®?!, In addition, several studies from our group showed that C.
necator can acquire charges from the surface of (photo)catalytic par-
ticles by direct contact'®*%. PHB itself is an important biodegradable
and biocompatible product with an increasing market for applications
in packaging, biomedical engineering, construction, textile, and
so on®,

Scanning electron micrograph (SEM) micrographs of the hybrid
system under CO,-fixing conditions showed that ZnO NSs aggregated
with C. necator cells with close physical contacts between the abiotic
and biological components (Fig. 1c, Supplementary Fig. 4). The energy-
dispersive X-ray spectroscopy (EDS) analysis confirmed the wide-
spread distribution within the aggregate of Zn from ZnO only and O
from both ZnO and the surface of C. necator (Fig. 1d). Next, we
examined the local piezoelectric response at the surface of ZnO-C.
necator by piezoresponse force microscopy (PFM) (Fig. 1e). From this
technique, a distinctive butterfly-shaped amplitude curve and a PFM
hysteresis loop exhibiting a phase angle change of ca. 180 °, when the
DC voltage was reversed from -10 to 10V, were indicative of a com-
plete ferroelectric polarization switching (Fig. 1f). This observation
highlights the generation of a piezoelectric potential when the con-
ductive tip of the atomic force microscope (AFM) was scanning the
Zn0O-C.necator aggregate.

We then examined interfacial charge transfer between ZnO and C.
necator. First, the transient piezoelectric current response was

measured by submitting the hybrid system to an on/off cycle of
ultrasonication (US) at 96 W (Fig. 1g). Results confirmed that ZnO was
mechanically stimulated. The higher piezoelectric current detected
with the ZnO-C. necator couple, compared to ZnO only, suggested that
charge carrier separation became more efficient in ZnO, possibly
because of charge transfer to bacterial cells. This observation was
supported by electrical impedance spectroscopy (EIS) and steady-state
photoluminescence (PL) analyses (Fig. 1h, i). Nyquist plots derived
from EIS data showed that mechanically stimulated ZnO had a lower
charge transfer resistance (R..) when combined with C. necator cells. In
the same vein, C. necator quenched PL from ZnO NS, probably because
microbial cells accelerated charge transfer, which attenuated e/h*
recombination in the piezocatalyst. Altogether, these results provide
evidence that ZnO, upon mechanical stimulation, transfers charges to
C. necator, which incidentally improves its piezocatalytic performance.

Bioplastic production from CO, and mechanical energy

To determine if ZnO NSs could serve as a charge donor for auto-
trophic PHB production, we added the piezocatalyst to a C. necator
batch culture growing at 30 °C under a H,:CO,:0, atmosphere with
overabundant CO, (Fig. 1a). We then stimulated ZnO NSs by US at
96 W for 1 h per day. To ensure good microbial growth and promote
effective mass transfer from gas to the liquid phase, the culture was
mildly agitated on a standard orbital shaker. A C. necator culture
without ZnO and US produced only 282.15+30 mg/L (n=3 inde-
pendent experiments) of PHB after 36 h with a yield of PHB from
CO; (Ypup/coz, 8/8, %) of 11.0% (Fig. 2a, b, Supplementary Fig. 5). In
this case, the only source of e for bacterial cells is H, provided in the
gas phase. Cultivating C. necator either with ZnO in the absence of
US or with periodic US but without ZnO had no significantimpact on
PHB production. In contrast, adding ZnO to C. necator and pro-
ceeding to daily US more than tripled PHB production to
1093.5 + 47 mg/L (n =3 independent experiments) with a Ypyp/co2 of
42.8% and a vibration energy-to-PHB efficiency of 2.42%, when
considering a 1L reactor (Fig. 2a, b, Supplementary Fig. 5, Supple-
mentary Discussion 2). This result was obtained with 0.8 g/L of ZnO
NS, yet amending the bacterial culture with only 0.1g/L of the pie-
zocatalyst nearly doubled PHB synthesis (Fig. 2c, d). From 0.1 to
0.8 g/L of ZnO, PHB production kept increasing, which showed that
the positive impact on C. necator of the piezocatalyst correlated
with its concentration. At 1g/L of ZnO, the productivity of the bio-
piezocatalytic system plateaued. The replacement of ZnO NSs with
0.8 g/L of biocompatible, amorphous, and non-piezocatalytic SiO,
particles did not increase PHB production upon US stimulation,
indicating that the effect observed was specific to piezocatalytic
ZnO NSs (Supplementary Fig. 6). Incubating the piezo-stimulated
ZnO-C. necator system longer than 36 h resulted in a small diminu-
tion of the PHB concentration, which was likely due to C. necator
cells starting to depolymerize the bioplastic upon starvation
(Fig. 2a, c). Future work will aim to optimize the C. necator strain to
ensure the stability of PHB bioproduction®.

In a similar way to US, intense agitation at 200 rpm with a tilting
shaker (referred to as wave motion from this point forward) instead of
mild shaking with an orbital device stimulated ZnO and led to a mul-
tifold increase of PHB production after 36 h with a Ypup/coz of 40.1%,
further demonstrating that our hybrid system can harness mechanical
energy to convert CO, to biopolymer molecules (Fig. 2e, f, Supple-
mentary Fig. 5 and Table 1). Intense tilting shaking generated a wave-
like undulating movement likely capable of mechanically stimulating
the ZnO piezocatalyst (Supplementary Fig. 7). Notably, a tracer
experiment with C-labeled bicarbonate amended to the growth
medium confirmed that the ZnO-C. necator hybrid stimulated by US or
wave was converting inorganic carbon into PHB (Supplementary
Fig. 8). Furthermore, the PHB produced with our system had a mole-
cular weight (M,,) of 2.3 MDa and a polydispersity index (PDI) of 2.1. For

Nature Communications | (2025)16:8141


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63576-y

a

Mechanical
stimula«%

ca®®©@ >

EE I A

VBEE® @

C. necator
/

CBB
cycle

“4'NADPH
NADD
Central

metabolism

4 NADPH
Biomass
NADP*.

H,

2

/co,

b

Mechanical

stlmum%

©o6
s2006

EIE T A A Y

vBEE®®
4o 7 wo 7\
Organic carbons, g Organic carbons, .,
e 1PHB i
Organic carbons,, Organic carbons,,
ZnO NS ZnO NS

Pronopi| Bomass 4,0 oo
NADP*.

C. necator

/ Fructose
Entner-Doudoroff

Central y
metabolism X

cBB
cycle

1PHB

f] 200
7] o
2% o 150
e )
4% L &)
MR’W \ F100Q
° =
\ l50 8
©
4 fle=
'@WFO =
; : ; . ; -50
-30 20 10 0 10 20 30
Voltage (V)
g 15 h 160 i
- ——7n0 —=—Zn0, R,=114 8 KQ 0 ——1Zno
141 Cnizn0 CniZno, R,=110.2 KQ < 22z
3] 120+ —" | 5
<1.3- — — g
= cl /./ &
£1.2 < 80+ " &
= N _/'/ CPE =
3114 ' A ]
N I 404 : E
3 1.0 ‘ i
A === = £ = -
0.9 : . 04 : . —_— . :
0 100 200 300 0 20 40 60 80 100 00 500 600
Ultrasonication time (s) Z' (KQ) Wavelength (nm)

Fig. 1| The ZnO-C. necator biopiezocatalytic system and demonstration of
charge transfer between the piezocatalyst and the microbial cells. Principle of
the a autotrophic and b heterotrophic piezocatalytic ZnO-C. necator hybrid system.
Upon mechanical stimulation, ZnO transfers charges to C. necator grown with
either atmospheric H, and CO, or fructose and provides complementary energy,
leading to an increase in the intracellular NADPH/NADP' ratio and, ultimately,
higher PHB production. ¢ SEM micrograph, d Zn and O EDS maps of the hybrid

system aggregate. e PFM topography, f piezoresponse butterfly-shaped curve, and
hysteresis loop of ZnO-C. necator. g Transient piezoelectric current upon US (96W)
of ZnO only and the ZnO-C. necator hybrid. h Nyquist plots and (i) PL spectra of
mechanically-stimulated ZnO versus ZnO-C. necator. CBB Calvin-Bassham-Benson
cycle, Cn C. necator. The inset on panel h is the proposed equivalent circuit with
calculated charge transfer resistance (R.). Source data are provided as a Source
Data file.

industrial usage, the M,, of PHB should be higher than 0.5 MDa, which
was the case here, with a PDI that was also suitable for different
applications™.

Next, we measured the intracellular NADPH/NADP* cofactor ratio
in bacterial cells of the hybrid system (Fig. 2g). The NADPH/NADP*
ratio in C. necator increased to 0.82+0.04 and 0.87+0.02 (n=3
independent experiments) when ZnO NSs in the batch culture were
stimulated by US and wave motion, respectively. In comparison, C.
necator cells without ZnO or with unstimulated ZnO had lower NADPH/
NADP' ratios ranging from 0.61 to 0.69. Previous studies showed a
similar phenomenon with illuminated photocatalytic particles aug-
menting the NADPH/NADP" ratio in C. necator’**°. During autotrophic
PHB production, NADPH is essential for two key metabolic functions.
First, NADPH provides the electrons and protons necessary for CO,
reduction by the CBB cycle (Fig. 1a). Second, NADPH serves as the
electron carrier for a core reaction of PHB synthesis from acetyl-CoA,
which is the conversion by the NADPH-dependent acetoacetyl-CoA

reductases PhaBl1-3 of acetoacetyl-CoA into (R)-3-hydroxybutyryl-
CoA®™. The increase in NADPH in the biopiezocatalytic system is
additional evidence that ZnO transferred charges to C. necator, which
modulated the intracellular redox balance in a way that promoted PHB
production from CO,.

One factor to consider when working with ZnO and living bacteria
is that the piezocatalyst is known to act as a disinfectant against a
limited number of pathogens, via the generation of reactive oxygen
species (ROS)***, Another possible stress in our system is the transient
US that may damage bacterial cells. Live/dead staining results showed
that these two factors did not negatively affect the viability of C.
necator, which was 99.1+0.3% and 98.6 +1.0% (n=3 independent
experiments) after 36 h of cultivation with ZnO stimulated by US or
wave, respectively (Fig. 2h, Supplementary Fig. 9). A similar viability
was observed for C. necator cultivated in the absence of both ZnO and
US. These observations are not surprising considering that aerobic C.
necator has several lines of defense against ROS and that it is one of the
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Fig. 2 | Autotrophic PHB production by the mechanically-stimulated ZnO-C.
necator hybrid system. a The autotrophic PHB production time course over 48 h
by ZnO-C. necator submitted to US at 96 W for 1 h per day. b Bar graph comparing
the optimal PHB concentration observed with the US-stimulated hybrid system at
36 h versus PHB production by C. necator alone, submitted or not to US, or by ZnO-
C. necator without US (p; =1.476 x 10°, p,=1.2360 x 10°%, and p3=0.0001). PHB
production c time course curves and d bar graph of C. necator grown with O to1g/L
ZnO NSs with US at 96 W for 1 h per day. e PHB production time course curves and

) )

f bar graph of C. necator alone or the ZnO-C. necator hybrid system submitted to
intense wave motion via tilting agitation at 200 rpm (p; = 8.5483 x 10°®). g NADPH/
NADP" ratios (p; = 0.0044, p,=0.0140, p3=0.0065, and p,=0.0015), h viable cell
percentages, and i cell densities after 36 h of autotrophic growth of the mechani-
cally stimulated ZnO-C. necator hybrid system and the relevant controls
(p1=0.0226, p,=0.0078, p3=0.0018, and p,=0.0046). Cn: C. necator. Data are
mean + s.d. (n=3 independent experiments); two-tailed paired Student’s t-test;
*p < 0.05. Source data are provided as a Source Data file.

few robust microbes capable of growing with other semiconductor
particles toxic to some bacteria®®*%*,

Most importantly, cell counting after live/dead staining indi-
cated that mechanically-stimulated ZnO NSs promoted C. necator
growth (Fig. 2i). Compared to the control groups, cell densities,
after 36 h in the autotrophic ZnO-C. necator system stimulated by
US or wave motion, were several times higher. Thus, the coupling of
the piezocatalyst with C. necator altered the intracellular redox
balance and provided supplementary energy for bacterial growth
and metabolism. This was further demonstrated by measuring the
concentration of soluble proteins generated by C. necator when
growing with piezo-stimulated ZnO NSs (Supplementary Fig. 10).
The ZnO-C. necator hybrid produced 176.90+7.60 mg/L and
164.54 +12.33 mg/L (n=3 independent experiments) of soluble
proteins when submitted to either daily US or wave motion,
respectively. This was at least 1.8 times higher than the different
controls examined. Besides providing additional evidence of the
positive impact of ZnO NSs on the metabolism of C. necator, this
result demonstrated that the biopiezocatalyst could synthesize
another industrially relevant product. Soluble proteins from C.
necator and other microbes, also known as single-cell proteins, are
being developed as a substitute for animal and human nutrition*’.

Heterotrophic bioplastic production stimulated by ZnO
nanosheets
In the next part of our study, we determined if piezo-stimulated ZnO
could also increase heterotrophic PHB production from fructose
(Figs. 1b, 3). With US for 1 h per day, the ZnO-C. necator hybrid system
produced 8.20 + 0.61g/L PHB (n=3 independent experiments) after
96 h with a vibration energy-to-PHB efficiency of 6.24% considering a
1L reactor (Fig. 3a, b, Supplementary Discussion 2). In comparison, C.
necator alone and C. necator with US or ZnO only produced 4.01 to
4.28 g/L PHB over the same period. Optimization of the heterotrophic
process indicated that 96 W was the optimal US intensity and 0.5g/L
ZnO was the best piezocatalyst concentration (Fig. 3¢, d, Supplemen-
tary Figs. 11 and 12). PHB production augmented gradually when
increasing US intensity from 12 to 72 W and ZnO from 0.1to 0.3 g/L. A
higher US intensity of 120 W or a ZnO concentration above 0.5g/L
resulted in a lower PHB production compared to the optimal condi-
tions. Many factors could be involved here, including the possible
harmful effect of US at too high intensity on the bacterial cell integrity
or the suboptimal interfacing between ZnO NSs and C. necator when
ZnO is too concentrated.

When considering fructose consumption, the PHB yield
(Ypup/fructose, %) Of the US-stimulated ZnO-C. necator system of 50.76%
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Fig. 3 | Heterotrophic PHB production from fructose by the hybrid ZnO-C.
necator system stimulated with mechanical energy. a Heterotrophic PHB pro-
duction and fructose consumption time course curves by ZnO-C. necator submitted
to US at 96 W for 1 h per day. b Bar graph comparing the optimal PHB concentration
observed with the US-stimulated hybrid system after 96 h of heterotrophic growth
versus C. necator alone, submitted or not to US, or ZnO-C. necator without US
(p1=0.0004, p,=0.0003, and p;=0.0003). Heterotrophic PHB production bar
graphs of the hybrid system cultivated c under different US intensities (with 0.5 g/L
ZnO) or d with different ZnO NSs concentrations (US at 96 W for 1 h per day). e Yield

of PHB from fructose (Ypup/fructose) Dar graph for the US-stimulated ZnO-C. necator
hybrid system and relevant controls (p; = 0.0006, p,=0.0006, and p3=0.0005).
PHB production from fructose f time course curves and g bar graph of C. necator
alone or the C. necator/ZnO hybrid system submitted to intense wave motion
(p1=2.5123 x 107). h Ypyp/fructose bar graph for the wave-stimulated ZnO-C. necator
hybrid system. i NADPH/NADP" ratios bar graph (p; = 0.0154, p,=0.0209,
p3=0.0034, and p,=0.0178). Cn: C. necator. Data are mean  s.d. (n =3 indepen-
dent experiments); two-tailed paired Student’s t-test; *p < 0.05. Source data are
provided as a Source Data file.

was at least 2.3 times higher than the three control groups (Fig. 3e).
An important obstacle for bio-industrial heterotrophic PHB produc-
tion is the considerable cost of organic carbon substrates®. A pos-
sible solution is to develop inexpensive approaches to augment PHB
synthesis yield. Here, our results indicated that ZnO NSs can harness
abundant mechanical energy to promote heterotrophic bioplastic
production from fructose.

As with autotrophic production, intense wave motion at
200 rpm generated by a tilting shaker enhanced PHB synthesis from
fructose in the presence of ZnO, with a biopolymer concentration at
the end of the experiment of 8.52+0.07g/L (n=3 independent
experiments) (Fig. 3f, g). Ypug/fructose Was also significantly improved
to 43.03%, further emphasizing that different mechanical stimuli
can activate our hybrid system (Fig. 3h). Because of charge transfer
from ZnO, the heterotrophic hybrid system stimulated by US or
wave motion exhibited higher intracellular NADPH/NADP* ratios
compared to all the control groups (Fig. 3i). In these growth con-
ditions, a higher NADPH concentration is likely beneficial for the
enzymatic conversion of acetyl-CoA to PHB. It is also possibly

improving C. necator’s capacity for the recycling, by the NADPH-
oxidizing CBB cycle, of CO, released during fructose oxidation
(Fig. 1b)*.

Lastly, ZnO, at an optimal concentration, US at 96 W for 1 h per
day, or intense wave motion did not lessen heterotrophic cell viability
compared to C. necator cultivated alone. This observation provides
additional evidence of the robustness of this microbe in our biopie-
zocatalyst system (Fig. 4a, Supplementary Fig. 13). The live/dead
staining results also showed that piezo-stimulated ZnO NSs promoted
heterotrophic cell growth, which was augmented at least 1.6 times
(Fig. 4b). This was accompanied by a production of soluble protein
that was 1.3 to 1.5 times higher compared to controls after 36 h,
reaching 506.43 +10.45mg/L and 396.66 +29.88 mg/L (n=3 inde-
pendent experiments) when ZnO-C. necator grown with fructose was
stimulated by daily US or wave motion (Supplementary Fig. 14). These
observations are similar to the autotrophic hybrid system, where the
intracellular redox balance, microbial growth, and metabolism were
modulated by ZnO, leading to higher PHB and soluble protein
production.
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Cn: C. necator. Data are mean * s.d. (n=3 independent experiments); two-tailed
paired Student’s ¢-test; *p < 0.05. Source data are provided as a Source Data file.

H, and redox mediators released by C. necator involved in
electron transfer from ZnO nanosheets

Next, we investigated how ZnO, upon mechanical stimulation, trans-
ferred charges and modulated the intracellular redox balance in C.
necator in a way that stimulated growth and augmented biosynthesis.
Determination of the energy band structure of the n-type ZnO NSs with
aTauc plot derived from UV-vis diffuse reflectance spectroscopy (DRS)
data and a Mott-Schottky plot indicated that the conduction band
edge (E.,) of the piezocatalyst was -0.53 V while the valence band edge
(Eyp) was 2.67 V (Fig. 5a, Supplementary Fig. 15). Because of the posi-
tion of its E,, ZnO can, in theory, release charges that could drive the
metabolism of C. necator, either as free e” at a suitable redox potential
or as H,. As an aerobic microbe, C. necator possesses multiple cyto-
chromes associated with its inner membrane®**. C. necator also har-
bors other electron-transport (ET) proteins and molecules (e.g., Fe-S
proteins, ubiquinone, flavin mononucleotide, flavin adenine dinu-
cleotide) covering a wide range of midpoint potentials (- 0.45 to
+0.35V). This means that e from ZnO that could be transported across
the distance between the piezocatalyst surface and the inner mem-
brane of the microbe could readily be transferred to some of these
elements. In addition, C. necator has two uptake hydrogenases, the
membrane-bound (MBH) and the soluble hydrogenases (SH), and
oxidizes H, readily.

Several studies reported that solid electron donors (SEDs),
including photocatalytic materials and electrodes, reduced small
electron shuttles such as H'/H, that C. necator then oxidized via
enzymatic activity to power its biosynthetic processes'’*****>, Because
of its E., position, piezo-stimulated ZnO can generate H,”*, including
under physiological conditions (H'/H,, E> =-0.41V). Our results con-
firmed that the ZnO NSs employed here evolved H, upon mechanical
stimulation when incubated in cell-free spent medium from either
autotrophic or heterotrophic cultures (Supplementary Fig. 16). In
addition, a gene expression analysis of mechanically-stimulated auto-
trophic ZnO-C. necator showed that transcripts for the SH and MBH
genes were highly abundant, indicating that the bacterium had the
metabolic capacity to oxidize any H, molecules generated by ZnO
(Supplementary Fig. 17, Supplementary Data 1).

However, mechanically stimulated ZnO NSs produced only
limited quantities of H,. After 1 h of US at 96 W, H, evolution by ZnO
NSs in either autotrophic and heterotrophic cell-free spent media
was 79.0-81.0 pmol/g (Supplementary Fig. 16). Assuming that H,
evolution by ZnO NSs in the presence of metabolically-active C.
necator cells was similar, it would be insufficient to account for the
totality of the PHB production increases observed with the
mechanically-stimulated ZnO-C. necator hybrid. This suggests that
an alternative charge transfer mechanism between ZnO NSs and C.
necator was involved.

A recent report mapping the photoelectrochemical current
between a CdS-based semiconductor photoelectrode and C. necator
proposed an ET mechanism independent of H, shuttling involving
organic redox mediators, such as free flavins, released by the bacter-
ium in the extracellular fraction*. Here, a cyclic voltammetry (CV)
survey focusing on the supernatant of the ZnO-C. necator hybrid after
36 h of autotrophic growth indicated that similar redox molecules
could be involved (Fig. 5b). Two sets of reduction and oxidation peaks,
distinctive of reversible redox couples, were observed on the CV curve
of the supernatant of the hybrid system stimulated by intense wave
motion. In contrast, these peaks were absent from the ZnO-only con-
trol and less pronounced for the C. necator-only control. The first
redox couple had a reduction and an oxidation peak of -0.14 and
-0.10V, respectively. This could be distinctive of free flavins, which
have midpoint potentials usually between -0.12 and -0.3 V (Fig. 5¢)*.
The direct examination of the hybrid system’s supernatant by fluor-
escence spectroscopy with an excitation wavelength of 425 nm con-
firmed the presence of flavin molecules emitting at ca. 525nm
(Fig. 5d,e)*. Interestingly, while the supernatant of C. necator grown
alone contained flavins, fluorescence spectra showed that ZnO and
mechanical stimulation increased the fraction of flavin molecules
released by the microbial cells. This may indicate that bacteria were
adapting to enhance their capacity for e uptake from the SED.

The second redox couple on the CV curve of the autotrophic
hybrid system’s supernatant was more pronounced and had a reduc-
tion and an oxidation peak of 0.23 and 0.35V, respectively (Fig. 5b, c).
In C. necator, cytochromes have midpoint potentials ranging from 0.05
to 0.418 V*¥. Thus, it is possible that this second redox couple corre-
sponds to some of these cytochromes. Heme staining of the con-
centrated supernatant of the mechanically-stimulated hybrid system
confirmed this hypothesis and indicated that the microbial cells
released small cytochrome(s) of ca. 10 kDa in the extracellular fraction
(Fig. 5f, Supplementary Figs. 18 and 19). Mass spectrometry identified
two monoheme c-type cytochromes, H16_A1121 and H16_A3570, which
are annotated as cytochrome c¢553 and cytochrome c551/c552,
respectively. The key role of extracellular c-type cytochromes,
including small ones, in ET between a SED and an electroactive
microbe has been extensively characterized®*. Our results suggest
that H16_A1121 and H16_A3570 may have a similar function and con-
tribute to charge transfer from ZnO. Notably, piezo-stimulated ZnO-C.
necator transcriptomic results indicated that flavin synthesis-related
genes, such as ribD, as well as the H16_A3570 gene, exhibited transcript
abundances that were 1.5 and 1.7 times higher than the median gene
expression, respectively (Supplementary Fig. 17, Supplemen-
tary Data 1).

Based on these observations, we propose a dual model where
charges from ZnO NSs are transferred to autotrophic C. necator either
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autotrophic growth in the supernatant of the biopiezocatalytic system compared
to relevant controls. e Increase in flavin-related fluorescence in the supernatant of
the piezo-stimulated hybrid system over time. f Protein models for the mono-
heme c-type cytochromes H16_A1121 (AFDB accession number AF-QOKCK9-F1;
https://alphafold.ebi.ac.uk/entry/QOKCK9) and H16_A3570 (AFDB accession
number AF-QILHTO-F1; https://alphafold.ebi.ac.uk/entry/QILHTO) detected in
the supernatant of ZnO-C. necator ©*. Source data are provided as a Source

Data file.

as H,, which would then be oxidized by SH and MBH, or as e through
flavins and extracellular cytochromes released by the microbial cells
(Fig. 6). Through the activity of hydrogenases, H, from ZnO would
augment the availability of intracellular reduced cofactors for PHB
synthesis, CO, fixation, and oxidative phosphorylation. In the case of
flavin/cytochrome-transferred e, because of the midpoint potentials
of these carriers, they may mainly contribute to bioenergy generation
via oxidative phosphorylation with corresponding protons possibly
coming from h*-triggered oxidation by ZnO*. At the moment, the
relative importance in our system of the H,-dependent and flavin/
cytochrome-dependent ET mechanisms from ZnO to C. necator is
unclear. The complete characterization of the full ET chain, including
how extracellular flavins and cytochromes contribute precisely to
charge transfer from ZnO NSs, as well as active bioenergy conservation
mechanisms in the biopiezocatalytic system, warrants deeper
investigations.

For heterotrophic growth and bioproduction from fructose by
the ZnO-C. necator hybrid system, experimental evidence suggests a
similar dual charge transfer mechanism. In the first route, H, pro-
duced by the piezocatalyst was likely oxidized by abundantly
expressed SH and MBH (Supplementary Table 2). The heterotrophic
ZnO-C. necator hybrid also released both flavins and the small c-type
cytochromes H16_A1121 and H16_A3570 in the extracellular fraction,
providing additional evidence supporting a function for these
redox mediators in an alternative electron transfer route (Supple-
mentary Figs. 20 and 21).

In summary, our finding indicates that a mechanically stimulated
piezocatalyst can transfer charge to C. necator to increase bioplastic
production. This hybrid system combines the capacity of ZnO to
convert ubiquitous mechanical energy into electrochemical energy
with the metabolic versatility of bacterial cells. We demonstrated that
ZnO stimulates autotrophic PHB production, highlighting the

potential of our approach for CO, bioconversion applications. We also
showed that the same system promoted heterotrophic PHB synthesis
from fructose by modulating the intracellular redox balance. Based on
these results, autotrophic and heterotrophic biopiezocatalytic
hybrids, such as the systems described here, could serve to improve
and scale up integrated bioproduction by harnessing ubiquitous nat-
ural mechanical energy sources, including hydrological currents and
waves. Furthermore, biopiezocatalytic hybrids can exploit widespread
human-made vibrations from industrial installations to enhance bio-
processes. Biopiezocatalysts can also enable the recovery into final
bioproducts of the electrical energy usually spent to agitate and aerate
most industrial microbial processes.

In this study, we focused exclusively on ZnO NSs because of their
extensively studied piezocatalytic properties. A subsequent avenue of
research to tackle is how other types of ZnO with different piezo-
electric coefficients, as well as other piezoresponsive minerals, poly-
mers, metals, and perovskites®®> may interact with a microbial catalyst
such as C. necator. A second route to explore is the engineering of C.
necator, through available genetic tools®, to better understand and
improve its capacity to acquire charges from a piezocatalyst as well as
develop other commercially-relevant bioproducts. A third aspect of
the hybrid system that remains to be deciphered is how holes from
mechanically stimulated ZnO NSs are scavenged. In addition to che-
micals from the growth medium, bacteria such as C. necator produce
thousands of metabolites. Future work will aim to determine which of
these molecules could consume holes from ZnO NSs. By harnessing
mechanical energy through a piezocatalyst, the hybrid system pro-
posed here may help overcome productivity limitations that plague
the development of autotrophic and heterotrophic biotechnologies.
This is not limited to C. necator, and our approach can serve as a
blueprint to drive bioproduction by a wide range of microbial
platforms.

Nature Communications | (2025)16:8141


https://alphafold.ebi.ac.uk/entry/Q0KCK9
https://alphafold.ebi.ac.uk/entry/Q1LHT0
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63576-y

Mechanical

a stimulation
=
e ZnO NS ©ee)
Atmospheric N N
H, H* H, H

B A A om
R R R P

H, Per.
e L ETC ATPase
TIRRARE. 990 mmp o @ bet cyte MR
UGSy B o o g™
H, 0, H,0 ADP )m:

/NADH-— PntAB ~NADPH

SH & CcBB
\ NAD* cycle

d

co,

—PHB

Fig. 6 | Proposed dual model of charge transfer mechanisms between ZnO and
C. necator during piezo-stimulation under autotrophic growth conditions. a In
the first mechanism, piezo-stimulated ZnO generates H,, which, in addition to H,
provided initially in the headspace, is oxidized by the hydrogenases of C. necator.
b In the second possible mechanism, e are transferred to ET components of C.

necator’s cell wall via flavins and c-type cytochromes released by the bacterium. Cn

Mechanical
b stimulation

"""" % H16_A1121 ' H16_A3570

Flavin Flavin
" ox Téd _Monoheme
L R D --""c-type cyts.

ﬁﬂﬁﬂﬁﬂﬂmﬁiﬂﬁﬁmﬁ?Y{?f?fhﬁﬁ?ﬁﬁﬁﬁﬁﬁﬁﬂﬁﬁﬁﬁﬁ?’fﬁﬁﬁ?ﬁﬁﬁﬁﬁﬁﬁﬁOM
539934545555339558555525555 348555555533 55544 5555

H,

ETC ATPase Per
pmnnnanne ‘f%“i © g ©. bet cytc [T (7
LBt B 0e= L o g™

N o@o ADP \ATP

fNADH» PntAB ~NADPH

SH \ CBB
\ NAD* cycle

é

co,

—PHB

C. necator, Cyts cytochromes, OM outer membrane, Per periplasm, IM inner
membrane, ETC electron transport chain SH soluble hydrogenase, MBH
membrane-bound hydrogenase, NDH NADH dehydrogenase, UQ ubiquinone, bcl
cyt cytochrome bcl complex, cyt ¢ ox cytochrome c oxidase, PntAB transhy-
drogenase, CBB Calvin-Benson-Bassham cycle, PHB polyhydroxybutyrate.

Methods

ZnO0 nanosheets synthesis

ZnO NSs were synthesized hydrothermally by first dissolving 4 mmol
of Zn(NOs),-6H,0 in 30 mL of deionized water via continuous stirring
for 15 min***°, Separately, a second solution comprising 8 mmol of urea
was prepared in 20 mL of deionized water. Both solutions were mixed
by stirring, and the reaction was transferred to a Teflon-lined stainless-
steel autoclave followed by incubation at 220 °C for 24 h. The resulting
precipitate was cooled down to room temperature before being
washed sequentially 3 times with deionized water and anhydrous
ethanol to remove unreacted reagents and byproducts. Lastly, ZnO
was dried under air in an oven at 60 °C, followed by a calcination step
at 600 °C for 2 h.

Bacterial strain growth
The bacterium C. necator H16 (DSM 428) was acquired from the Ger-
man Collection of Microorganisms and Cell Cultures (DSMZ). Unless
stated otherwise, all C. necator cultures were grown at 30°C in a
nitrogen-limiting minimal (NLM) medium at pH 6.8 under mild
agitation®®. The NLM medium included 1mL/L of trace element solu-
tion, 1g/L NH,CI, 5.2g/L NaH,PO,-2H,0, 11.6 g/L Na,HPO,:12H,0,
0.45g/L K,S0,, 0.8g/L MgS0,-7H,0, and 0.08 g/L CaCl,-2H,0. The
trace element solution comprised 0.1M HCI, 15g/L FeSO,-7H,0,
2.4 g/L MnSO4-H,0, 2.4 g/L ZnSO47H,0, and 0.48 g/L CuS0,4.5H,0.
For autotrophic growth, C. necator was cultivated in 50 mL of NLM
medium in a 250 mL serum bottle under a H,:C0,:0, atmosphere
(74:13:13, 0.23 MPa). For heterotrophic growth, C. necator was culti-
vated in 50 mL of NLM medium including 20 g/L fructose under
ambient atmosphere in a 250 mL flask. Bacterial growth was monitored
by absorption spectrophotometry at an optical density of 600 nm
(ODgoo nm) With an Evolution 220 UV-vis spectrophotometer (Thermo
Fisher Scientific, MA, USA).

Autotrophic and heterotrophic hybrid systems

To establish ZnO-C. necator hybrid systems, O to 1g/L ZnO NSs was
added to empty serum bottles or flasks, followed by sterilization by
autoclaving. Where indicated, 0.8 g/L of amorphous SiO, (1000-2000

mesh) was added instead of ZnO NSs. Next, sterile NLM growth med-
ium was poured into the serum bottles or flasks with ZnO NSs. For
autotrophic experiments, a C. necator pre-culture grown without ZnO
NSs was cultivated until reaching an ODgoop nm Of ca. 1.0. Next, a 5 %
(v/v) inoculum from this pre-culture was transferred to NLM medium
with different concentrations of ZnO NSs. The serum bottle containing
the hybrid system was then pressurized with H,:CO,:0, under sterile
conditions. A similar procedure was employed for heterotrophic
experiments, with the exception of the gas pressurization step, which
was omitted. Where indicated, ZnO-C. necator NSs biopiezocatalytic
hybrids and relevant controls were submitted to US in a KS-100DE
ultrasonicator bath (40 Hz, Kunshan Jielimei Ultrasonic Instrument,
China) for 1h per day at O to 120 W to stimulate the ZnO NSs piezo-
catalyst. In a different assay, the cultures were grown under intense
tilting agitation at 200 rpm (wave motion) instead of milder orbital
shaking at 100 rpm.

For autotrophic experiments, all the different control and
experimental groups were cultivated in 50 mL of NLM in a 250 mL
serum bottle pressurized with H,:C0,:0, at a ratio of 74:13:13 at
0.23 MPa. Unless stated otherwise, cultures were agitated at 100 rpm.
The controls were C. necator grown alone (Cn), C. necator grown alone
and submitted daily to US (usually at 96 W for 1 h per day), C. necator
grown with ZnO NSs (usually 0.8 g/L) (Cn/ZnO), and C. necator grown
under intense tilting agitation at 200 rpm (Cn/wave). The experimental
groups were C. necator submitted daily to US grown with ZnO NSs (Cn/
ZnO/US) and C. necator under intense tilting agitation at 200 rpm
grown with ZnO NSs (Cn/ZnO/wave). For heterotrophic experiments,
the same control and experimental groups were cultivated. The
notable differences were that C. necator was grown in NLM with 20 g/L
of fructose under air at standard atmospheric pressure and that the
usual concentration of ZnO NSs was 0.5g/L.

For PHB measurement by acidified methanolysis*’, 5 mL samples
were taken at different time points from bacterial cultures and cen-
trifuged at 8000 x g for 5 min at 4 °C. Pellets were washed twice with
deionized water before being dried overnight at 55 °C. Dried samples
were reacted for 4 h at 100 °C in an acidified methanol solution com-
prising 1.94 mL methanol, 0.06 mL H,SO,, and 2 mL chloroform. Next,
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1mL of deionized water was added to each reaction, followed by vig-
orous mixing. Extracted PHB, in the form of 3-hydroxybutyrate methyl
ester (HBME), was quantified with a GC9720 gas chromatograph (Fuli,
Zhejiang, China) equipped with a DB-FFAP column and a flame ioni-
zation detector®’. The M,, and PDI of the PHB produced by our system
were determined with a PL-GPC50 gel permeation chromatography
system (Agilent, CA, USA). The PDI was calculated with Eq. 1:

PDI=M, /M, 1

Where M,, corresponds to the number average molecular weight.

Fructose consumption was measured by high-performance liquid
chromatography, after filtering the samples with 0.22 pum filters, with a
Breeze 2 system (Waters, MA, USA) equipped with an Aminex HPX-87H
anion exchange column (Bio-Rad, CA, USA)*. Soluble protein con-
centrations were measured in whole-cell lysates with a bicinchoninic
assay kit (Sparkjade, Qingdao, China).

B3C-bicarbonate labelling assay

The *C-tracer experiment was conducted with several modifications™.
BC-bicarbonate (98%, Shanghai yuanye Bio-Technology, China) (12.5%
of total HCO5/CO, in serum bottles) was added at time O to C. necator
hybrid systems cultivated with 0.8 g/L ZnO NSs grown under auto-
trophic conditions. After 36 h, 10 mL of culture was centrifuged at
8000 x g for 5min at 4 °C. After washing and drying, PHB was extrac-
ted from C. necator cells by acidified methanolysis. The organic phase
from this process, which contains HBME derived from PHB, was ana-
lyzed by gas chromatography-mass spectrometry (GC-MS) with a
6890N/5975 system (Agilent, CA, USA). Distinctive GC-MS peaks for
HBME were detected at m/z 43 (M +0), and 44 (M +1), and the *C and
2C isotope fractions were calculated™.

Characterization of ZnO and ZnO-C. necator aggregates

X-ray diffraction spectroscopy of ZnO NSs was completed with a D8
ADVANCE system (Bruker, MA, USA) in the 10° to 80° range with Cu Ka
radiation. X-ray photoelectron spectroscopy was done with an ESCA-
LAB Xi+ spectrometer using monochromatic Al Ka radiation (Thermo
Fisher Scientific). UV-vis DRS was completed with a Lambda 750S
spectrophotometer (PerkinElmer, MA, USA) within a wavelength range
of 200-800 nm. SEM micrographs of ZnO NSs, C. necator, and the
ZnO-C. necator hybrid system were taken with a S-4800 microscope
(Hitachi, Japan) at a 5 kV accelerating voltage. The same apparatus was
employed to acquire EDS maps. For SEM and EDS, the hybrid system
samples came from an intensely agitated (200 rpm, tilting shaker)
ZnO-C. necator autotrophic culture after 24 h of growth. Samples were
preserved in 0.1M Na phosphate buffer (pH 7.0) with 2.5% glutar-
aldehyde, dehydrated with ethanol gradient, and air dried on a silicon
wafer before SEM examination. The PFM analysis of the hybrid system
was performed with a MFP-3D AFM (Oxford Instruments, UK).
Hydrodynamic particle sizes were measured by dynamic light scat-
tering with a Zetasizer Nano ZS90 size analyzer (Malvern
Panalytical, UK).

Live/dead staining of autotrophic and heterotrophic hybrid sys-
tems was completed by staining microbial populations with the SYTO
9 green fluorescent dye and propidium iodide. The samples were then
examined with an Eclipse Ti2 inverted microscope (Nikon, Japan).
Before staining, bacterial cultures were diluted 10 to 100-fold. In this
assay, cells stained in green are considered alive, while cells stained in
red have compromised membranes and are considered dead.

Electrochemical characterization and photoluminescence

All electrochemical experiments were carried out with a three-
electrode system and a CHI600E potentiostat (CH Instruments, TX,
USA). A Pt sheet (1cm?) was the counter electrode, and an Ag/AgCl
electrode (3.5 M KClI) was the reference. For EIS, the working electrode

(WE) was glassy carbon (d =3 mm) and the electrolyte was sterile NLM
medium. EIS data for both ZnO and the ZnO-C. necator hybrid grown
autotrophically were acquired with a sinusoidal voltage of 5 mV within
frequencies ranging from 100 kHz to 0.1Hz with a 0.3V bias. For the
transient piezoelectric current experiment, 10 mg of the autotrophic
ZnO-C. necator hybrid or ZnO NSs only was suspended in a 5% (v/v)
Nafion solution (DuPont, DE, USA) and coated on a fluorine-doped tin
oxide (FTO) (4 cm? WE. Transient piezoelectric current was measured
with an on/off US cycle at 96 W for a total time of 300 s and a bias of
0.3 V. The Mott-Schottky analysis of ZnO NSs was completed with a
FTO WE. 10 mg of ZnO NSs was suspended in a Nafion solution, and
this mixture was deposited uniformly on the FTO WE, which was then
dried for 4 h at 55 °C. The Mott-Schottky analysis was performed from
-1.0V to 0V with a frequency of 10 Hz. CV of the autotrophic hybrid
system’s supernatant was done with a glassy carbon WE and a scan rate
of 10 mV/s. Prior to the experiment, supernatants for the different
groups grown for 24 h were collected by centrifugation, followed by
flushing with pure N, for 15 min. PL spectra were recorded at an exci-
tation wavelength of 315nm with a F-7000 fluorescence spectro-
photometer (Hitachi, Japan).

Electronic band structure of ZnO nanosheets

The ZnO NSs band gap energy (Eg) of 3.2 eV was calculated with the
Tauc plots derived from UV-vis DRS data. The Mott-Schottky plot
exhibited a positive slope, which is expected for n-type Zn0®, as well
as a flat-band potential (Eg,) of -0.63 V (vs Ag/AgCl). After conversion
to the standard hydrogen electrode (SHE) potential, the Eg, was
-0.43 V. In n-type semiconductors, the conduction band edge (E,) is
more negative than the Eg, by ca. 0.1 to 0.2 V.. Consequently, the E,
was estimated to be —0.53 V vs SHE. The valence band edge () was
calculated with Eq. 2:

Ey=Ey—Eg 2
Based on this equation, the E,, was 2.67 V.

Intracellular NADPH/NADP' ratio, extracellular flavin, and
c-type cytochrome analyses

Intracellular NADPH/NADP* ratios were measured after 36 h of auto-
trophic growth or 96 h of heterotrophic growth. At these time points,
C. necator cell samples were snap-frozen with liquid nitrogen to stop
the metabolism. Next, the samples were thawed, and NADPH/NADP*
ratios were measured with the coenzyme Il NADP(H) content assay kit
(Solarbio, Beijing, China). For flavin detection in the hybrid system’s
supernatant, 3 mL of culture was centrifuged at 8000 x g for 5min at
4 °C. Emission spectra of the supernatant from different samples were
measured with a F-7000 fluorescence spectrophotometer (Hitachi) at
an excitation wavelength of 425 nm. In the presence of flavin, a peak is
expected to be detected at ca. 525 nm*,

For the c-type cytochromes analysis, autotrophic and hetero-
trophic cultures under tilting agitation at 200 rpm were grown for
36 h. Supernatants were collected by centrifugation at 8000 x g for
10 min at 4 °C before being concentrated 25 times with Amicon ultra-15
centrifugal filter units with a nominal M,, limit of 3 kDa (Sigma-Aldrich,
MA, USA). Concentrated supernatant samples were then loaded on a
SDS-PAGE gel for protein separation, followed by heme staining®
Next, gel bands of interest were excised and analyzed by liquid chro-
matography coupled with tandem MS (Sangon, Shanghai, China). The
structures of the c-type cytochromes H16_A1121 and H16_A3570 and
the location of the heme cofactors were predicted with AlphaFold3®.

H, evolution by ZnO incubated in cell-free spent medium

For this experiment, cell-free spent medium was obtained from both
autotrophic and heterotrophic ZnO-C. necator hybrid systems. First,
hybrid cultures were grown for 24h before collecting cell-free

Nature Communications | (2025)16:8141


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63576-y

supernatants by centrifugation at 8000 x g for 5 min at 4 °C. 20 mL of
cell-free spent medium was then transferred to a 120 mL serum bottle,
followed by the addition of 10 mg of ZnO NSs. This approach was
adopted to recreate conditions, through the usage of cell-free spent
medium, close to an active microbial culture but without cells oxi-
dizing H,, which would interfere with H, measurement. Next, the
serum bottle was capped and flushed for 15 min with N, gas. Piezo-
catalytic ZnO NSs were submitted to US for 1h at 96 W, and H, was
measured with a GC9720 Plus gas chromatograph (FULI, China).

Transcriptomic and quantitative PCR analyses

For transcriptomic analyses, C. necator was grown autotrophically in
triplicate with 0.8g/L ZnO NSs under intense tilting agitation at
200 rpm. After 36 h, bacterial cells were collected by centrifugation at
8000 x g for 5 min at 4 °C and washed twice with phosphate-buffered
saline (PBS). The samples were then re-suspended in PBS and snap-
frozen in liquid nitrogen. Next, total RNA was extracted with the TRIzol
reagent (Thermo Fisher Scientific). The RNA sequencing library was
prepared with the VAHTS™ Stranded mRNA-seq V2 Library Prep Kit
(Vazyme, Jiangsu, China). Paired-end RNA sequencing with an average
read length of 150 nt was completed with a DNBSEQ-T7 sequencing
instrument (MGI, Guangdong, China). Reads were mapped to the
reference genome GCA_000009285.2 of C. necator H16 with Bowtie
2°*, The featureCounts program was then employed to normalize
mapped reads with the transcripts per million (TPM) method®.

For quantitative PCR (qPCR) done to study the expression of SH
(PHGO88, hoxF) and MBH (PHGOO1, hoxK) in heterotrophic hybrid
systems, C. necator cells grown with mechanically-stimulated ZnO NSs
were collected after 36 h of growth. Total RNA was extracted with the
RNApure Bacteria Kit (CWBio, Taizhou, China), followed by conversion
into cDNA with SPARKscript Il (Sparkjade). The qPCR experiment was
completed with the Sybr Green M5 HiPer Realtime PCR Super Mix
(MeiSbio, Beijing, China) and a CFX Connect Real-Time PCR Detection
device (Bio-Rad). The expression of hoxF and hoxK was compared to
the housekeeping gene gyrB (H16_A0003)°°. Primers used for qPCR are
listed in Supplementary Table 3.

Statistics and reproducibility

All experiments were biologically repeated independently three times.
This includes micrographs presented in Fig. 1c-e, and Supplementary
Figs. 3,4, 9, and 13. Results are considered to be statistically significant
when the p value calculated with the two-tailed paired Student’s ¢-test
is below or equal to 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data generated in this study are provided within the paper and its
Supplementary information. Datasets for RNA sequencing are avail-
able in the NCBI GEO database under accession number
GSE283974. Source data are provided with this paper.
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