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HIGHLIGHTS GRAPHICAL ABSTRACT

e Nutrient stresses were applied to
Cupriavidus necator growing on carbon
dioxide.

e Nitrogen starvation induced a PHB
accumulation of 54% of total cell dry
weight.

e The carbon conversion yield into PHB
reached a maximum of 85% under ni-
trogen stress.

o Single-stage starvation was more effec-
tive than double-stages for PHB
production.

e Gas transfer enhancement in the fed-
batch mode could improve the polymer
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ARTICLE INFO ABSTRACT
Keywords: Cupriavidus necator is a facultative chemolithoautotrophic bacterium able to convert carbon dioxide into poly-3-
Cupriavidus necator hydroxybutyrate. This is highly promising as the conversion process allows the production of sustainable and
Bioplastics

biodegradable plastics. Poly-3-hydroxybutyrate accumulation is known to be induced by nutrient starvation, but
information regarding the optimal stress conditions controlling the process is still heterogeneous and fragmen-
tary. This study presents a comprehensive comparison of the effects of nutrient stress conditions, namely ni-
trogen, hydrogen, phosphorus, oxygen, and magnesium deprivation, on poly-3-hydroxybutyrate accumulation in
C. necator DSM545. Nitrogen starvation exhibited the highest poly-3-hydroxybutyrate accumulation, achieving
54% of total cell dry weight after four days of nutrient stress, and a carbon conversion efficiency of 85%. The gas
consumption patterns indicated flexible physiological mechanisms underlying polymer accumulation and
depolymerization. These findings provide insights into strategies for efficient carbon conversion into bioplastics,
and highlight the key role of C. necator for future industrial-scale applications.
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A. Santin et al.
1. Introduction

Polyhydroxyalkanoates (PHAs) are biobased polymers considered as
promising sustainable alternatives to conventional fossil fuels-derived
plastics (Pakalapati et al., 2018; Pesante and Frison, 2023). The rele-
vance of PHAs relies on their physico-chemical properties as they are
biodegradable, resistant to high temperature, insoluble in water, and
chemically and osmotically inert (Monroy and Buitron, 2020). PHAs, of
which the predominant type is represented by poly-3-hydroxybutyrate
(PHB), are naturally produced by microorganisms, particularly under
nutrient-limiting conditions, where they accumulate in granules acting
as a form of carbon (C) storage (Sehgal and Gupta, 2020). In fact,
nutrient stresses limit cellular growth by suppressing pathways like
protein and nucleic acid synthesis, thereby inducing a shift of reduced C
flux to the synthesis of biopolymers like PHB (McAdam et al., 2020).
Cupriavidus necator is a facultative chemolithoautotrophic bacterium,
and it is one of the most widely studied PHB-producing microorganisms,
due to its metabolic flexibility and its ability to accumulate substantial
amounts of the biopolymer, up to 80 % of its dry weight (Miyahara et al.,
2020; Sohn et al., 2021). This bacterium can grow under heterotrophic
conditions, using a variety of organic C sources, or under autotrophic
conditions, using a mixture of carbon dioxide (CO5), hydrogen (Hs), and
oxygen (O3) (Cramm, 2009; Morlino et al., 2023).

The production of PHB from CO; using C. necator is of significant
biotechnological interest: from an environmental point of view, it rep-
resents a C capture, utilisation and storage (CCUS) system, which can
contribute to mitigate CO5 emissions from industrial activities, limiting
the impact of greenhouse gases. Moreover, from a commercial point of
view, CO; is a low-cost feedstock, and its use could strongly reduce
production costs resulting from the use of more expensive substrates,
like glucose (Zhang et al., 2022). The overall process represents a
promising application for both C capture and its conversion to bio-
plastics. Despite its large biotechnological potential, the conversion of
CO,, into PHB by C. necator presents significant limitations, which still
limit its large-scale application and competitiveness with the production
of traditional thermoplastics. In particular, CO; fixation by C. necator
requires large amounts of Hy as an energy source, and a headspace
composition of Hy:05:CO3 of 70:20:10 would be preferable, however, it
lies within the explosion range of O, presence in a Hy mixture (Garcia-
Gonzalez et al., 2015).

Early studies reported high PHB yields, around 60 %, after cultures
growing in continuous mode entered into an O, starvation condition
(Ishizaki and Tanaka, 1990). O limitation thus emerged as a promising
strategy for the autotrophic production of PHB and allowed growth
under explosion-safe conditions as Oy remained below the lower ex-
plosion limit of 6.9 % (Ishizaki et al., 2001; Mozumder et al., 2015). In
line with these findings, different studies explored the condition of Oy
stress for two-stage cultivation systems, comprising a first stage of het-
erotrophic growth for biomass production, and a second stage of feeding
with gases under nutrient stress for PHB accumulation (Garcia-Gonzalez
et al., 2015). More recent studies used 2 % O limiting conditions for the
autotrophic production of PHB in explosion-safe conditions, obtaining
PHB yields higher than 50 % (Lambauer et al., 2023; Lambauer and
Kratzer, 2022; Tang et al., 2020).

Besides O, limitation, nitrogen (N) deficiency has also been widely
studied for PHB production in C. necator as a good strategy to trigger
PHB accumulation in autotrophic conditions. Work done by Volova and
co-workers (2013) applied a limitation of different minerals in the
growth medium, resulting in a polymer content of 85 % using a two-
stages batch cultivation system coupled with N starvation (Volova
et al., 2013). Another study employed a non-combustible gas mixture
with a low Hy content, under N or phosphorus (P) deficiency. They
obtained a PHB content of 70 % under N limitation in fed-batch mode,
albeit with a very low biomass yield (Miyahara et al., 2020).

Despite previous studies investigating the application of nutritional
stresses to C. necator, in particular O or N starvations, the PHB yields
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obtained and the conditions tested appeared highly different among
experiments. One of the main reasons is the heterogeneity of individual
reactor configurations, physiological conditions and variability of
C. necator strains. Thus, a systematic comparison amongst nutrient
stresses applied using the same operational conditions (e.g. system type,
temperature, shaking) would shed light on robust strategies to enhance
PHB accumulation in C. necator cells.

To this aim, a fed-batch system was used here to compare several
nutrient stresses, in particular N, Hy, Og, P, and magnesium (Mg) to
assess the impact on PHB content, biomass yield, and gas consumption
of C. necator DSM545. In doing so, this work aspires to better understand
the intricate interplay between nutrient availability, cell physiology,
and PHB biosynthesis in C. necator.

2. Materials and methods
2.1. Growth of C. necator and adaptation to CO2

C. necator DSM545 strain was obtained from DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,
Germany) and used in this study. The strain is derived from C. necator
DSM 529 by random mutagenesis and constitutively expresses glucose-
6-phosphate dehydrogenase, allowing it to use glucose as C source. Cells
were grown on nutrient broth (NB) agar plates overnight and colonies
were used to inoculate 100 mL of DSMZ medium 81 containing 5 mM
glucose. This pre-inoculum was grown for 2 days with agitation at 30 °C
and used to inoculate cultures without glucose for their adaptation to
autotrophy (Serna-Garcia et al., 2024). During the adaptation to COs,
the bottles were filled with 180 mL of DSMZ medium 81 without glucose
and 370 ml of headspace gas with air. The bottles were hermetically
sealed with rubber stoppers and gas-tight lids, and fed Hy and CO, gases
on a daily basis in order to reach an atmosphere composition of 8 % COx,
40 % Hj, 10 % O9, and 42 % Ny, with a pressure of 2 atm, over 5 days.
ODggp measurements were taken daily to monitor cell growth using a
Spark® microplate reader (Tecan, Mannedorf, Switzerland).

2.2. Application of nutritional stress

For N, P and Mg starvations, 60 mL of inoculum from COs-adapted
cultures was added to 120 mL of medium 81 without NH4Cl (for N
starvation), without KH,PO4 and Na,HPO,4 (for P starvation), and
without MgSO4 (for Mg starvation), to obtain a starting ODggo of
approximately 0.3. Cultures were fed daily with gases to reach an at-
mosphere of 8 % CO», 40 % Hy, 10 % O, and 42 % N, with a pressure of
2 atm. For the N starvation coupled with low Hy concentration, gases
were provided to obtain an atmosphere composed of 8 % CO2, 10 % Ho,
10 % O, and 72 % Ny; while for the O, starvation, cultures were inoc-
ulated in the same manner but into complete medium 81, and gases were
fed daily to reach an atmosphere of 8 % COg, 40 % Hj, 4 % O4 and 42 %
No, always with a pressure of 2 atm. In the case of the two-stage star-
vation, cultures were grown in replete nutritional conditions (as for the
adaptation to CO3) for 5 days, until reaching an ODgg¢ of approximately
2. For N starvation, cells were pelleted and resuspended in medium 81
without NH4Cl, whereas for Oy starvation, a 4 % O, atmosphere was
applied as previously described.

2.3. Assessment of headspace gas composition

Pressure and gas composition were measured on a daily basis, using a
manometer (Zetalab) and a gas chromatograph (GC 8890 Series) (Agi-
lent, Santa Clara, CA, US). Gas separation was performed using three
micropacked columns (Hayesep Q (1.5 m, 1/16" OD, 1.0 mm ID), Hay-
esep N (0.5m, 1/16” OD, 1 mm ID) and MolSieve 5 A (1.5 m, 1/16" OD,
1.0 mm ID), all using helium (He) as carrier gas with a flow of 1.5 mL
min~}, at a pressure of 1.08 bar. Analyses were carried out at an oven
temperature of 40 °C, and the TCD was set at 200 °C with a utility flow
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(He) of 15 mL min! and a makeup flow (He) of 5 mL min~'. Mea-
surements were carried out immediately after feeding gases, and the day
after, before releasing the gases and re-filling, in order to measure daily
gas consumption.

2.4. PHB quantification

Nile Red staining was carried out daily during the starvation phase to
estimate PHB levels. Nile red was added to 1 mL of culture at an ODggq of
0.2 at a final concentration of 1.25 pg mL~! and samples were incubated
at 54 °C for one hour in the dark. Fluorescence was measured using a
Spark® microplate reader (Tecan, Mannedorf, Switzerland) with exci-
tation at 485 nm and emission at 580 nm. The fluorescence value was
calculated by subtracting the sample fluorescence without any staining
from the value obtained with Nile red.

Samples were then collected and lyophilized at different points
during the application of nutritional stress (i.e. day 4, day 7 and day 8).
PHB was extracted following the procedure outlined by Braunegg et al.
(1978) with some modifications: 10 mg of lyophilised pellet was dis-
solved in a mixture of 2 mL of acidified methanol (3 % H2SO4) and 1 mL
of chloroform within a PYREX® screw-cap tube (Sigma Aldrich, Bur-
lington, MS, USA). Samples were incubated at 100 °C for 60 min and
cooled at room temperature. The organic phase was analysed with a
Thermo Finnigan Trace GC equipped with a flame ionisation detector
(FID) and an AT-WAX column (30 m, 0.25 mm, 0.25 pm). Helium served
as the gas carrier at a flow rate of 1.2 mL min~!. For internal stand-
ardisation, 0.1 % benzoic acid was employed, while external standards
including poly-3-hydroxybutyric acid (P(3HB)), and poly-3-
hydroxybutyric acid-co-3-hydroxyvaleric acid (P(3HB-co-14 mol%
3HV)) were sourced from Sigma-Aldrich (Burlington, MS, USA). The
percentage of PHB in the cell dry mass was calculated by comparing the
initial weight to the amount of PHB resulting from GC analysis.

2.5. Statistical analysis

One-stage starvations were carried out in four biological replicates,
while two-stage starvations were performed in three biological repli-
cates. The variance between the different conditions was estimated
through two-way ANOVA (assuming normal distribution of data) fol-
lowed by Tukey’s multiple comparison test with significance set at p <
0.05. Analyses were performed through the software GraphPad Prism
(v.10.1).

3. Results and discussion
3.1. Nitrogen starvation under different hydrogen concentrations

Nutrient stress is one of the main factors driving PHB production in
C. necator cells since the polymer is accumulated as a form of C storage
(Tan et al., 2014; Zhang et al., 2022). When faced with limited nutrient
availability and sufficient C, the cells initiate a series of metabolic
changes that lead to the redistribution of C fluxes and activation of
storage mechanisms, resulting in the increased synthesis and accumu-
lation of the polymer (Jahn et al., 2021).

One of the most frequent stress conditions applied to induce PHB
accumulation in C. necator is N starvation. Here, cultures were first
subjected to a COy adaptation period, and they were subsequently
grown in medium with or without ammonium (NHZ). In parallel, CO,-
adapted cultures were also used to inoculate bottles grown with lower
Hy concentrations (10 % compared to control 40 %), again with and
without NHZ. The lower H; condition was tested to evaluate growth and
PHB accumulation upon reduced H; availability, as it would provide a
safer and more economically advantageous alternative in a process
scale-up. The N starvation was carried out during a total of 8 days, with
measurements of PHB and biomass yield carried out on the final day and
at an intermediate stage after 4 days, to evaluate the trend of polymer
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accumulation or a potential depolymerisation process over time.

C. necator cells were able to grow efficiently in high Hy concentra-
tions, both in N-replete and in N-depleted medium, while a strong
growth reduction was observed at low Hy concentrations (Fig. 1A). The
growth curves obtained from optical density measurements were
consistent with biomass yields measured at day 4 and day 8. In partic-
ular, Hy limitation was found to significantly reduce biomass accumu-
lation, whereas NHj limitation did not affect biomass yield in the high
Hj condition (Fig. 1B). In accordance with the observed growth patterns,
the low Hy condition also significantly impacted gas consumption. As
expected, Hy consumption was markedly lower in the low Hj condition
(Fig. 1C), with a daily consumption of 132 mL =+ 23 in high H; condi-
tions, 44 % of the daily Hy provided, and 49 mL + 18 in low Hy con-
ditions, corresponding to 65 % of the daily Hy provided. In turn, the
reduced H, availability produced a strong reduction in the COy con-
sumption (Fig. 1D), from a daily average of 25 mL + 9 consumed under
high Hy, to 8 mL + 10 in the low Hj, with all cultures being provided
with 70 mL CO day’l. On the other hand, Oy consumption was less
impacted in the low Hy condition (Fig. 1E), suggesting that cells were
still undergoing respiration. The sustained O, consumption, associated
with low or absent CO, uptake, suggests that the metabolic activity was
directed towards degradation or maintenance of intracellular com-
pounds rather than CO» assimilation (Fig. 1E).

PHB production was monitored during the entire experiment. At low
Hj; concentrations, minimal PHB levels were detected during the entire
time course (Fig. 1F, G), while at high Hy concentrations, PHB accu-
mulation varied based on NHJ availability. A peak in Nile Red fluores-
cence at day 4 was observed that remained relatively constant, with the
N limiting condition exhibiting a significantly higher signal (Fig. 1F).
This was in accordance with PHB quantification showing an accumu-
lation of 53.8 % =+ 1.6 of the total cell dry weight after 4 days of N
starvation (Fig. 1G), which was 2.7 times higher than the control con-
dition. PHB content in the N starved cells did not increase further after 8
days, stabilising at 40.5 % =+ 15.4 (Fig. 1G). PHB yields were then
calculated for the tested conditions by taking into account the PHB
content in cells and the biomass yield; the highest values obtained were
those of the N-depleted condition after 4 days of starvation in the single-
stage setup, achieving a PHB concentration of 842.2 mg Ll + 3446
(Fig. 1H). On the contrary, cultures exposed to 10 % Hy showed the
lowest PHB accumulation with values of 0.9 mg L' + 1.8 and 16.6 mg L~
1+ 254 after 8 days (Fig. 1H).

Overall, H; limitation appeared to hinder both fast biomass and PHB
accumulation in autotrophic cultures of C. necator, while the presence of
higher H, concentrations allowed for consistent growth and gas con-
sumption. In fact, N starvation under high Hy was associated with the
highest PHB accumulation, proving the effectiveness of this nutritional
stress in a one-stage process in fed-batch mode. This outcome aligns with
findings from previous studies on C. necator, performed under N-limited
autotrophic conditions in fermenter or batch mode, which also under-
line the effectiveness of this stress condition for PHB accumulation
(Miyahara et al., 2020). The synergy between N starvation and Hy-rich
atmosphere creates an environment primed for PHB production. In these
conditions it can be understood that the reducing power provided by Hy
is driving COs fixation into PHB: the reduced C cannot be used for
growth because of the absence of a major nutrient such as N, inducing its
storage as hydrocarbon molecules. A similar mechanism in response to N
starvation is observed in photosynthetic algae, that store reduced C
obtained from photosynthesis in triacylglycerols (Alboresi et al., 2016).
In both cases, the source of reducing power must be provided in excess to
drive CO, fixation.

3.2. Phosphate, oxygen and magnesium starvations
Additional nutrients starvations were tested by individually

depleting phosphate (PO3), O,, or Mg?*. Specifically, PO3 and Mg>*
were removed from the culture medium, while O, was reduced by
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Fig. 1. Effect of N starvation on growth, gas consumption, and PHB accumulation on C. necator DSM545. A) Daily growth assessment through optical density (ODggo)
measurements; B) biomass accumulation measured as cell dry weight (CDW) after 4 and 8 days; C) Hy, D) CO, and E) O, cumulative consumption; F) Nile Red
fluorescence measured daily; G) PHB quantification assessed after 4 and 8 days and expressed as % of CDW; H) PHB yield. Tested conditions were normal medium 81
(N-replete), or N-depleted medium, and the composition in the headspace was 40 % or 10 % H,, indicating high and low Ha, respectively. Data are reported as
average (+SD) of four biological replicates and lowercase letters indicate statistical differences (p < 0.05). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

keeping its concentration in the headspace below 4 %, without altering
the medium composition. No differences were observed in the growth of
C. necator exposed to P- and Mg-free media compared to the control
cultures, while Og-starved cultures experienced a significant reduction
in the growth rate (Fig. 2A). The growth decrease was also confirmed
through biomass quantification: control, P and Mg starved cultures
accumulated more biomass over time, while, in the period between 4 to
7 days, Oz-depleted cells maintained a stable biomass production
(Fig. 2B).

Similarly to what was observed in the N starvation experiment, gas
consumption reflected the growth and biomass accumulation over time.
In particular, P-depleted conditions showed Hy, CO, and O, consump-
tion rates similar to the control cultures (Fig. 2C,D,E), while in Mg-
starved cultures Hy and CO; consumption were observed to be higher
than control cells, with a parallel decrease in O utilisation (Fig. 2C,D,E).

On the other hand, in the O,-starved cells Hy and CO, consumption was
lower (Fig. 2C,D,E), suggesting that O limitation, similarly to Hy limi-
tation, hindered the uptake of all other gases and decreased growth, as
opposed to the limitation of P or Mg in the medium which did not show
such an effect.

After 4 days, both methods of PHB quantification showed no dif-
ference between the control and the various stress conditions, with all
PHB contents being below 20 % (Fig. 2F, G). Instead, a significant in-
crease in Nile Red fluorescence was observed in P-depleted cultures
starting from the fourth day until the end of the experiment, indicating
that the P starvation condition was successful at inducing PHB accu-
mulation (Fig. 2F). This was confirmed by PHB quantification at day 7
which showed an accumulation of 29.1 % + 5.9 of the total cell dry
weight in P-starved cells, (Fig. 2G), corresponding to a PHB yield of
276.2 mg L'} + 103.8 (Fig. 2H).



A. Santin et al.

Bioresource Technology 406 (2024) 131068

ODggo biomass accumulation
4- < 2.5
= HEl control
o)
2,,4 3
34 = 20 B PO,
a .9 m O
s a g 1.5- 2
S a > 2+
a 2 ° . Mg
o b £ 101
(2]
1 S 0.5
£
2
0 T T T T T T T 2 0.0-
0 1 2 3 4 5 6 7 4 days 7 days
time (days) time
C H, consumption CO, consumption 0O, consumption
1600 400- 500
1200 2 300 4007
a
o a & ~ 300 a
[e] (o]
:'_E: 800} O 200- . % b
c E b 200 c
- - d
400 100 1004
q
0 T T T T T T 0 T T T T T T 0 T T T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
time (days) time (days) time (days)
Nile-Red fluorescence % PHB PHB yield
'S 120000 60— 1000+
s
® < i
2 b o~ T, 800
g 80000 2 >
@ 2 £
5 2 B 2
£ 40000 a a >
o B @
& ! © G
K}
zZ 0 T T T T T T T
0 1 2 3 4 5 6 7 4 days 7 days 4 days 7 days
time (days) time time

Fig. 2. Effect of PO3, Oy, or Mg?* starvation on growth, gas consumption, and PHB accumulation for C. necator DSM545. A) Daily growth assessment through optical
density (ODggp) measurements; B) biomass accumulation measured as cell dry weight (CDW) after 4 and 7 days; C) Hy, D) CO2 and E) O, cumulative consumption; F)
Daily assessment of Nile Red fluorescence; G) PHB quantification assessed after 4 and 7 days and expressed as % of CDW; H) PHB yield. Tested conditions were
normal medium 81 (P- and Mg-replete), P-depleted or Mg-depleted medium. For O, starvation, O, concentration in the atmosphere was kept at 4 % (compared to 10
% O, in the control condition). Data are reported as average (+SD) of four biological replicates and lowercase letters indicate statistical differences (p < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

These results showed that P limitation was effective at inducing PHB
accumulation in C. necator, although N limitation produced a greater
and faster accumulation (Fig. 1). Similar results have been reported by
Miyahara et al. (2020), in which N limitation was shown to be more
efficient than P starvation at inducing PHB accumulation. On the other
hand, although O, limitation was anticipated to substantially enhance
PHB production (Garcia-Gonzalez et al., 2015; Ishizaki and Tanaka,
1991), PHB content obtained in this work was similar to control con-
ditions, with a lower biomass accumulation than the control after 7
days. This effect could be attributed to the fed-batch mode of the
experiment, where cells are provided with very low O3 concentrations
for the starvation, and then experienced completely anaerobic periods
within the hours before the next feeding. Since O, is essential for
C. necator metabolism and growth (Morlino et al., 2023), its complete
absence could result in decreased PHB accumulation (Mozumder et al.,
2015). Indeed, Oy consumption in C. necator is required both during the

biomass formation and PHB accumulation stages (Ishizaki and Tanaka,
1991, 1990). Successful applications of O limitation for autotrophic
PHB production involved cultivation systems endowed with high stir-
ring and gas sparging (Ishizaki and Tanaka, 1991; Lambauer and Krat-
zer, 2022), which presumably still had sufficient dissolved Oy
concentrations in the medium.

3.3. Carbon fixation and conversion efficiencies

In order to highlight the best C utilisation conditions, the CO, fixa-
tion efficiency and the C conversion efficiency into PHB for the different
nutrient stress conditions were investigated. The efficiency of CO, fix-
ation was calculated by comparing the CO5 consumed with the amount
provided, whilst the efficiency of C conversion was calculated by
comparing C present in the PHB produced with the CO, fixed.

In control conditions, using the full growth medium and the normal
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autotrophic gas mixture (40 % Hj, 8 % CO5 and 10 % Oy), the efficiency
of CO;, fixation was 43.9 % + 7.5, indicating that approximately half of
the CO, provided was effectively consumed by C. necator (Fig. 3A, B),
while the rest remained in the gas phase. N-depleted cultures fed with
high Hy concentrations showed a similar CO,, fixation efficiency, while
both cultures exposed to low Hy concentrations displayed significantly
lower efficiencies (Fig. 3A). In P- and Os-depleted cultures, lower CO,
fixation efficiencies than the control were also observed, whilst Mg-
depleted cells showed efficiencies comparable with the control (Fig. 3B).

The fixed CO2 accounted for a substantial portion of the total COy
supplied to cultures across all tested starvation conditions in a Hp-rich
atmosphere (ranging between 30 % and 50 %). This C fixation rate could
be further improved by using reactor systems equipped with high
continuous gas input flow rates and high stirring, which increase gas
transfer into the medium (Yu and Munasinghe, 2018). Nevertheless, it
should be noted that the scalability of autotrophic bioreactors endowed
with efficient stirring systems is strongly limited by the need to ensure
explosion-proof conditions (Lambauer and Kratzer, 2022). In fact, the
lower explosion limit (LEL) of O in a Hy atmosphere ranges from 4-7 %
(Garcia-Gonzalez et al., 2015), therefore studies have explored low H; or
Oy levels to ensure safety, and explosion safe set-ups (Ishizaki and
Tanaka, 1991; Lambauer and Kratzer, 2022; Tanaka et al., 1995).
Another strategy which could be applied to further push the system
towards increased C fixation rates is the use of metabolic engineering.
Genetic engineering tools for gene overexpression, knockout and gene
editing have been developed for C. necator (Pan et al., 2021; Panich
et al., 2021), although mutant strains with higher C fixation rates have
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not been produced so far to our knowledge.

In terms of the efficiency of C conversion from CO, into PHB, control
conditions showed a conversion efficiency of less than 25 % (Fig. 3C, D).
In this context, more than 75 % of the C fixed was presumably used for
biomass accumulation. Instead, in N-depleted cells with high Hy con-
centration in the atmosphere, C conversion efficiency was significantly
higher than the control, with 85.2 % + 35.5 of C fixed converted into
PHB, meaning that 34.1 % =+ 16.2 of total C provided was directed to-
wards PHB production (Fig. 3C). O2— and Mg-depleted cultures showed
C conversion efficiencies comparable to control conditions, while P-
depleted cultures resulted in slightly higher efficiencies of C conversion
into PHB (Fig. 3D). Overall, N starvation resulted in the best C conver-
sion efficiency, in accordance with the high PHB content in cells ob-
tained compared to the other nutrient limitations tested (Fig. 1G). This
effect was higher than what reported by previous studies on C. necator,
with C conversion efficiencies (g PHB produced / g CO2 fixed) ranging
from 35 % to 47 % (Garcia-Gonzalez et al., 2015). Furthermore, when
compared to other PHB-producing microorganisms such as cyanobac-
teria, known for their efficient CO, absorption, the disparity is even
more pronounced: while cyanobacteria exhibit high CO, fixation rates,
their PHB production typically ranges from 4 % to 20 % of their cell dry
weight (Gracioso et al., 2021; Ray et al., 2023). This highlights the po-
tential of C. necator as a robust platform for sustainable biopolymer
production.
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Fig. 3. Efficiency of C fixation and C conversion into PHB. Efficiency of CO, fixation of C. necator cultures in A) normal medium 81, or N-depleted medium, with an
atmosphere containing 40 % or 10 % of Hy; B) normal medium 81, P-depleted, Mg-depleted medium or O, concentration below 4 % (O, starvation, -O,). Efficiency of
C conversion in C) normal medium 81 or N-depleted medium, with an atmosphere containing 40 % or 10 % of Hy; D) normal medium 81, P-depleted, Mg-depleted
medium, and O, concentration below 4 %. The C conversion efficiency was calculated both considering the CO, fixed and also the CO, provided. Data are expressed
as averages (+£SD) calculated considering four biological replicates and lowercase letters indicate statistical differences (p < 0.05).
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3.4. Application of nutrient stress in a two-stage setup

A two-stage experiment was then carried out, in which biomass was
grown under replete medium conditions, and subsequently PHB accu-
mulation was induced by applying either N or O stress. C. necator cells
were initially grown for 5 days in full medium to reach an optical density
of 1.9 + 0.1 (Fig. 4A), correspondingto 1.2 £ 0.3 g L' biomass (Fig. 4B).
In the second step, cultures were either resuspended into the medium
without NHY, or the feeding regime was changed to apply the O, stress,
and grown under nutrient stress for another 4 days. After this period, N-
starved cells reached optical densities of 2.9 + 0.1 (Fig. 4A), while Oo-
depleted cultures did not accumulate further biomass. The former
significantly increased biomass production up to 1.7 g L + 0.1
(Fig. 4B). Gas consumption reflected the growth trend already observed,
with both N- and Os-depleted cultures consuming high fractions of Hy,
COq, and O3 (Fig. 4C, D, E). It was observed that Og-depleted cultures
showed a slightly lower CO; consumption than N-depleted cultures, and

A B
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that in both cases, the rate of CO, consumption showed a decrease in the
final day of starvation phase (Fig. 4D).

Fluorescence strongly increased in N-starved cells over time, while
Oy-starved cultures did not show a significant difference from the
beginning of the starvation phase (Fig. 4F). This was confirmed by PHB
quantification, with N-depleted cells accumulating PHB for up to 30.2 +
2.0 % of the total cell dry weight after 9 days (Fig. 4G), corresponding to
a PHB yield of 503.2 mg L' + 63.1 (Fig. 3H). This accumulation was 5.7
times more than cells grown under O, stress and 6.5 times higher than
cells at the beginning of the starvation phase.

Similarly to the one-stage application of stress (Fig. 1G, H), N star-
vation proved more effective at inducing PHB accumulation than O,
starvation also in the two-stage starvation set-up (Fig. 2G, H). This
confirms the impossibility to apply O starvation as a strategy for PHB
synthesis in gas-tight fed-batch systems (Fig. 5C). Interestingly, the
application of N starvation in a two-stage process resulted in lower PHB
yield and intracellular accumulation, compared with the one-stage set-
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Fig. 4. Two-stage set-up for the application of N or O stress. A) Daily growth assessment through optical density (ODgoo) measurements; B) biomass accumulation
measured at day 5 and day 9; C) H,, D) CO, and E) O, cumulative consumption; F) Nile Red fluorescence measured daily; G) PHB quantification assessed at day 5 and
day 9 and expressed as % of cell dry weight; H) PHB yield. Data are reported as average (+SD) calculated considering four biological replicates and lowercase letters
indicate statistical differences (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Proposed direction of carbon flux under different nutrient conditions. A) Under replete medium conditions and sufficient gas availability (i.e first growth
stage of the two-stage set-up), autotrophic metabolism drives efficient CO,, fixation via the Calvin-Benson-Bassham (CBB) cycle, with the C being directed primarily
towards tricarboxylic acid (TCA) cycle and biomass production, with residual PHB formation. B) During the application of N starvation in a second stage, C flux is
redirected towards PHB synthesis. However, if H, gas transfer limitation occurs due to high cell density, the CO, fixation ability becomes limited, thus inducing PHB
depolymerisation to provide reducing power that can drive ATP formation with the available O,. C) During the application of O, starvation in the fed-batch mode,
dissolved O, levels become too low and result insufficient to sustain CO, fixation, impeding further accumulation of biomass or PHB.

up. This suggests that the timing of nutrient stress application and of cell
harvesting plays a fundamental role in determining production yields. In
fact, when cells reach the late exponential-stationary phase, the high
density could reduce their ability to access the gases present in the
headspace, even if a strong mixing is applied (Miyahara et al., 2020),
and this could trigger PHB depolymerisation lowering its content in
cells. Moreover, cells reaching the stationary phase often experience a
reduced efficiency for CO; fixation, which is an essential component for
PHB accumulation (Jin et al., 2006). Similar results obtained by Garcia-
Gonzalez et al. (2015) demonstrated that PHB production resumed after
dilution of a dense autotrophic culture, probably in response to an
enhanced gas exchange.

This supports the hypothesis that high density cultures may experi-
ence gas limitation, perturbing the cultures’ metabolism and causing a
reduction in Hy and CO, consumption, with a consequent PHB depoly-
merisation. In particular, cells could have been experiencing Hy limi-
tation, which has very low solubility in the liquid medium (Yu et al.,
2013; Yu and Munasinghe, 2018). When the Hy demand exceeds its
gas-liquid transfer rate, O, availability might cause the metabolism to
shift from autotrophic CO fixation to heterotrophic degradation of
intracellular organic compounds (Fig. 5B). This proposed mechanism
could explain the lower PHB accumulation obtained under N starvation
in the two-stage experiment compared with that of the one-stage
experiment, in which the Hy limitation and PHB depolymerisation pre-
sumably did not occur. This is supported by the reduced utilisation of Hy
and CO», required for autotrophic growth, observed in the last part of
the starvation phase, as opposed to Oy consumption, which remained

relatively stable, and could thus be supporting heterotrophic degrada-
tion of PHB.

4. Conclusions

These results highlight the role of C. necator as a key player in sus-
tainable biotechnological applications such as C sequestration and
conversion into valuable biopolymers. The promising CO; fixation and
conversion efficiencies demonstrate the feasibility of using C. necator to
produce high amounts of bioplastic, exploiting CO» as sole C source and
N starvation as main PHB inducing condition. Looking ahead, continued
research into optimising cultivation strategies and exploring novel ap-
plications of PHB holds promise for a more sustainable future, where
microbial biopolymers play a central role in the transition towards a
circular economy.

E-supplementary data of this word can be found in the online version
of the manuscript.
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