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o First reported evidence of PHA autotro-
phic accumulation from biogenic H, and
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o Under autotrophic conditions, C. necator ;‘Wg}"ﬁm;a
DSM 545 increased 3HB accumulation .
of 42%.

e Two reactors: (i) acetogenesis of melon
waste; (ii) Hy and CO, fermentation in
PHA.

e To boost H, and CO,, methanogenesis
was stopped and OLR increased to 20
gCOD/L/d.

e 13 gCOD/L of VFAs and alcohols were
also produced and converted into 3HB
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are collected
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ARTICLE INFO ABSTRACT
Keywords: The environmental concerns regarding fossil plastics call for alternative biopolymers such as poly-
Two-step fermentation hydroxyalkanoates (PHAs) whose manufacturing costs are however still too elevated. Autotrophic microbes like

Cupriavidus necator
Gas fermentation
Dark fermentation
PHAs

Cupriavidus necator, able to convert CO2 and Hy into PHAs, offer an additional strategy. Typically, the preferred
source for COy and Hy are expensive pure gases or syngas, which has toxic compounds for most PHAs-
accumulating strains. In this work, for the first time, Hy and CO3 originating from an acidogenic reactor were
converted autotrophically into poly(3-hydroxybutyrate) P(3HB). During the first stage, a mixed microbial
community continuously catabolized melon waste into Hy (26.7 %) and CO3 (49.2 %) that were then used in a
second bioreactor by C. necator DSM 545 to accumulate 1.7 g/L P(3HB). Additionally, the VFAs (13 gCOD/L)
produced during acidogenesis were processed into 2.7 g/L of P(3HB-co-3HV). This is the first proof-of-concept of
using acidogenic-derived Hy and CO; from fruit waste to produce PHAs.
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1. Introduction

The manufacture of virgin fossil-based plastics is not curbing, yet
conversely, their market volume increases exponentially, hence seri-
ously jeopardizing the environment (Geyer et al., 2017). Thereby, be-
sides revolutionizing the existing waste management, it becomes crucial
to increase the fraction of bioplastics. Among these polymers, poly-
hydroxyalkanotes (PHAs) could represent one of the most promising
solutions (Bhatia et al., 2021). PHAs are bio-based and biodegradable
plastic materials that accumulate intracellularly by several microor-
ganisms in the form of granules and function as a carbon reservoir in
case of stressful conditions (Obruca et al., 2021). Interestingly, PHAs can
be exploited to obtain commodities for multiple applications, symmet-
rical to fossil-based plastic ones. However, the high costs of carbon
substrates still constrain severely PHAs costs and their commercializa-
tion (Yadav et al., 2020); thus a great portion of researchers’ efforts is
pointed towards the quest for low-cost substrates (Favaro et al., 2019;
Ganesh Saratale et al., 2021; Yukesh Kannah et al., 2022).

In this sense, recently, gaseous feedstocks gained great interest,
giving birth to 3rd generation bioplastics (Koch et al., 2023). Briefly,
three main metabolisms drive C1 gases assimilation: (i) CO; enters the
Calvin-Benson-Bassham (CBB cycle) in cyanobacteria, which receive
energy from light, and in non-photoautotrophic bacteria, like Cupriavi-
dus necator, that obtain instead energy from Hp; (ii) the Wood-Ljungdahl
pathway (WLP) allows the conversion of both CO, and CO in other
autotrophic bacteria such as Acetobacterium woodi; (iii) CH4 is metabo-
lized through the serine cycle combined with the ethylmalonyl-CoA
pathway (EMCP) in type II methanotrophic bacteria like Methylocystis
sp. (Yoon and Oh, 2022).

A rich source of C1 gases is syngas (synthetic gas) that originates
from processes like blast furnaces or pyrolysis and it is generally
composed of 40 % CO, 40 % Hy, 10 % CO2 and 10 % N respectively (Liu
et al., 2014). The high content of greenhouse gases renders syngas
extremely polluting, but, at the same time, a potential cost-effective
feedstock for PHAs production (Nangle et al., 2020). However, some
critical issues limit syngas utilization and in general gas utilization.
Firstly, gas mixtures contain H, that encompasses an explosive potential,
especially if combined with O,. This constrains the use of aerobic PHAs-
accumulating microbes, since either O is kept below the explosion limit
(around 4-6.9 %) curbing biomass production, or Hy, that fuels the CBB
cycle, is provided only at very low levels (Miyahara et al., 2020). Indeed,
when the autotrophic production of PHAs from a low-Hy gas mix and
under aerobic conditions was addressed, the obtained yields were very
limited (Miyahara et al., 2020). As an alternative, a two-step process was
proposed: first, a large microbial growth was obtained using glucose or
glycerol in aerobic conditions, afterwards the same biomass accumu-
lated PHAs from a mix of Hy: Oy CO = 84: 2.8: 13.2 (vol%) (Garcia-
Gonzalez et al., 2015). Nevertheless, O, mass transfer still limited PHAs
biosynthesis. Continuous stirred tanked reactors (CSTR) such as gas-lift
bioreactors could be an alternative to increase the volumetric mass
transfer coefficient (kza) and boost the yields (Riegler et al., 2019). In
addition, when it comes to syngas, CO is converted into PHAs at too low
rates by native CO-utilizing bacteria, while it represents a heavily toxic
compound for the large majority of strains (Yoon and Oh, 2022).

C. necator, an extremely studied Gram-negative f-proteobacterium
(Brojanigo et al., 2022b; Mukherjee and Koller, 2023), oxides Hy
through membrane-bound hydrogenases: as a result, H" atoms and
electrons are transported in the respiratory chain, generating ATP and
NAD(P)H that fuel CBB cycle. Within this metabolic pathway, CO; is
converted by rubisco in 3-phosphoglycerate (3-PG) that in turn is
transformed into phosphoenolpyruvate which eventually becomes py-
ruvate and enters the Krebs cycle. Specifically, four carbonic anhydrase-
like (CA-like) enzymes are expressed by C. necator entailing large
amounts of CO; to be fixed by a highly specific rubisco variant. Addi-
tionally, whether rubisco generates toxic 2-phosphoglycolate, this is
recycled by a glycerate cycle into 3-PG to re-enter the CBB cycle (Panich
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et al.,, 2021). Indeed, C. necator has been chosen to produce autotro-
phically several chemicals such as isopropanol and methyl ketones (Liu
et al., 2016; Miiller et al., 2013). For what concerns the autotrophic
production of PHASs, C. necator recorded 1.55 g/L/h productivity of poly
(3-hydroxybutyrate), P(3HB), using a doughnut-shaped basket-type
agitator (Tanaka et al., 1995). Similarly, monitoring the diffusion of Oq
and COq, the dosage of the gas mixture was optimized, hence up to 15 g/
L of cell dried matter with 77 % of P(3HB) were accumulated using
C. necator H16 DSM 428 (Lambauer et al., 2023; Lambauer and Kratzer,
2022).

This work proposes an alternative strategy to address autotrophic
production of PHAs, avoiding the use of CO-rich syngas or more
expensive pure gases which require purification pre-treatments. Spe-
cifically, an acidogenic reactor (AR) was selected as the key pre-
treatment of food waste to obtain both Hy and COs. As such, the
gaseous effluent originating from an AR fed with melon waste,
composed of a mix of Hy and CO,, was efficiently converted into P(3HB)
by C. necator DSM 545. The Organic Loading Rate (OLR) was finely
tuned to optimize the release of Hy and CO; from the AR, then a two-step
PHAs production was set up: after biomass growth, either liquid or
gaseous streams from the AR were transformed into PHAs. To the best of
the authors’ knowledge, this work reports for the first time the suc-
cessful conversion of Hy and CO; from acidogenesis into PHAs. This
novel approach paves the way of exploiting acidogenic-derived CO3 and
H; as clean and cheap feedstock for PHAs production.

2. Materials and methods
2.1. Microorganism and substrate preparation

For continuous-operating AR, fed with melon waste, the biomass
used was an anaerobic sludge collected from the anaerobic digester of a
brewery wastewater treatment plant. C. necator DSM 545, supplied by
DSMZ (Braunschweig, Germany), was maintained at —80 °C in 25 %
glycerol stock solution and plated on nutrient agar Petri dishes when
needed (g/L: peptone 15, yeast extract 3, NaCl 6, glucose 1, agar 15).

Twenty kg of melons discarded by the supply chain were kindly
donated by FRANCESCON OP SOC.AGR. SOC.CONS. a.r.L. Whole
melons were ground, frozen at —20 °C, and freeze-dried for 48 h. Af-
terwards, the resulting melons were ground using a ring mill and sieved
using laser granulometry to obtain different particle sizes. As a result,
90 % of the obtained particle size was below 500 um and used for ace-
togenic experiments, while the rest was discarded to avoid pump

clogging.
2.2. Continuous production of Hy and COy in melon-fed reactor

Acidogenic fermentation was carried out in a 2L anaerobic
sequencing batch reactor (AnSBR). The bioreactor was fed with a
continuously stirred stock solution of melon resuspended in tap water
and autoclaved. The bioreactor working volume was 1L and, at the end
of every cycle (1 or 2 per day) 50 % of the volume was removed and
substituted with a fresh melon solution. The OLR ranged between 5 and
20 gCOD/L d, according to melon solution organic loading OL (10 or 20
g COD/L) and Hydraulic Retention Time (HRT) (48 or 24 h). Before
inoculating the reactor, to inhibit archaeal strains responsible for
methane production, the inoculum was pre-treated at 100 °C for 4 h
(Tagne et al., 2023). In this way, archaeal strains were inhibited, and
anaerobic digestion was stopped at the acidogenic phase to boost H, and
CO4 synthesis. To further increase Hy production, pH was maintained at
5.5 by adding NaOH, as it was previously reported that hydrogenase
catalytic activity is optimized when pH is around 5.5, and hydrogen
production is thus favored (Alibardi et al., 2012; Favaro et al., 2013).
Additionally, the melon solution was supplemented with 2-Na-bromoe-
thanesulfonate (BES) 10 mM. Indeed, BES is a structural analogue, and
thereby competitor, of the coenzyme M which presents the methyl group
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to the methyl-Co-M reductase enzyme when methane is produced
(Waghmode et al., 2015). By supplementing BES, CH4 synthesis is
strongly inhibited. After inoculation, the reactor was sparged with pure
N,, and temperature maintained at 37 °C by circulating water through
the reactor glass jacket. The reactor was stirred at a constant rate by a
mechanical agitator. which was stopped for 1 h before every volume
removal to let biomass settle down. The headspace was connected to a
flow meter first to measure total gas production and eventually to a
plastic balloon to collect the whole gaseous stream. The three tested
ORLs (5, 10, and 20 gCOD/L/d) were compared in term of bioconversion

rate (Greses et al., 2021) using the following equation:

VFAs and alcohols (effluent) 100

Bioconversion (%) = COD (uent)

2.3. PHAs production by C. necator DSM 545 from acidogenic reactor
gaseous or liquid effluents

To obtain the inocula for bioreactor fermentations, C. necator DSM
545 was grown at 30 °C in 5 mL Nutrient broth. After 24 h, 2 mL were
washed with NaCl 0.9 % and seeded for 24 h in 250 mL flasks containing
100 mL 10-times concentrated DSMZ-81 broth (Rodriguez Gamero et al.,
2018) and glucose 3 %. The experiments were carried out in a 2 L
BIOSTAT B-PLUS bioreactor (Sartorius-BBI-Systems, PA, USA) using a
working volume of 1.5 L. Eventually, the vessel was autoclaved at 120 °C
for 20 min, then the sterile medium was added and, at last, the reactor
was inoculated with 0.3 starting optical density (ODggp).

To test PHAs production, a two-stage fermentation strategy was
adopted. During the first phase, biomass grew for 48 h at 30 °C on DSMZ-
81 and glucose 3 %. Oxygen saturation was maintained at 55 % by
sparging pure Oo; stirring and pH were kept at 450 rpm and 6.8 adding
NaOH, respectively. No antifoam was needed. Afterwards, cells were
pelleted and resuspended in the same medium, deprived of NH4Cl to
increase the C/N ratio, favoring PHAs accumulation conditions. Glucose
was not added, while either gaseous or liquid streams from the AR were
supplemented, where CO or volatile fatty acids (VFAs) and alcohols
were the carbon sources, respectively. On the other hand, in the control
experiment, during the second phase of fermentation, besides the
depletion of NH4Cl, to estimate the real contribution of the gaseous or
liquid streams from the AR, no carbon source was provided. The accu-
mulation phase was extended for 48 h and, because of Hy presence in
autotrophic conditions, O, saturation level was kept below the lower
explosion limit at 2 % (v/v) for all the tested conditions. Specifically, the
content of the plastic balloon collecting gas from AR was sparged into
PHAs reactor every 24 h. Each supplementation was preceded by gas
volume and composition measurements with a fluxmeter and gas
chromatography (GC), respectively. As no traces of other gases but Hy,
CO», and N, were detected with the GC, it was not conduced a control
experiment with an artificial mix of gases replicating the fractions of Hy
and CO, measured for the autotrophic experiment. On the other hand,
when the liquid effluent was tested, this was cleaned from any solid
fraction by centrifugation and then autoclaved. Experiments were con-
ducted in duplicate.

2.4. Analytical procedures

Cellulose, hemicellulose, lignin, starch, and protein composition
were evaluated in freeze-dried melon according to international stan-
dard methods (Basaglia et al., 2021). The dry matter and ashes content
was evaluated by drying the samples at 105 °C for 24 h and at 550 °C for
2 h, respectively (Brojanigo et al., 2020). Simple sugars, VFAs and al-
cohols contents of melon solution feeding the AR and relative liquid
effluents were analyzed by high-performance liquid chromatography
(HPLC) employing a Hewlett Packard chromatograph (HP1100 Series,
Agilent Co., USA), an Agilent Hi-Plex Column (300x7.7 mm) and both a
diode array detector (DAD) and a refractive index detector (RID)
maintained at 50 °C. The sugars conversion (%) calculation was based

Bioresource Technology 390 (2023) 129880

on the sugars content both in the feeding and in the effluent solutions.
Carbon oxygen demand (COD), volatile suspended solids (VSS) of
melon, and samples from AR, as well as soluble ammonium, were
calculated following Standard Methods (APHA, 2012). Solids retention
time (SRT) was calculated from VSS of the mixed reactor and of the
liquid effluents after biomass settlement, and specific volumes were
purged from the mixed reactor accordingly. Gas composition was
measured using a gas chromatograph containing a Poropack-Q column
and a thermal conductivity detector (TCD) as well as a gas chromato-
graph (490 Micro GC, Agilent Technologies, CA, USA) equipped with a
thermal conductivity detector (TCD) and two different capillary col-
umns, one using argon as carrier gas and the other using helium, oper-
ating at 145 °C, 30 psi and 100 °C, 28 psi, respectively (Tagne et al.,
2023). On the other hand, PHAs were extracted from freeze-dried pel-
leted cells and the PHA content was measured by gas chromatography to
detect 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) mono-
mers (Abbondanzi et al., 2017; Brojanigo et al., 2022a). Finally, total
organic nitrogen of PHAs reactor media was measured, while elemental
analysis for total carbon, nitrogen and hydrogen of freeze-dried melon
was performed using an Elemental Analyzer FlashEA112
(ThermoFinnigan).

3. Results and discussion
3.1. Substrate choice and characterization

In a previous study, melon waste was found to be a promising P(3HB-
co-3HV) feedstock (Costa et al., 2022). Melon is largely available in
Southern Europe, where Italy and Spain are leaders in terms of pro-
duction quantity: both countries every year produce around 600 kT
according to FAOSTAT (Food and Agriculture Organization Statistics).
In this work, one of the goals was also to test whether melon might
accordingly represent a promising waste for Hy and CO2 production.
Table 1 summarizes the characteristics of the 20 kg melon batch used for
the following experiments. Data are referred to melon after freeze-
drying, a process that caused 89.6 % of weight loss. Differently, solu-
ble sugars HPLC measurements were run on samples from the melon
solution used to feed the AR, after autoclaving.

The high values in terms of dried matter, VSS and COD, reflect the
lack of water in freeze-dried samples. Free sugar concentration reaches
up to almost 30 % of melon dried weight, suggesting that nutrients
extraction in water is a technique as simple as efficient, thereby prom-
ising for various biotransformation. Additionally, while a 15 % fraction
is represented by proteins, a further 20 %, despite the total lack of starch,
accounts for hemicellulose, cellulose, and lignin, which are suitable for
long-term acidogenic fermentation with a mixed microbial community
(MMCQ). Overall, these results are in line with previous studies on melon,
where another batch of the same variety was adopted (Costa et al.,
2022). In another work performed by Greses and colleagues, where the
melon was used to address short-chain fatty acids and hydrogen pro-
duction, both melon dried matter and ashes calculated were comparable
(91.8 g/L total solids and 9.3 %, respectively) while the VSS percentage
was slightly larger (92.4 %) (Greses et al., 2021). Looking instead at the
total nitrogen and protein measured, similar contents were accounted

Table 1
Physical and chemical characterization of melon waste used to feed AR. VSS:
volatile suspended solids; COD: chemical oxygen demand; n.d.: not detected.

Particle size (um) <500 (90 %) Cellulose (%) DM 17.2
Dried matter (DM) (%) 85.3 Hemicellulose (%) DM 3.3
Ashes (% of dried matter) 10.6 Lignin (%) DM 5.7
VSS (g/8) 0.75 Starch (%) DM n.d.
COD (g(g) 0.97 Protein (%) DM 14.7
Total C (%) 41.5 Glucose (%) DM 13.7
Total N (%) 2.3 Fructose (%) DM 6.7
Total H (%) 6.8 Sucrose (%) DM 6.7
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for (1.3 g/L cand 10.2 %, respectively).
3.2. Acidogenic continuous reactor

After the inoculum pre-treatment, the acidogenic reactor was run for
51 days under the optimized conditions previously described in the
Materials & Method section. The resulting gas blend was composed of
only Hy and COg, since CHy4 production was completely inhibited thanks
to the inoculum pre-treatment and BES supplementation. The reactor
was considered stable when sugars were utterly consumed and biomass
and effluents composition, in terms of bioconversion rate and gas pro-
duction, were stationary. The bioconversion rate is obtained by dividing
the COD of the VFAs and alcohols in the effluent with and the OL. Once
stable conditions were reached, the OLR, in this study the pivotal vari-
able, was increased to induce larger yields of Hy and VFAs. Table 2
frames the overall performance of the AR, reporting data collected under
stable conditions.

In the liquid effluent, glucose, fructose, and sucrose were detected
only in negligible traces, whereas, on the other hand, total production of
VFAs and alcohols increased progressively from 4.0 to 13.0 gCOD/L,
thereby tripling, by increasing the OLR (Fig. 1A and Table 2). When
VFAs and alcohol results are normalized for the OL, in other words by
looking at the bioconversion rate, the raise is less accentuated but still
widely significant: from an initial 40.3 %, the bioconversion rate ramped
up gradually to 64.9 %. When compared to the outcomes from other
related studies, these bioconversion rates underline the suitability of
melon waste for dark fermentation applications (Kiiciikaga et al., 2022;
Liu et al., 2018; Greses et al., 2021).

Similarly, total gas production increased broadly to reach 1.7 L/d,
where Hy and CO- fractions recorded 26.7 and 49.2 %, respectively
(Table 2). To furtherly boost Hy and CO2 production the OLR again
played a key role (Fig. 1B). The increase of OLR was followed, as
demonstrated also by Paudel and colleagues who worked with food
waste (Paudel et al., 2017), by larger % fractions of Hy and CO5 as well in
the upper phase. Hence, besides working at larger scales, the OLR
operating in the AR could be pushed to values higher than 20 gCOD/L/d,
according to the limit of the feedstock itself: while dried melon has
almost 1 of COD, a fresh melon is composed by 90 % of water which
indeed allows theoretically to lift the OL to around 100 gCOD/L and
potentially the OLR to even higher rates.

Regarding biomass fluctuations, lower SRT (and HRT) have been
reported to entail larger Hy yields, since Hy consumer microbes growth
would require longer SRT (Li and Yang, 2016). Similarly, when VFAs
production is related to SRT, the optimization of this parameter follows
a bell-shape behavior: below a specific threshold, very short SRT might
cause cell washout, hence reducing VFAs production (Xiong et al.,
2012). Indeed, results from Table 2 hint a still linear association between
the drop in SRT and the increase in Hy and CO2 volumes and biocon-
version rate. As further proof of the fact that the reactor was stable and
biomass was not lost, the trends for OLR and VSS coupled and were not
followed by a consistent increase in terms of F/M (Table 2 and Fig. 1C).
In general, the increase of the OLR caused lower SRT yet larger biomass
(VSS) and broader H; and CO, volumes and bioconversion rate as well
(Fig. 1C).

Table 2
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Fig. 1. A) Total VFAs and alcohols produced during 51 days of dark fermen-
tation (gCOD/L) in black squares, OLR variations over time (§COD/L/d) in
white circles. B) Kinetics of Hy (white circles) and CO, (black squares) per-
centages fractions in the headspace of the AR of melon waste. C) VSS (g/L) in
black squares and Bioconversion rate (%) in white circles. Dotted vertical bars
mark OLR changes. The data are the means of two replicates.

Hydrogen production via dark fermentation is a fast process. In a
MMC, quick hydrogen-producing groups are dominant over slow ones
and take advantage of the butyrate-acetate pathway (Lim and Nandong,

Operational conditions of AR kept at pH 5.5 and 37 °C and results related to liquid effluent (sugars, VFAs and alcohols, and bioconversion rate) and gaseous stream at
the end of each OLR tested condition, when the reactor was working under stable conditions. F/M, the food/microbe ratio, is obtained by dividing the OLR by the solids
concentration that reflect the biomass concentration (gVSS/L, not reported). Sugars and gases data are the means of three replicates (+SD).

OL HRT OLR (gCOD/ SRT F/M (gCOD/ Sugars VFAs and alcohols Bioconversion H, and CO, H, (% CO, (%
(gCOD/L) ()] L/d) (d) gVss/d) conversion (%) (gCOD/L) (%) (mL/d) v/V) /v)
10.0 2.0 5.0 5.3 0.8 98.6+1.3 4.0 40.3 302.1+5.7 7.9+0.2 13.3+0.3
10.0 1.0 10.0 3.5 1.5 99.3+0.7 5.4 53.7 686.9+4.1 11.8 34.7+1.2
+0.2
20.0 1.0 20.0 1.5 1.6 94.4+3.3 13.0 64.9 1860.3+12.3 26.7 49.2+1.4

+0.4
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2022). Indeed, looking at reactor kinetic within the first three hours
after feeding (OLR 10 gCOD/L) (Fig. 2) immediate simple sugars
depletion and simultaneous production of gas, VFAs and alcohols, can be
appreciated by one hour. Afterwards, although glucose, fructose and
sucrose are utterly consumed, H, and CO,, VFAs and alcohols synthesis
are curbed but not halted: whereas soluble sugars represent immediate
substrates, it is likely that insoluble components such as cellulose,
hemicellulose and lignin might instead be slowly processed by the MMC,
hence explaining the uninterrupted productions of gas, VFAs and
alcohols.

As already disclosed in Fig. 1A, VFAs and alcohols overall production
increases according to OLR. Diving into details (Fig. 3), isopropanol
recorded the highest concentrations among the detected soluble
fermentation products, up to more than 4 gCOD/L. Similarly, Kim and
colleagues noted the correlation between Hy and isopropanol produc-
tion using a MMC heated for 10 min at 90 °C, suggesting clostridial
species as the main responsible for this specific alcohol production (Kim
et al., 2008). As previously mentioned, the butyrate-acetate pathway is
typical during the acidogenesis phase and hence the accumulation of
these two acids is in line with expectations. On the other hand, propionic
acid was first detected as OLR rose to 20 gCOD/L/d and finds a plausible
explanation in the larger Hy concentration since hydrogen itself is the
precursor for propionic acid fermentation (Fuess et al., 2016). Similarly,
to the trends of isopropanol and butyric acid, valeric acid and ethanol
production increased following OLR higher values. Besides, as for pro-
pionic acid, isovaleric acid was detected in traces only when OLR was 20
gCOD/L/d. These results find support in another work, where these
latter three metabolites trends proceeded in accordance with OLR
(Hafez et al., 2010). Likewise for propionic acid, higher Hy partial
pressure might entail a metabolic veer towards reduced compounds such
as butanol and ethanol (Castello et al., 2020). While ethanol production
was significant, butanol was measured only in traces when the reactor
was operated at highest OLR tested.

3.3. PHAs production from acidogenic reactor gaseous and liquid streams

C. necator DSM 545 was then adopted in a two-step process to
convert the two carbon-rich phases from the AR of waste melon, namely
the gaseous stream or the liquid one into PHAs (Table 3 and Fig. 4). In
the first step, C. necator DSM 545, once grown aerobically for 48 h using
glucose (1 %) as a carbon source, produced up to 5.0 and 1.4 g/L of CDM
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and PHB, respectively. Bacterial cells were then transferred in the sec-
ond step for the autotrophic (Fig. 4C) or heterotrophic (Fig. 4D) pro-
duction of PHAs. Under both conditions, PHAs accumulation increased
compared to the control experiment, where no carbon source was given
during the second phase (Table 3). During autotrophic fermentation,
C. necator DSM 545 accumulated up to 1.7 g/L of PHAs, which is 42 %
larger than the benchmark condition (Table 3). As CO; represents the
sole carbon source provided in the autotrophy experiments, the homo-
polymer P(3HB) represented 100 % of granules composition at the end
of the fermentation. Specifically, when CO5 and H; were sparged, 3HB
biosynthesis enhanced in terms of intracellular PHAs content, from 31.7
to 37.8 % (Table 3). Additionally, as a consequence, cell-dried matter
(CDM) values increased accordingly from 3.8 to 4.5 g/L. However,
several parameters must be optimized to increase PHAs yields. Most
importantly, it would be crucial to provide higher volumes of Hy and
COo, as already discussed. If one succeeds, a two-step continuum process
for PHAs accumulation might be then conceived. Indeed, PHAs yields
would ramp up as demonstrated when pure Hy and CO; or syngas were
provided uninterruptedly to C. necator (Garcia-Gonzalez et al., 2015;
Garcia-Gonzalez and De Wever, 2017). Specifically, H and CO; from
the AR would be compressed and stored into a separate gasholder, as the
balloon resembled in this work, to later be constantly sparged into the
PHAs fermenter. At this point, it must be underlined the deepest
advantage of this strategy and the rationale of the whole work: differ-
ently from the most common approaches adopting pure gases or syngas
for autotrophic fermentations which imply either complex and expen-
sive purification treatments or the presence of pollutants like CO, AR
gaseous streams are tunable, cheap, and clean Hy and CO; sources.
These results are also interesting in the context of carbon capture,
storage, and utilization (CCSU) which has a significant impact in
reducing the emissions of CO,. However, one of the critical points in the
utilization of COs is the availability of infrastructure for the distribution
of this gas. In this sense, the direct conversion of CO, produced in one
reactor, immediately used in a second one (as in this work, to produce
PHAs) appears as a fast and efficient strategy (Kotagodahetti et al.,
2021).

Differently, when the liquid fraction from the AR was used, 3HV
monomer was detected too, since some precursors like propionic and
valeric acid were part of the VFAs mixture (Table 3, Fig. 5). The presence
of 3HV within the polymer chain renders the crystallinity and the
melting point of the material lower, whereas flexibility and toughness
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Fig. 2. AR short-time interval kinetic: soluble sugars consumption (circles) H, and CO, cumulative production (squares), and VFAs and alcohols production (tri-
angles) within 3 h after feeding the reactor (OLR 10 gCOD/L/d). The data are the means of two replicates.
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Table 3

CDM and PHAs accumulation for C. necator DSM 545 after 96 h of fermentation
under autotrophic or heterotrophic conditions. A benchmark was also conducted
without providing the cells with any carbon source. (CTRL as a benchmark).
PHAs values are expressed as total fraction of PHAs (% CDM) and both as con-
centrations and as fractions of 3HB and 3HV. The data are the means of three
replicates (+SD).

CDM PHAs PHAs (% 3HB (% 3HV (%
(g/L) (g/L) CDM) PHAs) PHAs)

BENCHMARK 3.8 1.24+0.1 31.7£1.0 100 0.0
+0.5

AUTOTROPHY 4.5 1.7+0.2 37.8+1.3 100 0.0
+0.2

HETEROTROPHY 6.2 2.7+0.3 44.3+1.8 88.7 11.3
+0.5

are enhanced (Min Song et al., 2022). PHAs accumulation reached 44.3
% of dried biomass, while, even more significantly, CDM peaked up to
6.2 g/L, suggesting PHAs production was combined with microbial
growth due to the presence of nitrogen sources: overall 2.7 g/L of P
(3HB-co-11.3 % 3HV) were produced. In the future, as proposed by
Jawed and colleagues who adopted VFAs from an anaerobic digestor
and artificial mixture of gases to produce PHAs (Jawed et al., 2022), a
mixotrophic approach might be addressed: instead of using either the
liquid or the gaseous stream from an AR both lines could be utilized in
combination.

Glucose was chosen as a standard substrate for biomass growth
during the first phase of fermentation. However, in another work, it was
already reported the suitability of melon as an excellent feedstock for
C. necator DSM 545 growth and accumulation of P(3HB-co-3HV) (Costa
et al., 2022). It thus can be speculated that glucose-rich melon might
display similar results concerning the initial growth phase. Diving now
into the kinetics of the two-step PHAs process (Fig. 4), the patterns for

the first 48 h are common for all the different tests, as experimental
conditions were the same (Fig. 4A). On the other hand, during the
accumulation phase, in the control case, the broth culture was deprived
of both the carbon and nitrogen sources. As a result, CDM decreased
from 5.0 to 3.8 g/L while PHAs concentration remained stable (Fig. 4B).
However, when the gaseous mixture of Hy and CO, was added in two
intervals, PHAs production significantly rose (confirmed by ODggg
measurements, data not shown) from 1.4 to 1.7 g/L (Fig. 4C). Samples
collected from the headspace of the fermenter recorded no Hy or COs,
suggesting that both gases were either consumed or dissolved in the
liquid phase (Fig. 4C). Moreover, 660 mL of Hy and CO4 (27 and 49 %,
respectively) were supplemented twice, which if converted in grams
accounts for 1.2 g of gas (mainly CO3). As 0.4 g of PHAs were produced
during the last 48 h, the yield in this process for PHAs accumulated to Hy
and COy supplemented was thereby 0.34 g P(3HB)/gCO,. Having in
mind that when glucose is used as a substrate for PHAs production, the
theoretical yield is 0.48 g/g, although practically this value ranges be-
tween 0.3 and 0.4, the results obtained in this work under autotrophic
conditions gain significant relevance (Haas et al., 2017). Considering the
volume of CO3 produced at OLR 20 gCOD/L/d in the first reactor and the
yield of P(3HB) from CO3 just described, it can be concluded that the 2-
step fermentation process recorded 30 mg P(3HB)/gCOD of melon. This
result is comparable to others works where multi-step fermentation is
adopted to produce PHAs. For instance, when combined treatment of
organic fraction of municipal solid waste and sewage sludge were used,
65 g PHA/kg total volatile solids were obtained (Valentino et al., 2019).
Differently, when liquid streams of the AR were used, under heterotro-
phic conditions, organic nitrogen concentration increased (Fig. 4D).
Despite DSMZ-81 being prepared without NH4Cl, organic nitrogen from
acidogenesis liquid effluents exceeded what remained at the end of the
growth phase. This, in combination with the VFAs and alcohols mixture,
boosted both C. necator DSM 545 growth and P(3HB-co-3HV) accumu-
lation. After 24 h of the second step, organic nitrogen dropped to zero
and 74 % of VFAs and alcohols were already consumed, while acetic acid
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resulted as the slowest substrate to be assimilated by C. necator DSM 545
(Fig. 4D and Fig. 5). Eventually, within 48 h every carbon source was
depleted and only traces were left. It can also be concluded that the other
components not included in VFAs, alcohols, and organic nitrogen mea-
surements didn’t interfere with PHAs accumulation. Overall, as
described in several papers and part already of industrial strategies,
double-step production of PHAs from acidogenic fermentation-derived
liquid effluents demonstrated here again great versatility (Brojanigo
et al., 2022a; Koller and Mukherjee, 2022).

Altogether, the results represent first evidence and are proof-of-
concept for the conversion of Hy and CO; deriving from an acidogenic
reactor fed with food waste. This work demonstrates the feasibility of
the process that needs to be scaled up. By increasing the OLR in the AR,
volumes of Hy and CO5 would enlarge accordingly and could be sparged
continuously in the PHA reactor to support enhanced biopolymer
accumulation. Additionally, the solubility of the gases could be
enhanced by tailoring pivotal factors such as temperature and salinity.
Further, melon waste could be adopted as sole feedstock to foster
C. necator growth without the need for artificial media or carbon sources
like DSMZ-81 and pure glucose. Finally, the liquid effluents from the AR
might be used together with CO3 and Hy, under a mixotrophic approach,
to spike PHAs accumulation.

4. Conclusions

A two-step fermentation process was set up to convert acidogenesis-
derived H; and COq, obtained by fruit wastes, into PHAs by C. necator
DSM 545. The results represent the first evidence of autotrophic
fermentation of Hy and CO, originating from an AR into PHAs. Indeed,
results, both in terms of yield (g P(3HB)/gCO>) and increased concen-
tration of PHAs under autotrophic conditions, were remarkable. Despite
the mass transfer obstacles, this work is a proof of concept and dem-
onstrates the feasibility of the approach, calling for future optimization,
scale-up experiments, and techno-economical assessments.
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