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ARTICLE INFO ABSTRACT
Handling editor: Derek Muir The design of efficient cultivation strategies to produce bioplastics from biogas is crucial for the implementation
of this biorefinery process. In this work, biogas-based polyhydroxybutyrate (PHB) production and CH4 biodeg-

K_e}'WOT dS radation performance was investigated for the first time in a stirred tank bioreactor inoculated with Methylocystis
Bfol’la'sncs parvus str. OBBP. Decreasing nitrogen loading rates in continuous mode and alternating feast:famine regimes of
Biorefinery concept 24 h-cycles, and alternating feast:famine regimes of 24 h:24 h and 24 h:48 h were tested. Continuous N feeding

Feeding regime

Methane oxidation
Methanotrophic bacteria
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did not support an effective PHB production despite the occurrence of nitrogen limiting conditions. Feast-famine
cycles of 24 h:24 h (with 50% stoichiometric nitrogen supply) supported the maximum PHB production (20 g-
PHB m~2 d~!) without compromising the CH,-elimination capacity (25 g m~> h™!) of the system. Feast:famine
ratios <1:2 entailed the deterioration of process performance at stoichiometric nitrogen inputs <60%.

1. Introduction environmental challenges (Heidbreder et al., 2019). The steady rise in
plastic demand, which increased to 50.7 Mton by 2019 in Europe, and
Nowadays, plastic pollution has become one of the major global the global environmental problems derived from the lax plastic
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management policies in some countries, require an urgent reduction of
our overdependence on petroleum-based plastics (Lebreton and
Andrady, 2019; PlasticsEurope, 2020). Naturally synthetized polyesters
constitute promising substitutes to conventional plastics (Sagong et al.,
2018). These biodegradable and biocompatible thermoplastics, such as
poly(3-hydroxybutyrate) (P3HB) homopolymer and its copolymer poly
(3-hydroxybutyrate-co-3-hydroxyvalerate (P(3HB-co-3HV)), are bio-
polyesters that can be tuned targeting a broad range of applications
(Myung et al., 2017; Steinbiichel and Valentin, 1995). For instance,
PHAs have been utilized in the medical and pharmacological sectors, in
the cosmetic industry or for agricultural and packaging applications
(Choi et al., 2020). Today, the commercial production of poly-
hydroxyalkanoates (PHAs) is hampered by the high monetary costs of
raw materials, which account for up to 40-50% of the total production
costs (Levett et al., 2016; Pérez et al., 2020). In 2020, the PHA global
production represented only 1.7% (0.3% more than in 2018) of the
bioplastics market (2.1 million tonnes) (EuropeanBioplastics and
novalnstitute, 2020). With PHB selling prices ranging from 5 to 6 € kg,
PHAs cannot yet compete with their petroleum-based counterparts (1.0
and 1.5 € kg~! for polypropylene and polyethylene, respectively)
(Khatami et al., 2021; van den Oever et al., 2017; Vandi et al., 2018).

Thus, significant efforts are being directed to find cost-effective
carbon sources for PHA production (whey, molasses, crude glycerol,
fatty acids, etc.) (Riedel and Brigham, 2020). Beyond its use as a
renewable gas fuel, biogas has recently attracted much attention as a
low-cost carbon source for the manufacturing of PHA and other
value-added products based on its high content of CH4 (50-70%)
(Cantera et al., 2019; Lopez et al., 2018; Miihlemeier et al., 2018; Munoz
et al., 2015). A recent geographical analysis demonstrated that inte-
grating PHB production with heat and power cogeneration from biogas
results in a cost-competitive production of PHA (with selling prices as
low as 1.5 € kg™1). Additionally, when biogas is entirely devoted to PHA
production, production costs are viable (4.1 € kg’l) in countries with
more affordable energy prices (Pérez et al., 2020). Hence, integrated
biorefineries involving alternative uses of biogas can potentially
contribute to rise the biogas sector from the standstill experienced
during the last three years (EBA, 2020).

PHA biosynthesis using biogas is based on the ability of type-II aer-
obic methane oxidizing bacteria, namely methanotrophs, to form
biopolymer inclusions under growth-essential nutrient deprivation (e.g.
nitrogen or phosphorous) and methane availability (Asenjo and Suk,
1986; Hanson and Hanson, 1996). Among methanotrophs, the strain
Methylocystis parvus OBBP is regarded as a highly PHB-productive
microorganism (Bordel et al., 2019b; Jiang et al., 2016; Sundstrom
and Criddle, 2015). This strain was first isolated in 1970 by Whittenbury
et al. (1970). Despite lacking soluble methane monoxygenase activity,
M. parvus is a representative of type-II methanotrophs, with capability to
fix nitrogen and to assimilate carbon from CH4 through the serine
pathway (del Cerro et al., 2012; Vecherskaya et al., 2009). There is a
strong consensus in literature about the high PHB accumulation capacity
of this strain, which can achieve PHB contents of up to 49.4% following
culture media optimization (Sundstrom and Criddle, 2015) or up to 46%
and 50% after ammonium and nitrate limitation, respectively (Pieja
et al., 2011; Rostkowski et al., 2013). In the presence of the limiting
growth factor in the culture broth, the accumulated PHB provides
M. parvus a competitive advantage for rapid growth, with a specific
growth rate of 0.154 h™! (1.4 times higher than the specific growth rate
on methane) (Bordel et al., 2019b; Pieja et al., 2011).

Continuous suspended-growth chemostat processes in fermenters are
regarded as the optimum platform for PHA production from biogas since
they enable the control of environmental conditions and nutrient feed,
process operation under sterile conditions and an effective CH4 mass
transfer and biomass harvesting (AlSayed et al., 2018; Koller and Muhr,
2014; Lopez et al., 2019). However, prior large scale implementation,
methanotrophic growth under nutrient balanced conditions and PHA
biosynthesis under unbalanced conditions, i.e. the two stages comprised
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in PHB production, need to be optimized by adapting process design to
the physiological characteristics of the biological system (Kaur and Roy,
2015; Koller, 2018). A previous work evaluating the influence of
sequential limitations of N-nitrate, N-nitrate + O3 and N-nitrate + CH4
on a mixed methanotrophic consortium reported that under all cyclical
operating conditions M. parvus selection was favoured in the 4-L
bioreactor. Particularly, in the N-limiting reactor the PHA accumula-
tion achieved was of ~11% (w/w) after 11 cycles (Pieja et al., 2012).
However, a decreasing trend in PHB content was observed throughout
the implementation of these 24-h cycles, and the CH4 biodegradation
capacity of the system was not described.

Despite M. parvus is known for its PHB capacity under nitrogen
limitation under continuous CH4 supply, there are no previous in-
vestigations in literature addressing process optimization with the aim
of supporting continuous CH4 biodegradation under non-balanced
nutrient conditions and simultaneous PHB production. This work re-
ports for the first time a comparative analysis of different nitrogen
supply strategies implemented to optimize PHB production coupled with
continuous biogas utilization in a stirred tank bioreactor using the strain
Methylocystis parvus OBBP. More specifically, the influence of (i)
decreasing nitrogen loading rate (110%, 80%, 60% and 40% of the
stoichiometric nitrogen requirements) under continuous mode and
alternating feast:famine periods under discontinuous mode (24-h cy-
cles), and (ii) 24 h:24 h and 24 h:48 h feast:famine cycles supplementing
the stoichiometric nitrogen requirements, on PHB productivity and CH4
biodegradation was systematically assessed.

2. Materials and methods
2.1. Culture media and chemicals

Mineral salt medium containing nitrogen in the form of potassium
nitrate (hereinafter referred to as NMS), or alternatively nitrogen free
mineral salt medium (NFMS), were used. Nitrogen concentration was
modified depending on the nitrogen supplementation strategy of each
test series. Unless otherwise stated, the NMS (pH 6.8) contained (per
liter of distilled water): KNOs, 1 g; MgSO4-7H20, 1.1 g; CaClp-2H20, 0.2
g; CuS04-5H20, 1 mg; FeSO4-7H20, 0.5 mg; ZnSO4-7H20, 0.4 mg;
NayMo04-2H0, 0.4 mg; Fe-EDTA, 0.38 mg; NapEDTA-2H50, 0.3 mg;
CoCly, 0.03 mg; MnCly-4H50, 0.02 mg; H3BOs3, 0.015 mg and
NiCl,-6H,0, 0.01 mg. A phosphate buffer solution containing 72 g L™}
NayHPO4-12H50 and 26 g L~! KH,PO, was added to the corresponding
mineral salt medium (10 mL per liter) following autoclave sterilization
at 121 °C for 21 min and subsequent cooling.

All chemicals above mentioned and reagents/solvents for PHB
analysis (chloroform >99%, 1-propanol 99.7%, hydrochloric acid 37%
w/v and benzoic acid >99.5% as internal standard) were purchased
from PanReac AppliChem (Spain) unless otherwise specified. Potassium
nitrate was obtained from COFARCAS (Spain). Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) with a 3HB fraction of 88% was provided
by Sigma-Aldrich (USA). Synthetic biogas (70/30% v/v CH4:CO5), ox-
ygen (>99.5%) and methane (>99.995%) were supplied by Abell6 Linde
S.A. (Spain). Since methanotrophic growth and PHA accumulation has
been already demonstrated under the presence of HyS, this minor biogas
contaminant was not included in the mixture to avoid operational
problems (Lopez et al., 2018).

2.2. Bacterial strain and inocula preparation

Cryopreserved cells of Methylocystis parvus strain OBBP in glycerol at
—80 °C were kindly supplied by Biopolis S.L. (Valencia, Spain). The
bacterium was first cultivated in NMS in an oxygen and methane at-
mosphere for a period of two weeks followed by pre-inoculum prepa-
ration. The pre-inoculum was prepared by transferring 5 mL of M. parvus
culture into NMS (50 mL) contained in 125 mL serum bottles closed with
butyl rubber stoppers and aluminum caps. The headspace of the serum
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bottles was supplied with an oxygen and methane gas mixture at a 2:1 M
ratio, which was restored on a daily basis to support methanotrophic
growth by gassing pure oxygen for 5 min and replacing 25 mL with pure
methane. Pre-inoculum cultures were grown at 25 °C and 250 rpm in a
rotary shaker (Thermo Fisher Scientific Inc., USA) for a week. Then, five
sterile gas-tight bottles (2.2 L) containing 386 mL of NMS were sup-
plemented with 4 mL of the buffer solution and inoculated with 10 mL of
M. parvus pre-inoculum. Chlorobutyl septa and aluminium screw caps
were used to maintain gas-tightness in the 2.2 L bottles. A 100 L Tedlar®
bag (Sigma-Aldrich, USA) with an O3:CH4 composition of 66.7:33.3%
(v/v) was used to provide the desired headspace atmosphere by flushing
the gas mixture with a compressor for nearly 3 min. The bottles were
incubated under controlled temperature and mixing conditions (25 °C,
300 rpm) on a Variomag Multipoint 6 magnetic stirrer (Thermo Scien-
tific, USA) for ~10 days. The headspace of the bottles was replaced with
the above described gas mixture three days prior cells harvesting, which
was carried out by centrifugation (10,000 rpm, 8 min) in sterile
centrifuge tubes. Biomass pellets were re-suspended either into fresh
NMS or NFMS (depending on the nitrogen feeding strategy) and
concentrated to deliver a 250 mL-inoculum with a total solids concen-
tration ranging from 5.4 to 6.1 g L1, All these procedures were carried
out under sterile conditions.

2.3. Bioreactor set-up

All experiments were performed in a bench-top borosilicate glass
Biostat®A bioreactor (Sartorius Stedim Biotech GmbH, Germany) with a
working volume of 2.5 L (Fig. 1). The bioreactor enabled process control
and real-time monitoring of pH, temperature and dilution rate. For that
purpose, the vessel was fitted with a temperature sensor and digital pH
and level probes. The bioreactor was constructed with a 2 pm-pore
stainless steel gas diffuser (Supelco, USA), which was placed at the
bottom of the vessel to sparge the air:biogas mixture at 42 mL min
(corresponding to 60 min of gas residence time). The gas composition
resulting from the mixture of synthetic biogas and pressurized air was
adjusted to a O2:CH4 concentration of 16%:8% v/v by using a mass flow
controller (GFC17, Aalborg™, USA) and a rotameter for the biogas and
air streams, respectively. Continuous stirring at 600 rpm was provided
with a six-blade Rusthon turbine to ensure enough turbulence without
cell damage, whereas a heating blanket was used to maintain the
operating temperature at 30 °C. The pH of the culture broth was
maintained at 7.0 by addition of 4 N NaOH.

Mixing
chamber

Inlet gas

Compressed
s s ~
alk r Q=42mLmin™"

Flowmeter

Off-gas
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2.4. Experimental procedure

2.4.1. Test series 1 - CH4 biodegradation and PHB production under
continuous nitrogen feeding

This test series assessed PHB accumulation under continuous NMS
supply at decreasing nitrogen loading rates (NLR) below stoichiometric
nitrogen requirements. The chemostat was initially inoculated with 50
mL of M. parvus pre-inoculum resulting in a biomass concentration of 20
mg L~! and operated under batch mode with an initial concentration of
276 mg N-NO5" L™! in NMS until nitrogen depletion by day 9. Then, the
bioreactor was operated for 90 days at a continuous dilution rate of
0.008 h™! (below the critical dilution rate, D¢yt = 0.017 h™!) under
decreasing NLR in four different stages. NLRs of 75, 54, 41 and 27 mg
d™! were set during stages I, II, 1II and IV, respectively, which corre-
sponded to 110%, 80%, 60% and 40% of the stoichiometric nitrogen
requirements based on M. parvus composition and yield, and the pre-
viously determined CH,4 mass transfer capacity of the bioreactor a 600
rpm. On average, each stage was run for 25 days (five times the hy-
draulic retention time), except for stage I that lasted 10 days.

2.4.2. Test series 2 - CHy4 biodegradation and PHB production under
different feast-famine regimes (24 h cycles, discontinuous feeding)

Following autoclave sterilization of the bioreactor, M. parvus was
inoculated at an initial biomass concentration of 540 mg L~1. A higher
concentration was used in Tests Series 2, 3 and 4 compared to Test Series
1 in order to reduce the time required to overcome biological limitation.
The bioreactor was initially operated under batch cultivation and ni-
trogen deprived conditions for 72 h in order to initiate PHB synthesis.
Then, the culture was subjected to a cyclic nitrogen feast-famine regime
at varying feeding profiles. The operation was conducted in four
different stages of seven feast-famine 24 h cycles. To this end, NMS
containing a N-NO3~ concentration of 331 mg L' was supplied at
feeding rates of 0.5 and 0 L d™! corresponding to the growth and PHB
accumulation phases, respectively. NMS feeding periods of 11, 8, 6 and
4 h were set in stages I, I, II and IV, respectively, which corresponded to
the same NLRs set in Test series 1 (75, 54, 41 and 27 mg N-NOg3™ per
cycle) (Table 1).

2.4.3. Test series 3 - CHy biodegradation and PHB production under a 24
h-24 h feast-famine regime

The bioreactor was inoculated at an initial biomass concentration of
560 mg L~ and operated under nitrogen limiting conditions in batch
mode for 72 h. Batch cultivation was followed by 12 sequential feast-
famine cycles consisting of continuous NMS feeding at 0.5 L d™! for
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Fig. 1. Schematic representation of the experimental set-up.
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Table 1
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Detailed operating conditions for the different continuous and cyclic feeding strategies tested.

Test Stage  Period Operation Feast-famine cycles N- NO;3~ Feed Concentration (mg N-NO;~ Loading Rate (mg cycle }) (mg ~ N-NO3~ Supply
(days) Mode (h:h) L™ d b (%)
1 I 10 Continuous - 150 75*% 110
I 25 Continuous - 108 54* 80
111 25 Continuous - 82 41* 60
v 25 Continuous - 54 27* 40
2 I 7 Cyclic 11:13 328 75 110
I 7 Cyclic 8:16 328 54 80
111 7 Cyclic 6:18 328 41 60
A% 7 Cyclic 4:20 328 27 40
3 1 24 Cyclic 24:24 135 68 50
4 1 20 Cyclic 24:48 135 68 33

24 h followed by 24 h of discontinuous operation under nitrogen
deprived conditions. The nitrogen load of each cycle was 68 mg N-NOs’,
which corresponded to the stoichiometric N requirements. The biore-
actor was operated for 24 days under feast and famine conditions
(Table 1).

2.4.4. Test series 4 - CH,4 biodegradation and PHB production under a 24
h-48 h feast-famine regime

M. parvus was inoculated at an initial biomass concentration of 610
mg L1, Then, the bioreactor was batchwise operated under nitrogen
limiting conditions for 72 h as described in Test series 2 and 3.
Sequential feast-famine cycles of 24 h-48 h were implemented for 21
days (comprising a total of 7 cycles) via continuous NMS feeding at a
flowrate of 0.5 L d~! for 24 h followed by 48 h of batch incubation
without mineral medium supply. The nitrogen load per cycle was set at
68 mg N-NOg3™ per cycle.

Process monitoring was conducted at the end of both the growth and
accumulation phases in Tests series 2, 3 and 4, or periodically (every 2-3
days) during continuous operation in Test series 1. Gas samples were
withdrawn in duplicate with a 100 pL Hamilton gas-tight syringe from
the inlet and outlet gas sampling points to monitor the concentration of
CHy4, O3 and CO,. The outlet gas flowrate and the pressure drop caused
by the gas diffuser were also measured. Aliquots of 40 mL of the culture
broth were withdrawn from the bioreactor for the determination of the
optical density (OD), total suspended solids (TSS) concentration and pH.
Culture broth (1.5 mL in duplicate) was centrifuged at 10,000 rpm for
10 min and stored at —20 °C after supernatant decanting for PHB
analysis. Filtrate collected from TSS determination was used for the
analysis of the total dissolved nitrogen (TN), total organic carbon (TOC),
NO,™ and NO3~ concentrations.

2.5. Analytical procedures

Microbial PHB was quantified in an Agilent 7820A gas chromato-
graph (GC) coupled to an Agilent 5977E mass spectrometer (MS) (Agi-
lent Technologies, USA) following hydrochloric acid propanolysis
(Rodriguez et al., 2020a). Gas chromatographic conditions are detailed
elsewhere (Chen et al., 2020). Biomass concentration was determined as
grams of TSS per liter of cell culture according to Standard Methods
(2540 Solids, APHA, 2018) using Merck MF Millipore (0.45 pm pore
size) membrane filters (Merck, Germany). A SPECTROstar Nano (BMG
LABTECH, Germany) spectrophotometer was used to monitor bacterial
growth at 600 nm pH measurements were carried out with a Basic 20 pH
meter (Crison, Spain). The quantification of nitrite and nitrate concen-
trations was performed by ion-exchange liquid chromatography (IC)
with conductivity detection (Waters 432, Waters Corporation, USA).
TOC and TN measurements in filtered samples were performed simul-
taneously in a TOC-L¢sy/csn analyser coupled with a TNM-1 unit (Shi-
madzu, Japan). The inlet and outlet gas composition (CH4, CO2 and O3)
was analyzed in a Bruker 430 gas chromatograph (GC) coupled with a
thermal conductivity detector (TCD) (Bruker Corporation, USA). The

GC-TCD was equipped with CP-Molsieve 5A and CP-PoraBOND Q col-
umns. Pressure drops were recorded using a PN7097 electronic pressure
sensor (Ifm Electronic, Germany). Finally, the outlet gas flowrate was
determined using the water displacement method.

2.6. Data treatment

The methane elimination capacity (CH4-EC), the methane removal
efficiency (CH4-RE) and the volumetric production of CO5 (PCO3) were
used as the main performance indicators of the bioreactor and calculated
as described elsewhere (Rodriguez et al., 2020b). All results are pre-
sented as average values with standard deviations of duplicates ana-
lyses, except for TN and anions. Statistical analysis was performed using
one-way ANOVA with a significance P <0.05. Software OriginPro 8.5.0
SR1 (OriginLab Corp.) was used for data treatment and graphics
preparation.

3. Results

3.1. Test series 1 - CH4 biodegradation and PHB production under
continuous nitrogen feeding

Under batch cultivation, M. parvus supported a maximum N-NOjg
consumption rate of 64.0 mg L1 d™ ! (R? = 0.997) (from day 5 to day 8)
and a complete N-NO3™ removal by day 9 (Fig. 2a). During this initial
stage, an almost negligible denitrification activity was observed, with
N-NOy" concentrations ranging from 0.6 to 1.1 mg L™, From day 9
onwards, the bioreactor was operated under steady decreasing nitrogen
loading rates. Neither the presence of nitrate nor nitrite in the culture
broth was recorded regardless of the operating stages, whereas a re-
sidual total nitrogen content of 6.1 + 1.7 mg L™ was always observed.
The pH of the cultivation broth remained constant at 7.05 + 0.26 along
the different stages. The maximum biomass concentration recorded at
the end of the batch phase (1.43 + 0.04 g L™}, day 9) levelled off and
remained at 1.35 + 0.06 g L™! in stage I (Fig. 2b). The reduction of the
nitrogen load from 75 to 54 mg d ! (stage II) resulted in a sharp drop in
the biomass concentration within the first seven days of stage II, which
finally stabilized at 0.86 + 0.04 g L™!. In the following operating stages
(stages III and IV), the biomass concentrations averaged 0.91 + 0.07 g
L7! and 1.06 + 0.13 g L™}, respectively. On the other hand, process
operation under nitrogen sufficient conditions in stage I resulted in PHB
contents of 1.0 + 0.6%, while N feeding below the stoichiometric re-
quirements resulted in PHB contents of 2.1 + 2.2, 1.8 + 1.3 and 2.2 +
1.0% (corresponding to PHB productivities of 4, 3 and 5 g-PHB m~3 dfl)
in stages II, Il and IV, respectively.

A maximum CH4-EC of 47.9 & 0.5 g m > h™! was reached at the end
of the initial batch period (day 7) followed by a decrease and stabili-
zation at 26.4 & 0.5 g m~> h™! (corresponding to a CH4-RE of 47 + 1%)
when continuous operation was initiated (stage I) (Fig. 2c). The EC
remained similar in the subsequent operating stages, with CH4-ECs of
255 + 2.3, 25.2 + 2.1 and 24.2 + 2.9 g m > h™! (corresponding to
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Fig. 2. Time course of (a) NO3-N (hexagons) and NO»-N (squares), N supply
(continuous line) (b) PHB content (empty diamonds) and biomass concentra-
tion (solid diamonds), and (c¢) CH4-EC (empty circles) and PCO, (solid circles)
in Test series 1. Vertical dashed lines separate the different operating stages.

methane removal efficiencies of 43.5 + 2.3, 43.2 + 3.4 and 43.5 +
4.2%) recorded in stages II, IIl and IV, respectively. Similarly, the
bioreactor achieved a maximum PCO, of 110.8 + 2.0 g m > h™! by day
7 at the end of the exponential growth phase. Then, PCOy dropped
sharply during the first two days stabilizing at 64.9 + 7.2, 60.3 £+ 7.0,
57.1 &+ 5.8 and 61.7 & 7.2 g m~> h™! in stages I, II, III and IV, respec-
tively. Along with the reduction of the nitrogen load throughout the
different stages, no statistically differences were observed in the
methane mineralization ratio (PCO2/CH4-EC), which averaged 2.5 +
0.2,2.4 + 0.4, 2.3 + 0.2 and 2.6 + 0.3 g CO, (g CH,) ! during stages I,
II, III and IV, respectively. Likewise, the consumed O, to CH4 ratio
remained constant at 1.58 £ 0.09 throughout the entire experiment.

3.2. Test series 2 — CHy biodegradation and PHB production under
different feast-famine regimes (24-h cycles, discontinuous feeding)

At the end of the feeding periods, N-NOg3™ concentrations of 13.7 +
1.8,10.0 £ 1.9, 6.1 & 1.5 and 7.9 + 2.8 mg L ™! were observed in stages
L, IL, IIT and IV, respectively (Fig. 3a). By the end of the limitation pe-
riods, complete removal of N-NO3” was achieved in stages I and II, with
partial elimination (~60%) in stage III. From cycle 18 (stage III) on-
wards, the N-NOj3™ concentration in the cultivation broth at the end of
the cycles gradually increased, reaching a concentration of 10.1 mg L™*
by the end of the experiment (stage IV). Low concentrations of N-NOy’
(<4.5 mg L 1) were observed throughout the test. However, from cycle
27 onwards (stage IV) N-NOy remained in the system with a concen-
tration of 3.8 + 0.5 mg L1 (Fig. 3a). In addition, the presence of re-
sidual total nitrogen increased from 8.1 + 6.0 (stage I) to 63.0 + 12.8
mg L1 (stage IV). Cultivation broth pH of 6.9 £ 0.1, 7.0 + 0.1, 7.1 + 0.0
and 7.2 + 0.0 were recorded in stages I, II, IIl and IV, respectively.
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Fig. 3. Time course of (a) NO3-N (hexagons) and NO,-N (squares), N supply
(continuous line) (b) PHB content (empty diamonds) and biomass concentra-
tion (solid diamonds), and (¢) CH4-EC (empty circles) and PCO- (solid circles)
in Test series 2. Vertical dashed lines separate the different operating stages.

Following inoculation, biomass concentration steadily increased
throughout the cycles until the end of stage II, where a maximum con-
centration of 2.38 + 0.01 g L™! was reached. Afterwards, biomass
concentration levelled off at 2.19 4+ 0.12 g L™! during stage III, whereas
cell concentration in stage IV dropped to values below 1.90 + 0.04 g L!
from cycle 25 onwards (Fig. 3b). Batch cultivation under N deprivation
and presence of methane resulted in an initial PHB content of 7.1 +
1.4% in stage I, which gradually decreased to 0.4 + 0.0% by the end of
stage I with the implementation of the cyclic operation. M. parvus
exhibited a greater PHB accumulation during stage II, where PHB con-
tent varied from 1.9 + 0.9% (cycle 8) to 7.5 + 0.7% (cycle 14), corre-
sponding to a volumetric PHB productivity of 12 g-PHB m ™~ d~! at the
end of the stage. During these two first stages, both PHB consumption
and accumulation phases in each cycle were clearly differentiated
regarding PHB content, as shown in Fig. 3b. In stage III, the PHB content
remained stable at 8.0 + 1.0%, corresponding to a volumetric PHB
productivity of 9 g-PHB m~ d L. Finally, PHB content in cells during
stage IV dropped below 4.5% from cycle 25 onwards.

Following batch cultivation (day 3), the system exhibited a CH4-EC
and a PCO, of 25.3 + 1.1 and 70.8 + 2.3 g m~> h™!, respectively
(Fig. 3c). Subsequently, CH4-EC averaged 25.3 &+ 1.4 g m > h™! (cor-
responding to removal efficiencies of 42.9 + 2.1%) in stages I and II, and
during the first four cycles of stage III (cycles 15-18). From cycle 19
(stage III) to cycle 25 (stage IV), a sharp decrease in CH4-EC was
observed, which eventually stabilized at 8.8 + 1.4 g m~> h™!. Similarly,
PCO;, did not vary significantly among stages I, II and III with values of
59.4 + 5, 65.4 + 4.6 and 61.9 + 13.2 g m > h™}, respectively, while a
gradual decrease to stable values of 24.7 + 3.4 g m~> h™! was recorded
in stage IV. The reduction in the nitrogen loading rates induced a slight
increase in PCO2/CH4-EC from 2.4 4 0.2 g CO4 g’1 CHy4 (stage I) to 2.7
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4+ 0.3 g CO, g~ ! CHy in stages III and IV. Likewise, the consumed O, to
CH4 ratio in stage I (1.48 + 0.08) significantly differed from those values
observed in the subsequent stages (1.55 + 0.05, 1.63 4 0.10 and 1.69 +
0.12 in stages II, III and IV, respectively).

3.3. Test series 3 - CH4 biodegradation and PHB production under a 24
h-24 h feast-famine regime

After the initial cultivation period under N limiting conditions, the
culture was subjected to a 24 h:24 h cyclic operation (Fig. 4a). The
bioreactor supported a complete removal of nitrogen in the form of ni-
trate from the first cycle until the end of the test, with no formation of
nitrite observed. On the other hand, a residual nitrogen concentration in
the culture broth of 7.9 + 3.2 mg L™! was observed, while the pH
remained stable at 6.82 =+ 0.10 during the entire experiment. Following
inoculation, the biomass concentration increased up to 1.33 + 0.01 g
L ™! by the end of batch cultivation. Biomass concentration in the culture
broth progressively increased alternating decreases and increases after
each feast and famine phase, respectively, reaching a final concentration
of 2.55 + 0.01 g L™! by the end of the cycles. The PHB content, which
accounted for 34.3 + 2.4% at the end of the batch cultivation, steadily
decreased to 1.8 + 0.2% by cycle 7 with the implementation of the feast-
famine regime. However, from the famine phase of cycle 7 onwards (day
16), the PHB content in M. parvus exhibited a gradual increase to finally
stabilize during the last two cycles at average PHB contents ranging from
13.7 + 1.5 to 21.6 + 2.8% in the feast and famine phases, respectively
(which represented a PHB productivity of 20 g-PHB m~> d~1).

During batch cultivation, the system supported an initial CH4-EC of
23.3 + 1.0 g m > h~!, which decreased t0 9.0 = 2.0 g m > h~! by day 3
of operation. CH4-ECs fluctuated from ~11 to ~23 g m~> h™! during
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Fig. 4. Time course of (a) NO3-N (hexagons) and NO»-N (squares), N supply
(continuous line) (b) PHB content (empty diamonds) and biomass concentra-
tion (solid diamonds), and (c¢) CH4-EC (empty circles) and PCO, (solid circles)
in Test series 3. Vertical dashed line separates batch from continuous operation.
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cycle 1, while from cycle 2 onwards CH4-ECs remained stable at 24.9 +
15¢g m3h! (Fig. 4c) (corresponding to CH4-REs of 44 + 2%). Simi-
larly, PCO, fluctuated between ~24 and ~59 g m~> h™! at the beginning
of the cyclic operation, and rapidly stabilized at 64.5 + 3.8 gm > h~!
Moreover, no significant differences were observed neither in CH4-ECs
(24.5+1.5and 25.2 + 1.6 g m > h~1) nor in PCO, (64.5 + 4.3 and 64.1
+ 3.6 g m~> h™1) at the corresponding feast and famine phases during
the steady state. These values resulted in an average mineralization ratio
of 2.6 +£ 0.2 g CO, g’1 CH4 and in a consumed O, to CHy4 ratio of 1.60 +
0.07.

3.4. Test series 4 - CH4 biodegradation and PHB production under a 24
h—48 h feast-famine regime

Following batch operation, nitrate was completely consumed only
within the first two feast-famine cycles. From cycle 3 onwards, accu-
mulations of nitrate (up to ~38 mg L™} N-NO3™ by day 22) and, to a
lesser extent of nitrite (1.6 + 0.6 mg L1 N-NOy), were observed
(Fig. 5a). Furthermore, a residual nitrogen content in the culture broth
of 4.3 + 2.0 mg L' was recorded. The pH of the cultivation broth
averaged 7.0 + 0.6, regardless of the feast and famine phases. Initially, a
biomass concentration of 0.91 + 0.00 g L™ was reached during batch
cultivation, which steadily increased (despite marked fluctuations) up to
1.26 + 0.0 g L~ ! by the end of cycle 3 (Fig. 5b). From cycle 4 onwards,
biomass concentration gradually decreased leading to a final concen-
tration of 0.89 + 0.0 g L. Similarly, PHB accumulation, which
accounted for 41.7 + 3.4% at the beginning of the feast-famine opera-
tion, ranged from 27.2 £ 2% to 35.5 £ 1% within the first three cycles.
These figures corresponded to a PHB productivity of 21 g-PHBm > d L.
PHB content steadily decreased afterwards from 35.0 + 0.3% to 26.1 +
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Fig. 5. Time course of (a) NO3-N (hexagons) and NO,-N (squares), N supply
(continuous line) (b) PHB content (empty diamonds) and biomass concentra-
tion (solid diamonds), and (¢) CH4-EC (empty circles) and PCO- (solid circles)
in Test series 4. Vertical dashed line separates batch from cyclic operation.
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0.5% by the end of the experiment.

Following inoculation, the system reached a CH4-EC of 26.3 £ 0.8 g
m~>h~! by day 1, which dropped to 5.6 & 0.3 gm > h~! in the following
two days. With the implementation of the 24 h:48 h feast-famine regime,
CH4-EC markedly fluctuated from 4.8 + 0.6 to 24.6 &+ 0.3 g m > h™!
during the first two cycles (corresponding to REs of 8 + 1 and 40 + 1%,
respectively). Less sharp fluctuations were observed during cycles 3 and
4, stabilizing from cycle 5 onwards at 7.7 + 1.2 g m~> h™! (corre-
sponding to a CH4-RE of 12.5 + 2.0%) (Fig. 5c). Likewise, PCO3 fluc-
tuated between ~9 and ~52 g m~> h ! in the first two cycles. From cycle
3 onwards, PCO, decreased from 41.3 + 3.5 g m > h™! by day 9-15.6 +
1.7 gm 3 h! at the end of the experimentation period. Throughout the
feast-famine regime the mineralization ratio averaged 2.5 + 0.6 g CO5 (g
CH,) ™!, with values >3 g CO, (g CH4) ! being occasionally recorded at
the end of the cycle. Finally, the consumed O5 to CH,4 ratio was 1.60 +
0.2 regardless of the operational phase.

4. Discussion

The operational criteria for a cost-effective PHB production in a
single-stage process should not only rely on the biopolymer content
accumulated in the cells, but also provide favourable environmental
conditions for a sustained methanotrophic activity in the long term
operation. In this context, only process operation with a continuous
nitrogen supply (Test Series 1) and 24 h:24 h feast:famine cycles (Test
Series 3) supported a steady methane abatement (~25gm > h }) and a
complete nitrate removal. The methane elimination capacities here
recorded were comparable with those reported in other STRs using
methanotrophic consortia, which ranged from 20 + 3t0 33 + 1 gm™>
h~! at 500 and 800 rpm, respectively (Rocha-Rios et al., 2010), although
lower than those reported by Munoz et al. (2018) at a similar stirring
velocity (42.5 + 5.4 gm~3h™!). Despite gas bubble disruption caused by
the mechanical agitation (herein supported by a Rushton turbine)
typically increases biocatalytic activity by enhancing CH4 bioavail-
ability in the cultivation broth, preliminary works in our lab (data not
shown) suggested that high stirring rates (>600 rpm) negatively
impacted CHy4-ECs likely due to the high shear stress on M. parvus cell
membrane. Superior CH4-ECs (~41 g m~> h™!) were obtained by
Methylocystis hirsuta in a bubble column bioreactor under cyclic opera-
tion (24 h:24 h) fed with air:biogas mixtures and operated with internal
gas recirculation at the same gas residence time (60 min) and a gas
recirculation ratio of 30 (Rodriguez et al., 2020b). Nitrate was not found
to be inhibitory per se for M. parvus at any of the N concentrations of the
present work, which remained always below the concentration found to
hinder methanotrophic activity (280 mg L™' N-NOs") in other type
[I-methanotroph such as Methylosinus sp. (R-45379) (Hoefman et al.,
2014). Cell biosynthesis under continuous nitrogen supply (Test Series
1) and 24 h:24 h feast:famine cycles (Test Series 3) evidenced assimi-
lative N-nitrate uptake, as only small transient peaks of nitrite were
detected. This assimilatory pathway involves nitrate reduction to nitrite
and further to ammonia, which are mediated by nitrate and nitrite re-
ductases, respectively (Cai et al., 2016), and N assimilation via the
glutamate cycle, a general characteristic of the Alphaproteobacteria class
(Trotsenko and Murrell, 2008).

During Test Series 2, nitrogen feast-famine cycles of 11 h:13 h (110%
N supply — stage I) and 8 h:16 h (80% N supply - stage II) supported
comparable results in terms of bioreactor performance, with a stable
methane biodegradation (~25 g m™ h™') and total nitrogen uptake.
However, under more severe nitrogen limiting conditions such as those
applied in stages III and IV in Test Series 2 with a feast-famine cyclic
operation of 6 h:18 h (60% N supply) and 4 h:20 h (40% N supply),
respectively, and in Test Series 4 with a cyclic nitrogen deprivation
phase of 48 h (33% N supply), nitrate levels in the culture broth
increased with a concomitant accumulation of nitrite and a gradual
deterioration of the CH4-EC (accounting for a 65 and 69% CH4-EC
reduction in Test Series 2 and 4, respectively, by the end of the
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experiment). A recent paper, reporting the Genome Scale Metabolic
Model of M. parvus OBBP, elucidated that nitrite can be produced not
only via assimilatory and dissimilatory nitrate reduction during CHy4
degradation (Hoefman et al., 2014), but also via internal PHB con-
sumption coupled to denitrification under anoxic conditions (Bordel
et al., 2019b). This suggests a tentative explanation for nitrite formation
in Test Series 2 (stage IV) and 4 (with N-NOy™ concentrations of 3.8 +
0.5 mg L™ and 1.6 + 0.6 mg L™, respectively), where the stored PHB
could have been likely used as an energy source under oxygen limiting
conditions. Indeed, the 2:1 O5:CHy4 ratio present in the inlet gas stream
was likely not sufficient to cope with the additional oxygen demand for
PHB oxidation. M. parvus inability to assimilate nitrite and the
concomitant deterioration of the methanotrophic activity observed
under these nitrogen limiting conditions could be tentatively explained
by the fact that nitrite inhibits the enzyme formate dehydrogenase (King
and Schnell, 1994). This inhibition limits the generation of the reducing
power required to reduce nitrite into ammonia (3 mol of NADH per 1
mol NO;y ") via the NADH-dependent nitrite reductases. Even though the
inhibitory effects of nitrite on methanotrophs are widely known (King
and Schnell, 1994; Nyerges and Stein, 2009), genome sequences of
closely related species, such as Methylocystis sp. SC2 and Methylocystis
hirsuta, revealed the potential to cope with its toxicity through partial
and complete denitrification pathways, respectively (Bordel et al.,
2019a). In this sense, while nitrite concentrations above 25 mM seem to
completely inhibit M. hirsuta growth (Nyerges et al., 2010, Rodriguez
et al., 2020a, b), a certain tolerance has been observed to lower nitrite
concentrations (~2 mM, Nyerges and Stein, 2009). Although nitrous
oxide was not analyzed in this study, the results herein obtained did not
support an active detoxification mechanism by M. parvus.

The CH4 mineralization ratios under all nitrogen supply strategies
investigated (2.3 + 0.2-2.7 + 0.3 g CO3 (g CH4)_1) remained above
those reported under balanced growth conditions (<2.2 g COz (g
CH4)’1) (Garcia-Pérez et al., 2018; Rodriguez et al., 2020b) at a similar
gas residence time in the bioreactor. This discrepancy may be attributed
to the co-utilization of the stored PHB and CH4 to aid NADH regenera-
tion (4 CO; per C4HgO3), particularly noticeable under severe nitrogen
stress conditions (<40% N supply) (Pieja et al., 2011; Sipkema et al.,
2000). For instance, PHB content decreased by nearly 45% during the
operating stage under feast-famine cycles of 4 h:18 h (stage IV - Test
Series 2). However, it is also worth noting that mineralization ratios
peaked occasionally above 2.8 g CO, (g CHy)™! (corresponding to
mineralization ratios above 100%), suggesting also an active endoge-
nous cell respiration (Garcia-Pérez et al., 2018), very likely in scenarios
with longer N deprived conditions (24 h:48 h cycles - Test Series 4),
where PHB exhibited only a decrease by 25% at lower ECs. Overall, the
observed O5:CH,4 consumption ratios (~1.6) were remarkably consistent
with those reported by Chen et al. (2020), Karthikeyan et al. (2015) and
Pieja et al. (2011) for PHB production, who estimated ratios of 1.6
(mechanistic model), 1.5 (stoichiometry) and 1.5 (empirical for
M. parvus), respectively. Nevertheless, an increasing trend was observed
under progressive nitrogen limiting conditions in Test Series 2 (e.g.:
from 1.48 + 0.08 (stage I) to 1.69 + 0.12 (stage IV)), which could be
likely attributed to the occurrence of other Op-consuming processes such
as the co-consumption of PHB (which decreased from 12.5 to 3.6%
(w/w)) and dissolved organic matter associated to excreted metabolites,
cell lysis or other type of contamination. In this regard, an increase in the
TOC concentration from 16.8 mg L7lin stage I to 368.7 mg L7'in stage
IV was recorded.

Nitrogen starvation for 72 h under batch operation initially yielded
PHB contents ranging from 7 to 42%, which were consistent with those
reported for M. parvus OBBP (14-50%) under nitrate limitation in serum
bottles (Pieja et al., 2011; Rostkowski et al., 2013). The continuous
cultivation of M. parvus (Test Series 1) at decreasing nitrogen loads
yielded low P(3HB) accumulations (~2%) with no significant differ-
ences among stages. Interestingly, stepwise reductions in the nitrogen
loading rate did not progressively boost PHB accumulation in the
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cultivation broth (as moderate intracellular PHB contents were only
sporadically observed). Nonetheless, M. parvus was able to thrive on the
CO,+CHy4 mixture regardless of the nitrogen loading rate as demon-
strated by a steady elimination capacity and a constant biomass pro-
ductivity. These results suggest that process operation under continuous
nitrogen supply below stoichiometric requirements enabled concomi-
tant biopolymer synthesis and consumption, as PHB may serve as a
reducing power source to cover the great energy demand of MMO,
allowing pMMO activity in the presence of an exogenous carbon source
(i.e. CHy) and N-nitrate assimilation (Pieja et al., 2011). In addition, this
study suggested that M. parvus was capable of utilizing gas Ny as ni-
trogen source concomitantly with NO3™ assimilation. Indeed, biomass
yields of 0.41 + 0.05, 0.31 + 0.06, 0.30 + 0.02 and 0.37 + 0.05 g
biomass (g CH4 degraded)_l were recorded under N-NOs" loading rates
representing 110, 80, 60 and 40% of the theoretical nitrogen demand at
the empirical CH4-EC. In fact, Ny fixation in type II methanotrophs was
demonstrated to occur at oxygen partial pressures of up to 0.2 atm
(Murrell and Dalton, 1983; Rostkowski et al., 2013). At this point, it
should be stressed that continuous PHB production systems are still
quite unexplored in comparison with batch and fed-batch PHB pro-
duction systems (Blunt et al., 2018; Koller, 2018).

Nevertheless, the volumetric PHB productivities herein recorded
(3-5 g-PHB m™> d™!) were below those reported by other PHB-
accumulating bacteria under continuous culture. For instance, Ramsay
et al. (1990) reported a productivity of 7.2 kg-PHBV m~> d~! using
sucrose and propionic acid as a carbon source by Azohydromonas lata in
a single-stage CSTR. In addition to the limited bioavailability of the
carbon source in the liquid phase for methanotrophs, a possible expla-
nation to this discrepancy is that, unlike other PHB-producing micro-
organism, PHB synthesis by M. parvus is not growth-associated (Bordel
et al., 2019b; Rostkowski et al., 2013). Conversely, identical N loading
rates to Test Series 1 with chronological separation of both growth and
accumulation phases (24 h-cycles in Test Series 2) featured different
outcomes in terms of PHB accumulation. Thus, PHB consumption pre-
vailed over PHB accumulation under an 110% N supply (11 h:13 h cy-
cles - stage I) whereas cycles providing a larger N limitation (i.e. 8h:16 h
cycles —stage I and 6 h:18 h cycles — stage II corresponding to N supplies
of 80 and 60%, respectively) boosted the accumulation of PHB in the
cultivation broth (while maintaining a good system performance
throughout the entire test only in stage II). Therefore, the volumetric
PHB productivities (12 g-PHB m~> d™1) corresponding to the end of
stage II in Test Series 2 increased by a factor of ~4 compared to
continuous cultivation. These results evidenced the need of decoupling
both growth and PHB synthesis phases to achieve improved PHB pro-
ductivities. The assessment of the long-term operation under N
feast-famine cycles of 8 h:16 h (stage II, Test Series 2) would be required
as microbial stability might be affected in the long-term by the low
dilution rate and the accumulation of dissolved metabolites such as
formaldehyde (up to 120 mg-TOC L™! were measured by the end of the
stage II) (Marx et al., 2004). The 24 h:24 h feast-famine strategy (50% N
supply — Test Series 3) featured PHB contents of 22% and the highest
PHB productivity (20 g-PHB m > d~!), almost doubling the PHB pro-
ductivities achieved during shorter cycles (Test Series 2) with a stable
methane elimination capacity. These productivities were comparatively
lower than those reported for M. hirsuta (~50 g-PHB m~3 d_l) by
Rodriguez et al. (2020b), who operated a bubble column bioreactor
under 24 h:24 h cycles with higher CH4-ECs and alternating supply of
NMS and NFMS. On the other hand, a further increase to 48 h of N
limitation (33% N supply — Test Series 4) resulted in PHB-rich cells
(35.5%) and similar volumetric PHB productivities (21 g-PHB m3dh.
Unfortunately, the process collapsed following 3 cycles of 24 h:48 h
nitrogen feast:famine operation. Previous works subjecting Methylocystis
hirsuta to N-deprivation periods of 48 h under continuous supply of
methane/biogas also entailed a deterioration of the microbial activity
followed by an eventual system collapse (Garcia-Pérez et al., 2018;
Rodriguez et al., 2020b). These outcomes underlined the need for
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optimizing the period under nitrogen limitation to guarantee a sustained
CH4 abatement and a maximum PHB content.

The scaling-up of this process is currently under study in a pilot scale
unit (9 m3) located in a biogas production facility within the framework
of the European project URBIOFIN. In this context, the nitrogen feeding
strategy that led to the highest PHB productivities will be implemented
in the following months for the continuous production of PHB. Among
main drawbacks, the use of pure cultures entails a high risk of microbial
contamination in the bioreactor. Nonetheless, the purity of the meth-
anotrophic cultures can be well-preserved if growth and nutrient
depriving conditions provided are somehow balanced. Otherwise, the
presence of predators (i.e. protozoa) can ocurr. Regarding the biore-
actor, the stirred tank bioreactor is the dominant vessel of choice in the
biotechnology industry. In this regard, lower stirring velocities may be
considered for the scaling-up, which would decrease the shear stress in
the culture at the expense of lower CH4 mass transfer rates.

5. Conclusions

This work constitutes the first study assessing strategies for a
continuous biogas-based PHB production by M. parvus. The best oper-
ational strategies supporting an effective PHB production (12-20 g PHB
m % d~1) without compromising process stability were based on nitro-
gen feast-famine cycles of 8 h:16 h and 24 h:24 h (representing stoi-
chiometric nitrogen inputs of 80 and 50%, respectively). Conversely,
exposures to nitrogen-limiting periods 2-folds higher than the duration
of the nitrogen feeding phase (6 h:18 h, 4 h:20 h and 24 h:48 h) entailed
a deterioration in methanotrophic activity at nitrogen inputs <60%.
Continuous N feeding did not facilitate an effective PHB production
despite nitrogen limitation. These results evidence that a proper design
of the feast-famine phases and mineral medium is crucial to sustain
stable CH4 utilization and PHB production, and ultimately to efficiently
scale up the biorefinery process.
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