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ABSTRACT

The linear plastic value chain and the inefficient end-of-life management raise significant environmental con-
cerns. As closed-loop recycling alone cannot effectively handle mixed post-consumer plastics, with polyolefins
(PO) representing 40% of it, innovative strategies are needed to complement recycling and avoid mismanage-
ment of plastic waste. Currently, there is no “one-fits all” solution to solve the plastic waste challenge, but a
proper integration of different technologies could provide a substantial contribution. Here, we demonstrate a
tandem process combining pyrolysis and microbial consortia-based biotechnological conversion to upcycle PO
waste into the biodegradable polymer polyhydroxyalkanoate (PHA). Using a top-down and bottom-up eco-en-
gineering approach, we developed efficient PO pyrolysis wax-utilizing mixed microbial consortia (MMC) and
defined mixed consortia (DMC). Under nitrogen-limiting conditions in shake-flask experiment, DMC of Serratia
nematodiphila and Cupriavidus necator H16 produced 193.0 + 4.3 mg/L PHA, comparable to enriched MMC
(138.6 + 51.5 mg/L). Employing batch fermentation with pulse-feeding of PO wax increased PHA titer of the
MMC process by 4.4-fold in shake-flask, while no change or even decrease in titer was observed in DMC, likely
due to inhibition and altered interspecies interactions. Consequently, 1.5 L-fed-batch fermentation with hybrid
feeding strategy (exponential feeding, followed by pulse feeding) was further developed to increase PHA titer,
yield, and productivity from the MMC process. The final titer at 96 h was 772.1 + 93.3 mg/L, or 5.6-fold
improved from unoptimized shake-flask process. PHA yield and productivity peaked at 50 h, achieving 0.049
+ 0.005 gPHA/gPOwax-added, and 13.2 + 1.4 mg/L/h, representing 2-fold and 1.5-fold increases, respectively,
compared with the unoptimized feeding scheme. The results represent the highest reported PHA titer from non-
oxidized PO pyrolysis wax, achieved solely through optimization of fed-batch feeding strategy relying solely on
PO wax.

1. Introduction

accumulation rate. As the world’s plastic production and consumption
are projected to triple by 2060, a different circularity thinking in the

Plastic production uses 8 % of global crude oil consumption and
contributes to 3.3 % of global greenhouse gas emission [1,2]. Given the
current poor recycling rate of <10 %, the plastic value chain is still
mostly linear, causing environmental pollution and inefficient use of
fossil feedstock, as it is locked in the non-renewable recalcitrant plastics
[3,4]. The consumer behavior and single-use culture of plastic com-
modity materials have surpassed the projections of global plastic
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plastic value chain needs to be implemented to reduce the negative
impact of post-consumer plastics [5]. A European Strategy for Plastics in
a Circular Economy was launched by the European Commission in 2018,
stating that all plastic packaging placed on the EU market is expected to
be either reusable or recyclable in a cost-effective manner by 2030.
Given the current state of recycling, novel and complementary tech-
nologies are very much needed to achieve such goal.
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Biotechnology approach can give added value to plastic waste (so-
called “bio-upcycling”). Using plastic waste as a biorefinery feedstock in
addition to conventional biomass to produce renewable plastics pro-
motes circularity in the plastic economy and could even lead to
enhanced polymer functionalities [6,7]. To give examples of such pro-
cess, ethylene glycol and terephthalic acid from enzymatically hydro-
lyzed polyethylene terephthalate (PET) can be upcycled to poly
(ethylene furanoate) (PEF), polyhydroxyalkanoates (PHA), and poly
(amide urethane) via microbial conversion processes [6-9]. Even
though such processes would be ideal for post-consumer plastic upcy-
cling, most studies focus on PET, which represents only 6 % of global
plastic waste, because the enzymatic hydrolysis process for PET depo-
lymerization has already been demonstrated and is currently being
scaled-up by Carbios. Unlike PET, recalcitrant polyolefins (PO) are
unhydrolyzable due to their C-C backbone and high crystallinity, and the
discovery of efficient depolymerization enzymes on real PO waste is still
a major challenge [10,11]. However, PO are heavily used for short
shelf-life packaging material, representing >45 % of world plastic pro-
duction in 2024; thus, this fraction cannot be ignored [3,12]. Due to the
extreme recalcitrance of PO toward biological depolymerization, an
integrated process, in which PO are first depolymerized by thermo-
chemical processes (e.g., pyrolysis, hydrogenolysis, liquefaction, etc.)
[13-16], and then valorized through the bio-upcycling of the lower
value deconstructed products (such as pyrolysis waxes), represents a
more promising approach.

PHA belong to a family of microbial polyesters and can be used as
bio-based biodegradable thermoplastic [17]. PHA are accumulated
intracellularly under environmental imbalanced conditions such as
nutrient (nitrogen, phosphorus, and sulfur) limitation, excessive carbon,
and alternate oxygen deficiency [18]. PHA have a wide diversity of
monomers, resulting in variations in polymers and copolymers, leading
to different properties. Thus, they can replace some fossil-based plastics
in a range of applications, e.g., consumer goods, packaging, medical
appliances, and agricultural films [19]. According to the Waste Frame-
work Directive, bio-based and biodegradable/compostable plastics hold
great potential for food-contaminated packaging or in cases where waste
collection is impossible [20]. Upcycling conventional plastic waste into
biodegradable plastics like PHA addresses all aspects of plastic waste
management by giving value to end-of-life materials and producing new
materials with lower environmental hazards.

Microbial mixed cultures have been applied in different bio-
processes, including PHA production, and shown to be more advanta-
geous than monocultures in many aspects [21]. Mixed cultures can
provide complementary metabolic pathways to catabolize a wide range
of complex/recalcitrant substrates and channel them for PHA produc-
tion under favorable conditions, overcoming the limitation of the
metabolic capacity of a single strain and its low conversion efficiency
[22,23]. Open mixed microbial consortia (MMC) have the advantage of
operating under non-sterile conditions and provide versatility in using
contaminated substrates [17]. For example, an enriched MMC domi-
nated by Xanthobacter, Rhodococcus, Paracoccus, and Acinetobacter was
shown to accumulate PHA (0.42 CmolPHA/CmolSubstrate) from crude
glycerol fermentation effluent (composed of volatile fatty acids (VFA)
and 1,3-propanediol) [24]. PHA production (0.31-0.32 Cmol-
PHA/CmolSubstrate) was also obtained from bio-oil, a complex mixture
of alcohols, aldehydes, ketones, carboxylic acids, and other polar com-
ponents, by MMC [25]. Use of artificial microbial consortia, or defined
mixed consortia (DMC), in which a number of known microbes are
co-cultured, is another mixed culture strategy that can lead to improved
performance in specific applications, depending on the design of the
consortium [26]. DMC constructed with synergistic substrate degraders
and PHA producers were shown to accumulate high levels of PHA. For
instance, the DMC composed of inulinase enzyme producer Bacillus
gibsonii and PHA producer Cupriavidus necator was able to accumulate up
to 80 % of PHA in cell biomass from inulin (a polysaccharide found in
the roots and tubers of various crops) [27].
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To date, there has been very limited research exploring mixed cul-
ture processes for PHA production from conventional plastic waste. This
study aims to select and design microbial consortia capable of producing
PHA solely from PO pyrolysis wax by employing two engineering stra-
tegies: a top-down approach (for MMC) and a bottom-up approach (for
DMC). These processes are expected to harness the robustness and
resilience of microbial consortia, enabling the direct upcycling of PO
pyrolysis wax without additional chemical pretreatment typically used
to pre-oxidize the wax [16,28], facilitating its bioavailability for mi-
crobial uptake. Additionally, bioprocess optimization through refining
the feeding strategy for fed-batch fermentation was performed to
improve PHA titer, yield, and productivity, promoting scalability and
preparing the transition from laboratory towards larger-scale processes.

2. Materials and methods
2.1. Enrichment and assembly of microbial consortia

Top-down engineering of MMC: The soil and leachate samples
were collected from a plastic landfill located in Avedgre (Greater
Copenhagen Area) and enriched on Mineral Salt media (MSM) [29] with
10 g/L PO wax at 30 °C and 150 rpm. The enrichment was performed by
subculturing every four weeks during the first three cycles and then
every two weeks for the rest five cycles to select PO wax-degrading
MMC. In our previous study, adaptive laboratory evolution (ALE) was
then performed by transferring logarithmic growth MMC to fresh me-
dium for several cycles, with stepwise increased PO wax concentration
from 10 to 60 g/L from various substrates. 16 s full-length amplicon
sequencing (PacBio Sequel II/Ile) was used to analyze microbial di-
versity in enriched and adapted MMC [30]. The best performing MMC,
namely W2-ALE, was used in this study. It is comprised of Steno-
trophomonas (57.4 %), Sphingobacterium (17.3 %), Ochrobactrum (6.1 %),
and Achromobacter (4.8 %) as the dominant genera. Other known PHA
producing genera, such as Pseudomonas (1.3 %) and Xanthobacter (1.5
%) were also present in the consortium.

Bottom-up engineering of DMC: Enriched MMCs (after 7th sub-
culturing cycle) were used as the source for bacterial isolation by the
traditional spread plate technique on MSM agar plates containing 1 g/L
PO wax and supplemented with 0.02 g/L yeast extract. Single colonies
were transferred to LB agar plates and re-streaked several times to
obtain single isolates. Cryostocks were prepared in LB media with 30 %
glycerol and stored at -80 °C. 15 distinct colonies were isolated, and
Sanger sequencing of 16 s rRNA (Eurofins Genomics, Cologne, Germany)
was performed to identify bacterial species. The isolates, excluding the
(potential) pathogenic bacteria, were individually tested for their ability
to utilize PO wax (10 g/L), and those with high growth were selected for
DMC screening experiments (Fig. S1).

Three isolates, identified as Acinetobacter proteolyticus NIPH 809
(Ap), Pseudomonas plecoglossicida NBRC 103162 (Pp), and Serratia
nematodiphila DSM 21430 (Sn) (99.51 %, 99.49 %, and 99.51 % simi-
larities, respectively), were subjected to whole genome sequencing by
llumina NovaSeq 6000 platform (GENEWIZ, Azenta Life Sciences,
Leipzig, Germany) and used in this study as PO wax degraders. Known
PHA-producing bacteria, including Cuprividus necator H16, Pseudomonas
putida KT2440, Pseudomonas umsongensis GO16, and P. umsongensis
GO16 AlysR, were combined with the PO wax degraders to construct 2-3
membered DMCs. All DMCs were prepared by mixing the 18-h-old
monocultures of each strain (adjusted to an OD600 of 1.0) at the ratio
of 1:1 (or 1:1:1). The final OD600 of constructed DMCs was 1.0, and 10
% (v/v) of these DMCs were used for inoculation in shake-flask PHA
production experiment. PHA production from the DMCs was compared
to that of individual monocultures and the MMC.

2.2. PHA production media and shake-flask PHA production experiment

PHA production media contained 2.2 or 10 g/L PO wax emulsion
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(1.86 or 8.62 gC/L) (if not stated otherwise), nitrogen source at 0.065
gN/L (nitrogen-limiting condition) or 0.26 gN/L (nitrogen-non-limiting
condition) (if not stated otherwise), 9 g/L NaoHPO4e12H50, 1.5 g/L
KH3PO4, 200 pg/mL MgSO4e7H20, 2 mg/L ZnSO4e7H0, 1 mg/L
CaCl,e2H,0, 5 mg/L FeSO4e7H,0, 0.17 NapMoOs, 0.2 mg/L
CuSO4e5H50, 0.4 mg/L CoClye6H50, 1.22 mg/L MnCl,e4H50, and 10
mg/L EDTA. PO wax-in-water emulsion was prepared by mixing the
desired amount of melted PO wax with an oil-soluble surfactant, Span 80
(0.1 % w/v), at approximately 80 °C, while in another beaker, mixing
sterile distilled water with a water-soluble surfactant, Tween 20 (0.1 %
w/v), at approximately 85 °C. The wax phase was dropwise added into
the water phase under stirring to create emulsion, followed by ultra-
sonication for 10 min (30 s on and 30 s off interval at 80 % amplitude).
PO wax from commercial pyrolysis of mixed PO was provided by Waste
Plastic Upcycling (WPU) Denmark (Vitol), containing 91.6 % alkanes,
7.8 % alkenes, and 0.6 % aromatics [30]. Aliphatic hydrocarbon
composition in this PO wax ranged from C12 to C40, as demonstrated by
the gas chromatography-mass spectrometry (GC-MS) chromatogram
(Fig. 1). Carbon and nitrogen were shown to be 86.21 % and 0.35 % by
weight of PO wax, analyzed by an elemental analyzer (FlashSmart™,
Thermo Scientific).

The shake-flask batch PHA production experiments were carried out
in 250 mL-flasks with the working volume of 50 mL at 30 °C and 200
rpm for 48 h. For shake-flask batch with pulse-feed, batch cultivation
with a starting volume of 50 mL was performed for 24 h, then a small
volume of concentrated PO wax emulsion (20 g/L) in MSM without
nitrogen addition was pulse-fed twice every 16 h interval to achieve a
final PO wax concentration of 2 g/L per pulse in the flask. Prior to each
pulse-feeding, 5 mL of culture was withdrawn for further analysis. The
inocula for each experiment were harvested from 18-h-old MMC or DMC
at the OD600 of 1.0 with the inoculum size of 10 % (v/v); the starting
0OD600 in flasks was 0.1. Cells were collected and freeze-dried for cell
dry weight (CDW) and PHA content analysis.

2.3. Bioreactor-scale PHA production by fed-batch with hybrid feeding
strategy

Bioreactor-scale PHA production was carried out in 1.5 L-Twin
Modular Bioreactors (KBiotech, Switzerland). Fed-batch cultivation was
performed, starting with 24 h-batch operation under nitrogen-non-
limiting condition, followed by fed-batch for the rest of cultivation
time until 96 h. The pH (EasyFerm Bio HB Arc, Hamilton, Switzerland),
DO (VisiFerm DO Arc HO, Hamilton, Switzerland), and temperature
(PT100 Evomini#M-3, Italcoppie, Italy) probes were connected to the
bioreactor’s vessels to monitor cultivation conditions. The pH was
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maintained at 7.0 with the addition of 1 M NaOH or 1 M H3SOj4. Dis-
solved oxygen (DO) was controlled at 20 % by cascade control of
agitation rate (150-750 rpm) and aeration rate (compressed air at 0-1
NL/min). The temperature was controlled by a water jacket at 30 °C.

The fermentation started with an initial batch phase with a working
volume of 278 mL of 1.1 g/L PO wax emulsion in MSM and 1.58 g/L
NaNOs3 (10 % (v/v) inoculum at OD600 = 1.0, resulting in an initial
0OD600 of 0.1 in bioreactor). For the following fed-batch phase, feeding
strategy (including exponential feeding and pulse feeding) was opti-
mized to achieve higher cell biomass and PHA production. As PO wax is
not soluble in water, the feed tanks were prepared by emulsifying
relatively low concentrations of 10 and 20 g/L PO wax in MSM, with
1.58 g/L NaNOg3 and without NaNOsg, for exponential and pulse feeding,
respectively. Substrate concentration required to produce biomass Xt at
time t during exponential feeding was calculated based on the following
equation:

S = (XO / Yx/s)em (€]
where Xj is the initial biomass (gCDW/L), Y,/ is biomass yield identi-
fied from preliminary batch cultivation, and p is fixed at 75 % of average
specific growth rate identified also from preliminary batch cultivation.

Samples were taken periodically for the analysis of OD600, CDW,
PHA content, and PO wax concentration.

2.4. Substrate, nitrogen, and PHA content analysis

Substrate (PO wax) quantification was analyzed by GC-MS analysis
of hydrocarbon concentrations in the dichloromethane (DCM) extracted
samples. Samples and DCM were mixed in the ratio of 1:1 by vigorously
shaking for 30 min. Then, the samples were settled to allow phase sep-
aration, and the DCM phase was transferred to the GC vials for subse-
quent analysis by a GC (Agilent Intuvo 9000) equipped with an Agilent
DB-5 ms column (30 m x 250 pm x 0.25 pm) and a high-resolution MS
(Agilent 7010B Triple Quadrupole) with liquid injection field desorption
ionization, using the following program: injection temperature of 350
°C, column temperature program of 35 °C (2 min), using a ramp at the
rate of 25 °C/min to 100 °C, then at the rate of 50 °C/min to 350 °C and
hold at 350 °C (6.5 min).

The samples were centrifuged at 8000 rpm for 10 min, and the su-
pernatants were filtered through 0.45 pm pore sized syringe filters for
nitrogen quantification assay. Nitrate TNTplus Vial Test (TNT835,
HACH Lange, Denmark) was used to quantify nitrogen concentration, in
the form of NO3-N (mg/L).

Cell pellets after removing supernatants were washed with 0.1 M
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Fig. 1. Total ion chromatogram of PO wax (10 mg/mL in dichloromethane). Aliphatic hydrocarbons ranging from C12 to C40 were detected, accounting for up to
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phosphate buffer and subjected to freeze-drying. Freeze-dried biomass
(5-10 mg) was used for PHA content (%PHA per CDW) and PHA
monomer composition analysis using acidic methanolysis method,
described in our pervious publication [30]. 3-Hydroxyalkanoic acid
methyl esters, the products from acidic methanolysis reaction, were
subjected for GC analysis (TRACE™ 1310, Thermo Scientific), equipped
with a ZB-FAME column (30 m x 250 ym x 0.20 pm) and a
flame-ionization detector (FID). Helium was used as a carrier gas at the
constant flow rate of 1.0 mL/min. The injection temperature was 270 °C
(split ratio of 50:1). The heating program was as follows: 120 °C for 5
min, ramped to 180 °C at the rate of 10 °C/min and held for 1 min, then
ramped to 250 °C at the rate of 10 °C/min and held for 5 min. The
methyl esters of PHA monomers ((R)-3-hydroxyalkanoic acid) from
C4-12 were used as standards to identify retention times.

3. Results and discussions
3.1. Isolation of PO wax degrading strains and whole genome sequencing

Bacteria were isolated from PO wax-enriched microbial consortia by
spread plate technique. Distinct colonies were identified via 16s rRNA
amplicon sequencing. The isolates were then cultivated in a modified
MSM medium using emulsified PO wax/mineral oil blend (1:1 w/w) as a
carbon source. Acinetobacter proteolyticus (Ap), Pseudomonas pleco-
glossicida (Pp), and Serratia nematodiphila (Sn) exhibit the best growth on
PO wax as a monoculture and were subjected to whole-genome
sequencing by the Illumina NovaSeq platform (Fig. 2).

Draft genomes of Ap, Pp, and Sn exhibited high completeness (100
%, 99.92 %, and 99.85 %, respectively), with low contamination of
foreign DNA sequences (1.74 %, 0.99 %, and 0.89 %). The genome
characteristics of Ap, Pp, and Sn are given in Table 1. Overall, 2594,
5543, and 5031 genes were predicted in Ap, Pp, and Sn, respectively.
Several annotated genes were likely associated with enzymatic functions
involved in petroleum or hydrocarbon degradation. For example, alkane
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Table 1
Genome annotation and features.

Characteristics A. proteolyticus  P. plecoglossicida  S. nematodiphila
GC content ( %) 41.6 62.4 59.3
No. of coding sequences 4535 5900 5781
No. of characterized 2718 4124 4200
proteins
No. of hypothetical 1817 1776 1581
proteins
No. of RNAs 69 64 79
Size (bp) 4,490,196 6,083,677 5,513,496

monooxygenases, which are alkane-degrading enzymes distributed
among many different microorganisms [31], cytochrome P450s, which
are the monooxygenases catalyzing the oxidation of aliphatic hydro-
carbons (C5-C16) [32], catechol dioxygenases, a class of bacterial
iron-containing enzymes involved in aerobic aromatic hydrocarbon
degradation [31], were present in all three isolates. Additionally, several
enzymes involved in hydrocarbon degradation pathways, for instance,
alcohol dehydrogenases, aldehyde dehydrogenases, esterases, and lac-
cases, were also found across the three isolates, indicating available
hydrocarbon degradation machineries that could be relevant to PO wax
biodegradation.

In addition, genes related to PHA metabolism, such as PHA synthase,
PHA granule-associated proteins PhaF and Phal, and PHA depolymer-
ase, were also present in Ap and Pp (but not Sn), suggesting the potential
of the two isolates as PHA-producing strains.

3.2. Construction of DMCs for PHA production test in comparison with
MMC in flask-scale

Isolated PO wax degraders (Ap, Sn, and Pp) and known PHA pro-
ducers (C. necator H16, P. putida KT2440, P. umsongensis GO16, and
P. umsongensis GO16 AlysR) were tested individually and as a co-culture

e~ i

P. piecoglossf;fda
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5,513,496 bp

-y
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Fig. 2. Three PO wax-degrading isolates and their graphical map of complete genomes.
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for PHA production in MSM using 2.2 g/L (1.86 gC/L) PO wax as a
carbon source at nitrogen-non-limiting (0.26 gN/L) or limiting (0.065
gN/L) condition. Two-membered DMCs were constructed by pairing one
PO wax degrader with one known PHA producer. In addition, three-
membered DMC consisting of Ap, Sn, and Pp was also tested as Ap
and Pp showed the ability to accumulate PHA from both PHA-unrelated
(glucose) and related (octanoate) substrates during the preliminary test
(Table S1). The adapted MMC (subsequently referred to as W2-ALE) was
tested in parallel to compare the PHA production with the DMCs.

As expected, the nitrogen-non-limiting condition (shown in Fig. 3a)
supported better growth and resulted in higher cell biomass concen-
tration, especially for Ap and the DMCs with Ap as a member. The
average cell biomass concentration was 1.90 + 0.07 gCDW/L, which is
approximately 3 times higher than the amount produced under
nitrogen-limiting condition (0.66 + 0.05 gCDW/L). As a monoculture,
all Pseudomonas strains (Pp, KT2440, GO16, and AlysR) were able to
grow on PO wax, but low biomass was observed in both nitrogen-non-
limiting (0.18-0.29 gCDW/L) and limiting condition (0.21-0.33
gCDW/L). Ap, Sn, and H16 produced more than two-fold higher biomass
than Pseudomonas strains (both under nitrogen-non-limiting condition:
1.80 + 0.01, 0.43 + 0.04, and 0.83 + 0.01 gCDW/L, respectively, and
nitrogen-limiting condition: 0.60 + 0.01, 0.67 + 0.07, 0.64 + 0.01
gCDW/L, respectively). For co-cultures, positive interaction was found
only in the DMC of Pp+KT2440 when using nitrogen-non-limiting
condition, as can be seen from increased biomass production from
0.28 + 0.02 (Pp) and 0.18 + 0.02 (KT2440) gCDW/L to 0.91 + 0.04
gCDW/L (Fig. 3a). However, PHA accumulation under nitrogen-non-
limiting condition was generally low for every monoculture, DMC,
and MMC (average of 1.4 + 0.8 % per CDW), except for GO16 (7.7 + 0.3
% per CDW), AlysR (21.4 £+ 1.2 % per CDW), and their DMCs with Sn
(Sn+GO16: 10.1 + 3.3, Sn+AlysR: 18.7 + 0.4 % per CDW) (Fig. 3b). The
nitrogen-limiting condition led to higher PHA accumulation, as ex-
pected (Fig. 3c). Interestingly, even if the DMCs with Sn as a member did
not show much higher biomass production than monocultures, they
reached significantly higher PHA accumulation. Sn+H16, Sn+KT2440,
Sn+GO16, Sn+ AlysR, and Sn+Pp accumulated PHA at 24.4 %, 7.3 %,
11.5 %, 13.0 %, and 5.2 % per CDW, respectively, whereas H16,
KT2440, GO16, AlysR, and Pp monoculture accumulated 15.8 %, 1.6 %,
6.9 %, 14.0 %, and 1.0 % per CDW, respectively. Sn by itself showed no
PHA production. Maximum PHA titer of 193.0 £ 4.3 mg/L was achieved
by using the co-culture of Sn and H16. In comparison, W2-ALE also
accumulated PHA better in nitrogen-limiting condition (20.1 %) than
non-limiting (3.1 %). Nonetheless, maximum PHA titer was 138.6 +
51.5 mg/L, less than what was seen with Sn+H16.

PHA composition in all consortia were identified by GC-FID (Fig. 3d).
DMCs with Pseudomonas sp. accumulated medium chain length PHA
(mclPHA) with C8, C10, and C12 as the dominant monomers. W2-ALE
produced both short chain length PHA (sclPHA) and mclPHA, and all
monomers from C4-12 were detected, with C8 dominance (33 %), fol-
lowed by C10 (31 %), and C9 (13 %). H16 and its DMCs with Ap and Sn
accumulated polyhydroxybutanoate (PHB) with C4 as the main mono-
mer (91-95 %), and lower ratio of C5 (4-6 %). The monoculture of Sn
exhibited a small peak in the GC chromatogram at the retention time
corresponding to the C12 monomer. However, this peak was consis-
tently observed across different analyses and experimental conditions;
therefore, it is more likely attributable to esterification of other non-PHA
cellular lipids rather than representing a true PHA monomer. The vari-
ation in monomer composition among different DMCs demonstrates the
potential of defined consortia to tailor the synthesis of specific PHA
types from the same starting substrate.

3.3. Effect of C/N on PHA production at high substrate concentration
Since the DMCs containing Sn showed an increase in PHA titer, they

were subsequently tested with higher substrate concentration (10 g/L or
8.62 gC/L PO wax), shown to be inhibitory for microbial growth
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(particularly for single strains). C/N ratio had pronounced effects on
PHA accumulation (Fig. 4). Cell biomass concentrations produced from
high carbon feed (8.62 gC/L) were not significantly different in the
mixed cultures, except for Sn+H16 and W2-ALE under C/N of 33 (NH4Cl
concentration of 1 g/L (0.26 gN/L)) (Fig. 4a). W2-ALE grew 1.6-4.2-fold
better than DMCs at high substrate concentration, producing 2.4 + 0.1
gCDW/L, as expected from the MMC enriched and adapted on PO wax
[30]. This result highlights the advantage of ALE in training MMCs to
utilize unconventional substrates.

On the other hand, in terms of PHA content per cell biomass, W2-ALE
exhibited modest PHA accumulation at both C/N of 33 (8.8 + 2.4 % per
CDW) and C/N of 133 (13.9 + 0.7 % per CDW) (Fig. 4b). DMCs Sn+H16
(22.9 £ 3.1 % per CDW) and Sn+AlysR (23.1 + 0.6 % per CDW) showed
1.6-2.6-fold higher PHA accumulation than W2-ALE at their respective
optimal C/N ratios at 133 and 33. This suggests that the designed syn-
thetic mixed culture could possibly outcompete the natural microbial
consortia in specific conditions, especially those that require a combi-
nation of specialized metabolic activities.

C/N ratio significantly affected the PHA titers of W2-ALE, Sn+AlysR,
and Sn+H16. Both W2-ALE and Sn+AlysR preferred a lower C/N of 33,
resulting in PHA titers of 207.9 + 60.3 mg/L and 163.8 + 12.6 mg/L,
respectively. In contrast, Sn+H16 achieved its highest PHA titer at a
higher C/N ratio of 133, reaching 192.6 + 26.5 mg/L. Although W2-ALE
exhibited the lowest PHA content per unit cell biomass, it produced the
highest overall PHA titer among the tested consortia, thanks to the
higher biomass titer.

It should be noted that Sn+H16 always accumulated high PHA (23.6
=+ 1.0 % per CDW (Fig. 3C) and 22.9 + 3.1 % per CDW (Fig. 4b)) only
under the condition with low nitrogen concentration (0.065 gN/L),
regardless of the carbon source concentration. Cell biomass concentra-
tions from both low (1.96 gC/L, Fig. 3a) and high (8.62 gC/L, Fig. 4a)
carbon feeds were also similar at 0.065 gN/L (accounting for C/N of 30
and 133, respectively), thus resulting in similar PHA titers (192.6 + 26.5
and 193.0 + 4.3 mg/L, respectively). This indicates that limiting nitro-
gen concentration limited PO wax utilization of Sn+H16 for both
biomass and PHA production. While under higher nitrogen conditions
(0.26 gN/L), cell biomass concentration at high PO wax increased 1.8-
fold from low PO wax. Nevertheless, very low PHA accumulations (<2
% per CDW) were observed for both carbon levels.

In the current study, PHA was produced from PO pyrolysis wax as a
sole carbon source, a hydrocarbon substrate mainly made of alkanes.
PHA biosynthesis from hydrocarbons is initiated by aerobic degradation
of alkanes, in which alkanes are sequentially oxidized to alkanols,
alkanals, and ultimately alkanoic acids. Alkanoic acids will be further
metabolized via p-oxidation [33,34]. Under nitrogen-replete conditions,
B-oxidation is the catabolic pathway that converts alkanoic acids into
acetyl-CoA, which subsequently enters central metabolism (TCA cycle)
to support energy generation and biomass formation (producing essen-
tial carbon building blocks). Under nitrogen-limiting conditions, the
intermediates from f-oxidation, specifically 2-trans- enoyl-CoA, are then
converted to the PHA monomer (R)-3-hydroxyacyl-CoA by
monomer-supplying enzymes 3-ketoacyl-ACP reductase (FabG) and
(R)-specific enoyl-CoA hydratase (PhaJ), respectively. Ultimately,
3-ketoacyl-CoA will be converted to acetyl-CoA by 3-ketoacyl-CoA thi-
olase (FadA). In C. necator and other scIPHA accumulating organisms,
two acetyl-CoA are then condensed by 3-ketothiolase (PhaA) and
reduced by NADPH-dependent acetoacetyl-CoA reductase (PhaB), and
PHA synthase (PhaC) to produce PHA [35,36]. C. necator H16 was re-
ported to have six potential active 3-ketothiolases, including PhaA and
BktB, which have a substrate specificity toward C4 and C4-6 monomers
[37]. In this study, H16 or DMC with H16 as one of the members also
showed to accumulate PHA with 94-95 % C4-monomer and 5-6 %
C5-monomer from PO wax. Although the Pseudomonas species used in
this study are known PHA producers from various substrates [16,
38-44], they exhibited lower PHA titer from PO wax (even though, in
fact, GO16 and AlysR accumulated PHA at 6.9-7.7 % and 14.0-21.4 %
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Fig. 3. Screening of DMCs in comparison with monocultures and MMC (W2-ALE) on PHA production: CDW (a), PHA content and PHA titer from the PHA
fermentation at low PO wax (2.2 g/L or 1.86 gC/L) in nitrogen-non-limited (0.26 gN/L) (b) and limited (0.065 gN/L) (c) MSM, and PHA monomer distribution (d).
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Fig. 4. PHA production by DMCs and MMC (W2-ALE) at high PO wax concentration (10 g/L or 8.62 gC/L) with C/N of 33 or 133: CDW (a), PHA content (b), and

PHA titer (c).

PHA per CDW, respectively). Pp, GO16, AlysR, and KT2440 all showed
poor growth with PO wax when tested individually (Fig. 3a), suggesting
they are not well equipped to deal with such substrate. Another reason
might be related to substrate competition between various metabolic
pathways. Alkanoic acids, the intermediate from alkane degradation,
can be shuffled toward wax ester and triacylglycerol production in some
bacteria, e.g., Acinetobacter sp., Alcanivorax borkumensis, Marinobacter
sp., Mycobacterium sp., Pseudomonas sp., Rhodococcus sp., and Strepto-
myces sp., by a CoA-dependent acyltransferase enzyme known as wax
ester synthase/diacylglycerol acyltransferase (WS/DGAT) [45,46]. This
seems to be coherent with our previous study in which we observed
substrate competition between neutral lipid and polyester biosynthesis
pathways, resulting in lower PHA accumulation using a MMC process
[301.

Sn, our most interesting isolate, was able to consume 27 % and 45 %
PO wax in 24 and 48 h, respectively (Fig. S2). Gene annotation of the
draft genome of Serratia sp. by RAST v2.0 revealed the presence of
FMNH,-dependent alkanesulfonate monooxygenases, which has similar
sequence to LadB alkane monooxygenase and may be involved in alkane
metabolism [47]. Genome mining to find alkB-like genes through ho-
mologous sequence search using BLAST showed that Sn possesses genes
with sequence similarity to alkB of some Pseudomonas, Brucella, Geo-
bacillus, and Mycobacterium species, although the similarities are
generally low (Fig. S3). Gene annotation also showed that Sn has several
genes involved in biosynthesis pathways of butanol, butyrate, lactate,
acetoin, butanediol, and fatty acids, which are all reported to be suitable
substrates for H16 [48]. This might partly explain the positive interac-
tion between Sn and H16, observed in this study. Moreover, analysis of
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the products from alkane biodegradation by Sn demonstrated that
alkanoic acids of varying chain lengths were produced, corresponding to
the alkanes supplied (Fig. S4). In principle, H16 could accumulate PHA
from the oxidized compounds, especially alkanoic acids (carboxylic
acids), derived from PO wax components metabolized by its own
metabolism and those produced by Sn.

Polymer Degradation and Stability 250 (2026) 112148
3.4. Optimizing PHA production in flask-scale

So far, the screening of mixed cultures for PHA production indicated
that the DMC of Sn and H16 and adapted MMC (W2-ALE) were the most
interesting consortia with the highest PHA accumulation. Therefore,
process optimization was performed on these two consortia to maximize
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Fig. 5. Investigated fermentation strategies to improve PHA titer from PO wax; Strategy A (Sn+H16) and B (W2-ALE) are batch fermentations under statistically
optimized conditions predicted by the models generated using Response Surface Methodology (RSM), and Strategy C (Sn+H16) and D (W2-ALE) are batch fer-
mentations with pulse-feeding of PO wax (a). PHA production from each strategy: PHA content and CDW (b); and PHA titer (c).
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PHA titers. unoptimized condition (192.6 + 26.5 mg/L). The slight increase in PHA

Firstly, the effect of the nitrogen source on PHA production was
investigated in shake-flask cultivation using a high PO wax concentra-
tion (10 g/L). Three common inorganic nitrogen forms, namely NH4Cl,
NaNOs3, and NaNO,, were used to supply NH4-N, NO3-N, and NO-N at
the concentration of 0.065 gN/L (nitrogen-limiting condition). NO3-N
promoted the highest PHA titer for both Sn+H16 and W2-ALE, ac-
counting for 22.7 % and 13.8 % higher than NHj-N, respectively
(Fig. S5). Whereas, NO>-N led to the lowest PHA production, showing
almost no PHA accumulation in Sn+H16 and 3.6 % lower PHA pro-
duction than NO3-N in W2-ALE. Accordingly, NaNOs was selected as the
nitrogen source for the subsequent experiments.

Following nitrogen source selection, strategies to improve PHA titers
were investigated in both Sn+H16 and W2-ALE using two approaches:
1) batch fermentation under statistically optimized conditions predicted
by the models generated using Response Surface Methodology (RSM),
and 2) batch fermentation with pulse-feeding of PO wax. The experi-
mental design is illustrated in Fig. 5a as Strategy A, B, C, and D, where
Strategies A and C correspond to PHA production by Sn+H16, and
Strategies B and D correspond to PHA production by W2-ALE. Detailed
discussions of each strategy are provided as following.

Strategy A: A three-factor three-level Central Composite Design
(CCD) was employed to generate experimental data for constructing
quadratic response surface models using RSM (Table S2 and Fig. S6).
The models were used to predict the optimal combination of three pa-
rameters, including PO wax concentration, NaNO3 concentration, and
DMC inoculum size for maximizing PHA titer and yield. Batch fermen-
tation using the optimal condition (1 g/L PO wax, 0.16 g/L NaNOs, and
inoculum size of 8.1 % v/v) resulted in a final PHA titer of 215.7 + 27.1
mg/L (biomass production of 0.60 + 0.06 gCDW/L and PHA content of
36.0 + 1.0 % per CDW) after 48 h, which was only 12 % higher than the

titer was primarily attributed to an increase in intracellular PHA content
(improved from 22.9 + 3.1 % to 36.0 + 1.0 % per CDW), rather than an
increase in biomass titer. Moreover, model prediction, supported by
experimental data, showed that PO wax concentrations higher than 1 g/
L resulted in similar or slightly lower PHA titers; therefore, using 1 g/L
PO wax yielded the highest PHA per substrate input.

Strategy B: The RSM-CCD optimization for W2-ALE process was
previously conducted in our published study [30]. Batch fermentation
using predicted optimal condition (20 g/L PO wax, a C/N ratio of 52.5,
and inoculum size of 10.5 % v/v) resulted in a final PHA titer of 384.1 +
46.5 mg/L (biomass production of 1.8 + 0.2 gCDW/L and PHA content
of 21.3 £ 0.2 % per CDW) after 48 h. This titer was 85 % higher than
that obtained under the unoptimized condition (207.9 + 60.3 mg/L).

Strategy C: Batch fermentation with pulse-feeding of PO wax was
performed using Sn+H16 process, aiming to enhance PHA titer by
increasing both cell biomass and PHA content. The first stage (growth
phase) was conducted in batch mode for 24 h using an initial NaNO3
concentration of 1.58 g/L (equivalent to 0.26 gN/L) and a high PO wax
concentration of 10 g/L to ensure complete nitrogen consumption. After
24 h, a second stage (PHA production phase) was initiated by nitrogen
depletion and pulse-feeding of PO wax at a concentration of 2 g/L thrice
at the interval of 16 h to supply excess carbon. The pulse feed strategy
was justified by the preliminary growth data from 24 h-batch cultivation
in shake-flasks, where PO wax uptake rate was 0.167 g/L/h under
nitrogen-non-limiting condition. At this rate, 2 g/L PO wax would
theoretically be consumed within approximately 12 h; however, the
feeding interval was extended to 16 h to account for the expected slower
uptake rate owing to nitrogen depletion during this pulse-feed period. At
24 h, the biomass concentrations reached 0.87 + 0.13 gCDW/L with low
PHA accumulation (4.5 + 0.4 % per CDW) (Fig. 5b). During the
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subsequent pulse-feeding phase, Sn+H16 exhibited neither further
growth nor PHA accumulation, and thus, the PHA production was
deplenished using this strategy (final PHA titer at 72 h of 9.5 + 1.6 mg/
L) (Fig. 5¢).

Strategy D: Batch fermentation with pulse-feeding of PO wax,
similar to Strategy C, was performed using W2-ALE process. The first
stage (growth phase) was performed in batch mode for 24 h using an
initial NaNOg concentration of 1.58 g/L (equivalent to 0.26 gN/L) and a
high PO wax concentration of 20 g/L. Higher PO wax concentration was
used in this strategy, compared to Strategy C, because prior batch ex-
periments illustrated that W2-ALE can utilize higher concentration of PO
wax than Sn+H16. After 24 h, the PHA production stage was initiated by
nitrogen depletion and pulse-feeding of PO wax at a concentration of 2
g/L thrice at the interval of 16 h to supply excess carbon, identical to
Strategy C. At 24 h, the biomass concentrations reached 2.31 + 0.30
gCDW/L (Fig. 5b). Following the first pulse feed, W2-ALE continued to
grow, reaching a biomass concentration of 3.33 & 0.04 gCDW/L at 40 h.
It also demonstrated substantial PHA accumulation, increasing from 3.5
% to 21.8 % per CDW over the PHA production stage, resulting in the
final PHA titer of 615.0 + 87.6 mg/L at 72 h (Fig. 5¢).

From Strategy A and B, statistical optimization of nutrient compo-
sition (carbon and nitrogen levels) was proven to improve the PHA titers
in batch fermentation. However, bioprocess development by integrating
pulse-feeding of the carbon source offered greater leverage and enabled
improvement in production titers beyond what can be achieved in
simple batch cultivation. Among 4 strategies, Strategy D resulted in the
highest PHA titer (2.9, 1.6, and 64.7-fold higher than Strategy A, B, and
C, respectively). Nevertheless, the PHA yield and productivity remained
relatively low, at 0.024 + 0.003 gPHA/gPOwax-added and 8.54 + 1.22
mg/L/h, respectively. Therefore, the feeding scheme was further opti-
mized in the following bioreactor-scale fermentations to improve overall
process performance.

DMC (Sn+H16) exhibited less robustness and adaptability to dy-
namic environmental conditions than MMC (W2-ALE), most likely due
to the changes in interspecies relationship upon the changes in operating
conditions. Under batch fermentation with nitrogen limitation (Strategy
A), Sn and H16 exhibited cooperative behavior, resulting in higher PHA
production than that achieved by either monoculture alone. It was most
likely that Sn converted hydrocarbons into carboxylic acids, which
served as precursors for PHA biosynthesis by H16. In contrast, under
batch fermentation with pulse-feeding (Strategy C), in which nitrogen
was sufficient during the first stage, Sn may have overgrown or inhibited
H16 during this phase, leading to a reduced H16 population and overall
PHA production. To test this hypothesis, a separate experimental setup
was conducted in which the colony-forming units (CFU) of Sn and H16
were monitored under nitrogen-non-limiting conditions. The results
showed that H16 initially exhibited higher CFU counts than Sn during
the first 8 h of cultivation; however, the CFU of H16 subsequently
declined, in concurrence with the increase of Sn which finally out-
competed H16 (Fig. S7). This suggests that Sn may produce inhibitory
compounds that suppress the growth of H16 under benign environment.
In a previous study, secondary metabolite producing gene cluster anal-
ysis showed that S. nematodiphila MB307 had enterobactin, turn-
erbactin, ravidomycin, prodigiosin, and xantholipin producing clusters,
which are siderophores and bioactive antibiotics used to gain competi-
tive advantage and ecological fitness [49].

The interactions among microbial members in the artificially
designed consortia do not arise naturally but instead occur under
imposed conditions; consequently, these interactions may shift in
response to environmental perturbations. Microbial members with less
capacity to utilize available resources may be outcompeted, and poor
growth of one member can destabilize or collapse the entire consortium
[50]. This could explain what was observed with the Sn+H16 con-
sortium in Strategy C, in which Sn may outcompete (and/or inhibit) H16
under nitrogen-sufficient condition; thus, the consortium was unable to
resume PHA accumulation even after subsequent nitrogen depletion. A
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previous study from Ma et al. (2022) investigated the emergence of
antagonistic relationship in an artificial co-culture of Synechococcus
elongatus cscB* and engineered Escherichia coli (producing 3-hydroxy-
propionic acid from COj), which led to the population instability,
through multi-omics analyses. They found that the competitive con-
sumption of phosphorus and nitrogen between the microbial members
could be the cause of population instability [51]. The strategies to
minimize competition and establish cross-feeding between species are,
therefore, essential for maintaining the stability of DMC. This often re-
quires strain engineering (or co-evolution) to create metabolic interde-
pendence or reduce nutrient competition among DMC members. For
instance, in P. putida-E. coliconsortium converting a mixture of glucose
and xylose to mcl-PHA, gene knockout was performed on the E. colis
train to restrict its glucose utilization and thus reduce substrate
competition with engineered P. putida [52]. Another study employed a
nitrate-blind P. putida strain in a S. elongatus—P. putida consortium,
enabling S. elongatus to grow and convert CO5 to sucrose, used as a
carbon source by P. putida, while creating nitrogen limitation for
P. putida to enhance PHA accumulation [53]. This example shows that
while DMC can achieve highly specialized and efficient production, their
success relies on stringent regulation of community members or the use
of engineered strains to ensure stable performance. In our present study,
further bioprocess optimization on the DMC of Sn and H16 seems more
challenging due to the instability of interspecies interactions, as dis-
cussed. Additional detailed studies on kinetics and cross-feeding mech-
anisms are required. Testing different Sn:H16 ratios, co-substrate
feeding, or strain additions at different time intervals might possibly
improve the DMC performance in a fed-batch process. Engineering of
individual strains (i.e. to create metabolic interdependence) might even
be needed to maintain a stable microbial relationship.

In contrast to naturally adapted mixed consortia, in which long-term
co-evolution selects for complementary metabolisms and niche parti-
tioning, metabolic interdependence emerges and strong cross-feeding
interactions are sustained over the dynamic environmental conditions
(i.e., affected by pulse-feeding in Strategy D in this study) [54,55]. In
addition, high diversity and functional redundancy (typical character-
istics of MMC) make them more robust and resilient, even though the
microbial community composition is likely to vary in response to tran-
sient conditions. A properly enriched and stable functional consortium
can be considered as a “superorganism”. While the relative abundance of
specific populations may shift throughout the process, the community
maintains functional redundancy, where multiple taxonomically diverse
species perform the same ecological function or metabolic task [56]. A
previous study illustrated that the performance of PHA-storing MMC
was not significantly different when the substrate was changed from
molasse to cheese whey (Yppa,vra of 0.68 + 0.09 and 0.80 + 0.11
Cmol/Cmol, respectively), despite the shift in the community’s popu-
lation (from Actinobacteria-dominant to Firmicutes-dominant) [57].
Another study showed that operational conditions (e.g., organic loading
rate and feeding regime) influenced the composition of the phototrophic
mixed culture. Nevertheless, the presence of several PHA-producing
genera, including Rhodopseudomonas, Rhizobium, Hyphomicrobiaceae,
Rhodobacter, and Chromatiaceae, sustained PHA production (31 %
gPHA/gVSS and 2.67 gPHA/L/d), even though these genera were
enriched under different conditions. In particular, the first three genera
were enriched at higher organic loading rates of fermented wastewater
as a carbon source [58]. This underlines the greater robustness and
functional stability of adapted MMC compared to assembled DMC
(bottom-up approach) as a biocatalyst in bioprocesses.

3.5. Fed-batch with hybrid feeding strategy to improve PHA production by
MMC (W2-ALE) process in bioreactor-scale

To improve PHA yield and productivity of the process based on
Strategy D, fed-batch PHA production was optimized in a multi-parallel
bioreactor system, using a hybrid feeding strategy. The optimized
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process was carried out in 4 phases: 1) initial batch phase (0-8 h), 2)
exponential feeding phase (8-24 h), 3) pulse feeding phase (24-80 h),
and 4) final prolonged batch phase (80-96 h). The first two phases were
performed under nitrogen-non-limiting-condition, aiming to accumu-
late microbial biomass, while the latter two phases were performed
under nitrogen-limiting conditions to enhance PHA accumulation. The
feed tank for exponential feeding contained 10 g/L PO wax and 1.58 g/L
NaNOj3 (C/N of 33), while the one for pulse feeding contained 20 g/L PO
wax and 0.39 g/L NaNOgs (C/N of 265). The feeding scheme is shown in
Fig. 6.

Preliminary batch cultivation was performed to collect data about
growth profile and specific growth rate of W2-ALE on PO wax. As PO
wax is composed of a mixture of alkanes and alkenes of different chain
lengths [30], diauxic growth was observed. Therefore, the average
specific growth rate (pavg) was used instead of maximum specific growth
rate (Umax) for exponential feeding rate calculation. Experimental payg of
0.278 h™! was observed. However, 75 % of experimental |1,y was used
as a set constant growth rate (Heonstant = 0.209 h™1) for the exponential
feeding in this study to prevent substrate overfeeding. The first 8 h were
operated as a batch (initial volume of 278 mL) to start up the reactor and
cultivate the consortium until reaching early log phase, when the cell
biomass reached 0.83 + 0.25 gCDW/L. Then, the exponential feeding
was started, maintaining peopstant at 0.209 h! by feeding increased
amounts of PO wax as shown in Fig. 6. Exponential feeding of 10 g/L PO
wax to the bioreactor led to an accumulated volume of almost 600 mL
after 20 h; thus, the feeding was stopped to allow for spare working
volume, needed for pulse feeding during the following PHA production
phase. At 24 h, the biomass accumulation achieved 3.59 + 0.95 gCDW/L
without high PHA accumulation (4.0 + 1.8 % per CDW), while the ni-
trogen was depleted (6.4 + 2.0 mgNO3-N/L) (Fig. 7a).

At this point, the cultivation mode was switched from cell accumu-
lation to PHA production phase, using pulse feeding of 20 g/L PO wax
stock solution with limiting nitrogen concentration (0.065 gN/L). The
PO wax and nitrogen concentration in the bioreactor at each pulse were
1 g/L and 0.0033 gN/L, respectively. PO wax was maintained at a low
concentration (1 g/L) during pulse feeding, as preliminary results
showed the highest PHA content in this condition (Table S3). Thus,
pulsing higher amounts of PO wax did not enhance PHA accumulation
and even ceased PHA production, likely due to hydrophobic substrate
accumulation that eventually inhibited oxygen transfer and caused cell
death. Therefore, the pulse-feeding interval was instead optimized to
improve PHA productivity (Fig. S8). Moreover, hydrophobic hydrocar-
bons were reported to accumulate in the lipid bilayer membrane of
microorganisms, affecting membrane structure, integrity, and fluidity,
as well as the membrane-embedded proteins [59]. This might interfere
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with the hydrophobic substrate uptake itself. The optimized pulse feed
was performed every 2 h interval from 24 to 44 h of cultivation time,
afterward switching to 6 h intervals from 44 to 80 h. Switching pulse
feeding interval to 6 h maintained PHA production at 17-19 %. A drop
of PHA content from 17 % (at 44 h) to 11 % per CDW (at 48 h until the
end of feeding period) was observed in preliminary test when using
pulse feeding interval at 2 h throughout the entire PHA accumulation
phase (Fig. S8). The fast feeding rate rapidly increased the reactor vol-
ume and caused cell dilution, while simultaneously increasing the con-
centration of hydrophobic PO wax in the bioreactor. This likely imposed
stress on the cells (e.g., substrate toxicity and limited oxygen transfer),
driving them into a maintenance metabolism in which stored PHA was
utilized as an energy source [60]. Switching pulse feeding interval from
every 2 h to 6 h at the right time prevented cell dilution by keeping the
dilution rate (D) lower than the specific growth rate (p); thus, main-
taining PHA content (Fig. S9). The cultivation was prolonged until 96 h
after the feeding was stopped at 80 h, resulting in a further increase in
PHA content from 18.0 + 0.5 to 22.1 + 0.9 % per CDW and a final PHA
titer of 772.1 + 93.3 mg/L (the average titer was calculated from 4
replicates, data of each replicate are shown in Table S4). This result
indicates that the residual PO wax was gradually used for PHA synthesis
again once the transient condition due to fed-batch feeding was termi-
nated. PHA titer achieved in this study was higher than reported titers
from similar hydrocarbon mixture substrates, such as crude oil and bilge
waste (147-300 mg/L) [61,62]. The biomass concentration during PHA
production phase was relatively stable, due to the increase of reactor
working volume by >50 % that counterbalanced the cell growth. Mixed
PHA were produced with C8, C9, and C10 as the dominant monomers
(23 %, 13 %, and 34 %, respectively, Table S4).

Biomass and PHA yields were calculated based on the total mass of
PO wax fed into the bioreactors. This is because the PO wax emulsion
became unstable during fermentation, leading to wax partially
agglomerating, which interfered with proper extraction for the substrate
analysis, potentially leading to misinterpretations of actual PO wax
consumption. A total PO wax of 19.7 g (equivalent to 15.9 g/Linal volume)
was fed to the bioreactors, resulting in final biomass and PHA yield at 96
h of 0.17 + 0.02 gBiomass/gPOwax-added and 0.048 + 0.006 gPHA/
gPOwax-added, respectively (Fig. 7b). The biomass yield was highest
in the first 24 h during biomass production phase (0.48 + 0.04
gBiomass/gPOwax-added) but gradually declined afterward as the
process transitioned into the PHA accumulation phase, where the
community stopped growing due to nitrogen depletion. In contrast, PHA
yield increased and became relatively stable during 50-96 h
(0.045-0.049 gPHA/gPOwax-added). The PHA yield was 2-times higher
than what observed in flask-scale fermentation. Overall, using non-
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oxidized PO wax as a carbon substrate for PHA production suffered from
low PHA yield, as also reported by Guzik et al. (2014) using poly-
ethylene (PE) wax resulting in a maximum PHA yield of 0.004 gPHA/
gPEwax in batch fermentation [63].

In the present study, the highest PHA productivity was observed
during 30-56 h (11.2-13.2 mg/L/h) but slightly decreased afterward
during 56-96 h (8.2-9.4 mg/L/h) (Fig. 7c). The low concentration of PO
wax in the substrate reservoir (for proper emulsion) necessitated a
higher volume of feed, which contributed to reduced overall produc-
tivity. To improve the process performance, increasing the
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hydrophilicity of PO wax could facilitate the preparation of emulsions
with higher substrate concentrations and allow smaller feed volumes to
be added in the fed-batch process to achieve the same substrate input,
thereby reducing changes or interferences in the fermentation envi-
ronment. In addition, given that both PHA yield and productivity peaked
around 50-56 h, reducing the total fermentation time and implementing
different operating mode such as semi-continuous fermentation might
improve the overall yield and productivity. The maximum productivity
achieved in this bioreactor-scale fed-batch fermentation was 55 %
higher than that of flask-scale.
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4. Conclusions and future perspectives

This work demonstrates a tandem process by combining
thermochemical-biotechnological approach for upcycling post-
consumer PO to bioplastic PHAs. PO pyrolysis wax, representing a
low-value by-product from real plastic waste pyrolysis process, was used
directly as a substrate without additional pretreatment. Microbial con-
sortia capable of accumulating PHA from PO wax were developed
through two different approaches, including top-down engineering by
enrichment and ALE of microbial community from plastic-contaminated
soil and bottom-up engineering by co-culturing PO wax-degrading iso-
lates with PHA-producing strains. In batch fermentation under nitrogen-
limiting condition, MMC (W2-ALE) and DMC of Sn and H16 achieved
the highest PHA titer among all screened microbial consortia (138.6 +
51.5 mg/L and 193.0 + 4.3, respectively). Applying statistically opti-
mized condition to batch fermentation in the Sn+H16 process improved
the PHA titer by only 12 %, and employing fed-batch fermentation even
resulted in a decrease in PHA titer. This indicated that the interspecies
relationship between Sn and H16 did not remain positive when changing
fermentation conditions or operation modes, resulting in the loss of PHA
producing ability. In contrast, the MMC process could be further opti-
mized to increase PHA titer, illustrating the robustness of co-evolved
microbial communities. Besides statistical optimization of cultivation
parameters, which improved the PHA titer by 2.8-fold, bioprocess
optimization was proven to be an important strategy for improving PHA
production directly from non-oxidized PO wax without any co-substrate
feeding. Using fed-batch fermentation with a refined advanced feeding
strategy, the PHA titer of 772.1 + 93.9 mg/L was achieved, showing 5.6-
fold higher performance than initial flask-scale batch fermentation.
Maximum PHA productivity was observed during 30-56 h at 11.2-13.6
mg/L/h but decreased afterward. The titer and productivity achieved in
this study were the highest compared to what previously reported on
non-oxidized PO wax. Future work should aim to further enhance and
sustain productivity throughout the operating time (beyond the 50 h) to
improve the process efficiency. This could be done, for instance, by 1)
improving substrate solubility/availability and 2) implementing a semi-
continuous process with repeated cycles of cell accumulation and PHA
production phases. To improve substrate availability, pretreatment of
PO wax (for instance, by using advanced oxidation processes (AOPs))
could be performed to improve emulsion stability and facilitate higher
feedstock loadings. Additionally, developing thermophilic MMCs could
facilitate bioconversion near the PO wax melting point (approximately
60 °C, thereby enhancing substrate accessibility and accelerating pro-
cess kinetics.

MMC exhibits superior performance in degrading complex residue
streams, such as the PO wax used in this study, by leveraging synergistic
metabolic pathways and inherent functional redundancy. This allows
them to break down heterogenous feedstocks while maintaining greater
stability against environmental fluctuations. MMC process is a prom-
ising strategy for processing actual plastic pyrolysis waste streams,
where fluctuations in feedstock composition are expected. In our pre-
vious work, which described the adaptive laboratory evolution strategy
used to develop W2-ALE (the MMC used in this study), two distinct
batches of PO wax from the commercial pyrolysis process were evalu-
ated [30]. The first batch comprised 75 % alkanes, 22 % alkenes, 4 %
aromatics, whereas the second batch contained 92 % alkanes, 7.8 %
alkenes, 0.2 % aromatics. In addition, the hydrocarbon distribution in
the second batch showed a higher proportion of long-chain compounds
(C26-C39) compared to the first batch. Despite these variations,
W2-ALE demonstrated robustness and was able to utilize both PO wax
batches. Future studies should evaluate a broader range of industrial PO
wax samples, which are expected to vary in aliphatic and aromatic hy-
drocarbon composition due to fluctuations in plastic waste feedstock in
real-world pyrolysis processes, in order to further assess process
robustness. Foreseen challenges are plastic additives, especially the
organic additives that contain heteroatoms (e.g., N, S, Cl, Br) or
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metals/metalloids (e.g., Fe, Cu, Cr, Si) [64], which may contaminate the
pyrolysis wax and negatively affect its biodegradability if present at
sufficiently high concentrations. Moreover, high volatile aromatic hy-
drocarbons (BTEX) content in pyrolysis wax may exert inhibitory effects
on microbial growth. In such case, the MMC may require further
adaptation to BTEX or bioaugmentation with specialized
BTEX-degrading strains. In principle, this should allow overcoming po-
tential inhibition problems, also because the amount of additives used in
POs is relatively modest (usually around few %) compared to other
plastic types.
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