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Polyhydroxyalkanoates (PHAs) are biodegradable and environmentally sustainable alternatives to conventional
plastics, yet their adoption has been hindered by the high production costs and scalability challenges. This study
employed unbiased genomics approaches to engineer Cupriavidus necator H16, an industrial strain with intrinsic
capabilities for PHA biosynthesis, for enhanced utilization of oil-based feedstocks, including food-grade palm oil
and crude waste cooking oil. The engineered strain demonstrated significant improvements in PHA production,
achieving a 264 g/L yield (25.4 % increase) and a 100 g/g conversion rate of palm oil (12 % increase) in 60-h
fed-batch fermentation at 150 m® production scale, the highest yield and conversion rate using food-grade palm
oil as carbon source reported to the best of our knowledge. Notably, the carbon footprint of PHA production was
reduced by 29.7 % using the engineered strain, and could be further reduced by adopting waste cooking oil.
Mechanistic studies revealed that the H16 A3043/H16_A3044 two-component system plays a central role in
regulating stress response and biogenesis, the deletion of which unlocked the regulatory constraint and enhanced
oil feedstock consumption. This mutation, supplemented with the necessary lipase engineering as revealed
during the scale-up troubleshooting, confered higher PHA production in a robust fermentation process scalable
through 0.5 L, 200 L, 15 m® and 150 m°>. Additionally, the engineered strain demonstrated efficient utilization of
waste cooking oil for PHA production. This study bridges laboratory-scale advancements and industrial feasi-
bility, demonstrating a scalable, sustainable, and economically viable pathway for biopolymer production,
contributing to the global shift toward a circular bioeconomy.

1. Introduction

Polyhydroxyalkanoates (PHAs) are a group of biodegradable poly-
esters produced by various microorganisms as intracellular carbon and
energy reserves. As renewable, biodegradable polymers, PHAs have
attracted significant attention due to their potential to replace conven-
tional petrochemical-based plastics (Park et al., 2024). Their biode-
gradability makes PHA an environmentally friendly alternative, as PHA
materials break down in natural environments without leaving harmful
long-term residues. These properties have led to growing interest in their
applications across multiple industries, including bioplastics, agricul-
ture, and medicine (Park et al., 2024). By contributing to waste

reduction and environmental sustainability, PHAs offer a promising
solution to the global plastic waste crisis. As concerns over the envi-
ronmental impact of petroleum-based plastics continue to grow, devel-
oping green and sustainable production methods for biopolymers like
PHA has become a global priority.

The production of PHA relies heavily on the choice of carbon source,
which plays a critical role in determining both the structure and yield of
the polymer (Saravanan et al., 2022). Traditionally, simple sugars such
as glucose, sucrose, and starch have been used as primary carbon sources
for PHA production (Dietrich et al., 2019). However, the high cost of
these substrates and their competition with the food industry present
significant barriers to large-scale PHA manufacturing (Jiang et al., 2016;
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Koller and Braunegg, 2018; Yanez et al., 2020). In fact, carbon substrates
can constitute up to 50 % of the total production cost (Braunegg et al.,
2004), making PHA more expensive than conventional petroleum-based
plastics (Lim et al., 2023; Park et al., 2024). In response to these chal-
lenges, researchers have explored alternative, cost-effective carbon
sources for PHA production, including plant oils (Ng et al., 2010), food
wastes (Ruiz et al., 2019; Nielsen et al., 2017), and agricultural
by-products (Dietrich et al., 2019). Among these, plant oils, particularly
palm oil, stand out as promising options due to their high carbon con-
tent, low cost, consistent quality and wide availability (Chien Bong
et al., 2021). These oils are rich in fatty acids, which can be converted
into acyl-CoA derivatives that feed into the PHA biosynthesis pathways.
Additionally, waste oils like waste cooking oil (WCO) offer an even more
economical alternative by recycling discarded materials into valuable
biopolymers, thus supporting environmental sustainability by aligning
with circular economy principles.

Reducing PHA production costs can be achieved by combining high-
efficiency production strains with cost-effective feedstocks. Carbon
source utilization efficiency is a critical factor for industrial production,
as it directly impacts both the economic viability and sustainability of
the process. Advances in genetic engineering and metabolic pathway
optimization have enabled researchers to improve the conversion of
diverse carbon sources into high PHA yields (Wang et al., 2023). For
instance, the heterologous expression of xylose isomerase and xylulo-
kinase in Cupriavidus necator and Pseudomonas putida has allowed these
strains to efficiently utilize xylose, the second most abundant sugar in
lignocellulose, as a feedstock (Le Meur et al., 2012; Kim et al., 2016).
Similarly, the heterologous expression of p-glucosidase in P. putida has
enabled the strain to grow on cellobiose, a major component of food
waste, as the sole carbon source (Dvorak and de Lorenzo, 2018). While
significant progress has been made in optimizing carbohydrate-based
feedstocks, comparatively fewer studies have investigated oil-based
substrates. Although promising results have been reported in Escher-
ichia coli (Park et al., 2005), research on industrially relevant production
chassis, such as C. necator, remains limited. Leveraging strains with high
carbon utilization efficiency for oil-based substrates could unlock new
opportunities for cost-effective and sustainable PHA production at scale.

C. necator H16 is one of the most extensively studied PHA-producing
bacteria (Reinecke and Steinbiichel, 2009). Known for its ability to
accumulate polyhydroxybutyrate (PHB) up to 72 %-76 % of its dry cell
weight (DCW) when grown on soybean oil (Kahar et al., 2004),
C. necator has been adopted as the production strain by leading PHA
manufacturers, including Bluepha, Kaneka, Danimer Scientific, and
Tianan Biologic. In many industrial applications such as antibiotics and
biomaterials, production strains are selected from naturally occurring
wild-type strains that exhibit strong intrinsic characteristics for product
biosynthesis (Koller et al., 2007; Xin et al., 2018; Zhgun, 2023).
C. necator is particularly efficient for PHA production, which makes it a
natural candidate for industrial-scale PHA manufacturing. However, as
a wild-type strain, C. necator is constrained by evolutionary limitations
and regulatory networks that, while allowing for general nutrient uti-
lization, do not fully unlock its potential for efficient PHA production in
the manually controlled fermentation conditions. These regulatory
constraints must be overcome to maximize its performance in large-scale
production, where strain robustness, process efficiency, and compati-
bility with industrial fermentation systems need to be optimized to
achieve scalable and economically viable PHA production.

This study aims to enhance PHA industrial production by engineer-
ing C. necator H16B, a C. necator H16 derivative strain synthesizing poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) (Yin et al., 2023).
We optimized the strain for utilization of palm oil and other oil-based
carbon sources, converting them into high yields of biomass and PHA.
Bridging the gap between laboratory innovation and industrial appli-
cation, this research addresses the critical challenge of substrate utili-
zation efficiency in naturally occurring wild-type strains and advances
sustainable and cost-effective solutions for industrial-scale PHA
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production. The novelty lies in combining metabolic engineering for
strain optimization with hypothesis-driven troubleshooting for scale-up,
achieving a reduction in both production costs and environmental
impact at the production scale. Notably, our study achieves the highest
PHA yield reported to date using food-grade palm oil as carbon source,
reaching 264 g/L with a 100 % conversion rate in industrial-scale 150
m® fed-batch fermentation, setting a new benchmark in the field. This
advancement highlights the scalability of our approach, showcasing the
industrial feasibility of high-efficiency PHA production from oil-based
feedstocks. With these achievements, our study provides a sustainable,
cost-effective pathway for biopolymer production, contributing to the
global shift towards a circular bioeconomy and advancing the use of
oil-based substrates in large-scale industrial processes.

2. Methods
2.1. Strain and culture media

The bacteria used in this study were C. necator H16G (an H16 mutant
able to grow in glucose and produce PHB) (Orita et al., 2012), H16B (an
H16G mutant expressing a heterologous (R)-specific enoyl-CoA hydra-
tase PhaJ, which produces PHBH with approximately 5 % 3-hydroxy-
hexanoate content) (Yin et al., 2023) and mutants derived from H16B.
The rich medium used for growth of C. necator H16 was TYGA media
(10 g/L tryptone, 5 g/L yeast extract, 3 g/L glucose and 3 g/L ammo-
nium sulfate) and TYOA media (10 g/L tryptone, 5 g/L yeast extract, 1.5
g/L palm oil (or 3 g/L glucose) and 3 g/L ammonium sulfate). The
concentrations of salts in the C. necator H16 minimal medium have been
reported previously (Tang et al., 2020). Chemicals were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) unless noted
otherwise. C. necator H16B strains were consistently grown aerobically
at 30 °C.

2.2. Fermentation conditions

C. necator H16B strains were cultured from a single colony in TYGA
media for 12 h as a primary seed culture. These cultures were inoculated
at 1 % into TYOA media for 14 h as second seed culture. Subsequently,
these precultures were used to inoculate at 10 % (v/v) into the biore-
actor with minimum media supplemented with 2.5 g/L yeast extract, 4
g/L ammonium chloride as nitrogen source and palm oil (food-grade
refined palm oil from COFCO) or waste cooking oil (unpurified, obtained
from Shanghai Laogang via three-phase separation from wastewater) as
= carbon sources. The temperature of bioreactors was kept constant at
30 °C. The pH of each culture was maintained at 6.8 through controlled
addition of 28 % ammonium solution. Stirring was controlled at speeds
of 300 to 1500 rpm. The dissolved oxygen concentration was maintained
above 20 % by adjusting aeration using compressed air.

Foaming, a common issue when using palm oil as substrate, was
controlled through substrate-limited feeding. We observed that foam
generation was closely correlated with fatty acid accumulation, partic-
ularly palmitic acid. A practical 2-min monitoring method was devel-
oped by n-hexane extraction of the fermentation broth followed by
centrifugation: palmitic acid—being insoluble in both water and n-
hexane and having intermediate density—accumulates between the two
phases. This visual cue enabled rapid estimation of residual fatty acids
and allowed timely adjustment of oil feed rate to minimize foam for-
mation and ensure stable fermentation performance.

2.3. Plasmid and strain construction

In this study, general genetic manipulations were performed ac-
cording to the standard procedures. DNA was routinely amplified by
using PrimerSTAR Max DNA polymerase (Takara, China) and digested
using restriction enzymes from New England BioLabs, USA. Gibson as-
sembly (Gibson et al., 2009) was used for plasmid constructions.



T. Jiang et al.

Plasmids were transformed into C. necator H16 strains via trans-
conjugation with E. coli S17-1. Markerless gene deletions and insertions
in the C. necator genome were achieved following the protocol described
by Insomphun et al. (2014). The strains and plasmids used in this study
are described in Table 1. The sequences of oligonucleotide primers used
in this study are provided in Table S1 in the supplemental material.

2.4. Transposon library sequencing

The transposon library was constructed by introducing the trans-
poson plasmid (pUTmini-Tn5) into E. coli S17-1 and subsequently
conjugating it with C. necator H16B. During conjugation, the transposase
randomly inserted the transposon into the H16B genome and generating
approximately 500,000 clones, providing 75-fold coverage per gene.
The transposon library was collected in 50 % glycerol at a 1:1 ratio and
stored at —80 °C. For the preparation of the input transposon library, the
frozen library was inoculated into 100 mL of TYGA medium at an initial
OD of 0.05 and cultured overnight at 220 rpm. The overnight culture
was used as the seed and inoculated at 2 % (v/v) in minimal media
supplemented with palm oil as carbon source in 500-mL bioreactor. Fed-
batch fermentation was conducted for 24 h, and the culture was then
passaged into fresh fermentation medium at an initial OD of 0.1-0.14.
This process was repeated every 24 h for three days, and samples were
collected at the end of each day to preserve the transposon libraries. The
preserved libraries were sent to Novogene Co., Ltd. (Beijing, China) for
sequencing library preparation and sequencing analysis.

To analyze the Tn-Seq sequencing data and identify key genes
essential for growth, the raw sequencing data was processed through
quality control and alignment steps. Cutadapt (v4.4) (Martin, 2011) was
used to select reads containing the transposon insertion tag sequence
(CACTTGTGTATAAGAGTCAG), with parameters set to -O 17 (minimum
match length) and -e 0.2 (maximum allowable error rate). Reads that did

Table 1
Strains and plasmids used in this study.
Strains or Description Source or
plasmids reference
Cupriavidus
necator
H16G Parental strain Orita et al.
(2012)
H16B H16G derivative; (R)-specific enoyl-CoA Yin et al.
hydratase PhaJ (2023)
AmutS H16B derivative; AmutS This study
AA3043 H16B derivative; AA3043 This study
AA3044 H16B derivative; AA3044 This study
AA3043/ H16B derivative; AA3043/AA3044 This study
AA3044
AA3043/lipAB AA3043 derivative; H16 A1322 and This study
H16 A1323
Escherichia coli
DHS5a General cloning strain Invitrogen,
USA
S17-1 Strain for conjugative transfer of plasmids to ~ Simon et al.,
C. necator 1983
Plasmids
pK18mob The backbone used to make other plasmids Orita et al.
for gene deletion/insertion in C. necator (2012)
genome
pKO-AmutS Plasmid for deletion of mutS from C. necator This study
genome
pKO-AA3043 Plasmid for deletion of H16 A3043 from C. This study
necator genome
PKO-AA3044 Plasmid for deletion of H16_A3044 from C. This study
necator genome
PKO-AA3043+ Plasmid for deletion of H16 A3043 and This study
A3044 H16_A3044 from C. necator genome
PpKI-lipAB Plasmid for insertion of H16 A1322 and This study
H16_A1323 into C. necator genome
pUTmini-Tn5 Plasmid for transposon library construction This study
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not match the tag sequence were discarded to ensure high-quality data.
The filtered reads were aligned to the C. necator H16 reference genome
(GCA_000009285.2) using the tpp.py script from TRANSIT (v3.3.1)
(DeJesus et al., 2015), with BWA (v0.7.17) (Li and Durbin, 2009) and
the MEM algorithm. The transposon insertion tag sequence
(TTGTGTATAAGAGTCAG) was specified as a primer during alignment.
The alignment data were normalized using the Trimmed Total Reads
(TTR) method to correct for differences in sequencing depth and batch
effects across samples. Normalized data were further analyzed using the
resampling method in TRANSIT’s transit.py script. Differential analyses
were conducted by comparing samples from day O (input library) with
those from day 1, day 2, and day 3. This approach enabled the identi-
fication of conditionally essential genes under the tested growth
conditions.

2.5. Adaptive evolution

The AmutS strain was grown on TYGA agar plates, from which two
independent single colonies were inoculated into TYGA broth and
cultured for 16 h. These cultures were then diluted at a 25 % (v/v) ratio
into TYOA medium and cultured for 4 h as starting cultures. For adaptive
evolution, the starting cultures were inoculated into 500-mL bioreactors
with 1.5 g/L palm oil at a 2 % (v/v) ratio and subjected to serial
passaging every 12 h for 25 passages across two independent lineages.
Each passage was inoculated to achieve a final OD of 0.1, and cultures
were preserved at every step. To assess evolutionary outcomes, pre-
served cultures from the final passage and starting culture were streaked
on plates to isolate single clones. These clones were grown in 24-deep
well plates using TYGA medium for 16 h and then transferred to fresh
fermentation medium at an initial OD of 0.05. OD measurements were
taken every 2 h by a custom-designed high-throughput, flexible auto-
mation platform to generate growth curves, identifying clones with
growth advantages over the starting clones. Clones showing growth
advantages over the starting clones were subjected to genome
sequencing analysis for further investigation of adaptive mutations.

To analyze the mutations of clones with growth advantages, Illumina
NovaSeq 6000 platform was used for 150 bp paired-end sequencing.
Raw sequencing data was subjected to quality control using fastp
(v0.23.2) (Chen et al., 2018) with default parameters, filtering out
low-quality reads, removing adapter sequences, and deleting reads
shorter than the minimum length to generate high-quality clean data.
The cleaned reads were then aligned to the C. necator H16 reference
genome (GCA_000009285.2) using the BWA tool (v0.7.17) (Li and
Durbin, 2009) with the MEM algorithm. The alignment results were
processed using Picard (v2.27.4) ("Picard Tools - By Broad Institute,"
2024), where the MarkDuplicates module was used to mark PCR du-
plicates and reduce the impact of duplicate sequences on variant
detection. SNP variants were called using GATK (v4.4.0.0) (Cibulskis
et al., 2013) with the Mutect2 module, enabling mitochondrial mode
(-mitochondria-mode true) for accurate variant calling. Preliminary
variant filtering was performed using the FilterMutectCalls module of
GATK, with parameters set to —max-alt-allele-count 100 and —unique--
alt-read-count 5 to ensure the reliability of the identified variants.
Finally, all variants were functionally annotated using snpEFF (v5.1c)
(Cingolani et al., 2012), which provided insights into the functional
impact of each SNP, such as missense mutations, synonymous muta-
tions, and other functional annotations.

2.6. PHA assays via gas chromatography (GC)

The bacterial cells were harvested and centrifuged at 10,000 g for 10
min. Dry cell weight (DCW) was determined after drying. The PHA
contents were then analyzed using gas chromatography (GC-2010 Pro,
SHIMADZU, Japan) as previously described (Sheu and Lee, 2004).
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2.7. Metabolomics analysis

C. necator H16B and AA3043 samples in 500-mL fed-batch fermen-
tations were collected at 10 h and 32 h post inoculation using 2.0 mL
grinding tubes (Jingxin, China). Each grinding tube was added with 405
pL of the reagent prepared by mixing MEOH and H»O at a ratio of 5:4,
two 3.2 mm grinding beads (Jingxin, China), and 750 pL methyl tert-
butyl ether (MTBE). The homogenate was ground using a grinder
(Jingxin, China) at 4 °C, 30 Hz, for four cycles of 15 s with a 15 s interval.
The sample was then centrifuged in a centrifuge (Eppendorf, Germany)
at 15,000 rpm for 10 min at 4 °C. 100 pL of the lower phase metabolite
fraction was taken out, diluted with 300 pL of ACN:MEOH (1:1), and
placed in a —80 °C refrigerator overnight for protein precipitation.
Before injection, the sample was centrifuged at 15,000 rpm for 10 min,
and then 100 pL was transferred into an injection vial for metabolomics
LC-MS analysis. An equal-proportion sampling from each test sample
was mixed to form a quality control (QC) for evaluating the instrument
stability.

Untargeted metabolomics data acquisition was performed using a
Shimadzu LC system coupled to a TripleTOF mass spectrometer (QTOF
6600+, ABSciex, made in Woodlands Central Industrial Estate,
Singapore). Chromatographic separation was achieved using a HILIC
column (IHILIC-(P) Classic column, 5 pm, 150 mm x 2.1 mm, 200 A,
made in Sweden). The mobile phase A was 20 mmol/L ammonium ac-
etate, 0.1 % ammonium hydroxide, and 2.5 pmol/L methylene diphos-
phate in 95:5 water:ACN, and mobile phase B was ACN. The gradient
was as follows: 0 min, 85 % B; 2 min, 85 % B; 7 min, 65 % B; 12 min, 35
% B; 12.1 min, 20 % B; 15.9 min, 20 % B; 16 min, 85 % B; 23 min, 85 %
B. The flow rate was set at 0.2 mL/min with a sample injection volume of
5 pL and the total run time at 23 min. ESI parameters setup was GS1, 60;
GS2, 60; CUR, 35; temperature, 500; ISVF, —4500 in negative modes.
Peak area for each metabolite was integrated using EI-MAVEN software
(version 0.12.1).

2.8. Transcriptomics analysis

C. necator H16B and AA3043 samples were collected at 10 hand 32 h
of 500-mL fed-batch fermentation and total RNA was isolated from the
cell pellet using Trizol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. Following total RNA extraction, a
chromosome-specific complementary DNA (cDNA) library was con-
structed utilizing the Illumina TruSeq Stranded RNA Library Prep Kit
(Illumina, San Diego, USA). The library was sequenced on the Illumina
NovaSeq 6000 platform employing 150 bp paired-end sequencing
methodology, with the resultant raw data being utilized for subsequent
analyses. The raw sequencing data were subjected to quality control
using fastp (v0.23.2) (Chen et al., 2018) with default parameters to filter
out low-quality reads, eliminate adapter sequences, and discard reads of
insufficient length, thereby generating high-quality clean data. The
filtered reads were aligned to the Cupriavidus necator H16 reference
genome (GCA_000009285.2), and transcript-level expression values
were computed using salmon (v1.10.1) (Patro et al., 2017). Standard-
ized expression values including Transcripts Per Million (TPM) and
Counts were generated. Differential expression analysis was conducted
utilizing the DESeq2 (v1.38.3) (Love et al., 2014) R package, applying a
screening criterion of p-value <0.01 and |Fold Change| > 2; differen-
tially expressed genes identified through this process were subsequently
analyzed further. Functional enrichment analysis of differentially
expressed genes was performed using the R package clusterProfiler
(v4.8.1) (Wu et al., 2021), based on pathway enrichment assessments
from the KEGG database, with statistical significance set at p-value
<0.05.

2.9. Stress response to phosphorus limitation

To investigate the metabolic stress response, C. necator H16B and
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AA3043 strains, were first grown in TYGA media for 12 h. After incu-
bation, the cultures were centrifuged, and the cell pellets were washed
twice with Salt Solution (a nitrogen- and phosphorus-free minimum salt
medium, remove NH4Cl, Na,HPO4, KHoPO4 from the minimum media,
and replace Fe(Il)-NHy-Citrate in the minimum media with Fe(I)SO4
and Citrate) to remove excess nutrients. The washed cells were then
resuspended in the phosphorus-free medium (Salt Solution + 10 g/L
palm oil, 0.9 g/L polyglycerol ester of oleic acid, 1 g/L NH4Cl, and 40
mM MOPS (3-(N-morpholino)propanesulfonic acid)). These resus-
pended cultures were inoculated into 24-deep well plates at 220 rpm for
0, 2,12, 24, 48, and 72 h. At each time point, dilutions of cultures were
plated on agar plates, and colony-forming units (CFU) were counted to
assess the growth response of the strains under phosphorus limitation.

2.10. Thin layer chromatography (TLC) analysis

One mL of C. necator H16B and AA3043 samples in 200-L fed-batch
cultures were collected at different time points and mixed with 200 pL n-
hexane. After vortexed for 5 s, the mixtures were centrifuged at 12,000 g
for 2 min, and the lipid extracts in the organic phase were separated on
Silica gel F254 (0.25 mm or 0.5 mm, MERCK, Germany) and developed
with a solvent system consisting of n-hexane: ethyl acetate: acetic acid
(10:1:1, v:v:v). After drying, the TLC plates were visualized by either
ultraviolet light (A = 254 nm) or colorimetric sulfo-phospho-vanillin
(SPV) method (Johnson et al., 1977).

2.11. Lipase activity assay

C. necator H16B strains (AA3043 and AA3043/lipAB) were cultured
from a single colony in TYGA medium for 12 h as a primary seed culture.
These cultures were then inoculated at 1 % (v/v) into TYOA medium and
grown for 6 h. The fermentation broth was subsequently centrifuged,
and the uppermost grease layer was carefully removed using a sterile
cotton swab. The resulting supernatant was transferred into a 1.5 mL
centrifuge tube. Lipase activity was measured using the Lipase Activity
Assay Kit (BC2340; Beijing Solarbio Science & Technology, Beijing,
China) according to the manufacturer’s instructions.

2.12. Carbon footprint analysis

The process was modeled using palm oil and waste cooking oil, with
C. necator H16B and AA3043/lipAB applied at 150 m® fed-batch
fermentation. The life cycle assessment was based on the average
outcome of PHA production. The material input and output under
different scenarios are listed in Tables S2 and S3. Inventory data for
materials and utilities were based on the PHA production plant of
Bluepha located in Yancheng, China, without any data selection or
modification. The life cycle assessment (LCA) was conducted in accor-
dance with ISO 14044/40 guidelines ("ISO 14040," 2025). The assess-
ment followed a cradle-to-gate boundary, encompassing upstream
emissions from raw materials, utility consumption, waste air emissions
and wastewater effluents, and transportation. Both ReCiPe midpoint and
endpoint (H) calculations were applied. Carbon intensities for each
variable were sourced from the Ecoinvent 3.9 database (Wernet et al.,
2016).

All material and utility data (Tables S2 and S3) are based on CN-type
data. If specific CN data is unavailable, RoW (Rest of the World) data
will be used as a substitute. Malaysia-based palm oil data was selected to
accurately reflect the real purchasing scenario. For electricity con-
sumption, data was sourced from the Eastern China scenario, using the
proportional distribution of electricity sources in Yancheng City.
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3. Results

3.1. Comparison of glucose and palm oil as carbon sources for PHA
production using Cupriavidus necator

C. necator is capable of utilizing both glucose and palm oil as sole
carbon sources for PHA production (Fig. 1A). Both glucose and palm oil
are metabolized into acetyl-CoA, which is further converted into 3-
hydroxybutyryl-CoA (3HB-CoA), the primary monomer for PHA syn-
thesis. The polymerization of 3HB yields polyhydroxybutyrate (PHB), a
homopolymer type of PHA. Additionally, palm oil undergoes fatty acid
oxidation (FAO) to generate acyl-CoA, which is then converted by the
enoyl-CoA hydratase PhaJ into 3-hydroxyacyl-CoA. This can co-
polymerize with 3HB to form copolymers, such as poly (3-hydrox-
ybutyrate-co-3-hydroxyhexanoate) (PHBH) (Fig. 1A), which has
different properties compared to PHB. PHBH exhibits decreased crys-
tallinity and improved mechanical performance, due to its combination
of crystalline (3HB) and elastomeric (3-hydroxyhexanoate, 3HHx) units.
We confirmed that using palm oil as the sole carbon source, C. necator
H16G produced PHB, while C. necator H16B, a mutant strain of H16G
expressing a heterologous (R)-specific enoyl-CoA hydratase PhaJ (Yin
et al., 2023), produced approximately 5 % PHBH in the 500-mL
fed-batch fermentation (Fig. 1B and C). These results demonstrate that
palm oil is a suitable carbon source for producing a wider variety of PHA
types using different C. necator strains.

We evaluated the theoretical substrate cost for PHA production. To
simplify the calculation, PHB was used as a representative PHA, and
palmitate was used to representpalm oil. One molecule of glucose (6
carbons) is converted into 2 acetyl-CoA molecules (2 x 2 = 4 carbons)
through the Entner-Doudoroff (ED) glycolysis pathway for PHA pro-
duction, while one molecule of palmitate (16 carbons) is converted into
8 acetyl-CoA molecules (2 x 8 = 16 carbons) via FAO (Fig. 1D).
Therefore, the theoretical molar carbon conversion rate for glucose is
66.7 % and that for palmitate is 100 % (Fig. 1E). The typical commodity
prices for sugar and palmitate are around $470 and $950 per ton,
respectively. As a result, the theoretical substrate cost per ton of PHB is
$825 using sugar, compared to $590 using palmitate, indicating that
palm oil is a more economical carbon source for PHA production
(Fig. 1E).

To assess actual productivity, fed-batch fermentations of C. necator
H16B were conducted in 2-L bench-scale bioreactors with glucose and
palm oil as sole carbon sources (Fig. 1F). The results showed that,
compared to using glucose, using palm oil led to significantly higher
biomass accumulation and PHA yields, with significantly lower sub-
strate consumption in weight, (Fig. 1F and G). The mass conversion rate
(g PHA yield/g substrate consumed) of glucose was only 34 %, corre-
sponding to a $1382 substrate cost per ton of PHB, whereas palm oil
achieved a conversion rate of 87 %, corresponding to a $1092 substrate
cost. Together, these results demonstrate that palm is a superior carbon
source for PHA production, offering higher yields, lower cost, and the
ability to produce a variety of PHA types.

3.2. Screening and identification of mutants with enhanced oil
consumption and PHA production

Substrate utilization efficiency is a key factor affecting the PHA
productivity and, consequently, production cost. As C. necator H16B has
not been optimized for consuming oil for PHA production, we sought to
identify mutants with enhanced oil consumption and unimpaired PHA
production. We hypothesized that enhanced oil consumption could
confer a selective growth advantage, and therefore, used two orthogonal
approaches, transposon sequencing (Tn-seq) and adaptive evolution, to
screen for mutants with increased palm oil consumption (Fig. 2A). In the
Tn-seq approach, a transposon mutant library was passaged in two in-
dependent lineages for 4 days with palm oil as the sole carbon source in
500-mL bioreactors (in order to represent the fermentation condition).
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Mutants that exhibited significant enrichment during cultivation were
identified (Table S4). Among them, H16 A3043 and H16_A3044 mutants
showed significant enrichment in both lineages (Fig. 2B-S1), and the
enrichment continued to increase over time (Fig. 2C-S1). In the adaptive
evolution approach, we generated a hypermutation strain by knocking
out the mutS genes (Siegel and Bryson, 1967), speeding up the evolution
with a 100-fold increase in the spontaneous mutation rate compared to
the wild-type strain (Fig. S2). The AmutS strain was cultured with palm
oil as the sole carbon source in two independent lineages for 25 passages
in 500-mL bioreactors. The growth curves of single isolates using palm
oil were monitored in 24-well plates using a custom-designed high--
throughput, flexible automation platform (Fig. 2D-S3A). The isolates
exhibiting growth advantages were genome sequenced to identify mu-
tations (Fig. S3B). We found that severe mutations, such as frameshift
mutations in H16_A3043, were frequently associated with mutants
exhibiting a growth advantage, while isolates with no mutation or
non-coding mutation did not show a growth advantage (Fig. 2E and F,
S3B, S3Q).

H16_A3044 is annotated as a histidine kinase, and H16 A3043 is
annotated as a NarL family transcription factor. Similar fitness patterns
between these two neighboring genes suggest they likely form a two-
component signal sensing and transduction system (TCS). The annota-
tions of these two genes and those genes in the immediate genomic
neighborhood do not suggest any information about the external stim-
ulus that the system responds to, or the genes whose expression the
system might be regulating. To confirm their roles in palm oil con-
sumption, we generated knockout strains for each gene, as well as a
double knockout strain, and tested their performance in the 500-mL fed-
batch fermentation using palm oil as feedstock. The results showed that
the knockout of either or both genes led to significantly increased oil
consumption, higher PHA yield, and improved conversion efficiency
compared to H16B (Fig. 2G and H). We also created mutants of other loci
identified from Tn-seq and adapted evolution experiments, but no
mutant exhibited as dramatic growth advantage compared to H16B
(Fig. S4). These findings suggest H16 A3043 and H16_A3044 as an
effective gene target for enhancing palm oil consumption and PHA
biosynthesis in C. necator.

3.3. H16.A3043/H16 A3044 is a global regulator of biogenesis and
stress response

To further elucidate the role of H16 A3043/H16_A3044 in oil con-
sumption and PHA production, we conducted detailed metabolomic and
transcriptomic analyses. Since knocking out either or both genes resul-
ted in similar growth rates, oil consumption and PHA production
(Fig. 2G and H), the transcriptional regulator AA3043, the knockout of
which fully abolishes the regulatory function of the two-component
system, was selected for further mechanistic studies. Samples were
collected during 500-mL fed-batch fermentation at two key time points:
the logarithmic growth phase (10 h), characterized by rapid cell divi-
sion, and the PHA synthesis phase (32 h), marked by rapid PHA accu-
mulation (Fig. S5).

Metabolomic profiling revealed global changes at both time points,
with more pronounced alterations observed at 32 h (Fig. 3A, S6A). In
AA3043, acetyl-CoA levels were significantly elevated, while palmityl-
CoA and stearoyl-CoA levels were reduced, indicating enhanced
B-oxidation. This upregulation provides more acetyl-CoA for energy
production and PHA biosynthesis. Additionally, 3HHx and 3HB, likely
derived from 3HHx-CoA and 3HB-CoA degradation, were markedly
reduced, particularly at 10 h, consistent with increased PHA biosyn-
thesis by channeling 3HHx-CoA and 3HB-CoA to PHA biosynthesis
rather than degradation. This observation aligns with the increased
cellular PHA content in AA3043 at both 10 h and 32 h (Fig. 3B).

In addition to fatty acid metabolism, nucleotide biosynthesis path-
ways were consistently upregulated in AA3043 compared to H16B at
both time points (Fig. 3A-S6A), correlated with faster cell growth
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Fig. 1. Comparison of using sugar and palm oil as sole carbon sources for PHA production in C. necator. (A) Schematic biosynthetic pathways for PHA production
using glucose and palm oil as carbon sources in C. necator H16B. (B—C) PHB and PHBH production by C. necator H16G and H16B, respectively, using palm oil as the
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Fig. 2. Screening for high-oil consumption strains. (A) Schematic representation of the dual screening strategy, combining transposon sequencing (Tn-seq) and
adaptive evolution approaches, used to identify mutants with enhanced palm oil utilization. (B) Representative volcano plot of the Tn-seq analysis showing frequency
changes of transposon insertion mutants from lineage A after 4 days of growth using palm oil as the sole carbon source. (C) Log2 fold change of H16 A3043 and
H16_A3044 mutant frequencies over time in both lineages of the Tn-seq screen. (D) Growth curves of selected strains isolated during 25 passages of adaptive
evolution. Solid red: isolates with growth advantage in lineage A; Hollow red: isolates without growth advantage in lineage A; Solid green: isolates with growth
advantage in lineage B; Hollow green: isolates without a growth advantage in lineage B; Black: AmutS control strain. (E) Mutation profile of the selected strains in (D).
Red: frameshift or premature stop codon mutations; Blue: amino acid substitutions; Gray: synonymous mutations or non-coding sequence mutations. Mutants above
the dashed line showed a growth advantage, while those below did not. (F) Zoomed-in view of the mutation in the H16_A3043 gene. (G) Growth curves and palm oil
consumption rates of H16_A3043 and/or H16_A3044 knockout mutants (AA3043 and/or AA3044). (H) Comparison of palm oil consumption, OD600, PHA yield, and
conversion rate between the knockout strains, demonstrating improved performance in all metrics. Data are shown as means + SEM, n > 3. Statistical significance
was determined using a two-tailed Student’s t-test (**p < 0.01, ***p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

(Fig. 2G). During the PHA synthesis phase, nucleotide biosynthesis in-
termediates in H16B significantly decreased, with metabolites such as
AICAR and FGAR falling below detectable levels (Fig. 3C-S6B). By
contrast, these intermediates in AA3043 showed less reduction and
maintained higher levels compared to H16B, indicating that AA3043
continued attempting to divide despite environmental changes.

We hypothesize that the H16 A3043/H16_A3044 two-component
system plays a role in regulating cell growth upon stress. To test this
hypothesis, AA3043 and H16B were cultured in phosphorus-free media
as an example of environmental stress. In nutrient-rich media, AA3043
exhibited a faster division rate without a lag phase compared to H16B.
However, in phosphorus-free media, AA3043 displayed a much faster
decline in viable cell numbers over time (Fig. 3D). After 72 h, the sur-
vival rate of AA3043 was approximately 5 % that of H16B. This
compromised stress adaptation could be explained by that AA3043
continued cellular division regardless of nutrient limitation.

RNA-seq analysis confirmed the impaired stress response and
increased cellular metabolic activity in AA3043 (Fig. 3E). Genes asso-
ciated with chemotaxis, motility, and environmental response, including
bacterial-type flagellum assembly, chemotaxis, and signal transduction,
were consistently downregulated. Conversely, pathways related to
cellular biogenesis and metabolic activities, such as type IV pilus as-
sembly, biotin biosynthesis, and ubiquinone biosynthesis, were upre-
gulated, particularly at 32 h. Notably, genes involved in flagellum
formation, critical for swimming motility, were downregulated, while
type IV pilus genes, associated with swarming motility, were upregu-
lated, indicating impaired cellular motility. This trade-off between
metabolic enhancement and motility suppression is consistent with
previous observations, where C. necator reduces flagellation during PHA
synthesis (Raberg et al., 2008), and PHB accumulation inhibits chemo-
taxis and motility gene expression in Bradyrhizobium diazoefficiens
(Quelas et al., 2024). Overall, the enhanced PHA production in AA3043
is accompanied by dysregulation of motility and chemotaxis pathways,
reflecting a trade-off that reduces stress adaptation in natural environ-
ments. However, this limitation is mitigated in manually controlled,
nutrient-rich fermentation systems, where AA3043 demonstrates supe-
rior production capabilities.

3.4. Lipase engineering enhanced the scalability of fed-batch fermentation
to pilot-scale

Building upon the mechanistic insights into the H16.A3043/
H16_A3044 two-component system, we next evaluated the scalability of
the engineered strain for industrial application. Despite the clear
metabolic advantages observed in laboratory-scale fermentations, the
impaired environmental stress adaptability of AA3043, coupled with the
strain’s altered lipid metabolism, highlighted potential bottlenecks that
could impact scalability. In the 200-L fed-batch fermentation system,
compared to H16B, AA3043 exhibited a higher oil consumption rate,
higher biomass and PHA yields, demonstrating a potential productivity
advantage (Fig. 4A). However, we observed large amounts of sludge
formed at 20-30 h during fermentation. This sludge was clearly visible
through the fermentation tank window and also precipitated at the
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fermentation ports and pipes (Fig. 4B), significantly impairing the
fermentation process and downstream processing. The sludge appeared
as a cluster of oil and bacterial cell aggregates under the microscope. To
investigate this phenomenon, we used Thin Layer Chromatography
(TLC) to monitor and compare the oil and fatty acid content in the
fermentation samples at different time points during the 500-mL and
200-L fed-batch fermentations. The results showed that both oil and
fatty acid contents decreased over time in 500-mL fermentation, while
they increased from 20 h in the 200-L fermentation (Fig. 4C), indicating
impaired oil consumption capacity at the larger scale, which likely
correlated with the formation of sludge.

While p-oxidation was enhanced in AA3043, the reduced level of
palmityl-CoA and stearoyl-CoA (Fig. 3A-S6A) indicated insufficient
carbon source supply inside the cell. The depletion of palmityl-CoA and
stearoyl-CoA suggests that while p-oxidation is enhanced, the avail-
ability of fatty acid-derived intermediates is insufficient to sustain
metabolic demands. To determine whether fatty acid transport or lipid
hydrolysis is the limiting factor, we constructed a strain (AA3043/FadL)
in which the fatty acid transport protein FadL from Ralstonia pickettii
(NCBI Reference Sequence: WP_012430599.1) was heterologously
expressed. However, the oil consumption rate, growth rate, and PHA
production of AA3043/FadL were nearly identical to those of AA3043,
indicating that fatty acid uptake is not the bottleneck (Fig. S7). We
reasoned that there was an imbalance between fatty acid supply into the
cell and fatty acid utilization within the cell. Compared to sugars, lipids
must first be hydrolyzed by extracellular lipase into fatty acids (and
glycerol) before being transported and utilized by bacterial cells (Rao
et al., 2010). The availability of the oil substrate to the bacterial cells is
thus dependent on the lipase activity (Kumar et al., 2020). Indeed, the
transcriptional level of lipase genes lipAB (H16_A1322-H16 A1323) was
not elevated in AA3043 (Table S6), despite the enhanced oil consump-
tion. To further investigate the role of lipase expression in oil meta-
bolism, we constructed a lipase promoter disruption strain. In 500-mL
fed-batch fermentation, this mutant exhibited severely impaired
growth, with an OD of only 3.8 after 8 h, while dissolved oxygen
remained above 95 %, indicating minimal metabolic activity. In
contrast, AA3043/lipAB achieved an OD of over 20 at the same time
point, demonstrating significantly improved growth and oil utilization.
These results confirm that lipase expression is essential for palm oil
metabolism, and its disruption severely impairs fermentation perfor-
mance, further supporting the need for enhanced lipase expression. We
hypothesized that due to insufficient lipase expression, the unutilized oil
caused the bacterial cell aggregates and hindered the bacteria to effi-
ciently utilize substrate from the fermentation. To test this hypothesis,
we introduced a medium-strength constitutive promoter upstream of the
coding region of the lipAB genes in AA3043 and constructed a lipase
overexpression strain, AA3043/1lipAB. This strain achieved an 11-fold
stable increase in lipase expression and 3-fold increase in lipase activ-
ity (Fig. S8), effectively enhancing triglyceride hydrolysis, particularly
in the vicinity of bacterial cells. The TLC results of the AA3043/lipAB
200-L fermentation showed that no oil or fatty acid accumulated during
the fermentation process (Fig. 4D). This modification successfully
resolved the sludge formation issue and further enhanced biomass, PHA
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Fig. 4. Performance and troubleshooting of H16B engineered mutants in large-scale fed-batch fermentation. (A) Palm oil consumption, biomass, and PHA yield in
the 200-L fed-batch fermentation of C. necator H16B and AA3043. (B) Photographs of the fermenter window and feeding port taken during the fermentation of
H16B and AA3043. (C) Thin layer chromatography (TLC) results showing the residual amount of palm oil and fatty acid in AA3043 samples at different time points
during the 500-mL and 200-L fed-batch fermentation. (D) TLC analysis of AA3043/lipAB samples at different time points during the 200-L fed-batch fermentation.
(E) Comparison of palm oil consumption, biomass, and PHA yield between H16B, AA3043, AA3043/1ipAB, and lipAB at 48 h in 200-L fed-batch fermentation.
Data are shown as means + SEM, n > 2. Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test (ns not significant, *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (F-G) Comparison of palm oil consumption, biomass, PHA yield, and conversion rates between AA3043/1ipAB
and H16B in the 15-m® fed-batch fermentation, showing improved performance for AA3043/lipAB across all metrics. Data are shown as means + SEM, n > 2.
§tatistical significance was determined using a two-tailed Student’s t-test (ns not significant, **p < 0.01, ***p < 0.001).

yield, oil consumption rate compared to H16B at the 200-L scale
(Fig. 4E). The lipase overexpression alone did not confer enhanced oil
consumption, as the strain overexpressing lipAB without deleting
H16_A3043 exhibited disadvantages compared to H16B in the fed-batch
fermentation (Fig. 4E). Building upon the 200-L success, further scale-up
of AA3043/1ipAB to the 15-m® pilot-scale showed a 15.0 % increase in
PHA yield, a 14.4 % increase in oil consumption, and a 5.1 %
improvement in the conversion rate in the 60-h fed-batch fermentation

(Fig. 4F and G). Together, these results validated lipase engineering as a
hypothesis-driven troubleshooting solution to the industrialization
scale-up challenge of the AA3043 strain in PHA production.

3.5. Scale-up of AA3043/lipAB fermentation and evaluation of waste
cooking oil as an alternative feedstock for PHA production

To achieve our production goals, we further scaled up AA3043/1lipAB
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Fig. 5. Performance of AA3043/lipAB in large-scale fermentation with palm oil and waste cooking oil as carbon sources. (A) Photographs of the production-level
150-m® fermenter used for PHA production. (B) Palm oil consumption, biomass, and PHA yield of H16B and AA3043/lipAB using palm oil feedstock in the 150-m®
fed-batch fermentation. (C) Comparison of end-point metrics between H16B and AA3043/lipAB using palm oil in 150-m® fermentation, demonstrating the superior
performance of AA3043/lipAB. (D) Cradle-to-grave carbon footprint comparison between H16B and AA3043/lipAB using different oil feedstocks, highlighting a
reduced environmental impact using AA3043/1lipAB and waste cooking oil (WCO). (E) Palm oil consumption, biomass and PHA yield of H16B and AA3043/1lipAB
using waste cooking oil as the carbon source in the 200-L fed-batch fermentation. (F) Comparison of end-point metrics between H16B and AA3043/1lipAB using WCO,
showing enhanced performance of AA3043/lipAB in WCO fermentation. Data are shown as means + SEM, n > 2. Statistical significance was determined using a two-
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fed-batch fermentation to the 150 m® production scale. AA3043/lipAB
demonstrated significantly improved performance compared to H16B,
with higher oil consumption, biomass accumulation, PHA yield, and
conversion rates. Specifically, AA3043/1lipAB achieved a final PHA yield
of 264 g/L and 3.05 tons per batch, representing a 25.4 % increase in
yield and a 5.6 % improvement in conversion rate compared to H16B,
with a mass conversion rate of 100 % after 60 h of fermentation (Fig. 5A
and B). These results demonstrated the strain’s robustness under
industrial-scale processes, highlighting the feasibility of transferring
laboratory findings to real-world production. With increased PHA pro-
duction efficiency, the carbon footprint of PHA produced with AA3043/
lipAB was reduced by 29.7 % compared to the original process using
H16B, particularly in terms of energy consumption during production
and waste generation in extraction per ton of PHA (Fig. 5C).

To explore further reduction of PHA production cost and carbon
footprint, we tested waste cooking oil as an alternative feedstock in the
200-L fed-batch fermentation. Waste cooking oil primarily consists of
fatty acids of varying chain lengths and saturation, originating from
various plant and animal oils. Both H16B and AA3043/1lipAB were able
to consume waste cooking oil, but AA3043/1lipAB exhibited superior
performance, including higher oil consumption, DCW, PHA yield, and
conversion rate. AA3043/1lipAB produced a final yield of 194.3 g/L
(94.9 % increase from H16B), with a conversion rate of 86.2 % (44.4 %
increase from H16B) after 48 h fermentation (Fig. 5D and E). Projections
(Table S5) indicated that replacing palm oil with waste cooking oil in
AA3043/lipAB fermentation at 150 m® production scale could further
reduce the carbon footprint by 39.0 %, resulting in a total reduction of
52.7 % compared to H16B production using palm oil (Fig. 5C).

Together, the engineered AA3043/lipAB strain demonstrated the
robustness for cost-effective and sustainable PHA production using oil
feedstocks including food-grade palm oil and crude waste cooking oil.
Strategies and challenges for integrating waste cooking oil into indus-
trial processes are further discussed in Discussion.

4. Discussion

The growing demand for sustainable bioplastics has placed PHA at
the forefront of renewable material research. However, the high pro-
duction costs associated with traditional carbon sources remain a sig-
nificant bottleneck to industrial-scale adoption (Dong et al., 2023;
Zytner et al., 2023). Our study addresses these challenges by engineering
the industrial PHA production strain of C. necator to optimize the utili-
zation efficiency of oil-based feedstocks, including both food-grade palm
oil and waste cooking oil. While laboratory modifications can signifi-
cantly enhance PHA yield, scaling up engineered strains often presents
challenges that are not always addressed in the literature. In many
studies, the focus is on laboratory-scale improvements, but issues
encountered during the scale-up process are frequently overlooked. By
resolving the scalability challenge with hypothesis-driven trouble-
shooting, our research offers innovative solutions for enhancing PHA
yield, reducing production costs, and minimizing environmental
impacts.

C. necator is naturally capable of utilizing a wide range of carbon
sources, including oils, for PHA production, making it one of the most
efficient strains for oil-based PHA production. However, its carbon
source utilization efficiency remains suboptimal. As a naturally occur-
ring strain, C. necator is constrained by complex regulatory networks
that, while facilitating general carbon source utilization, limit its full
potential for efficient oil consumption and PHA synthesis. The intricacy
of these natural regulatory mechanisms makes rational design chal-
lenging, necessitating reliance on screening approaches for strain opti-
mization. Through Tn-seq screening and adaptive evolution, we
identified the H16 A3043/H16_A3044 two-component system as a key
regulator of oil consumption and PHA biosynthesis. The engineered
strain AA3043 demonstrated enhanced p-oxidation activity, evidenced
by increased acetyl-CoA levels and reduced palmityl-CoA and stearoyl-
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CoA levels, which directly improved PHA biosynthesis. The depletion
of palmityl-CoA and stearoyl-CoA in AA3043 suggests that while
B-oxidation is enhanced, fatty acid supply becomes limiting. In H16B,
fatty acid uptake and fB-oxidation are balanced, so lipAB overexpression
does not improve oil utilization. However, in AA3043, the removal of
H16_A3043 regulation accelerates -oxidation, making lipid hydrolysis
the bottleneck. This explains why lipAB overexpression enhances oil
utilization only in AA3043, as it ensures a sufficient supply of free fatty
acids for PHA biosynthesis. Upregulation of nucleotide biosynthesis
pathways in AA3043 also contributed to faster cell growth during the
logarithmic phase. However, transcriptomic analysis and experiments
under phosphorus-free conditions revealed AA3043’s impaired ability
to sense environmental stress, highlighting a trade-off between
enhanced metabolic activity and environmental adaptability. This lim-
itation manifested in uncontrolled extracellular triglyceride accumula-
tion, as the strain failed to regulate oil degradation into fatty acids
effectively, which led to cell surface coverage and sludge formation
during fermentation. We addressed this scalability issue by over-
expressing the extracellular lipase lipAB, which successfully mitigated
the sludge formation and enabled seamless scalability. While knocking
out the two-component system significantly improved AA3043’s palm
oil-based PHA production, its regulatory mechanisms remain complex
and are not fully understood. This system regulates numerous down-
stream genes involved in diverse metabolic pathways, suggesting un-
tapped potential for targeted optimization that warrants future research
to unravel these regulatory networks.

Scaling up AA3043/lipAB fermentation to 150 m® significantly
improved oil consumption, PHA yield and conversion rate compared to
H16B, demonstrating its robustness and compatibility with industrial-
scale processes. The engineered strain achieved a final PHA yield of
264 g/L and a 25.4 % increase compared to H16B, with a conversion
efficiency of 100 % after 60 h, the highest yield and conversion rate
reported to the best of our knowledge (Arikawa and Matsumoto, 2016;
Arikawa et al., 2017; Blunt et al., 2018; Arikawa and Sato, 2022). As the
oil consumption rate maintained at relatively high levels at 60 h,
extending the duration of fed-batch fermentation holds the potential of
further increasing the PHA yield and conversion rate. Furthermore,
replacing palm oil with waste cooking oil reduced the carbon footprint
by 52.7 %, demonstrating the potential for coupling scalability with
sustainability.

Beyond its lower carbon footprint, waste cooking oil also provides a
cost-effective alternative to palm oil while maintaining high PHA yields
and conversion rates. AA3043/1ipAB achieved a final yield of 194.3 g/L
and a conversion rate of 86.2 %, highlighting its potential for economic
and sustainable production. However, the inherent variability in the
composition of waste cooking oil, including undefined impurities and
differences in fatty acid chain lengths and saturation, could influence
microbial assimilation efficiency and PHA yield (Saratale et al., 2021;
Getino et al., 2024). By contrast, palm oil’s consistent quality supports
predictable performance and higher yields. To enhance the feasibility of
waste cooking oil for industrial applications, future research should
focus on evaluating multiple batches and sources of waste cooking oil to
better understand its impact on microbial metabolism and fermentation
performance. Additionally, strategies such as pre-treating waste cooking
oil to standardize its composition, engineering microbial strains to
tolerate variability, or optimizing fermentation conditions could
enhance its feasibility for industrial applications (Koller, 2018; Saratale
et al., 2021). Last but not least, while waste cooking oil offers economic
and environmental advantages, its integration into industrial processes
requires careful consideration of government regulations and supply
chain logistics.

Our study demonstrates the highest truly industrially viable PHA
production yield reported to date. While numerous studies have
explored PHA production, most were conducted at laboratory scale,
with only a few reaching pilot-scale fermentation (>50L). A detailed
comparison (Table 2) shows that almost all pilot-scale studies reported
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Table 2
Chronological summary of PHA yield for high-productivity fed-batch fermentation.
Microorganism Carbon Source Scale Biomass (g/ PHA yield (g/ Productivity (g/L/ DO Reference
(L) L) L) h) ctrl®
Methylobacterium methanol 2.5 250 130 1.86 +0, Kim et al. (1996)
organophilum
Alcaligenes latus DSM 1123 sucrose 6.6 117 98 5.13 +0, Wang and Lee (1997a)
C. necator NCIMB 11599 glucose 60 281 232 3.14 ? Ryu et al. (1997)
E. coli XL1-Blue glucose 6.6 204 157 3.20 +02 Wang and Lee (1997b)
50 154 101 2.80
E. coli XL1-Blue glucose 6.6 194 142 4.63 ? Choi et al. (1998)
C. necator NCIMB 40124 rape Seed oil and propionic 15 204 137 2.11 Air Naylor and Wood (1999)
acid
C. necator NCIMB 11599 glucose 5 208 139 3.10 404 Shang et al. (2003)
Bacillus megaterium Molasses 90 85.3 40.1 1.67 Air Kanjanachumpol et al. (2013)
C. necator Palm oil 5 215 175 2.57 Air Arikawa and Matsumoto
(2016)
C. necator Lipid particlesh 10 ? 217 4.52 Air Takahashi et al. (2021)
C. necator Palm oil 5 ~220 196 2.88 Air Arikawa and Sato (2022)
Halomonas lutescens glucose 199 158 ~4.5 Air Shen et al. (2022)
C. necator palm oil® 10 ? 268 5.58 Air Takahashi et al. (2023)
C. necator palm oil 150 m® 348 264 4.40 Air This study

@ Dissolved oxygen was enhanced using O»-enriched air (+02) or Air.
b palm oil fatty acid distillate was heated up tp 60.

¢ and sprayed into the culture liquid through 70C nozzle. c. The palm oil was refined through degumming, deacidification, decolorization, and deodorization, then
emulsified by homogenized with water (6:4 ratio) at 60 °C with 0.5 % casein sodium as an emulsifier.

significantly lower PHA yields and productivities than ours, highlighting
the challenge of achieving both high yield and high productivity at
larger scales. Although one patent reported a slightly higher PHA yield
(268 g/L) and a few studies achieved higher productivity, these ap-
proaches relied on pure oxygen supplementation or complex pre-
treatment of palm oil, making them impractical for industrial produc-
tion. In contrast, our process, which achieved 264 g/L PHA with a
productivity of 4.40 g/L/h in 150 m® fed-batch fermentation, represents
a scalable and economically feasible strategy for large-scale PHA
manufacturing. By demonstrating high efficiency under realistic indus-
trial conditions, our work lays a strong foundation for advancing PHA
commercialization.

Beyond achieving high yields and productivity, ensuring PHA
composition consistency at the industrial scale is crucial for successful
commercialization. Our results demonstrate that both strain modifica-
tions and scale-up influence the molar composition of PHBH, particu-
larly in terms of 3HHx incorporation (Fig. S9). The deletion of A3043
significantly increased 3HHx%, whereas lipAB overexpression had no
notable effect in 500-mL fermentations. The 3HHx% increase in
AA3043/1lipAB compared to H16B was only 0.69 %, suggesting that this
minor change is unlikely to have significant impact on polymer prop-
erties. During scale-up to 200 L, 15 m?, and 150 m®, 3HHx% fluctuated
initially but stabilized at the largest scale (150 m®), indicating that PHA
composition remains predictable and reproducible in industrial
fermentation. This suggests that while genetic modifications can fine-
tune PHA monomer composition, the impact of fermentation scale on
PHA composition is minor. In our study, the stability of 3HHx% at the
industrial scale further supports the robustness and scalability of our
fermentation process, reinforcing its suitability for large-scale PHA
production with consistent material properties.

Future research should prioritize adaptive engineering to improve
AA3043’s resilience under fluctuating industrial conditions. Standard-
izing variable substrates like waste cooking oil through pre-treatment or
bioprocess adjustments, conducting comprehensive life cycle and
techno-economic analyses, and optimizing large-scale fermentation
processes with real-time monitoring systems are essential next steps.
Addressing these issues will unlock the full potential of oil-based sub-
strates for sustainable PHA production, paving the way for cost-effective
and environmentally friendly biopolymer solutions.
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5. Conclusion

In conclusion, this study demonstrates the transformative potential
of metabolic engineering in scalable and sustainable PHA production. By
constructing C. necator AA3043/lipAB, we achieved significant en-
hancements in oil-based substrate utilization, improving PHA yield and
conversion rate while substantially reducing the production carbon
footprint. The strain’s robust performance with alternative feedstocks,
such as waste cooking oil, underscores its industrial viability and cost-
effectiveness. Scaling up to the 150 m> fermentation system validated
the feasibility of translating laboratory innovations into industrial-scale
applications. Mechanistic insights into the H16 A3043/H16_A3044
system uncovered critical regulatory mechanisms in substrate meta-
bolism and stress response, paving the way for future strain optimiza-
tions. This work bridges critical gaps between experimental research
and industrial implementation, offering a scalable, eco-friendly
biopolymer solution to mitigate plastic pollution and advance global
sustainability efforts.
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