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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY

= Biosynthesis of P(3HB-co-LA-co-3HV) was achieved in recombinant Halomonas.

Various P(3HB-co-LA-co-3HV) were produced from glucose and valerate.

Halomonas CJN28 was grown to 62 g L™' CDW containing 86wt% P(3HB-23 mol% LA-25 mol% 3HV).

Thermal and mechanical properties of various P(3HB-co-LA-co-3HV) were characterized.
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Halomonas bluephagenesis (H. bluephagenesis) was metabolically engi-
neered to efficiently synthesize a biopolymer composed of three
monomers—3-hydroxybutyrate (3HB), lactate (LA), and 3-hydroxyvalerate
(3HV)—using glucose as the carbon source. In shake-flask cultures with
glucose-sodium valerate as the carbon source, the recombinant strain
produced 9.48 g L™ of P(3HB-c0-12.92 mol% LA-co-40.48 mol% 3HV). By
knocking down 11 genes related to the B-oxidation cycle, the composition
of the terpolymer was controllable. In a 7-L bioreactor, H. bluephagenesis
CJN28 reached 61.65 g L cell dry weight (CDW containing 85.64 wt%
P(3HB-c0-22.51 mol% LA-co-25.34 mol% 3HV). Both H. bluephagenesis
CJN28 and its cytoskeletal protein MreB-knockdown mutant H. bluephage-
nesis CIN28 /A mreB (exhibiting significant cell enlargement) demonstrated
better capability to synthesize P(3HB-co-LA-co-3HV) when cultured with
glucose and gradient concentrations of sodium valerate. Thermal and
mechanical studies revealed that the terpolymer exhibited higher ductility
compared to P3HB and PLA. This study marks the first attempt of microbial
production of P(3HB-co-LA-co-3HV) with enhanced efficiency for scale up.

INTRODUCTION

The depletion of fossil fuels, unsustainable consumption of resources and
plastic pollutions have led to energy crisis and environmental degradation.' A
potential solution to this global challenge lies in utilizing microbial technology
from sustainable feedstocks for the production of industrial chemicals.””
Microorganisms commonly utilized for the biosynthesis of high-value-added
products, encompassing a diverse array of chemical compounds and poly-
mers made both by model organisms, exemplified by Bacillus subtilis,
Escherichia coli, Cupriavidus necator, yeast and non-model organisms,
particularly extremophiles such as H. bluephagenesis.”**

Polyhydroxyalkanoates (PHA), stored inside bacterial cells as energy
reserves, are biodegradable polymers synthesized by microorganisms
through the fermentation of glucose or other carbon sources, which is
increasingly seen as a sustainable alternative to traditional petroleum-based
plastics.”'” Increasing the diversity of PHA materials is intended to enhance
their application areas.'' Therefore, studies on biosynthesis of diverse PHA
employing the extremophilic H. bluephagenesis via next-generation industrial
biotechnology (NGIB) have attracted considerable interest and attention.'”

Currently, representative synthetic PHAs include P(3HB-co-3HV) consist-
ing of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV), P(3HB-co-
3HHx) of 3HB and 3-hydroxyhexanoate (3HHx) and P(3HB-co-4HB) of 3HB
and 4-Hydroxybutyrate (4HB). P(3HB-co-3HV) improves the flexibility and
processability of PHB by introducing 3HV monomers, achieving higher elon-
gation at break and lower glass transition temperature compared to rigid
PLA."" The incorporation and modulation of the medium-chain-length
monomer 3HHx in P(3HB-co-3HHXx) enable the copolymer to retain the high
strength typical of PHB-based materials while significantly enhancing flexibil-
ity and processability, thereby effectively overcoming the inherent brittleness
of PHB and the excessive stiffness and limited toughness of PLA."* P(3HB-co-
4HB) offers a tunable combination of high toughness, elasticity, and thermal
stability within a fully biodegradable system. By varying the 4HB content, it
effectively overcomes the brittleness of PHB and the stiffness of PLA, filling a

key gap in flexible and impact-resistant bioplastics.'®

P(3HB-co-LA-co-3HV) is a terpolymer consisting of 3-hydroxybutyrate
(3HB), lactic acid (LA) and 3-hydroxyvalerate (3HV). Each component
contributes distinct properties to this biopolymer, making it a promising
material in the field of biodegradable plastics.'™'" Polyhydroxybutyrate (PHB)
is known for its high crystallinity and biodegradability with brittleness, limiting
its applications.'” Polylactic acid (PLA), a widely used biopolymer, is also
biodegradable with flexibility and biocompatibility.” Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) improves toughness and elasticity relative to
PHB.*?' By combining these three monomers, P(3HB-co-LA-co-3HV)
achieves adjustable thermo-mechanical and biodegradation properties via
monomer ratio optimization.

Previous studies have reported the synthesis of the terpolymer P(3HB-co-
8.7 mol% LA-co-7.2 mol% 3HV) in a genetically engineered lactate-overpro-
ducing Escherichia coli JW0885 grown with propionate supplementation,
where monomer ratios were modulated by adjusting propionate concentra-
tions.”” However, challenges remain in achieving precise compositional
control, as 3HV incorporation was restricted to a narrow range (0-7.2 mol%)
while elevated propionate levels (>100 mg L") suppressed total polymer
accumulation due to substrate toxicity.”” Additionally, scalable production of
such terpolymers requires energy-intensive sterile fermentation, highlighting
the need for alternative microbial platforms compatible with cost-effective
industrial processes.

The halophilic bacterium H. bluephagenesis is considered as a chassis
organism for NGIB, which has been engineered to enable cost-effective
production of various polyhydroxyalkanoates (PHAs) and other high-value
compounds under non-sterile and continuous fermentation conditions.”* H,
bluephagenesis is naturally capable of synthesizing PHB.* Engineered the
bacterium allows productions of P(3-hydroxybutyrate-co-3-hydroxypropi-
onate) P(3HB-co-3HP); P(3-hydroxybutyrate-co-4-hydroxybutyrate), (P34HB);
P(3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV); P(3-hydroxybutyrate-co-
5-hydroxyvalerate, P(3HB-co-5HV); P(3-hydroxybutyrate-co-3-hydroxyhex-
anoate), PHBHHx. PHB, P34HB and PHBV. Typically, H. bluephagenesis
provides feasibility of large-scale industrial production with reduced costs.”*
Despite these advancements, the biosynthesis of LA-containing terpolymers
such as P(3HB-co-LA-co-3HV) has not yet been explored in H. bluephagene-
sis. Addressing this gap could expand the range of PHA materials while lever-
aging the industrial scalability.

This study focused on engineering H. bluephagenesis for P(3HB-co-LA-co-
3HV) production with a controllable LA and 3HV ratios for flexible material
properties, it was conducted following a sequential framework of "construc-
tion of engineering strain, its performance optimization, process scale-up and
material characterization”.

MATERIAL AND METHODS
Strains and media

The strains, plasmids, and genes employed in this study are summarized in
Table T and Table S1. The halophilic wildtype bacterium Halomonas
bluephagenesis TDOT was originally obtained from Aydingol Lake located in
the Xinjiang region of China. E. coli S17-1 was used for plasmid construction
and vector donation during conjugation, while E. coli DH5q, obtained from
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Table 1. Strains and plasmids used in this study.

Strains/Plasmids Description $ource/
literature
Strains
Escherichia coli (E. coli) S17-1 Harboring the tra gene on the chromosome, used for conjugation o
Halomonas. bluephagenesis . - . . . . o
(H.bluephagenesis)TBol wild type strain, isolated from Aydingkol Lake of Xinjiang Province, China
H. bluephagenesis TD1.0 Carrying Pr7.ixe RNA polymerase expression module on H. bluephagenesis TDO1 ¥
Clostridium propionicum Source of the pctsyy, gene Lab stocks
Pseudomonas sp. 6-19 Source of the phaC, 457 gene Lab stocks
CJNO1 Genomic deletion of phaCrp gene of H. bluephagenesis TD1.0 derivate This study
CUNT9 Genomic insertion of Py, e~ PhaCigsr- PCtsgg unit in G4/GY2/G51/PhaP1 sites of H. bluephagenesis This study
CJNOT1 derivate
CJN28 Genomic deletion of dld and pta genes of H. bluephagenesis CJN19 derivate This study
CJN32 Genomic deletion of mreB gene of H. bluephagenesis CJN28 derivate This study
Plasmids
An expression vector harboring RK2 replication origin, oriT sequence for conjugation in H. 36
pSEVA321 B!
bluephagenesis, Cm
High copy number expression vector used for overexpression, pRO1600/ColE1 replication origin, oriT,
pSEVA341 o
pQ08 pSEVA321 derivative, expressing S. pyogenes cas9, Cm"® 29
pgR-G4 pSEVA341R derlvatlvﬁe, G4 genomic site sgRNA with integrated expression cassette, 1000 bp This study
donor,Km" and Spe' o o )
DgR-GY2 pSEVA341R derlvatlvﬁe, GY2 genomic site sgRNA with integrated expression cassette, 1000 bp Tt s
donor,Km" and Spe' o o )
pgR-G51 pSEVA341R derlvatlvﬁe, G51 genomic site sgRNA with integrated expression cassette, 1000 bp This study
donor,Km" and Spe' o o ;
pgR-PhaP1 pSEVA341R derlvatlvﬁe, PhaP1 genomic site sgRNA with integrated expression cassette, 1000 bp Tt s
donor,Km" and Spe
ivati R
Sl grSJE;/A341 derivative phaCrp knockout, phaCrp sgRNA, homologous arm length 1000 bp, Km*" and T iy
pgR-pta pSEVA341 derivative pta knockout, pta sgRNA, homologous arm length 1000 bp, Km® and Spe® This study
pgR-did pSEVA341 derivative dld knockout, dld sgRNA, homologous arm length 1000 bp, Km® and Spe® This study
pgR-sdhE pSEVA341 derivative sdhE knockout, sdhE sgRNA, homologous arm length 1000 bp, Km® and Spe®  This study
pgR-prpC PSEVA341 derivative prpC knockout, prpC sgRNA, homologous arm length 1000 bp, Km" and Spe®™  This study
pgR-mreB pSEVA341 derivative mreB knockout, mreB sgRNA, homologous arm length 1000 bp, Km® and Spe®™  This study
pl-Hfg-Null pSEVA321 derivative, inducible expression of hfgEc controlled by the external addition of IPTG, Cm® This study
I-Hfa-X pSEVA321 derivative, inducible expression of hfgEc controlled by the external addition of IPTG, Cm"® Thi q
IS fadB; 2/3/4/5/6/7/8 OF fadA; 23145 homologous arm length 1000 bp, I it}
I-Hfg-A pSEVA321 derivative, inducible expression of hfgEc controlled by the external addition of IPTG, This stud
G phaA homologous arm length 1000 bp, Cm* - y
I-Hfq-B pSEVA321 derivative, inducible expression of hfgEc controlled by the external addition of IPTG, This stud
pi-HIa phaB homologous arm length 1000 bp, CmF y
pCJN68 PSEVA321 derivative, inducible expression of scpAB controlled by the external addition of IPTG, Cm® This study

Tsingke Co. Ltd. (China), was used for general cloning purposes.

E. colicultivation was performed in LB supplemented with 10 g L™ tryptone,
5 g L' yeast extract and 10 g L' NaCl. H. bluephagenesis TDO1 and its
derivatives were cultured in LB containing 60 g L™ NaCl, with the remaining
components as described above. Both E. coli and H. bluephagenesis were
cultured at 37°C and 200 rpm. Shake flask experiments were conducted in 50
MM. All 50 MM contain 1 g L™ yeast extract, 0.5 g L' urea, 50 g L' NaCl,
0.2 g L' MgsQ,, 3.83 g L' Na,HPO,, 1.5 g L! KH,PO,, 0.01 mg L™ trace
element solution-I and 0.001 g L™ trace element solution-Il. Component
solution | and Il are same as prior methods.” The pH of the media was
adjusted to a range of 8.0 to 9.0. To ensure the stability of the target plas-
mids in various recombinants H. bluephagenesis, 25 mg L™ chloramphenicol
and/or 100 mg L' spectinomycin were added.

Plasmid construction methods and genome editing tools
Plasmids were synthesized primarily using the Gibson Assembly tech-

nigue.”’ PCR amplification of DNA fragments was carried out with Q5 High-
Fidelity DNA Polymerase (New England Biolabs, Inc., USA), followed by purifi-
cation using a gel purification kit (Omega, USA). Target gene fragments were
assembled with the Gibson Assembly kit (NEB, USA). The resulting ligation
products were subsequently introduced into E. coli S17-1 or DH5a for bulk
amplification. Positive clones, identified through DNA sequencing, were then
prepared for further experimentation. Genome editing in H. bluephagenesis
was accomplished using the CRISPR/Cas9, ClpXP degradation and PrrF1-2-
HfgPa systems.”®*** Chemicals were sourced from Sinopharm Chemical
Reagent (China) and Sigma-Aldrich (USA), while primers were synthesized by
Xianghong Biotech (China). DNA sequencing was carried out by Tsingke (China).

Conjugation transformation

Plasmids were successfully introduced into H. bluephagenesis via conju-
gation. The donor strain used was E. coli S17-1 Apir. Both H. bluephagenesis
and E. coli S17-1 Apir harboring the plasmids, were cultured for 4 hours at
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37 °C to reach an ODgy of 0.4. Centrifugation was performed to collect T mL
of cells from each strain. The pellets were then resuspended in LB, combined
in a 1:1 ratio, and cultivated for 24 hours at 37°C on 20-LB plates. Following
this, the bacterial mixture was spread onto 60 LB solid plates supplemented
with the appropriate selective antibiotics and incubated for an additional 24
hours at 37°C. Individual colonies were isolated and verified by PCR.

Shake flask and fed-batch studies

A single colony of H. bluephagenesis TD1.0 or its derivatives was inocu-
lated into 60 LB and cultured for 10-12 hours at 37°C in a shake flask (total
volume 500 mL, working volume 50 mL). The second seed culture was
obtained by transferring 200 pL of the initial culture into fresh 60 LB, followed
by incubation for 8-10 hours. Subsequently, 50 mL of 60 MMG was added to
2.5 mL of seed culture in a 500 mL shake flask, and the mixture was incu-
bated at 37°C with shaking at 200 rpm for 48 hours. H. bluephagenesis TD1.0
and its derivatives were cultivated in 60 LB for seed activation and growth in
this study. LB contained 5 g L™ yeast extract, 10 g L™ tryptone and 10 g L
NaCl. For PHA accumulation, H. bluephagenesis TD1.0 and its derivatives
were cultivated in 60 MMG during shake flask experiments. The composition
of the 60 MMG included 10 mL L™ trace element solution | and 1 mL L' trace
element solution 1l, 60 g L™ NaCl, 1 g L' yeast extract, 0.7 g L™ (NH,),CO,
0.2 g L MgSO,, 9.65 g L™ Na,HPO,12H,0, 1.5 g L' KH,PO,, and 30 g L
glucose. Trace element solution | contained 1 M HCI, 5 g L™ Fe(lll)-NH,-
citrate, and 2 g L™ CaCl,. Trace element solution Il contained 30 mg L™
Na,Mo0,2H,0, 20 mg L' NiCl,-6H,0, 10 mg L™ CuS0,-5H,0, 200 mg L
CoCly6H,0, 300 mg L' HsBO; 30 mg L' MnCly4H,0, and 100 mg L™
ZnS0,4 7TH,0. The pH of the medium was adjusted to approximately 8.0-8.5
using 5 M NaOH.

Analysis of cell dry weights and their P(3HB-co-LA-co-3HV) contents

The cell dry weight (CDW) was quantified by lyophilizing the cell pellets
obtained from 50 mL of fermentation broth: after centrifugation at 9,600 x g
for 30 min (CR 21GlII, HITACHI, Japan), the pellets were washed with distilled
water and subjected to a lyophilization process at -80°C for 0.5-1 h followed
by vacuum drying for 16-24 h. For the esterification reaction, 30 to 40 mg of
the lyophilized cells were finely ground into powder and heated in a 15 mL
tube at 100°C for 4 hours, in the presence of 4 mL of esterification mixture
containing 2 mL of methanolysis solution (85 wt% methanol, 15 wt% H,SO,,
1 g L' benzoic acid) and 2 mL of chloroform. Both the content and
monomeric composition of the synthesized polyhydroxyalkanoate (PHA)
were determined via gas chromatography analysis using a SHIMADZU GC-
2014 system. Standards of 10-30 mg P(3HB) (99.9%, Sigma-Aldrich), lactic
acid (99%, Sigma-Aldrich) and 3-hydroxyvalerate (3HV unit standard; Sigma-
Aldrich, USA) were used.

Microscopy

Sample preparation for transmission electron microscopy (TEM) involved a
series of procedures: cells were harvested from shake flasks by centrifuga-
tion at 1,500 x g for 3 min, washed once with PBS (pH 7.2), and finally fixed
with 2% glutaraldehyde (pH 7.2) at 4°C for 4 hours.

Following the fixation, the cells were subsequently stained employing a
solution of 0.05% ruthenium red in 0.1 M cacodylate buffer at 4°C for a dura-
tion of 5 hours. After being washed with the same buffer, the cells were
subjected to post-fixation in 1% osmium tetroxide supplemented with 0.05%
ruthenium red at 4°C for 2 h. Subsequently, the samples were rinsed again
with cacodylate buffer and processed through a graded ethanol series for
dehydration. The dehydrated specimens were then embedded in resin and
sectioned into 80 nm slices using an ultra-microtome (Leica, Germany).
Finally, the sections were examined with a TEM system (H-7650B, Japan)
operating at an accelerating voltage of 80 kV.

PHA extraction and purification

Intracellular PHA was isolated from the lyophilized cell biomass by
employing a Soxhlet extraction system (Soxtec 2050, Foss, Denmark) via the
established procedure: the dried cells were treated by boiling at 110°C for 3
hours, eluting for 2 hours, and finally recycling for 1 hour. PHA polymers were
purified by redissolving the extracted samples in chloroform and precipitating

with an 8-fold volume of ethanol.

Gel permeation chromatography (GPC)

GPC was performed on an LC-20AD system (SHIMADZU, Japan) to assess
the molar mass and polydispersity of the samples, using a SHIMADZU GPC-
804C column fitted with a refractive index detector (SHIMADZU, Japan). The
samples were dissolved in chromatographically pure chloroform at a
concentration of 2 mg mL™. Any remaining substance was filtered using a
0.22 um nylon-membrane syringe filter (Jinglong, China). Chromatographi-
cally pure chloroform was used as the mobile phase, with an injection volume
of 40 pL and a flow rate of 1 mL min™ at 40°C. A series of number-average
molar masses of polystyrene standards (1 x 10 2 x 104 3x 10% 7 x 10 1.5 x
10% 3 x 10% 7 x 10° and 1 x 10, Sigma-Aldrich, USA) were employed to cali-
brate the system.

Differential scanning calorimetry (DSC)

A DSC-Q20 device (TA, USA) was used to obtain polymer differential scan-
ning calorimetry (DSC) data. Nitrogen was used as the purge gas, with a flow
rate of 50 mL min™. The temperature range was set from -80°C to 200°C.
Samples were first cooled to -80°C and then heated at a rate of 10°C min™'
from -80°C to 180°C. For the second cycle, the samples were reheated and
quenched again within the same temperature range.

Thermal gravimetry analysis (TGA)

The thermal stability of the PHA samples was evaluated using a TGA-50
analyzer (Shimadzu, Japan). Approximately 5-10 mg of each sample was
subjected to a controlled temperature ramp from ambient temperature to
600°C at a heating rate of 10°C min™ under a continuous nitrogen purge.

Mechanical property studies

PHA films were cast by dissolving 1 g of the purified sample in 15-20 mL
of chloroform on glass disks with a diameter of 60 mm. The films were care-
fully cut into dumbbell-shaped samples (width: 4 mm) using an RR/PCP
machine (Ray-Ran, UK). Stress-strain measurements were conducted using
an Instron 3365 tensile-strength measurement device (Instron, USA) with a
stretching speed of 10 mm min™'. Each sample was tested in triplicate, and
the average values were reported.

RESULTS
De novo biosynthesis of P(3HB-co-LA-co-3HV) by H. bluephagenesis
The wild-type H. bluephagenesis synthesizes PHB. The engineered strain
H. bluephagenesis CUN28 integrates four copies of codon-optimized pctsy.
(propionyl-CoA transferase) and phaC,.s; (LA-associated synthase) into its
genome, with deletion of pta and dld genes encoding phosphate acetyltrans-
ferase and D-lactate dehydrogenase, respectively (Figure 1A). This engi-
neered strain successfully produced P(3HB-co-LA) using glucose as the sole
carbon source. Previous studies have demonstrated that 3HV biosynthesis
can be achieved by propionate supplementation during glucose fermentation,
although this method inhibits cellular growth and increases production
costs.” Redirecting metabolic flux toward 3HV synthesis offers a cost-effec-
tive approach while maintaining normal cell growth.” Deletion of the sdhE
(encoding succinate dehydrogenase assembly factor 2) and prpC (encoding 2-
methylcitrate synthase), enhances propionyl-CoA utilization for 3HV produc-
tion (Figure 1A).”* The heterologous expression module scpABoperon encoding
methylmalonyl-CoA mutase and methylmalonyl-CoA decarboxylase” was
employed to redirect TCA cycle intermediates to 3HV component synthesis
(Figure 1A). H. bluephagenesis CIN28/\sdhEAprpC harboring pSEVA321-
mmpT1-scpAB was induced with different IPTG concentrations (Figures 1B &
C). The 3HV content showed a bell-shaped response to increasing IPTG
concentrations. Optimal 3HV production occurred at 2 mg L™ IPTG (Figure
1C). This induction condition reached 7.45 g L' CDW containing 51% P(3HB-
co-LA-co-3HV), with the 3HV content remained below 1 mol% under glucose-
based cultivation (Figure 1C). While the first successful de novo synthesis of
P(3HB-co-LA-co-3HV) from glucose was achieved, the low conversion effi-
ciency motivated subsequent experimental implementation of precursor
supplementation strategies to optimize terpolymer biosynthesis.

4 The Innovation Life 4(3): 100227, July 20, 2026

www.the-innovation.org/the-innovation-life


https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life

Microbiology RaLiI[¢R3

Figure 1. De novo production of P(3HB-co-LA-co-
3HV) by H. bluephagenesis CJN28A sdhEAprpC
harboring pSEVA321-mmp1-scpAB grown on

Glucose Pre work This study glucose (A) Metabolic engineering of H. bluephage-
i nesis for de novo synthesis of P(3HB-co-LA-co-3HV
v Jd_ PCtsa - from Glucose. SdhE, succinate dehydrogenase.
Pyruvate N Lactate - Lactyl-CoA = PrpC, 2-methylcitrate synthase. (B-C) Production of
IdhA, 5 P(8HB-co-LA-co-3HV) by H. bluephagenesis
ta-ackA ¥ faC 8‘ CIN28AsdhEAprpC harboring pSEVA321-mmp1-
Acetate ‘Li Acetyl-CoA phaA_> AcAC-CoA phaB—>3-HB-CoA phatCias7 ? ScpAB in the presence of mmp1 inducible system

T \ . rlz induced using different concentrations of IPTG.

prp S
CTY(ZIIZ | sdhE \ &

Succinyl-CoA * Propionyl-CoA phaA31> 3-HV-CoA = of varying concentrations of the MOPS buffer
H. bluephagenesis CIN28 to the culture medium revealed that H.
bluephagenesis CIN28 synthesized P(3HB-co-
9 G [ cow(gL™) LA-co-3HV) with significantly reduced 3HV
J :\ Glucose [ P(3HB-co-LA-co-3HV) (wt%) content (Figure S2). While prior studies showed
! 1 LA(mol%) [ 3HV (mol%) yeast extract (1-3 g L) enhanced P(3HB-co-
Y 157 80 ) LA) production, this adjustment failed to
PTG o é’ % improve P(BHchofLATcofSHV)lcontent (Figure
L = 10. & 8 S2). Therefore, the optimal medium for synthe-
S g, '; sizing P(3HB-co-LA-co-3HV) in this study was
<3 Y ooz §/ 0% g:’ determined to be 50 MMV containing glucose
& 051 > & and salt concentrations of 30 g L and 50 g L™,
PSEVA321 8 Q 8 @ 120 3 S respectively, supplemented with 5 g L™ sodium
9 Fn ﬁ F 9 ﬁ 9 ‘n & §3 valerate at 24 hours. However, yeast extract
H. bluephagenesis CIN28 o0 0, 0 o g and buffer were found to have no significant
IPTG(gL™) effect on the production yield of this novel

P(3HB-co-LA-co-3HV) synthesis by H. bluephagenesis grown on
glucose and sodium valerate

The wild-type H. bluephagenesis synthesized PHBV in 50 MM medium
containing sodium valerate.*” Sodium valerate tolerance was evaluated by
culturing H. bluephagenesis in 96-well plates with 0, 10, 30 and 50 g L™
sodium valerate for 48 h. It was found that H. bluephagenesis showed signifi-
cant tolerance to sodium valerate (Figure S1), demonstrating potential for
3HV-containing PHA biosynthesis using sodium valerate as a substrate. For
P(3HB-co-LA-co-3HV) production, engineered strains were cultured in
50 MM medium with 10 g L™ sodium valerate. Excitingly, H. bluephagenesis
CJN28 was able to synthesize 1.20 g L™ CDW with 33.90 wt% P(3HB-c0-9.18
mol% LA-co-2.88 mol %3HV) (Figure 2). GC and 'H NMR analyses verified the
chemical structure (Figure S1). Specifically, the '"H NMR spectrum unambigu-
ously confirmed the simultaneous incorporation of three monomeric units:
3HB, 3HV, and LA. All characteristic proton signals of the three units were
distinctly observed and assigned, as labelled in Figure ST1. The clear assign-
ment of all expected signals, with no extraneous peaks indicative of impuri-
ties or homopolymer blends, provides direct spectroscopic evidence that the
product is a chemically well-defined terpolymer, rather than a physical
mixture.However, both PHA content and biomass production remain subopti-
mal. Subsequent process optimization will focus on enhancing terpolymer
biosynthesis efficiency.

The effects of sodium valerate concentration, supplementation timing, and
glucose-to-salt ratios on P(3HB-co-LA-co-3HV) production were systemati-
cally evaluated (Figure S2). Initial sodium valerate supplementation (1-5 g L™)
in 50 MM medium enhanced terpolymer biosynthesis. H. bluephagenesis
CJN28 achieved maximum production of 5.14 g L™ P(3HB-co-LA-co-3HV)
(83.49 Wt%; 12.55 mol% LA, 67.76 mol% 3HV) with 5 g L™ sodium valerate in
50 MM medium, reaching 6.16 g L™ CDW (Figure S2A).

Time-course optimization revealed peak terpolymer yield (6.42 g L™') when
supplementing 5 g L™ sodium valerate at 24 h in 50 MM medium, producing
71.54 wt% P(3HB-co-LA-co-3HV) (16.90 mol% LA, 34.65 mol% 3HV) with
897 g L' CDW (Figure S2B). Subsequent glucose/salt ratio optimization
(30 g L' glucose, 50 g L' salt) in sodium valerate-supplemented 50 MMV
medium at 24 h increased production to 9.48 g L™ (Figure 2C). The opti-
mized 50 MMV formulation was therefore selected (Figures S2D-G).

The buffer solution in the culture medium was used to maintain a stable
pH, ensuring optimal growth conditions for H. bluephagenesis. The addition

terpolymer.
Enhanced 3HV and LA ratio in P(3HB-co-LA-co-3HV) by p-oxidation
weakened H. bluephagenesis

The 3HV component of P(3HB-co-LA-co-3HV) is synthesized via the fatty
acid B-oxidation pathway when sodium valerate is utilized as the carbon
source. This process produces trans-2-enoyl-CoA, which is subsequently
converted by the PhaJd enzyme into (R)-3-hydroxyvaleryl-CoA. It ultimately
results in the formation of 3HV in P(8HB-co-LA-co-3HV) (Figure 2A). Addi-
tionally, each cycle of B-oxidation generates acetyl-CoA, which is utilized to
form both the 3HB and LA components in P(3HB-co-LA-co-3HV) (Figure 2A).
Therefore, to further improve the 3HV ratio, the B-oxidation cycle should be
attenuated. The critical functional proteins in the S-oxidation pathway of H.
bluephagenesis include enoyl-CoA hydratase and 3-ketoacyl-CoA thiolase
encoded by fadB and fadA genes, respectively. Based on the genomic anno-
tation of H. bluephagenesis TDO1, multiple candidate fadB genes and fadA
genes were identified.”

In order to examine the changes in the expression levels of the fadB and
fadA genes upon sodium valerate addition, both the control group and the
sodium valerate-treated one were cultured in shake flasks containing 50 MM
for 48 hours, after which RNA-seq analysis was conducted to assess the
effects of sodium valerate. The log2 transcript ratio of the sodium valerate-
treated group (T) to the control group (D) was utilized to select genes, with
significance set at P < 0.05 and |log2 ratio| > 1. Consequently, 531 genes were
downregulated, and 373 genes were upregulated in H. bluephagenesis CJN28
(Figures 3A & B). Unexpectedly, no significantly differential genes were
detected in the B-oxidation pathway, potentially due to their constitutive
genomic expression. Therefore, comparative analysis of expression differ-
ences was conducted for 11 candidate genes annotated in the genome,
followed by experimental validation (Figure 3C).

The PrrF1-2-HfgPa system is a new synthetic SRNA system that is based
on PrrF1 scaffold and HfgPa from P. aeruginosa for controlling gene expres-
sion.” In this study, the candidate genes were deleted using the PrrF1-2-
HfgPa system (Figures 3D-F & Table S2). H. bluephagenesis CIN28, harbor-
ing the plasmid of the PrrF1-2-HfgPa system with targeted binding to fadB,
and fadA,, was cultured in 50 MMV for 48 h.The shake flask results showed
that both the fadB and fadA group, which showed decreased expression
levels, resulted in a significant increase in either the 3HV or LA component
(Figure 3G). The knockdown efficiency of each gene is provided in
Figure S4,and RT-PCR results confirmed that their expression was significantly
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Figure 2. P(3HB-co-LA-co-3HV) synthesis by
engineered H. bluephagenesis grown on glucose
and sodium valerate (A) Poly(3-hydroxybutyrate-co-
lactate-co-3-hydroxyvalerate),  abbreviated — as
P(3HB-co-LA-co-3HV), was synthesized by H.
bluephagenesis using glucose and sodium valerate
as substrates. Glucose served as the substrate for
generating 3HB-CoA and lactyl-CoA, where 3HB-
CoA is obtained from the PhaA and PhaB forming
3HB monomers, with lactyl-CoA converted into LA
monomers via the LdhA,,, and Pctsy. Concurrently,
sodium valerate was metabolized into 3HV-CoA via
either the native or weakened B-oxidation pathway,
ultimately contributing to the biosynthesis of the
P(8HB-co-LA-co-3HV) terpolymer by H. bluephage-
nesis. Fadl, fatty acid transport; FadE, acyl-CoA
dehydrogenase; FadB, enoyl-CoA hydratase; FadA, 3-
ketoacyl-CoA thiolase; PhaJy, native enoyl-CoA-
hydratase; PhaA, 3-ketothiolase; PhaB, acetoacetyl-
CoA reductase; PhaCy,s;, PHA synthase (Pseu-
domonas sp.); PhaCyp, native PHA synthase;
LdhA,,, native lactate dehydrogenase; Pcts,q: propi-
onyl-CoA transferase. (B) The H. bluephagenesis
TD1.0AphaC genome was engineered by integrat-
ing 4 copies of the pcts,o-phaC 43, operon and delet-
ing PLA-competing pathway genes (pta and dld),
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reduced. For instance, the knockdown of fadB; significantly increased the
3HV ratio from 5 mol% to 58 mol%, together with an increased PHA content.
The knockdown of fadB, significantly enhanced the LA ratio from 18 mol% to
48 mol% (Figure 3G). As a preliminary mechanistic explanation: FadB1 likely
prefers medium-chain acyl-CoA substrates (C4-C6), and its knockdown pref-
erentially increased 3HV synthesis; FadB4 may participate in feedback regu-
lation or branch-point control of B-oxidation, and its knockdown redirects
upstream intermediates toward LA synthesis. The phaA and phaB genes,
involved in the PHB synthesis pathway, were inhibited by this system, result-
ing in a 3HV ratio from 5 mol%, 55 mol% and 43 mol%, respectively (Figure
S3). Unfortunately, this system also resulted in inhibited bacterial growth and
a reduction in PHA accumulation. The observed decrease in cell growth in
terms of CDW s attributed to two main factors: the metabolic burden
imposed by the exogenous plasmid-based PrrF1-2-HfgPa system and the
growth impairment resulting from extensive genomic modifications, includ-
ing the knockout of endogenous phaC and integration of heterologous genes.
These combined effects explain the significantly lower biomass compared to
the control H. bluephagenesis strain producing PHB.

Enhanced P(3HB-co-LA-co-3HV) synthesis by morphologically engi-
neered H. bluephagenesis

Genetic manipulations that influence bacterial morphology can result in the
formation of fibers or larger spherical structures.'”** Enlarged bacterial cells
accelerate cell growth (CDW), simplify downstream separation and promote
greater accumulation of inclusion bodies.”* The mreB gene encodes an
actin-like cytoskeleton that plays a key role in determining the rod shape of
bacterial cells.*** Earlier study has shown that deleting the mreB gene
converts cells from a rod-like morphology to a spherical shape.'” Based on H.
bluephagenesis CIN28, the mreB gene was modulated via the CIpXP degra-
dation system by deleting sspB and using mutated SsrA12 tag with slow
degradation rate,”® named as H. bluephagenesis CJN32 (Figure 4A). This
strategy allows precise control of MreB degradation for functional analysis.”

To examine the growth and P(3HB-co-LA-co-3HV) synthesis of cytoskele-
ton-defective H. bluephagenesis, shake flask studies were performed in a 50
MMV. This medium supported growth to 10.75 g L™' CDW containing 85.78
wt% P(3HB-co-14.60 mol% LA-co-39.82 mol% 3HV) in H. bluephagenesis

Valerate sodium (g L )

CJN32 (Figure 4B). Compared to H. bluephagenesis CIN28, CDW and P(3HB-
co-LA-co-3HV) production increased by 10% and 15%, respectively
(Figure 4B). Transmission electron microscopy (TEM) at 1,000x magnifica-
tion showed that H. bluephagenesis CIN32 developed a spherical morphol-
ogy with a marked increase in cell volume compared to H. bluephagenesis
CJN28 following a 48 h of shake flask growth (Figures 4C & D). Previous
studies have indicated that larger cells facilitate precipitation.” Consequently,
H. bluephagenesis CJN32 could improve the efficiency of downstream
processing, thereby reducing both time and cost.

P(3HB-co-LA-co-3HV) production by H. bluephagenesis in 7-liter biore-
actors

P(3HB-co-LA-co-3HV) was produced in a 7-liter fermenter incubated with
H. bluephagenesis CIN28 and CJN32 under open, unsterile conditions using
glucose and varying concentrations of sodium valerate, respectively
(Figure 5A). Sodium valerate was added at 8h of incubation, with concentra-
tions manually maintained at 3 g L™ (Low), 5 g L' (Middle), and 10 g L' (High)
(Figure 5A). H. bluephagenesis CIJN28 was grown to 7592 g L' CDW
containing 69.78 wt% P(3HB-co-15.92 mol% LA-co-4.42 mol% 3HV) under
the condition of Low (L) concentrations of sodium valerate (Figures 5B-E). As
the sodium valerate concentration in the medium increased, cell growth was
inhibited, leading to a decrease in CDW. However, both PHA content and 3HV
ratio were enhanced. H. bluephagenesis CJN28 was grown to a CDW of
61.65 g L', containing 85.64 wt% P(3HB-co-22.51 mol% LA-co-25.34 mol%
3HV), under High (H) condition (Figure 6). Under Middle (M) condition, the LA
ratio reached 40 mol%, which may account for the slightly lower CDW
observed compared to that under H conditions (Figures 5B & E).

Under the same conditions, the mreB-deleted H. bluephagenesis CJN32
was able to more efficiently utilize sodium valerate for growth, resulting in an
increase in CDW (Figures 5B & 6A). However, compared with H. bluephagen-
esis CJN28, the PHA content was lower (Figures 5C & 6B). Under H condi-
tions, H. bluephagenesis CJN32 (CJN28AmreB) reached 65.67 g L' CDW
containing 47.61 wt% P(3HB-co-1.14 mol% LA-co-33.42 mol% 3HV)
(Figure 6). Simultaneously, the ratio of LA in the material decreased signifi-
cantly. Consequently, the medium will be optimized to adjust the component
proportions in H. bluephagenesis CIN32 (CUN28AmreB).
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Figure 3. Differentially regulated gene expressions related to the B-oxidation cycle in H. bluephagenesis CJN28 to produce P(3HB-co-LA-co-3HV) cultured with glucose and
sodium valerate (A) Volcano plot of RNA-seq (log, transcript ratio of H. bluephagenesis CJN28 grown with sodium valerate (D) or without (T). (B) Heatmap depicting differential
gene expression between D and T groups in the H. bluephagenesis CJN28. (C) 11 genes encoding fatty acid metabolism are up- and down-regulated in H. bluephagenesis
CJN28. (D-F) Molecular mechanism and plasmids of the PrrF1-based sRNA system underlying sRNA-mediated translational repression. (G) Biomass and content of P(SHB-co-
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These fermenter results establish H. bluephagenesis CIJN28 as a promis-
ing platform for P(3HB-co-LA-co-3HV) production, with different proportions
of the polymer components achievable by adjusting the sodium valerate
concentration in the medium. H. bluephagenesis CJN32 (CIN28 A mreB) with
its large cell sizes shows significant potential to optimize downstream
processing of P(3HB-co-LA-co-3HV).

Characterization of the material properties of P(3HB-co-LA-co-3HV)
with varying compositions produced by engineered H. bluephagenesis

Films of P(3HB-co-LA-co-3HV) with varying monomer compositions were
prepared for analysis (Figure 7A). Differential scanning calorimetry (DSC)
analysis indicated a trend of decreasing melting temperature (T,,) and glass
transition temperature (T,) as the 3HV ratio increased (Figures 7B & C). In
terms of elongation at break, PHB and PLA exhibited values of 6.24% and
3.76%, respectively, with PLA demonstrating lower ductility. For the terpoly-
mer P(3HB-co-22.51 mol% LA-co-25.34 mol% 3HV), the elongation at break
reached a remarkably high of 21.56%, significantly surpassing both PHB and
PLA (Table S2). This improvement indicates that the incorporation of 3HV
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Figure 5. P(3HB-co-LA-co-3HV) production by H. bluephagenesis CIJN28 grown in bioreactors, respectively (A) Fed-batch growth for P(8HB-co-LA-co-3HV) production by H.
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content (blue), (D) 3HV molar ratio (green) and (E) LA molar ratio (pink).
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Figure 6. P(3HB-co-LA-co-3HV) production by H. bluephagenesis CJN32 grown in bioreactors, respectively (A) CDW (grey), (B) P(3HB-co-LA-co-3HV) content (blue), (C) 3HV
molar ratio(green) and (D) LA molar ratio (pink).

substantially enhances the material toughness and ductility. sodium valerate supplementation enabled precise monomer tuning (0-
60 mol% 3HV, 0-40 mol% LA) by knockdown of 11 B-oxidation genes or phaA,

CONCLUSIONS AND DISCUSSION phaB enabled controllable terpolymer composition. In a 7-L bioreactor, H.

Metabolically engineered Halomonas bluephagenesis was developed for
efficient synthesis of P(3HB-co-LA-co-3HV) from glucose. Another strategy,

bluephagenesis CJN28 achieved 61.65 g L' CDW with 85.64 wt% P(3HB-co-
22.57 mol% LA-co-25.34 mol% 3HV) for the first time. Both CIN28 and its
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MreB-knockout (exhibiting enlarged cells) showed reduced downstream
extraction process. The terpolymer demonstrated superior ductility over
P3HB and PLA, highlighting its potential for scalable production of high-
performance biopolymers.

Furthermore, the outlook for this study includes several key aspects that
require further investigation and improvement. Firstly, The RNA-seq data
identifies 531 downregulated and 373 upregulated genes in sodium valerate-
treated cells, and systematic GO and KEGG pathway enrichment analyses for
all differentially expressed genes have been conducted (see Figures S5 & S6).
The core finding, as discussed, is the significant alteration in ribosome/trans-
lation processes, while the statistical support for the enrichment of fatty acid
metabolism pathways was limited. This preliminary analysis indicates that
classical B-oxidation pathways are not transcriptionally prominent under the
tested conditions.

Secondly, the observed reduction in CDW (approximately 2 g L™') and PHA
production during sRNA-mediated inhibition of the B-oxidation pathway is
attributed to two primary factors. First, the introduction of the exogenous
plasmid system, e.g., the constructed PrrF1-2-HfgPa system, imposes a
metabolic burden on the host strain. Second, extensive genomic modifica-
tions in H. bluephagenesis CJN28—including knockout of the endogenous
phaC, integration of phaC37;-pcTs4 Of four copies, and deletion of key genes
such as pta and dld—collectively impair cellular fitness. The combined effects
of these factors ultimately led to the significant decrease in CDW and PHA
yield in the engineered strain.

Thirdly, this study further compares the cost feasibility between glucose-
only production and glucose-plus-sodium-valerate feeding. Based on current
substrate prices (glucose = 3,500 RMB ton™; sodium valerate = 65,790 RMB
ton™), the raw material cost of a basal medium containing 30 g L™ glucose is
about 0.105 RMB L™'; adding 5 g L' sodium valerate increases the cost to
0.434 RMB L™, a rise of 313%. Therefore, when a high 3HV proportion is not
required, glucose alone is preferred for low-cost screening. Sodium valerate
supplementation is justified only when a specific 3HV ratio is needed for criti-
cal material properties. Ultimately, the fundamental solution to balance cost
and performance lies in metabolic engineering of strains to produce high-
3HV polymers from glucose alone.

Finally, P(3HB-co-LA-co-3HV) terpolymer materials exhibit unique proper-
ties. Given that monomer composition and molecular weight are key deter-
minants of material performance, the following discussion focuses on the
overall material properties and the influence of molecular weight on its appli-
cations.

Building on these findings, this study provides a comprehensive discus-
sion on the combined effect of monomer composition and molecular weight
on the material properties. The properties of P(8HB-co-LA-co-3HV) can be
systematically tuned by jointly varying the LA and 3HV ratios. At low LA/3HV
contents [L: P(3HB-c0-15.92 mol% LA-co-4.42 mol% 3HV)], the terpolymer
retains high crystallinity (T,,, = 150 °C), showing high modulus (~391 MPa) but
extreme brittleness (elongation at break < 1%). When the LA/3HV content was
increased [H: P(3HB-c0-22.5T mol% LA-co-25.34 mol% 3HV)], the melting
peak disappears completely, and T, drops to about -6 °C, indicating signifi-
cantly enhanced chain mobility with disappearance of crystallinity. Corre-
spondingly, the modulus decreases (~177 MPa) while the elongation at break

rose above 20%, achieving a transition from brittle to ductile behavior
(Figure 6). These changes demonstrate that the incorporation of LA and 3HV
disrupts the regular packing of PHB chains, promotes amorphous region
formation, and thereby significantly improves toughness and processability
while moderately reducing thermal stability. This provides a clear basis for
tailoring material performance through monomer composition design.

The relatively low molecular weight of the terpolymers P(3HB-co-LA-co-
3HV) leads to insufficient chain entanglement, resulting in brittleness and low
tensile strength and modulus. For example, the ot of samples L and H is only
1.92 MPa and 8.84 MPa, respectively (Table S2). However, the comonomer
composition plays a key regulatory role. Despite having the lowest molecular
weight (Mn = 59,803 Da), sample M contains 42.22 mol% of LA monomer,
which significantly alters its crystallization behavior. This enables it to achieve
a high tensile modulus (1,659.94 MPa) and relatively high strength
(11.21 MPa), although its elongation at break remains low (3.37%), indicating
limited elasticity (Table S2). The mechanical properties of such low-molecu-
lar-weight terpolymers result from a combination of insufficient chain entan-
glement and the specific effects of comonomer composition, such as modi-
fied crystallinity and intermolecular interactions. While a low molecular weight
generally impairs strength and toughness, precise regulation of copolymer
ratios can still optimize certain properties, especially stiffness. Therefore, in
the study of bio-based material properties, both molecular weight and the
molar ratio of the constituent monomers are critical regulatory factors.

The low molecular weight of P(8HB-co-LA-co-3HV) offers distinct applica-
tion advantages. This study aims to utilize this terpolymer for microsphere
preparation targeting medical and cosmetic applications, as its molecular
weight range is particularly suitable for microsphere formation and controlled
release. In conclusion, terpolymer P(3HB-co-LA-co-3HV) provide more flexi-
bility on material properties for medical and additive applications.

Continued efforts are still needed to elucidate the regulatory mechanisms
underlying terpolymer synthesis and to optimize strain fitness and produc-
tion efficiency, thereby obtaining stable P(SHB-co-LA-co-3HV) materials. On
this basis, achieving tunable mechanical properties and low-molecular-
weight advantages will provide significant value for medical and cosmetic
applications.
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