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Development of an efficient poly(3-
hydroxybutyrate) production platform from
lignocellulosic hydrolysates using a robust
Cupriavidus necator RXI22 strain

Habin Sun,® So Jeong Lee,? Hyun-Joong Kim,? Hyeongmin Seo,?
Jeongchan Lee,® Jung Ho Ahn,®“ Gyeongtaek Gong,*“ Youngsoon Um,*¢
Kyoung Heon Kim €29 and Ja Kyong Ko {2 *3€

Lignocellulosic biomass represents a renewable and carbon-neutral feedstock for sustainable biomanu-
facturing of chemicals, fuels, and materials. In particular, microbial poly(3-hydroxybutyrate) (PHB) pro-
duction from lignocellulosic hydrolysates offers a promising route toward reducing dependence on pet-
roleum-based plastics and advancing circular bioeconomy strategies. The development of robust
microbial hosts coupled with controllable bioprocessing is critical for efficient PHB production from
lignocellulosic hydrolysates. In this study, efficient conversion of lignocellulosic hydrolysate sugar mix-
tures into PHB was established by using a genetically engineered Cupriavidus necator RXI22 strain as a
microbial platform. C. necator RXI22, a glucose—xylose co-utilizer, exhibited relatively high cell density
and PHB biosynthesis capabilities across diverse glucose—xylose ratios, underscoring its robustness
toward the compositional variability inherent to lignocellulosic feedstocks. Systematic characterization of
individual and combined hydrolysate-derived inhibitors further revealed that the key compounds limiting
the fermentation performance are phenolic compounds, especially ferulic acid. When cultivated on
hydrolysates from sugarcane bagasse and rice straw, C. necator RXI22 produced 6.1 and 7.0 g L™ PHB,
respectively, with yields of 0.29-0.30 g g2, representing the highest performance reported to date under
comparable conditions. The results highlight that C. necator RXI22 is compatible with various industrially
relevant lignocellulosic feedstocks. To mitigate inhibitory stress, a simple nutritional drop-in strategy was
implemented, accelerating biomass accumulation and enhancing PHB productivity under inhibitor-rich
conditions. Overall, this study establishes C. necator RXI22 as a promising platform for sustainable ligno-
cellulose-to-PHB bioprocessing and provides insights for advancing eco-efficient biomanufacturing.

1. This work evaluates the potential of Cupriavidus necator RXI22 to enable sustainable PHB production directly from lignocellulosic biomass, providing a

bio-based route to displace petrochemical plastics. The strain’s capability toward mixed sugars and inhibitors supports efficient valorization of renewable

feedstocks.

2. C. necator RX122 achieved PHB yields of 0.29-0.30 g g on lignocellulosic hydrolysates, demonstrating compatibility with real biomass streams. Systematic
inhibitor profiling identified phenolics as the dominant bottleneck, and a nutrient supplementation strategy provided measurable improvements under

model inhibitor stresses.

3. Future work is recommended to integrate metabolic engineering to enable in situ detoxification and conversion of inhibitors, reducing reliance on inten-

sive pretreatment. Process optimization and greener PHB recovery methods will further enhance environmental performance and overall sustainability.
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has become a global concern, driving intensified efforts to
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interest in biodegradable plastics to replace conventional pet-
roleum-based polymers.' Biodegradable plastics support circu-
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lar economy concepts, while bio-based plastics derived from
renewable resources can reduce environmental burdens and
enable more sustainable material cycles.” In this context, poly-
hydroxyalkanoates (PHAs), a class of microbially synthesized
polyesters, have attracted increasing attention as sustainable
biopolymers due to their high biocompatibility and mechani-
cal properties suitable for both industrial and biomedical
applications.®*

The economic and environmental viability of PHA pro-
duction strongly depends on the use of renewable and low-cost
feedstocks. Among various candidates, lignocellulosic biomass
has been recognized as a key resource for next-generation bio-
manufacturing because of its abundance and lack of compe-
tition with food supplies.”® Generated in large quantities from
agricultural and forestry residues, lignocellulosic biomass
offers significant potential for lowering carbon source costs in
biomanufacturing processes. Structurally, it consists of cell-
ulose, hemicellulose, and lignin, which can be converted into
fermentable sugars, such as glucose and xylose, via appropri-
ate pretreatment and hydrolysis processes.® These sugars can
subsequently serve as substrates for microbial synthesis of
value-added products, including biodegradable PHAs.”®
Importantly, the valorization of lignocellulosic biomass con-
tributes to decreased reliance on fossil resources and reduced
carbon emissions.’

Among microbial platforms for PHA production from ligno-
cellulosic sugars, Cupriavidus necator (also referred to as
Ralstonia eutropha) has been extensively studied due to its
broad substrate utilization capability and exceptional poly(3-
hydroxybutyrate) (PHB) accumulation capacity.'® Nevertheless,
the practical application of C. necator in lignocellulose-based
processes has been largely constrained by its inefficient utiliz-
ation of glucose and xylose, the major monomeric sugars in
lignocellulosic  hydrolysates.'"'> For example, wild-type
C. necator is unable to consume glucose and/or xylose due to
the lack of a glucose transporter and a xylose assimilation
pathway."*'* To address this limitation, a glucose-xylose co-
utilizer C. necator RX122 was previously developed via chromo-
somal integration of the xylose isomerase (XI) pathway fol-
lowed by adaptive laboratory evolution (ALE).'* While the
engineered phenotype enabled simultaneous conversion of
glucose and xylose into PHB, their fermentation performance
in lignocellulosic hydrolysates remained unexplored.

Most of the lignocellulosic hydrolysates contain inhibitory
compounds generated during the upstream biomass
pretreatments.">'® Their composition also varies with biomass
feedstock and pretreatment severity,'”” further complicating
robust microbial PHB production. Despite these technical
challenges, most studies have primarily focused on strain
development or sugar utilization in synthetic media, providing
limited understanding of strain performance under industrially
relevant hydrolysate conditions. Notably, a substantial perform-
ance disparity exists between synthetic media and actual ligno-
cellulosic hydrolysates. While several strains have shown promise
in synthetic media, PHA production from raw biomass-derived
hydrolysates suffers from significantly lower titers and pro-
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ductivity."® This discrepancy is attributed not only to varying
sugar concentrations but also to the inherent chemical complex-
ity of the hydrolysates, specifically the synergistic toxicity of pre-
treatment byproducts, which remains a major hurdle for the com-
mercialization of lignocellulosic PHAs.

Accordingly, the present study aims to establish a robust
fermentation strategy for enhanced PHB production by system-
atically investigating the metabolic behavior of C. necator
RXI22 in actual lignocellulosic hydrolysates. To achieve this,
we first characterized the strain’s performance under varying
mixed-sugar and carbon-to-nitrogen (C/N) conditions, followed
by validation using real lignocellulosic biomass hydrolysates.
Furthermore, the impacts of major inhibitory compounds were
quantitatively assessed to identify key factors limiting fermen-
tation efficiency. Finally, the potential of nutritional sup-
plementation was investigated as a strategy to improve strain
robustness under inhibitory conditions, providing practical
insights into the challenges and opportunities of designing
sustainable biomass-based PHB production processes.

2. Materials and methods

2.1. Strain and media

The engineered strain C. necator RX122 was employed as the
microbial platform for PHB production. RXI22 originates from
C. necator NCIMB 11599 and was rewired for mixed-sugar
metabolism by replacing the native norB2 locus with the xylose
isomerase (xylA) and xylulokinase (xylB) genes from Escherichia
coli MG1655, followed by adaptive laboratory evolution (ALE)
to improve xylose assimilation."* Seed cultures were initiated
from Luria-Bertani (LB) agar plates and grown in LB broth at
30 °C. For PHB production, cells were cultivated in a minimal
medium containing 1.5 g L' KH,PO,, 4.5 g L
Na,HPO,-2H,0, 80 mg L' MgSO,7H,0, 1 mg L’
CaS0,4-2H,0, 0.75-4 g L' (NH,),SO04, 0.5 ¢ L™! NaHCO;, 4 mg
L' FeSO,7H,0, 0.1 mg L™' ZnSO,-7H,0, and 0.6 mg L*
NiSO,4-6H,0. Glucose and xylose were supplemented at con-
centrations specified for each experiment.

2.2. Shake-flask cultivation

Single colonies from LB agar were transferred to LB broth and
grown for 24 h at 30 °C and 200 rpm. Cells were harvested at
4200 rpm for 10 min, washed twice with minimal medium,
and inoculated into 100 mL flasks containing 20 mL minimal
medium (initial ODgyo = 0.2). Media containing lignocellulosic
hydrolysates were adjusted to pH 7.3 with 1 M NaOH. Cell
growth was monitored every 24 h using a UV-visible spectro-
photometer (Cary 60, Agilent Technologies, CA, USA).
Tryptophan and nicotinic acid (Sigma-Aldrich, St Louis, MO,
USA) were supplemented (0.05-2 g L™") when indicated to
improve hydrolysate fermentation.

2.3. Inhibitor tolerance assay

For inhibitor tolerance tests, micro-scale cultivations were
carried out in 96-well plates containing 190 pL of medium sup-
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plemented with 5 g L' glucose or xylose and 1 g L
(NH,4),SO,. Each well was inoculated with 10 pL of LB precul-
ture and incubated at 30 °C and 200 rpm for 48 h. Cell density
was measured at 600 nm using a Spark multimode microplate
reader (Tecan, Switzerland). Stock solutions of acetic acid (as
sodium acetate), furfural, and 5-hydroxymethylfurfural (HMF)
were prepared in distilled water, while p-coumaric acid and
ferulic acid were dissolved in ethanol due to limited aqueous
solubility. All stock solutions were sterilized by filtration prior
to supplementation.

2.4. Preparation of lignocellulosic hydrolysates

Lignocellulosic hydrolysates were generated from sugarcane
bagasse (SB) and rice straw (RS) using dilute acid pretreatment
followed by enzymatic hydrolysis, adapted from Ko et al
(2019)."° Briefly, 37 g of dried biomass was suspended in
250 mL of 1% (w/v) H,SO, and subjected to hydrothermal pre-
treatment by autoclaving at 121 °C for 30 min. The pretreated
slurry was then adjusted to pH 5.0 and hydrolyzed with Cellic
CTec2 (Novozyme, North America Inc., Franklinton, NC) at
50 °C for 96 h. The liquid fraction was separated from the
residual solids containing insoluble lignin and sterilized by fil-
tration for use in fermentation experiments. The resulting SB
hydrolysate contained 24.4 g L™' glucose, 24.7 g L™" xylose,
3.3 g L " acetic acid, and 1.0 g L ™" total phenolics, whereas the
RS hydrolysate contained 23.9 g L™" glucose, 14.4 g L™" xylose,
1.5 g L™ acetic acid, and 1.0 g L™" total phenolics. Total phe-
nolics were quantified as representative compounds of the
soluble inhibitors derived from lignin during the pretreatment
and saccharification processes.

The total nitrogen content in the lignocellulosic hydroly-
sates was determined using a modified alkaline persulfate
digestion method. Briefly, the samples were digested with alka-
line potassium persulfate (0.5 M K,S,0g in 0.5 M NaOH) at
120 °C for 60 min, followed by neutralization, and the result-
ing ammonium was quantified using the indophenol blue
assay. The endogenous nitrogen concentrations in the SB and
RS hydrolysates were determined to be 0.47 and 0.43 g L™,
respectively.

2.5. Quantification of sugars and hydrolysate inhibitors

Glucose, xylose, acetic acid, furfural and HMF concentrations
in the culture supernatant were quantified by high-perform-
ance liquid chromatography (HPLC) using an Agilent 1260
Infinity system (Agilent Technologies, CA, USA) equipped with
a HiPlex-H column (300 x 7.7 mm, Agilent Technologies, CA,
USA). The mobile phase consisted of 5 mM H,SO, at a flow
rate of 0.6 mL min~". Sugars were detected using a refractive
index detector, whereas acetic acid, furfural, and HMF were
monitored using a UV detector at 210 nm.

For the total phenolics assay, 0.5 mL of the sample diluted
in distilled water was mixed with 0.25 mL of Folin-Ciocalteu
reagent and 1.25 mL of 20% (w/v) sodium carbonate, followed
by incubation at room temperature for 40 min. The absor-
bance of the reaction mixture was measured at 725 nm using a
UV-visible spectrophotometer (Cary 60, Agilent Technologies,
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CA, USA). The total phenolic content was calculated using a
standard curve generated with gallic acid solutions.

2.6. PHB quantification

Intracellular PHB was quantified following methanolysis of
lyophilized cells and analysis by gas chromatography (GC).
Cell pellets obtained by centrifugation were washed with dis-
tilled water, frozen at —80 °C, and subsequently freeze-dried
(Operon, Gimpo, Republic of Korea). A known amount of dried
biomass was subjected to acidic methanolysis using metha-
nol-sulfuric acid, with chloroform as the extraction solvent
and methyl benzoate serving as the internal standard. The
resulting methyl esters were analyzed on a GC system
equipped with a flame ionization detector (FID) (Agilent
Technologies, CA, USA) and an HP-5MS capillary column
(30 m x 0.32 mm x 0.25 pm). The injector temperature was
maintained at 250 °C. The oven temperature program con-
sisted of an initial hold at 40 °C for 5 min, followed by a ramp
to 280 °C at 10 °C min™*, and a final hold for 2 min. The detec-
tor temperature was set to 300 °C.

2.7. Fabrication of PHB films

Dried cell biomass (100 mg) was suspended in 5 mL of chloro-
form and 5 mL of sodium hypochlorite solution. The mixture
was incubated at 30 °C with shaking at 200 rpm overnight to
enable cell lysis and PHB extraction. Phase separation was sub-
sequently achieved by centrifugation, after which the organic
(chloroform) phase was carefully collected and transferred
onto a glass plate, where the solvent was allowed to evaporate
under a fume hood to obtain PHB films. The thermal pro-
perties of the recovered PHB films were analyzed using differ-
ential scanning calorimetry (DSC 4000, PerkinElmer, USA).
Samples (4-6 mg) were encapsulated in aluminum pans and
subjected to heating-cooling cycles ranging from —60 °C to
200 °C under a nitrogen atmosphere, with a 5 min holding
step at 200 °C. The melting temperature (T,,) and glass tran-
sition temperature (T) were determined from the second
heating cycle.

3. Results and discussion

3.1 Optimization of the C/N ratio for PHB production by
C. necator RX122 under mixed-sugar conditions

C. necator is a well-known PHB-producing bacterium, and
nutrient limitation, particularly nitrogen limitation, is com-
monly employed to suppress cell growth while enhancing PHB
accumulation.*®*' Under nitrogen-limited conditions, imbal-
ances between carbon and nitrogen availability alter intracellu-
lar redox states and carbon fluxes,?* favoring nicotinamide
adenine dinucleotide phosphate (NADPH) availability and
reducing free CoA formation, thereby redirecting carbon
toward PHB biosynthesis.>®> Before examining fermentation
performance in lignocellulosic hydrolysates, cultivation con-
ditions were first investigated using a mixed-sugar model
system to characterize the physiological response of C. necator
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RXI22. To this end, the effect of the carbon-to-nitrogen (C/N)
ratio on PHB production was investigated by varying the con-
centration of (NH,),S0, (1-4 g L") in a medium containing a
1:1 mixture of glucose and xylose at a total sugar concen-
tration of 30 g L™'. These conditions corresponded to C/N
ratios of 66, 44, 33, 22, and 16.5. Among the conditions tested,
a C/N ratio of 44 yielded the highest biomass concentration
(12.0 g L") and PHB production (9.7 g L"), representing the
maximum PHB titer observed (Fig. 1). In contrast, a higher
C/N ratio of 66 led to the highest PHB content (85.4 wt%) but
lower biomass formation. This inverse relationship highlights
the dependence of cell growth and intracellular PHB accumu-
lation on nitrogen availability.

Comparable trends have been reported in previous studies,
although the C/N ratio yielding optimal PHB production
differs depending on both the microbial host and the carbon
source. For example, Yang et al. (2010)** reported that a C/N
ratio of 80 maximized PHB content in C. necator H16 cultivated
on volatile fatty acids, whereas a lower ratio of 40 favored
biomass formation. Similarly, Al-Battashi et al (2019)*°
observed that higher C/N ratios enhanced PHB accumulation
but reduced cell growth in Burkholderia sacchari DSM
17165 grown on a waste office paper hydrolysate as the carbon
source, leading to the selection of a C/N ratio of 20 as optimal.
These findings indicate that although C/N ratios
between approximately 20 and 60 are frequently reported, the
optimal range is highly influenced by strain-specific metab-
olism, carbon substrate, and cultivation conditions.'*?*>*
Consistent with these observations, C. necator RX122 exhibited
a C/N ratio-dependent balance between biomass formation
and PHB accumulation under glucose-xylose mixed sugar con-
ditions. Taking both PHB titer and cell growth into account, a
C/N ratio of 44 was used in subsequent fermentation
experiments.
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3.2 Effect of the G/X ratio on PHB production using
C. necator RXI22

The glucose-xylose composition in lignocellulosic hydrolysates
varies widely depending on biomass type and pretreatment con-
ditions.”” Consequently, the ability to maintain robust cell
growth and stable PHB productivity under fluctuating ligno-
cellulosic sugar ratios is essential for economically viable bioma-
nufacturing. To assess this capabilityy, PHB production by
C. necator RX122 was evaluated using 30 g L™" mixed sugars with
glucose—xylose (G-X) ratios ranging from 5:1 to 1: 5 (Fig. 2).

C. necator RXI22 simultaneously consumed both sugars
across all tested conditions, achieving strong growth (ODggo >
40, up to 54) and complete glucose depletion with more than
half of the xylose utilized within 96 h (Fig. 2A-E). PHB accumu-
lation remained consistently high, yielding >75 wt% PHB
content and 7.5-11.3 g L™ titers, corresponding to overall
yields of 0.33-0.46 g g~ (Fig. 2F). Compared with previously
reported strains capable of utilizing both glucose and xylose,
C. necator RX122 exhibited markedly superior robustness and
efficiency (Table 1). Previous studies often showed high PHB
content only at specific sugar ratios or achieved limited
biomass, resulting in PHB titers of 1.3-9.6 g L™". For example,
C. necator NCIMB 11599 carrying plasmid-based xylA and xylB
produced only 1.3 g L™" PHB under the G10X10 condition,*®
whereas C. necator RXI22 achieved 10.7 g L' at G15X15.
Similarly, C. necator RX122 produced a 1.8-fold higher PHB
titer than Halomonas nigrificans X339 under a comparable
mixed-sugar condition (G20X10).>” In addition, C. necator
RXI122 outperformed Schlegelella thermodepolymerans, which
exhibited lower PHB yields (0.29-0.30 g g~"),*® by consistently
maintaining higher yields of 0.33-0.46 g g~'. These compari-
sons highlight the exceptional carbon conversion efficiency of
C. necator RXI22 across diverse glucose-xylose compositions.
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Fig. 1 Optimization of the carbon-to-nitrogen (C/N) ratio for PHB production by C. necator RXI22 under mixed-sugar fermentation conditions. The
strain was cultivated on a mixed-sugar substrate consisting of glucose (15 g L™%) and xylose (15 g L™ with varying (NH4),SO,4 concentrations (1-4 g
L™Y). (A) Cell growth profiles and (B) dry cell weight (DCW), PHB titer, and yield measured after 96 h of cultivation. Data are presented as mean +

standard deviation of three biological replicates.
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Fig. 2 Fermentation profiles of C. necator RXI22 under varying glucose—xylose ratios. Cell growth and sugar consumption profiles of RXI22 culti-
vated with mixed sugars at (A) 25 g L™* glucose and 5 g L™* xylose (G25X5), (B) 20 g L™* glucose and 10 g L™* xylose (G20X10), (C) 15 g L™* glucose
and 15 g L™* xylose (G15X15), (D) 10 g L™* glucose and 20 g L™* xylose (G10X20), and (E) 5 g L™* glucose and 25 g L™* xylose (G5X25). (F) PHB content,
titer, and yield obtained after 96 h of cultivation under each corresponding condition. Total sugar concentration was fixed at 30 g L™* in all con-
ditions. Data are presented as mean + standard deviation of three biological replicates.

Although C. necator RXI22 maintained high PHB pro-
duction under all mixed-sugar ratios, substrate composition
influenced sugar utilization and biomass formation. Higher
glucose fractions led to increased cell densities, likely reflect-
ing the higher metabolic accessibility and energy efficiency of

This journal is © The Royal Society of Chemistry 2026

glucose relative to xylose.™

Specifically, glucose is directly
channeled into glycolysis, whereas xylose requires additional
metabolic steps before entering central carbon metabolism via
the pentose phosphate pathway (PPP). This extended catabolic

route, combined with the inherently lower metabolic flux, gen-
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Table 1 PHB production from mixed sugars by various PHB-producing microorganisms

PHB PHB PHB
DCW  content yield titer
Strain Strain description Substrate (gL7") (Wt%) (gg™") (gL™") Ref.
C. necator RX122 NCIMB 11599 derivative; G25,X5 13.6 83.2 0.39 11.3 This study
chromosomal integration of G20,X10 12.8 78.5 0.37 10.1
Pj5s-XylAB1TnBT1 at the norB2 locus;  G15,X15  13.1 81.8 0.43 10.7
ALE-evolved G10,X20 11.6 78.1 0.46 9.2
G5, X25 10.1 75.4 0.33 7.5
B. megaterium R11 wild type G33,X17 16.9 56.7 0.21 9.6 30
B. sacchari DSM 17165 wild type X20 5.2 43.0 2.2 31
G10, X10 4.8 49.0 2.4
H. nigrificans X339 wild type G30 16.0 48.9 7.8 27
G20,X10 12.6 44.1 5.6
X30 10.7 24.2 2.4
S. thermodepolymerans DSM 15344 Wwild type X20 6.5 774 0.30 5.1 28
G4, X16 6.4 74.3 0.30 4.8
G10, X10 6.0 74.6 0.29 4.5
C. necator NCIMB 11599 (pKM212-XylAB) NCIMB 11599 derivative; G15, X5 1.7 93.3 1.5 26
harboring pKM212-XyIAB G10, X10 1.5 86.6 1.3

G, glucose; X, xylose; DCW, dry cell weight.

erally results in reduced ATP generation efficiency compared to
glucose metabolism.”® Consistent with these metabolic con-
straints, the specific consumption rate of glucose (0.072 g g™*
h™") was higher than that of xylose (0.044 g ¢* h™") under the
G15X15 condition. Consequently, increasing the xylose pro-
portion reduced overall sugar consumption despite continued
co-utilization, indicating composition-dependent substrate
uptake behavior. These observations suggest that further
optimization of xylose transport and downstream pathway flux
will be necessary to achieve more efficient co-utilization.
Nevertheless, PHB yields remained above 0.35 g ¢~ ' under
most conditions, suggesting that C. necator RX122 effectively
channels the carbon flux toward PHB synthesis regardless of
sugar composition. This metabolic robustness provides a
notable advantage for lignocellulosic bioprocesses, where
variability in hydrolysate sugar composition is unavoidable.

3.3. PHB production from lignocellulosic biomass
hydrolysates

Given the strong performance of C. necator RXI22 across
diverse G/X ratios using model sugars, it remains uncertain
whether this robustness extends to actual lignocellulosic
hydrolysates. Unlike model sugar mixtures, hydrolysates gener-
ated from dilute acid pretreatment followed by enzymatic sac-
charification contain not only fermentable sugars but also
inhibitory compounds such as organic acids, furans, and phe-
nolics derived from lignocellulosic biomass.”* To bridge the
findings from model systems to realistic conditions, the C/N
ratio was maintained at 44, the optimized value identified in
previous sections to support maximum PHB accumulation.
Furthermore, the demonstrated robustness of RXI22 across
various G/X ratios suggested its potential to effectively process
the diverse sugar profiles of actual biomass feedstocks. Two
hydrolysates, derived from sugarcane bagasse (SB) and rice
straw (RS), were examined. SB contained 14.5 g L™ glucose

Green Chem.

and 14.8 g L™ xylose, while RS contained 18.7 g L™" glucose
and 10.4 g L™" xylose, with both also comprising acetic acid,
furfural, 5-hydroxymethylfurfural (HMF), and phenolic com-
pounds at distinct levels (Table 2). Although the inclusion of
endogenous nitrogen from the hydrolysates slightly reduced
the actual C/N ratio to 33-36, the C/N ratio was formally
defined by the added ammonium sulfate. This ensured a
direct and consistent comparison with the hydrolysate mimics
(sugars-only controls), particularly as the bioavailability and
specific forms of complex nitrogenous compounds within the
hydrolysates remain uncertain.

Fermentations using each hydrolysate were compared with
hydrolysate mimics (containing comparable sugar mixtures
only) (Fig. 3). C. necator RXI22 was able to consume mixed
sugars in both hydrolysates, reaching ODgq, values of 39 (SB
hydrolysate) and 41 (RS hydrolysate), corresponding to
biomass concentrations of 9.8 ¢ L' and 10.3 g L', respect-
ively (Fig. 3A and B). Nevertheless, the presence of inhibitors
clearly reduced fermentation performance. Relative to sugar-
mimic controls, the final ODgo was reduced by 23-25%, and
the PHB titer reduced to 6.1-7.0 g L™" by 43 and 37%, respect-
ively (Fig. 3C and D). PHB yields also declined from
0.42-0.43 g ¢~' in model sugars to 0.29-0.30 g ¢~ " in both
hydrolysate cultivations (Fig. 3E). Although a minor variance

Table 2 Composition of
media used in this study

lignocellulosic hydrolysate-supplemented

Components (g L) Sugarcane bagasse Rice straw
Glucose 14.5 18.7
Xylose 14.8 10.4
Acetic acid 2.1 1.3
Furfural 0.017 0.003
5-Hydroxymethylfurfural 0.84 0.03
Phenolic compounds 0.6 0.6

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Fermentation performance of C. necator RXI22 on lignocellulosic hydrolysates and the corresponding mixed-sugar mimics. Growth and
sugar utilization profiles of C. necator RX122 cultivated with (A) the sugarcane bagasse (SB) hydrolysate, (B) the rice straw (RS) hydrolysate, (C) an SB-
mimic medium containing 15 g L™* glucose and 15 g L™* xylose, and (D) an RS-mimic medium containing 18 g L™ glucose and 12 g L™ xylose. (E)
PHB content, titer, and yield obtained after 96 h under each respective condition. (F) PHB films prepared from polymers recovered after 96 h of culti-
vation using lignocellulosic hydrolysates. Mixed-sugar mimics were formulated to reproduce the glucose—xylose compositions of the corresponding
hydrolysates. Data are presented as mean + standard deviation of three biological replicates.

existed in initial xylose concentrations between the RS hydroly-
sate and its mimic, the overall inhibitory trends remained
clear as substrate consumption reached a metabolic plateau
despite the presence of residual sugars (Fig. 3D). While the
final PHB titers obtained from the two hydrolysates were com-

This journal is © The Royal Society of Chemistry 2026

parable (6.1-7.0 g L™"), this similarity does not imply identical
inhibitory mechanisms. Instead, it suggests that the distinct
combination of inhibitors in each feedstock resulted in a
impact on overall PHB production
efficiency under the tested conditions.

similar cumulative
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The recovered PHB was further processed into films,
demonstrating the material applicability of PHB produced
from lignocellulosic hydrolysates (Fig. 3F). To evaluate the
physicochemical properties of the produced biopolymer, its
thermal behavior was characterized via DSC. The PHB films
derived from SB and RS hydrolysates exhibited melting temp-
eratures (Tp,) of 162.1 °C and 164.1 °C, respectively, and glass
transition temperatures (T,) of —4.2 °C and —3.0 °C, respect-
ively. These thermal characteristics are comparable to pre-
viously reported values for PHB produced from sugar industry
waste (T, = 161.7 °C, T, = —2.8 °C),”* indicating that the PHB
films exhibited thermal behavior comparable to that of con-
ventional PHB.

Even with the performance reduction relative to the model
sugar conditions, C. necator RXI22 remained highly competi-
tive when compared with previously reported strains ferment-
ing lignocellulosic hydrolysates in flasks (Table 3). Among
C. necator strains, RX122 showed higher PHB yields (0.29 g ¢™*)
than wild-type NCIMB 11599 (0.21 g g ' from waste office
paper) and produced substantially higher PHB titers than
Reh06 (3.8 g L' from corn stover).>* Other microorganisms
such as Escherichia coli phaP1,3, Bacillus megaterium PNCM
1890, and Halomonas sp. YLGWO1 also displayed lower or com-
parable titers (3.1-6.1 g L™").”%'® Qverall, although C. necator
RXI22 outperformed other reported strains in lignocellulosic
hydrolysate fermentations, its reduced performance compared
with model sugars underscores the need to clarify how individ-
ual inhibitory compounds contribute to PHB biosynthesis
limitations.

3.4. Effects of inhibitory compounds in lignocellulosic
hydrolysates on C. necator RX122

To examine how hydrolysate-derived inhibitors affect
C. necator RXI22, a tolerance assessment was conducted using
96-well plate cultivations with glucose or xylose as the sole
carbon source. Concentration ranges for each inhibitor were
determined based on their levels in the SB and RS hydroly-

View Article Online
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sates, and growth responses were evaluated accordingly
(Fig. S1 and S2). Acetic acid exhibited clear sugar-dependent
effects: it inhibited growth under glucose conditions but
enhanced growth when xylose was used. This contrasting be-
havior aligns with reports that acetic acid suppresses glucose
phosphotransferase system (PTS)-mediated uptake and dis-
rupts the acetyl-CoA flux during glucose catabolism,?” whereas
under xylose metabolism, primarily via the pentose phosphate
pathway, it can act as an auxiliary substrate boosting central
metabolism and biosynthetic gene expression.’®*° Furfural
and HMF, in contrast, showed minimal inhibitory effects
across the tested concentrations. Phenolic compounds exerted
the strongest inhibition, suppressing growth in a concen-
tration-dependent manner under both glucose and xylose.
p-Coumaric acid and ferulic acid, the dominant phenolic com-
pounds generated during SB and RS biomass
pretreatment,*®™*> both reduced cell growth, with ferulic acid
exhibiting the most pronounced toxicity. These observations
suggested that phenolic compounds, particularly ferulic acid,
were likely the major contributors to the growth inhibition.

Although inhibitor tolerance was initially evaluated under
single-sugar conditions, actual lignocellulosic hydrolysates
contain both glucose and xylose, and the presence of mixed
sugars can alter metabolic fluxes and lead to inhibitor
responses that differ from those observed with a single carbon
source.”® To evaluate inhibitor effects under conditions more
reflective of actual hydrolysates, mixed-sugar cultures mimick-
ing the SB hydrolysate composition (acetic acid 1.5 g L™, fur-
fural 0.02 g L', HMF 0.5 g L', phenolics 0.5 g L") were
tested. Under these conditions, RXI22 exhibited inhibitor-
specific reductions in growth, sugar utilization, and PHB pro-
duction (Fig. 4).

Acetic acid had minimal impact on glucose and xylose con-
sumption, yet PHB titers and yields were reduced by 9% and
14%, respectively, compared with the control, indicating that
even mild perturbations to the carbon flux can negatively
affect PHB biosynthesis (Fig. 4A and J). Furfural and HMF

Table 3 PHB production from lignocellulosic biomass hydrolysates by various PHB-producing microorganisms

PHB PHB PHB
Lignocellulosic Glucose Xylose content yield titer
Strain biomass Inhibitory compounds (gL™")  (gL™") (gL™) Wt%) (gg™") (gL' Ref.
C. necator RX122 Rice straw 1.3 acetic acid, 0.003 furfural, 18.7 10.4 68.4 0.30 7.0 This study
0.03 HMF, 0.6 phenolics
Sugarcane bagasse 2.1 acetic acid, 0.017 furfural, 14.5 14.8 61.9 0.29 6.1 This study
0.84 HMF, 0.6 phenolics
C. necator Reh06 Corn stover 0.21 ferulic acid, 21.5 7.8 — — 3.8 35
1.25 p-coumaric acid
C. necator NCIMB 11599 Waste office paper 0.14 phenolics 22.7 1.8 57.5 0.21 4.5 34
R. eutropha ATCC17699 Hemp hurd biomass — 42.0 11.5 56.3 0.25 13.4 36
B. megaterium PNCM 1890 Sugarcane bagasse — 13.9 4.6 — 0.31 6.1 8
E. coli phaP1,3 Miscanthus 0.005 acetic acid 30.0 1.0 — — 3.9 7
Halomonas sp. YLGWO01 Pine tree 0.2 acetic acid, 0.03 formic acid, 28.7 1.3 61.7 — 3.1 18

0.02 levulinic acid, 0.02 HMF,

0.05 furfural

HMF, 5-hydroxymethylfurfural.
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Fig. 4 Effects of individual and combined lignocellulosic hydrolysate-derived inhibitors on the fermentation performance of C. necator RXI22
under mixed-sugar conditions. Cell growth and sugar utilization profiles of RXI22 cultivated in minimal medium containing 15 g L™* glucose and 15 g
L~ xylose with (A) 1.5 g L™* acetic acid, (B) 0.02 g L™* furfural, (C) 0.5 g L™* HMF, (D) 0.5 g L™* p-coumaric acid, (E) 0.5 g L™ ferulic acid, (F) AA + fur-
fural + HMF + CA, (G) AA + furfural + HMF + FA, (H) AA + furfural + HMF + CA + FA, and () a control without inhibitors. (J) PHB titer and yield after
96 h of cultivation. For combined-inhibitor conditions, each inhibitor was supplied at the same concentration used in the corresponding single-
inhibitor experiments. When both phenolic compounds were added simultaneously, each was supplied at 0.25 g L™* (total phenolics 0.5 g L™). Data
are presented as mean + standard deviation of three biological replicates. Abbreviations: AA, acetic acid; HMF, 5-hydroxymethylfurfural; FA, ferulic
acid; CA, p-coumaric acid. Statistical significance was determined using Student’s two-tailed t-test by comparing each inhibitor-supplemented
group against the inhibitor-free control (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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imposed more noticeable effects than acetic acid, lowering
PHB yields to 0.34 g ¢”* and titers to 8.1-8.4 g L™* (Fig. 4B, C
and J). While HMF (initial concentration of 0.5 g L") was
explicitly presented in the fermentation profiles, furfural data
were omitted due to its low initial concentration (0.02 g L™).
Nevertheless, complete depletion of both furanic compounds
was confirmed within 24 h. These inhibitory effects are typi-
cally attributed to the interference of furans with key metabolic
enzymes. However, their impact was transient as C. necator
possesses the metabolic capacity to detoxify these inhibitors to
less toxic alcohols.****

In contrast, the two phenolic compounds showed markedly
distinct behaviors. p-Coumaric acid was rapidly consumed and
supported cell growth and PHB production comparable to the
control (Fig. 4D), consistent with previous findings that
C. necator can metabolize this compound at low levels.*®
Conversely, ferulic acid caused pronounced inhibition, leaving
6.0 g L™ glucose unconsumed after 96 h and reducing PHB
titers (4.5 g L") and yields (0.23 g g ') to less than half of the
control (Fig. 4E and ]). Unlike p-coumaric acid, 0.5 g L™" of the
ferulic acid remained unutilized in the medium throughout
the cultivation period (Fig. 4E). This disparity in inhibitory
strength between the two phenolics likely stems from their
structural differences. Ferulic acid possesses a methoxy group
that requires an O-demethylation step for its metabolism, ren-
dering it more recalcitrant to degradation by the strain com-
pared to p-coumaric acid.’” Consequently, the prolonged pres-
ence of ferulic acid induces severe cellular stress including
membrane disruption and oxidative damage, thereby signifi-
cantly impairing both primary metabolism and PHB
biosynthesis.*>*®

When inhibitors were added in combination to simulate
hydrolysate conditions, synergistic inhibition emerged. Mixed
inhibitors caused substantial delays in utilization of both
glucose and xylose and resulted in pronounced reductions in
cell growth, indicating combined metabolic and stress-
response burdens (Fig. 4F-H). Acetic acid consumption was
also delayed under mixture conditions; however, PHB titers
were not further reduced beyond levels observed for individual
inhibitors, indicating that its contribution to PHB inhibition is
minor relative to other compounds. Interestingly, ferulic acid
alone produced the strongest overall inhibition, whereas its
effect was partially alleviated when combined with other
inhibitors, suggesting antagonistic or stress-induced compen-
satory interactions, consistent with earlier observations.**™"
Overall, these findings suggest that the inhibitory impact of
phenolics is closely linked to their metabolic accessibility.
While p-coumaric acid is rapidly attenuated, others as exempli-
fied by ferulic acid persist longer in the medium. This pro-
longed presence results in sustained cellular stress, making
such persistent phenolic derivatives major contributors to the
reduced performance in actual hydrolysates. Importantly, the
inhibition patterns observed under hydrolysate-like conditions
were not simply additive but arose from the combined effects
of mixed-sugar metabolism and interactions among multiple
inhibitors.

Green Chem.
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3.5. Enhanced performance of C. necator RX122 under
hydrolysate-derived inhibitory stress by addition of nicotinic
acid and tryptophan

As discussed above, lignocellulosic hydrolysates contain mul-
tiple inhibitory compounds that impair microbial growth and
metabolism, ultimately limiting overall bioprocess efficiency.
To mitigate these inhibitory effects, various strategies have
been explored including process-based approaches such as
short-term adaptive cultivation and pretreatment optimization,
as well as supplementation with tolerance-enhancing divalent
metal ions (e.g.,, Mg”" and Ca®**).”*' In parallel, synthetic
biology and metabolic engineering approaches have also been
applied to strengthen microbial robustness under inhibitor-
rich conditions.*® Those studies suggested that modulation of
intracellular cofactors such as NAD'-related biosynthetic path-
ways can enhance microbial tolerance to environmental and
metabolic stress.>>* Based on these findings, we hypothesized
that a simple nutritional supplementation strategy would
prevent the inhibitor-induced performance losses in C. necator
RXI22. To test the hypothesis, we evaluated external sup-
plementation with two metabolites involved in cellular cofac-
tor metabolism, nicotinic acid and tryptophan,®®*” as readily
implementable additives to support cellular function under
the inhibitory conditions.

To rapidly assess their individual effects, nicotinic acid and
tryptophan were first tested in small-scale culture tubes. Each
compound was supplemented at concentrations of 0.5, 1, and
2 ¢ L™ in 3 mL of minimal medium containing a defined
mixture of inhibitors. Glucose and xylose were provided at
7.5 g L™" each, and inhibitory compounds were added at con-
centrations that most closely reproduced the fermentation per-
formance observed in hydrolysate-based cultures, specifically
acetic acid (1.5 g L"), furfural (0.02 g L™"), HMF (0.5 g L™,
and ferulic acid (0.5 g L™"). Interestingly, tryptophan consist-
ently promoted higher cell growth compared to nicotinic acid,
resulting in up to a 34% increase in ODgg, relative to the
control after 72 h (Fig. S3). These observations suggested that
supplementation with nicotinic acid or tryptophan could par-
tially improve RXI22 growth under inhibitory conditions, pro-
viding the rationale for subsequent flask-scale experiments
with an expanded concentration range to further assess their
effects on inhibitor tolerance.

When the tryptophan supplementation range was expanded
from 0.05 to 2 g L', the most pronounced improvements in
both cell growth and PHB production were observed at 0.1 and
0.3 g L™ (Fig. 5). At these concentrations, C. necator RXI22
reached biomass levels of 11.1-11.3 g L™' and produced
8.3-8.4 ¢ L' of PHB, corresponding to yields of 0.34-0.36 g
g~'. Compared with the control culture (7.2 g L™' PHB from
10.0 g L' biomass), these conditions resulted in 11-13%
higher cell mass and a 15-17% increase in PHB titer. The
enhanced performance at optimal tryptophan levels may be
associated with enhanced cellular robustness under inhibitory
conditions. Given that tryptophan participates in NAD" biosyn-
thetic pathways, supplementation could contribute to main-

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Effect of tryptophan supplementation on the growth and PHB
production of C. necator RXI22 under inhibitor-stressed mixed-sugar
conditions. Dry cell weight (DCW), PHB titer, and yield were determined
after 96 h of cultivation. Cultures were grown on a mixed-sugar sub-
strate consisting of glucose (15 g L™ and xylose (15 g L™%) with trypto-
phan supplementation ranging from 0.05 to 2 g L%, The inhibitor
mixture, acetic acid (1.5 g L™), furfural (0.02 g L™, HMF (0.5 g L™, and
ferulic acid (0.5 g L™%), was formulated to mimic the inhibitory environ-
ment of lignocellulosic hydrolysate fermentations. Data are presented as
mean + standard deviation of three biological replicates. Student's two-
tailed t-test was performed to determine the significance of differences
between the tryptophan-supplemented groups and the non-sup-
plemented control (*, p < 0.05).

taining a more favorable intracellular redox balance under
stress. In addition, because tryptophan biosynthesis is energe-
tically demanding, external supplementation of tryptophan
may reduce metabolic burden, thereby allowing increased allo-
cation of cellular resources toward growth and PHB accumu-
lation.>® At higher tryptophan concentrations, however, both
cell growth and PHB production declined. This trend may be
associated with changes in the effective C/N ratio, as amino
acids can serve as a nitrogen source at a high concentration.>®
Such shifts could disrupt metabolic balance and ultimately
constrain production.®® Overall, these results indicate that
tryptophan supplementation improves tolerance and pro-
ductivity only within a defined concentration window.

The tryptophan supplementation strategy was next evalu-
ated in fermentations using lignocellulosic hydrolysates to
assess its effectiveness under more realistic process con-
ditions. However, when sugarcane bagasse and rice straw
hydrolysates were supplemented with 0.1 and 0.3 g L™" trypto-
phan, no significant improvements in either cell growth or
PHB production were observed (Fig. S4). This outcome can be
attributed to the presence a broader and more complex array
of inhibitory compounds in actual hydrolysates, whose com-
bined effects cannot be sufficiently alleviated by tryptophan
supplementation alone. Similar discrepancies have been noted
in previous studies, where metal-ion supplementation
enhanced fermentation performance in defined media but

This journal is © The Royal Society of Chemistry 2026
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showed limited effectiveness in hydrolysate-based fermenta-
tions, underscoring the challenge posed by multifactorial
inhibitory stress.”*

In this study, we employed a simple nutritional supplemen-
tation strategy to improve fermentation performance. While
such approaches offer practical benefits, including ease of
implementation and compatibility with existing bioprocesses,
their indirect mode of action limits their ability to counter the
diverse inhibitory stresses present in lignocellulosic hydroly-
sates. Thus, achieving more robust and consistent improve-
ments will likely require combining process-level optimization
with metabolic engineering strategies that strengthen intra-
cellular detoxification capacity and broaden the strain’s
capacity to metabolically mitigate inhibitory compounds.
Beyond metabolic robustness, the phenotypic stability of an
engineered strain is a critical factor for industrial viability. In
this study, the C. necator RX122 strain exhibited consistent phe-
notypic performance across repeated cultivations under identi-
cal conditions, with coefficients of variation for biomass and
PHB production remaining below 5%. This stability is likely
attributed to the chromosomal integration of the xylose assim-
ilation pathway, which reduces the risk of trait loss compared
to plasmid-based systems. To ensure readiness for large-scale
industrial applications, future studies should incorporate sys-
tematic long-term stability tests, including extensive serial pas-
saging and genome re-sequencing, to thoroughly verify genetic
integrity.

4. Conclusions

This study demonstrates that the engineered C. necator strain
RXI22 serves as a robust microbial platform for PHB pro-
duction from lignocellulosic sugars. C. necator RXI22 exhibited
stable cell growth and PHB biosynthesis across varying
glucose—xylose ratios. When cultivated on sugarcane bagasse
and rice straw hydrolysates, RXI22 achieved PHB yields of
0.29-0.30 g g ', confirming its compatibility with real
biomass-derived feedstocks, although overall performance
declined compared with the synthetic mixed sugars
(0.42-0.43 g g~ '). Comprehensive inhibitor profiling further
revealed that phenolic compounds imposed the most severe
inhibition, followed by furan derivatives and acetic acid. A
simple nutritional supplementation approach partially alle-
viated stress imposed by model inhibitor mixtures, improving
both growth and PHB production. However, these benefits did
not extend to actual hydrolysate fermentations, suggesting that
medium-level adjustments alone may be insufficient to over-
come the complex inhibitor matrix present in real biomass
hydrolysates. Overall, this work demonstrates a promising
microbial platform for lignocellulose-based PHB biomanufac-
turing. Future research should focus on further elucidating the
underlying inhibitory mechanisms of complex lignocellulosic
hydrolysates and developing more robust strains through tar-
geted metabolic engineering. For example, enhancing specific
phenolic detoxification pathways could significantly improve
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lignocellulosic fermentation performances. The identified bio-
process-level bottlenecks provide key insights to guide future
strain development as well as pretreatment process
development.
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