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Abstract
Biosynthesis of lipids/polyhydroxyalkanoates (PHA) enables the valorization of waste into
value-added products, yet efficient production has traditionally relied on nutrient limitation
to  redirect  carbon  flux.  This  study  proposes  an  alternative  strategy  by  tuning  oxygen
limitation during lignin fermentation, targeting lignin as the largest underutilized fraction of
lignocellulosic biomass. To address the heterogeneous nature of lignin-derived compounds,
a two-stage O2 supplementation strategy was developed: An initial low-oxygen condition

(down to 1% dissolved oxygen) facilitated the conversion of readily utilizable compounds,
followed  by  elevated  oxygen  supply  to  promote  the  degradation  of  more  recalcitrant
fractions. This strategy yielded PHA of 22 to 45 mg/g-lignin,  commensurate with lignin
concentrations from 2 to 25 g/L.  Notably,  significant lignin degradation (comparable to
nutrient-replete  conditions)  and  enhanced  PHA  production  (30%  higher  than  nutrient-
limited conditions) were simultaneously achieved through staged oxygen supplementation.
More  broadly,  this  work  demonstrates  an  alternative  to  conventional  nutrient-limited
strategies for regulating the bioconversion of heterogeneous feedstocks into value-added
products.
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INTRODUCTION
Lignocellulose represents vast resources for bio-

based chemicals and biofuels, yet lignin remains

largely untapped. Modern industrial fermentation is

largely centered on carbohydrates - from anaerobic

digest ion to consol idated bioprocessing and

enzymatic saccharification - whereas lignin remains

an underutilized carbon resource
[1,2]

. In the pulp and

paper industry, a significant issue is the management

of the alkaline lignin liquor from this separation,

which amounts to 80 million tons annually, disposed

of without valorization
[3,4]

. Alkali-pretreated lignin

can be partially utilized by certain aerobic bacteria,

such as Pseudomonas putida (P. putida), to naturally

produce polyhydroxyalkanoates (PHA), an energy-

rich intracellular polymer that functions as a micro-

bial reservoir of carbon and biochemical energy
[5]

.

This process enables the recovery and storage of lign-

in-bound energy as biodegradable bioplastics. How-

ever, carbon flux diversion limits this process, as sub-

strates are preferentially used for cell growth rather

than PHA synthesis during central metabolism, simi-

lar to other lipid and PHA biosynthetic pathways
[6]

.

It had been proposed that limiting nutrient supple-

ments, typically nitrogen, could restrict or arrest cell

growth while sustaining product synthesis
[7,8]

, which

enhanced the biological valorization of glucose, fatty

acids, or sole aromatic compounds but found to be

less effective for lignin bioconversion
[8-10]

. This behav-

ior can be attributed to differences in the nature of

available carbon sources. Unlike defined sin-

gle-carbon substrates, lignin-derived compounds are

highly heterogeneous and are catabolized hierar-

chically, with readily utilizable compounds being

consumed before more recalcitrant fractions
[11,12]

. As

nitrogen becomes limiting, cells lose the capacity to

synthesize new catabolic pathways and extracellular

enzymes, thereby restricting the utilization of

complex lignin-derived compounds and resulting in

low overall lignin degradation (15%-25%)
[13]

.

To date, strategies for enhancing PHA production

by redirecting carbon flux have typically relied on

restricting cell growth rates (and consequently

carbon uptake rates), commonly achieved under

nutrient  l imitat ion  or  environmental

constraints
[8,9,14]

. Among these approaches, limiting

O
2
 availability has been used to redirect carbon flux

for higher PHA production on catabolizing glucose,

glycerol, or fatty acids
[14-18]

. In the catabolism of

aromatics and lignin, as O
2
 participates in the upper

degradation pathways, including enzyme synthesis

and acting as an electron acceptor
[5,19]

, oxygen limita-

tion is expected to influence metabolic flux distribu-

tion in a manner analogous to nutrient-limitation

strategies. Furthermore, given the heterogeneous

nature of lignin-derived substrates, where recalci-

trant compounds require greater energy input for

extracellular enzymatic depolymerization and sub-

sequent utilization
[20,21]

, this study proposes a two-

stage oxygen availability strategy. In the first stage, a

low-oxygen condition is applied to promote carbon

flux toward PHA accumulation while restricting cell

growth, allowing the preferential utilization of read-

ily degradable monomeric compounds, similar to

conventional nutrient-limited fermentation. In the

second stage, oxygen availability is increased to facili-

tate the bioconversion of more recalcitrant com-

pounds, analogous to nutrient-replete fermentation.

With this staged oxygen supplementation strategy,

carbon flux is anticipated to be redirected toward

enhanced PHA production while maintaining high

lignin degradation efficiency. It is noteworthy that

Ramírez-Morales et al.
[5]

 have investigated the role of

oxygen availability under nitrogen-limited condi-

tions and demonstrated that sufficient oxygen is

required to sustain metabolic activity. In contrast,

the present study examined the independent effect

of oxygen availability under nutrient-unlimited con-

ditions.

In this research, nitrogen-limited lignin fermenta-

tion served as the baseline study. Representative

monomers present in alkaline lignin liquor and real

alkaline lignin liquor were examined for the effect of

O
2
 limitation on their bioconversion. Ultimately, a

comparison was conducted between strategies involv-

ing O
2
 limitation and limited nitrogen supplementa-

tion. The findings of this study demonstrated the

potential of tuning O
2
 limitation to facilitate lignin

bioconversion to PHA, offering an alternative to the

conventional nutrient-limited strategy in biological

PHA production.

EXPERIMENTAL
Alkaline lignin extraction from yard waste

Yard waste (YW) collected from the campus of the

National University of Singapore served as the ligno-

cellulosic feedstock in this study. The material con-

sisted predominantly of fallen leaves (approximately
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90% of dry weight) and contained 21% acid-insolu-

ble lignin. After drying, the YW was milled and

passed through a 36-mesh sieve prior to pretreat-

ment. To eliminate readily extractable carbohydrates

and minimize their carryover into the subsequent

lignin stream, the processed YW was first subjected

to liquid hot water treatment at a solid loading of

20 wt% (130 °C, 90 min). Following pretreatment,

the slurry was centrifuged and the solid residue was

recovered. The residue was then mixed with 1 M

NaOH at 20 wt% solids and treated at 130 °C for 90 -

min to solubilize lignin. After centrifugation, the

lignin-containing supernatant was separated from

the solid fraction. The recovered alkaline lignin

liquor was neutralized to pH 7 using H
2
SO

4
. Acid-

ification induced partial lignin precipitation, and the

resulting solids were removed by centrifugation. The

clarified supernatant was used for the bioconversion

experiments.

Lignin fermentation

Adjusting O
2
 limitation

P. putida KT2440 (ATCC 47054) was used in lignin

fermentation for PHA production. PHA production

was conducted in 250 mL conical flasks using five

carbon sources: (1) 20 mM acetate (sodium acetate);

(2) 20 mM vanillic acid; (3) 20 mM ferulic acid; (4)

10 g/L lignin. For shake flask experiments, surface

aeration was the main source of oxygen supply. To

establish varied O
2
 transfer from air into the culture

media during shaking experiments, the volume of

media with each carbon source was set to 50, 100,

150, and 200 mL (corresponding to medium depths

of 1, 2, 3.5, and 4.8 cm, respectively)
[22]

. Among

these, flasks containing 50 mL of medium represent-

ed non-oxygen-limited conditions and were used as

the control. Each flask contained 1× modified M9

salts (3 g/L of KH
2
PO

4
, 0.5 g/L of NaCl, 6.78 g/L of

Na
2
HPO

4
) together with 10 mM (NH

4
)

2
SO

4
, 0.2 mM

MgSO
4
, and 10µM CaCl

2
. The fermentation was con-

ducted at 30 °C with a shaking speed of 225 rpm in a

shaking incubator (LM570-RD, YIHDER Tech,

China). In experiments where O
2
 transfer into the

medium was further reduced, the fermentation

flasks were incubated without shaking, while the cul-

ture broth was continuously mixed using a magnetic

stirrer, operated at 225 rpm for 72 h at 30 °C. All the

experiments were conducted in duplicates.

Lignin fermentation scale-up

The scaled-up lignin fermentation was conducted

using a 1 L stirred tank reactor with a working vol-

ume of 700 mL. The reactors were maintained at a

constant temperature of 30 °C using an outer circu-

lating water bath. Mixing was achieved with a three-

-blade impeller operating at 225 rpm. Aeration was

provided at the bottom of the reactor through

varying rates of air sparging, specifically 0.3, 0.1,

0.01, or 0 VVM (Volume of gas per working Vol-

ume per Minute). These varying rates were selected

to investigate their respective impacts on the fer-

mentation process.

Comparison of tuning O
2
 limitation and limiting

nitrogen strategies

Different concentrations of lignin liquor (2-25 g/L)

were  fed  to  P.  putida  to  examine  the  l ignin

bioconversion to PHA. In the nitrogen-limited

lignin fermentation, the nitrogen source supplement

was limited to 1 mM (NH
4
)

2
SO

4
. Other nutrient sup-

plements and environment conditions (e.g., tempera-

ture and initial pH) were kept consistent with the

conditions described in Adjusting O
2
 limitation.

These conditions were commonly used for cultiva-

tion of P. putida. The fermentation was operated in

250 mL shaking flasks with a working volume of

50 mL at a shaking speed of 225 rpm to ensure DO

did not impede bacterial activity. For the O
2
 limita-

tion-tuning lignin fermentation, the optimal culture

volume of 150 mL was used, with all other configura-

tions remaining consistent with those described in

Adjusting O
2
 limitation. Simultaneous limitation of

O
2
 and nitrogen supply was not reported in this

study, as lignin utilization stalled under these condi-

tions, consistent with the findings of Ramírez-Mo-

rales et al.
[5]

.

Analytical methods

Lignin quantification

Lignin content was determined following the Klason

lignin analytical procedure developed by the Nation-

al Renewable Energy Laboratory (NREL)
[23]

. In brief,

samples of alkaline lignin liquor were first dried and

subsequently hydrolyzed with concentrated sulfuric

acid. After centrifugation, the acid-insoluble lignin

fraction was quantified gravimetrically, while soluble

components remained in the supernatant. To facili-

tate routine monitoring, the Klason lignin results

were correlated with chemical oxygen demand
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(COD) measurements obtained using a COD reactor

system (DBR200, HACH, USA).

Quantification of bacterial growth and

polyhydroxyalkanoates

Cell growth and intracellular PHA accumulation

were monitored throughout fermentation by measur-

ing optical density at 600 nm (OD600) and Nile Red

fluorescence, respectively. To minimize interference

from the dark-colored lignin liquor, culture samples

were centrifuged at 6,000 × g, washed once with 1×
phosphate-buffered saline (PBS), and resuspended

in 96-well transparent microplates (Corning Costar,

USA) prior to analysis. Measurements were conduct-

ed using a microplate reader (Infinite 200 Pro,

Tecan, Switzerland). The maximum specific growth

rate (μ
max

) was calculated from the period exhibiting

the highest sustained increase in biomass over three

consecutive days. For PHA analysis, cell suspensions

were stained with Nile Red at a final concentration

of 10 μg/mL for 5 min before fluorescence determina-

tion. Fluorescence signals were recorded using excita-

tion and emission wavelengths of 485/12 nm and

590/10 nm, respectively. A calibration curve was

established between fluorescence intensity and PHA

concentrations quantified by gas chromatography

(GC), yielding a conversion factor of 113,936 fluores-

cence units per gram of PHA per liter. The statistical

significance levels were determined using a t-test.

Dissolved oxygen measurement

Dissolved oxygen (DO) was measured using a DO

meter (Orion Star A213 RDO/DO, ThermoFisher).

Prior to measurement, the DO meter was calibrated

using a two-point calibration (zero calibration and

air-saturated water calibration). Briefly, Milli-Q

water sparged with nitrogen gas for 1 h, followed by

adding 2% Na
2
SO

3
, was used for zero calibration

while Milli-Q water sparged with air for 1 h was

used for 100% air-saturated water calibration.

Measurement of molecular weight of lignin

The molecular weight distribution of lignin was

quantified using gel filtration chromatography

(GFC) to characterize water-soluble compounds.

Briefly, 2 g/L of raw or fractionated alkaline lignin

liquor was filtrated (0.22 μm syringe filters) and then

subjected to GFC analysis (Agilent 1260 infinity ii)

with refractive index detector. The eluent was 0.02%

sodium azide and the flow rate was 1.0 mL/min. An

injection volume of 30 μL was used.

RESULTS AND DISCUSSION
Baseline of nitrogen-limited lignin fermentation

To establish a baseline of lignin fermentation with

nitrogen-limited strategy, different concentrations of

alkaline lignin liquor (2-25 g/L) were used as the sub-

strates for examination. The relationship between

cell growth and lignin concentration is shown in Fig-

ure 1A. Increasing lignin concentration resulted in

monotonic increase of cell growth within 24 h

except the group at 25 g/L feedstock, in which peak

biomass was only reached at 48 h, caused by the inhi-

bition posed by high concentration lignin on micro-

bial activity. The groups with 2-10 g/L feedstock

sustained cell viability while biomass decreased with

lignin concentrations exceeded 15 g/L, indicating

nitrogen starvation. Lignin degradation extent

decreased with increasing lignin concentrations,

achieving maximum and minimum degradation

extents of 29% and 16% when fermenting with 2 g/L

and 25 g/L lignin, respectively [Figure 1B]. It is

noteworthy that this degradation is lower than that

under nitrogen-replete conditions (35% degrada-

tion)
[20,24]

. Lignin utilization increased monotonically

with feeding concentration, even under nitrogen lim-

itation [Supplementary Figure 1], as higher lignin lev-

els supplied more readily available carbon substrates

that were preferentially consumed, consistent with

hierarchical substrate utilization
[11,12]

. This further

indicates that more recalcitrant compounds are not

effectively catabolized under growth-restricted condi-

tions. In terms of PHA production, the lowest values

recorded at 25 g/L lignin with yield of 9 mg-PHA/g-

lignin and the highest PHA yield of 28 mg/g-lignin

(0.14 g/L PHA titer) was achieved with 5 g/L lignin

feeding, accompanied by 25% lignin degradation

[Figure 1B]. This value is comparable to reported

titer of 0.09-0.32 g/L using wild type P. putida in

nitrogen-limited medium
[21,25,26]

. The lignin degrada-

tion and PHA production here were used as baseline

for comparison with the results obtained under O
2
-

limited fermentation (Comparison with nitro-

gen-limited strategy).

https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
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Figure 1. (A) Cell growth and (B) lignin bioconversion at different feeding concentrations (2-25 g/L) using nitrogen-limited strategy. Error
bars represent the standard deviation of two replicates (n = 2). OD600: Optical density at 600 nm; lignin conc.: lignin concentration; PHA:
polyhydroxyalkanoates.

Effects of O2 limitation on degradation of lignin
monomers

Microbes exhibit varying growth condition require-

ments  when  metabol iz ing  dif ferent  carbon

sources
[11]

, necessitating an understanding of the req-

uisite O
2
 limitation for converting individual lignin

compounds. As monomeric compounds in alkaline

lignin liquor comprise linear carboxylic acids and

aromatic compounds, three monomers identified in

alkaline lignin liquor
[21]

 - acetate, vanillic acid, and

ferulic acid - were selected as the representative subs-

trates to investigate the effect of O
2
 limitation on

lignin bioconversion. Different volumes of media

(ranging from 50 to 200 mL) were used in the

shaking flasks to establish varying levels of O
2
 limita-

tion, as the rate of oxygen diffusion into the medium

decreases  with  increasing  volume  (surface

aeration)
[27]

. The 50 mL condition was used as the

positive control, representing non-oxygen-limited

conditions. Figure 2 presents the effect of limiting O
2

availability on cell growth (OD
600

). To characterize

the impacts of O
2
 limitation on redirecting carbon

fluxes (ratio of PHA to cell growth), the resulting

residual bacterial biomass (dcw excluding PHA con-

centration) and PHA production are shown in Fig-

ure 3. The results presented in Figures 2A and 3

indicate that O
2
 l imitation did not restrict the

growth (maximum specific growth rate μ
m a x

 of

0.03OD
600

/h) of P. putida on acetate, resulting in sim-

ilar carbon flux redirection with a PHA concentra-

tion of 19% PHA/dcw across all the flasks. Although

acetate was slightly volatile, limiting O
2
 supplementa-

tion reduced substrate loss, marginally improving ter-

minal bacterial growth from 0.3 g/L in 50 mL

medium to 0.4 g/L in 150 mL medium, concomitant

with PHA production of about 0.1 g/L. This unre-

stricted cell growth on acetate by varying O
2
 availabil-

ity was attributed to its simple degradation pathway,

which  could  direct ly  enter  central  carbon

metabolism via acetyl-CoA [Supplementary Figure

2]. Acetate was measured at the end of fermentation,

and no residual carbon source was detected (data

not shown).

Aromatic compounds undergo upper degradation to

protocatechuic acid, followed by aromatic ring open-

ing via the β-ketoadipate pathway to central carbon

metabolism
[19]

. Molecular oxygen is not only neces-

sary for energy metabolism; the catabolism of

vanillic acid and ferulic acid involves multiple oxy-

gen-dependent enzymatic cleavages and oxidation

react ions  prior  to  entering  central  carbon

metabolism [Supplementary Figure 2]. When util-

izing vanillic acid as the sole carbon source, increas-

ing O
2
 limitation reduced the cell growth rate with

μ
max

 of 0.06, 0.03, and 0.01OD
600

/h in 50, 100, and

200 mL medium [Figure 2B], respectively, resulting

in the final bacterial biomass decreasing from

0.82 g/L in 50 mL medium to 0.26 g/L in 200 mL

medium [Figure 3] , a lbeit vanil l ic acid being

completely consumed in all the flasks (data not

shown). This restricted cell growth led to higher

carbon flux towards PHA production, reaching a

maximum of 0.21 g/L in the 200 mL medium flask,

which was 2.5 times the PHA production in the

50 mL medium flask.

https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
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Figure 2. Bacterial growth (OD600) of P. putida under O2-limited conditions on the sole carbon source of (A) acetate, (B) vanillic acid, (C)
ferulic acid, and (D) their mixture at 6.67 mM each. Error bars represent the standard deviation of two replicates (n = 2). OD600: Optical
density at 600 nm; P. putida: Pseudomonas putida.

The catabolism of ferulic acid, a more recalcitrant

aromatic monomer than vanillic acid, involves initial

enzymatic cleavages to acetyl-CoA and vanillin.

Acetyl-CoA is directly utilized in central carbon

metabolism, while vanillin is further degraded follow-

ing the same catabolic pathway as vanillic acid [Sup-

plementary Figure 2]. Ferulic acid degradation can

also occur extracellularly by enzymes secreted via

outer membrane vesicles, leading to the appearance

of acetate and vanillic acid in the extracellular envi-

ronment
[28,29]

. Considering that acetyl-CoA derived

from ferulic acid degradation theoretically supports

a maximum cell growth of about 0.6 OD
600

 (acetate

utilization in Figure 2A), the varied cell growth on

ferulic acid within the first 24 h - from the highest at

0.74 OD
600

 in 50 mL flasks to the lowest at 0.31 OD
600

in 200 mL flasks [Figure 2C] - demonstrates that the

cleavage of ferulic acid to acetyl-CoA and vanillic

acid was affected by O
2
 limitation. As the appearance

of the easily utilizable carbon source acetyl-CoA,

which could accelerate the utilization of aromatic

compounds, increasing O
2
 limitation by increasing

medium volume from 50 to 100 mL did not signif-

icantly restrict cell growth (P > 0.05), resulting in

similar carbon flux redirection with PHA content of

about 20% PHA / dcw [Figure 2C and Figure 3]. The

marginal increase in cell growth and PHA produc-

tion in the 100 mL flask compared to the 50 mL flask

was attributed to reduced acetate volatilization. Fur-

ther increases of O
2
 limitation in the 150 and 200 mL

flasks reduced both cell growth and PHA production

due to substrate leftovers. At the end of the 72-h fer-

mentation, intermediate vanillic acid from ferulic

acid catabolism was detected in the 150 mL and

200 mL flasks (data not shown). This observation is

consistent with the ferulic acid catabolic pathway

and the hierarchical utilization of heterogeneous

carbon sources, with the more recalcitrant vanillic

acid remaining unconsumed under O
2
 limitation. To

gain further insights into the reason behind the

remaining substrate, a repeat experiment on ferulic

acid fermentation was conducted to observe cell

growth and DO levels [Supplementary Figure 3].

The results demonstrated that higher medium vol-

https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
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Figure 3. Peak PHA production and its corresponding cell growth of P. putida within 72 h on acetate, vanillic acid, ferulic acid as the sole
carbon source, and their mixture at 6.67 mM each under O2-limited conditions. Error bars represent the standard deviation of two
replicates (n = 2). PHA: Polyhydroxyalkanoates; P. putida: Pseudomonas putida.

umes in flasks limited O
2
 diffusion from the gas

phase into the liquid, thereby restricting cell growth.

The 50 mL culture showed the highest growth

(OD
6 0 0

 = 0.36 at 24 h; DO = 46%), whereas the

200 mL culture exhibited the lowest growth (OD
600 

=

0.21; DO = 20%). Notably, DO in the 150 and

200 mL flasks later recovered to >80% without a

corresponding increase in growth.

Alkaline lignin comprises a collection of linear and

aromatic compounds. Considering that P. putida’s

response to O
2
 limitation might differ between util-

izing sole and mixed substrates, three selected

monomeric compounds - acetate, vanillic acid, and

ferulic acid - were mixed at equivalent molar concen-

trations (6.67 mM each) to examine the effect of O
2

limitation on the bioconversion of mixed lignin

monomers. As shown in Figure 2D and Figure 3,

increasing O
2
 limitation resulted in a monotonic

decrease in cell growth while increasing PHA

production, with PHA content (PHA/dcw) rising

from 10% in 50 mL flasks to 18% in 200 mL flasks.

This demonstrated the redirection of P. putida

carbon fluxes towards higher PHA production on

mixed substrates through O
2
 limitation. Addition-

ally, it is important to note that P. putida’s cell

growth on mixed substrates was enhanced com-

pared to that on individual sole carbon sources.

Under the highest level of O
2
 limitation (200 mL

medium), fermentation using mixed substrates dou-

bled the maximum specific growth rate (μ
max

 of 0.027

OD
600

/h) compared to that on sole vanillic acid (μ
max

of 0.013) or ferulic acid (μ
max

 of 0.015) [Figure 2].

This demonstrates that the simple carbon source

acetate facilitated the utilization of the aromatic com-

pounds. This result suggested that fermentation on

mixed substrates such as alkaline lignin liquor might

require further increasing O
2
 limitation to restrict

cell growth and reconfigure more fluxes towards

PHA production.

Tuning O2 limitation on bioconversion of alkaline
lignin liquor

Appropriate O
2
 limitation has been confirmed to

restrict cell growth on aromatic monomers and

enhance PHA production. In this section, the
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Figure 4. (A) Residual cell growth, (B) PHA production, and (C) lignin degradation during lignin bioconversion in shaking flasks with
different volumes of medium. Residual cell growth represents the increase of dcw excluding PHA; (D) Residual cell growth, (E) PHA
production, and (F) lignin degradation during lignin bioconversion using stirring followed by shaking flasks with different volumes of
medium; (G) Dissolved oxygen in flasks with 150 mL medium using the approach of stirring followed by shaking flask; (H) Molecular
weight distribution of lignin liquor from raw feedstock, post-stirring, and post-shaking fermentation; (I) Scaled-up lignin bioconversion in a
1 L reactor with different levels of air supplementation. Photograph of the experimental setup taken by the authors. Error bars represent the
standard deviation of two replicates (n = 2). PHA: Polyhydroxyalkanoates; MW: molecular weight.

monomers were replaced by 10 g/L alkaline lignin

liquor to examine the effects of O
2
 limitation on

lignin bioconversion. Similar to the examination of

lignin monomer bioconversion, varying O
2
 limita-

tion was achieved by using different volumes of

medium (50-200 mL) in 250 mL shaking flasks.

With the same level of O
2
 limitation as in the fer-

mentation of lignin monomers, the results of residu-

al cell growth, PHA production, and lignin degrada-

tion in Figure 4A-C show that O
2
 limitation during

lignin fermentation did not exhibit a clear trend in

either cell growth or PHA production, resulting in a

similar final PHA production across all the flasks, at

approximately 0.2 g/L. This insignificant carbon flux

redirection was attributed to an unrestricted cell

growth rate. As shown in Figure 4A, cell growth in

all the flasks increased rapidly to above OD
600

 of 1.0

within 24 h, reaching over 80% of the total cell

biomass in 120 h. This trend was consistent with the

findings from fermentation on mixed monomers

[Figure 2D], where the cell growth on mixed subs-

trates was enhanced compared to that on the sole

carbon sources. Alkaline lignin liquor represents a

more complex mixture of substrates, consisting of

many linear compounds like acetate and malonic

acid, as well as aromatics
[21]

. During fermentation of

alkaline lignin liquor, the utilization of linear com-

pounds could facilitate the degradation of aromatics,

explaining the insignificant restriction of cell growth

at the same level of O
2
 limitation used for restricting
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cell growth on aromatic monomers.

To further restrict cell growth on alkaline lignin, O
2

limitation was intensified by performing lignin fer-

mentation in flasks with only medium stirring rather

than flask shaking. This approach of only stirring the

medium effectively distinguished the maximum spe-

cific cell growth rate and resulting bacterial biomass

(within the first 72 h) [Figure 4D]. Maximum PHA

production within 72 h reached 0.24 g/L [Figure 4E],

surpassing the total PHA produced by fermentation

in shaking flasks. After 72 h of fermentation in

stirring flasks, substrate utilization tended to stag-

nate [Figure 4F]; therefore, the fermentation was

transferred into a shaking incubator for shaking

flasks, thereby increasing oxygen transfer into the

medium and facilitating the degradation of the most

recalcitrant compounds. At the end of the shaking

stage, flasks containing 50 and 100 mL of medium

showed a similarly high level of cell growth at OD
600

of 1.2. Flasks with 150 and 200 mL of medium

restricted cell growth to about OD
600

 of 1.0 and

enhanced the terminal PHA production to 0.31 and

0.34 g/L, respectively, approximately 45% higher

than in 50 and 100 mL of medium [Figure 4E].

Examination of DO levels facilitated understanding

of the relationship between fermentation outcomes

and O
2
 availability. Figure 4G illustrates the DO lev-

els in the 150 mL flasks. During the stirring stage,

DO decreased to below 1% of the saturation level in

water, during which cell growth and PHA synthesis

could be maintained, as shown in Figure 4D and E.

This was consistent with the observation that P.

putida could sustain PHA synthesis at 0% DO when

utilizing simple carbon sources
[18]

. When the stirring

stage proceeded to 72 h, lignin degradation stagnat-

ed, and DO rose, guiding the decision to change the

oxygen supply approach to using shaking flasks,

where DO gradually rose above 20% and finally

reached above the level of 80%. Molecular weight dis-

tribution analysis identified two dominant peaks in

the lignin liquor [Figure 4H], corresponding to low-

molecular-weight compounds (<​ 1,000 Da) and a

higher-molecular-weight fraction centered at approx-

imately 5,000 Da. P. putida was able to utilize com-

pounds from both fractions. The molecular weight

profile of the abiotic aeration control remained

unchanged relative to the raw lignin feedstock,

indicating that lignin degradation was primarily

attributable to microbial activity rather than aera-

tion-induced oxidation [Supplementary Figure 4].

Lignin fermentation in 1 L stirred tank reactor

Industrial fermentation typically employs impellers

and air spargers for agitation and oxygen supple-

mentation. To validate this approach for industrial

applications, lignin fermentation was scaled up in a

1 L tank reactor equipped with a three-blade

impeller and bottom air sparger. Different levels of

air supplementation ranging from 0.3 to 0 VVM

were examined [Figure 4I and Supplementary Figure

5]. Results indicated that reducing air supplementa-

tion from 0.3 to 0.01 VVM monotonically increased

both cell growth and PHA production, achieving

PHA of 0.13, 0.20, and 0.24 g/L with air supply at

0.3, 0.1, and 0.01 VVM, respectively. This was proba-

bly caused by substrate volatilization and reduced

cell viability at high oxygen supply
[30]

, as reflected by

the lack of corresponding increases in cell growth

and PHA despite reduced lignin levels [Supple-

mentary Figure 4]. The aeration-induced substrate

loss was further confirmed through a separate abiot-

ic experiment evaluating substrate loss under differ-

ent aeration conditions [Supplementary Figure 6].

Further reduction of air supply from 0.01 to 0 VVM

resulted in a decrease in cell growth by 21% and an

increase in PHA production to 0.26 g/L. Implement-

ing a two-stage air supplementation strategy (0

VVM air sparging for 72 h followed by 0.01 VVM

air sparging), akin to the two-stage oxygen supply in

flask fermentation (initial stirring the medium in

fixed flasks followed by shaking flasks), further

enhanced PHA production to 0.33 g/L. These results

validated the effectiveness of tuning O
2
 limitation to

enhance lignin bioconversion to PHA in a tank

reactor.

Comparison with nitrogen-limited strategy

As traditional approaches to enhance PHA produc-

tion often involved redirecting carbon flux by limit-

ing  nutrient  supplementat ion,  part icular ly

nitrogen
[ 8 , 9 ]

, it was appropriate to compare the

approaches of tuning O
2
 limitation with nitrogen lim-

itation on lignin bioconversion. For this compari-

son, different concentrations (2-25 g/L) of lignin

were examined to compare the results from nitro-

gen-limited fermentation in Figure 1. Figure 5 and

Supplementary Figure 7 present the results of lignin

bioconversion, cell growth, and PHA production

https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
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Figure 5. Lignin bioconversion at different feeding concentrations through tuning O2 limitation in flasks (A) after the stirring stage and (B)
after the shaking stage. Error bars represent the standard deviation of two replicates (n = 2). PHA: Polyhydroxyalkanoates.

using a two-stage tuning O
2
 limitation approach dur-

ing the stirring stage (0-72 h) and shaking stage

(0-144 h), respectively. At the end of the stirring

stage, fermentation with low lignin concentrations

(2 and 5 g/L) had achieved their maximum degrada-

tion of 37% and 30%, respectively, which were not

significantly enhanced during the shaking stage (P >

0.05). Lignin degradation decreased to 18% with

10 g/L lignin, while 15 g/L lignin showed slightly

higher degradation (attributed to increased availabil-

ity of simple compounds for bacterial growth). Bacte-

rial growth exhibited a monotonic relationship with

increasing lignin concentration from 2 to 20 g/L, as

greater availability of utilizable carbon sources

promoted growth. However, the use of 25 g/L lignin,

with its highest concentration of simple compounds,

led to reduced bacterial growth compared to 20 g/L

lignin, underscoring inhibition by concentrated

l ignin.  PHA  production  s imilar ly  showed  a

monotonic increase with increasing lignin concentra-

t ion  from  2  to  20  g/L,  a l though  production

decreased with 25 g/L lignin. After 72 h of stirring,

the flasks were transferred to a shaking incubator to

enhance O
2
 availability and further lignin degrada-

tion. Results in Figure 5B demonstrated that degrada-

tion of 10 and 15 g/L lignin improved to above 30%,

approaching the upper limit of reported lignin degra-

dation (35%)
[13 ,26]

. Degradation of 20 and 25 g/L

lignin improved to 27% and 24%, respectively. Both

cell growth and PHA production increased monoton-

ically with increasing lignin concentrations, though

the enhancement was less pronounced at higher

lignin concentrations, highlighting the inhibitory

effects  of  concentrated  l ignin  on  bacteria l

metabolism. PHA yields (g-PHA/g-lignin) calculat-

ed across different lignin concentrations ranged

between 22 and 45 mg/g-lignin.

Comparing the results of lignin bioconversion under

these two strategies, the approach of tuning O
2
 limi-

tation demonstrated several advantages over the

nitrogen-limited strategy in redirecting carbon

fluxes towards PHA production, achieving higher

lignin degradation, and enhancing treatment capac-

ity for high lignin concentrations. Firstly, O
2
 limita-

tion during the stirring stage imposed a stronger

restriction on cell growth, resulting in increased

PHA production compared to the nitrogen-limited

strategy. Evidence from fermentations with 2 and

5 g/L lignin under O
2
-limited conditions already

achieved the maximum degradation during the

stirring stage, with PHA contents (PHA/dcw) of 41%

and 38%, respectively, higher than that using the

nitrogen-limited strategy (26% and 29%, respec-

tively). Secondly, the O
2
-tuning approach improved

the extent of lignin degradation, particularly at high

lignin concentrations. A limitation of the nitro-

gen-limited strategy was that nitrogen consumption

during cell growth conflicted with increased nutrient

requirements for catabolizing recalcitrant com-

pounds
[9]

, resulting in low lignin degradation. In con-

trast, the approach of two-stage tuning O
2
-limitation

- initially with higher O
2
 limitation facilitating the

bioconversion of simple compounds, followed by

improved O
2
 availability for catabolizing recalcitrant

compounds - aligned well with the hierarchical util-

ization of heterogeneous compounds in alkaline
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Figure 6. PHA composition in fermentation under varying lignin concentrations using strategies involving (A) tuning O2 limitation and (B)
nitrogen limitation. C4-C10 represent hydroxy fatty acid monomers obtained from the hydrolysis of the produced PHA. PHA:
Polyhydroxyalkanoates.

lignin liquor, thereby enhancing lignin bioconver-

sion to PHA.

PHA compositions

Understanding PHA composition across different

strategies is crucial for determining bioplastic proper-

ties and potential applications. For instance, short-

-chain-length PHA (C4-C6) exhibits brittleness,

high melting temperature, crystallinity, and tensile

strength, making it suitable for packaging, whereas

medium-chain-length PHA (C8-C10) is flexible and

finds applications in adhesives and biomedical

applications
[31,32]

. In this study, when O
2
 was limited,

3-hydroxydecanoic acid (C10) accounted for over

80% of the PHA composition with lignin at 2 and

5 g/L, followed by 3-hydroxyoctanoic acid (C8) at

around 20% [Figure 6 and Supplementary Figure 8].

The proportion of C10 decreased to about 70% with

increased lignin concentrations of 10 to 25 g/L. Inter-

estingly, polyhydroxybutyrate (C4) appeared in fer-

mentations with lignin at 20 and 25 g/L, comprising

approximately 6% of total PHA production. Tradi-

tionally, P. putida was regarded as rare in producing

short-chain-length PHA
[33,34]

. The emergence of

polyhydroxybutyrate was likely induced by inhibi-

tion caused by concentrated lignin, activating the

pathway of synthesizing short-chain-length PHA,

warranting further investigation. Under nitro-

gen-limited conditions in lignin fermentation, 3-

hydroxydecanoic acid (C10) predominated, con-

stituting approximately 80% of the PHA, followed by

3-hydroxyoctanoic acid (C8) at around 20%.

Varying concentrations of lignin feeding did not sig-

nificantly alter PHA compositions (P > 0.05), as P.

putida metabolism was primarily influenced by

simple compounds under nitrogen-limited condi-

tions. The medium-chain-length PHA has often

been criticized for its low melting temperature and

tensile strength, which limited its applications. To

address that, medium-chain-length PHA was

commonly blended with short-chain-length PHA or

other materials to enhance its strength
[31,35]

. This

https://file.oaecenter.com/published/pdf/5dbba6bcedcb781532f6506bd2369766/1782701114/aec1012-SupplementaryMaterials.pdf
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study’s findings demonstrate the tunability of PHA

compositions by varying lignin concentrations, offer-

ing potential for producing plastic products tailored

to diverse applications.

Discussion and perspectives

Limiting nitrogen supply enables rapid cell growth

to a moderate density, at which cells retain the capac-

ity to catabolize the same carbon source for PHA

production. However, due to the heterogeneous

nature of lignin-derived substrates and their hierar-

chical utilization, nitrogen depletion restricts the

catabolism of more complex compounds
[12]

. To

explore an alternative approach, this study examined

the effect of oxygen availability on the fermentation

of compounds in alkaline lignin liquor. During the

low-oxygen stage (initial 72 h; Figures 4 and 5),

carbon source utilization was reduced, while PHA

accumulation increased. This phenomenon has also

been observed for other substrates, such as glucose

and butanol, although the underlying genetic mecha-

nisms remain unclear
[16,17]

. In the subsequent stage

(72-144 h; Figures 4 and 5), where oxygen was no

longer limiting, fermentation proceeded under non-

limited conditions, enabling the utilization of more

recalcitrant compounds and further enhancement of

PHA production. Notably, 1 L tank reactor experi-

ments demonstrated that lignin fermentation can be

sustained under surface aeration without additional

air sparging, and that reducing aeration rates helps

minimize substrate loss [Figure 4I and Supple-

mentary Figure 5], which is critical for future indus-

trial applications. Further work is recommended to

elucidate the mechanisms of metabolic flux redistri-

bution, particularly the decoupling between reduced

carbon utilization rates and enhanced PHA accumu-

lation. A techno-economic analysis is warranted to

evaluate industrial-scale implementation. Nutri-

ent-limited fermentation benefits from reduced

nutrient consumption but may experience carbon

losses during aeration, whereas the oxygen-tuning

strategy enables higher lignin conversion. The trade-

off between nutrient savings and improved carbon

utilization should be assessed to determine the most

economically viable approach.

CONCLUSIONS
This study has demonstrated the feasibility of manip-

ulating O
2
 limitation to modulate metabolic fluxes

during lignin bioconversion. It highlighted the ben-

efits of low O
2
 availability in directing more easily uti-

lizable compounds towards PHA, while improved

O
2
 availability enhanced the bioconversion of recalci-

trant compounds. The approach of tuning O
2
 limita-

tion had proven effective in processing high concen-

trations of lignin liquor, resulting in PHA yields

ranging from 22 to 45 mg/g-lignin, depending on

lignin feeding concentrations of 2 to 25 g/L. This

strategy is part icular ly advantageous for the

bioconversion of heterogeneous substrates, offering

an alternative to conventional nutrient-limited strate-

gies in biological PHA production.
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