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Enhanced arabinose utilization by adaptively
evolved Klebsiella pneumoniae enables efficient
2,3-butanediol production from sugar beet pulp
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Fermentative production of 2,3-butanediol (BDO) offers a sustainable alternative to fossil-based chemical
synthesis, but its economic feasibility strongly depends on the use of low-cost feedstocks and efficient
microbial strains capable of utilizing mixed sugars. In the current study, Klebsiella pneumoniae was used
to produce BDO from arabinose and glucose-rich fractions derived from sugar beet pulp (SBP), a major
sugar industry waste. Initial shake-flask studies revealed efficient BDO formation from arabinose,
although fermentation performance was declined at higher concentrations (60 g L™%) due to substrate
inhibition. The strain was subjected to adaptive laboratory evolution (ALE) to overcome this limitation.
The evolved strain (A4) showed enhanced arabinose utilization and achieved a productivity of 0.54 g L™*
h™ at 100 g L™* arabinose compared with 0.43 g L™* h™* for the parent strain. The fed-batch bioreactor
cultivation of the evolved strain resulted in BDO titers of 84.9 and 96.7 g L™! with a conversion yield of
0.39 g g~* using arabinose- and glucose-rich mixture of pure sugars, respectively. During fed-batch
cultivation, the strain accumulated 82.2 and 92.4 g L' BDO from arabinose- and glucose-rich SBP
hydrolysates, respectively, with a conversion yield of 0.38 g g~*. The pasteurization of SBP hydrolysates

significantly improved fermentation kinetics, which resulted in the shortening of fermentation times by
Received 27th April 2026

Accepted 20th June 2026 30-40 h while maintaining the BDO titer and yield comparable to the non-pasteurized hydrolysate.

Overall, BDO production from pure sugars and sugar-rich hydrolysates from SBP was similar. These
DOI: 10.1039/d6se00474a results demonstrate the immense potential of the isolate K. pneumoniae as a biofactory in valorizing SBP

rsc.li/sustainable-energy into BDO with possibility for future industrialization.

biorefineries gives the opportunity to reconfigure synthetic
routes with greener alternatives using renewable feedstocks in

1. Introduction

In the present time, we are overdependent on fossil fuels, and
their massive use is associated with a plethora of environmental
and societal problems as well as rapid depletion of finite fossil
resources. One of the main issues with the fossil-based
production of fuels and chemicals is global warming caused
by the significant release of carbon emissions into the envi-
ronment.>* This has created a push on industries and society to
make a transition from a fossil-based economy towards bi-
oeconomy with the smart use of available resources. To envisage
a society free of fossil carbon, it is essential to utilize renewable
carbon sources to decarbonize our production routes, ulti-
mately aiming for a carbon-neutral society.>* The concept of
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pure as well as crude forms. Biomass, a product of CO, fixation,
is highly abundant and stands out as a renewable source with
the potential to serve as a feedstock for sustainable biorefineries
to achieve net zero production of chemicals.” This is the era of
circular economy, which is based on closed loop flow of mate-
rials to improve resource efficiency for extracting their
maximum value, minimizing the volume of waste and simul-
taneously protecting primary raw materials while decoupling
economic growth from the negative consequences of poor
resource management. Circular economy, creating wealth from
waste, is an alternative to unsustainable linear economy and
requires renewable resources. The decarbonisation of the
chemical sector with a circular economy approach is an inter-
esting proposition, the benefits of which are copious.® A
significant amount of CO, is absorbed during the formation of
lignocellulosic biomass (LCB), the most abundant material on
the Earth. Therefore, the conversion of LCB to chemical
building blocks can help in addressing the carbon emission
problem.’
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Sugar beet is a major agricultural crop containing approxi-
mately 20% w/w sucrose in its roots. It is cultivated in several
parts of the world, including Europe and North America, to
produce sugar. Sugar beet pulp (SBP) is a fibrous, sugar-
depleted material discarded after the extraction of sugar from
sliced beetroots and major waste stream from the sugar
industries using sugar beet.* Being a rich and renewable source
of polysaccharides with a low lignin content, SBP has great
biotechnological potential.'* SBP is an underutilized sustain-
able resource containing 65-80% polysaccharides (cellulose,
hemicellulose, and pectin).'® The carbohydrate composition is
as follows: 20-25% cellulose; 25-36% hemicellulose containing
mainly arabinose with a small amount of xylose, mannose and
galactose; and 18-30% pectin containing predominantly gal-
acturonic acid with a small amount of arabinose and rhamnose.
SBP is a low-lignin feedstock (<7%) with a considerable amount
of protein (~10%) and a small amount of fat and ash.®'* The
global sugar beet production was around 290 million tonnes in
2023. European Union is the leading producer of sugar beet
with annual production of more than 110 million tonnes, and
generates around 7 million tonnes of dried SBP.' The produc-
tion of one tonne of sugar requires processing of ~6.6 tonnes of
sugar beet. This generates around 500 kg of wet and 51-70 kg of
dried pulp for every one tonne of sugar beet processed. The
current applications of SBP include selling as low-cost feed for
animals and beet pulp pellets to ensure long-term storage
without spoiling, which entails high dehydrating and pellet-
izing cost.®****

2,3-Butanediol (BDO) is a representative C4 chemical with
two hydroxyl groups attached on second and third carbon
atoms. It has a growing commercial market with applications in
chemical, food and pharmaceutical industries. The market
value was reported at USD 275 million in 2023 and is forecasted
to reach more than USD 350 million by 2030.'® Due to the
presence of two —OH groups, BDO is a versatile molecule as it
can be transformed into numerous chemicals such as methyl
ethyl ketone, isobutyraldehyde, 1,3-butadiene, and diacetyl.
BDO has a heating value of 27.2 kJ g™, therefore, BDO or some
of its derivatives can be used as fuel derivatives and precursors
for manufacturing biofuels including sustainable aviation fuels.
The microbiological route using renewable feedstocks is
a sustainable method for producing BDO.'”"** A limited number
of companies such as LanzaTech (https://www.lanzatech.com)
and GS Caltex Corporation (https://www.gscaltex.com) have
started producing bio-based BDO on a large scale where BDO
is manufactured using carbon monoxide from steelmaking
and edible feedstocks (cassava and sugarcane), respectively.
Even today, the biotechnology related to BDO production is
concentrated at the laboratory level, and in order to
implement the economically viable bioprocesses on a large
scale, the manufacturing price of BDO should be ~USD 1.0
per kg. Therefore, there is need for the development of BDO
hyper producers cultivable on low-cost substrates.>*

LCB is the most abundant material on the Earth and most
research on its valorization via the microbial route focuses on
the cellulosic part as many cell factories lack the ability to
metabolize pentose sugars and other carbon sources found in
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LCB.* For a profitable LCB-based biorefineries, it is important
to valorize all the fractions of LCB. In the present study, BDO
was manufactured using sugars obtained from hydrolysis of the
cellulosic and hemicellulosic fractions of SBP by an environ-
mental isolate of Klebsiella pneumoniae. K. pneumoniae is
a versatile bioproduction platform for BDO synthesis from
a variety of carbon sources including hexose and pentose sugars
and disaccharides. In contrast, there are very few reports on
using arabinose as a carbon source for the production of BDO
under fermentative route.'®**** The work started with under-
standing the fermentation performance of K. pneumoniae using
different concentrations of arabinose as the sole carbon source.
Further, it was identified that at an arabinose concentration
above 50 g L', there was significant substrate inhibition,
causing reduced BDO yield and productivity. Therefore, the
strain was subjected to adaptive laboratory evolution (ALE) to
improve tolerance to high levels of arabinose and BDO
production metrics from arabinose. The evolved strain was
cultured at different concentrations of arabinose and glucose.
This was followed by the pretreatment and depolymerisation of
SBP to obtain arabinose and glucose-rich hydrolysates. These
hydrolysates with different sugar levels were used for BDO
production. After shake flask cultivation, the data were scaled
up and fed-batch cultures were performed in bioreactors using
pure arabinose-rich, glucose-rich sugar mixtures and SBP-
derived sugar-rich hydrolysates.

2. Materials and methods
2.1 Materials

All the chemicals and media components used in this study
were purchased from Sigma-Aldrich (Merck Life Science UK
Limited) and are of analytical grade. The two distinct non-
detoxified SBP hydrolysates generated in a separate study were
used as fermentation substrates.” The composition of the
concentrated hydrolysates was as follows: the arabinose-rich
hydrolysate contained 302.5 g L' arabinose, 23.8 g L'
xylose, and 77.2 g L' glucose; the glucose-rich hydrolysate
contained 40.3 g L™ " arabinose, 49.1 g L™" xylose, and 302.6 g
L~ glucose. Additionally, two mixtures of pure sugar solutions
(arabinose-rich and glucose-rich) were prepared to mimic the
concentrations found in these hydrolysates for comparative
studies.

2.2 Microorganisms, media, and culture conditions

The strain used in the current study was isolated at the Labo-
ratory of Food Microbiology and Biotechnology at the Agricul-
tural University of Athens, Greece and identified as Klebsiella
pneumoniae by hybrid genome sequencing. The strain was
maintained in a tryptic soy broth (TSB) with 30% (v/v) glycerol at
—80 °C. The YPA medium used in this study consisted of 10 g
L~ yeast extract, 20 g L' peptone, and arabinose ranging from
40 to 100 g L™ The concentration of arabinose was adjusted as
required within this range. The BDO fermentation medium
contained the following components (g L™'): (NH4),HPO,, 6;
(NH,4),SO,4, 7.2; yeast extract, 2; KOH, 0.45; EDTA, 0.51;
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MgSO,-7H,0, 0.3; and (mg L™ '): CaCl,-6H,0, 90; FeSO, - 7H,0,
25; MnSO,-H,0, 3.8; ZnSO,-7H,0, 7.5.*° The sugar concentra-
tions (glucose, xylose, and arabinose) were adjusted as per the
experimental requirement. Unless otherwise stated, all
fermentation experiments were performed under the following
conditions: the initial pH was adjusted to 6.6 using 5 M NaOH
prior to sterilization, the temperature was maintained at 30 °C,
and agitation was set at 200 rpm. During fermentation, the pH
was periodically readjusted to 6.6 whenever it dropped to ~5.5.%
All the shake flask experiments were carried out in a 500 mL
Erlenmeyer flask containing 100 mL fermentation media. The
seed cultures for both shake flask and bioreactor experiments
were prepared by inoculating a freshly sub-cultured colony of K.
pneumoniae into TSB and incubating for 16 h under the condi-
tions mentioned above.

2.3 Pretreatment and saccharification of SBP

SBP was subjected to hydrochloric acid hydrolysis for the extrac-
tion of arabinose-rich hydrolysates, while glucose-rich hydroly-
sates were produced by pre-treating SBP with a combination of
hydrogen peroxide and Tween-80 followed by cellulase hydrolysis.
The pretreatment conditions were previously optimized.*
Following the separation of sugar-rich liquid hydrolysates, both
the hydrolysates were concentrated using rotary vacuum evapo-
ration at 100 mbar and 60 °C and subsequently diluted according
to the experimental requirements. When necessary, the hydroly-
sates were pasteurized at 70 °C + 2 °C for 30 min. No sugar
degradation products, such as furfural or 5-hydroxymethylfurfural
(HMF), were detected in both hydrolysates.

2.4 Shake flask cultivation of K. pneumoniae on pure
arabinose

The strain was cultivated at different concentrations of pure
arabinose (10-60 g L") to evaluate the fermentative perfor-
mance of K. pneumoniae and determine the effect of arabinose
concentration on cell growth, substrate utilization, and
metabolite production. Fermentation was carried out in shake
flasks, as described in Section 2.2.

2.5 Adaptive laboratory evolution of K. pneumoniae and
screening for BDO production

The objective of the ALE is to address the substrate inhibition
caused by high concentrations of arabinose. To enhance the
substrate tolerance, the strain was cultured in a YPA liquid
medium (as described in Section 2.2) using four different
concentrations of arabinose: 40, 60, 80, and 100 g L™". The K.
pneumoniae strain was initially cultivated with 40 g L™" of
arabinose and then propagated by gradually increasing the
arabinose concentration in steps of 20 g L™, until reaching
100 g L™". Each step involved 20 days of subculturing every 24
hours in a fresh medium with the corresponding arabinose
concentration, resulting in 20 passages per adaptation stage
and a total of 80 passages throughout the ALE process. Briefly,
the experiment began with the strain being grown in a YPA
medium containing 40 g L™ " of arabinose, subculturing every 24
hours for 20 days. After this period, the resulting strain was
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transferred to a medium containing 60 g L™' of arabinose,
continuing the process similarly. Glycerol stocks of resulting
strains were prepared using 20% (v/v) glycerol after each step
and stored at —80 °C until further use. After each 20-day
adaptation period, the resulting strain was screened for its
ability to grow and produce BDO at higher arabinose concen-
trations. A 2% (v/v) seed culture of each strain was transferred
into a 100 mL fermentation media (as described in Section 2.2)
containing 100 g L™ of arabinose, and the fermentation was
conducted for around 80 h. The strain selection was performed
based on the following key parameters: arabinose consumption,
BDO titer, yield and productivity. The evolved strains obtained
from 40, 60, 80 and 100 g L™ " arabinose adaptation stages were
designated as A1, A2, A3 and A4, respectively.

2.6 Shake flask studies of evolved K. pneumoniae on a pure
sugar mixture and SBP hydrolysates

The best performing strain was selected from the screening
experiment for all the subsequent studies. The fermentation
was carried out in the synthetic medium (as described in
Section 2.2) supplemented with SBP hydrolysates and the
mixtures of pure sugar (as described in Section 2.1). Both the
hydrolysates and pure sugar mixtures were diluted to achieve
a total sugar concentration of ~80 g L™,

2.7 Bioreactor studies of evolved K. pneumoniae on a pure
sugar mixture and SBP hydrolysates

Fed-batch experiments were performed in a 2.5 L benchtop
stirred tank bioreactor (Electrolab Bioreactors, UK) with
a working volume of 1 L and an inoculum size of 10% (v/v). The
aeration rate, agitation speed, and temperature were controlled
at 1 vvm, 200 rpm, and 30 °C, respectively. The pH of the system
was controlled in a cyclic manner (as described in Section 2.2).
Fed-batch experiments were conducted using arabinose-rich
and glucose-rich SBP hydrolysates. Two sets of hydrolysate
fermentations were performed using pasteurized and non-
pasteurized SBP hydrolysates to evaluate the effect of pasteuri-
zation on fermentation performance. In addition, fermenta-
tions using the corresponding pure sugar mixtures were
conducted for comparison. The initial total sugar concentration
in all experiments was ~80 g L™ . In the fed-batch experiments,
a constant volume of 1 L was maintained by removing an
adequate amount of fermentation broth before each feeding.
This allowed for intermittent substrate feeding to keep the
residual sugar concentration above 10 g L', The feeding was
carried out using a concentrated stock solution with a total
sugar concentration of ~400 g L.

2.8 Analytical methods

The samples were withdrawn periodically during the fermen-
tation and centrifuged at 10 000 rpm for 10 min. The resulting
cell pellet was resuspended in deionized water for cell growth
analysis via optical density measurements at 600 nm. The
supernatant was used for further analysis of residual sugars and
metabolites using high-performance liquid chromatography
(HPLC) (Agilent Technologies 1200 series, USA). A Rezex ROA-
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Organic Acid H' column (Phenomenex, USA) was maintained at
60 °C and connected to a refractive index detector (RID) for
analyzing sugars, BDO, acetoin, and ethanol, while a diode array
detector (DAD) was used for organic acids (acetic, succinic,
citric, formic, and lactic acid) analysis. The mobile phase con-
sisted of 5.0 mM H,SO,, with flow rates of 0.4 mL min™" for RID
and 0.6 mL min~* for DAD. Unless otherwise stated, the BDO
yield is expressed as g BDO per g sugar consumed (g g~ ).

2.9 Statistical significance

All the shake flask experiments were performed in triplicates,
while the bioreactor runs were carried out in duplicates, with
the standard deviation (SD) less than 10%. A one-way ANOVA
was conducted to compare the results across different experi-
mental groups, assessing the presence of statistically significant
differences among group means. Pairwise comparisons were
then conducted using Tukey's honest significant difference
(HSD) test for post-hoc analysis to identify specific groups with
significant differences. Statistical significance was determined
at an alpha level of 0.05.

3. Results

3.1 Shake flask cultivation of K. pneumoniae on pure
arabinose

BDO is a well-known microbial fermentation product that can be
synthesized by several microorganisms, including species of
Enterobacter, Bacillus, and Serratia, among others. Among these,
Klebsiella pneumoniae is one of the most extensively studied and
efficient natural producers of BDO. This organism is metaboli-
cally versatile and capable of utilizing a wide range of carbon
sources such as glucose, fructose, xylose, arabinose, glycerol, and
sucrose. However, most BDO studies with K. pneumoniae focus on
glucose or glycerol as the substrate. In contrast, reports
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describing BDO production from arabinose by K. pneumoniae
remain limited.>** Therefore, BDO production from arabinose
was evaluated in shake-flask cultures with different initial arab-
inose concentrations (10-60 g L™'). The time-course profiles for
arabinose consumption, cell growth, BDO formation, and pH are
presented in Fig. 1. Increasing the initial arabinose concentration
resulted in higher biomass accumulation and final BDO titers,
although differences in growth behaviour were observed during
the early stages of fermentation. At lower arabinose concentra-
tions (10-30 g L"), arabinose was rapidly consumed and
completely depleted within 8-12 h of cultivation. The maximum
ODyg values achieved at initial arabinose concentrations of 10,
20, and 30 g L™ were 6.17, 8.61, and 9.37, respectively. Corre-
spondingly, BDO production occurred concomitantly with arab-
inose consumption, reaching final titers of 2.51, 5.01,and 10.14 g
L™, respectively. At an initial arabinose concentration of 40 g
L', both biomass formation and BDO accumulation increased
substantially. All the supplied arabinose was consumed within
14 h, resulting in a maximum ODyg, of 12.65 and a final BDO
concentration of 13.98 g L™". Further increases in arabinose
concentration to 50 and 60 g L " led to maximum ODgq, values of
14.1 and 13.8, respectively, with BDO titers of 19.53 and 23.01 g
L™, respectively. At 60 g L™, arabinose depletion required up to
40 h compared to 24 h at 50 g L™, indicating slower substrate
utilisation. Fermentations at 80 and 100 g L™ " of arabinose
exhibited similar, but more pronounced effects, resulting in
lower BDO productivity (data not shown). The highest BDO yields
obtained at arabinose concentrations of 10, 20, 30, 40, 50, and
60 g L™ were 0.26, 0.24, 0.32, 0.33, 0.40, and 0.36 g g ' with
corresponding productivities of 0.45, 0.42, 0.85, 1.00, 0.81, and
0.58 g L™" h™', respectively. These results indicate a negative
effect of elevated arabinose levels on cell growth the BDO
production, suggesting the presence of substrate inhibition. To
address this, adaptive laboratory evolution (ALE) was employed
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Fig. 2 (A) Yield (gspo Gara * consumed) and volumetric productivity of BDO obtained from the control (parent) and ALE strains. Bars represent
yield, and the line indicates productivity. (B) Time course profile of the A4 strain during pure arabinose fermentation at 100 g L™, Symbols:

arabinose (¥), ODggo (<), BDO (@), pH ().

to enhance strain tolerance and fermentation performance at
elevated arabinose concentrations.

3.2 ALE and screening of evolved K. pneumoniae strains for
BDO production

Arabinose is the third major sugar present in LCB after glucose
and xylose and the second most abundant pentose sugar after
xylose.** The strain was subjected to ALE using different
concentrations of arabinose (40, 60, 80 and 100 g L™ "). The
various evolved strains obtained from ALE work were tested for
BDO production from arabinose, and the results are summa-
rized in SI Table 1. The TYP metrics ameliorated as the arabi-
nose concentration was increased. The BDO production in the
A4 strain (strain resulting from 100 g L ' arabinose)
commenced from 9 h and increased continuously till 80 h,
where the highest BDO concentration of 43.8 ¢ L™ " was achieved
with a conversion yield of 0.43 g ¢~ which is 86% of theoretical
yield of 0.50 g g~ '. Arabinose was completely consumed by 80 h,
indicating that the cessation of BDO production was associated
with substrate depletion. A comparison of BDO yield per gram
of arabinose consumed and productivity of ALE strains along
with the time course profile of the A4 strain for arabinose
consumption, cell ODgy, and BDO formation are shown in
Fig. 2. In comparison to control, arabinose was completely
metabolized in the evolved strain with better cell growth and
transformation into BDO. The final cell ODg(y, BDO titer and
yield were improved by 22%, 25.9% and 16.3%, respectively, as
compared to the control strain. Succinic acid (SA), lactic acid
(LA), formic acid (FA), acetic acid (AA) and ethanol were ob-
tained as main byproducts, and their concentration was under
3.0 g L', The time course profiles of the strains (A1 to A3 along
with the parent strain) for arabinose consumption, ODgg0, pH,
BDO and byproduct formation are depicted in SI Fig. 1 and 2.
The subsequent experimental work was carried out with the
best BDO-accumulating A4 strain.

3.3 Shake flask cultivation of the A4 strain on pure sugar
mixtures

After the ALE work, the A4 strain was cultivated on arabinose-
and glucose-rich mixtures of pure sugars to mimic the

This journal is © The Royal Society of Chemistry 2026

composition of biomass hydrolysates from SBP. The composi-
tion of pure sugar mixture was as follows (g L™"): arabinose-rich
mixture — 60 arabinose, 19.9 glucose, and 4.2 xylose; glucose-
rich mixture-65.0 glucose, 14.5 arabinose, and 8.6 xylose.
Fig. 3 depicts the time course profiles of sugar consumption,
cell ODgy and BDO production for both types of pure sugar
mixtures. In case of arabinose-rich mixture, glucose was quickly
metabolized and exhausted within 24 h. In comparison, arabi-
nose was assimilated slowly and ~10 g L' was consumed in
24 h. Thereafter, arabinose was metabolized rapidly, and 45 g
L' of sugar was taken up in the next 24 h. Xylose was small in
amount and co-metabolized with arabinose after glucose
depletion. The cell growth (ODgy) started from 6 h and a rapid
increase was observed till 50 h, where the ODg, reached 13.4
and remained constant thereafter. The BDO production
commenced from 6 h, increased continuously and the highest
titer of 35.6 g L' was obtained at 77 h, and the overall BDO
yield on sugars was 0.424 g g~ '. On the hand with the glucose-
rich mixture, the uptake of glucose was fast from the beginning
but suppressed the utilization of two pentose sugars. All the
supplied glucose was metabolized within 48 h. Fast cell growth
was observed during the initial 30 h. After this period, the ODg,
continued to increase, albeit at a slower rate, reaching
a maximum value of 14.20 at 72 hours, after which it remained
relatively constant. BDO production pattern was similar to the
arabinose-rich mixture with the highest BDO concentration of
36.6 g L™' at 77 h, and the conversion yield was 0.41 g g~ .
Similar results on both the mixtures in terms of BDO produc-
tion are quite encouraging and give hope that these two major
sugars in SBP can be efficiently transformed into BDO.

3.4 Batch culture of the A4 strain on arabinose- and glucose-
rich SBP hydrolysates

In the next set of experiments, the batch cultivation of the A4
strain was repeated using arabinose- and glucose-rich hydroly-
sates from SBP. The arabinose-rich hydrolysate contained 59.6 g
L' arabinose, 14.9 g L™ " glucose and 5.8 g L™ " xylose, while the
sugar composition of the glucose-rich hydrolysate was 60.5 g
L~ " glucose, 11.9 g L™ " arabinose and 11.2 g L™ " xylose. In case
of both the hydrolysates, a strong degree of inhibition was
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observed as reflected by the long lag phase, leading to long
fermentation periods. The cell OD could not be quantified due
to interference caused by turbidity originating from biomass
hydrolysate. Fig. 4 shows the sugar consumption, BDO and
byproduct formation, and the pH change of the A4 strain on SBP
hydrolysates. There was no significant consumption of sugars
in the initial 30 h with the arabinose-rich hydrolysate. The
glucose was the first sugar to metabolize at 30 h and in the next
12 h, ~10 g L™" of glucose was consumed where strain started
assimilating pentose sugars. The arabinose consumption star-
ted at 48 h, and more than 90% of arabinose was exhausted in
a time period of 48-72 h. The BDO accumulation was
concomitant with sugar uptake and rapidly increased to 28 g
L' at 77 h and became saturated beyond this time point. A
similar trend was noticed with glucose-rich hydrolysates with
a lag phase of 30 h, and thereafter, glucose consumption star-
ted, and significant assimilation of two pentose sugars was
observed from 72 h when a large fraction of glucose was
depleted. All the sugars were completely exhausted by 96 h. BDO
production initiated at 30 h and accumulation continued till
96 h with a maximum titre of 28.9 g L. The conversion yield
obtained with arabinose and glucose-rich hydrolysates was 0.38
and 0.39 g g, respectively. Reduced BDO metrics relative to
pure sugar mixtures could be attributed to hydrolysate-derived
inhibitors.
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3.5 Fed-batch culture of the A4 strain on the mixture of pure
sugars in a laboratory-scale bioreactor

Fed-batch fermentations were conducted in a laboratory-scale
bioreactor with pure sugar mixtures to further minimise
substrate inhibition and improve BDO production using
evolved K. pneumoniae. The temperature, agitation speed and
aeration were controlled at 30 °C, 200 rpm and 1.0 vvm,
respectively. The initial pH was 6.6 and controlled in the cyclic
mode where the pH was allowed to drop till 5.5 and then
brought back to 6.6 using 5 M NaOH. The fermentation was
started with the mixture of pure sugars containing 57.1 g L™*
arabinose, 15.9 g L' glucose and 5.2 g L " xylose. Fig. 5 shows
the time course profiles for sugar assimilation, ODg, pH, and
BDO formation. The active consumption of sugars occurred
after 12 h and more than 90% of sugars were consumed by
31st h, where the first batch was nearly completed. Despite
arabinose being the dominant sugar, all three sugars were
consumed simultaneously. A similar pattern was observed for
cell ODgyo and BDO. The significant increment in ODgoo Was
noticed after 8 h, and thereafter, it continuously increased till
the end where it reached 36.2. The BDO concentration accu-
mulated by the end of first batch was 33.9 g L™ ". The culture was
fed at 31 h and ~50 g L™ " of sugars were exhausted in next 17 h
with improvement in BDO titer to 49.1 g L™ ". The next feeding
was done at 51 h and all the sugars were almost depleted by

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Fermentation profile of evolved Klebsiella pneumoniae on SBP hydrolysates in the shake flask culture showing substrate consumption,
pH, BDO and byproduct formation: (A and C) SBP-derived arabinose-rich hydrolysate; (B and D) SBP-derived glucose-rich hydrolysate. Symbols:
glucose (M), xylose (O), arabinose (V¥), BDO (#), pH (%), acetoin (0), acetic acid (A), formic acid (@), succinic acid (A), citric acid (¥), ethanol

(V).

96 h. The final BDO titer achieved at the end of fed-batch
fermentation was 84.9 g L' with a conversion yield of 0.39 g
g ' and a productivity of 0.88 g L™* h™’. Acetoin, succinic and
acetic acid were obtained as main byproducts, while ethanol,
formic and lactic acid were minor ones and under 3.0 g L™
Next, the fed-batch culture of the A4 strain was performed
using a glucose-rich mixture containing 65.1 g " " glucose, 7.3 g
L~ " xylose and 10.9 g L " arabinose. The trend for sugar uptake,
ODg00, metabolite production and pH are presented in Fig. 5.
The fermentation on the glucose-rich mixture was faster than
that on the arabinose-rich mixture, where nearly all supplied
glucose was exhausted within 24 h. However, substantial
amounts of xylose and arabinose were left unutilized, indicating
the suppression of pentose sugars uptake in the presence of
glucose. The BDO production commenced at 4 h (5.7 ¢ L™') and
reached 31.4 ¢ L' by 24 h. The first feeding was done at 27 h
where glucose, xylose and arabinose concentrations were
enhanced to 65.8, 8.0 and 18.0 g L™, respectively. The glucose
levels dropped down to 1.0 g L™" with jump in BDO titer from
31.4 to 60.9 g L~ " at 54 h. A similar pattern was observed with
xylose and arabinose. The kinetics of the first two batches in
terms of sugar consumption and BDO production was quite
similar. The second and last feeding of culture was done at 55 h

This journal is © The Royal Society of Chemistry 2026

when glucose, xylose and arabinose levels were increased to
65.7, 8.9 and 23.3 g L™, respectively. The sugar consumption in
the third batch was slightly slower than that in the previous two
batches and it took 44 h for glucose levels to reach zero. The
BDO concentration accumulated at the end of 103 h was 96.7 g
L~ with a conversion yield of 0.39 g g~ '. The cell growth pattern
was similar to the arabinose-rich mixture and exhibited
a continuous and steady growth throughout the fermentation.
The highest cell ODgo recorded was 38.1 towards the end of
fermentation. The byproducts obtained in all experiments were
acetoin, ethanol, acetic, citric, formic, lactic, and succinic acid,
and among them, acetoin and succinic acid were the major
ones. Table 1 shows the carbon balance of BDO production
from the pure sugar mixtures.

3.6 Fed-batch culture of the A4 strain on the arabinose-rich
SBP hydrolysate in the bioreactor

The fed-batch culture was repeated using arabinose- and
glucose-rich hydrolysates from SBP. The composition of the
arabinose-rich hydrolysate from SBP was as follows (g L™"): 61.0
arabinose, 16.0 glucose and 4.9 xylose. The variation in sugar
consumption and BDO production during fed-batch fermenta-
tion is shown in Fig. 6. The batch fermentation starting with
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this non-pasteurized hydrolysate exhibited a long lag phase and the uptake rate improved as the culture adapted more with
similar to the shake flask culture on SBP hydrolysates. After 9h, the hydrolysate. At 48 h, glucose and xylose were fully depleted
the BDO fermentation started with slow consumption of sugars, ~with a residual arabinose concentration of 7.2 g L™ and BDO

Table 1 Carbon balance for BDO production using pure sugar mixtures during fed-batch fermentation by K. pneumoniae in a bioreactor®”

Arabinose-rich sugar mixture Glucose-rich sugar mixture
Substrate & metabolites mM C (mM) C (%) mM C (mM) C (%)
Glucose (CeH,;,06) 239.0 1433.8 19.8 1081.8 6491.0 79.1
Xylose (CsH;005) 92.0 460.2 6.4 99.4 497.0 6.1
Arabinose (CsH;(0s) 1067.5 5337.7 73.8 244.0 1220.2 14.9
SA (C4HgO4) 124.2 496.7 6.9 50.1 200.3 2.4
LA (C3H40;) 14.2 12.6 0.6 23.5 70.4 0.9
FA (CH,0,) 10.5 10.5 0.1 46.0 46.0 0.6
AA (C,H,0,) 177.8 355.7 4.9 30.2 60.4 0.7
CA (C¢HgO5) 0.0 0.0 0.0 17.9 107.7 1.3
Ethanol (C,H;O) 53.1 106.2 1.5 55.2 110.3 1.3
Acetoin (C4Hg0,) 70.4 281.6 3.9 182.5 729.9 8.9
BDO (C4H;,0,) 942.8 3771.1 52.1 1074.5 4298.1 52.4
Carbon dioxide (CO,)" 2133.1 2133.1 29.5 2549.3 2549.3 31.1
Cell dry weight 456.0 456.0 6.3 480.1 480.1 5.8
Total products 7653.4 8652.4
Carbon recovery % 105.8 105.4

“ The carbon balance calculations were made without taking carbon from the yeast extract. > The data correspond to 96 h for arabinose-rich pure
sugar and 103 h for glucose-rich pure sugar from Fig. 5. © CO, (mM) was calculated theoretically according to the formula: 2 x (BDO + acetoin) + AA +
ethanol — SA. The calculation did not consider CO, in the liquid and head space.

Sustainable Energy Fuels This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Fed-batch cultivation of evolved K. pneumoniae in SBP-derived arabinose-rich hydrolysates showing sugar consumption, pH, BDO and
byproduct formation. (A and C) arabinose-rich hydrolysate without pasteurization, (B and D) pasteurized arabinose-rich hydrolysate. Symbols:
glucose (M), xylose (O), arabinose (¥), ODggo (<), BDO (), pH (3%), acetoin (), acetic acid (A), formic acid (@), succinic acid (A ), lactic acid

(O), ethanol (V).

synthesized by this time was 32.8 g L *. The BDO concentration
further increased with feeding at 50 h and reached to 56.4 g L™"
in the next 25 h. The kinetics in this batch was better than that
in the previous one as culture better acclimatized with the
hydrolysate. The next feeding was done at 78 h, and this batch
was slower than the previous one. All the sugars were
completely consumed within 128-131 h. The BDO amassed at
the end of 131 h was 82.2 g L™ ! with a conversion yield of 0.38 g
g ', Acetoin, succinic and lactic acid were the major byprod-
ucts, while acetic and formic acid were the minor ones.

The fed-batch was also performed with the pasteurized
arabinose-rich hydrolysate with similar hydrolysate composi-
tions (g L™"): 60.0 arabinose, 14.9 glucose and 4.6 xylose. The
fermentation started with gradual consumption of glucose
while arabinose and xylose were assimilated slowly. At 9 h,
glucose and xylose decreased to 3.21 g L', while arabinose and
xylose were reduced to 53.2 and 2.9 g L™, respectively, and the
BDO accumulated was 4.5 g L~ '. By 24 h, glucose was
completely depleted and xylose was reduced to 0.25 g L™ with
an arabinose concentration of 35.2 g L' and the BDO
concentration reached 15.8 g L™ ". The culture was fed two times
at 32 and 57 h, and with continued fermentation, the BDO
concentration reached 79.2 g L' by 102 h, at which time all

This journal is © The Royal Society of Chemistry 2026

residual sugars were completely consumed. The final conver-
sion yield of 0.38 g g~ ' was achieved. Succinic acid was the
dominant byproduct reaching ~16 g L™, while acetoin, lactic
acid and acetic acid accumulated at lower concentrations (<8 g
LY. Ethanol and formic acid were detected only in minor
amounts. Table 2 depicts the carbon balance of BDO production
from arabinose-rich hydrolysates.

A comparison between pasteurized and non-pasteurized
arabinose-rich hydrolysates revealed a noticeable difference in
fermentation kinetics. The first batch with the non-pasteurized
hydrolysate required 48 h before the first feeding, whereas the
pasteurized hydrolysate reached the first feeding stage in 32 h.
This suggests that pasteurization of the hydrolysate reduced the
inhibitory effects and facilitated quicker adaptation of the
culture to the hydrolysate medium. Although the final BDO
concentrations obtained were comparable (82.2 g L™ " for non-
pasteurized and 79.2 g L™ " for pasteurized hydrolysate), the
pasteurized hydrolysate enabled significantly faster fermenta-
tion progression and reduced the overall fermentation time
(131 h for non-pasteurized and 102 h for pasteurized
hydrolysates).

Carbon balance analysis was conducted to evaluate the
carbon distribution into BDO and major metabolic byproducts.

Sustainable Energy Fuels



Sustainable Energy & Fuels Paper

Table 2 Carbon balance for BDO production using arabinose-rich SBP hydrolysate during fed-batch fermentation by K. pneumoniae in
a bioreactor®??

Arabinose-rich hydrolysate (non-pasteurized) Arabinose-rich hydrolysate (pasteurized)

Substrate & metabolites mM C (mM) C (%) mM C (mM) C (%)
Glucose (CgH,,04) 218.4 1310.3 18.0 222.0 1331.8 19.1
Xylose (CsH100s) 77.4 387.2 5.3 75.1 375.5 5.4
Arabinose (CsH;005) 1116.5 5582.4 76.7 1051.3 5256.4 75.5
SA (C4HgO4) 152.5 610.0 8.4 135.2 540.9 7.8
LA (C3H0;) 67.6 202.9 2.8 31.6 94.9 1.4
FA (CH,0,) 0.0 0.0 0.0 0.0 0.0 0.0
AA (C3H,0,) 49.5 98.9 1.4 136.7 273.4 3.9
CA (C¢HgO5) 0.0 0.0 0.0 0.0 0.0 0.0
Ethanol (C,H.O) 0.0 0.0 0.0 33.4 66.9 1.0
Acetoin (C4Hg0,) 125.9 503.7 6.9 70.5 281.9 4.0
BDO (C4H100,) 913.7 3654.8 50.2 880.0 3520.0 50.5
Carbon dioxide (CO,)" 1976.3 1976.3 27.1 1935.9 1935.9 27.8

Cell dry weight nd nd nd nd nd nd
Total products 7046.6 6713.9
Carbon recovery % 96.8 96.4

“ The carbon balance calculations were made without taking carbon from yeast extract. * The data correspond to 131 h for non-pasteurized and
102 h for pasteurized arabinose-rich hydrolysates from Fig. 6. © CO, (mM) was calculated theoretically according to the formula: 2 x (BDO +
acetoin) + AA + ethanol — SA. The calculation did not consider CO, in the liquid and head space. ¢ This carbon balance accounts only for the
major sugars in SBP hydrolysates (glucose, xylose, and arabinose) and does not include any other carbon sources. nd not determined.

BDO consistently accounted for 50.2-52.4% of the total input
carbon under all fed-batch conditions, with CO, as the second

a higher byproduct fraction in arabinose-rich hydrolysates (7.8-
8.4% C) (Table 2) relative to glucose-rich conditions (3.0-3.6%

largest carbon sink (27.1-31.1% C). Acetoin accumulation was
notably higher in the glucose-rich pure sugar mixture (8.9% C)
than in the arabinose-rich mixture (3.9% C) (Table 1). In
hydrolysate fermentations, biomass could not be determined
due to optical interference from the hydrolysate, and carbon
recoveries were 96.4-99.1% (Tables 2 and 3). Succinic acid has

C) (Table 3). Citric acid (CA) constituted 11.6% of input carbon
in the non-pasteurized glucose-rich hydrolysate, which is over
three-fold higher than the pasteurized counterpart (3.5% C),
indicating substantial carbon flux diversion under inhibitor-
induced metabolic stress.

Table 3 Carbon balance for BDO production using the glucose-rich SBP hydrolysate during fed-batch fermentation by K. pneumoniae in

a bioreactor®?4

Glucose rich hydrolysate (non-pasteurized)

Glucose rich hydrolysate (pasteurized)

Substrate & metabolites mM C (mM) C (%) mM C (mM) C (%)
Glucose (C¢H1206) 1039.2 6235.5 77.7 931.3 5587.8 77.8
Xylose (CsH;0s) 195.8 979.0 12.2 178.0 889.9 12.4
Arabinose (CsH;(Os) 161.6 808.1 10.1 140.8 704.0 9.8
SA (C4HgO4) 59.8 239.4 3.0 64.2 256.8 3.6
LA (C3H03) 25.2 75.6 0.9 23.0 68.9 1.0
FA (CH,0,) 0.0 0.0 0.0 40.0 40.0 0.6
AA (C;H,0,) 47.7 95.4 1.2 99.6 199.2 2.8
CA (C¢HgO5) 155.4 932.7 11.6 41.5 249.2 3.5
Ethanol (C,H¢O) 0.0 0.0 0.0 0.0 0.0 0.0
Acetoin (C4H;0,) 75.9 303.7 3.8 86.1 344.6 4.8
BDO (C,H;,0,) 1026.7 4106.6 51.2 933.2 3732.9 52.0
Carbon dioxide (CO,)" 2193.0 2193.0 27.3 2074.1 2074.1 28.9
Cell dry weight nd nd nd nd nd nd
Total products 7946.4 6965.7

Carbon recovery % 99.1 97.0

% The carbon balance calculations were made without taking carbon from yeast extract. ° The data correspond to 158 h for non-pasteurized and
114 h for pasteurized glucose-rich hydrolysates from Fig. 7. © The CO, (mM) was calculated theoretically according to the formula: 2 x (BDO +
acetoin) + AA + ethanol — SA. The calculation did not consider CO, in the liquid and head space. ¢ This carbon balance accounts only for the
major sugars in SBP hydrolysates (glucose, xylose, and arabinose) and does not include any other carbon sources. nd not determined.
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3.7 Fed-batch culture of the A4 strain on the glucose-rich
SBP hydrolysate in the bioreactor

After arabinose-rich hydrolysates were obtained, fed-batch
culture was repeated with the glucose-rich hydrolysate con-
taining 62.9 ¢ L™ glucose, 10.4 g L' xylose and 8.6 g L ™"
arabinose. The lag phase with the glucose-rich hydrolysate was
much longer than that with the arabinose-rich hydrolysate, and
lasted for 29 h where hardly any sugar was consumed. Fig. 7
provides the time course profiles for sugar utilization and BDO
formation at specific intervals. The sugar assimilation started
after 29 h, and the glucose concentration dropped to zero, while
the xylose and arabinose concentrations were reduced to 5.8
and 6.2 g L™ " at 56 h. The culture was fed at two time points, 75
and 121 h. After both the feedings, the strain took 35-45 h to
assimilate the total sugars provided in the range of 75-85 g L™ ".
In all the batches, the active consumption of xylose and arabi-
nose occurred only after a major fraction of glucose was
metabolized. The BDO level accumulated at 56 h was 30.6 g L™"
and after two feedings at 75 and 121 h, it increased to 68.9 and
92.4 g L, respectively. The overall conversion yield was 0.38 g
g ' with a productivity of 0.58 g " h™ . Surprisingly, citric acid
was obtained as a major product (29.8 ¢ L™') in case of the
glucose-rich hydrolysate, while the concentration of the other

Sustainable Energy & Fuels

byproducts (acetoin, acetic, lactic and succinic acid) was not
more than 8.0 g L™,

Similarly, the fed-batch culture was repeated with a pasteur-
ized glucose-rich hydrolysate containing 60.6 g L™' glucose,
9.7 g L" xylose and 7.9 g L' arabinose. The fermentation
exhibited a short lag phase compared to the non-pasteurized
glucose-rich hydrolysate. At 13 h, the glucose concentration
decreased to 48.3 g L', while xylose and arabinose concentra-
tions were reduced to 7.0 and 6.8 g L™, respectively, and the
BDO produced was 3.6 g L™ ". Active sugar assimilation occurred
afterwards and the BDO concentration increased to 27.2 g L™ " at
29 h. The culture was first fed at 30 h and the sugars supplied in
this feed were rapidly assimilated without any additional lag
phase, and the second feed was done at 57 h. During this stage
of fermentation, glucose was gradually consumed along with
xylose and arabinose. At 88 h, glucose, xylose and arabinose
concentrations were reduced to 13.9, 2.2 and 3.1 g L,
respectively, while the BDO concentration reached 78.9 g L™".
All the residual sugars were exhausted by 114 h. The final BDO
concentration achieved was 84.0 g L' at the end of fermenta-
tion with a conversion yield of 0.39 g ¢~'. The byproduct profile
during fermentation with the pasteurized glucose-rich hydro-
lysate was similar to that observed with the non-pasteurized
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Fig. 7 Variation in sugar consumption, ODgqo, pH, BDO, and byproduct formation (acetoin, acetic, formic, succinic, lactic, and citric acid and
ethanol) during the fed-batch cultivation of evolved K. pneumoniae in the bioreactor using SBP-derived glucose-rich hydrolysate. (A and C)
glucose-rich hydrolysate without pasteurization, (B and D) pasteurized glucose-rich hydrolysate. Symbols: glucose (H), xylose (O), arabinose
(V), ODgoo (<), BDO (@), pH (), acetoin ([1), acetic acid (A), formic acid (@), succinic acid (A), citric acid (%), lactic acid (O), ethanol (V).
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hydrolysate. The concentrations of byproducts such as acetoin,
citric acid, acetic acid, lactic acid and succinic acid remained
relatively low throughout the fermentation, and were under 8 g
L~'. Table 3 shows the carbon balance of BDO production from
the glucose-rich hydrolysate.

A comparison between pasteurized and non-pasteurized
glucose-rich hydrolysates revealed a clear difference in
fermentation kinetics. In the case of non-pasteurized hydroly-
sate, the first feeding was carried out at 75 h following a pro-
longed lag phase of 29 h, whereas with pasteurized hydrolysate
the culture reached the feeding stage much earlier at 30 h.
These results indicate that pasteurization enabled faster initi-
ation of fermentation and improved the overall substrate
assimilation during fed-batch cultivation.

4. Discussion

White biotechnology represents a key pillar of the bioeconomy,
and the expanded use of microbial cell factories offers signifi-
cant opportunities for establishing a sustainable bio-based
industrial framework.” The finite availability of fossil fuels
has accelerated the development of biological approaches for
the sustainable production of chemicals from renewable
resources. Among the factors influencing the economic feasi-
bility of bioprocesses, feedstock cost is one of the most critical
parameters for sustainable bioproduct manufacturing. Biogenic
residues generated from agro-industrial sectors represent
promising substrates for the fermentative production of
chemicals and can therefore contribute to both commercial
viability and environmental sustainability.> Consequently, the
valorization of such biowastes is gaining increasing global
attention and has emerged as an important research focus. In
this context, fermentation plays a crucial role, as renewable
feedstocks are abundant and inexpensive sources of ferment-
able sugars that can be converted into chemical building blocks
through microbial processes.***” BDO is an important indus-
trial chemical whose molecular structure enables a wide range
of chemical transformations, allowing its conversion into
various value-added derivatives. Microbial production of BDO
from renewable feedstocks offers several advantages in terms of
sustainability and environmental benefits, including the
potential to mitigate global warming. However, fermentative
BDO production was historically replaced by a less expensive
fossil-based route involving hydrocarbon processing under
extreme temperature and pressure conditions, an energy-
intensive and environmentally detrimental process.'**?%>°
Despite the advantages of microbial production and the high
BDO titers reported in several studies, large-scale implementa-
tion of biotechnological BDO production has not yet been fully
realized due to multiple challenges, including high feedstock
costs, expensive product recovery, and issues related to isomer
purity. In fact, substrate cost alone can account for up to 50% of
the total manufacturing expense, thereby limiting process
scalability.>" Therefore, the present study aimed to develop
a cost-effective process for BDO production using C5 sugars
(arabinose and xylose) and a C6 sugar (glucose) derived from
SBP by a strain of K. pneumoniae.
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The microbial production of alcohols represents a highly
stressful physiological condition for the producing organisms.
One of the primary stresses arises from the substrates used for
cultivation, which often contain high concentrations of
sugars.* In a recent study, Narisetty et al. (2022) have reported
BDO production from both pure and crude arabinose derived
from SBP using an Enterobacter ludwigii strain.>® However, the
obtained BDO titers were substantially lower compared with
production metrics reported for glucose- and xylose-based
fermentations in the literature.>**' Similarly, in the present
study, substrate inhibition was observed at arabinose concen-
trations above 50 g L' (Fig. 1). ALE is frequently employed for
the efficient utilization of substrate, thereby improving the
metabolite production. In the present work, the study was
initiated by characterizing arabinose-induced substrate limita-
tion and subsequently subjecting K. pneumoniae to ALE in order
to improve arabinose tolerance and BDO production. ALE has
emerged as a powerful and widely used strategy for enhancing
the microbial fitness bestowed through the accumulation of
beneficial mutations that allow the evolved strains to outcom-
pete their parental counterparts and dominate the population.
This approach has significant potential to alter microbial
responses to various feedstocks and to facilitate the develop-
ment of robust cell factories capable of improved chemical
conversion to desired products, which is often difficult to ach-
ieve through purely rational metabolic engineering strate-
gies.**** As shown in SI Table 1, the evolved strains
demonstrated substantial improvements in sugar consump-
tion, cell growth, and BDO accumulation. The cell ODgq9, BDO
titer and yield in the evolved strain enhanced from 12,34.8 gL
and 0.36 g g ' t0 13.4,43.8 g L " and 0.43 g g, respectively, in
comparison to control parent strain. Similar to our work, there
are several studies in the literature where ALE has led to
significant improvement in tolerance to high levels of substrate,
utilization of substrate, and metabolite production (Table 4).>%*
However, studies focusing specifically on arabinose as a carbon
source and BDO as the target product remain scarce.

For instance, Saini et al. (2017) subjected the dairy yeast
Kluyveromyces marxianus to ALE using progressively increasing
lactose concentrations derived from whey permeate.*® The
adapted strain exhibited higher B-galactosidase activity and was
able to efficiently ferment whey permeate containing 200 g L™
lactose, utilizing more than 80% (w/v) of the sugar and
producing higher ethanol concentrations (80 ¢ L™') compared
with the parental strain. In another work, Dunn and Rao (2015)
subjected a recombinant Zymomonas mobilis strain to ALE on
xylose and arabinose, yielding evolved strains with significantly
improved pentose utilisation (~50-250%) and ethanol produc-
tion (~60-80%). High-throughput sequencing revealed muta-
tions in the xylose reductase gene that reduced xylitol
accumulation and improved xylose fermentation. Additionally,
decreased glyceraldehyde-3-phosphate dehydrogenase activity
and increased transketolase activity contributed to improved
arabinose metabolism in Z. mobilis. Further improvements in
pentose fermentation were associated with mutations in the
native sugar transporter (Glf) and AddB protein, which
enhanced plasmid stability and reduced cell aggregation.®®

This journal is © The Royal Society of Chemistry 2026
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Table 4 Summary of the ALE work for effective substrate utilization and enhanced product formation

Desirable features of the evolved

Microorganism Selection pressure for ALE strain Reference
Saccharomyces cerevisiae Yeast cultivation at 20 and 50 g L ™" Rapid lactose (two-fold faster) 47
lactose fermentation and enhanced ethanol
production by 30%
Saccharomyces cerevisiae 40 days chemostat cultivation on 1.5-Fold increment in consumption 48
xylose-arabinose mixtures of pentose sugars with reduced
fermentation time
Zymomonas mobilis Adaptation of recombinant Z. Significant improvement in xylose 36
mobilis for ~300 generations at 50 uptake rate (~50-250%) and
and 100 g L™" xylose ethanol production (~60-80%)
Kluyveromyces marxianus Continuously increasing lactose Higher utilization of lactose (>80% 35
concentration from whey permeate w/v) with enhanced ethanol levels
for 65 days (80ogL™)
Saccharomyces cerevisiae Enhancing galactose level from 20 Improved ethanol titer from 8.9 to 49
to80 gL' 20 g L™ " with conversion yield of
0.44ggt
Zymomonas mobilis Exposing increasing xylose Enhanced xylose assimilation, 37
concentrations up to 100 g L™ " over growth, co-utilization of mixed
a period of 200 days sugars, ethanol production, and
reduced xylitol production
K. pneumoniae Gradual adaptation of K. Improved arabinose utilization and This study

pneumoniae to increasing arabinose
concentrations from 40-100 g L™*

Similarly, Sarkar et al. (2020) subjected a recombinant xylose-
fermenting Z. mobilis strain to ALE in media containing
progressively increasing xylose concentrations up to 100 g L™ "
over a period of 200 days. The evolved strain showed altered
phenotypes, including enhanced xylose assimilation, growth,
co-utilization of mixed sugars, ethanol production, and reduced
xylitol production in comparison to the parental strain. Next-
generation sequencing identified mutations in several genes,
including xylA, tkiB, gif, pdc, amtB, gcrA, gyrB2, and kdsB, which
were associated with the improved phenotypes.’” A detailed
summary of various ALE reports on substrate utilization is given
in Table 4.

Although microbial BDO production offers clear sustain-
ability advantages, its industrial viability remains constrained
by high production costs, with substrate alone accounting for
a significant fraction of total expenditure. Therefore, the use of
inexpensive carbon sources is essential to improve the
economic feasibility of the process.*® LCB is a mixture of hexose
and pentose sugars; therefore, industrial strains that can
effectively and simultaneously metabolize all these sugars are
highly desired.® SBP represents an inexpensive and abundant
feedstock, with more than 50% of its dry mass composed of
fermentable sugars (C5 and C6), predominantly glucose and
arabinose. Several studies have reported the utilization of
cellulosic glucose for the production of various metabolites,
including BDO." However, despite their abundance in ligno-
cellulosic hydrolysates, pentose sugars, particularly arabinose,
remain underutilized in biotechnological processes.** SBP
contains comparable amounts of glucose and arabinose,* and
in the present study, both of these sugars were integrated for
fermentative BDO production. This will allow maximal

This journal is © The Royal Society of Chemistry 2026

BDO titer at 100 g L™'; 22% increase
in cell biomass, and 26% increase in
BDO yield

utilization of fermentable sugars present in SBP and could
improve the process economics. One of the major challenges
associated with arabinose utilization is that many industrially
relevant microbial cell factories lack the metabolic capability to
efficiently assimilate this sugar.** An advantageous feature of
the K. pneumoniae strain used in this study is its ability to grow
on pentose sugars, including xylose and arabinose, while effi-
ciently accumulating metabolites. A survey of the literature
shows that there are a handful of studies on BDO accumulation
from arabinose.>?******** A study by Saha and Bothast reported
that a newly isolated Enterobacter cloacae strain produced 7.0-
34.4 g L~ " BDO from 20-100 g L™ " arabinose with yields ranging
from 0.34-0.38 g g '. However, fermentation performance
declined as the substrate concentration increased. Cultures
containing 100 g L' arabinose required up to 72 h for
completion, whereas lower concentrations required shorter
fermentation times (24 h for 10-30 ¢ L™ and 32 h for 40-50 g
L™ ").% A similar trend was observed in the present study, where
fermentation performance began to slow down from 50 g L™*
arabinose and showed a pronounced effect at 60 g L', which
motivated the implementation of ALE. The results obtained in
the present study are substantially higher than those previously
reported. The evolved strain demonstrated markedly improved
performance for BDO production at both shake-flask and
bioreactor scales. When cultivated on pure arabinose, the BDO
titer obtained in this work was nearly twice that reported
previously (84.9 g L' vs. 42.9 g L"). SI Table 2 shows
a comparison of biomass formation, and TYP metrics of BDO
production under various experimental conditions. These
findings highlight the potential of arabinose as a viable carbon
source for BDO production and demonstrate the suitability of
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SBP as a promising feedstock in which both major sugars can be
effectively utilized for BDO biomanufacturing. Similar to several
studies that have employed LCB hydrolysates for BDO produc-
tion,*** inhibitory effects were also observed during fermen-
tation with SBP hydrolysate, as indicated by a prolonged lag
phase. The inhibition may be due to the presence of fermen-
tation inhibitors (organic acids, furan derivatives, and phenolic
compounds) released during SBP pretreatment alongside the
fermentable sugars, which can impact the subsequent
fermentation process via toxic effects on microorganisms and
enzymes.®

In the present study, pasteurization of SBP hydrolysates
resulted in a noticeable improvement in fermentation perfor-
mance. Fermentations carried out with pasteurized hydroly-
sates showed shorter lag phases and earlier feeding during fed-
batch operation compared to non-pasteurized hydrolysates.
This led to faster substrate assimilation and improved overall
fermentation kinetics. Consequently, fermentations using
pasteurized arabinose-rich and glucose-rich hydrolysates ach-
ieved comparable BDO titers (79.2 and 84.0 g L™ ') and yields
(0.38 and 0.39 g g ') to those obtained with non-pasteurized
hydrolysates (82.2 and 92.4 g L"), while significantly reducing
the overall fermentation time and improving the productivity.
The improved fermentation kinetics observed with pasteurized
hydrolysates may be attributed to the heat-induced mitigation
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of inhibitory effects within the medium. Even though no sugar
degradation products were detected in the hydrolysates, the
inhibitory pressures may arise from phenolic compounds
generated during acid hydrolysis, as well as residual oxidizing
species originating from the hydrogen peroxide pretreatment,
both of which can impose oxidative stress on microbial cells
and prolong the lag phase. While direct quantitative analysis of
inhibitors before and after pasteurization was not performed,
the enhanced fermentation kinetics aligned with well-
documented thermochemical degradation mechanisms.
Thermal processing accelerates the degradation and oxidation
of free phenolic compounds.*® Silva et al. (2025) empirically
demonstrated that thermal processing of enzyme hydrolysed
seriguela pulp over 40 °C to 70 °C for over 120 minutes resulted
in significant losses of total free phenolic compounds via first-
order degradation kinetics.** At 70 °C incubation of hydro-
lysed pulp, they found a total loss of 70% total phenolics
compounds by 30 min. Similarly, at 70 °C under near-neutral
pH conditions, the spontaneous decomposition of residual
H,0, is promoted, as the decomposition rate increases with
both temperature and pH.>” Consistent with these observations,
Amraoui and colleagues reported a significant difference
between the performance of E. ludwigii when cultured on non-
detoxified and detoxified xylose-rich hemicellulosic hydroly-
sate derived from sugarcane bagasse. In the detoxified

Table 5 Summary of BDO bioproduction from pure sugars and sugar-rich hydrolysates

BDO
Titer Yield Productivity

Microorganism Feedstock Fermentation mode (gL™ (g™ (gL 'h™) Reference
Klebsiella pneumoniae Pure xylose Fed-batch 42.7 0.47 1.17 50
Enterobacter cloacae Xylose solution Fed-batch 81.4 0.39 0.72 51
Klebsiella pneumoniae Pure xylose Batch 38.6 — 0.62 52
Bacillus vallismortis B-14891 Pure xylose Batch 26.5 0.32 1 53
Enterobacter ludwigii Pure xylose Fed-batch 71.1 0.40 0.94 23
Enterobacter ludwigii Xylose rich SCB hydrolysate Fed-batch 63.5 0.36 0.84 23
Enterobacter cloacae Pure arabinose Batch 34.4 0.34 0.48 40
Enterobacter aerogenes Pure arabinose Batch 7.3 0.33 — 41
Enterobacter ludwigii Pure arabinose Fed-batch 42.9 0.31 0.60 20
Enterobacter ludwigii Arabinose rich SBP hydrolysate Fed-batch 35.5 0.29 0.49 20
Bacillus licheniformis Pure glucose Fed-batch 115.7 0.47 2.4 54
Bacillus licheniformis Pure glucose Fed-batch 144.7 0.40 1.14 55
Enterobacter cloacae Pure glucose and xylose Fed-batch 152.0 0.49 3.50 45
Enterobacter cloacae Corn stover hydrolysate Fed-batch 119.4 0.48 2.30 45
Enterobacter cloacae Corncob hydrolysate Fed-batch SHF 55.7 0.23 0.93 46
Enterobacter cloacae Sugarcane bagasse hydrolysate Fed-batch SHF 114.3 0.44 1.49 9
Enterobacter ludwigii Brewers spent grain hydrolysate Fed-batch 118.5 0.43 1.65 31
Klebsiella pneumoniae PX14 Unpretreated bamboo Fed-batch SSF 43.5 — 0.36 38
Klebsiella pneumoniae Arabinose rich sugar mixture Fed-batch 84.9 0.39 0.88 This study
Klebsiella pneumoniae Glucose rich sugar mixture Fed-batch 96.7 0.39 0.94 This study
Klebsiella pneumoniae Arabinose rich hydrolysate Fed-batch 82.2 0.38 0.63 This study

(non-pasteurized)

Arabinose rich hydrolysate 79.21 0.38 0.78

(pasteurized)
Klebsiella pneumoniae Glucose rich SBP hydrolysate Fed-batch 92.4 0.38 0.58 This study

(non-pasteurized)

Glucose rich hydrolysate 84.00 0.39 0.74
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hydrolysate, the BDO titer and yield reached 63.5 ¢ L' and
0.36 g g7, respectively, whereas these values decreased to 32.7 g
L' and 0.33 g g~ ' when the non-detoxified hydrolysate was
used.” Additionally, Lee et al. (2015) and Joo et al. (2016)
investigated the impact of organic acids, furan derivatives and
phenolic compounds on cell growth and BDO production by
Enterobacter aerogenes.*>** Their studies demonstrated that
these compounds had a negative effect on cell growth and the
biosynthesis of BDO, and most toxic effects were observed with
phenolic compounds. Similar to the findings reported by Nar-
isetty et al.,*® the carbon balance analysis in this study indicates
that the majority of the supplied carbon was partitioned
between BDO production (~50%) and carbon dioxide (CO,)
evolution (~30%). The remaining fraction of the carbon flux
was diverted toward the formation of byproducts, accounting
for the remaining carbon loss.

Table 5 presents the comparison of microbial BDO produc-
tion using both pure and crude sugars, including glucose,
xylose, and arabinose. The Table summarizes the findings of the
present study alongside those previously reported in the liter-
ature. Most BDO-producing microorganisms efficiently convert
glucose into BDO; however, many of these strains either lack the
ability to utilize pentose sugars or exhibit limited capacity to
convert xylose and arabinose into BDO.** In comparison with
several reported strains, K. pneumoniae demonstrated superior
BDO production when cultivated on pentose sugars, particularly
arabinose. Nevertheless, when compared with BDO accumula-
tion on glucose (as shown in Table 5), BDO titer from arabinose
in the present study was lower and required a longer fermen-
tation time. This performance gap could potentially be reduced
through targeted metabolic engineering strategies, as demon-
strated in several previous studies. For instance, Li et al
employed an E. cloacae strain for BDO production using
a mixture of glucose and xylose, the two major sugars present in
LCB.* The strain was metabolically engineered through over-
expression of BDO dehydrogenase and galactose permease,
elimination of carbon catabolite repression, and reduction of
by-product formation such as lactic and succinic acids. As
aresult, the engineered strain produced significantly high levels
of BDO (115-155 g L") with yields of 0.47-0.49 g g " and
productivities of 2.0-4.0 ¢ L' h™" when cultivated on glucose-
xylose mixtures as well as corn stover hydrolysate. Similarly,
Kim and team metabolically engineered E. aerogenes strain to
amplify the BDO pathway, improve the glucose uptake rate and
reduce the byproduct formation. The engineered cell factory
displayed substantial improvement as compared to control
strain with the BDO titer, yield, and productivity of 114.3 g L™,
0.44 g g ' and 1.49 g L' h™", respectively.” Although the K.
pneumoniae strain used in the present study demonstrated
improved performance, the production metrics reported in that
study remained comparatively higher. On the other hand, some
studies have reported lower BDO production from glucose
compared with the arabinose-based production achieved in the
present work. For example, Ling et al. (2017) achieved BDO titer
of 52.5 g L' with a conversion yield of 0.42 g g~' and
a productivity of 0.88 g L™ " h™" during fed-batch fermentation
using glucose and xylose from corncob hydrolysates.*® Overall,
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the evolved K. pneumoniae strain demonstrates strong potential
as a microbial cell factory for LCB-based BDO production,
owing to its ability to efficiently utilize glucose, xylose, and
arabinose.

5. Conclusions

Lignocellulosic materials are gaining increasing prominence
due to their direct role in replacing and reducing the
consumption of fossil-based resources, and show immense
potential to serve as feedstocks for sustainable circular bi-
orefineries. One of the advantageous features of fermentative
route is that it also gives the possibility of valorizing crude
renewable sources into industrial products. The full potential
can be realized if maximum renewable carbon from bioresource
could be utilized and diverted towards the desired product. In
the present study, the valorization of the two major sugars
present in SBP, arabinose and glucose, was investigated for the
fermentative production of BDO using an evolved K. pneumoniae
strain as the microbial cell factory. The TYP metrics achieved
with pure sugars and sugar-rich SBP hydrolysates were found to
be comparable, demonstrating the feasibility of utilizing SBP-
derived sugars for BDO production. Future studies will focus
on whole-genome sequencing to elucidate the genetic basis of
the improved phenotype observed after adaptive laboratory
evolution. Additionally, further efforts are required to enhance
the economic feasibility of the process, and future research will
focus on advanced metabolic engineering and process optimi-
zation strategies to further improve BDO production and move
toward industrial implementation.
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