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ABSTRACT

The circular economy is anticipated to bring a disruptive transformation in manufacturing
technologies. Robust and industrial scalable microbial strains that can simultaneously assimilate
and valorize multiple carbon substrates are highly desirable, as waste bioresources contain
substantial amounts of renewable and fermentable carbon, which is diverse. Lignocellulosic
biomass (LCB) is identified as an inexhaustible and alternative resource to reduce global
dependence on oil. Glucose, xylose, and arabinose are the major monomeric sugars in LCB.
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However, primary research has focused on the use of glucose. On the other hand, the valorization
of pentose sugars, xylose, and arabinose, has been mainly overlooked, despite possible assimilation
by vast microbial communities. The present review highlights the research efforts that have
explicitly proven the suitability of arabinose as the starting feedstock for producing various
chemical building blocks via biological routes. It begins by analyzing the availability of various
arabinose-rich biorenewable sources that can serve as potential feedstocks for biorefineries. The
subsequent section outlines the current understanding of arabinose metabolism, biochemical
routes prevalent in prokaryotic and eukaryotic systems, and possible products that can be derived
from this sugar. Further, currently, exemplar products from arabinose, including arabitol,
2,3-butanediol, 1,2,3-butanetriol, ethanol, lactic acid, and xylitol are discussed, which have been
produced by native and non-native microbial strains using metabolic engineering and genome
editing tools. The final section deals with the challenges and obstacles associated with
arabinose-based production, followed by concluding remarks and prospects.
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Introduction

We are witnessing an era where sustainable green
chemistry is striving to overtake fossil-based synthetic
routes for manufacturing widely used chemicals, fuels,
and materials. We are still largely dependent on the
petrochemical sector to produce industrial chemicals
(90%) and energy (80%). The continuous depletion of
nonrenewable fossil resources and their adverse envi-
ronmental impact has necessitated an urgent search
for exploiting renewable carbon-rich resources [1].
Biomass is the most promising resource as it enables
an inexhaustible storage of organic carbon, which can
be transformed into an array of value-added energy
and non-energy products depending on the technol-
ogy platforms used [2,3]. The last two decades have
witnessed significant investment and activity in this
area. In 2004, the US Department of Energy (DoE)
released a list of chemicals obtainable from biomass,
which was further revised in 2009 by dropping and
adding some chemicals. Various international players
(e.g., BASF, DuPont, and Dow) are actively pursuing
the development of bio-based production platforms
for selected chemicals [4-6]. Presently, the concept of
the biorefinery has evolved from merely biomass pro-
cessing for the production of several value-added
marketable products to establishing a circular econ-
omy, which requires the development of innovative,
energy-efficient, and sustainable decarbonization tech-
nologies favoring complete valorization of waste bio-
logical resources, with minimal waste generation and
greenhouse gas (GHG) capture. This inclusivity is seen
in first-generation biorefineries (1G), which use edible
feedstocks as primary carbonaceous resources and
have already attained prodigious industrial success.
Successful examples include the production of ethanol
and biodiesel from corn/sugarcane juice, starchy or
sugary and vegetable oils, respectively [2,7]. Likewise,
several other commercial products are manufactured
by 1G biorefineries. For instance, ~90% of lactic acid
(LA) is generated from the fermentation of starchy and
sugary feedstocks [8]. The market of bio-based prod-
ucts is continuously growing and is forecasted to
reach 97.2 billion USD by 2023 [9]. However, it will be
challenging to fulfill this demand using only edible
feedstocks, as it poses a threat to feeding the expo-
nentially growing human population. As such, atten-
tion has been diverted in the last few decades toward
using non-edible biomass, primarily wastes, so as not
to compete with food production.

Second-generation (2G) biorefineries mainly use
plentiful lignocellulosic biomass (LCB), not part of
the human food chain. Despite many efforts,

LCB-based production of fuels and chemicals is still
at the R&D stage. The sustainability and
techno-commercial viability of LCB-based biorefiner-
ies could be significantly improved if most of its
fraction is valorized cost-effectively and efficiently.
The typical composition of LCB is as follows: cellu-
lose (35-50%), hemicellulose (23-32%), and lignin
(15-30%) [2,10]. Cellulose is a homopolymer of glu-
cose, while the significant sugars in the hemicellu-
losic fraction are: xylose, arabinose, galactose, and
mannose. Therefore, efficient utilization of different
sugars present in LCB is crucial for the commercial
success of LCB-based biorefineries. Although glu-
cose, xylose, and arabinose are the major sugars in
LCB, most research efforts have been focused on
exploiting only the glucose platform.

In contrast, LCB pentose sugars, xylose, and arabinose,
have been overlooked as precursor “molecules” and less
attention has been given to their valorization [11].
Although there has been an upsurge in research leverag-
ing xylose valorization in recent years, the commercial
interest in arabinose is yet to be fully explored. For prof-
itable LCB-based biorefineries, it is imperative to use pen-
tose sugars, which comprise a large fraction of LCB [2]. To
the author’s knowledge, this is the first review that exclu-
sively unveils the updated record of research efforts that
envisaged arabinose as a potential starting feedstock for
producing chemical building blocks via the microbial
route. The starting point of this review is a description of
the readily available arabinose-rich renewable sources
that can play a pivotal role in biorefinery development.
Later, the review depicts arabinose metabolism with bio-
chemical routes prevalent in prokaryotic and eukaryotic
systems and their possible products. Then, high-value
products (arabitol; 2,3-butanediol (BDO); 1,2,3-butanetriol
(BTO); ethanol; LA; xylitol) synthesized using arabinose by
native and non-native strains with the aid of metabolic
engineering and genome editing tools are considered.
The review concludes by discussing the challenges and
obstacles associated with arabinose-based production
and its prospects.

Arabinose and its occurrence

Arabinose (C;H,,0;) is an aldopentose sugar and struc-
tural isomer to xylose. Unlike most of the monosaccha-
rides that are present in their b-configuration in nature,
arabinose is a rare exception as it exists in the L-form.
After D-xylose, L-arabinose is the second most wide-
spread pentose sugar in the biosphere. It is a natural
component of LCB, the most abundant material on
earth (~200 billion metric tonnes per annum). LCB is an



incredible and inexpensive renewable carbonaceous
bioresource rich in fermentable sugars, where arabinose
is the third most abundant sugar after glucose and
xylose. The efficient utilization of LCB-based waste
streams is essential for creating improved revenue
streams and reducing the waste management burden
[10]. The expansion of technologies to utilize arabinose
will enable the effective use of LCB, pushing the eco-
nomics of the bioproduction of chemicals toward favor-
able outcomes. Arabinose primarily exists as a polymeric
component of dietary fibers in several plants, where it
is associated with the sugars, xylose, and galactose, as
well as other components, such as proteins and uronic
acids, to form arabinoxylans and arabinogalactans.
L-Arabinose is mainly present in the side chains of
hemicellulose and pectin biopolymers as arabinogalac-
tan—protein complexes [12,13]. Arabinose is used in a
myriad of applications, including artificial sweeteners,
anti-oxidative and blood sugar-reducing agents, precur-
sors for synthesizing amino acids, drug and therapeutic
molecules, and raw materials for surfactant production.
The abundance of L-arabinose is in the range of 5-10%
in most LCB-based feedstocks. A few examples where
arabinose is present in significant amounts as a struc-
tural carbohydrate include corn fiber (12.0%), wheat
bran (10.6%), sugar beet pulp (SBP) (18.0%), brewer’s
spent grains (8.7%), and lime peels (8.5%). Further,
plant gums such as flaxseed gums of Omega, Foster,
Norman, and Arabic also contain 9%, 11%, 14%, and
24% of L-arabinose, respectively [11,14,15].

Sugar beet pulp, a major byproduct from sugar
beet-based sugar industries, is one of the richest and
inexpensive sources of L-arabinose. Globally, 17 million
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tonnes of SBP (on a dry weight basis) is generated
[14,16]. Alone in the UK, 8 million tonnes of sugar beet
is produced annually, and fermentable sugar obtained
from SBP is 170 000 tonnes/year [17]. Currently,
bioethanol-producing industries pelletize SBP and mix it
with molasses, which is sold as animal feed. This is a
low-grade application where the potential of SBP is not
fully harnessed.

Moreover, high labor costs are associated with
SBP-sourced waste management in developed coun-
tries. There are brighter prospects with SBP (as well as
other arabinose-rich substrates) utilization than the
present industrial applications. As a general biorefinery
feedstock, the scope of utilizing SBP is potentially
enormous. The succeeding section gives a detailed
account of arabinose transport and its metabolism in
microbial systems, which are the stepping stones for
its biotechnological valorization.

Arabinose transport and metabolism

Prokaryotes and eukaryotes use different assimilatory
pathways for metabolizing pentose sugars, such as
arabinose and xylose, where the former relies on an
isomerase pathway and the latter on an oxidoreduc-
tive route (Figure 1). Due to common reaction steps
and metabolic intermediates, arabinose and xylose
metabolism is well connected, and hence many micro-
organisms can metabolize both sugars. In fungi, pen-
tose sugar assimilation begins with their uptake
through large and poorly characterized sugar trans-
porters [13]. The eukaryotic pathway (fungal) consists
of four oxidoreductive steps where two oxidations and

Figure 1. Metabolic pathways for arabinose degradation in prokaryotic and eukaryotic systems [12,13,26,51,76].
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two reduction reactions are coupled to NAD(P)* and
NAD(P)H consumption, respectively, and a final phos-
phorylation step, which makes it distinct from bacte-
rial pathways for the catabolism of L-arabinose. Most
genes and their corresponding gene products partici-
pating in the L-arabinose catabolic pathway have been
characterized in two fungal strains: Aspergillus niger
and Trichoderma reesei [12]. The pathway starts with
the reduction of L-arabinose to L-arabitol or L-arabinitol
by NAD(P)H. This biochemical reaction is catalyzed by
L-arabinose reductase/L-arabinitol reductase (AR/LarA)
in A. niger and D-xylose reductase (XYL1/XR) in T. ree-
sei. Both enzymes are NADPH specific, and XYL1/XR
possesses reductase activity for both bp-xylose and
L-arabinose. In the next step, L-arabitol is dehydroge-
nated to L-xylulose, and the transfer of electrons to
NAD* is accomplished by arabitol-4-dehydrogenase
(ARDH/LAD1/LadA). This is followed by the isomeriza-
tion of L-xylulose to D-xylulose via xylitol formation in
the next two steps, catalyzed by L-xylulose reductase
(LXR3/LxrA) (L-xylulose + NAD(P)H - xylitol + NAD(P)*)
and xylitol dehydrogenase (XDH1/XdhA)  (xyli-
tol + NAD* - bD-xylulose + NADH). The b-xylulose
formed is readily phosphorylated to D-xylulose-5-p
hosphate using ATP as the phosphate donor and
mediated through D-xylulose kinase/D-xylulokinase
(LyxK/XK/XKI1/XkiA/XKI1/XKS/XYL3). The b-xylulose-5-p
hosphate enters the central carbon metabolism (CCM)
via the non-oxidative branch of the pentose phos-
phate pathway (PPP). Xylitol is the first common inter-
mediate of D-xylose and L-arabinose assimilatory
pathways, and the last two steps of the fungal
L-arabinose pathway (xylitol to b-xylulose-5-phosphate)
are shared with the catabolic pathway for p-xylose
[12]. In some fungi such as Pichia stipitis, there is
another route for L-arabinose entry into the nonoxida-
tive PPP, where D-xylulose is reduced to p-arabinitol,
followed by oxidation to p-ribulose and then phos-
phorylation to ribulose-5-phosphate (Figure 1) [18].
The metabolism of pentose sugars, bp-xylose and
L-arabinose, takes place by an overall redox neutral
oxidoreductive pathway, where dissimilarity of redox
factors is a major bottleneck for the efficient uptake of
pentose sugars [13,19]. This differential cofactor pref-
erence of the enzymes creates redox imbalance and
results in a poor arabinose flux [20].

The bacterial uptake of pentose sugars begins with
assimilation via active transporters. The catabolism of
arabinose in bacteria is mediated through the follow-
ing key enzymes (Figure 1): L-arabinose isomerase
(AraA), L-ribulokinase (AraB), and L-ribulose-5-p
hosphate-4-epimerase (AraD). As soon as L-arabinose
enters the cell, it is isomerized into L-ribulose by

L-arabinose isomerase. This step is followed by phos-
phorylation and epimerization to L-ribulose-5-p
hosphate and D-xylulose-5-phosphate catalyzed by
L-ribulokinase and L-ribulose-5-phosphate-4-epimerase,
respectively. The bacterial route for arabinose metabo-
lism is redox neutral and circumvents the intrinsic
problems of redox imbalances associated with the fun-
gal pathway. The non-oxidative PPP canonically metab-
olizes the bD-xylulose-5-phosphate in both pathways
[15,21]. In the case of bacteria and non-arabinose
metabolizing yeast strains with XR activity, arabitol
production by XR creates a dead end in metabolism,
as arabitol is a potent inhibitor of arabinose isomer-
ase [22].

A third pathway is present in archaebacteria where
pentose sugars (arabinose and xylose) are metabolized
by non-phosphorylating pathways known as Weimberg
and Dahms pathways (Figure 2). The Weimberg path-
way is an oxidative route with five consecutive enzy-
matic steps. It starts with the oxidation of L-arabinose
into L-arabino-y-lactone with NAD(P)* as a cofactor (step
), followed by hydration into L-arabinonate/L-arabonate
(step 1lI). Next, L-arabinonate is transformed into
a-ketoglutaric semialdehyde (a-KGSA) with L-2-keto-3-
deoxy-arabonate/pentanoate (L-KDA/L-KDP) as interme-
diate via two consecutive dehydration steps (steps llI
and V). The last step (V) of the pathway involves the
oxidation of a-ketoglutaric semialdehyde (a-KGSA) to
a-ketoglutarate (a-KGA), an intermediate of the TCA
cycle. It allows the entry of L-arabinose in the CCM. The
pathway steps | to V are catalyzed by: L-arabinose dehy-
drogenase, L-arabinolactonase, L-arabonate dehydratase,
L-KDA  dehydratase, and a-KGSA dehydrogenase
(KGSADH), respectively. The overall pathway reaction is
CH,,Os (arabinose) + 2NAD* >  CHO,
(KGA) + 2NADH + 2H*. The Dahms pathway is an alter-
native to the Weimberg pathway, where 2-keto-3-deoxy-
L-pentanoate (KDP) KDP is split into pyruvate and
glycolaldehyde by KDP aldolase (Figure 2). Pyruvate is
part of the CCM, while glycolaldehyde enters the CCM
after being reduced to glyoxylate via glycolic acid. The
overall equation of the Dahms pathway is CH,,Os
(L-arabinose) + H,0 + 3 NAD(P)* - C,H,0; (glyoxyl-
ate) + C;H,0; (pyruvate) + 3 NAD(P)H + 3H*. The
orthogonality of these non-phosphorylating path-
ways enables them to function alone or in connec-
tion with the CCM to support cellular growth and
product formation. The intermediates of these two
pathways can be transformed into a range of
high-value products via three potential downstream
pathways. For example, glycolaldehyde can be
reduced to ethylene glycol (EG) while its oxidation
yields glycolic acid (Figure 2).
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Figure 2. Non-phosphorylating, Dahms and Weimberg routes for arabinose metabolism [13,58].

Similarly, L-KDA (2-keto-3-deoxy-L-arabonate) from
the Weimberg pathway, after dehydration and decar-
boxylation, can be converted to 1,4-butanedial, which
upon reduction generates 1,4-butanediol (Figure 2). On
the other hand, direct decarboxylation of L-KDA gives
3,4-dihydroxy butyraldehyde, whose reduction results
in BTO (Figure 3). However, most of the research on
biotechnological production of these chemicals has
been attempted with D-xylose. Supplementary Table 1
summarizes gene encoding for various enzymes
involved in arabinose metabolism and products syn-
thesized from it.

Despite being an omnipresent sugar, the literature on
use of arabinose as a feedstock for microbial production
of chemical building blocks in biorefineries is scarce. This
scarcity is attributed to many factors, including a lack of
knowledge on appropriate microbial biochemical path-
ways for arabinose metabolism. Further, the classical
metabolic network harbored by most microbial systems
is not adequately designed for arabinose utilization, as
pentose metabolism suffers from several limitations, such
as the occurrence of carbon catabolite repression (CCR)
in the presence of glucose, kinetic efficiencies of bio-
chemical pathways for arabinose metabolism, absence of
suitable transporters, etc. [2,13,23]. However, recently
Havukainen et al. carried out a detailed characterization
of an arabinose transporter in Trichoderma reesei, namely

Trire2_104072 [24]. This transporter displayed high affin-
ity for L-arabinose with a K, value of 0.207 + 0.079 mM
and 0.102 + 0.020 mM at pH 5.5 and -50 mV, when its
gene was expressed in oocytes and yeast, respectively.
Likewise, an arabinose-proton symporter “PcAral” was
identified in Penicillium chrysogenum, which did not
transport D-xylose and D-glucose, showing a K, of
0.13 mM for L-arabinose when expressed in Saccharomyces
cerevisiae [25]. Hence, the development of industrially
tractable microbial strains capable of using arabinose as
the sole carbon source to produce fuels and chemicals
has received much attention recently.

Arabinose-based bioproducts

The current state reveals that similar to glucose and
D-xylose, L-arabinose can be used as a substrate for the
fermentative production of many high-value chemicals.
However, research efforts on arabinose-based biopro-
duction are significantly less. Also, many microbial
strains cannot naturally metabolize arabinose, necessi-
tating the requirement to engineer heterologous arabi-
nose metabolic pathways to enable growth and
metabolite production [26]. The microbial synthesis of
some chemical building blocks from pure and crude
arabinose is described in the following section and sum-
marized in Table 1. Supplementary Table 2 provides the
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Figure 3. Metabolic pathway for production of 1,2,4-butanetriol from arabinose [13,48].

maximum theoretical yields of different products on
arabinose, calculated on the basis of the degree of
reduction [27,28].

Arabitol or arabinitol

Arabitol (C;H,,0,) is a sugar alcohol and a member of
the pentitol family together with ribitol and xylitol. It
exists in nature in two forms: p-arabitol and L-arabitol.
Due to its low calorific value, arabitol finds major appli-
cations in food and pharmaceutical industries as a
sweetener like other polyols. b-Arabitol is used for pro-
ducing chirally pure chemicals having medical proper-
ties with applications as immuno-suppressive glycolipids
and herbicides [29]. It is also a starting material for syn-
thesizing: propylene, EG, xylitol, arabinoic, and xylonic
acids. p-Arabitol is found in low amounts in nature, and
its demand is met through chemical and biological pro-
duction routes. The current industrial p-arabitol manu-
facturing process involves a two-step hydrogenation of
lactones into arabinoic and lyxonic acids using the
expensive Raney-Nickel catalyst [30,31]. Microbial
p-arabitol production is still in its infancy due to the
dearth of knowledge about routes for its biosynthesis

and regulatory mechanisms in microbial hosts. The pro-
duction of L-arabitol from L-arabinose is achieved by a
single-step reduction reaction, catalyzed by L-arabinose/
arabinitol reductase or xylose reductase (Figure 1), and
L-arabitol is secreted into the growth media under
oxygen-limited conditions. Despite this simplified
L-arabitol synthesis pathway, L-arabinose remains an
underutilized carbon source, and most of the reported
work is based on glucose and glycerol-based L-arabitol
production involving multi-step complex pathways.
Notably, glucose and glycerol have been employed as
substrates for the biosynthesis of p-arabitol using osmo-
tolerant yeast strains [31].

Many yeast strains consume L-arabinose under aero-
bic and fermentative conditions and produce L-arabitol
with a small amount of ethanol as the byproduct. Gong
et al. examined various yeast strains for the utilization
and conversion of: p-xylose, b-xylulose, L-arabinose, and
xylitol [32]. Besides L-arabinose, a small amount of
L-arabitol was also detected in the culture medium
while cultivating yeasts on p-xylose and p-xylulose. With
arabinose as substrate, they identified Pachysolen tanno-
philus and Candida tropicalis as the best L-arabitol pro-
ducers. These strains accumulated a maximum of 18
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and 27 g/L of L-arabitol under aerobic conditions, with
yields being 0.59 and 0.64 g/g, respectively. In another
report, Dien et al. screened 116 yeast strains for their
ability to ferment L-arabinose [33]. They identified
Candida auringiensis and Candida succiphila as the most
potent L-arabitol accumulators, producing 73 and 81 g/L
of L-arabitol using all of the supplied L-arabinose under
moderate aeration conditions. In the same year, Saha
and Bothast screened 49 arabinose utilizing yeasts and
identified that both Candida entomaea and Pichia
guilliermondii produced high arabitol titers [34]. After
optimizing the pH of the medium and incubation tem-
perature, both the strains produced =35 g/L of arabitol
from arabinose with a yield of 0.70 g/g. Further, upon
subjecting to acid hydrolysate of corn fiber rich in xylose
(6.2-6.5 g/L) and arabinose (4.9-5 g/L), C. entomaea and
P. guilliermondii produced 2.7 and 2.6 g/L of arabitol,
respectively, consuming the latter sugar. This is one of
the earliest reports where the real-time arabinose-rich
lignocellulosic hydrolysate was tested for arabitol fer-
mentation [34].

Debaryomyces nepalensis, a halotolerant yeast iso-
lated from rotten apples, was reported to metabolize
both C6 and C5 sugars [29]. The strain was cultured on
glucose, fructose, sucrose, L-arabinose, and glycerol to
examine for cell growth and metabolite production.
The fungus grew on all these carbon sources except
glycerol, with concentrations as high as >80 g/L.
Among the different carbon sources used, the maxi-
mum cell growth was achieved on glycerol (33 g/L)
and L-arabinose (31 g/L), which was much higher than
on glucose, sucrose, and fructose (10 g/L). L-Arabitol
and ethanol were obtained as major fermentation
products. The highest ethanol production (9-10 g/L)
was observed on sucrose, glucose, and fructose, while
the maximum amount of L-arabitol was accumulated
on L-arabinose (22.7 g/L), followed by glucose (7.3 g/L),
sucrose (3.7 g/L), and fructose (0.7 g/L) [29].

Bera et al. engineered S. cerevisiae to enable arabi-
nose metabolism by further engineering the p-xylose
metabolizing the S. cerevisiae strain 424A(LNH-ST),
developed in their previous work [35]. The recombi-
nant 424A(LNH-ST) strain, already harboring xylose
reductase and aldol reductase, could reduce
L-arabinose to L-arabitol and the missing link to con-
nect arabitol to CCM was completed by the
over-expression of two additional enzymes (L-arabitol-
4-dehydrogenase and L-xylulose reductase), trans-
forming L-arabitol to p-xylitol via L-xylulose (Figure 1).
The excess unused L-arabitol was transported to the
extracellular medium. Both NADH and NADPH-
dependent forms of L-xylulose reductase were
over-expressed to create S. cerevisiae 424A(LNH-ST)/

PLXRyap-LAD and 424A(LNH-ST)/pLXRyapp-LAD strains.
The 424A(LNH-ST)/pLXRysp-LAD strain, bearing plas-
mid pLXRyap-LAD, produced L-arabitol and ethanol
with a yield of 33.7 and 42.6%, respectively, during
the L-arabinose fermentation. Though both strains
accumulated 15 g/L of L-arabitol, L-arabinose assimila-
tion was slower in 424A(LNH-ST)/pLXRyapp-LAD than
in 424A(LNH-ST)/pLXRyap-LAD. The low ethanol pro-
duction was attributed to the imbalance of redox
cofactors. The enzyme activity quantification also
showed that the specific activity of the
NADPH-dependent L-xylulose reductase was four-fold
lower than the NADH-dependent form.

Kordowska-Wiater et al. developed a fermentation
process for the biotransformation of arabinose to ara-
bitol using a karyoductant named SP-K7 [36]. This
fusant was one of the several karyoductants obtained
by fusing the protoplast of S. cerevisiae V30 with the
nucleus of P, stipitis CCY 39501 [37]. The work involved
optimizing culture conditions using the statistical
response surface methodology (RSM) such as the
Plackett-Burman and central composite designs. The
application of RSM helped identify optimal values for
rotation speed, arabinose concentration and tempera-
ture, which were 150 rpm, 32.5 g/L, and 28 °C, respec-
tively. The fusant accumulated 16.8 g/L L-arabitol with
a yield of 0.52 g/g after 48 h of cultivation, using the
optimal parameters.

2,3-Butanediol

BDO (C,H,,0,) is a C4 diol with enormous applications
in several sectors, including food, chemical, and phar-
maceutical industries. BDO is the gateway molecule to
many industrially important chemical derivatives, and
the total market demand for BDO and allied chemicals
is ~32 million tonnes per annum, worth 43 billion USD
[38]. In the last two decades, immense work has been
conducted on bio-based BDO production, primarily
from glucose. But few research efforts are reported
involving pentose sugar-based BDO production. The
metabolic pathway for BDO production using pyruvate
as the starting material obtained from sugar metabo-
lism is shown in Figure 4. The pathway starts with the
self-condensation of pyruvate to a-acetolactic acid cat-
alyzed by a-acetolactate synthase, followed by either
its direct conversion or via diacetyl formation to ace-
toin by a-acetolactate decarboxylase or diacetyl reduc-
tase. Then, acetoin is reduced to BDO by acetoin or
BDO reductase in the last step. We found only three
reports where arabinose has been used as a carbon
source for BDO production. Saha and Bothast isolated
a strain of Enterobacter cloacae NRRL B-23289 with the



Figure 4. Biochemical route for production of 2,3-butanediol [7].

capability to synthesize BDO from arabinose [39]. The
work examined the impact of initial L-arabinose con-
centration, temperature, pH, agitation, various mono-
saccharides, and multiple sugar mixtures. They
reported a BDO titer of 21.7 g/L with a yield of
0.43 g/g from 50 g/L of L-arabinose, and the results
were better than that from glucose (18.6 g/L; 0.37 g/g)
and xylose (18.9 g/L; 0.38 g/g). The highest BDO con-
centration of 34.4 g/L was achieved at 100 g/L of
L-arabinose; however, the fermentation period was
prolonged. In another study, BDO production by five
Enterobacter strains from several sugars, including
L-arabinose, was studied [40]. The BDO titer of 6.9, 7.3,
7.4, 6.9, and 7.6 g/L was obtained with corresponding
yields of 0.31, 0.33, 0.34, 0.38, and 0.36 g/g on
L-arabinose by: Enterobacter ludwigii FMCC 204,
Enterobacter aerogenes FMCC 9, E. aerogenes FMCC 10,
Enterobacter sp. FMCC 208, and Citrobacter freundii
FMCC 207, respectively. In a recent study, pure
L-arabinose and L-arabinose-rich hydrolysate from SBP
pellets were employed for BDO production using E.
ludwigii [7]. The L-arabinose-rich hydrolysate from SBP
pellets was obtained via dilute acid pretreatment,
optimized for solid and acid loadings. The best results
were obtained during the fed-batch cultivation, where
BDO concentration of 42.9 and 35.5 g/L from pure
L-arabinose and SBP hydrolysate was achieved with
conversion yields of 0.31 and 0.29 g/g, respectively.
The accumulated BDO was recovered using an aque-
ous two-phase extraction system, and the recovery
yield in both cases was ~97%.
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1,2,3-Butanetriol

BTO (C,H,,0,), a straight-chain C4 triol, is a non-natural
molecule with a multitude of applications. BTO and its
derivatives are building blocks for manufacturing several
pharmaceutical drugs, propellants, and energetic plasti-
cizers. Much work has been done regarding the biotech-
nological valorization of xylose to BTO [41-47]. However,
arabinose has been overlooked so far for BTO synthesis.
In a recent isolated report, Escherichia coli was metabol-
ically engineered to generate D-BTO from bp-arabinose
[48]. The BTO biosynthetic pathway from p- or L-arabinose
involves dehydrogenation, dehydration, decarboxylation,
and reduction (Figure 3). To this end, two D-arabinose
dehydrogenases (ADG/AraDH), two D-arabinonate dehy-
dratases (AraD/ADT), four 2-keto acid decarboxylases
(KivD/KdcA/MdIC/Aro10), and three aldehyde reductases
(AdhP/BdhA/ADH2) were evaluated to identify the opti-
mal BTO synthesis pathway. The p-KDA obtained from
the Weimberg pathway was decarboxylated to
D-3,4-dihydroxybutyraldehyde, followed by its reduction
to D-BTO. The best BTO production titer (0.86 g/L) was
observed with the recombinant E. coli BT5 strain overex-
pressing aDG, araD, kivD, and adhP genes sourced from
Burkholderia sp., Sulfolobus solfataricus, Lactococcus lactis,
and E. coli, respectively [48]. Further, yiaE/ycdW and yjhH/
yagE genes encoding glyoxylate reductase and D-KDA
aldolase were knocked out to prevent the consumption
of carbon flux via the formation of pathway intermedi-
ates such as 2-dehydro-3-deoxy-d-pentanoic acid, pyru-
vate, and glycolaldehyde. The resultant engineered strain
BT5AyiaEAycdWAyagE accumulated 1.13 g/L of BTO after
48 h of cultivation. The application of optimal process
parameters (induction temperature: 20 °C; induction OD:
2.0 at 600 nm; IPTG concentration: 2.0 mM; temperature:
37 °G, pH: 7.0; initial L-arabinose concentration: 20 g/L)
with the engineered strain resulted in 2.24 g/L of BTO
with a yield of 0.11 g/g after 48 h.

Ethanol

Ethanol (C,H,O) is an important biofuel and a platform
chemical, being a part of the revised list by US-DoE [4].
It is used as a transportation fuel in pure form or as an
additive with gasoline. Its biofuel market is exponen-
tially increasing; presently, 68% of ethanol manufac-
tured is used to make gasoline-ethanol blends. Ethanol
also acts as a precursor to manufacture several import-
ant commodity chemicals, including ethylene and
1,3-butadiene. Global ethanol production was 100.2
billion liters in 2016 and peaked at 115 billion liters in
2019 [49,50]. It is anticipated that the demand for eth-
anol will continuously increase because ethanol can
play a vital role in the decarbonization of the transport
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sector, which is crucial to achieving net zero carbon
emissions targets. Ethanol is mainly produced by fer-
mentation of hexose sugars using S. cerevisiae as the
commercial chassis. However, this yeast cannot metab-
olize pentose sugars, including L-arabinose and
D-xylose. A substantial amount of work has been car-
ried out on xylose-based ethanol production; however,
only a handful of studies have reported L-arabinose-
based ethanol production [15].

The current state reveals that many yeast and fungal
strains metabolize L-arabinose, but its fermentation to
ethanol is non-existent. Some pD-xylose fermenting engi-
neered S. cerevisiae are available in the market; however,
only a few yeast strains can ferment arabinose to etha-
nol [51]. The first report on ethanol production from
arabinose was demonstrated by Richard et al. [52]. They
introduced a fungal pathway (Figure 1) into S. cerevisiae,
and the recombinant strain carrying all pathway genes
(XYL1 encoding xylose reductase, LAD1 encoding arabi-
tol dehydrogenase, LxrA encoding xylulose reductase,
XYL2 encoding xylitol dehydrogenase, and XKS encoding
xylulokinase) grew very slowly on L-arabinose, generat-
ing very little ethanol (0.1 g/L) after 70 h of cultivation.
This low performance was attributed to the redox imbal-
ance created in the fungal pathway. The redox neutrality
of the pathway was disrupted owing to the consump-
tion of NADPH for the reductive reactions and NADH
generation in the oxidation reactions. In an alternative
approach, Wisselink et al. metabolically engineered S.
cerevisiae by over-expressing the bacterial L-arabinose
pathway for efficient ethanol production under anaero-
bic conditions [20]. The recombinant strain (IMS0001)
contained genes for L-arabinose (araA (L-arabinose isom-
erase), araB (L-ribulokinase), and araD (L-ribulose-5-ph
osphate 4-epimerase) sourced from Lactobacillus planta-
rum) and D-xylose pathways (xylA (D-xylose isomerase)
and XKS1 (xylulokinase) from Piromyces sp.), as well as
for the nonoxidative PPP (TAL7 (transaldolase), TKL1
(transketolase), RPET (p-ribulose-5-phosphate
3-epimerase), and RKI1 (ribose-5-phosphate
ketol-isomerase)). The pentose sugars (L-arabinose and
D-xylose) were assimilated via the PPP. Enhancing the
expression of the pathway genes was beneficial for the
engineered yeast strain to grow on pentose sugars. The
strain was further subjected to extensive evolutionary
engineering involving long-term selection in synthetic
media containing L-arabinose as the sole carbon source.
This strategy yielded an efficient L-arabinose fermenting
strain designated as IMS0002, with an enhanced expres-
sion of araA, araB, araD, xylA, and XKS1 by several-fold.
The anaerobic batch cultivation of the IMS0002 strain on
L-arabinose (20 g/L) resulted in an ethanol titer of 8.9 g/L
with a conversion yield of 0.43 g/g. The co-fermentation

with glucose (20 g/L) and L-arabinose (20 g/L) yielded
17 g/L of ethanol with a similar yield (0.42 g/g). The sug-
ars were wholly consumed in both cases; however, the
growth rate of the strain was slower on L-arabinose.
Though the reported yields are not very far from the
theoretical yield of 0.51 g/g, the titer and production
rate need significant improvement for the commercial
viability of the process.

The productivity of the bacterial L-arabinose pathway
is limited due to the unfavorable thermodynamic prop-
erties of L-arabinose isomerase under ambient condi-
tions. The sugar transporters also play an essential role
in the L-arabinose-based bioproduction processes. It has
been reported that among several native transporters,
GAL2 (galactose permease) from S. cerevisiae has the
highest affinity for L-arabinose (57 mM) and can help
improve the host's growth rate by transporting
L-arabinose. Also, there are other reports on ethanol
production (6.0-9.0 g/L) from L-arabinose, where araBAD
operon was simultaneously over-expressed with GAL2
(L-arabinose-transporting yeast galactose permease) in
S. cerevisiae [53,54]. However, no heterologous sugar
transporter has been reported to improve L-arabinose
uptake or allow simultaneous consumption of glucose
and L-arabinose [15]. Natural L-arabinose assimilators
such as Klebsiella oxytoca [55] and E. coli [56] have been
engineered for ethanol production. To enable ethanol
biosynthesis, pyruvate decarboxylase and alcohol dehy-
drogenase from Zymomonas mobilis were over-expressed
in both organisms. The E. coli strain was further engi-
neered with the deletion of pfl (pyruvate formate lyase)
and Idh (lactate dehydrogenase) genes to block pyru-
vate flux toward acetyl-CoA and lactate formation,
respectively, thereby directing more carbon flux toward
the product formation. The engineered K. oxytoca and
E. coli strains accumulated 27.2 and 44.4 g/L of ethanol
with conversion yields of 0.34 and 0.46 g/g, respec-
tively. These results were comparable to that achieved
with glucose (46.6 g/L; 0.47 g/g) and xylose (44.8 g/L;
0.46 g/g) using the same strains. The presence of native
L-arabinose metabolic pathways in both bacterial strains
gave rise to higher ethanol titers than the engineered
yeast strains mentioned earlier.

Ethylene glycol

EG (CH0,) is a C2 chemical with a hydroxyl group on
each carbon atom. EG is a commodity chemical having
many applications in our daily life, including: as an
industrial solvent and antifreeze agent, as a monomer of
polyethylene terephthalate with applications in food and
packaging industries, as well as being used in manufac-
turing paints and resins in the chemical industry. The



market size of EG in 2018 was 26 billion USD, and the
estimated global production will be 65 million tonnes by
2024 with a compound annual growth rate (CAGR) of
5% [13,57]. Although EG is mainly sourced from fossil
fuel-based petrochemical processes, a small fraction of
biobased EG is produced as a byproduct of ethanol pro-
duction from hexose sugars. However, research efforts
on pentose sugars such as L-arabinose and D-xylose-
based EG manufacture are scarce. Pereira et al. [58]
designed recombinant E. coli K12 strains for EG produc-
tion from pentose sugars. The notable feature of the
work is that both L- and p-arabinose were utilized for EG
production using the engineered E. coli K12 strains
(Figure 5). For D-arabinose-based EG production, the
pathway involves the isomerization of Dp-arabinose into
p-ribulose by Fucl (L-fucose isomerase), followed by phos-
phorylation to p-ribulose-1-phosphate by FucK (.-fuculose
kinase). b-Ribulose-1-phosphate is then cleaved into gly-
colaldehyde and dihydroxyacetone phosphate (DHAP)
catalyzed by L-fuculose-1-phosphate aldolase (FucA).
DHAP enters the CCM while glycolaldehyde can either
be reduced to EG by FucO (-1,2-propanediol oxidore-
ductase) or oxidized to glycolic acid by AldA (glycolalde-
hyde dehydrogenase) (Figure 5). The recombinant E. coli
K-12 MG1655 (DE3) ArecAAendA strain synthesized
1.8 g/L of EG from p-arabinose along with glycolate, con-
firming the presence of the pathway. Like EG, glycolic
acid is a commercial product with diverse applications in
the textile and cosmetic industries, and the market is
forecasted to reach 415 million USD by 2024 [59].

The titer and yield of EG were further improved
(3.4 g/L, 0.35 g/g) with the deletion of AldA to prevent
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glycolic acid formation and divert more carbon flux
toward EG formation at the glycolaldehyde node (Figure
5). In the L-arabinose-based EG production pathway, the
first two steps include the isomerization of L-arabinose
to L-xylulose via L-ribulose, catalyzed by L-arabinose
isomerase (AraA) and D-tagatose-3-epimerase (DTE).
Then, L-xylulose is transformed to p-ribulose-1-phosphate
by L-rhamnulose kinase (RhaB), followed by splitting into
glycolaldehyde and DHAP by rhamnulose-1-phosphate
aldolase (RhaD). The genes fucl, fucK, fucA, and fucO
belong to fuc-regulon used for utilization of L-fucose
[60], while rhaB and rhaD are part of the rhamnose reg-
ulon, involved in metabolizing L-rhamnose, a methyl-
pentose [61]. To enable EG production from L-arabinose,
AraB (L-ribulokinase) was deleted to avoid the degrada-
tion of L-ribulose via the PPP, along with the introduc-
tion of plasmids overexpressing DTE, RhaB, RhaD, and
FucO. During the batch cultivation, the recombinant
strain exhibited a significant lag phase, followed by an
active growth phase resulting in an EG titer of 20 g/L
with a conversion yield of 0.38 g/g. This study success-
fully demonstrated the conversion of both (- and
p-arabinose into EG, but the EG production captures
only 40% of the total carbon supplied from pentose
sugars. Therefore, future work should be directed toward
valorizing the remaining three carbon atoms into prod-
ucts derived from the CCM.

Lactic acid
LA (C;H¢O,) is an optically active compound that exists
in both b and L stereoisomers. The presence of a

Figure 5. Biosynthetic pathways for production of ethylene glycol and glycolic acid from b- and L-arabinose [13,58].
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hydroxyl and carboxylic acid group makes it a highly
versatile molecule. It can be transformed into a variety
of other high-value products, including propylene gly-
col, lactate esters, acrylic acid, propylene oxide, propa-
noic acid, acetaldehyde, 2,3-pentanedione, dilactide,
and poly-LA [3,62]. LA is also one of the most import-
ant biomass-derived platform chemicals, according to
the list prepared by the US DoE [4]. LA has significant
applications in the production of food, chemical, cos-
metic, and pharmaceutical industries. The worldwide
demand for LA is continuously growing, and its market
value is expected to increase from 2.6 billion USD in
2018 to 8.7 billion USD in 2025, with a CAGR of 18.7%
[63]. The current state reveals several reports on LA
bioproduction from edible and non-edible feedstocks.
In fact, manufacturing via the fermentative route meets
a large amount of current LA demand (~90%). Despite
these advances, the research work on L-arabinose-based
LA synthesis is sparse. Most of the LA-producing organ-
isms generate the L-isomer naturally. The earliest evi-
dence of arabinose transformation to b-LA was reported
by Okano and colleagues, who engineered Lactobacillus
plantarum to produce p-LA via homolactic acid fermen-
tation [64]. The L-lactate dehydrogenase (/dhL1) was
deleted in the wild-type L. plantarum, and the resultant
mutant strain L. plantarum AldhL1 generated only p-LA
(8.7 g/L) with acetic acid (6.3 g/L) as a byproduct from
L-arabinose (19.6 g/L). Both products were generated
from the phosphoketolase (PK) pathway:
L-arabinose + 2ADP + 2Pi - LA + acetic
acid + 2ATP + 2H,0. Notably, the PPP can produce LA
as the only product from a pentose with a maximum
theoretical yield of 1.67 mol LA/mol pentose. Thus, to
divert the carbon flux from PK to PPP for shifting het-
ero- to homo-LA fermentation, the endogenous PK
gene (xpkl) in L. plantarum was replaced with the het-
erologous transketolase gene (tkt) from Lactococcus
lactis IL 1403 strain. The recombinant strain L. planta-
rum AldhL1-xpk1:tkt accumulated 38.6 g/L of p-LA after
27 h of fermentation with a small amount of acetic
acid (0.4 g/L). The yield, purity, and productivity of
D-LA were 0.82 g/g, 99.9%, and 1.43 g/L h, respectively.
Thus, the diversion of carbon flux from PK to PPP sig-
nificantly enhanced cell growth and titer, yield and
productivity (TYP) of p-LA. In recent work, a recombi-
nant Aspergillus brasiliensis was designed with the het-
erologous overexpression of the IdhA (L-lactate
dehydrogenase) gene from Rhizopus oryzae [65]. The
recombinant strain synthesized L-LA from glucose,
D-xylose, and L-arabinose. The strain synthesized L-LA
very slowly and accumulated 9.0 g/L after 264 h of cul-
tivation on L-arabinose.

Xylitol

Like ethanol and LA, xylitol (C;H,,0s) is a top platform
chemical. It has been enlisted in the old and revised
lists of platform chemicals obtainable from biomass
prepared by the US DokE [4]. Xylitol has a similar sweet-
ness to table sugar but has a lower calorific value
(1/3rd of table sugar) and acts as an alternative sweet-
ener. Xylitol has several health benefits and finds appli-
cations in the food, pharmaceutical, and chemical
industries. It can be transformed into numerous
high-value products, such as xylaric acid, glycerol, LA,
EG, propylene glycol, and hydroxyfuran derivatives,
being a platform chemical. In 2016, the estimated
global market for xylitol was 921 million USD, pre-
dicted to reach 1.37 billion USD by 2025 [66,67]. Xylitol
can be obtained via chemical and biochemical routes,
but both routes use biomass as the source of xylose, a
native substrate for xylitol. Xylitol is a reduced com-
pound obtained by reducing the aldehyde group in
xylose. The chemical method uses H, to reduce xylose
in the presence of the Raney Ni catalyst, while elec-
trons for this reduction reaction are provided by
NAD(P)H mediated via xylose reductase [2]. Besides
xylose, xylitol can also be produced from other sugars,
such as L-arabinose, as it is one of the intermediates of
arabinose metabolism (Figure 1).

Sakakibara et al. designed an E. coli strain for xylitol
production from L-arabinose [68]. The synthetic ATX
pathway involved the isomerization of L-arabinose to
L-ribulose by L-arabinose isomerase (AraA), followed by
further conversion of L-ribulose to L-xylulose by p-psicose
3-epimerase (DPE sourced from Rhizobium radiobacter)
and L-xylulose to xylitol by xylulose reductase (Lxr
sourced from Ambrosio monospora) with NADH as oxi-
dant. The genes encoding these three enzymes were
cloned behind the araBAD promoter of the pBAD18-Kan
vector in tandem, and the resulting plasmid was desig-
nated as pATX210. The L-xylulose in the ATX pathway
has an advantage over D-xylulose, which is directly
phosphorylated to p-xylulose-5-phoshate and funneled
into PPP. The plasmid carrying the ATX pathway was
introduced into wild-type E. coli AB707, and the transfor-
mant AB707 (pATX210) consumed all the supplied
L-arabinose without accumulation of xylitol. No xylitol
formation was observed as the transformant contained
the araBAD operon encoding L-arabinose isomerase
(AraA), L-ribulokinase (AraB), and L-ribulose 5-phosphate
4-epimerase (AraD). It consumed L-ribulose produced
from L-arabinose, thereby reducing arabinose carbon
flux toward xylitol. Moreover, the presence of
L-xylulokinase (LxyK) further diverted L-xylulose away
from being reduced to xylitol through phosphorylation.



These bottlenecks were circumvented by deleting the
araBAD operon and LyxK gene from the transformant to
create the recombinant E. coli ZUC99 (pATX210) strain.
This strain assimilated 4.2 g/L from 10.5 g/L of L-arabinose
and produced 2.6 g/L xylitol in 36 h, yielding 0.62 g/g.
Approximately, 38% of the consumed L-arabinose was
not converted to xylitol, indicating the presence of other
endogenous kinases and epimerases causing the degra-
dation of L-arabinose. Notably, a continuous supply of
NADH is required for smooth xylitol production, and
glycerol, being a reduced carbon source, can generate
more reducing equivalents like NADH than pentose and
hexose sugars. Therefore, the co-fermentation of
L-arabinose (10.5 g/L) and glycerol (11.8 g/L) with the
engineered strain in shake flasks, resulted in the xylitol
titer and yield of 9.7 g/L and 0.92 g/g after 36 h with
complete consumption of L-arabinose. Further, in the
co-fermentation (20.1 g/L L-arabinose + 10.3 g/L glyc-
erol) in bioreactors, 15.2 g/L of L-arabinose was con-
sumed with an accumulation of 14.5 g/L xylitol in
30 h [68].

A similar approach was taken by Dhar et al. for xyli-
tol production from b-xylose and L-arabinose by
Corynebacterium glutamicum [69]. They overexpressed
AraA (from E. coli), DPE (from Agrobacterium tumefa-
ciens), Lxr (from Mycobacterium smegmatis), and XR
(from Rhodotorula mucilaginosa) enzymes in C. glutam-
icum to achieve xylitol production from L-arabinose
and D-xylose, respectively. The expression of XR and
the synthetic ara A-dpe-Ixr operon were controlled
under the IPTG-inducible P, . promoter of plasmid
pVWEx1 in C. glutamicum. The recombinant C. glutam-
icum (Cg-ax3) strain accumulated 31.0 g/L of xylitol in
12 h during the fed-batch cultivation using a minimal
medium containing glucose, b-xylose, and L-arabinose,
each at 10 g/L. However, the same strain on the SAPL2
medium based on acid-pretreated liquor of sorghum
containing 10 g/L of glucose, D-xylose, and L-arabinose
each during fed-batch culture produced 27.0 g/L xylitol.

Other bio-based products

Besides these extensively studied bio-based products,
butanol and isopropanol production has been demon-
strated from arabinose using the wild Clostridium bei-
jerinckii strain BGS1. The strain accumulated 7.8 g/L
and 1.6 g/L of butanol and isopropanol, respectively,
when fed with 60 g/L arabinose [70]. Using the PPP,
the genus Clostridium is long known to valorize arabi-
nose to acetone-butanol-ethanol (ABE). In 1983,
Clostridium acetobutylicum ATCC 824 was evaluated for
solvent (ABE) production, which assimilated 57 g/L
arabinose and attained a concentration of 10.5, 4.5,
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and 1.5 g/L for butanol, acetone, and ethanol, respec-
tively [71]. Qureshi et al. reported the production of
15.2 g/L ABE by Clostridium acetobutylicum P260 within
72 h consuming 37 g/L arabinose when corn fiber
xylan was used as the substrate during fermentation
[72]. Later, in 2010, Liu et al. attempted to valorize
wheat bran hydrolysate containing 213, 17.4, and
10.6 g/L glucose, xylose, and arabinose, respectively,
using Clostridium beijerinckii ATCC 55025, which simul-
taneously consumed both hexose and pentose sugar
effectively [73]. Within 72 h, the strain accumulated
11.8 g/L ABE, with yield and productivity being
0.32 g/g and 0.16 g/L h, respectively. Likewise, when a
batch study was conducted with Clostridium saccha-
roperbutylacetonicum N1-4, using arabinose (20 g/L)
with LA (5 g/L) as co-substrate, 8.3 g/L solvents were
produced with >85% product being butanol [74]. Later,
the robustness of the same strain was evaluated for
ABE fermentation with arabinose as the sole substrate.
It was found that 24.8 g/L ABE was formed with ace-
tone, butanol and ethanol titers being 8.3, 15.6, and
0.9 g/L, respectively [75].

In this section, the three isolated reports where
arabinose biovalorization led to attaining appreciable
titers of >40 g/L for products like BDO, arabitol, and
ethanol (Table 1) indicate that arabinose is an equally
good feedstock for biorefinery development. In this
context, rigorous efforts need to be expedited to real-
ize the full potential of arabinose. The relevance of
these endeavors becomes more important when dis-
ruptive transformation is anticipated from lignocellu-
losic feedstocks toward the commercial production of
bio-based fuels and chemicals, of which arabinose is
also an integral part.

Challenges associated with biovalorization of
arabinose

Almost two decades of research have been dedicated to
developing microbial strains capable of efficient pentose
sugar fermentation. However, only a handful of chemi-
cals have been produced from L-arabinose, and the
product spectrum needs to be broadened [25]. Despite
being a promising carbon source, in most cases, the fer-
mentation rate and TYP metrics of L-arabinose-based
fermentation processes are still lower than glucose-based
bioprocesses. Approaches, where arabinose metabolism
has been extensively addressed, have failed to provide
clear solutions. Thus, premeditating the future of
L-arabinose-based bioproduction processes is challeng-
ing, as genetic and metabolic engineering efforts have
been limited. Several roadblocks must be addressed to
improve the performance of L-arabinose metabolizing
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cell factories to make them industrially appealing for
commercial applications or for creating arabinose-based
biorefineries. For instance, no pretreatment strategy cur-
rently can selectively fractionate arabinose from other
sugars in the LCB. As a result, though arabinose-rich
hydrolysates can be obtained, they may contain other
sugars like xylose, glucose, mannose, or galactose.
Preferential uptake of arabinose is often restricted owing
to the CCR phenomenon. Furthermore, L-arabinose
assimilating microbes are sparse, and an intensive search
is required for microbial systems having an active and
fast L-arabinose metabolism. Hence, the application of
L-arabinose as a feedstock of choice for the fermenta-
tion industry is jeopardized owing to the absence of
metabolic routes connecting arabinose to CCM, the res-
ervoir for precursors to various high-value commodity
chemicals.

In industrial fermentation, the complexity of sub-
strate metabolism plays a crucial role in the overall
performance of the bioprocesses, which is governed by
metabolic regulation and the availability of efficient
transporters. Sugar transport across the cell membrane
is the first step in metabolism and is a strong driving
force for overall bioprocess productivity. The informa-
tion on L-arabinose transporters is very limited, and in
fact, there is no reported transporter for enhancing
L-arabinose uptake or simultaneous assimilation of
L-arabinose and glucose [15]. L-Arabinose uptake is
inefficient even in natural L-arabinose metabolizing
strains [32]. The assimilation of non-natively metaboliz-
able substrates is far more complicated than producing
target end products. Since the metabolic modules, i.e.,
reactions and enzymes involved in glucose, p-xylose,
and L-arabinose, are different, the introduction of an
L-arabinose-metabolizing pathway into a host designed
for only glucose metabolism might not always give the
desired outcomes [22]. It has been hypothesized that
in the case of non-native sugar metabolism, routine
metabolic engineering strategies such as the constitu-
tive expression and/or deletion of metabolic genes are
insufficient because the inherent regulatory and tran-
scriptional limitations of the host are surfaced once
metabolic limitations are eliminated, leading to carbon
and amino acid starvation signals. Therefore, activating
certain regulatory, metabolic, and signaling genes fur-
ther downstream from the CCM is essential to achieve
enhanced growth rates of the engineered chassis [25].

Another challenge in L-arabinose pathway engineer-
ing is to balance the use of redox cofactors, especially
with the fungal pathway owing to different enzyme
preferences for NAD(P)H and NAD(P)* [25]. However,
instead of a bottleneck, this redox cofactor imbalance
can be a driving force for enhanced production of

target metabolites whose synthesis complements the
deficiency of the redox factor. Despite various efforts
to optimize strains and bioprocesses using L-arabinose,
this underperformance indicates some other reasons
that need to be decoded. For instance, the kinetic and
thermodynamic properties of different enzymes
involved in L-arabinose-based biomanufacturing need
a detailed investigation, as kinetic inefficiencies of
enzymes and unfavorable thermodynamics of pathway
reactions may obstruct the effective functioning of the
L-arabinose metabolic pathway. These challenges
necessitate rewiring the classical cellular metabolic net-
works of hosts for optimal functioning of the
L-arabinose metabolism.

Further, it requires designing and constructing
bespoke metabolic networks by introducing heterolo-
gous pathways in the hosts from other organisms and/
or creating novel synthetic routes by applying current
computational tools. The new pathways should be
orthogonal to the CCM to ensure cellular homeostasis.
For example, plugging in non-phosphorylating path-
ways orthogonal to the hosts’ natural metabolic net-
works can make them imperceptive to endogenous
genetic and metabolic regulations. This pathway
orthogonality will allow the partitioning of the carbon
flux toward biomass and product formation with a tun-
able dynamic control to the desired goal.

Certainly, no single solution addresses all the chal-
lenges encountered in the L-arabinose-based fermenta-
tion processes. The advanced fields of modern
biotechnology, including high-throughput “omics” tech-
nologies, such as comparative and functional genomics,
transcriptomics, proteomics, metabolomics, systems, and
synthetic biology, including metabolic, enzyme, and
evolutionary engineering, can be employed to elicit
more definitive results for fixing the challenges associ-
ated with L-arabinose metabolism. The use of these
modern techniques, individually or in combination, can
lead to the construction of optimized engineered strains
capable of efficiently metabolizing L-arabinose with
powerful  native/synthetic  control elements for
fine-tuning of the expression level of multiple genes
and strongly regulated metabolic networks. Robust cell
factories that can efficiently assimilate arabinose in a
mixed sugar hydrolysate can also be developed using
traditional, rational, and inverse engineering approaches,
such as adaptive laboratory evolution and directed evo-
lution. Finally, extensive research on bioprocess optimi-
zation and intensification for L-arabinose-based cell
factories should be carried out to sustainably develop
commercially viable fermentation processes for the bio-
production of value-added commodity chemicals.
However, it is equally essential that while harnessing



the potential of arabinose from renewable resources like
LCB, major cost-contributing steps and environmental
hotspots of the process are identified. Advanced tools
like techno-economic analysis (TEA) and life-cycle assess-
ment (LCA) can easily address their impacts and guide
the researchers to make subsequent process improve-
ments, which critically affect the commercial and envi-
ronmental sustainability during scale-up operations.
Under the present scenario wherein the "low carbon
economy" is one of the thrust areas, the role of TEA and
LCA cannot be ignored.

Concluding remarks and prospects

The demand for bio-based products is anticipated
to increase due to concerns related to global warm-
ing, economic stability and emphasis on clean pro-
duction, green and environmentally friendly
manufacturing, and decarbonization of the chemical
industry. For the economical production of chemical
building blocks from LCB, converting other abun-
dant sugars such as L-arabinose besides glucose is a
pre-requisite. Despite its abundance, L-arabinose has
not been considered a critical bioresource. Thus, a
pressing need has arisen to utilize arabinose from
the LCB-based production of chemical building
blocks through genome editing, metabolic pathways
engineering, and evolutionary engineering in many
other strains to fulfill the current global demand at
a competitive price. The microbial strains lacking
the ability to efficiently metabolize hexose and pen-
tose sugars simultaneously is the major bottleneck
for the cost-effective production of biochemicals
from 2G feedstocks; thus, expanding the substrate
range is key to creating commercially viable 2G
biorefineries. Research on the use of pentoses, spe-
cifically L-arabinose, in the fermentation industry is
still in its infancy. Also, inadequate research efforts
on designing efficient L-arabinose metabolizing cell
factories for industrial biotechnology applications
could be a considerable cause for the inefficient
production of metabolites from L-arabinose com-
pared to glucose and xylose. The literature is full of
reports often committed to addressing isolated
problems of L-arabinose metabolism, and a com-
bined approach to focus on applications of
L-arabinose for industrial manufacturing is missing.
Thus, further intensive efforts need to be made in
this direction, which might cater to a scalable yield.
The authors hope this article can give an impetus to
accelerate essential research on developing sustain-
able biotechnology targeting using L-arabinose-rich
LCB feedstock.
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