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Metabolic engineering in
lignocellulose biorefining
for high-value chemicals:
recent advances, challenges,
and outlook for enabling
a bioeconomy
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and Anjana Singh3

1Department of Biotechnology, Polytechnic Research Institute of Nepal (PORIN), Kathmandu, Nepal,
2Department of Biotechnology, School of Science, Kathmandu University, Dhulikhel, Nepal, 3Central
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Lignocellulose biomass presents a promising and renewable alternative to fossil

fuels. Numerous engineered microorganisms have been developed to efficiently

utilize this biomass and convert it into valuable platform chemicals. This article

provides an overview of the extensive metabolic engineering strategies

employed to create robust microbial cell factories for lignocellulose

biorefinery. The focus lies on the production of various chemicals including

succinic acid, lactic acid, 3-hydroxypropinic acid, xylitol, biohydrocarbons,

itaconic acid, 2-phenylethanol, 1,2,4-butanetriol, and 2,3-butanediol from

lignocellulose hydrolysate, especially hemicellulose. Additionally, the article

briefly discusses the techno-economic analysis, challenges, and future

prospects for achieving more sustainable production of these chemicals.
KEYWORDS

lignocellulose biomass, chemicals, metabolic engineering, microbial cell factories,
techno-economic
1 Introduction

Lignocellulose biomass (LCB) is the most abundant and cost-effective renewable source

available on earth with an astonishing annual production rate of 181.5 billion tons

worldwide (Dahmen et al., 2019). Notably, out of this total, 1 billion tons of LCB are

derived from corn stover, 529 million tons from wheat straw, 731 million tons from rice

straw, and 540 million tons from sugarcane bagasse. Perennial grasses also account for
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13.5-80.1 tons of LCB (Deng et al., 2023). The remaining quantity of

LCB is generated from forestry residues, woody biomass, and

various other sources. Nevertheless, a mere 3-4% of LCB is

currently used for energy, materials, and fodders. A vast amount

of LCB still remains unutilized (Chandel et al., 2020).

The primary aim of the LCB biorefinery is to capitalize on the

unused LCB by converting it into various commercially valuable

products (Figure 1). Initially, LCB was widely used for the

production of biofuels such as ethanol, butanol, and hydrogen

(Ashokkumar et al., 2022; Latine et al., 2023). However, in recent

times, there has been extensive exploration of LCB for the

production of a wide range of bulk and specialty chemicals

(Ashokkumar et al., 2022; Lu et al., 2022). More than 200

chemicals are reported to be produced from LCB either through

chemical or biological processes (Isikgor and Becer, 2015). In 2004

and 2010, the US Department of Energy listed the top 10 biobased

chemicals which included organic acids (succinic acid, lactic acid, 3-

hydroxypropionic acid, and levulinic acid), furans (furfural,

hydroxymethylfurfural, and furan-2,5-dicarboxylic acid), glycerol

and derivatives , sugar alcohol (sorbitol and xylitol) ,

biohydrocarbons (isoprene and others), and ethanol (Bozell and

Petersen, 2010). Since the publication of this report, a large number

of microbial processes have been developed to utilize LCB for the

production of these chemicals, some of them are either already

commercialized or nearing commercialization (Table 1). For

instance, succinic acid has been successfully produced from

various LCB sources such as sugarcane bagasse, corn stover, oil

palm trunk, empty fruit bunches, grape pomace, straws, and grasses.

Microbes such as Actinobaci l lus succinogenes , Basfia

succiniciproducens, and Saccharomyces cerevisiae have been

utilized to produce high titers of succinic acid, ranging from 1.07-

40.2 g/L (Bu et al., 2019; Bukhari et al., 2020; Lo et al., 2020; Filippi

et al., 2021; Vallecilla-Yepez et al., 2021; Jokodola et al., 2022; Lee

et al., 2022; Bukhari et al., 2023; Robertiello et al., 2023; Zevallos

Torres et al., 2023). Lactic acid, another chemical, is produced
Frontiers in Industrial Microbiology 02
through microbial processes involving Lactobacillus spps, Bacillus

coagulans, and Rhizopus oryzae with various feedstocks such as

corn stover, straw, sugarcane bagasse and molasses, beechwood,

pine, and grasses. The production titer of lactic acid varied widely

from 4.4-129.47 g/L (Azaizeh et al., 2020; Karnaouri et al., 2020; Ma

et al., 2020; Karnaouri et al., 2021; Pontes et al., 2021;

Sivagurunathan et al., 2022; Svetlitchnyi et al., 2022; Yang et al.,

2022; D’ambrosio et al., 2023; Yin et al., 2023).

Xylitol, a sugar alcohol with numerous applications, has also

been successfully produced through microbial processes. For

example, Candida tropicalis was used to produce 25.8-109.5 g/L

of xylitol from sugarcane bagasse and rice straw (Junior et al., 2019;

Hernández-pérez et al., 2020; Raj and Krishnan, 2020; Singh et al.,

2021). Other microbial processes employing microbes such as

Kluyveromyces marxianus, and Pichia fermentans have resulted in

impressive xylitol production (24.2-86.6 g/L) from LCB sources

such as corn cob, olive pits, and sugarcane bagasse (Du et al., 2020;

Prabhu et al., 2020a; Narisetty et al., 2021b). Itaconic acid, another

chemical of interest, has been produced using the fungus Aspergillus

terreus. The process produced 22.43-41.54 g/L of itaconic acid from

corn stover, bamboo residue, wheat straw, and wood pulp

(Kerssemakers et al., 2020; Yang et al., 2020; Saha et al., 2022). In

a study utilizing new isolates of A. japonica, 21.52 g/L of itaconic

acid was produced from Citrullus lanatus. (Ramakrishnan et al.,

2020). Last but not least, 2,3-butanediol has been produced at titers

ranging from 10.30-75.03 g/L using various LCB, with microbial

processes involving Klebsiella pneumoniae, K. oxytoca, Pantoea

agglomerans, Enterobacter species, and Paenibacillus polymyxa

(Cortivo et al., 2019; Hazeena et al., 2019; Pasaye-Anaya et al.,

2019; Okonkwo et al., 2021; Rehman et al., 2021; Ma et al., 2022;

Li et al., 2023b).

With pressing environmental concerns and the gradual

depletion of non-renewable resources, the transition from a

chemical-based economy to a bio-based economy has gained

much momentum (Amoah et al., 2019; Banu et al., 2021).
FIGURE 1

LCB biorefinery developed for value-added chemical production.
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TABLE 1 Fermentative production of high value-added chemicals using LCB as feedstocks.

Strain LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-treatment

Succinic acid

Actinobacillus
succinogenes

Sweet
sorghum bagasse

Acid hydrolysis-Saccharification/a Batch 17.8 0.24c – Lo et al., 2020

Oil palm trunk Acid hydrolysis-Saccharification/a Batch 1.07-
10.62

0.13-
0.47c,d

0.04-0.23d Bukhari
et al., 2020

Oil palm trunk Alkaline
deacetylation-Saccharification/a

Batch 19.16 0.44c 0.51 Bukhari
et al., 2023

Olive pits Acid-hydrolysis/a Fed-batch 33.6 0.27c – Jokodola
et al., 2022

Sugarcane bagasse Thermochemical/a 28.7 0.27c –

Grape pomace
and stalks

Alkali and acid
hydrolysis-Saccharification/a

Fed-batch 40.2 0.67c 0.49 Filippi
et al., 2021

Napier grass Alkali hydrolysis-Saccharification/a Batch 17.54 0.58c 0.19 Lee et al., 2022

Corn fibre Hot water-Saccharification/a Batch 27.8 0.61c – Vallecilla-Yepez
et al., 2021

Basfia
succiniciproducens

Arundo donax Acid hydrolysis-Saccharification/a Batch 17.24 0.48c – Robertiello
et al., 2023

Saccharomyces
cerevisiae

Oil palm empty
fruit bunches

Imidazole
hydrolysis-Saccharification/a

Batch 1.11 – – Zevallos Torres
et al., 2023

Pichia stipitis 1.83 – –

Saccharomyces
cerevisiae SHY07-1

Sugarcane bagasse KHSO5 treatment
and Deacetylation/a

Batch-SSF 34.84 0.10e – Bu et al., 2019

Lactic acid

Lactobacillus
delbrueckii
sp. bulgaricus

Beechwood OxiOrganosolv/a Batch-SSF 62 0.69e 0.51 Karnaouri
et al., 2020

pine 36.4 0.40e 0.51

Beechwood 51.6 0.57e – Karnaouri
et al., 2021

L. rhamnosus Forest and marginal
lands
lignocellulosic
biomass

Non-isothermal auto hydrolysis/a Batch-SSF 61.74 0.97e – Pontes
et al., 2021

Grape Stalk Alkali-hydrolysis or Stream
explosion or combination of
both-Saccharification/a

Batch – 0.98 – D’ambrosio
et al., 2023

Bacillus coagulans Banana peduncles Enzymatic hydrolysis/a Batch 26.6 0.90c – Azaizeh
et al., 2020

Sugarcane bagasse 46.5 0.88c –

Carob 54.8 0.89c 3.28

L. lactis Rice straw Acid-Steam
Explosion-Saccharification/a

Batch 82.2 – 0.61 Sivagurunathan
et al., 2022

Bacillus sp.
strain P38

Corn stover [Ch][Gly]-Saccharification/b ~7-17 0.96f – Yang
et al., 2022

Caldicellulosiruptor
strain

Wheat straw Untreated/a Batch 4.4 0.24c – Svetlitchnyi
et al., 2022

Alkali hydrolysis/a 8.8 0.49c –

Rhizopus oryzae Zizania latifolia
waste and
Cane molasses

Acid hydrolysis-
Enzymatic hydrolysis/a

Fed-batch 129.47 0.72e 1.51 Yin et al., 2023

(Continued)
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TABLE 1 Continued

Strain LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-treatment

Zizania latifolia Acid hydrolysis-
Enzymatic hydrolysis

55.14 0.58f 0.57

Cane molasses No treatment 25.21 0.50c 0.46

Cane molasses Acid hydrolysis/a 36.76-
68.24

0.74-
0.60c

0.68-0.62

Sophora flavescens Alkali hydrolysis/a Batch-SSF 46.78 – 0.97 Ma et al., 2020

Xylitol

Candida tropicalis Rice straw Acid and stream explosion/a Batch 25.8 0.60g 0.26 Singh
et al., 2021

Sugarcane bagasse
and straw

Acid hydrolysis/b Batch 38.96 0.86g 0.51 Hernández-
pérez
et al., 2020

Sugarcane bagasse Low temperature-Alkali
hydrolysis-Xylanase treated/a

Batch 34.1 0.85g 0.86 Raj and
Krishnan, 2020

Sugarcane bagasse Acid and stream explosion/a Batch 109.5 0.86g 2.81 Junior
et al., 2019

Kluyveromyces
marxianus

Corn cob Acid hydrolysis/a Batch 24.2 0.82g – Du et al., 2020

Pichia fermentans Sugarcane bagasse Hydrothermal/a Batch 79 0.54g – Prabhu
et al., 2020a

Fed-batch 86.6 0.75g – Narisetty
et al., 2021b

Olive pits Acid hydrolysis/a Fed-batch 71.90 0.74g –

Itaconic acid

Aspergillus terreus Bamboo residue KHSO5-Deacetylation/a Batch-SSF 22.43 – 0.23 Yang
et al., 2020

Fed-batch 41.54 – 0.25

Corn stover Acid hydrolysis-Saccharification/a Batch 39.60 0.40c 0.24 Saha et al., 2022

Wheat straw Hot water-Saccharification/b 38.1 0.51c 0.23

Eucalyptus wood
derived
Cellulose pulp

Enzymatic hydrolysis/a Batch 37.5 0.62f 0.52 Kerssemakers
et al., 2020

A. japonicas Citrullus lanatus microwave-assisted radiation
Thermo chemical/a

Batch 21.52h – – Ramakrishnan
et al., 2020

2,3-Butanediol

Klebsiella
pneumoniae

Oil palm empty
fruit bunches

Sulfite treatment-Saccharification Batch 75.03 0.43c 0.78 Rehman
et al., 2021

Bamboo No treatment Fed-batch-SSF 47.46 0.36 Li et al., 2023b

Soybean hulls Acid hydrolysis-Saccharification/a Batch 21.90 0.30 0.40 Cortivo
et al., 2019

Pantoea
agglomerans

20.50 0.28c 0.55

K. oxytoca Agave bagasse Acid hydrolysis-Saccharification/a Batch 10.30 0.40c 0.06 Pasaye-Anaya
et al., 2019

Enterobacter
cloacae

Oil palm biomass Alkali hydrolysis/a Batch-SSF 12.53 – 0.13 Hazeena
et al., 2019

E. cholerae Corn cob NA Fed-batch 47.23 0.30c 0.66 Ma et al., 2022

(Continued)
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However, the global production of biobased chemicals and

polymers is estimated only to be around 90 million tons, which is

approximately 3.5 times lower than the production of

petrochemical-based chemicals (Jong et al., 2020). Several key

challenges for this disparity include LCB selection and its

consistent supply, efficient LCB pretreatment methods,

fermentation process, and downstream processing (Liu et al.,

2021; Singh et al., 2022). Regarding to fermentation process, it is

crucial to develop a robust microbial cell factory that is capable of

converting LCB without requiring extensive pre-processing.

Additionally, it should be able to efficiently utilize all the resulting

monomers, withstand the presence of inhibitors, and produce the

maximum amount of the desired target product, whether it be high

yields, high titers, or high productivity. Metabolic engineering plays

a pivotal role in the development of these robust microbial cell

factories optimized for LCB-based biorefinery.

The present review focuses on metabolic engineering strategies

employed in the advancement of robust microbial cell factories for

LCB biorefinery, emphasizing hemicellulose utilization as a

substrate. The study highlights nine chemicals of significant

commercial value and the extent of research conducted on them

in recent years. These chemicals include succinic acid, lactic acid, 3-

hydroxypropionic acid, xylitol, biohydrocarbons, itaconic acid, 2,3-

butanediol, 1,2,4-butanetriol, and 2-phenylethanol. Additionally,

the review briefly discusses the bioeconomy, addressing the

existing challenges and limitations associated with the

bioconversion of LCB through metabolic engineering.
2 Metabolic engineering for product
development using LCB as feedstocks

2.1 Succinic acid

Succinic acid, also known as C4-dicarboxylic acid, is one of the top

chemicals from biorefinery mentioned in the DOE reports of 2004 and

2010 (Bozell and Petersen, 2010; Jong et al., 2020). It serves as a platform

chemical used for the synthesis of several other chemicals such as 1, 4-

butanediol, g-butyrolactone, maleic acid, tetrahydrofuran, N-methyl

pyrrolidone, 2-pyrrolidone, and many others. Moreover, it has a wide

range of applications in food, medicine, surfactants, detergents, and

biodegradable polymer industries. The global production capacity of

bio-succinic acid is estimated to be approximately 76-87 kilotons per

year (Dickson et al., 2021; Li et al., 2021b).
Frontiers in Industrial Microbiology 05
Several microorganisms such as A. succinogenes , B.

succiniciproducens, and Mannheimia succiniciproducens are

known to produce succinic acid naturally (Dai et al., 2020; Wang

et al., 2022a). These microorganisms employ three distinct

metabolic pathways to convert sugar into succinic acid (Figure 2).

In the tricarboxylic acid (TCA) cycle, one mole of glucose yields one

mole of succinic acid; whereas the glyoxylate pathway results in 1.71

moles of succinic acid per mole of glucose. In the reductive TCA

cycle, one mole of glucose yields two moles of succinic acid (Dai

et al., 2020). The metabolic engineering approaches used for the

production of succinic acid from LCB are summarized in Table 2.

The work conducted by Mao et al. (2018) investigated the

production of succinic acid from corn stover. They used

Corynebacterium glutamicum as a host strain and implemented

several key modifications to the metabolic pathways. They deleted

the genes associated with the byproduct formation pathway such as

ldh, ackA-pta, pqo, and cat, and replaced the native promoter of the

anaplerotic pathway and pentose phosphate pathway genes: pyc

(pyruvate carboxylase), ppc (phosphoenolpyruvate carboxylase),

talP (transaldolase), and tkt (transketolase) with strong sod

promoter to enhance the assimilation of xylose. They also

integrated araE from Bacillus subtilis (arabinose symporter) under

tuf promoter to improve the influx of xylose. To further optimize

succinic acid production and xylose assimilation, pyc, gltA (citrate

synthase), sucE (succinate exporter), and Xanthomonas campestris

derived xylA/xylB (xylose isomerase and xylulokinase) were

overexpressed. In batch fermentation, the resultant engineered

strain could produce 98.6 g/L of succinic acid from corn stalk

hydrolysate. The obtained yield and productivity were 0.87 g/g total

sugar and 4.29 g/L/h respectively, which were comparable to those

obtained from a mixture of pure glucose and xylose (Mao et al.,

2018). Li et al. (2023a) pursued an alternative approach using a

quadruple mutant C. glutamicum (DldhDackA-ptaDcat) as the host
strain. In this study, they overexpressed transcriptional regulator

Ncgl0275 along with pyc and ppc to eliminate succinate feed-back

inhibition and divert more carbon flux toward succinic acid

respectively. Furthermore, two xylose assimilation pathways

named the Weimberg pathway (xylBXAC) derived from

Caulobacter crescentus and the xylose isomerase pathway

(xylABE) derived from Escherichia coli were co-expressed to

enhance the strain ’s ability to utilize xylose. The final

recombinant C. glutamicum could produce 64.16 g/L of succinic

acid from corn stover hydrolysate in batch fermentation (Li

et al., 2023a).
TABLE 1 Continued

Strain LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-treatment

Paenibacillus
polymyxa

Wheat straw Acid hydrolysis-Saccharification/a Fed-batch 23.4-
32.5

0.27-
0.33c

0.28-0.45 Okonkwo
et al., 2021
SSF, simultaneous saccharification and fermentation; aundetoxified; bdetoxified; cyield on total sugar consumed; ddepending upon types of acid used during pretreatment of LCB; eyield on LCB;
fyield on consumed glucose; gyield on consumed xylose; hg/Kg of LCB.
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FIGURE 2

Metabolic pathways for the production of succinic acid, lactic acid, 3-hydroxypropinic acid, xylitol, biohydrocarbons, itaconic acid, 2-phenylethanol,
1,2,4-butanetriol and 2,3-butanediol.
TABLE 2 Metabolic engineering efforts for the production of chemicals listed in the DOE Top 10 using LCB as feedstocks.

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

Succinic Acid

Corynebacterium
glutamicum

Deletion: ldh, ackA-
pta, pqo, and cat;
Overexpression: native
pyc, ppc, talP, tkt, pyc/
gltA, sucE; araE from
Bacillus subtilis and
xylA/xylB from
Xanthomonas
campestris

Corn stalk Enzyme
hydrolysis/a

Batch 98.6 0.87c 4.29 Mao et al., 2018

Deletion: ldh, ackA-
pta, and cat;
Overexpression: native
pyc, ppc, and Ncgl0275;
xylBXAC from
Caulobacter crescentus
and xylABE from
Escherichia coli

Corn stalk Alkali-Steam
explosion-
Saccharification/a

Batch 64.16 – 1.07 Li et al., 2023a

Yarrowia
lipolytica

Deletion: sdh5 Sugarcane
bagasse

Alkali
hydrolysis-
Saccharification/a

Batch 33.2 0.58e 0.33 Ong et al., 2019

Deletion: sdh5;
Overexpression: XK-
XDH-XR

Sugarcane
bagasse

– Batch 5.60 0.13e 0.09 Prabhu
et al., 2020b

Escherichia coli Deletion: ldh, adhE,
iclR, ackA-pta, ptsG
and galR;

Woody
hydrolysates

– Batch 54.5 – 1.81 Zhu et al., 2020

(Continued)
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TABLE 2 Continued

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

Overexpression: native
pycA, galP, fdh from
Candida boidinii

Deletion: pflA, ldh,
and ptsG;
Overexpression: ecaA

Sweet
potato waste

Acid hydrolysis/a Batch 16.73 0.86e – Huang
et al., 2019a

Deletion: pflA, ldh,
and ptsG;
Overexpression:
ecaA, pepc

18.65 0.94e –

Lactic Acid

P. acidilactici Deletion: ldhD, pkt,
ackA2;
Overexpression: native
tkt, tal, xylAB;
adaptive evolution on
xylose; adaptively
evolved on xylose

Wheat straw Acid hydrolysis/b Batch-SSF 130.8 94.9% 1.82 Qiu et al., 2018

Deletion: ldh, pkt;
Overexpression: native
tkt, tal, xylAB;
adaptive evolution on
undetoxified corn
cob hydrolysates

Corn cob Acid hydrolysis/a Batch-SSF 31.30 – – Qiu et al., 2022

One-pot-SSF with
increase
cellulase amount

61.9 0.48d 0.64 Qiu et al., 2022

Sugarcane
bagasse

Water-
Acid hydrolysis/a

One-pot-SSF 57 0.58d – Qiu
et al., 2023b

Deletion: ldh, pkt,
ackA2;
Overexpression: native
tkt, tal, xylAB;
adaptive evolution on
mixture of glucose,
xylose, arabinose,
mannose,
and galactose

Wheat straw Acid hydrolysis/b Batch-SSF 128.1 – – He et al., 2023

Deletion: ldhD;
adaptive evolution
through slow feeding
of
softwood hydrolysate

Softwood SO2-
Steam
explosion/a

Fed-batch 26.6 0.86e – Campos
et al., 2023

Deletion: ldh, pkt,
ackA2;
Overexpression: native
tkt, tal, xylAB;
cgs9114_RS09725 from
C. glutamicum

Corn stover Acid hydrolysis/b Batch-SSF 115 61.1% 1.6 Qiu
et al., 2020a

K. marxianus Deletion: xyl1, xyl2,
pdc1, gpd1;
Overexpression: native
xyl2-ars, mth1-DT,
gln1, tal1, tkl1, rpe1,
rki1, xyl3 and pfk,
gal2-N376 and jen1
from S. cerevisiae; ldh
from B. megaterium
and
Plasmodium
falciparum;

Corn cob Alkali-
hydrolysis/a

Fed-batch-SSF 101.17 0.56d 1.10 Kong
et al., 2019

Jerusalem
artichoke
tuber powder

No treatment – 125.93 0.63d –

(Continued)
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TABLE 2 Continued

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

L. gasseri Deletion: ldhD Wheat straw Alkali-
hydrolysis-
Saccharification/a

Batch 21.07 – 1.67 Žunar
et al., 2020,

3-Hydroxypropionic Acid

A. niger Deletion: ald6a;
Overexpression: 12
copies of panD from
Tribolium castaneum,
bapat from B. cereus,
and hpdh from E. coli,
8 copies native pyc2

Corn stover Deacetylation-
Disk
refined-
Saccharification/a

Batch 29.4 0.35f – Dai et al., 2023

Deletion: ald6a;
Overexpression: 27
copies of panD from
T. castaneum, bapat
from B. cereus, and
hpdh from E. coli, 8
copies native pyc2

36 0.48f 0.21

Rhodosporidium
toruloides

Deletion: RTO4_8975;
Overexpression: mcrN
and mcrN derived
from Chloroflexus
aurantiacus; g2945
from A. pseudoterreus

Corn stover Deacetylation-
Disk refined/a

Batch 19.2 – – Liu et al., 2023

Corn stover
+ glucose

Fed-batch 45.4 0.11e 0.44

E. coli Deletion: ptsHI;
Mutation: promoter
and ribosomal binding
site of glk-galP; soxR
(S26G, E32V);
Overexpression: mcr
from C. aurantiacus
and ydfG from E. coli

Corn stover Deacetylation-
Acid
hydrolysis-
Saccharification/a

Fed-batch 8 – – Liu et al., 2018

Xylitol

E. coli Deletion: ptsG, xylAB
and ptsF;
Overexpression: xyl1
from
Neurospora crassa

Corn cob –/b Fed-batch 143 0.93g 1.83 Yuan
et al., 2021

Deletion: ptsG, xylAB,
ptsF and pgi;
Overexpression: xyl1
from Neurospora
crassa; native zwf
and gnd

162 1.02g 2.13

Deletion: ptsG, xylAB,
ptsF and pfkAB;
Overexpression:
mutated xr from
Neurospora crassa

Hemicellulosic
hydrolysate

–/b Fed-batch 131.6 0.95g 2.09 Yuan
et al., 2019

Deletion: ptsG, xylAB
and ptsF;
Overexpression: xyl1
from
Neurospora crassa

Corn cob Enzymatic-
Acid hydrolysis/a

Fed-batch 30 0.35g 0.38 Yuan
et al., 2023

Deletion: ptsG, xylAB
and ptsF;

82 0.95g 1.04
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TABLE 2 Continued

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

Overexpression: xyl1
from Neurospora
crassa; Mutation: crp
(I112L, T127G,
and A144T)

Deletion: ptsG, xylAB
and ptsF;
Overexpression: xyl1
from
Neurospora crassa

Corn cob –/a Fed-batch 93 0.87g 1.19 Yuan
et al., 2020

Deletion: ptsG, xylAB
and ptsF;
Overexpression: xyl1
from Neurospora
crassa; Mutation: crp
(I112L, T127G,
and A144T)

–/a 137. 1g 1.76

–/b 148 0.96 g 2.74

Deletion: ptsG, xylAB,
ptsF and pgi;
Overexpression: xyl1
from Neurospora
crassa; Mutation: crp
(I112L, T127I,
and A144T)

–/b 164 – 3.04

K. marxianus Deletion: hxk1;
Overexpression: native
glk1, xyl1 from
Neurospora crassa;
gal2-N376F from
S. cerevisiae

Corn cob Acid hydrolysis/a Batch 69.94 0.73g 1.75 Hua et al., 2019

Acid hydrolysis/b 118.63 0.75g 1.98

Deletion: xyl2;
Overexpression: native
zwf1, gxf1 from C.
intermedia, xyl1 from
Neurospora crassa and
C. tropicalis, gal2-
N376F from
S. cerevisiae

Corn cob
+ Glycerol

– Fed-batch 105.22 0.94g 1.25 Zhang
et al., 2022

Corn cob Batch 73.05 0.99g 2.04

S. cerevisiae Overexpression: gre3 Corn cob Hydrothermal/a Fed-batch 19 0.89g 0.39 Baptista
et al., 2018

Batch-SSF 14.13-
23.24

0.85-
0.91g

0.30-0.74

Fed-batch-PSSF 24.32-
29.61

0.88-
0.93g

0.34-0.54

Overexpression: gre3 Corn cob Acid hydrolysis/b Batch-SSF 71.7 – 0.83 Baptista
et al., 2020

Deletion: xks1;
Overexpression: native
zwf, rki1, tal1, tkl1,
rpe1; mgt05196N360F
from Meyerozyma
guilliermondii; xyl1
from
Scheffersomyces stipitis

Corn cob – Fed-batch-SSF 91 – 1.26 He et al., 2021

A. niger Deletion: ladA, xdhA
and sdhA

Wheat bran,
Beechwood

No treatment Batch 1.49-
2.20
mM

– – Meng
et al., 2022

(Continued)
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A study on succinic acid production from sugarcane bagasse

was conducted by Ong et al. (2019). They adaptively evolved a

single mutant Yarrowia lipolytica (Dsdh5) on glucose to restore

glucose metabolism. The evolved Y. lipolytica could produce 33.2 g/

L of succinic acid from sugarcane bagasse hydrolysate with a yield of

0.58 g/g total sugar and productivity of 0.33 g/L/h respectively (Ong

et al., 2019). In the subsequent study, Prabhu et al. (2020b)

overexpressed the xylose oxidoreductase pathway to enable xylose

assimilation in the evolved Y. lipolytica. In batch fermentation, the
Frontiers in Industrial Microbiology 10
recombinant strain (Dsdh5-XK-XDH-XR++) could produce only

5.60 g/L of succinic acid from sugarcane bagasse (Prabhu et al.,

2020b). Similarly, Zhu et al. (2020) explored the possibility of

producing succinic acid from woody hydrolysate using engineered

E. coli. In this study, they used a previously engineered E. coli

(DldhADadhEDiclRDackA-ptaDptsG) as a host strain and

introduced two copy of pycA and one copy of fdh (formate

dehydrogenase) derived from Candida boidinii. The recombinant

strain successfully produced 287.6 mM of succinic acid from woody
TABLE 2 Continued

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

Xylan cotton
seed hulls

Biohydrocarbons

Isoprene

E. coli Overexpression: mvaE
and mvaSMT from
Enterococcus faecalis
and ipsS from
Papulus alba

Peanut hull Acid hydrolysis/a Batch-SSF 298
mg/L

– – Wang
et al., 2017

Acid
hydrolysis-
Saccharification/a

Batch 249
mg/L

– –

E. coli Overexpression: MEP
pathway, isoprene
operon and ipsS

Paper
mill sludge

Acid
hydrolysis-
Saccharification/a

Batch 190-
470
nmol

– – Duncan
et al., 2020

b-farnesene

Y. lipolytica Overexpression: native
ERG10, tHMGR,
ERG12, ERG13, IDI,
ERG20, ERG8, and
ERG19; EGR8, EGR19,
tHMGR; nadh-HMGR
from Silicibacter
pomeroyi; aaBFS from
Artemisia annua

Corn stover Stream
explosion-
Saccharification/b

Fed-batch 7.38 0.075h Bi et al., 2022

E. coli
BL21 (DE3)

Overexpression: native
atoB, S. cerevisiae
HMGS, tHMGR, E12,
E8, MVD1; E. coli IDI
and ispA; Artemisia
annua aaBFS

Corn cob Acid
hydrolysis-
Saccharification/a

Batch ~1.25 – – You et al., 2019

Overexpression: S.
cerevisiae HMGS,
tHMGR, E12, E8,
MVD1; E. coli IDI and
ispA; Artemisia annua
aaBFS-ATP
citrate lyase

~2.50 – –

E. coli
transetta (DE3)

Overexpression: S.
cerevisiae HMGS,
tHMGR, E12, E8,
MVD1; E. coli IDI and
ispA; Artemisia annua
aaBFS-ATP
citrate lyase

4.06 – –
SSF, simultaneous saccharification and fermentation; PSSF, Pre-saccharification and simultaneous saccharification and fermentation; aun-detoxified; bdetoxified; cyield on total glucose, xylose,
and citrate consumed; dyield on LCB; eyield on total sugar consumed; fyield mol per mol carbon; gyield on consumed xylose; hyield on consumed glucose.
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hydrolysate. The low production of succinic acid by this strain was

mainly attributed to reduced glucose influx caused by the deletion

of the ptsG gene. To improve glucose uptake, an additional copy of

galP (galactose permease) under the trc promoter was integrated at

the galR locus. This modification significantly enhanced glucose

consumption and subsequently increased succinic acid production.

In batch fermentation, the recombinant strain was able to produce

54.5 g/L of succinate from 60 g/L of woody hydrolysate, with a

productivity of 1.81 g/L/h (Zhu et al., 2020).

Huang et al. (2019a) adopted a different approach to produce

succinic acid from sweet potato hydrolysates. They overexpressed

the ecaA gene under anaerobically-induced nirB promoter in triple

mutant Escherichia coli (DpflADldhADptsG). ecaA encodes carbonic

anhydrase which catalyzes the interconversion of CO2 and

HCO3
−.The modified strain exhibited the ability to produce 16.73

g/L of succinic acid from sweet potato waste hydrolysates.

Furthermore, when the anaplerotic pathway gene pepc was

additionally overexpressed, the production of succinic acid

increased to 18.65 g/L (Huang et al., 2019a).
2.2 Lactic acid

Lactic acid, also known as 2-hydroxypropanoic acid, is one of

the new top 10 chemicals listed in the DOE report of 2010 (Bozell

and Petersen, 2010; Jong et al., 2020). This versatile compound finds

applications across various industries, including food, cosmetics,

leather, pharmaceuticals, and the chemical sector. Notably, lactic

acid serves as a crucial monomer in the production of biodegradable

polylactic acid (PLA) materials, making it a valuable component in

the realm of sustainable and environmentally friendly materials.

The global production capacity of bio-lactic acid is estimated to be

>600 kilotons per year (Jong et al., 2020).

Various microorganisms, including lactic acid bacteria

(Lactobacillus, Lactococcus, Enterococcus, and Pediococcus),

Bacillus spps (B. coagulans, B. licheniformis), and Rhizopus spps

(R. oryzae, R. arrhizus, and R microspores) possess the natural

ability to produce lactic acid (Abedi and Hashemi, 2020). These

microorganisms use homofermentative and/or heterofermentative

routes to convert sugar into lactic acid (Figure 2). In the

homofermentative route, the active Embden-Meyerhof-Parnas

(EMP) pathway yields two moles of lactic acid from one mole of

glucose, whereas if the pentose phosphate pathway is active, only

1.67 moles of lactic acid are produced. In the obligate

heterofermentative route, both glucose and pentose produce one

mole of lactic acid. Similarly, the facultative heterofermentative

route yields two and one moles of lactic acid from one mole of

glucose and pentose respectively (Cubas-cano et al., 2018). Table 2

summarizes the various metabolic engineering approaches used for

the production of lactic acid from LCB.

Qiu et al. (2018) engineered a single mutant P. acidilactici

(DldhD) by disrupting phosphoketolase and acetate pathway

through deletion of the pkt and ackA2 genes respectively and

overexpressing tkt and tal along with xylAB to divert more xylose

flux towards the pentose phosphate pathway. To further enhance

the assimilation of xylose, engineered P. acidilactici was adaptively
Frontiers in Industrial Microbiology 11
evolved on xylose over a period of 66 days. In simultaneous

saccharification and fermentation (SSF) with high solids load, the

final adapted strain could produce 130.8 g/L of L-lactic acid with a

productivity of 1.82 g/L/h from biodetoxified wheat straw

hydrolysates (Qiu et al., 2018). Campos et al. (2023) explored the

possibility of producing L-lactic acid from softwood hydrolysate

using P. acidilactici (DldhD). In this study, they adaptively evolved

the strain through slow feeding of softwood hydrolysate in the feed

batch. With the feeding rate of softwood hydrolysate at 13 ml/h, the

evolved strain could produce L-lactic acid with a yield of 0.86 g/g

softwood hydrolysate (Campos et al., 2023). In another study, Kong

et al. (2019) used engineered Kluyveromyces marxianus for the

production of L-lactic acid from corn cob residue. They used

previously developed K. marxianus strain as the host strain, and

additionally disrupted dld1 (D-lactate dehydrogenase) and co-

expressed B. megaterium and Plasmodium falciparum derived ldh

genes (L-lactate dehydrogenase) to enhance L-lactic acid

production. Furthermore, they introduced an extra copy of native

pfk (phosphofructokinase) and S. cerevisiae-derived jen1 genes

(monocarboxylate symporter) to redirect carbon flux toward the

EMP pathway and facilitate the export of L-lactic acid. The resultant

engineered strain could produce 45.43 g/L of L-lactic acid from 120

g/L of corn cob hydrolysate. Moreover, in fed batch-SSF, the strain

produced approximately 101.1 and 125.93 g/L of L-lactic acid with a

yield of 0.56 and 0.63 g/g using corncob hydrolysates and Jerusalem

artichoke tuber powder respectively. Through supplementation

with corn steep liquor and defatted soybean meal, the production

of L-lactic acid reached 103 g/L L-lactic acid (Kong et al., 2019).

Similarly, in the study conducted by Žunar et al. (2020) two L

gasseri were developed by deleting either ldhl1 or ldhD to produce

optically pure L- or D-lactic acid respectively. The mutant L. gasseri

(DldhD) was particularly noteworthy, as it successfully produced

optically pure L-lactic acid at a concentration of 21.07 g/L from

wheat straw hydrolysate.

Qiu et al. (2020a) explored the impact of converting a toxic

compound, vanillin, into a non-toxic form on the production of D-

lactic acid from corn stover. They utilized a previously engineered

strain of P. acidilactici (DldhDpkt-xylAB++tkt-tal++) as a host strain
and individually overexpressed various oxidoreductases that act on

vanillin. The recombinant strain that overexpressed C. glutamicum

cgs9114_RS09725, encoding a short-chain dehydrogenase,

demonstrated better performance. It produced 115 g/L of D-lactic

acid with a yield of 61.1% from biodetoxified corn stover, while the

host strain achieved production of only 101 g/L of D-lactic acid with

a yield of 51.6% (Qiu et al., 2020a). In the subsequent study, they

adaptively evolved the strain on undetoxified corn cob hydrolysates

over a period of 111 days. Eventually, the adapted strain showed a

126.8% increase in D-lactic acid production, yielding 31.30 g/L of

D-lactic using undetoxified corn cob hydrolysate. Moreover, in one-

pot SSF, the adapted strain could produce 61.9 g/L of D-lactic acid

with a yield of 0.48 g/g from undetoxified corn cob hydrolysates

(Qiu et al., 2022). The potential of the adapted strain to produce D-

lactic acid from sugarcane bagasse was also evaluated. Through

optimization of fermentation strategies in one spot SSF, 57.6 g/L of

D-lactic acid was produced from undetoxified sugarcane bagasse

hydrolysates, with a yield of 0.58 g/g bagasse (Qiu et al., 2023b).
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Similarly, He et al. (2023) adaptively evolved the engineered P.

acidilactici (DldhDpkt-xylAB++tkt-tal++) on a mixture of glucose,

xylose, arabinose, mannose, and galactose for a period of 65 days.

The final adapted strain showed significant improvement in the

simultaneous co-utilization of sugars. In SSF, the strain could finally

produce 128 g/L of D-lactic acid with a yield of 0.69 g/g using

detoxified wheat straw hydrolysates (He et al., 2023).
2.3 3-hydoxypropionic acid

3-hydroxypropionic acid (3-HP), also referred to as C3-

carboxylic acid, is a notable chemical compound that is

mentioned in both the DOE reports of 2004 and 2010 (Bozell and

Petersen, 2010; Jong et al., 2020). This versatile compound serves as

a substrate for the synthesis of various specific chemicals such as

acrylic acid, malonic acid, acrylamide, acrylonitrile, and poly-3-

hydroxypropionate. It finds extensive applications in diverse

industries such as paints, cosmetics, diapers, adhesives, and

polymers (Kumar et al., 2013). The global production capacity of

bio-3-HP is not explicitly mentioned in the literature

(Jong et al., 2020).

Various microbial biosynthesis pathways for 3-HP have been

reported depending on the carbon source (De Fouchécour et al., 2018;

Zhao and Tian, 2021). When glucose serves as the substrate, the

malonyl-CoA and alanine pathways are involved in the synthesis of 3-

HP. These pathways yield two and one mole of 3-HP from one mole

of glucose respectively (Figure 2). When glycerol is the substrate,

coenzyme-A dependent and independent glycerol oxidation pathways

are active and produce one mole of 3-HP from one mole of glycerol.

Similarly, one mole of 3-HP is biosynthesized through the oxidation of

one mole of 1,3-PDO, and hydrolysis of one mole of 3-

hydroxypropionitrile, respectively (De Fouchécour et al., 2018).

The biological production of 3-HP has predominantly been

explored using glycerol or glucose as the primary feedstocks.

However, there are limited reports on the use of LCB as a

feedstock for 3-HP production (Table 2). In a study conducted by

Dai et al. (2023) the production of 3-HP from corn stover biomass

was investigated. They constructed a recombinant Aspergillus niger

by introducing 12 copies of the b−alanine pathway (constructed by

including Tribolium castaneum panD, B. cereus bapat, and E. coli

hpdh under the control of constitutive gpdA promoter). In addition,

they deleted ald6a (encoding malonate semialdehyde

dehydrogenase) and introduced 8 copies of pyc2 to reduce 3-HP

consumption and improve the 3-HP precursor supply. The final

engineered strain could produce 29.4 g/L of 3-HP with a yield of

0.35 mole/mole sugars from corn stover hydrolysate. When an

additional 15 copies of the b−alanine pathway were introduced

under the promoter of ubi4 and mbfA along with optimization of

the fermentation condition, the 3-HP production improved to 36 g/

L with a yield of 0.48 mole/mole sugars (Dai et al., 2023). In another

study, Liu et al. (2023) focused on the utilization of the malonyl-

CoA pathway for the production of 3-HP from corn stover

hydrolysate. They developed a recombinant Rhodosporidium

toruloides by overexpressing the malonyl-CoA pathway

(comprising mcrN and mcrN derived from Chloroflexus
Frontiers in Industrial Microbiology 12
aurantiacus). With media optimization in flask-scale experiments,

the recombinant strain could produce 10.7 g/L 3-HP from corn

stover hydrolysate. When RTO4_8975 was deleted and A.

pseudoterreus derived g2945 (3-HP transporter) was

overexpressed, the production of 3-HP significantly improved to

18.7 g/L. Further introduction of an additional copy of mcrNC in

this engineered strain (DRTO4_8975-mcrNC++), 3-HP production

reached 19.2 g/L. In fed-batch fermentation, the final strain

achieved the production of 45.4 g/L 3-HP (Liu et al., 2023). Liu

et al. (2018) also explored the potential of engineered E. coli

harboring the malonyl-CoA pathway for the production of 3-HP

from corn stover hydrolysate. They deleted the ptsHI gene and

mutated the promoter and ribosomal binding site of the glk-galP

gene and transcriptional activator soxR (S26G, E32V) for

simultaneous co-utilization of mixed sugars and inhibitor

tolerance. In addition, they overexpressed the malonyl Co-A

pathway constructed by including C. aurantiacus mcr and E. coli

ydfG. The final recombinant strain could produce 8 g/L of 3-HP

from corn stover hydrolysate containing 1 g/L of furfural

(Liu et al., 2018).
2.4 Xylitol

Xylitol has also gained recognition as one of the top 10

biorefinery chemicals in the DEA reports of 2004 and 2010

(Bozell and Petersen, 2010; Jong et al., 2020). It is extensively

used as a sweetener in the food, odonatological, and

pharmaceutical industries, offering the advantage of being low in

calories and having a low glycemic index when compared to

sucrose. Moreover, xylitol serves as a valuable monomer for

synthesizing polymers and various other chemicals such as xylaric

acid, xylonic acid, and 1,4-anhydroxylitol (Ahuja et al., 2020). The

global production capacity of bio-xylitol acid is reported to be 190

kilotons per year (Jong et al., 2020). Biologically, xylitol is

synthesized from xylose through the xylose oxidoreductase

pathway, yielding one mole of xylitol from one mole of xylose

(Figure 2) (Xu et al., 2019).

The metabolic engineering approaches for xylitol production

from LCB are summarized in Table 2. The conversion of xylose to

xylitol requires NADPH as a cofactor, and the primary pathway for

generating NADPH is the pentose phosphate pathway. In a study by

Yuan et al. (2019), they deleted pfkAB (phosphofructokinase) in

previously engineered E. coli (DptsG△xylAB△ptsF-5 copies of

Neurospora crassa mutated xr) to improve carbon flux toward the

pentose phosphate pathway. The final engineered E. coli could

produce 131.6 g/L of xylitol from hemicellulosic hydrolysate in fed-

batch fermentation (Yuan et al., 2019). In another study, they

overexpressed two genes of the pentose phosphate pathway, zwf

(glucose-6-phoshphate dehydrogenase) and gnd (phosphogluconate

dehydrogenase), along with deletion of the pgi gene (glucose-6-

phosphate isomerase) in E. coli (DptsG△xylAB△ptsF-4 copies of

N. crassa xyl1). In fed-batch fermentation, the final recombinant

produced 162 g/L of xylitol from corncob hydrolysates, which was

13% higher compared to the host strain (Yuan et al., 2021). In a

subsequent study, they mutated the CRP gene in the above E. coli
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strain to improve the inhibitory tolerance. The newly engineered E.

colimutant (I112L, T127G, A144T) could produce 82 g/L xylitol from

un-detoxified condensed corncob hydrolysate via fed-batch

fermentation, whereas host-engineered E. coli only produced 30 g/L

xylitol (Yuan et al., 2023). Similarly, another mutant (I112L, T127I,

and A144T) produced 164 g/L xylitol from detoxified corncob

hydrolysate (Yuan et al., 2020). Hua et al. (2019) also studied the

production of xylitol from corncob hydrolysate. They used previously

engineered K. marxianus (Dhxk1-glk1++) as a host strain to eliminate

glucose repression and overexpressed 6 copies of N. crassa xyl1

(xylose reductase) and 3 copies of S. cerevisiae gal2-N376F (xylose

transporter). The recombinant strain could produce 69.94 and 118.63

g/L of xylitol from un-detoxified and detoxified corncob hydrolysates

respectively (Hua et al., 2019).

Xylose reductase is a key enzyme of the xylitol biosynthesis

pathway. Enhancing the efficiency of this enzyme is crucial for

improving xylitol production. In a study by Zhang et al. (2022), two

xylose reductases derived from C. tropicalis and N. crassa were co-

overexpressed in a previously engineered strain of K. marxianus

(Dxyl2, 4 copies of glucose/xylose facilitator from C. intermedia, and

xyl1 from N. crassa). In fed-batch fermentation supplemented with

glycerol, the resulting strain exhibited the ability to produce 105.22

g/L of xylitol with a high productivity rate of 1.25 g/L/h from

corncob hydrolysate (Zhang et al., 2022). Similarly, Baptista et al.,

2018; Baptista et al., 2020 overexpressed native xylose reductase

(gre3) in S. cerevisiae. The recombinant could produce 14.13-29.61

g/L of xylitol from corncob hydrolysate depending upon the

fermentation process (Baptista et al., 2018). Further, through

optimization of SSF, the resulting recombinant achieved xylitol

production of 71.7 g/L from corncob hydrolysate (Baptista et al.,

2020). In another study conducted by He et al. (2021), they

overexpressed Scheffersomyces stipitis xyl1 in engineered S.

cerevisiae (Dxks1, overexpression of native zwf, rki1, tal1, tkl1,

and rpe1, and the Meyerozyma guilliermondii-derived mutant

xylose transporter mgt05196N360F). The final recombinant strain

was able to produce 91 g/L of xylitol in fed batch-SFF fermentation

using waste xylose mother liquor and corncob residue together.

In a recent study by Meng et al., 2022, a triple mutant A. niger

(DladADxdhADsdhA) was employed for the production of xylitol

from different LCBs. The strain could produce 1.49-2.20 mM xylitol

from 1% each wheat bran, beechwood xylan, and cotton seed hulls

respectively in a shake flask. They additionally deleted xkiA

(xylulose kinase) to prevent the diversion of xylulose to the PP

pathway. However, the deletion was not beneficial (Meng

et al., 2022).
2.5 Biohydrocarbons (isoprene and
b-farnesene)

Biohydrocarbons, including isoprene and b-farnesene, have
gained prominence as valuable products from biorefineries (Bozell

and Petersen, 2010; Jong et al., 2020). However, the global

production capacity of biohydrocarbons is not reported (Jong

et al., 2020) Isoprene, a C-5 hydrocarbon, is primarily used in the
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polymer industry. It serves as a key ingredient in the synthesis of

various polymer products, including polyisoprene rubber, styrenic

thermoplastic elastomer block copolymers, and butyl rubber

(Czinkóczky and Németh, 2023). On the other hand, b-farnesene
is a C15-alkene, a simple acyclic sesquiterpenoid with diverse

applications in the chemical and agriculture industries. It serves

as a pesticide and a platform chemical for the production of jet

biofuel, vitamin E, cosmetic oil, surfactants, and lubricants (Leavell

et al., 2016). Both of these hydrocarbons are biosynthesized from

isopentyl phosphate (IPP) and dimethylallyl pyrophosphate, which

are generated from either the mevalonate (MVA) or 2-C-methyl-D-

erythritol 4-phosphate (MEP) pathways. Isoprene is produced in a

single step from IPP, while the synthesis of b-farnesene involves

multiple steps (Figure 2) (Czinkóczky and Németh, 2023). One mol

of glucose yielded 0.80 and 0.67 mol of isoprene from the MEP and

MVA pathways respectively. Similarly, 0.28 mol b-farnesene is

biosynthesized from one mol of glucose.

The production of biohydrocarbons from LCB is a relatively

underexplored field, as indicated in Table 2. Wang et al. (2017)

created the recombinant E. coli overexpressing MVA pathway

(containing mvaE and mvaSMT from Enterococcus faecalis) and

ipsS (isoprene synthase, from Papulus alba). The strain could

produce 249-298 mg/L of isoprene from peanut hull hydrolysate

in separate hydrolysis and fermentation, and SSF respectively

(Wang et al., 2017). In another study, recombinant E. coli

overexpressing the MEP pathway and ipsS was created and

employed for the production of isoprene from paper mill sludge

hydrolysate. The recombinant strain produced a very low amount

of isoprene, 190-470 nmol (Duncan et al., 2020).

The production of b-farnesene from LCB was studied by Bi

et al. (2022). They engineered Y. lipolytica by integrating MVA

pathway genes (ERG10, tHMGR, ERG12, ERG13, IDI, ERG20,

ERG8 , and ERG19 under constitutive promoters) into

chromosomes. Additionally, extra copies of key enzymes of the

MVA pathway (EGR8, EGR19, tHMGR, Silicibacter pomeroyi nadh-

HMGR) were overexpressed to further increase flux toward the

MVA pathway. By overexpressing aaBFS (encoding b-farnesene
synthase) derived from Artemisia annua, the recombinant strain

could produce 374-379 mg/L of b-farnesene from lignocellulosic

hydrolysate. In fed-batch fermentation with supplementation of

Mg2+, the production of b-farnesene reached 7.38 g/L (Bi et al.,

2022). You et al. (2019) also employed a similar approach to

develop an E. coli strain capable of producing b-farnesene. They
overexpressed native atoB; S. cerevisiae derived HMGS, tHMGR,

E12, E8, and MVD1; E. coli derived IDI and ispA; and A. annua

derived aaBFS. The resultant strain could produce around 1.25 g/L

of b-farnesene from corncob hydrolysate. Notably, they found that

citrate, generated during the pretreatment of corncob hydrolysate,

affected b-farnesene production, while furaldehyde and its

derivatives had no impact. When ATP citrate lyase was

overexpressed to divert citrate to acetyl-CoA, the b-farnesene
production increased to approximately 2.50 g/L. Further, upon

switching the host strain, the new recombinant was able to

produce 4.06 g/L of b-farnesene in fed-batch fermentation using

corncob hydrolysate (You et al., 2019).
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2.6 Itaconic acid

Itaconic acid (IA), also known as 2-methylidenebutanedioic

acid, was identified as one of the top seven platform chemicals

according to the DOE report of 2004. However, this acid was not

mentioned in the 2010 report. The applications of itaconic acid span

across various industries, including biopolymer production,

medical applications, and agriculture. It is biosynthesized through

the decarboxylation of cis-aconitate in the TCA cycle (Figure 2) The

global production capacity of itaconic acid was reported to be 90

kilotons per year (Jong et al., 2020).

The metabolic engineering approaches used for itaconic acid

production from LCB are summarized in Table 3. Yang et al. (2020),

generated mutant A. terreus by UV-LiCl mutagenesis and employed

it for the production of IA using bamboo residue hydrolysate. The

obtained mutant strain achieved a production of 19.35 g/L of IA

from bamboo hydrolysates with the addition of corn steep liquor.

After optimizing the fermentation process, this mutant strain was

able to produce 22.43 g/L of IA in SSF and 41.54 g/L in fed-batch

fermentation (Yang et al., 2020). However, it is worth noting that IA

concentrations above 20 g/L can be toxic to the producing

microorganism and may hinder IA production. In response to

this, Wu et al. (2017) developed a mutant strain of A. terreus that

was resistant to IA toxicity and could produce 49.65 g/L of IA from

wheat bran hydrolysates (Wu et al., 2017). Hanh et al. (2023)

studied the production of IA from kraft pulp and developed a

recombinant strain of C. glutamicum. This strain overexpressed A.

niger cadA (coding for aconitate decarboxylase, a key enzyme in IA

production) fused with E. coli malE (maltose binding protein) along

with disruption of the lactate pathway. Aconitate decarboxylase is

known to have low stability, so the fusion with maltose binding

protein aimed to enhance protein stability. The resulting strain was

able to produce 6.15 g/L of IA from eucalyptus kraft pulp

hydrolysate (Hanh et al., 2023). In another study, Zhao et al.

(2018) overexpressed A. niger cadA in N. crassa, and produced

10.4 mg/mL of IA from direct corn stalk and 8.6 mg/mL of IA from

direct switch grass.
2.7 1,2,4-Butanetriol

1,2,4-Butanetriol (BT), C4 polyol, is a valuable fine chemical

with a broad range of applications in the polymer, pharmaceutical,

and explosive industries. It is generally used in the synthesis of

polyurethane foams and in anti-cancer and anti-viral medications.

Additionally, BT is also utilized as an energetic plasticizer (Cao

et al., 2015). The synthetic biosynthesis pathway of BT starts from

xylose (Figure 2). One mol of xylose yields one mol of BT.

Table 3 summarizes the metabolic engineering approaches used

for BT production from LCB. In a study performed by Wang et al.

(2018), they identify the efficient enzymes responsible for the

conversion of xylonate into bio-based BT. Enzymes from various

sources, including E., coli, S. cerevisiae, Caulobacter crescentus, L.

lactis, P. putida, Haloferax volcannii, and Pseudomonas sp were

screened. A synthetic BT pathway was constructed (containing C.

crescentus xylB-xylD, L. lactis kdcA, and E. coli adhP) and
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overexpressed in E. coli. The recombinant strain could produce

3.4 g/L of BT from corncob hydrolysates through whole-cell

bioconversion (Wang et al., 2018). Similarly, Bamba et al. (2019)

developed BT-producing S. cerevisiae by integrating another

synthetic BT pathway (containing C. crescentus xylB-xylD and L.

lactis kdcA) along with deletion of the gre3 gene. Additionally, they

deleted bol2 (a negative regulator of iron uptake) and overexpressed

ttyw1 (Fe sequester) to improve the xylD enzyme activity and

protect cells from Fe toxicity. Xylonate dehydrogenase (xylD) is

an iron-containing enzyme and its activity is dependent upon Fe

uptake. In the SSF, the final strain could produce 1.1 g/L of BT with

a molar yield of 20.5% from diluted rice straw hydrolysate, whereas

from undiluted hydrolysate, 0.62 g/L of BT was produced with a

molar yield of 5.5% (Bamba et al., 2019). In another study, the

production of 4.83 g/L of BT was achieved using ethanol-distilled

stillage as feedstock and BT-producing strain Gluconobacter

oxydans (overexpressing E. coli yagf, P. putida mdlc, and native

gox0313) (Mao et al., 2023). Zhao et al. (2019) developed an

interesting two-stage, integrated bioprocess for BT production. In

the first stage, glucose and toxic intermediate present sugarcane

bagasse hydrolysate were converted to ethanol and non-toxic

intermediate by mutant C. glycerinogenes (Dgpd). In the second

stage, the obtained ethanol-distilled stillage containing xylose was

used as feedstock for BT production. They engineered E. coli

(DyagEDydhEDyiaEDycdW-mdlCxdh++) by deleting the diversion

pathway of xylonate towards pyruvate and pentanoic acid and

pushing carbon flux toward BT. The resultant strain could

produce 1.3 g/L of BT from ethanol-distilled stillage. Eventually,

with additional deletion of crr and optimization of fermentation

condition, BT production reached 4.9 g/L of BT with a molar

conversion yield of 0.30 mol/mol xylose. This study demonstrates

an interesting bioprocess for the co-production of value added

products using LCB hydrolysates (Zhao et al., 2019).
2.8 2-Phenylethanol

2-Phenylethanol (2-PE), also known as 2-phenethyl alcohol, is

an alcohol that possesses a delightful fragrance reminiscent of roses.

This aromatic compound has wide applications in the food and

cosmetic industries, where it serves as a flavoring and fragrance

agent. Moreover, it acts as a crucial building block for the synthesis

of 2-Phenylethyl acetate, which exhibits a delightful flavor akin to

honey and roses. The biosynthesis of 2-PE occurs through the

Shikimate and Ehrlich pathways, utilizing either glucose or

phenylalanine as a substrate (Figure 2) (Martıńez-Avila et al., 2018).

The metabolic engineering approaches used for 2-PE

production from LCB are summarized in Table 3. Zhu et al.

(2023) studied the production of 2-PE from corncob hydrolysate

using C. glutamicum. They initially adaptively evolved C.

glutamicum on 2-PE and introduced the Ehrlich pathway by

overexpressing S. cerevisiae aro10 and E. coli yjgB. Additional

modifications included the overexpression of aroG(S180F), pheA

(T326), aroA, ppsA, and tkt genes to enhance carbon flux toward the

phenylpyruvate pathway. Finally, they overexpressed Xanthomonas

campestris xylAB along with E. coli xylE (xylose transporter) to
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TABLE 3 Metabolic engineering efforts for the production of other chemicals using LCB as feedstocks.

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

Itaconic acid

A. terreus UV-LiCl mutagenesis Bamboo
residue

Alkali-
Steam
explosion/a

Batch-SSF 22.43 – 0.23 Yang
et al., 2020

Fed batch-SSF 41.54 – 0.25

A. terreus UV mutagenesis Wheat
bran

Acid hydrolysis/b Batch 49.65 Wu et al., 2017

C. glutamicum Deletion: ldh
Overexpression: cadA from A.
niger fused with malE from
E. coli

kraft pulp Enzyme
hydrolysis/a

Batch 6.15 – – Hanh
et al., 2023

N. crassa Overexpression: cadA from
A. niger

Corn stalk – Batch 10.4c – – Zhao
et al., 2018

Switch
grass

– Batch 8.6c – –

1,2,4-Butanetriol

E. coli BL21 Overexpression: xylB-xylD
from C. crescentus; kdcA from
L. lactis and adhP from E. coli

Corn cob Acid hydrolysis/b Whole
cell
biotransformation

3.4 – – Wang
et al., 2018

S. cerevisiae Deletion: gre3, bol2;
Overexpression: xylB-xylD
from C. crescentus, kdcA from
L. lactis, native ttyw1

Rice straw Hydrothermal/a Batch-SSF 0.62-
1.1

20.5-
5.5%d

– Bamba
et al., 2019

Gluconobacter
oxydans

Overexpression: yagf from E.
coli, mdlc from P. putida and
native gox0313

Ethanol
distilled
stillage

Obtained after
ethanol
fermentation

Whole
cell
biotransformation

4.83 34.2% 0.081 (Mao
et al., 2023

E. coli Deletion: yagE, ydhE, yiaE,
ycdW; Overexpression: mdlC
and xdh

Ethanol
distilled
stillage

Obtained after
ethanol
fermentation

Batch 1.3 – – Zhao
et al., 2019

Deletion: yagE, ydhE, yiaE,
ycdW, crr; Overexpression:
mdlC and xdh

Batch 4.9 0.30e 0.1

2-Phenylethanol

C. glutamicum Adaptive evolution on 2PE;
Deletion: gre3, bol2;
Overexpression: native aroG
(S180F), pheA(T326), aroA,
ppsA, and tkt; aro10 from S.
cerevisiae; yjgB and xylE from
E. coli; xylAB from
Xanthomonas campestris

Corn stalk Enzyme
Hydrolysis/b

Batch 3.28 – – Zhu et al., 2023

E. coli Deletion: xkdEG, ldh, pyk,
hisC, tyrA, dha and sacP;
Overexpression: yugJ, aroK,
aroD, aroGfbr, glcU, glcK,
ptsG, cscB from E. coli; sucP
from Bifidobacterium
adolescentis; native kivD and
pheA(T326)

Sugarcane
molasses
+ Glycerol

Activated carbon
and diatomite/b

Fed-batch 6.43 – 0.11 Xu et al., 2023

K. marxianus Deletion: abz1, aro8 and eat1;
Overexpression: aro4(K221L),
aro7(G141S), pha2, and aro10

Corn
stover

Piromyces sp.
UH3-
1 fermented

Batch ~400
mg/L

– – Hillman
et al., 2021

Poplar ~400
mg/L

– –

(Continued)
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install the xylose isomerase pathway. The resultant recombinant

could produce 3.28 g/L of 2-PE from corn stalk hydrolysate (Zhu

et al., 2023). Xu et al. (2023) developed the E. colimutant to produce

2-PE from sugarcane molasses. They used previously engineered E.

coli for 2-PE production from glucose as a host strain and made

several modifications to the sucrose catabolism pathway. They

replaced the PTS-dependent sucrose transporter with a non-PTS

transporter (E. coli cscB) and integrated sucrose phosphorylase

(sucP) from Bifidobacterium adolescentis to supply more PEP

toward the phenylpyruvate pathway. Additionally, they

overexpressed kivD and pheA(T326). The recombinant strain

produced 2.21 g/L and 3.59 g/L of 2-PE from untreated and
Frontiers in Industrial Microbiology 16
carbon and diatomite pretreated molasses, respectively, in flask-

scale experiments. Through fed-batch fermentation and media

optimization, they achieved a production of 6.43 g/L of 2-PE with

a productivity of 0.11 g/L/h (Xu et al., 2023). Hillman et al. (2021)

used the two-stage, integrated bioprocess for 2-PE production from

LCB hydrolysate. In the initial stage, different lignocellulosic

feedstocks such as corn stover, poplar, and alfalfa were

saccharified by Piromyces indianae, eliminating the need for

commercial hydrolytic enzymes. In the subsequent stage, 2-PE

was produced using P. indianae-fermented hydrolysates as

feedstock. They engineered K. marxianus to serve as a 2-PE

producer by overexpressing key genes of the Shikimate and
TABLE 3 Continued

Strain Metabolic
engineering

LCB Fermentation Titre
(g/L)

Yield
(g/g)

Productivity
(g/L. h)

References

Source Pre-
treatment

Alfalfa ~400
mg/L

– –

2,3-Butanediol

Enterobacter
aerogenes

Deletion: ldhA, pflB, ptsG Sugarcane
bagasse

Acid-
hydrolysis-
Saccharification/b

Fed-batch 66-
66.4

0.36-
0.42f

0.82-1.14 Kim et al., 2020

Deletion: ldhA, pflB, ptsG;
Overexpression: native
budABC, galP with modified
ribosomal binding, maeA

Fed-batch 110-
114.3

0.44-
0.48f

1.00-1.49

E. coli W Overexpression: budABC
from E. cloacae
subsp. dissolvens

Sugar
beet
molasses

– Fed-batch 56.30 0.44f 1.31 Erian
et al., 2018

K.
pneumoniae

Deletion: wabG, ldhA
and pflB

Kenaf
core
biomass

Calcium
peroxide-
Saccharification/a

Batch 10.42 0.385f – Saratale
et al., 2018

S. cerevisiae Deletion: pdc1, pdc5, pdc6,
gpd1 and gpd2;
Overexpression: alsS and alsD
from B. subtilis, and native
bdh1, noxE from L. lactis

Cassava
chips

Steam-
Saccharification/a

Fed-batch 132 0.324g 1.92 Lee and
Seo, 2019

Batch 81.20 0.305g 1.89

S. cerevisiae Deletion: pdc1, pdc5, pdc6,
and adh1; Overexpression:
alsS and alsD from B. subtilis,
and native bdh1, noxE from
L. lactis, pdc1 from
C. tropicalis

Cassava
chips

Enzyme
Hydrolysis/a

Batch 47.4 0.392g 1.03 Kim et al., 2019

E. cloacae ARTP mutation Corn cob Acid hydrolysis/a Batch 23.2 0.44f – Wu et al., 2019

E. ludwigii EMS mutagenesis brewers’
spent
grain

Microwave-
assisted alkali
hydrolysis-
Saccharification/a

Fed-batch 118.5 0.43g 1.65 Amraoui
et al., 2022

Sugarcane
bagasse

– Fed-batch 68.2 0.38 0.9 Narisetty
et al., 2021a

K. oxytoca Integration of E. coli xylE in
mgsA loci; adaptive evolution
on xylose

Sunflower Enzyme
Hydrolysis/a

Batch 6.11 0.34f 0.76 Cha et al., 2020

Pine tree Acid
hydrolysis-
Saccharification/a

Batch 5.82 0.3f 0.73
ARTP, Atmospheric and room temperature plasmamutation; EMS, ethyl methane sulfonate (EMS); aun-detoxified; bdetoxified; cmg/ml dmolar yield percentage; eyield mol per mol; fyield on total
sugar consumed, gyield on consumed glucose.
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Ehrlich pathways [aro4(K221L), aro7(G141S), pha2, and aro10]

and deleting diverting pathways (abz1, aro8 and eat1). The final

resultant K. marxianus could produce approximately 400 mg/L of

2-PE from P. indianae hydrolysate (corn stover or poplar or alfalfa)

(Hillman et al., 2021).
2.9 2,3-Butanediol

2, 3-butanediol (BDO), is a type of C4-diols, that has extensive

applications in the production of synthetic rubber, resin, paints,

aviation fuel, and lotions. The biosynthesis of BDO occurs through

the mixed acid-BDO pathway, starting from glucose as the primary

carbon source (Figure 2) (Hakkim et al., 2020). In this pathway, one

mole of glucose yields one mole of BDO.

The metabolic engineering approaches used for BDO

production from LCB are summarized in Table 3. Kim et al.

(2020) engineered E. aerogenes for the production of BDO from

sugarcane bagasse. They used triple mutant E. aerogenes

(DldhADpflBDptsG) as a host strain and overexpressed the native

BDO pathway (budABC operon) and galP with modified ribosomal

binding to improve glucose uptake and BDO production. The malic

isoenzyme maeA was also co-expressed to reduce PEP

accumulation. The resultant recombinant achieved the BDO

production of 128.4 g/L with a yield of 0.49 g/g from sugarcane

bagasse hydrolysate in flask scale. In fed-batch fermentation, BDO

production ranged between 110-114.3 g/L depending on aeration

conditions, a significant improvement compared to the triple

mutant strain which produced only 66-66.4 g/L of BDO (Kim

et al., 2020). In another study, Erian et al. (2018) investigated the

potential of another BDO pathway derived from E. cloacae subsp.

dissolvens (budABC) using sugarcane molasses. They overexpressed

budABC derived from E. cloacae subsp. dissolvens in E. coli W, and

achieved a BDO production of 56.30 g/L in pulse-fed batch

fermentation. Similarly, Lee and Seo (2019) engineered S.

cerevisiae for the production of BDO from cassava hydrolysate.

They first deleted pyruvate decarboxylase (pdc1, pdc5, and pdc6)

and alcohol dehydrogenase (adh1) to block ethanol production. The

BDO pathway (containing B. subtilis alsS and alsD, and native

bdh1) was then overexpressed, along with L. lactis noxE for redox

balance. The recombinant strain could produce 81.2 g of BDO in

batch fermentation, and 132 g/L in fed-batch fermentation using

cassava hydrolysates (Lee and Seo, 2019). In a subsequent study,

they disrupted the glycerol production pathway by deleting gpd1

and gpd2, and overexpressed C. tropicalis pdc1 to achieve glycerol-

free BDO. The resultant recombinant produced 47.4 g/L of BDO

with a negligible amount of glycerol from cassava hydrolysate (Kim

et al., 2019). Saratale et al. (2018) also reported a production of

10.42 g/L of BDO from kenaf core powder hydrolysate using

engineered K. pneumoniae (DwabGDldhADpflB).
In a study conducted by Wu et al. (2019), inhibitor-tolerant E.

cloacae was generated using the ARTPmutation technique and used

for the production of BDO from LCB hydrolysate. One mutant with

increased inhibitor tolerance could produce 23.2 g/L of BDO with a

yield of 0.44 g/g sugar from corncob hydrolysate (Wu et al., 2019).

Amraoui et al. (2022) adopted random mutagenesis using ethyl
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methane sulfonate (EMS) to mutate E. ludwigii. Through optimized

fed-batch fermentation, the mutant strain exhibited impressive

BDO production levels of 118.5 g/L from brewers’ spent grain

hydrolysate with a sugar-to-BDO conversion efficiency of 0.43 g/g.

The mutant strain also produced 68.2 g/L of BDO from detoxified

sugarcane bagasse hydrolysate (Narisetty et al., 2021a; Amraoui

et al., 2022). For enhanced BDO production from xylose, Cha et al.

(2020) conducted adaptive evolution by integrating E. coli xylE into

themgsA loci of engineered K. oxytoca. The adapted strain achieved

BDO production levels of nearly 6.11 g/L and 5.82 g/L from

sunflower and pine tree hydrolysates, respectively (Cha et al., 2020).
3 Metabolic engineering for hurdles in
lignocellulose biorefinery

3.1 Metabolic engineering for
inhibitors tolerance

The presence of a wide range of toxic compounds in

lignocellulosic hydrolysates is a significant challenge for

microbial-based production of value-added chemicals. These toxic

compounds can negatively impact microbial growth, metabolism,

and product formation. Pretreatment of LCB generates more than

60 different types of toxic chemicals depending upon the types of

LCB and the pretreatment process itself. The most commonly

generated inhibitors are aldehydes (furfural, methylglyoxal,

vanillin), ketones (furanone, pentenone, acetone), phenolic

(cresol, guaiacol), acid (acetic acid, formic acid, levulinic acid),

and alcohol (methanol, propanol). The mechanism of toxicity

widely varies depending upon the types of inhibitors. For

example, acetic toxicity is associated with membrane damage,

disruption of the proton gradient, and accumulation of anions.

Aldehyde and ketone toxicity is related to protein damage.

Similarly, phenolic compound and alcohol toxicity is linked to

membrane stress and integrity (Jayakody et al., 2022).

The different metabolic engineering approaches used to

improve microbial tolerance towards inhibitors derived from LCB

are summarized in Table 4. One of the strategies for enhanced

inhibitor tolerance is engineering the transcriptional or regulation

factor. Luo et al. (2018) mutated the global regulator irre (A43T,

D95G, and P261L) derived from Deinococcus radiodurans and

overexpressed in S. cerevisiae. The resulting yeast strain exhibited

improved growth rates and ethanol productivity in the presence of

inhibitors such as furfural, 5-hydroxymethylfurfural, formic acid,

and acetic acid, either individually or in combination (Luo et al.,

2018). In another study, the two native transcriptional regulators,

haa1p and tyeP, were overexpressed in evolution-engineered S.

cerevisiae (harboring S. stipitis xyl1 and xyl2, and A. aculeatus

bgl1). The final strain could produce 47.50 g/L ethanol with a yield

of 0.44 g/g from corn stover hydrolysate, 6.37% higher compared to

the host strain (Li et al., 2021a). Similarly, Nouri et al., 2020

overexpressed hfq (transcriptional regulator) and sigE

(transcription factor) in Zymomonas mobilis. The overexpression

of these regulatory factors improved the strain’s ability to convert

sugars to ethanol under inhibitory conditions. The recombinant Z.
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TABLE 4 Metabolic engineering efforts for improved tolerance against inhibitors derived from LCB.

Strain Metabolic engineering LCB Titre
(g/L)

Yield
(g/
g)d

Remarks References

Genetic
Background

Tolerance Source Pre-
treatment

S. cerevisiae Overexpression:
S. stipitis xyl1
and xyl2, and A.
aculeatus bgl1;
evolutionary
engineered

Overexpression:
haa1p and tyeP

Corn stover Steam
explosion-
Saccharification/a

47.50 0.44 6.37% higher
ethanol
production

Li et al., 2021a

Z. mobilis Wild type Overexpression:
hfq

Sugarcane
bagasse

Acid hydrolysis/a 1.5 44% Significant
improvement in
ethanol
production

Nouri
et al., 2020

Overexpression:
sigE

3.6 72%

Thermoanaerobacterium
aotearoense

Wild type Deletion:
argR1864

Soybean
straw

Acid hydrolysis/a 3.55 0.34 Ethanol
production
enhanced by
113.89-366.36%

Qu et al., 2021

Sorghum
stalk

4.44 0.36

Wheat Straw 4.99 0.37

Clostridium
saccharoperbutylacetonicum

Wild type Adaptive
evolution on
hemicellulose
hydrolysate:
araE deletion;
mutation in sigI

Hemicellulose Hydrothermal 16.7 – Increased
tolerance toward
5-HMF and
acetic acid; used
for
butanol
production

Alves
et al., 2021

P. acidilactici Overexpression:
xylAB_2911,
tkt_tal; Deletion:
ldh, pkt;
adaptively
evolution
on xylose

Deletion:
DackA2;
Overexpression:
ZMO1116 from
Z. mobilis;

Corn stover Acid hydrolysis/b 123.8 – 21.4% more D-
lactic acid in
presence of
p-benzoquinone

Qiu
et al., 2020b

Overexpression:
murG

Corn cob Acid hydrolysis/a ~6-10 – Significant
improvement;
Wild type only
produced ~3-6
g/L

Qiu
et al., 2023a

Overexpression:
mraY

~9-13 –

Overexpression:
murG, mraY

~8-12 –

C. tyrobutyricum Wild type Overexpression:
sdr from
Clostridium
beijerinckii
and grosESL

Corn cob Acid hydrolysis/a 32.8 – 28% higher
butyric acid

Suo et al., 2019

Z. mobilis Wild type Overexpression:
zmo3_rs07160
from Z. mobilis

Corn stover Steam
explosion/b

~30-
45

– 23.6% higher
ethanol in
separate
hydrolysis and
fermentation,
and 21.8%
higher in SSF

Yan et al., 2021

S. cerevisiae Deletion: ethanol
pathway;
Overexpression:
Leuconostoc
mesenteroides
lactate
dehydrogenase

Overexpression:
gre2 (P48S
+I290V
+D133D),
evolved

Wheat straw Steam/a ~50 – 2.5-3 times
higher ethanol

Lam et al., 2021

Corn stover Steam-
Low acid/a

50 –

Corn stover ~60 –

(Continued)
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mobilis produced 1.5-3.6 g/L ethanol with a yield of 44-72% from

sugarcane bagasse hydrolysate, while the wild type produced a

negligible amount of ethanol (Nouri et al., 2020). Qu et al. (2021)

deleted argR1864, the negative regulator of the stress response system

(DnaK-DnaJ-GrpE system and GroEL-GroES chaperonin) in

Thermoanaerobacterium aotearoense, and the ethanol production

from soybean straw, sorghum and wheat hydrolysate was improved

by 113.89-366.36% (Qu et al., 2021). An improved tolerance toward

furfural and acetic acid in Saitozyma podzolica by deletion of

transcriptional regulator creE was also reported by Ran et al.

(2023). In another study by Alves et al. (2021), the deletion of

arabinose transcriptional regulator araE along with mutation in sigI

was reported to be responsible for enhanced tolerance toward acetic

acid and 5-hydroxymethyl-furfural in evolved strain C.

saccharoperbutylacetonicum (Alves et al., 2021). These studies

highlight the significance of genetic engineering and the

modulation of transcriptional regulators or factors in improving

microbial tolerance to inhibitors, ultimately contributing to the

development of more robust and efficient microbial cell factories for

lignocellulose biorefinery applications.
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Another effective approach for inhibitor tolerance is to engineer

microorganisms to metabolize these toxic compounds into non-

toxic intermediates. Qiu et al. (2020b), designed a P. acidilactici

strain capable of metabolizing aldehyde inhibitors. They used

previously developed P. acidilactici (for D-lactic production from

LCB hydrolysate) as a host strain and integrated Z. mobilis

ZMO1116 gene encoding oxidoreductase, which converts p-

benzoquinone to less toxic hydroquinone. This genetic

modification allowed the recombinant strain to produce

significantly higher levels of D-lactic acid from corn stover

hydrolysate containing p-benzoquinone, compared to the host

strain. The recombinant could produce 123.8 g/L of D-lactic acid

from corn stover containing p-benzoquinone (300 mg/L), while the

host strain produced 21.4% lesser D-lactic acid (102 g/L) (Qiu et al.,

2020b). Suo et al. (2019) also overexpressed aldo/keto reductase

from Clostridium beijerinckii in C. tyrobutyricum. This reductase

has activity against furan aldehydes and phenolic compounds,

common inhibitors in LCB hydrolysates. The resultant

recombinant could produce 18.30 g/L butyric acid from corncob

acid hydrolysate in flask scale. Additional co-expression of grosESL
TABLE 4 Continued

Strain Metabolic engineering LCB Titre
(g/L)

Yield
(g/
g)d

Remarks References

Genetic
Background

Tolerance Source Pre-
treatment

Deacetylation-
Mechanically
Refined/a

Engineered for
xylose utilization

Miscanthus Steam-
Dilute Acid/a

~76 – host strain
produced < 15 g/
L lactic acid

Corn stover Steam-
High Acid/a

70 –

Sugarcane
bagasse

High
Pressure-Acid/a

~61 –

P. putida Wild type Deletion:
gtsABCD
and gcd

Corn stover Acid hydrolysis/a 35.8c 0.80 Consumption of
furan aldehyde:
100%,
Consumption of
phenolic
compound: 90%;
B. coagulans
produced lactic
acid from P.
putida
(engineered)
detoxified
hydrolysate, no
production
from
undetoxified

Zou et al., 2021

Deletion:
gtsABCD and gcd

Overexpression:
pp_rs19785
(A7D),
pp_rs18130
(I22K, R23),
pp_rs20740
(V338F)

Real
hydrolysate

– – – 2-9 fold
improvement in
cell growth

Zou et al., 2022
Titer and productivity, provided value is of target product; HMF, 5-hydroxymethyl furfural; aun-detoxified; bdetoxified; csequential co-culture; dyield on total sugar consumed.
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further increased the productivity to 20.5 g/L. In batch

fermentation, the recombinant could produce 28.1% higher

butyric acid (32.8 g/L) with 52.6% better productivity as

compared to the wild type (Suo et al., 2019). A study on the

identification of vanillin detoxifying enzyme was conducted by

Yan et al. (2021). They adaptively evolved Z. mobilis on corn

stover hydrolysate and identified zmo3_rs07160 encoding short-

chain oxidoreductase as a responsible gene for vanillin tolerance.

With the homologous overexpression of zmo3_rs07160, the

recombinant strain produced 23.6% higher ethanol in separate

hydrolysis and fermentation, and 21.8% higher ethanol in

simultaneous saccharification and co-fermentation using corn

stover hydrolysate (Yan et al., 2021). In another study, Lam et al.

(2021) tested different reductases from S. cerevisiae and S. stipitis

showing activity toward furfural and hydroxymethylfurfural. They

identified S. cerevisiae gre2 as the most efficient one and evolved it

through directed evolution for improved detoxifying activity.

Overexpression of the evolved gre2, in combination with other

modifications such as elevated K+ and a pH buffering system,

significantly enhanced the production of ethanol and D-lactic

acid from various lignocellulosic feedstocks. The recombinant S.

cerevisiae (ethanol-handicapped strain expressing L. mesenteroides

lactate dehydrogenase) could produce nearly 50 g/L of D-lactic acid

from wheat straw, 1ow-acid corn stover, and approximately 50 g/L

DMR corn stover, while the host strain only produced less than 20

g/L of D-lactic acid. Similarly, recombinant S. cerevisiae (engineered

for xylose consumption) produced approximately 76 g/L of D-lactic

acid from miscanthus, 70 g/L from high-acid corn stover, and

approximately 60 g/L from sugarcane bagasse, while the host strain

produced only less than 15 g/L (Lam et al., 2021). Chen et al. (2016)

also previously reported production of as high as 86 g/L ethanol (>

10 volume%) from DMR corn stover (without purification or

concentration) using recombinant Z. mobilis (Chen et al., 2016).

In a subsequent study, the recombinant produced around 60 g/L

ethanol from recycled DMR hydrolysate liquors (Chen et al., 2018).

In addition to this, several other studies have been conducted to

identify and use oxidoreductase for tolerance improvement but

were not evaluated using LCB hydrolysate (Kim et al., 2022b; Ramzi

et al., 2022; Willson et al., 2022; Chang et al., 2023; Wang

et al., 2023).

Zou et al., 2021 generated inhibitor-tolerant P. putida by

disrupting the glucose metabolism (phosphorylation and

oxidation route) by deleting gtsABCD (ATP-dependent sugar

transporter) and gcd (glucose dehydrogenase). The resulting

engineered P. putida strain could utilize various LCB-derived

inhibitors (furan aldehyde, acetic acid, levulinic acid, vanillin, p-

coumarate, vanillate, ferulate, and 4-hdyroxybenzoate) as the sole

carbon source. In two-stage microbial co-culture fermentation, B.

coagulans produced 35.8 g/L lactic acid from P. putida

(DgtsABCDDgcd) detoxified LCB hydrolysate while there was no

production with undetoxified LCB hydrolysate (Zou et al., 2021). In

a subsequent study, they adaptively evolved P. putida

(DgtsABCDDgcd) on furfural to further enhance its tolerance to

this specific inhibitor. They identified four key mutations in genes

related to an ABC transporter and a hypothetical protein that were

responsible for improved furfural tolerance [in pp_rs19785 (A7D)
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and pp_rs18130 (I22K, R23) encoding ABC transporter; pp_rs20740

(V338F) encoding a hypothetical protein]. These mutations were

then overexpressed in the engineered P. putida strain. The resulting

recombinant strain exhibited significantly improved cell growth and

fermentability in real pretreated lignocellulosic biomass

hydrolysates, thus making it a more robust candidate for

bioconversion processes (Zou et al., 2022). Jiménez-Bonilla et al.

(2020) overexpressed efflux pump-encoding gene srgB from P.

putida srgB in C. saccharoperbutylacetonicum. This modification

resulted in improved tolerance of the recombinant strain to furfural

and ferulic acid, and could produce more than 14 g/L of butanol in

the presence of these inhibitors. The production was similar to its

performance under regular fermentation conditions (Jiménez-

Bonilla et al., 2020). Similarly, Kurgan et al., 2019 identified small

multidrug resistance pumps (encoded by mdtJI and sugE) and one

glycolate/lactate permease (encoded by lldP) as an efflux transporter

of furfural. The integration of mdtJI improved the cell biomass of

the engineered strain by 4.8-fold in the presence of 1 g/L of furfural

(Kurgan et al., 2019). In another study by Yi et al. (2021), potential

transporters responsible for furfural and 5-hydroxymethyl-furfural

tolerance were identified. These transporters include ABC

transporter (ZMO0799 and ZMO0800), MFS transporter

(ZMO1288 and ZMO1856), and RND transporter (ZMO0282

and ZMO0798) (Yi et al., 2021). However, further research was

not conducted to demonstrate its role. Qiu et al. (2023a)

strengthened the cell wall of P. acidilactici strains for improved

inhibitor tolerance. They overexpressed key genes involved in

peptidoglycan biosynthesis (murG and/or mraY) in a previously

developed P. acidilactici for lactic acid production. All the

recombinant strains produced higher lactic acid compared to

the host strain; the highest lactic acid and cell growth was shown

by the recombinant overexpressing mraY . It produced

approximately 9-13 g/L lactic acid from 20% and 50% pretreated

corncob liquor (Qiu et al., 2023a).

All the studies discussed above demonstrate diverse approaches,

including the engineering of transcriptional regulators, conversion

of toxic compounds into non-toxic ones, overexpression of efflux

pumps, efflux transporters, and cell wall reinforcement, to enhance

the tolerance of microbial strains to LCB hydrolysate inhibitors,

enabling more efficient and productive bioconversion processes.
3.2 Metabolic engineering for co-utilization
of lignocellulosic sugars

The co-utilization of various sugars derived from LCB is a

critical aspect of lignocellulose biorefinery and presents several

challenges. Two primary challenges associated with the

simultaneous co-utilization of LCB-derived sugars are glucose

repression and either the presence of inefficient xylose catabolic

pathways or complete absence. Glucose, the most abundant sugar

released during LCB hydrolysis, can exert repression on the

utilization of other sugars, such as xylose and arabinose, which

results in incomplete consumption of sugars like xylose and

arabinose. Overcoming glucose repression is essential for

achieving efficient co-utilization of multiple sugars. In addition,
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many microorganisms do not possess an efficient native xylose

catabolic pathway. Consequently, these organisms struggle to

efficiently ferment xylose, which is one of the major sugars

derived from LCB. Engineering microorganisms to develop or

enhance xylose catabolic pathways is equally crucial for achieving

the co-utilization of glucose and xylose.

Various metabolic engineering approaches have been employed

to enable the simultaneous metabolism of all sugars derived from

LCB (Table 5). Elmore et al. (2020) engineered P putida to co-utilize

a variety of sugars present in corn stover hydrolysate. They deleted

genes associated with glucose metabolism/repression (gcd, crc) and

introduced pathways for xylose metabolism (xylAB-mutated xylE*)

and arabinose metabolism (araACBDE) derived from E. coli and B.

amifraia respectively. In addition, PP pathway enzymes tkt, tal, and

rpe1 were overexpressed. This resulted in a P. putida strain that

efficiently co-consumed all sugars (glucose, xylose, arabinose)

including p-coumaric acid and acetic acid derived from corn

stover hydrolysate, with maximum sugar utilization rates up to

3.3 g/L/h, sugar specific-utilization rates up to 1.29 g utilized sugar/g

cell/h, and growth rates over 0.2 h-1 (Elmore et al., 2020). A similar

strategy was used to engineer S. cerevisiae by Huang et al. (2019b).

They first overexpressed Bacteroides vulgatus-derived xylose

metabolism and L. plantarum-derived arabinose metabolic

pathways in S. cerevisiae. Through adaptive evolution on xylose

and arabinose, they obtained a strain capable of co-utilizing xylose
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and glucose, achieving high ethanol production (54.11 g/L) from

wheat straw hydrolysate (Huang et al., 2019b). To develop a sugar

co-utilizing strain of C. tyrobutylicum, Fu et al. (2022) deleted hprK

(associated with glucose repression) and xylR (a negative regulator

of the xylose operon). The resulting strain showed no glucose

repression and significantly improved xylose consumption by 72-

94%. Eventually, the engineered C. tyrobutylicum (DhprKDxylR)
could produce 12.4-13.37 g/L butyrate from undetoxified corn cob,

wheat straw, and soybean straw hydrolysates, 21-39% higher

compared to wild type (Fu et al., 2022). Schizochytrium sp. is a

non-efficient xylose-metabolizing strain. Wang et al. (2022b)

created an efficient xylose-metabolizing Schizochytrium sp by

introducing the xylose isomerase pathway (consisting of

Piromyces sp xylose isomerase and S. cerevisiae xylulose kinase).

The resultant recombinant completely co-consumed glucose and

xylose and produced 5.3 g/L of lipid from corn stover hydrolysate,

while the wild strain produced 30.4% less (Wang et al., 2022b).

Similarly, non-xylose consuming S. cerevisiae was converted into

utilizing xylose by disrupting genes (gre3 and pho13), integrating

the xylose isomerase pathway (consisting of Piromyces sp mutated

xylA*3, native xylulokinase) and S stipitis tal1, and evolutionary

engineering on xylose. The evolved strain simultaneously co-

consumed glucose and xylose without affecting the xylose

consumption rate (Hoang et al., 2018). In a subsequent

investigation, they further modified the evolved strain by
TABLE 5 Metabolic engineering efforts for improved sugar utilization derived from LCB.

Strain Metabolic
engineering

LCB Titre
(g/L)

Productivity
(g/L/h)

Remarks References

Source Pre-
treatment

P. putida Deletion: gcd, crc;
Overexpression: xylAB-xylE*
from E. coli; araACBDE from
B. amifraia; native tkt, tal,
and rpe1

Corn
stover

Deacetylation-
Saccharification/a

– – All sugars are completely
and simultaneously
consumed with sugar
specific-utilization rate of
1.29 g utilized sugar/g cell/h

Elmore
et al., 2020

S. cerevisiae Overexpression: xylA from
Bacteroides vulgatus and
araBAD from L. plantarum;
adaptive evolution on xylose,
arabinose, and acetic acid

Wheat
straw

NA 54.11 1.18 Sugars are co-consumed
with maximal sugar
consumption rate of 2.61
(glucose) and 0.54 (xylose)
g/g DCW/h; used for
ethanol production

Huang
et al., 2019b

C.
tyrobutylicum

Deletion: hprK and xylR Wheat
straw

Acid-
hydrolysis-
Saccharification/a

11.65 0.32 enhanced xylose
consumption by 72-94%;
21%-39% higher
butyrate production

Fu et al., 2022

Soybean
straw

12.40 0.34

Corn cob 13.37 0.28

Schizochytrium
sp

Overexpression: XI from
Piromyces sp and XK from
S. cerevisiae

Corn
stover

Alkali-
hydrolysis-
Saccharification/a

5.3 NA Enhanced DCW by 42.7%
and lipid production
by 30.4%

Wang
et al., 2022b

S. cerevisiae Deletion: gre3, pho13 and asc1;
Overexpression: mutant
xylA*3 from Piromyces sp,
native xylulokinase, S stipitis
tal1; rpe1, evolutionary
engineering on xylose

Miscanthus Acid-
hydrolysis/b

30.1 0.31c Simultaneously co-
consumed glucose and
xylose with sugar
consumption rate of 0.66
(total) and 0.23 (xylose) g/
g/h; used for
ethanol production

Tran
et al., 2020
Titer and productivity, provided value is of target product; DCW, dry cell weight; aun-detoxified; bdetoxified; cg/g/h.
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introducing an additional copy of xylA*3 and rpe1 onto the asc1

locus to enhance the efficiency of xylose metabolism. As a result, the

engineered S. cerevisiae exhibited a notable improvement in the rate

of xylose consumption, achieving 0.40 g/L/h during mixed sugar

fermentation. During bioethanol fermentation, the strain

demonstrated a xylose consumption rate of 0.23 g/g/h and an

overall sugar consumption rate of 0.66 g/g/h. Moreover, it

produced 30.1 g/L of ethanol with a sugar-to-ethanol yield of 0.48

g/g, utilizing miscantus hydrolysates (Tran et al., 2020). Numerous

other studies have also been conducted to develop xylose-

consuming strains by incorporating the xylose isomerase pathway

(Kim et al., 2022a; Yook et al., 2020; Zan et al., 2021;

Ling et al., 2022).

In addition to the xylose isomerase pathway, some studies have

explored the xylose oxidative pathway as an alternative route for

xylose metabolism. Promdonkoy et al. (2019) conducted a study to

screen efficient xylose oxidative pathways for xylose utilization.

They introduced xylose oxidative pathways derived from different

yeasts, including C. tropicalis, C. shehatae, S. stipitis, and

Spathaspora passalidarum into S. cerevisiae. Among these, the

recombinant strain overexpressing the S. stipitis xylose oxidative

pathway exhibited the highest cell growth on xylose. To further

enhance xylose metabolism, they overexpressed a mutant hexose

transporter (HXT7-F79S) to improve xylose influx and deleted the

genes gre3 and pho13. These modifications resulted in a strain with

an improved specific growth rate on xylose (Promdonkoy et al.,

2019). Jeong et al. (2020) compared xylose isomerase and oxidative

pathway by introducing Orpinomyces sp. xylA-P stipitis xyl3 and P

stipitis xyl123 respectively, in the ald6 locus of S. cerevisiae. The

recombinant overexpressing xylose oxidative pathway

demonstrated consumption of a higher percentage of xylose

(90%) compared to the strain using the xylose isomerase pathway

(10%) (Jeong et al., 2020). Chattopadhyay et al. (2020) identified the

two xylose transporters (CtStp1 and CtStp2) in C. tropicalis that

were not influenced by glucose. When these transporters were

heterologously overexpressed (CtStp1 or CtStp2) along with the

xylose oxidative pathway (P. stipitis xyl1 and xyl2, and S. cerevisiae

xks1) in a null mutant S. cerevisiae strain lacking hexose

transporters, the recombinants exhibited the simultaneous co-

consumption of glucose and xylose (Chattopadhyay et al., 2020).

In addition to this, several other strategies such as the disruption

of ptsGHI and overexpression of sugar transporter for the efficient co-

utilization of sugars were already discussed in Section 2.
4 Metabolic engineering and techno-
economic analysis

The current global production of bio-based chemicals and

polymers is estimated to be approximately 90 million metric tons.

This production is expected to contribute significantly to the

revenue of the global chemical industry, with an estimated value

of US$ 10 billion. The global production capacity and market

values of chemicals mentioned above are provided in Table 6.
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Mancini et al. (2022) performed a techno-economic analysis

(TEA) of 4 different biosuccinic acid production processes using

corn stover as feedstock: Reverdia, Bioamber, Michigan State

University patents (MSUP), and conceptual. Process I (Reverdia)

used engineered S. cerevisiae and produced 43 g/L of succinic acid

with a yield of 0.69% and a productivity of 0.45 g/L/h. Process II

(Bioamber) employed engineered Issaichenkia orientalis, resulting

in the production of 48.2 g/L of succinic acid with a yield of 0.45%

and a productivity of 0.97 g/L/h. Process III used A. succinogenes

and produced 42.8 g/L of succinic acid with a yield of 0.74% and a

productivity of 0.43 g/L/h. Process IV (conceptual) also used A.

succinogenes but in an immobilized form. It produced 39.6 g/L of

succinic acid with a yield of 0.78% and a productivity of 1.77 g/L/h

(or 45.7 g/L with a productivity of 2.16 g/L/h). The calculated

product cost (PC) and minimum selling price (MSP) of these

processes were as follows: Process I – PC of $33.40 million per

annum with an MSP of $2.3 per kilogram; Process II - PC of $51.34

million per annum with an MSP of $3.2 per kilogram; Process III -

PC of $37.83 million per annum with an MSP of $2.6 per kilogram;

and Process IV - PC of $26.63 million per annum with an MSP of

$1.40 per kilogram. Compared to fuel-based succinic acid with an

MSP of $2 per kilogram, Process I would be cheaper, both Process I

and Process III could be competitive, and Process III may not be

profitable (Mancini et al., 2022). In another study by Dickson et al.

(2021), a detailed TEA was conducted for succinic acid production

using different feedstocks, including glucose, corn stover, glycerol,

and seaweed, with A. succinogenes. The lowest MSP for succinic acid

(ranging from $1.6 to $1.9 per kilogram) was estimated to be when

glycerol was used as the feedstock. With acid-thermal pretreated

corn stover, the MSP was slightly higher, ranging from $1.7 to $2

per kilogram. The production of biosuccinic acid using glycerol and

corn stover could be cheaper compared to fuel-based succinic acid

(Dickson et al., 2021). In conclusion, through metabolic engineering

of the host strain and the appropriate choice of feedstock,

biosuccinic acid can be made competitive with petroleum-based

succinic acid.

In a study conducted by Liu et al. (2015), a TEA was performed

for the production of L-lactic acid from corn stover using

engineered P. acidilactici. This engineered strain was capable of

producing 104.5 g/L of L-lactic acid with an overall yield of 71.5%.

When acid-pretreated and biodetoxified corn stover was used as the

feedstock, the MSP of L-lactic acid was calculated to be $0.523 per

kilogram. They also suggested that further engineering of P.

acidilactici to enable the conversion of xylose to L-lactic acid

could significantly reduce the price (Liu et al., 2015). However,

even with the initial MSP, it was lower compared to the current

market price of L-lactic acid, which ranges from $1.7 to $2 per

kilogram (Li et al., 2021c). In another TEA conducted by Liu et al.

(2020), the production of cellulosic itaconic acid by A. terreus was

evaluated. This strain produced 33.6 g/L of itaconic acid with a yield

of 0.56 g/g from acid-pretreated and biodetoxified corn stover. The

estimated MSP of itaconic acid was $1.65 per kilogram, which was

lower than the market price of $1.8 per kilogram. Additionally, the

MSP could be further reduced to $0.87 per kilogram through strain
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engineering to improve yield, achieving 0.22 kilogram of itaconic

acid per kilogram of corn stover (Liu et al., 2020).

In a study conducted by Gadkari et al. (2023), a detailed TEA

and profitability analysis was performed to assess the conversion

of sugarcane bagasse sugar into BDO using a mutant strain of

Enterobacter ludwigii. This mutant strain was capable of

producing 63.5 g/L of BDO from detoxified sugarcane bagasse

hydrolysate. They compared five different scenarios and found

that the estimated MSP of BDO varied between $1.86 and $3.99

per kilogram, depending on the specific scenario. Taking into

account factors such as a standalone facility, the cost of sugarcane

bagasse and utilities, and the complete utilization of carbohydrates

derived from sugarcane bagasse, the minimum production cost

and MSP of BDO were calculated to be $1.21 per kilogram and

$1.86 per kilogram, respectively. It is worth noting that an increase

in production capacity from 96 metric tons per day to 2000 metric

tons per day could result in a 2.50-fold reduction in production

costs (Gadkari et al., 2023). Similarly, in a TEA for the co-

production of BDO and furfural/technical lignin from switch

grass (pretreated with a deep eutectic solvent) using B.

vallismortis, the estimated MSP of BDO ranged from $1.7 to

$1.74 per kilogram, depending on the pretreatment process.

Notably, this estimated price was approximately half of the

current market price for BDO (Zang et al., 2020).

A TEA of xylitol production from sugarcane bagasse using

engineered and evolved Y. lipolytica was conducted by Shaji et al.

(2022). The MSP of xylitol was estimated to be $6.2 per kilogram.

This estimation was based on a fermentation yield of 0.54 grams of

xylitol per gram of xylose and a production capacity of 437.4

kilograms per hour (Shaji et al., 2022). Similarly, in a study by

Mountraki et al. (2017), a TEA was conducted for xylitol production

using Candida yeast and Raney nickel catalyst. The estimated MSP

of xylitol produced by biological methods ranged from 2.92 to 3.07

euros per kilogram, which is higher compared to the MSP of xylitol

produced by chemical methods, ranging from 1.88 to 1.90 euros per

kilogram (Mountraki et al., 2017).
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5 Research needs and
future prospects
The perfect microbial cell factory for lignocellulose biorefinery

should be strong and capable of converting LCB with minimal

preprocessing. Moreover, it should be able to efficiently utilize

sugars derived from lignocellulose, exhibit tolerance to inhibitors,

and produce high concentrations of desired products with

exceptional efficiency and productivity. Despite substantial

progress in chemical production from lignocellulose, a key

challenge is the tolerance to inhibitors. These inhibitors not only

impede cell growth but also restrict the concentration, efficiency,

and productivity of fermentation processes. The types and

quantities of toxic compounds generated during the pretreatment

process can vary significantly based on the type of LCB. While

various successful attempts have been made to enhance microbial

tolerance to individual inhibitors, achieving tolerance to single or

multiple inhibitors at higher concentrations remains a challenging

area requiring further research to comprehensively understand the

underlying molecular mechanisms. Furthermore, it is important to

note that many tolerance mechanisms have a substantial metabolic

cost, including high energy (ATP) and redox cofactor requirements.

This cost, when coupled with the demands of both tolerance

mechanisms and desired product pathways, can lead to metabolic

imbalances. Therefore, the development of microbial cell factories

should consider potential metabolic imbalances that may arise

along with the establishment of biosynthetic pathways (natural or

synthetic) and the deletion of byproduct pathways.

Although not addressed in this review, another significant

challenge in lignocellulose biorefinery is the saccharification of

LCB. While several enzymes have been discovered and utilized for

this purpose, issues such as high costs, enzyme stability problems, and

slow reaction rates can hinder saccharification and fermentation

processes, resulting in low yields. An alternative approach for this

is direct microbial saccharification, which can substantially reduce
TABLE 6 Global production capacity and market size of different chemicals.

Biochemicals Global Production Capacity
(ktons/year)Jong et al.,2020

Price in $ million References

Market size in 2022 Forecast in 2030

Succinic acid 34 245.82 615.68 View Market Research Report
(2023a): View Market Research
Report (2023b); View Market
Research Report (2023c); View
Market Research Report (2023d);
View Market Research Report
(2023e); View Market Research
Report (2023f)

Lactic acid >600 3190 6370

Xylitol 190 443.78 665.27

Isoprene – 4400 7570

Farnesene 575.61 1090.21

Itaconic acid 90 98.13 168.35

3-hydroxypropionic acid – 2206.54 4497.35 by 2028 360 Research report (2023)

2-Phenylethanol – 255 in 2021 370 by 2028 Global Market Insight (2023)

2,3-Butanediol – 192.28 239.55 by 2029 Maximize Market Research (2023)
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saccharification costs. Many microbes are known to produce

hydrolytic enzymes and have been widely explored for this

purpose. Designing a microbial cell that produces an optimal mix

of synergistic lignocellulolytic enzymes would be particularly

interesting. Furthermore, engineering enzymes or pathways to

enhance enzyme kinetics and stability under harsh conditions

could significantly benefit the saccharification process.

In recent years, synthetic and system biology has emerged as a

potent tool for designing, constructing, and testing microbial cell

factories dedicated to the sustainable and renewable production of

chemicals. Various tools, including databases (such as KEGG,

MetaCyc, antiSMASH, and BRENDA) along with genome mining

software tools (such as ClusterFinder, NP.searcher, NaPDoS, and

RetroPath 2.0) have become essential for the discovery and design of

potential pathways. Artificial intelligence tools such as BNICE.ch,

RetroPath RL, RetroBioCat, novoStoic, GEM-Path, PathPred, ICHO,

SCROP, RetroXpert, and G2G would be effectively employed in this

process. The designed pathways are further optimized for industrial-

level chemical production. This optimization includes the design or

engineering of synthetic promoters (utilizing promoter libraries),

ribosomal binding sites (using UTR designer, RBS designer, and RBS

calculator), terminators, and the chromosomal expression of pathways

(employing CRISPR/Cas9, CRAGE, XPORT). Successful microbial cell

factory design requires the optimization of the entire biological network

rather than focusing solely on central metabolism and target

biosynthetic pathways. Computational models, such as genome-scale

metabolic models and dynamic metabolic models integrated with

kinetic information and internal regulation of metabolism, become

powerful tools for understanding metabolism and guiding metabolic

engineering. Omics technologies, spanning genomics, transcriptomics,

and metabolomics, play a crucial role in elucidating complex

phenotypes and providing a comprehensive understanding of cell

metabolism at a systems level (Cho et al., 2022).
6 Conclusion

Microbial valorization of LCB to value-added chemicals has

gained much attention due to economic and environmental

aspects. It requires extensive metabolic engineering and a

comprehensive understanding of microbial catabolic and desired

product pathways, and toxicity tolerance pathways. In addition, a

TEA of bioprocesses is necessary to check the economic viability at

the commercial scale. This review highlighted recent advances in
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metabolic engineering and TEA for the production of several

chemicals including succinic acid, lactic acid, 3-HP, itaconic acid,

xylitol, biohydrocarbons, BT, BDO, and 2-PE.
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