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Abstract

L-valine is an essential amino acid that has wide and expanding applications with a suspected growing market
demand. Its applicability ranges from animal feed additive, ingredient in cosmetic and special nutrients in pharma-
ceutical and agriculture fields. Currently, fermentation with the aid of model organisms, is a major method for the
production of L-valine. However, achieving the optimal production has often been limited because of the metabolic
imbalance in recombinant strains. In this review, the constrains in L-valine biosynthesis are discussed first. Then, we
summarize the current advances in engineering of microbial cell factories that have been developed to address and
overcome major challenges in the L-valine production process. Future prospects for enhancing the current L-valine

production strategies are also discussed.
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Background

Branched-chain amino acids (BCAAs) comprising valine,
isoleucine and leucine, are essential amino acids that are
key components of human and animal nutrition, and
need to be obtained from the daily diet. [1, 2]. Besides to
their important role as build blocks of proteins, BCAAs
earned the greatest reputation to be applied in a large
number of industrial applications including the food,
feed, cosmetic and pharmaceutical industry. Nota-
bly, L-valine is the a-amino acid with chemical formula
C;H,;NO, that is commercially important for the need
to supplement food or feed and to use in medical treat-
ment and biochemical synthesis precursors [3]. L-valine
can improve the lactation function of breeding animals
and has been considered as one of the limiting amino
acids in animal feed for poultry and pigs [4—6]. The
addition of L-valine can make cosmetics have moistur-
izing function and promote the synthesis of collagen. In
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the pharmaceutical industry, L-valine is widely used as
a component of third-generation amino acids infusion
and is highly tolerant to the synthesis and decomposi-
tion of muscle protein; it has a critical role in pharma-
cological nutrients for patients with chronic liver disease
[7]. Moreover, L-valine activate the PI3K/Akt1 signaling
pathway and inhibit the activity of arginase to increase
the expression of NO. Therefore, L-valine can enhance
phagocytosis of macrophages to drug-resistant patho-
gens and serves as a chemical building block for anti-
viral drugs and antibiotics (monensin, cervimycin and
valanimycin) [8]. Because of the increased world amino
acids needs, it is estimated that the production of amino
acids can yield revenue of US$ 25.6 billion by 2022 and
animal feed amino acids (BCAAs) is the largest and fast-
est-growing market with expected revenue of US$10.4
billion by 2022). In recent years, the global L-valine mar-
ket has been growing rapidly with a compound annual
growth rate (CAGR) of 65% from 2016 to 2019, and is
expected to maintain a CAGR of 24% from 2020 to 2023,
among which feed grade L-valine has the most signifi-
cant growth rate, with a CAGR of 48% from 2015 to 2020
[9]. Taking into consideration, this may change the near
future research for efficient production of animal feed

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-2495-0660
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-021-01665-5&domain=pdf

Gao et al. Microb Cell Fact (2021) 20:172

amino acids. Thus, there is a strong impetus for improv-
ing L-valine production. Traditionally, L-valine produc-
tion is centered on the hydrolysis process with subcritical
water technology which use cheap feedstock solid waste
(mainly including skin, feathers, viscera, blood, bones and
residual meat produced in poultry processing) consisting
of proteins which composed of a variety of amino acids
[10]. Chemical synthesis or enzymatic processes have
been also applied for L-valine production [11]. However,
the complexity of these process and suboptimal produc-
tion prompt the above strategies less attractive and non-
sustainable. The direct fermentation of hexoses (mainly
glucose) has therefore become one of the great promising
process for the industrial-scale production of L-valine.
Fermentation pathway with the aid of microorganisms
has received increasing attention because of the new
genetic engineering tools applied to maximize the yield,
titer and productivity [12, 13]. Moreover, a great deal of
effort has been devoted to correctly directing metabolic
flux to the L-valine pathway through overexpression of
the rate-limiting enzymes, transporters, and deactivation
of the competitive pathways. L-valine-producing strains
mainly includes Corynebacterium glutamicum subsp.
flavum (14, 15], Bacillus subtilis [16], Bacillus licheni-
formis [17, 18], Saccharomyces cerevisiae [19], Escheri-
chia coli [20-22], and Corynebacterium glutamicum [23].
However, it is still difficult to achieve high production of
L-valine because of the interdependency between path-
ways in engineered strains. The optimization of L-valine
biosynthetic pathways in a single host is also hampered
by unexpected metabolic burdens that may trigger low
energy and leave the host in an unstable physiological
state [24, 25]. L-valine of the biosynthetic pathway in a
single host body is hampered by unexpected metabolic
burden which could cause low energy, make host in
unstable state of physiology. In this manuscript, recent
engineering strategies for the production of L-valine by
microbial cell factories are reviewed with accompanying
examples. We also suggest the potential approaches for
optimizing L-valine biosynthesis pathway with the help
of system and synthetic biology.

Pathway of L-valine biosynthesis in C. glutamicum,
E. coli and B. subtilis

The synthesis of L-valine starts from pyruvate and
involves four enzymes, namely acetohydroxyacid syn-
thase (AHAS), acetohydroxyacid isomeroreductase
(AHAIR), dihydroxyacid dehydratase (DHAD), and
transaminase B (TA) [26]. The synthesis and regulation
of L-valine in C. glutamicum, E. coli and B. subtilis are
not identical (Fig. 1a,b,c). In C. glutamicum, AHAS is the
initiation enzyme of three branched chain amino acids
and a key enzyme in the synthesis pathway of L-valine.
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Encoded by ilvB and ilvN, AHAS catalyzed two mol-
ecules of pyruvate to form 2-acetolactate (Fig. la). This
enzyme consists of two large subunits and two small sub-
units to form the catalytic domain and structural domain.
Environmental oxidation level regulates the activity of
AHAS, and cofactors flavin adenine dinucleotide (FAD)
and Mg”" are also required for AHAS activity. AHAIR
encoded by ilvC catalyzes the isomerization reduction of
2-acetolactate to form dihydroxyisovalerate, whose activ-
ity requires Mg”"™ and NADPH [23]. DHAD ecoded by
ilvD catalyzed the dehydration of dihydroxyisovalerate
to 2-ketoisovalerate. Finally, TA encoded by ilvE converts
2-ketoisovalerate to L-valine and this reaction also cata-
lyzed by AvtA (encoded by avtA) in C. glutamicum. The
transcription of ilvB, ilvN and ilvC genes is regulated by
the operon ilvBNC, which has three different promot-
ers that respectively start the transcription of ilvB, ilvN
and ilvC genes to form three mRNA of different lengths.
Because ilvC is located at the end of the operon ilvBNC,
the transcription of ilvC gene was three times that of the
other two genes, and the expression efficiency of ilvC
gene was the highest among the three genes [26]. BrnFE
is a two-component osmotic enzyme in C. glutamicum,
which is responsible for the export of L-valine. The
expression of BrnFE is regulated by the global regulatory
factor Lrp. Lrp is activated to promote the expression of
brnFE. The protein BrnFE transports L-valine to the out-
side of the cell and the import of L-valine is performed by
the protein BrnQ.

The regulation of L-valine synthesis in E. coli appears
to be more complex than in C. glutamicum. In contrast
to C. glutamicum, there are three different AHAS iso-
enzymes in E. coli with different biochemical and regu-
latory properties (Fig. 1b). AHAS I is encoded by ilvBN,
AHAS II is encoded by ilviH, and AHAS III (encoded by
ilvIH) is highly similar to C. glutamicum. 172 amino acids
in C. glutamicum (encoded by ilvN) have 39% homol-
ogy with 163 amino acids in E. coli (encoded by ilvH).
It contains an N-terminal ACT domain [26]. The sites
responsible for L-valine feedback inhibition are located
in the small subunits of AHAS I (encoded by ilvN) and
AHAS 1II (encoded by ilvH), while AHAS II (encoded
by ilvGM) is resistant to L-valine. At the transcrip-
tional level, the attenuation of ilvGMEDA (ilvE encodes
transaminase, ilvD encodes dihydroxyacid dehydratase,
ilvA encodes L-threonine dehydratase) operon is medi-
ated by three BCAAs (L-valine, L-leucine, L-isoleucine),
and the absence of L-valine and L-leucine will trigger the
attenuation control of ilvBN operon. Similar to BrnFE in
C.glutamicum, YgaZH in E. coli is responsible for export-
ing L-valine, L-leucine and L-isoleucine. YgaZH is acti-
vated by the transcription of global regulatory factor
Lrp, which is also involved in the synthesis of L-valine.
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Fig. 1 Overview of biosynthetic pathway of L-valine in C.glutamicum, E. coli and B. subtilis. The solid red arrow shows the L-valine synthesis

pathway and the solid blue arrow shows the inhibition pathway of L-valine synthesis. The red dotted line shows activation and the blue dotted

line shows inhibition. a overview of biosynthetic pathway of L-valine in C.glutamicum; b overview of biosynthetic pathway of L-valine in E. coli; €
overview of biosynthetic pathway of L-valine in B. subtilis. AHAS, acetohydroxyacid synthase; AHAIR, acetohydroxyacid isomeroreductase; DHAD,
dihydroxyacid dehydratase; TA, transaminase B; AvtA, alanine transaminase; GPDH, glucose-6P dehydrogenase; PGL, 6-phosphogluconolactonase;
PGDH, 6P-gluconate dehydrogenase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; Ldh, Lactate dehydrogenase; IIVA, L-threonine
dehydratase; KHT, ketopantoate hydroxymethyltransferase; IPMS, 2-isopropylmalate synthase; LeuA, 2-isopropylmalate synthase; G-6-P, glucose
6-phosphate; F-6-P, fructose 6 phosphate; F16dP, Fructose 1,6 diphosphate; OXA, oxaloacetate; GL6P, gluconolactone 6-phosphate; 6PG, 6-phospho
gluconate; Ru5P, ribulose 5-phosphate; EMP, Embden-Meyerhof-Parnas; TCA, tricarboxylic acid cycle; PPP, pentose phosphate pathway
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It activates the expression of AHAS III (ecoded by ilvIH)
isozyme, while L-leucine inhibits ilvIH operon expres-
sion by blocking Lrp binding. Lrp also inhibits ilvGM-
EDA operon expression. In E. coli, BCAAs is imported
through BrnQ and Liv], and Lrp also inhibits the trans-
port of Liv] protein.

In B. subtilis, as in E. coli and C. glutamicum, L-valine
synthesis begins with pyruvate and proceeds through
intermediates acetolactate, dihydroxyisovalerate,
2-ketoisovalerate, and finally L-valine. The enzymes
involved in this pathway are AHAS or ALS (encoded by
ilvHB or alsS, respectively), AHAIR(encoded by ilvC),
DHAD (encoded by ilvD), YbgE or YwaA (encoded
by ybgE and ywaA, respectively) [16] (Fig. 1c). AHAS
is involved in the synthesis of L-valine as well as leu-
cine and isoleucine, while ALS is specific in the synthe-
sis of L-valine and does not participate in the synthesis
of other branch amino acids. YbgE and YwaA belong to
transaminases, but the transaminase activity of YbgE is
much higher than that of YwaA [27]. Similar to Lrp in
the E. coli, CodY in B. subtilis is also a global regulatory
factor, which exists in gram-positive bacteria with low
G+ C (G+ C base pair content < 50%), such as B. subtilis,
Clostridium acetobutylicum, and Staphylococcus aureus
[28]. Branched chain amino acids can activate CodY.
When L-valine is abundant in cells, CodY will inhibit
ilvBHC, ilvA, ilvD, ygaE, ywaA. L-valine is decomposed
to 2-ketoisovalerate through the enzyme Bcd which is
also known as leucine dehydrogenase (LeuDH). This
enzyme can be found in Bacillus and the thermophilic
Clostridium. Bcd can naturally and reversely catalyze the
deamination of branched-chain amino acids to ketoana-
logs [29]. BrnQ, BcaP and BraB (encoded by brnQ, bcaP
and braB respectively) are three kinds of L-valine per-
meases in B. subtilis.[30].

Pathway constraints and metabolic engineering
strategies for L-valine production

Microbial cell factories such as C. glutamicum, E. coli,
B. subtilis and yeast strains are metabolically engineered
to produce a broad variety of high value chemicals of
everyday use [31]. Despite the effort to engineer indus-
trial microorganisms for the production of L-valine, it
encounters different metabolic bottlenecks in improving
host cell physiology for high titer of L-valine with high
yield and productivity. The first problem is that L-valine
overproducing strains have heavily relied on first-gener-
ation feedstock, pure carbohydrates (e.g. glucose) as the
sole carbon and energy source under monoculture regime
[23, 26]. Second, the limiting step is that L-valine derives
from build block pyruvate which is a central intermediate
that contributes to other biochemical reactions. Third,
the key metabolic enzymes and transports necessitated
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for L-valine biosynthesis in model strains, C. glutami-
cum, E. coli and B. subtilis, also function as prime in the
biosynthesis of other BCAAs [23, 26]. Briefly, L-valine
synthesis from pyruvate consists of four enzymes: AHAS,
AHAIR, DHAD and TA. The key enzyme AHAS cata-
lyzes either the condensation of two pyruvates to yield
2-acetolactate, leading to biosynthesis of L-valine and
L-leucine, or condensation of pyruvate and 2-ketoiso-
byturate to form 2-aceto-2-hydroxybutyrate, leading to
L-isoleucine biosynthesis [13, 32]. In addition, the last
intermediate of L-valine synthesis, 2-ketoisovalerate is
also the precursor for L-leucine and D-pantothenate
biosynthesis. Fourth, the BCAAs exert the feedback
inhibition on key enzyme AHAS (encoded by ilvBN)
in C. glutamicum, and isoenzyme AHAS I and AHAS
III (encoded by ilvBN and ilvIH respectively) in E. coli
[32, 33]. In contrast, isoenzyme AHAS II (encoded by
ilvGM) in E. coli, is insensitive to L-valine, but it is not
expressed because of the frameshift mutation in ilvG. On
the other hand, the AHAS II and AHAS III possess high
affinity for 2-ketobutyrate than pyruvate, thus leading to
L-isoleucine biosynthesis rather than L-valine biosynthe-
sis [20]. To cope with this complexity and to unlock the
full potential of microbial factories for L-valine produc-
tion on an industrial scale, it is therefore advantageous
to (i) improve substrate utilization (ii) improve precur-
sor availability (iii) relieve negative regulatory circuits
and enhance transport engineering (iv) balance genes
expression. In recent research, several possible novel
strategies have been proposed to improve the production
of L-valine, such as taking advantages of abundant and
cheap carbon sources, systematic metabolic engineering
and culture conditions in fermentation (Fig. 2).

Improving substrate utilization and expanding
substrate spectrum

In response to the titer, yield and productivity necessi-
tated, the choice of carbon substrate is the first crucial
step for the success of bioprocess. Hence, substrate cost
and availability are critical in industrial biomanufacturing
[34]. Possible carbon sources for L-valine-producing bac-
teria include carbohydrates (glucose, glycerin, fructose,
molasses, etc.) and organic acids (pyruvate, acetic acid,
lactic acid, etc.). Ethanol and organic hydrocarbons can
also be used as carbon sources. Currently, under mono-
culture conditions, overproducing strains of L-valine rely
heavily on first-generation feedstock, pure carbohydrates
(such as glucose) as the sole carbon and energy source.
Glucose is a preferred carbon source of C. glutamicum
and E. coli, its metabolism has been noted to exclu-
sively depend on the glucose phosphotransferase system
(PTS,). In C. glutamicum, the uptake of glucose is cata-
lyzed by a phosphotransferase system (PTS) consisting
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of EI and HPr (encoded by ptsl and ptsH, respectively),
and glucose-specific EIl permease EIIGlc (encoded by
ptsG) [35]. The intracellular glucose is further phospho-
rylated using ATP and/or phosphate-dependent glucoki-
nase [36]. To improve the efficiency of sugar utilization
based on L-valine production, two traditional strategies;
random mutation and fermentation optimization have
been used and continued to be used for this purpose. The
random mutagenesis is induced by chemical or physical
mutagenesis to mutate the gene of the strain, and then
the strain with excellent performance can be obtained
through screening. By using multiple rounds of random
mutagenesis and optimized batch fermentation, the
mutant C. glutamicum strain VWB-1 exhibited a much
higher consumption rate of glucose and high L-valine
titer 29.85 g L™! in comparison with the parent strain
[37]. In addition, applying rational metabolic engineer-
ing offers a more advantageous method to improve the
utilization of carbon source for L-valine production. In a
study by Vogt and colleagues, deactivating the PTS-inde-
pendent inositol transporter IolT1 which catalyzes glu-
cose uptake, resulted in an increased glucose uptake rate

by 43% and L-valine titer to 20 mM [38]. Considering that
phosphoenolpyruvate (PEP) is required for PTS and it is
also an important intermediate for L-valine biosynthe-
sis, replacement of PTS with non-PTS could save more
PEP for pyruvate availability as the main precursor to the
desired product. For co-substrate utilization, increased
glucose uptake was observed during glucose—maltose
co-metabolism in pyruvate dehydrogenase complex-defi-
cient C. glutamicum. The transcriptional regulator SugR
inhibits the expression of genes ptsI, ptsH and ptsG. Thus,
the addition of maltose increases the ptsG expression by
counteracting the SugR-mediated repression, thereby
co-substrate utilization improved L-valine production
(Table 1) [39]. L-serine biosynthesis is mainly through
the Embden—Meyerhof-Parnas (EMP) pathway. Co-sub-
strate utilization by adding glucose and fructose as car-
bon sources for fermentation leads to higher cell growth
and can produce more precursors to produce L-serine
[40]. Possibly, the co-substrate utilization efficiency can
be further applied to improve L-valine production. Meta-
bolic engineering has been successfully used to extend
the carbon substrate spectrum of microbial cell factories.
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Most metabolic engineering projects focus on de novo
synthesis of target biological products, and renewable
carbon sources can usually be obtained at a lower price.
At present, new strategies for achieving sustainability and
added value tend to use carbon feedstock from industrial
waste streams. The composition of industrial waste is dif-
ferent from that of traditional raw materials, so people
pay more attention to this alternative carbon source, such
as pentose, xylose, arabinose, polyol glycerol and organic
acid lactic acid [41]. Meanwhile, hemi-cellulosic pentose
sugar (xylose) and glycerol-based production of valu-
able chemicals in C. glutamicum and E. coli have been
described [9, 41]. Nevertheless, although these microbial
cells have the ability to utilize different carbon resources,
they have never previously used renewable feedstocks
for L-valine production. Considering the challenges of
global resources and food shortage, microbial cells that
efficiently utilize the flexible feedstocks for amino acid
production are highly desired.

The use of methane, methanol, formic acid and caron
dioxide is increasing, although the formation of biologi-
cal products through C1 carbon assimilation/utilization
is currently less efficient than traditional carbon sources
[34]. However, on the one hand, non-natural C1 model
strains can achieve chemical production from carbon
dioxide and reduce greenhouse gas emissions by using
formic acid. On the other hand, methanol has a higher
hydrogen/oxygen ratio than carbohydrates such as glu-
cose, xylose, and glycerol. Methanol and formic acid can
be ideal raw materials for the biosynthesis of organic
compounds, alcohols and hydrocarbons [42]. The ability
to convert captured carbon into value-added products
attracts carbon capture and storage, sustainable chemical
production and reduces our dependence on non-renewa-
ble fossil fuels. The successful design of fully autotrophic
E. coli strains has opened the door for fast-growing
model organisms to be used in carbon capture and the
production of chemical substances and biofuels. Com-
pared with existing microorganisms (such as algae and
cyanobacteria), it has obvious advantages [43]. Therefore,
the authors consider it is sought to produce L-valine from
alternative raw materials that have no competition in the
food and feed industries. Generally, the use of renewable
raw materials reduces waste disposal costs and increases
the economic value of the biological industry.

Engineering precursor metabolite flow

In nature, microorganisms develop tight metabolic path-
ways, and carbon flux allocation at major nodes affects
the yield of target products. Therefore, reducing the
carbon flux to undesirable by-products through meta-
bolic engineering strategies is a critical issue to achieve
a high titer of a product with high yield and productivity
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[34, 44]. In order to maximize the metabolic flux of
L-valine, it is important to ensure sufficient key precur-
sors (pyruvate and 2-ketoisobutylate) through resolving
rate-controlling steps and to enhance the expression of
key enzymes in the biosynthetic pathway. Because pyru-
vate is an important intermediate in glycolysis, which
serves as the precursor for several pathways within a
biochemical network of an engineered host, it is worth
noting that the biosynthesis pathways of BCAAs are par-
tially overlapping and almost shared the same precursors
(pyruvate and 2-ketoisovalerate) and enzymes (AHAS,
AHAIR, DHAD, TA) [24, 26]. In consideration of this,
most metabolic engineering strategies targeted the pyru-
vate dehydrogenase complex (PDHC) either directly or
indirectly, overexpressing the L-valine production genes
and suppressing the metabolic pathways of unwanted by-
products. Different enzymes (Table 1) have been deac-
tivated to reduce the carbon flow toward by-products
(acetate, alanine, lactate, etc.). These strategies resulted
in dramatically decreased by-products and significantly
increased L-valine in engineered host overexpressing
L-valine production genes (Table 1). 2-ketoisovalerate is
the last intermediate of L-valine synthesis, which is also
the precursor for L-leucine and D-pantothenate biosyn-
thesis. The enzymes involved in the pathway are KHT
and IPMS respectively. To further increase the precursor
supply through rational engineering and circumvent the
unwanted byproducts, deactivating ketopantoate hydrox-
ymethyltransferase (KHT) and isopropyl malate synthase
(IPMS) catalyze the first reaction from 2-ketoisovalerate
to D-pantothenate and L-leucine respectively, has been
significantly augmented the production of L-valine [45,
46]. Decreasing 2-ketobutyrate availability was suggested
also as a practical strategy for efficient pyruvate. Con-
sequently, this can lead to the improvement of L-valine
production and preventing the accumulation of L-isole-
ucine [47]. For instance, AceE is one of the key enzymes
encoding pyruvate dehydrogenase complex. Blocking the
flow of pyruvate to the TCA pathway leads to pyruvate
accumulation and thus more flow to L-valine. Deacti-
vating threonine dehydratase in aceE-deficient mutant
resulted in the accumulation of L-valine (about 3.5 g L)
compared to C. glutamicum ATCC 14067AaceE (about
0.3 g L™!) [48]. In addition, applying the similar strategy
in panB and panB avtA-deficient mutant C. glutami-
cum respectively, improved L-valine production [45, 49,
50]. Throughout the construction of L-valine producer
strains, the genetic tools rely on complete gene deletion
rather than allowing the attenuation of gene expression.
To further achieve the optimal production of L-valine,
employing the genetic tools including small regulatory
RNAs and clustered regulatory interspaced short palin-
dromic repeats interference-nuclease-deactivated Cas9
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(CRISPRi-dCas9) is of an urgent need for accurately
increasing the precursor pools. Recently, the CRISPR
system has implemented in B. subtilis to manipulate
various key genes to reduce L-valine feedback inhibition
and enhance L-valine biosynthesis pathways, resulting
in L-valine production up to 4.6 g L™ which is almost
14-fold higher than that obtained with the wild-type
strain [16]. Lowering anaplerotic and tricarboxylic acid
cycle (TCA) flux through deactivation of pyruvate car-
boxylase (PCx) and citrate synthase (CS), is thought
to lead to the accumulation of pyruvate. By using the
CRISPR interference, the expression level of PCx and CS
were significantly reduced up to 98 and 83% respectively
[51]. Furthermore, CRISPRIi is a powerful technology for
repressing multiple genes simultaneously in the micro-
bial cells, thus providing a quick and efficient method for
reprogramming metabolic pathways [52].

Cofactor engineering and energy molecules

To further increase precursor supplies toward the path-
way of interest, understanding the interplay between
cofactor levels/fluxes and metabolic fluxes inside the host
is of great importance for efficiency production. Consid-
ering a cofactor-dependent production system in micro-
organisms, two reducing equivalents in form of NAD(P)
H are required to synthesize one mole of L-valine from
two moles of pyruvate [3]. One mole of NADPH drives
the AHAIR enzymatic reduction and another involves in
the glutamate dehydrogenase (GDH) reaction which pro-
vides the amino group for the final transamination reac-
tion. Although the pentose phosphate pathway (PPP) has
higher bioenergetics in terms of ATP and reducing equiv-
alent regeneration, all moles of NADPH generated in
PPP are totally consumed during L-valine synthesis and
meanwhile conversion of NADH generated via glycolysis
to NADPH is being difficult under aerobic conditions.
Based on these considerations, cofactor imbalance is a
suspected rate-limiting factor in L-valine biosynthesis
[53, 54]. The phosphoglucose isomerase (PGI, encoded
by pgi) catalyzes the production of fructose-6-phosphate
from glucose-6-phosphate. To enhance the metabolism
of the PPP, Blombach and colleagues demonstrated that
deleting the pgi gene in aceE/pgo-deficient C. glutami-
cum significantly increased intracellular NADPH con-
centration, thereby improved the yield of L-valine up to
0.76 mol mol ™! [53]. Bartek and colleagues also applied
the similar strategy to improve L-valine yield from 0.49 to
0.67 mol/mol in C. glutamicum [54]. Another study dem-
onstrated an adequate alternative to improve NADPH
availability in the similar mutant of C. glutamicum by
overexpressing E. coli membrane-bound transhydroge-
nase PntAB which catalyzes the reversible conversion of
NADH to NADPH. This has led to a highly significant
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increase in L-valine yield up to 0.92 mol mol~! [55]. In
E.coli, deactivating phosphofructokinase in pyruvate
and malate dehydrogenases deficient-mutant increased
the metabolite flux through the PPP and enhanced the
availability of NADPH [20]. ATP, the major intracellular
energy source generated mostly through the TCA cycle
coupled with the electron transfer system, is not directly
utilized in L-valine biosynthesis under aerobic condi-
tions. Usually, in the process of aerobic fermentation, the
energy in the microbial cells is converted into ATP, which
maintains the normal metabolism of cells and promotes
the growth of the cells. However, in some cases, anaero-
bic conditions are more favorable for the accumulation of
products. Under anaerobic conditions, NADH accumula-
tion and insufficient NADPH may inhibit the production
of L-valine. To solve this problem, the Hexose Monopho-
phate Pathway (HMP) can be strengthened and the sup-
ply of NADPH can be increased. PpGpp is a regulatory
signal molecule in response to environmental changes.
RelA gene is conducive to the accumulation of ppGpp.
When the L-valine synthesis pathway is enhanced, the
energy molecule ATP is required. Recently, Denina and
colleagues demonstrated that L-valine biosynthesis in C.
glutamicum was related to relA gene that have a positive
pact to increase ATP-coupled and decrease ATP-uncou-
pled respiration [47]. It has also demonstrated that ATP
generated by the phosphotransacetylase- acetate kinase
pathway plays an important role in L-valine production
and cell growth [21]. On the contrary, under anaerobic
conditions, ATP is not a constraint to L-valine biosynthe-
sis thus it is not required for enzymatic conversion from
pyruvate to L-valine. In recognition of this, Hasegawa
and colleagues demonstrated that metabolically engi-
neered C. glutamicum strains efficiently produce L-valine
under anoxic conditions by converting the coenzyme
requirement of AHAIR function from NADPH to
NADH, removing feedback inhibition using AHAS vari-
ant (G156E), and eliminating byproduct formation for
precursor enrichment. The engineered strain produced
172.2 g L' L-valine with a yield of 0.63 mol mol™" of
glucose [56, 57]. Given that a rate-limiting oxygen trans-
fer and carbon loss in form of CO, to generate suffi-
cient reducing equivalent impeded the productivity,
applying anaerobic bioprocess suggested a new avenue
to the efficient production of L-valine and other amino
acids. There is also a two-stage fermentation strategy
to produce L-valine (Table 1). After aerobic culture for
a period of time, the cells are transferred to a confined
space. Under oxygen-limited conditions, in order to
improve the regeneration efficiency of cofactors, NADPH
is converted to NADH through gene mutations, so that
NADH in the EMP pathway can be directly used for the
synthesis of L-valine, while introducing foreign genes,
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replacing the branched-chain amino acid transaminase
with the leucine dehydrogenase of B. subtilis, changing
the dependence on cofactors in the process of L-valine
synthesis [56]. Besides, microaerobic environments have
been shown to improve the productivity of organisms.
Ekaterina A. Savrasova et al. used E. coli for L-valine pro-
duction under microaerobic conditions, this study intro-
duced leucine dehydrogenase Bed in B. subtilis, which
altered the NADPH-dependent metabolic pathway,
resulting in a final L-valine yield of 9.1 g L™* [58].

Relieving negative regulatory circuits

The feedback inhibition and transcriptional attenuation
control caused by an accumulation of the target prod-
uct is a common problem encountered in biosynthesis
pathways. In this context, the L-valine biosynthesis is
then subjected to the negative regulatory circuits which
often make it difficult to achieve the optimum produc-
tion. AHAS is composed of a large subunit (encoded by
ilvB) and a small subunit (encoded by ilvN) which con-
stitute the catalytic domain and the regulatory domain of
the enzyme, respectively. Any one of the three branched
chain amino acids can bind to the site on the regulatory
domain and inhibit the activity of AHAS [23]. Heterolo-
gous introduction of feedback-resistant acetolactate acid
synthase from B. Subtilis increased the production of
L-valine [59]. On another hand, the leucine-responsible
regulator protein (Lrp) encoded by Irp gene, regulates the
expression of the AHAS III isoenzyme positively and the
AHAS II isoenzyme negatively in E. coli [20, 44]. These
problems can be solved by mutating this key enzyme to
be resistant to feedback inhibition and deregulation of
attenuation control. By using site-directed mutagenesis,
the feedback inhibition on AHAS was removed to maxi-
mize the metabolic flux toward the L-valine biosynthesis.
For example; chromosomal expression of AHAS I vari-
ant (G41A; C50T) and displacing the attenuator leader
region with tac-promoter in E. coli Val mutant improved
the efficiency of 2-ketoisovalerate [20]. Moreover, apply-
ing two variants of AHAS (G20D, V21D and M22F)
and (P176S, D426E and L576W) conferred L-valine and
L-leucine/valine resistance respectively [21, 60]. Remov-
ing feedback inhibition in C. glutamicum via the chro-
mosomal expression of AHAS variant (G20D, 121D and
122F) has also conferred BCAAs resistance and increased
L-valine titer from about 1 g L™ to 15 g L ™! in ilvA and
panB deficient mutant [45]. The co-overexpression of
L-valine production genes and AHAS variant (S41V
and A91V) that conferred BCAAs resistance, resulted
in a 9.51 g L™! higher titer and 0.13 g L™* h™! higher
L-valine productivity in C. glutamicum ATCC 14067
[61]. Hasegawa and colleagues also aimed to relieve the
feedback inhibition of L-valine in C. glutamicum by
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developing an active AHAS variant (G156E) (Tablel)
[57]. In Saccharomyces cerevisiae, Takpho and colleagues
demonstrated that introducing variant of AHAS (N86A,
G89D and N104A) in the host leads to the reduction of
the valine-binding affinity thus resulted in approximately
4-fold higher intracellular L-valine contents compared to
the wild type [19].

Balancing gene expression levels

Since the development of DNA recombinant technol-
ogy along with the use of model organisms, the employ-
ment of multiple-copy plasmid-base expression system
has substantially improved our ability to design micro-
bial cell factories with a desired phenotype [34]. AHAS
is the initiation enzyme of three branched chain amino
acids and a key enzyme in the synthesis pathway of
L-valine. A limiting step in the production of branched-
chain amino acids from metabolically engineered micro-
organisms can be their excretion from the cell and the
export of L-valine is mediated by the exporters BrnFE
and YgaZH. Therefore, Overexpression of key enzymes
(AHAS, BrnEF, YgaZH) in the rate limiting step is essen-
tial for the high yield of L-valine during metabolic engi-
neering [23, 26]. However, fine tuning gene expression
approach are capable of achieving high production while
minimizing metabolic burden and inefficient carbon
utilization, leading to the growth retardation. Consider-
ing the enzyme’s function analogies during L-valine and
L-isoleucine biosynthesis, balancing the expression of the
genes and understanding the ability of the key enzyme to
bind to specific intermediates may be the major motiva-
tor to maximize the production and maintain the optimal
cell growth [32, 62]. Recently, Liu and colleague demon-
strated that the 138th residue of /lvB in AHAS played an
important role for binding the main intermediate pyru-
vate, thereby overexpression of AHAS variant (V404A,
IlvB) in YTW-104 mutant increased L-valine production
at 25.93 g L™! [63]. In addition, employing the best RBS
combinations and promoter engineering are suggested
to fine-tune the expression of key biosynthesis genes for
L-valine production. Ptrc is a strong promoter that pro-
motes gene expression and BrnFE is responsible for the
export of BCCA in C. glutamicum. The introduction of
Ptrc-controlled bruFE in E. coli roughly doubled the pro-
duction of L-valine (32 g L™!) [59].

Transporter engineering

To further enhance the transportability of L-valine,
transporter engineering have emerged. In C. glutami-
cum, the BCAAs are transported through a two-com-
ponent system consisting of BrnF and BrnE encoded by
brnF and brnE respectively. The export of BCAAs and
L-methionine is then mediated by BrnFE exporter which
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is regulated by the global regulator, Lrp (Fig. 1a,b) [64,
65]. In E. coli, Lrp is also known to repress the expres-
sion of the /iv] gene, encoding the branched-chain amino
acid transporter [20]. Recently, the BCAAs-transporter
engineering approach has been implemented to mini-
mize the intracellular concentration of the target prod-
uct, thus avoiding the feedback inhibition and growth
retardation, and ultimately maximizing the production
of a target product. For example, in a study by Park and
colleagues, the ygaZH gene in E. coli was found to have
a similar function as bruFE in C. glutamicum through
homology research. The overexpression of ygaZH and
Irp further resulted in a 7.61 g L™ L-valine which is
113% higher when compared to the control strain [20].
Other researchers also used the abovementioned strat-
egy in engineered E. coli to improve L-valine production
(Table 1) [21, 22]. In addition, overexpressing [rp and
brnFE genes in C. glutamicum ATCC13869 resulted in
increased L-valine production by 16 and 2.7-fold respec-
tively, thus causing the enhanced transcription level of
the key genes in L-valine biosynthesis [66]. These stud-
ies suggested L-valine transporter engineering is strongly
required.

Co-culture

Recently, L-valine overproduction strains are typically
used in strategies based on monoculture. However, the
abovementioned discussions indicated that construction
and optimization of the L-valine biosynthesis pathway in
a single host is still a challenge because of different intrin-
sic limitations [23, 26]. For instance, many genes in com-
peting pathways are knocked out for enhanced carbon
flux, thereby triggering a disproportion of the resources
of the host cells. As such, a modular co-culture approach
is suggested to overcome the metabolic burdens and
helped improve the production level in a cost-effective
manner [9]. Generally, the approach based on co-culture
is to modularize metabolic pathways and assign pathway
modules to more than one microbial strain for the opti-
mal functioning of the complete pathway. In this context,
the concept of synthetic microbial consortia is becom-
ing increasingly attractive and the prime benefit of this
approach is that the engineered strains shared the overall
metabolic burdens which go beyond the metabolic capac-
ity limit of one single strain [9, 67]. Recently, Sgobba and
colleagues designed a synthetic E. coli-C. glutamicum for
L-lysine production. Furthermore, commensalism and
mutualism-based synthetic consortium for L-lysine pro-
duction from sucrose and starch respectively were devel-
oped [68]. Given the driving force behind the urgent need
for microbial conversion of lignocellulosic raw materi-
als, intensive efforts have been made to design synthetic
microbial consortia based on lignocellulose sugar for
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value added chemicals production [69]. More impor-
tantly, two user-friendly model hosts of the same spe-
cies can be engineered to form an integrated system for
improved pyruvate intermediate as the main precursor
in L-valine biosynthesis. By taking advantage of the co-
culture-based approach, enabling co-utilization of mixed
sugars through design and characterization of microbial
consortia-based L-valine production is suggested to have
its impact on industrial application.

Approaches based on system metabolic
engineering

Although the recent progress in rational engineering
strategies offers the viable option to enhance the pro-
duction of L-valine, the key challenge of applying the
abovementioned approach is that engineering the micro-
organisms without considering the complex metabolic
and regulatory networks at the system level can lead to
the suboptimal production of the target product. There-
fore, system metabolic engineering, which integrates
system biology, synthetic biology and evolutionary engi-
neering can overcome this challenge [34, 44]. Many tools
and strategies are available for implementing systems
metabolic engineering; some of these have been applied
to L-valine biosynthesis in microbial factories. By apply-
ing the in silico-guided multiple knockout approach, the
triple knockout of aceF, mdh, and pfkA has potential
increased L-valine production in E. coli mutant. Conse-
quently, the E. coli VAMF strain (Table 1), engineered
based on a in silico-prediction target, was able to produce
7.5 g L™ L-valine with a high yield of 0.378 g g~! mol
of glucose [20]. In addition to the potential of in silico
genome-scale analysis, *C-metabolic flux analysis (**C-
MFA) can provide a holistic view on metabolism and
regulation that is useful for developing L-valine producer
strains. For instance, >C-MFA of L-valine producer
strain demonstrates that the flux split ratio between
EMP and PPP to the demand of NADPH is important
for cell growth, maintenance and L-valine production
[55]. Hence, a systematic approach based on in silico flux
response analysis was applied to identify the optimum
substrate feeding condition for increased L-valine pro-
duction [21].

As discussed, microbial factories possess a plethora
of regulatory mechanisms that tightly control the flux
through their metabolic network. This mechanism has
typically counteracted metabolic engineering efforts to
rewire the metabolism with a view to overproduction.
Therefore, system metabolic engineering to guided adap-
tive laboratory evolution (ALE) has become available to
optimize microbial genome and finding creative solutions
to fitness-limiting obstacles [70]. For example, apply-
ing metabolic engineering to guided evolution (MGE),
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PEP and pyruvate carboxylase-deficient C. glutamicum
strain was evolved to grow on glucose. The MGE-gen-
erated strain showed the mutation in isocitrate dehy-
drogenase (ICD) which activated the glyoxylate shunt
replenishing oxaloacetate required for growth. Further-
more, overexpressing the L-valine biosynthesis gene in
evolved strain resulted in 8.9 g L™ L-valine with a yield
of 0.22 g g~ mol of glucose [25]. In addition, Omics-
based approaches have been applied to acquire valuable
transcriptome, proteome and metabolome data, which
are being used to develop a strain with higher L-valine
production. For example, the genes that are involved in
PPP and TCA pathways, and the key genes for biosynthe-
sis of L-valine were found to be upregulated in L-valine
higher yield strain, C. glutamicum-VWB1 [37]. Ma and
colleagues demonstrated that the upregulation of gene
encoding aminotransferase might benefit the synthesis
of L-valine and cause the significant decrease of byprod-
ucts in L-valine-producing mutant C. glutamicum XV
(Table 1) [71].

Recently, the high-throughput fluorescence activat-
ing cell-sorting (HF-FACS) strategy for monitoring and
screening single bacterial cells that show a desirable
phenotype, has been applied in strain development for
amino acids production, including L-valine. A dynamic
biosensor regulator system based on Lrp for detection of
BCAAs and methionine was developed in C. glutamicum.
The Lrp upregulated reporter protein expression from
the brnFE promoter when bound by branched-chain
amino acids [72]. Guided by ALE, Mahr and colleagues
combined the above sensor system with HF-FACS for
screening better mutant of pyruvate dehydrogenase
complex-deficient C. glutamicum which exhibited a 25%
increase in L-valine titer. The detected mutation in a ure-
ase accessory protein gene (UreD) and a global protein
(GIxR) were responsible for the production phenotype.
Furthermore, introducing the mutated sequence of ureD
(urease accessory protein) in non-evolved strain resulted
in significantly increased L-valine production up to
100% [73]. Based on these examples, hidden constraints
on microbial cells lead to undesirable physiological
changes. Therefore, a combination of 13C-MF with tran-
scriptomic/proteomics and novel genome-scale models
are needed for a comprehensive understanding of cell
responses to metabolic burdens at different cellular levels
and to design a robust cell with high chances of success.
Microbial mutation breeding methods have been widely
used in the fermentation industry. Traditional strategies
to increase the yield of wild-type strains include ran-
dom mutagenesis through nitrosoguanidine (NTG) and
ultraviolet treatment (UV). In these conventional muta-
tion methods, attention is paid to the health and safety
of operators and the efficiency of mutation. Recently,
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a novel atmospheric and room temperature plasma
mutagenesis tool (ARTP) has been developed. ARTP has
several advantageous features, such as lower controllable
gas temperature, abundant chemically reactive species,
rapid mutation, safety and higher operational flexibility.
The plasma from the ARTP system damages cell walls,
membranes, DNA, and proteins, causing genetic damage
in microorganisms. Therefore, ARTP may be a powerful
mutagenesis tool providing an effective method to obtain
mutants with desirable phenotypes [74]. In addition,
rational design combined with biosensor-driven labora-
tory evolution methods can increase the ability to pro-
duce amino acids. A biosensor was constructed based on
LRP-type transcriptional regulatory factors and temper-
ature-sensitive replication technology. After atmospheric
and room temperature plasma (ARTP) mutagenesis,
fluorescence activated cell sorting (FACS) was used to
increase the L-valerate of C. glutamicum. The yield of the
mutant strain L-valine finally obtained was 3.20 g L%,
which was 21.47% higher than the titer of the original
strain [75].

Conclusions and perspectives

The branched-chain amino acid, L-valine has wide appli-
cations and its market capacity requirement constantly
increases, but the production level of this essential bio-
chemical is still far from satisfactory to meet the indus-
trial demands. In this perspective, we describe several
strategies that comprise system metabolic engineering
for producing L-valine. These strategies encompass car-
bon source and nutrient utilization, flux distribution at
branch points, cofactors and energy requirements, regu-
latory engineering, product export, gene manipulation,
system metabolic engineering, fermentation conditions
and characteristics. As engineering of microbial cells for
L-valine production is applied more widely, we expect
these strategies can be effective in addressing the above
challenges.

Although, the use of renewable carbon source, sugar in
fermentation with aid of microbial factories offers many
advantages as can be seen from the relevant discussion
above, several challenges need to be overcome for effi-
cient production. Methanol is a promising raw material
for the production of fuels and chemicals. Therefore,
people have devoted a great deal of efforts to the design
of microorganisms that utilize methanol as an unnatural
methyl nutrition platform. The main industrial C. glu-
tamicum, after reasonable design and experimental engi-
neering, can be used as a methanol-dependent synthesis
of methyl nutrition organisms. The cell growth of meth-
anol-dependent strains depends on the co-utilization of
methanol and xylose, most notably methanol is an essen-
tial carbon source [76]. The use of abundant and cheap
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carbon sources can effectively reduce production costs
and improve economic feasibility. Acetate is a promis-
ing carbon source for realizing cost-effective microbial
processes. Recently, some researchers have designed
an E. coli strain to produce itaconic acid from acetate.
In order to increase the yield, the acetic acid assimila-
tion pathway and the glyoxylic acid shunt pathway are
amplified through the overexpression and deregulation
of pathway genes. After 88 h of fermentation, acetic acid
quickly assimilated, and the resulting strain WCIAG4
produced 3.57 g L™ itaconic acid (16.1% of the theoreti-
cal maximum yield). These efforts support that acetate
may become a potential raw material for engineered E.
coli production biochemistry [77]. At present,the aver-
age selling price of L-valine is $5.4 per kg and the current
maximum yield of valine is about 172.2 g L™ L-valine
with a yield of 0.63 mol mol™! of glucose for 24 h [59].
The raw materials such as glucose, formic acid and acetic
acid are $0.772 per kg, $0.386 per kg and $0.463 per kg
respectively. The raw materials such as formic acid and
acetic acid obtained from industrial waste are even lower.
Therefore, the formate and acetate converted from the
reduction of carbon dioxide emissions has great poten-
tial and can be used as a sustainable raw material for the
biological production of biofuels and biochemical sub-
stances. However, due to the toxicity of formate or lack of
metabolic pathways, its use for the growth and chemical
production of microbial species is limited. The formate
assimilation pathway in E. coli has been constructed and
applied to adaptive laboratory evolution to improve the
use of formate as a carbon source under sugar-free con-
ditions [78]. Optimizing the metabolic flow of engineer-
ing precursor is frequently complicated between target
product and byproduct, gene expression and complex
enzyme regulation. Although metabolic problems can be
handled by regulating key enzymes, more often than not,
the complexity of the branched-chain amino acids syn-
thesis pathway requires more precise regulation. Gene
regulation based on CRISPRi has emerged as a powerful
tool in synthetic circuits. CRISPRi will have enormous
potential as a primary means of technology to recon-
struct gene regulatory networks. With the advancement
of novel strategies and tools in system metabolic engi-
neering, it is possible to achieve optimal production of
L-valine on an industrial scale. The avenues that promise
the major impact on L-valine production are: First, stain
development by biosensor-mediated adaptive laboratory
evolution and high-throughput screening (using biosen-
sors specifically developed for L-valine) [73]. Second,
applying the omics strategies, including transcriptomes,
proteomes and metabolomes, the physiological informa-
tion of L-valine producer strain will possibly add insight
to hidden constraints. Third, *C-metabolic flux analysis
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combined with a genome-scale metabolic model (GSM)
can lead to the development of optimal process through
systematically identifying genetic targets for overexpres-
sions, downregulation and deletions [79]. To this end, all
these strategies will provide engineering with insights
for improving microbial production for L-valine in the
future. Nonetheless, one of the major challenges of meta-
bolic engineering is to transfer the CO, fixation capac-
ity of autotrophic organisms to heterotrophic organisms
(such as E. coli). The knowledge of more than 100 meta-
bolic pathways of autotrophic E. coli can be used, which
have been optimized for the production of fuels and
chemicals, and are produced through CO,. Gleizer et al.
in their 2019 contributions type of E. coli that can use
CO, as the sole carbon source is designed. The author
used metabolic engineering technology to construct
E. coli with disrupted EMP and PPP. The bacteria can
fix CO, through the Calvin cycle and use formate as an
electronic resource. Then within 350 days, the strain was
optimized for CO, fixation through adaptive evolution,
thereby generating mutations that regulate gene expres-
sion and pathway regulation. Formic acid is introduced
into the growth medium. As a method to generate reduc-
ing power, formate dehydrogenase is proven to be a key
additive to increase the biomass in carbon dioxide from
35 to 100% [43]. All those feedstocks have more possibil-
ity to use in microbial production for L-valine.

Industrial production of L-valine requires system-
wide engineering, while considering culture condi-
tions in fermentation. It can be summarized as several
strategies. Back to the high-yield L-valine, iterative uti-
lization and different orders make more sense. As an
increasing body of knowledge on microbial species and
metabolic systems which can be implemented in pro-
ducing L-valine, we expect adopting these strategies
can address more challenges, and meanwhile inspirit
L-valine development to meet the needs of society.
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