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Abstract
As natural metabolites, organic acids have been widely applied in food, pharmaceutical, and bio-based materials industries.
Particularly, the short-chain organic acids, including C2, C3, C4, C5, and C6 organic acids, are necessary intermediate metab-
olites in cells and are also alternatives to some commercial chemical products. As the necessary metabolites in cells, most major
short-chain organic acids can be produced through microbial fermentation. Specifically, with the development of synthetic
biology, metabolic engineering could endow cells with the ability to produce more short-chain organic acid products including
propionic acid, pyruvate, lactic acid, 3-hydroxypropionic acid, malic acid, succinic acid, fumaric acid, butyric acid, itaconic acid,
α-ketoglutaric acid, glutaric acid, citric acid, gluconic acid, muconic acid, adipic acid, xylonic acid, and so on. The recent
advances in the biological production of short-chain organic acids, as well as the challenges and perspectives, are summarized
in this review to promote the generation of microbial cell factories for the production of short-chain organic acids.

Key points
• Outlines the production strategy of short-chain organic acids
• Provide guidance for efficient synthesis of short-chain organic acids
• Impacts the necessary factor of acid resistance on the successful production of host cells

Keywords Short-chain organic acids . Biosynthetic pathways .Metabolic engineering . Organic acid biosensor . Acid tolerance

Introduction

Short-chain organic acids are low molecular weight organic
compounds with one or more acidic groups, of which typical-
ly include carboxylic, sulfonic, and thiocarboxylic (Yin et al.
2015). According to the number of carbon atoms, short-chain
organic acids can be divided into carbon two (C2), carbon
three (C3), carbon four (C4), carbon five (C5), and carbon
six (C6) organic acids (Wittmann et al. 2015). Commonly,
C3 organic acids include propionic acid (PA), pyruvate, lactic

acid (LA), and 3-hydroxypropionic acid (3-HP). C4 organic
acids include malic acid (MA), fumaric acid (FA), succinic
acid (SA), and butyric acid (BA). C5 organic acids include
itaconic acid (IA), α-ketoglutaric acid (α-KG), glutaric acid,
and xylonic acid (XA), while C6 organic acids include citric
acid (CA), muconic acid (mainly cis, cis-muconic acid,
CCM), gluconic acid (GA), and adipic acid (AA).

Short-chain organic acids have many industrial applica-
tions in food, pharmaceuticals, cosmetics, detergents, poly-
mers, and textiles industries (Alonso et al. 2015; Garcia
et al. 1999; Goldberg et al. 2006); for example, the calcium,
sodium, and ammonium salts of PA are relatively good
choices for preservatives in animal feed and human food ow-
ing to the preservative effect (Guan et al. 2016; Liu et al.
2016). IA can be used to prepare synthetic fibers, synthetic
resins, and plastics, and its ester derivatives can also be used
for the copolymerization of styrene or as plasticizers of poly-
vinyl chloride (Zhao et al. 2018c). MA and CA have the huge
market prospect as food acid seasoning (Dai et al. 2018;
Dhillon et al. 2011). These acids occupy a major position in
the industrial production of the short-chain organic acids due
to their wide range of applications.
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Over the past century, short-chain organic acid-related
products have established a tight relationship between grocery
needs and the petrochemical industry. Short-chain organic
acids such as CA, MA, α-KG, IA, and GA were synthesized
by traditional industrial chemistry using a variety of simple
chemical units (mostly derived from fossil resources) (Becker
and Wittmann 2015). However, the production processes of
traditional industrial chemicals have caused environmental
pollution, climate change, and shortage of raw materials to a
certain extent, which promoted people to seek new sustainable
resources for synthetic short-chain organic acids. Considering
these unavoidable consequences in industrial chemical pro-
duction, researchers are searching for a new available method,
microbial production, which is environmentally friendly and
sustainable (Becker and Wittmann 2015; Chae et al. 2020;
Wang et al. 2016b).

In this review, we summarized sixteen short-chain organic
acids, including PA, pyruvate, LA, 3-HP, MA, SA, FA, BA,
IA, α-KG, XA, glutaric acid, CA, GA, CCM, and AA. From
the perspective of metabolic engineering, we discussed the
latest research techniques for the production of short-chain
organic acids in microorganisms. We also focused on the de-
velopment and utilization of acid-resistant industrial chassis
cells for the production of short-chain organic acid.

Current advance in biological production
of short-chain organic acid

Host microbes for the production of short-chain or-
ganic acids

Till now, strategies on biology and synthetic biology have
been developed by choosing new biotechnologies to produce
organic acids. As the intermediates of microorganisms, more
and more short-chain organic acids are produced in microor-
ganisms via metabolic engineering (Fig. 1). Specifically,
Escherichia coli, a model strain in industry, is usually used
to produce various short-chain organic acids (Alonso et al.
2015; Liu et al. 2017). Considering the renewability and
cheapness raw materials, glucose, and glycerol were added
as a substrate during the fermentation process (Becker et al.
2015). Additionally, Propionibacterium acidipropionici,
Propionibacterium jensenii, Aspergillus oryzae, Aspergillus
terreus, Aspergillus niger, Yarrowia lipolytica, and
Saccharomyces cerevisiae can also be used as host microbes
for the production of short-chain organic acid (Table 1).

Strategies and tools for the production of short-chain
organic acids

To meet the current industrial production needs, researchers
begun to design and construct an efficient screening system

for selecting high-yield strains of short-chain organic acids.
High-throughput screening methods based on biosensor re-
sponses were developed in many reports. The key component
of biosensor is the transcription regulator of the target organic
acid (Snoek et al. 2020). A biosensor responding to cis, cis-
muconic acid (CCM) was designed in S. cerevisiae based on
small molecules binding transcriptional activators BenM,
which was a native CCM-inducible transcriptional activator,
fromAcinetobacter sp. ADP1 superfamily of LysR-type (Bian
et al. 2016).Moreover, CCM-biosensors were coupled to GFP
(Green fluorescent protein) expression to screen high-yield
CCM-producing yeasts via high-throughput screening
(Wang et al. 2020). Engineering of biosensor system in search
of a general biosensor design can help host microbes to pro-
duce target short-chain organic acids more efficiently (Snoek
et al. 2020).

However, almost all short-chain organic acids shared com-
mon characteristics: with the accumulation of concentration,
the acids were highly toxic to the growth of host cells. The
research of acid-resistant chassis cells for the production of
organic acids became a hot area in recent years. According to
the available expression and transcription factor binding data,
researchers have designed and identified a powerful set of
synthetic promoters for the production of LA in S. cerevisiae
under acidic conditions (pH ≤ 3). The literature on transcrip-
tion regulation and known rules for promoter architecture had
improved the low pH performance of ygp1 promoter by mod-
ifying the transcription factor binding sites in accordance with
their upstream activation order (Rajkumar et al. 2016). In
E. coli, researchers designed a pH-sensitive genetic device
based on a riboswitch to control gene expression based on
different environmental pH (Pham et al. 2017). The applica-
tion of the digital pH-sensitive systemwas proved a success in
a genetic program that can autonomously regulate the evolu-
tionary engineering of DNA. Therefore, in this case, the resis-
tance is to a variety of organic acids and have a valuable
phenotype for metabolic engineering and bioremediation ap-
plications (Pham et al. 2017). Researchers also used error-
prone PCR methods to engineer the global regulator cAMP
receptor protein (CRP) ofE. coli to improve its performance at
low pH from the transcription level (Basak et al. 2014). Based
on its mutagenic performance, the best mutant AcM1 was
identified from a randommutagenesis library. Compared with
the control, the growth rate of AcM1 increased from 0.062 h−1

to 0.113 h−1 at pH 4.24 (Basak et al. 2014). The evolved strain
in Archaeon Sulfolobus solfataricus, which was called the
super acid-resistantCrenarchaeota (SARC), and its additional
thermophilic and eosinophilic abilities were tested through
adaptive evolution and acquired a line of resistance and geno-
mic stability relative to the wild-type parents. One more inter-
esting thing is that acid resistance was heritable (Payne et al.
2018). While the acidity of the culture solution was gradually
increasing, the change of pH value of the culture resulted in a
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Table 1 Overview of the development of fermentative and enzymatic production of main organic acids in recent years

Number of
carbon atom

Production Strains Genotype Titer
(g/L)

Yield
(g/g)

C3 Propionic acid P. acidipropionici (Jiang et al.
2014)

Trehalose synthesis mutant (overexpression of otsA gene) 135 0.67

P. acidipropionici (Zhang and
Yang 2009)

Δack, H+-ATPase mutation 100 0.53

P. jensenii (Liu et al. 2015b) Overexpression of gdh and mdhfrom K. pneumoniae 39.43 0.65
P. jensenii (Liu et al. 2016) The overexpression of ppc from Klebsiella pneumoniae and

deletion of ldh
34.93 N/D

Pyruvate S. cerevisiae (van Maris et al.
2004)

Pdc- S. cerevisiae mutant (TAM) 135 0.54

T. glabrata (Liu et al. 2007) Osmotic-tolerant mutant of T. glabrata CCTCC M202019 94.3 0.64
E. coli (Zhu et al. 2008) YYC202 ldhA::Kan, arcA726::FRT, atpFH::Cam 90 0.68

Lactic acid R. oryzae (Yamane and
Tanaka 2013)

From glucose, batch and fed-batch cultures of Rhizopus oryzae 231 0.93

C. glutamicum (Tsuge et al.
2015)

Overexpressing the genes coding for GLK, GAPDH, TPI, and
FBA.

195 0.9

B. coagulans (Xu and Xu
2014)

Using a co-feeding strategy 168.3 0.88

S. cerevisiae (Baek et al.
2016)

Overexpressing ldhA, Δdld1, Δjen1, Δpdc1, Δadh1, Δgpd1,
and Δgpd2.

112 0.80

3-Hydroxypro-pionic
acid

E. coli (Chu et al. 2015) GabD4 (Aldehyde dehydrogenase), mutant GabD4_
E209Q/E269Q

71.9 N/D

E. coli (Kim et al. 2014) Δglpk, ΔyqhD, overexpressing PSALDH 57.3 0.88
K. pneumoniae (Huang et al.

2013)
Expressing aldH 48.9 0.66

C4 Malic acid A. oryzae (Brown et al. 2013) Overexpressing C4T318, PYC, andMDH 154 1.03
A. oryzae (Liu et al. 2018a) Overexpressing pyc, citrate synthase RNAi, overexpressing

NADH oxidase
117.2 0.9

U. trichophora (Zambanini
et al. 2017)

Overexpression of PYC,MDH, and two malic acid transporters 134 0.56

E. coli (Gao et al. 2018) Using multiplexed CRISPRi 36 0.85
Fumaric acid R. oryzae (Zhang et al. 2012) Overexpressing pyc and pepc 78 0.78

E. coli (Li et al. 2014) Overexpression gene ppcor the glyoxylate shunt operon aceBA 41.5 0.44
E. coli (Song et al. 2013) Overexpressing PPC, sdhCDAB, and CS, ΔaspA 35.1 0.49
A. oryzae (Papadaki et al.

2018)
Using renewable resources soybean cake via a two-stage

bioprocess
40 0.86

S. cerevisiae (Xu et al. 2013) RoPYC, RoMDH, and RoFUM1 from Rhizopus oryzae were
overexpressed

5.64 0.11

Succinic acid E. coli (Liang et al. 2013) ΔpflB, ΔldhA, Δppc, ΔptsG, overexpressing pepck 83 0.87
S. latissima (Marinho et al.

2016)
The macroalga Saccharina latissima as feedstock 36.8 0.92

E. coli (Olajuyin et al. 2016) ΔldhA, Δpta-ackA, ΔpoxB, Δpfl, overexpressing pck 22.4 0.73
Butyric acid C. tyrobutyricum (He et al.

2020)
Overexpressing galK, galE, galT and galP 34.3 0.37

C. tyrobutyricum (Huang et al.
2011)

In a fibrous-bed bioreactor using Jerusalem artichoke as the
substrate

60.4 0.38

C. tyrobutyricum (Luo et al.
2018)

Overexpressing xylT, xylA, and xylB 36.4 0.43

C. tyrobutyricum (Suo et al.
2017)

Overexpressing groESL 52.2 N/D

C5 Itaconic acid A. terreus (Hevekerl et al.
2014)

By a single pH shift ranging from pH4 to 6 or by a pH control to
pH 3

146.1 0.59

A. terreus (Kuenz et al. 2012) A systematic process optimization 86.2 0.62
A. terreus (Huang et al. 2014) Overexpressing cadA 78.5 0.57
A. terreus (Krull et al. 2017) Controlling the pH value to pH 3.4 in the production 160 0.46

α-Ketoglutaric acid E. coli (Niu et al. 2014) From l-glutamic acid vial-glutamateoxidase 104.7 0.95
Y. lipolytica (Yu et al. 2012) Using a two-stage pH control strategy 66.2 0.51

Xylonic acid P. kudriavzevii (Toivari et al.
2013)

Expressing a D-xylose dehydrogenase coding gene 171 1.0

S. cerevisiae (Toivari et al.
2012)

Expressing D-xylonolactone lactonase xylC 43 0.8
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178-fold increase after the strains of adaptive laboratory evo-
lution growth at pH 0.8 and 80 °C (McCarthy et al. 2016).

In addition, researchers found that the acid resistance reac-
tion (ATR) system was required for E. coli to grow in pH 4.2
(Xu et al. 2020a). Among the two-component system CpxRA,
which consisted of histidine kinase CpxA and cytoplasmic
response regulator CpxR, directly sensed acidification
through the protonation of periplasmic histidine residues of
CpxA and maintained intracellular pH homeostasis
(Xu et al. 2020a). The ATR system was important for the
production of higher levels of 3-HP during fermentation, and
the ATR system appeared to be conserved among other Gram-
negative bacteria (Xu et al. 2020a).

C3 organic acids:propionic acid, pyruvate, lactic acid,
and 3-hydroxypropionic acid

Propionic acid

PA, a 3-carbon short-chain organic acid, is a valuable chem-
ical intermediate with a variety of applications in food,

pharmaceutical, and manufacturing industries (Liu et al.
2012b). Other applications can also perform as an intermedi-
ate for the synthesis of perfumes, cellulose fibers, and feed-
stuffs (Guan et al. 2016).

Microbial synthesis of PA was mainly based on glucose
and glycerin, which were cheap renewable raw materials.
Using glucose or glycerol as substrate, PA was eventually
produced in the Wood-Werkman cycle with the catalysis of
succinyl-CoA, which was produced by the TCA cycle, and
methylmalonyl-CoA (Fig. 1). Currently, a variety of metabol-
ic synthesis methods have been developed for the production
of PA. For example, gene gldA (encoding glycerol dehydro-
genase) fromKlebsiellan pneumoniaewas expressed by using
a P. jensenii-Escherichia coli constructed shuttle vector, and
then increased the PA production by 26.07% (Zhuge et al.
2013). Furthermore, the additional enzyme malate dehydro-
genase (MDH) had been found to produce PA. Engineered
strains, in which gldA and mdh were simultaneously
overexpressed, can improve the titer of PA (Liu et al.
2015b). In the metabolic pathway of PA, ppc (encoding phos-
phoenolpyruvate carboxylase) and ldh (encoding lactic acid

Table 1 (continued)

Number of
carbon atom

Production Strains Genotype Titer
(g/L)

Yield
(g/g)

E. coli (Liu et al. 2012a) Disrupting two genes yagE and yjhG 39.2 0.98
Glutaric acid C. glutamicum (Rohles et al.

2018)
Overexpressing gabT, gabD, and cgl0841 90 0.7

E. coli (Wang et al. 2018) Xylose catabolic pathways (isomerase, Weimberg, and Dahms
pathways)

0.6 N/D

E. coli (Zhao et al. 2018b) Expressing the enzymes of RADP,ΔarcA,ΔldhA,ΔatoB, and
ΔpflB

4.8 0.82

C6 Citric acid Y. lipolytica (Försterr et al.
2007)

Overexpression of the invertase-encoding suc2 gene 140 0.82

Y. lipolytica (Liu et al. 2013b) Δacl1, overexpression of icl1 84 0.84
Y. lipolytica (Liu et al. 2010) Expression of inulinase from K. marxianus 77.9 0.92

Gluconic acid A. niger (Singh and Singh
2006)

By pseudo-immobilization of A. niger ORS-4.410 96.52 0.7

A. niger (Zhang et al. 2016) Using dry dilute acid pretreated corn stover (DDAP) hydroly-
sate

76.67 0.949

K. pneumoniae (Wang et al.
2016a)

Deletion of gad, with accumulation observed at pH 5.5 or lower 422 1.0

Muconic acid S. cerevisiae (Wang et al.
2020)

Biosensor-aided genome engineering 20.8 0.066

E. coli (Choi et al. 2019) System for the conversion DHS into MA, and expression of
asbF, aroY, and catA.

64.5 N/D

C. glutamicum (Becker et al.
2018)

Elimination of catB, overexpression of catA, with lignin
hydrolysate as substrate

85 0.81

P. putida (Kohlstedt et al.
2018)

Deletion of the catBC genes, expression of catA and catA2 64.2 1.0

Adipic acid E. coli (Cheong et al. 2016) MG1655 ΔldhA, ΔpoxB, Δpta, ΔadhE, and ΔsucD 2.5 0.05
C. tropicalis (Ju et al. 2020) C. tropicalis KCTC 7212ΔAOX4::AOX5 mutant 12.1 N/D
E. coli (Zhao et al. 2018a) Through the reverse adipate-degradation pathway 68 0.38
E. coli (Zhou et al. 2020) Expressing the enzymes of RADP, ΔarcA, ΔsucD, ΔatoB,

ΔldhA, ΔadhE, andΔpflB,
57.6 N/D

N/D not detected
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dehydrogenase) were key genes that affect synthesis. The
overexpression of ppc from Klebsiella pneumoniae and dele-
tion of ldh increased the PA titer to 34.93 ± 2.99 g/L (Liu et al.
2016). In addition, higher titers PA of 100 g/L and 135 g/L
were obtained in P. acidipropionici by construction of H+-
ATPase mutation (Zhang and Yang 2009) or overexpression
of otsA (encoding as a homolog of trehalose 6-phosphate syn-
thase) (Jiang et al. 2014). Also, the arginine deaminase and
glutamate decarboxylase (GAD) systems contributed signifi-
cantly to the acid resistance of Propionibacteria at the micro-
environmental level (Guan et al. 2013), proteomics level
(Guan et al. 2014), and metabolomics level (Guan et al. 2015).

PA was a strong inhibitor to cell growth even at a relatively
low concentration (10 g/L) (Goswami and Srivastava 2001;
Zhang and Yang 2009). To improve the tolerance of cells to
PA in many fermentation processes, researchers have con-
structed PA-tolerant chassis cells before producing PA. For
example, knockout gene ack (encoding acetate kinase) for
acetic acid synthesis and adaptively spontaneous evolution
of cells with high concentration of PA can improve tolerance

to PA (Zhang and Yang 2009). Furthermore, the overexpres-
sion of gene gadB (encoding glutamate decarboxylase) in-
creased PA-tolerant and yield most effectively, which was
over 10-fold higher than that of the wild-type (Guan et al.
2016).

Pyruvate

With the properties of carboxylic acids and ketones, pyruvate
is an important small molecule organic acid and also a C3 keto
acid produced by microorganisms (Wieschalka et al. 2013).
Pyruvate can be converted to acetyl-CoA by pyruvate dehy-
drogenase, and further, acetyl-CoA can be completely oxi-
dized to carbon dioxide and water through TCA cycle, which
supplies energy for cell growth and maintenance. Therefore,
pyruvate is a key intermediate in sugar metabolism. In addi-
tion, pyruvate can be converted into sugars, fats, and amino
acids in the body through the cycle of acetyl-CoA and tricar-
boxylic acids (Zhu et al. 2008).

Fig. 1 Metabolic pathways of short-chain organic acids starch in micro-
organisms. The dotted line is the tricarboxylic acid cycle (TCA). Rose
red: carbon three, including propionic acid, pyruvate, lactic acid, and 3-

hydroxypropionic acid. Blue: carbon four, including malic acid, fumaric
acid, succinic acid, and butyric acid. Green: carbon five, including
itaconic acid and α-ketoglutarate. Brown: carbon six, citrate
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Glycolysis pathway was the major pathway for microor-
ganisms to synthesize pyruvate (Fig. 1). E. coli and
S. cerevisiae have been engineered to produce pyruvate.
During the process of synthesizing pyruvate with glucose as
a substrate, the most immediate obstacle is the degradation of
pyruvate by pyruvate decarboxylase (Pdc) (van Maris et al.
2003). However, the pdc− mutant also blocked acetyl-CoA
synthesis and two issues present in the fermentation process:
(I) cultures required small amounts of ethanol or acetate to
sustain aerobic and (II) strains of pdc- mutant cannot grew in
batch cultures on synthetic medium with glucose (van Maris
et al. 2004). In order to solve the glucose-limited growth prob-
lem in pdc− mutant, researchers overexpressed the gene glY1
(encoding threonine aldolase) in S. cerevisiae, which can cat-
alyze threonine into glycine and acetaldehyde. The acetalde-
hyde produced by threonine aldolase, which was the precursor
of acetyl-CoA, successfully solved the problem of acetyl-CoA
supplication in the cytoplasm (van Maris et al. 2003). In the
other direction, through directed evolution of the Pdc− strains,
the mutant strain TAM obtained tolerance of glucose, and the
highest titer of pyruvate in S. cerevisiae reached 135 g/L (van
Maris et al. 2004). In E. coli, the glycolytic rate and pyruvate
productivity were related to four nutrient limitation condi-
tions, including glucose, acetate, nitrogen, or phosphorus at
the logarithmic growth phase. Among these conditions, ace-
tate resulted in the highest glycolytic flux, with mutations in
genes involved in pyruvate metabolism including aceEF
(encoding pyruvate dehydrogenase complex), pfl
(encoding pyruvate formate lyase), poxB (encoding pyru-
vate oxidase), pps (encoding phosphoenolpyruvate syn-
thase), and ldhA (encoding lactate dehydrogenase), while
pyruvate productivity reached 90 g/L (Zhu et al. 2008).
Also, in an NaCl-tolerant mutant of Torulopsis glabrata,
the titer of pyruvate reached 94.3 g/L by enhancing the
osmotic stress resistance (Liu et al. 2007). Of course,
besides using glucose as the substrate, researchers have
also investigated the use of other substrates to produce
pyruvates, such as lactic acid (Gao et al. 2010), alginate
(Kawai et al. 2014), mannitol (Yoshida et al. 2015), and
D/L-alanine (Hossain et al. 2016).

Lactic acid

LA, which has both hydroxyl and carboxyl groups, is the most
widespread hydroxycarboxylic acid in nature and can partici-
pate in a variety of reactions, such as oxidation reactions,
reduction reactions, condensation reactions, and hydroxyl
substitution, to prepare various lactic acid derivatives (Joshi
et al. 2010). LA also has a mild and moderate acidity, which
can increase the taste of food in the food industry (Zhang et al.
2018). Moreover, adding a certain amount of LA to seasoning
can refrain microorganisms and maintain the stability and
safety in products. In the fermentation industry, LA can be

used to control the pH value and improve the purity of fer-
mentation products as well (Yamane and Tanaka 2013).

Recent reports have shown that many strategies play an
important role in the microbial production of LA, including
both metabolic transformations and traditional fermentation
optimization processes. In terms of metabolism, LA was a
direct product of D/L-lactate dehydrogenase, which reduced
the pyruvate to D/L-enantiomer of LA (Fig. 1). Glycolysis
was the fundamental pathway for metabolizing glucose to
pyruvate, which was an important precursor for LA synthesis.
In an experiment where ten genes were overexpressed, five
genes encoding glucokinase (GLK), glyceraldehyde phos-
phate dehydrogenase (GAPDH), triosephosphate isomerase
(TPI), phosphofructokinase (PFK), and bisphosphate aldolase
(FBA) have shown an effect to increase the production of LA
in Corynebacterium glutamicum (Tsuge et al. 2013). Shortly
afterwards, the five glycolytic genes were simultaneously
overexpressed, and the optimal combination of glycolytic
genes was obtained, clarifying that the PFK encoding gene
was essential for achieving high production (195 g/L) of D-
lactate (Tsuge et al. 2015). In traditional fermentation optimi-
zation processes, Rhizopus oryzae NBRC 5384 was cultured
by glucose fed-batch fermentation to make the production of
LA achieved 231 g/L (Yamane and Tanaka 2013), and a co-
feeding strategy based on the utilization of cane molasses/
glucose carbon sources was used to efficiently produce LA
in C. glutamicum (Xu and Xu 2014).

However, host cells of LA producers had low acid toler-
ance, which were unfavorable for the industrial production.
Therefore, acid-resistant cell engineering was used to synthe-
size LA. In S. cerevisiae, CCW14was a cell wall glycoprotein
reportedly activated by the CWI pathway under citric acid
stress at pH 3.5 (Lawrence et al. 2004). Compared with the
native TEF1 promoter, the best-effect engineered CCW14V5
promoter, which was the modified inducible CCW14 promot-
er, was used to improve the cell tolerance (pH ≤ 3) and ten-
fold increase in the titer of LA (Rajkumar et al. 2016).
Likewise, to obtain cost-effective non-neutralizing fermenta-
tion host strains, both rational pathway engineering and adap-
tive evolution were investigated in S. cerevisiae. Among the
adaptive evolution strains, S. cerevisiae JHY5330 showed the
higher gene haa1(encoding a transcription activator) mRNA
levels, and haa1 mainly contributed to enhancing acid toler-
ance and LA production ability (Baek et al. 2016).

3-Hydroxypropionic acid

3-HP is an isomer of lactic acid. Due to the different hydroxyl
positions, chemical properties of 3-HP are more active in the
synthesis of many industrially valuable chemicals, including
malonic acid, 1,3-propandiol, acrylic acid, propiolactone, 3-
hydroxymethyl-propionate, and several polymers (Chu et al.
2015). The chemical industry has recently focused on
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emerging high-value organic acids with broader industrial ap-
plications (Alonso et al. 2015; Wieschalka et al. 2013).

The synthesis methods of 3-HP included chemical and mi-
crobiological methods. Chemical methods used non-
renewable resources that have many by-products which were
difficult to be separated, and may easily cause environmental
pollution. In recent years, attentions have been paid to the
microbial conversion of 3-HP with glycerol as a substrate.
The main hosts to produce 3-HP through microbial fermenta-
tion included E. coli (Chu et al. 2015; Kim et al. 2014) and
Klebsiella pneumoniae (Huang et al. 2013). In E. coli, rapid
iterative CRISPR EnAbled Traceable genomic Engineering
(iCREATE) method was used to determine the construction
and productivity of combinatorially modified genomes. With
central carbon metabolism, the ability of engineered strains to
produce 3-HP and the tolerance to 3-HP were improved, and
then the titer, yield, and productivity increased approximately
60 times compared to the wild-type strains (Liu et al. 2018b).

The accumulation of the intermediate product 3-
hydroxypropanal (3-HPA) was essential to increase the pro-
ductivity of 3-HP, while 3-HPA was toxic. Therefore, re-
searchers identified GabD4, a new aldehyde dehydrogenase
that possesses high enzyme activity towards 3-HPA from
Cupriavidus necator (Chu et al. 2015). In order to enhance
the activity of GabD4, site-directed and saturated mutagenesis
were performed based on homology modeling; thus, the mu-
tant GabD4_E209Q/E269Q showed the highest enzyme ac-
tivity and increased the production of 3-HP to 71.9 g/L, which
should be the highest reported in E. coli (Chu et al. 2015). On
the other hand, there are other studies on how to reduce the
toxicity of 3-hydroxypropionaldehyde for cell growth. In re-
combinant E. coli, gene glpK (encoding glycerol kinase) and
yqhD (encoding an endogenous propanediol oxidoreductase)
were double knocked, and Pseudomonas aeruginosa gene
psaldh (encoding semialdehyde dehydrogenase) and
Lactobacillus brevis gene DhaB-DhaR (DhaB1B2B3

encoding glycerol dehydratase complex and DhaR1R2

encoding DhaB reactivase) were overexpressed; as a result,
the 3-HP titer reached 57.3 g/L (Kim et al. 2014). To achieve
economically viable 3-HP production targets and improve 3-
HP tolerance, the latest research reported that via an acid-
tolerance response (ATR) system in E. coli that can grow
exponentially at pH 4.2 with high productivity of 3-HP (Xu
et al. 2020a).

C4 organic acid:malic acid, fumaric acid, succinic acid,
and butyric acid

Malic acid

MA, a cyclic intermediate of tricarboxylic acid, is an impor-
tant ingredient in natural fruit juice. MA is also a necessary
organic acid for the human body and the favored food additive

with low calories (Dai et al. 2018). At present, it shares the
largest amount of food additives and possesses a good devel-
opment prospect in the world food industry (Liu et al. 2017).
Due to the oxidation capacity, which will reduce the sensory
properties of foods, reduce nutritional value, and shorten shelf
life, adding food antioxidants can delay oxidation, extend
shelf life, and maintain the color of food (Cheng et al. 2017;
Wei et al. 2017). Exactly, MA has favorable antioxidant prop-
erties that are widely used in food, agricultural, pharmaceuti-
cal, and chemical (Cheng et al. 2017; Liu et al. 2015a; Wang
et al. 2016b).

Recently, a variety of hosts have been developed for MA
production, including bacteria, yeast, and filamentous fungi,
such as E. coli, A. flavus, Rhizopus delemar, R. oryzae,
S. cerevisiae, Zygosaccharomyces rouxii, Aspergillus oryzae,
Aureobasidium pullulans, Ustilago trichophora, and so on.
There are four pathways to synthes ize MA: (I )
intracytoplasmic reduction TCA cycle (rTCA), (II) TCA cy-
cle, (III) cyclic-glyoxylate cycle, and (IV) noncyclic-
glyoxylate cycle (Brown et al. 2013). Among them, the
highest rate of MA synthesis pathway was rTCA cycle. In this
pathway, there are two key enzymes that contribute signifi-
cantly in the synthesis of MA: MDH and pyruvate carboxyl-
ase (PYC). These two key enzymes have been overexpressed
in S. cerevisiae and A. oryzae to increase the production of
MA and had obvious effects (Brown et al. 2013; Zelle et al.
2008). On the other hand, the production of MA in A. oryzae
was through the carbon metabolism and redox metabolism in
the cytosol and mitochondria, finally reached 117.2 g/L (Liu
et al. 2018a). In U. trichophora, two malate dehydrogenases
(mdh1, mdh2) and two malate transporters (ssu1, ssu2) were
overexpressed, and the titer of MA increased to 134 g/L
(Zambanini et al. 2017). The development of using inorganic
nitrogen sources has also made contribution to in the produc-
tion of MA in A. oryzae (Ding et al. 2018).

In addition, researchers also investigated the glyoxylate
pathway for reallocating metabolic flux. In E. coli, the multi-
ple regulation of the five-enzyme cascade in the glyoxylate
pathway by combining in vitro and module engineering with
CRISPRi technology in vivo had led to the conversion of MA
from pyruvate. CRISPRi technology can minimize the meta-
bolic burden caused by heterologous expression of multiple
genes in the operon (Kim et al. 2016). The introduction of
CRISPRi can solve imbalances between different modules,
such as the accumulation of citric acid and α-ketoglutarate,
resulting in a final MA titer of 36 g/L (Gao et al. 2018).

At present, the highest yield of MA is 201.24 g/L in fed-
batch fermentation (with 28 g/L by-product CA), via
knocking out the gene oahA (encoding oxaloacetate
acetylhydrolase) and overexpressing mdh3, pyc, and c4t318
(encoding C4-dicarboxylate transporter) using a Cre-loxP-
based system for gene editing in A. niger (Xu et al. 2019).
To eliminate the accumulation of by-product CA, researchers
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continued to disrupt gene cexA (encoding citric acid transport-
er located on the cell membrane) and enhanced glucose trans-
portation and glycolytic pathway, including gene mstC
(encoding glucose transporter), hxkA (hexokinase), pfkA (6-
phosphofructo-2-kinase), and pkiA (encoding pyruvate ki-
nase) on the basis of the former strains; finally. the titer of
MA reached 201.13 g/L without by-product CA (Xu et al.
2020b).

Fumaric acid

FA, a metabolic intermediate of the TCA cycle, is an impor-
tant raw material of organic chemical, an intermediate for
chemical products, and an important derivative of maleic an-
hydride. In the food industry, FA is used as a sour agent in
refreshing beverages, wine, cold drinks, concentrated fruit
juices, canned fruits, pickles, and ice cream (Sebastian et al.
2019). FA derivatives, especially fumarate (FAE), have been
found to be important chemicals with wide biomedical appli-
cations (Sebastian et al. 2019).

The metabolic pathway of FA production by microorgan-
isms was roughly the same as that of MA (Fig. 1). Therefore,
the key enzymes PYC involved in the production and trans-
formation of FA. For example, overexpressing endogenous
PYC and exogenous phosphoenolpyruvate carboxylase
(PEPC) could increase the FA production in R. oryzae
(Zhang et al. 2012). In S. cerevisiae, co-expressing of ropyc
(encoding pyruvate carboxylase of R. oryzae) and sfc1
(encoding a succinate-fumarate transporter) (Xu et al. 2012)
or overexpressing romdh (encoding malate dehydrogenases of
R. oryzae), rofum1 (encoding fumarase of R. oryzae) and
ropyc can also increase the titer of FA (Xu et al. 2013).
Besides, FA can also be produced in E. coli by overexpressing
the phosphoenolpyruvate carboxylase gene ppc (Li et al.
2014) or the glyoxylate shunt operon aceBA effectively or
overexpressing PPC, sdhCDAB, and CS (Song and Lee
2015).

Recently, for the sustainable use of renewable resources,
soybean cake was used to produce FA by a two-stage
bioprocess. This involved bioprocess crude enzyme produc-
tion via solid-state fermentations (SSF) cultivated on soybean
cake, and enzymatic hydrolysis of soybean cake, which in-
creased the FA production to 40 g/L (Papadaki et al. 2018).

Succinic acid

SA is also an intermediate of TCA cycle like MA and FA. SA
has raised great interest in the development of bio-based pro-
duction processes because of its great potential in the biolog-
ical production of daily necessities, including food, pharma-
ceutical, detergents, lubricants, and cosmetics (Jiang et al.
2017).

Microorganisms produced SA with a widely host mi-
c robe s . Na tu r a l SA-p roduc ing s t r a i n s such a s
Anaerobiospirillum succiniciproducens, Mannheimia
succiniciproducens, Saccharina latissima, and engineered
strains like E. coli and C. glutamicum have been specifically
used as microorganisms for producing succinic acid (Chen
et al. 2014b; Cheng et al. 2013; Liang et al. 2013; Litsanov
et al. 2012; Marinho et al. 2016). Several key enzymes were
reported in the metabolic pathway of SA, such as phospho-
enolpyruvate (PEP) carboxylase, phosphotransferase system
(PTS), andmalic enzyme (Tang et al. 2013;Wang et al. 2015).
Meanwhile, evolutionary adaptation has successfully in-
creased the yield of SA and the host’s tolerance to SA. For
example, overexpressed the pyc gene and disrupted the gene
ldhA (encoding L-lactate dehydrogenase) in C. glutamicum,
the titer of SA reached 146 g/L (Cheng et al. 2013; Okino et al.
2008). With high-density fermentation at 40 °C in E. coli,
researchers used starch instead of glucose to produce succinic
acid, and the titer of SA increased to 127 g/L (Chen et al.
2014a).

To reduce the cost of feedstock, the utilization of corn stalk
(Zheng et al. 2010), cotton stalk (Li et al. 2013), sugarcane
bagasse (Salvachúa et al. 2017), xylose (Salvachúa et al.
2017), and glycerol (Li et al. 2017) from biodiesel production
have become a hot spot to produce SA. By now, the first
attempt to use ferrous iron/α-ketoglutarate-dependent
dioxygenases for producing SA via the most effective
whole-cell catalysis system (WCSS) has been proved feasible
(Sun et al. 2019).

Butyric acid

BA can be used to make butyric acid esters, cellulose butyrate,
food, and medicine and can be used as an emulsifier, var-
nishes, cosmetic, bactericide, and extractant (Luo et al.
2018). Additionally, derivatives synthesized from BA have
great potential to serve as solvents, such as ethyl butyrate
(Paludo et al. 2015). BA is also an important precursor of
biobutanol clostridium fermentation as an advanced liquid
biofuel production solvent in Acetone-Butanol-Ethanol
(ABE) (Luo et al. 2018).

At present, host bacteria for BA production mainly includ-
ed Clostridium tyrobutyricum , Butyrivibrio , and
Propionibacterium freudenreichii (Huang et al. 2011; Jha
et al. 2014; Luo et al. 2018). Usually, glucose and xylose are
used as carbon sources for BA synthesis in clostridia (Figs. 1
and 2a). However, when using xylose as a carbon source, the
xylose utilization by C. tyrobutyricum was strongly inhibited
by the presence of glucose. To eliminate this phenomenon,
xylT, xylA, and xylB genes were overexpressed in
C. tyrobutyricum to simultaneously co-utilize glucose and xy-
lose for the production of BA (Fu et al. 2017b). Additionally,
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C. tyrobutyricum Ct-pTBA also was excellent to co-utilize
glucose and xylose (Fu et al. 2017a).

However, high concentration of BA exerted strong pres-
sure on cells. The response to BA stress involved various
stress-related genes. Therefore, overexpression of stress-
related genes can improve BA tolerance. C. tyrobutyricum
class I heat shock proteins (HSPs), protein gene such as
grpE, dnaK, dnaJ, groEL, groES, and htpG play important
roles in protecting bacteria from sudden changes of extracel-
lular stress. Overexpression of groESL and htpG could greatly
improve the resistance to BA, and the titer of BA reached a
higher level of 52.2 g/L (Suo et al. 2017). The latest report in
C. tyrobutyricum ATCC 25755/ketp showed 78.6% of BA
production increase comparedwith the wild-type strain, which
was up to 34.3 g/L (He et al. 2020).

C5 organic acid:itaconic acid, α-ketoglutaric acid,
xylonic acid, and glutaric acid

Itaconic acid

IA contains two active carboxyl groups and a double bond
inside the molecule (Krull et al. 2017). The double bond and
carboxyl group are conjugated, which makes IA easily poly-
merized at various numbers and thus widely used in chemical
synthesis industries (Nick et al. 2020).

The metabolic pathway of IA begun with glycolysis in the
cytoplasm. Glucose was metabolized to pyruvate by the EMP
pathway. Then pyruvate was transported to the mitochondria
and converted to acetyl-CoA. In the mitochondria, acetyl-
CoA and oxaloacetate were condensed into CA by citrate
synthase and finally decarboxylated into itaconate by cis-
aconitate decarboxylase (CAD) (Huang et al. 2014) (Fig. 1).
IA microbial production host bacteria mainly included
A. niger (Krull et al. 2017), A. terreus (Table 1), and
S. cerevisiae (Becker and Wittmann 2015). Key genetic mod-
ification in A. niger shown that the relocation of specific steps
of the biosynthetic pathway, either by modified subcellular
targeting of aconitase and CadA or by introducing a cytosolic
citrate synthase pathway (Blumhoff et al. 2013; Huang et al.
2014). Immediately, a systematic process optimization was
performed with an isolated strain A. terreus, and IA produc-
tion reached 86.2 g/L (Kuenz et al. 2012). In addition, the pH
during the growth and production phase had a significant in-
fluence on the final IA concentration; thus, the pH control has
become an increasingly effective means in the production of
itaconic acid, which increased the highest titer to 160 g/L
(Hevekerl et al. 2014; Krull et al. 2017).

α-Ketoglutaric acid

α-KG is an important organic acid that plays an important role
in the metabolism of microbial cells. α-KG, which is also a

precursor substance for the synthesis of a variety of amino
acids and proteins, has a wide range of applications in food,
pharmaceutical, and cosmetics industries.

As an important bond in the TCA cycle, α-KG was located
after isocitrate and before succinyl-CoA (Fig. 1). α-KG con-
nected the intracellular with carbon-nitrogenmetabolism, which
not only directly participated in the oxidative energy supply, but
also participated in the chemical synthesis of various sub-
stances, and plays an important role in maintaining normal
physiological functions of the cells (Christopher et al. 2011).

There are two different approaches to synthesize α-KG in
microorganism, including bio-transformed and modification
of metabolic pathway. In general, the microbial production
of α-KG was bio-transformed. Recently, some strategies on
α-KG synthesis by enzymatic reactions were reported
(Hossain et al. 2014; Liu et al. 2013a). In E. coli BL21
(DE3), which heterologously expressed the L-glutamate oxi-
dase (LGOX) gene, the maximum α-KG concentration
reached 104.7 g/L from 110 g/L L-glutamic acid (Niu et al.
2014). In addition, using a two-stage pH control strategy,
where the pH was buffered by CaCO3 in the growth phase
and then maintained at 3.0 in the α-KG production phase, the
yield of α-KG increased to 66.2 g/L with the glycerol fed in
the overall fed-batch mode (Yu et al. 2012).

Xylonic acid

XAor its conjugate base xylonate has potential applications as
chelator, dispersant, clarifying agent, antibiotic, health en-
hancer, polyamide, or hydrogel modifier or 1,2,4-butanetriol
precursor (Toivari et al. 2017). Actually, D-xylonic acid was
mainly produced by decomposition of D-xylose duringmicro-
bial production. The native D-xylose catabolic pathway was
blocked by disrupting the D-xylose isomerase and D-xylulose
kinase genes (Fig. 2a). In S. cerevisiae, the NAD+-dependent
D-xylose dehydrogenase (xylB) from C. crescentus and D-
xylonolactone lactonase (xylC) were used to produce D-
xylonic acid. Expression of gene xylB and gene xylC can pro-
duceD-xylonic acid at both pH 5.5 and pH 3.0, while the yield
was higher at pH 3.0 (43 g/L) (Toivari et al. 2017). Through
the introduction of a D-xylose dehydrogenase from
C. crescentus, a D-xylonic acid-producing E. coli was con-
structed, and the recombinant E. coli produced up to 39.2 g/L
D-xylonic acid from 40 g/L D-xylose (Liu et al. 2012a). In
Pichia kudriavzevii, the production of D-xylonic acid was up
to 171 g/L with D-xylose as substrate at pH 5.5, which should
be the highest yield of D-xylonic acid by a microbe in current
reports, but the titer of D-xylonic acid only 146 g/L at pH 3.0
(Toivari et al. 2013). D-xylonic acid production at low pHwas
the same as or even higher than that at neutral pH. Moreover,
without neutralizers (CaCO3, NaOH, etc.) low pH processes
would reduce costs during both production and product sepa-
ration (Sauer et al. 2013).
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Glutaric acid

Glutaric acid, a dicarboxylic acid, is mainly used to prepare
glutaric anhydride, synthetic rubbers, and as an initiator for the
polymerization of synthetic resins (Park et al. 2013). The mi-
crobial metabolic pathways of glutaric acid mainly included
aminovalerate pathway, α-keto acid carbon chain extension

pathway, α-keto acid reduction pathway, and reverse adipate
degradation pathway (Chae et al. 2020). In 5-aminovalerate
pathway, gene gabD (encoding glutarate semialdehyde dehy-
drogenase), gene gabT (encoding 5-aminovalerate transami-
nase), and gene cgl0841 (encoding 5-aminovalerate importer)
were overexpressed in C. glutamicum AVA-2, and the titer of
glutaric acid reached 90 g/L in a fed-batch process (Rohles

Fig. 2 Transformation process of organic acids in microorganisms. a
Metabolic pathways of xylonic acid and butyric acid in microorganism
from xylose. Blue: carbon four, butyric acid; green: carbon five, xylonic
acid. The green line is in the xylonic acid synthesis pathway. During
xylonic acid synthesis pathway, the red cross is the blocking pathway.
The blue line is in the butyric acid synthesis pathway. xylA, xylose
isomerase; xylB, xylulokinase; xylC, xylonolactonase; xylD, xylonate
dehydratase; yjhH or yagE, aldolase; pdc, pyruvate decarboxylase; thl,
acetyl-CoA acetyltransferase; bcd, butyryl-CoA dehydrogenase; hbd,
beta-hydroxybutyryl-CoA dehydrogenase; ptb, phosphotransbutyrylase;
buk, butyrate kinas. b Metabolic pathways of adipic acid and muconic
acid in microorganism from glucose. Brown: carbon six, adipic acid, and
muconic acid. During adipic acid or muconic acid synthesis pathways, the

red cross is the blocking pathway. pyk, pyruvate kinase; DAHP, 3-deoxy-
D-arabinoheptulosonate-7-phosphate; dahps, DAHP synthase; DHQ, 3-
dehydroquinate; dhqd, DHQ dehydratase; dhqs, DHQ synthase; sdh, shi-
kimate dehydrogenase; DHS, 3-dehydroshikimate; dhsd, DHS
dehydratase; pca-dc, protocatechuate decarboxylase; pca-do,
protocatechuate 3,4-dioxygenase; cdo, catechol 1,2-dioxygenase; pdc,
pyruvate decarboxylase; ptb, phosphatebutyryltransferase; ter, 2,3-
dehydroadipoyl-CoA reductase; paaJ, b-ketoadipyl-CoA thiolase;
paaH, 3-hydroxy-acyl-CoAreductase; buk, butyrate kinas; ldhA, D-
lactate dehydrogenase; pta, phosphotransacetylase; sucD, succinyl-CoA
synthetase alpha subunit; cis, citrate synthase; ach, aconitic acid
hydratase; isd, isocitrate dehydrogenase
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et al. 2018). In α-ketoacid reduction pathway, researchers
developed an aerobic-anaerobic two-stage strategy and
expressed hgdABC (encoding 2-hydroxyglutaryl-CoA
dehydratase), yielding 11.6 mg/L glutaric acid (Yu et al.
2017). Similar to the α-keto acid reduction pathway, five-
step reverse adipate degradation pathway (RADP) from
Thermobifida fuscawas identified. In this pathway, researches
constructed the T. fusca RADP in E. coli by expressing five
genes Tfu_0875 (encoding β-ketothiolase), Tfu_2399
(encoding 3-hydroxyacyl-CoA dehydrogenase), Tfu_0067
(encoding 3-hydroxyadipyl-CoA dehydrogenase), Tfu_1647
(encoding 5-carboxy-2-pentenoyl-CoA reductase), and
Tfu_2576-7 (encoding adipyl-CoA synthetase) for glutaric ac-
id production and knocked out four genes arcA (aerobic res-
piration control protein), ldhA, atoB (encoding acetyl-CoA
acetyltransferase), and pflB (encoding formate C-
acetyltransferase I), with the production of glutaric acid in-
creased to 4.8 g/L (Zhao et al. 2018b). In addition, glutaric
acid was synthesized by xylose metabolic pathway. Three
xylose catabolism pathways (isomerase pathway, Weimberg
pathway, and Dahms pathway) were researched, of which
isomerase pathway and Weimberg pathway illustrated the
synergetic effect to produce glutaric acid with a titer of 602
mg/L (Wang et al. 2018). Obviously, the aminovalerate path-
way is more effective of the above pathways.

C6 organic acid:citric acid, gluconic acid, muconic acid,
and adipic acid

Citric acid

CA, as a metabolic intermediate, can be used in other indus-
tries like pharmaceuticals, detergents, cosmetics, and various
foods (Liu et al. 2017). In the beverage and brewed wine
industry, CA is recognized as a safe food additive by the
FAO/WHO expert committee and is called the first edible sour
agent with a strongly acidic flavor. As a tricarboxylic acid
widely existing in nature, CA can be used as an intermediate
in chemical synthesis and a very important platform
compound.

CA was mainly produced via the glycolysis pathway of the
cytoplasm and the subsequent polymerization ofmitochondria
C4 and C2 (Yin et al. 2015). During glycolysis, glucose was
decomposed into two molecules of pyruvate, one entered the
mitochondria and converts to acetyl-CoA, and the other con-
verted to oxaloacetate (Yin et al. 2015). Oxaloacetate was
subsequently reduced toMA and transported to the mitochon-
dria via the MA-CA anti-transport protein. The MA in the
mitochondria entered the TCA cycle to form CA (Fig. 1). In
current reports, the ATP-citrate lyase genes (acl1) from the
recombinant yeast strain 87 and the transformant 30 were
deleted, and the copy number of the iso-citrate lyase gene
(icl1) was increased in the marine-derived yeast Y. lipolytica

SWJ-1b (Liu et al. 2013b). However, the accumulation of
glucose and fructose at high invertase expression level indi-
cated a limitation of CA production by sugar uptake.
Production of CA from sucrose or inulin successfully over-
came the limitations in Y. lipolytica (Försterr et al. 2007; Liu
et al. 2010). Additionally, CA could cause the pH to drop
during fermentation. A. niger had the ability to ferment vari-
ous crude materials for high CA productivity at low pH (with
an optimal range of 3.8–6.0) and remained the best choice for
commercial production (Dhillon et al. 2011).

Gluconic acid

GA is structurally similar to glucose, while the aldehyde group
at the 1-position is replaced by a carboxyl group, and is an
important intermediate for chemical productions, pharmaceu-
tical, and food products (Singh and Kumar 2007). GA has
potential in the production of gluconic acid derivatives or
directly as a finished product. The biological fermentation
method utilized the oxidation of microorganisms to synthesize
gluconic acid from glucose, which can be divided into fungal
fermentation, bacterial fermentation, immobilized cells, and
immobilized enzyme fermentation. According to the existing
reports, the most promising strain in fungal fermentation was
A. niger. In the mutant A. niger ORS-4.410 (pH range 2.5–
7.5), the utilization of solid surface fermentation (SSF) was
used instead of conventional fermentation conditions for GA
production (96.52 g/L) with grape juice as a cheap carbohy-
drate source (Singh and Singh 2006). Using dry dilute acid
pretreated corn stover (DDAP) hydrolysate, researchers opti-
mized the parameters of gluconic acid fermentation in flasks
by A. niger and achieved 76.67 g/L GA in fermenters (Zhang
et al. 2016). In K. pneumoniae, the gene gad (encoding glu-
conate dehydrogenase) was deleted, with the optimization of
fermentation parameters, the titer of GA reached 422 g/L in
fed-batch fermentation, and this should be the highest titer
currently reported (Wang et al. 2016a).

Muconic acid

Muconic acid, a dicarboxylic acid, used as a raw material for
the manufacture of various valuable polymers and drugs (Choi
et al. 2020). Cis, cis-muconic acid (CCM), as the mainly bio-
based muconic acid production, has progressed in several mi-
croorganisms, such as S. cerevisiae, E. coli, C. glutamicum,
and P. putida (Table 1). In C. glutamicum, the gene catB
(encoding muconate cycloisomerase) was deleted and the
gene catA (encoding catechol-1,2-dixoygenase) was
overexpressed; finally, the titer of CCM reached 85 g/L from
catechol in a fed-batch process (Becker et al. 2018). However,
catechol is highly toxic, which posed a challenge for the bio-
production of CCM by the β-ketoadipate pathway (Kohlstedt
et al. 2018). In Pseudomonas putida, expression of genes catA
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and catA2 and deletion of genes catBC can increase catechol
tolerance and catechol conversion rates (Kohlstedt et al.
2018). In E. coli, researchers found 3-dehydroshikimate was
a useful precursor for the biosynthesis of muconic acid. First,
the genes showing negative effects on 3-dehydroshikimate
accumulation were disrupted, including tyrR (encoding tyro-
sine dependent transcriptional regulator), ptsG (encoding
phosphoenolpyruvate phosphotransferase), and pykA
(encoding pyruvate kinase 2). Next, the genes showing posi-
tive effects on 3-dehydroshikimate accumulation were
overexpressed, including aroB (3-dehydroquinate synthase),
aroD (3-de-hydroquinate dehydratase), ppsA (phosphoenol-
pyruvate synthase), galP (D-galactose transporter), and
aroGF (3-deoxy-D-arabinoheptulosonate-7-phosphate syn-
thase). Finally, overexpression the genes showing positive
effects on 3-dehydroshikimate to CCM, including asbF
(encoding 3-dehydroshikimate), aroY (encoding codon-
optimized protocatechuate decarboxylase), and catA; the
CCM production reached 64.5 g/L in 7-L fed-batch fermenta-
tion (Choi et al. 2019).

Adipic acid

AA, which has a green “bio” plastic label, is a dicarboxylic
acid that has showed applications in engineering plastics, lu-
bricants, nylon 6-6 fibers, and resin to produce chemical in-
dustries (Deng and Mao 2015). For the AA production route,
the biological conversion of aromatic compounds was synthe-
sized from glucose by de novo pathway. And several micro-
organisms have been reported in Cis-AA production with hy-
droquinone and toluene. The synthetic pathway of AA needed
to block the diversion of pyruvate to lactic acid, TCA cycle to
succinic acid, and acetyl-CoA to acetic acid (Zhao et al.
2018a) (Fig. 2b). The choice of microorganism for fermenta-
tion was also important for the determination of economic
feasibility, as the composition of media and the environmental
conditions during fermentation were dependent on the micro-
organism. Both E. coli and Candida tropicalis had the poten-
tial to produce AA (Cheong et al. 2016; Ju et al. 2020; Zhao
et al. 2018a). A five-step reverse adipate-degradation pathway
(RADP) identified in T. fuscawas reconstructed inE. coli, and
the AA production reached 68 g/L by fed-batch fermentation,
which was the highest reported adipic acid titer inE. coli to the
best of our knowledge (Zhao et al. 2018a). However, IPTG
was used in the previous study, which was not feasible in the
fermentation industry. Recently, researchers selected strong
promoter-5′-UTR complexes (PUTR) for the production of
AA (Zhou et al. 2020). In Candida tropicalis, AOX gene
(encoding acyl-CoA oxidases)-deficient strains were con-
structed to inhibit the expression of acyl-CoA oxidase 4, and
then AAwas produced by short- or long-chain fatty acid acyl-
CoA (Ju et al. 2020). Using genetic engineering to modify

acyl-CoA oxidase mutants could efficiently increase the pro-
duction of adipic acid in C. tropicalis (Ju et al. 2020).

Conclusions

In this review, the microbial production of organic acids was
systematically described. Nowadays, synthetic biology is ded-
icated to genome editing, and the focus is on the interaction of
all molecular elements. Meanwhile, the biosensors can re-
spond to metabolite levels in biological cells by characteriza-
tion of fluorescence intensity. Therefore, these biosensors are
highly efficient and necessary to select high-yield host strains
of organic acids through high-throughput screening.

Stress response is essential for the survival of all microor-
ganisms, and cells depend on a homeostatic mechanism to
cope with varieties of ambient stresses. However, it is well
known that organic acids have a carboxyl group that makes
them highly acidic and toxic to the growth of host cells. The
tendency of host microorganisms to produce organic acids is
to develop acid-resistant elements or to develop adaptive evo-
lution strategy acid-resistant host cells. The interrelationship
between organic acids and the acid resistance of host cells can
help develop advanced industrial chassis cells, which will en-
able the host to produce a variety of organic acids. It is also
desired to analyze the acid resistance mechanism and then
apply technological innovation to build an organic acid re-
sponse system to improve the acid resistance of cells in the
future.
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