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Abstract: Aminobenzoic acid and its derivatives are a class of aromatic compounds that are im-
portant foundational chemicals for various dyes, food additives, and pharmaceuticals. Their pro-
duction relies on chemical synthesis using petroleum-derived substances such as benzene as pre-
cursors, but due to the toxicity, environmental pollution, and non-renewable nature of raw materi-
als in chemical synthesis, some suitable alternative methods are gradually being developed. Green, 
environmentally friendly, and sustainable biosynthesis methods have gradually been favored by 
researchers, especially after the discovery of the synthetic pathways of aminobenzoic acid and its 
derivatives in plants and microorganisms. Based on the purpose of protecting the ecological envi-
ronment, reducing the use of non-renewable resources, and providing theoretical support for in-
dustrial green development, this article reviews the biosynthesis pathways of ortho-aminobenzoic 
acid, meta-aminobenzoic acid, para-aminobenzoic acid, and its derivatives such as catechol, folic 
acid, etc., and lists some examples of biosynthesis, analyzes their advantages and disadvantages, 
summarizes and looks forward to the future development direction of biosynthesis of aminobenzoic 
acid and its derivatives. 

Keywords: aminobenzoic acid; biosynthesis; shikimate pathway; environmental pollution; green 
industry 
 

1. Introduction 
Aminobenzoic acid (ABA) is an aromatic amino acid containing a benzene ring, with 

a molecular formula of C7H7NO2. Based on the position of the amino group, ABA has three 
structural formulas, namely ortho-aminobenzoic acid (OABA)/anthranilate (ANT), meta-
aminobenzoic acid (MABA), and para-aminobenzoic acid (PABA), which are isomers of 
each other. They are also known as 2-aminobenzoic acid, 3-aminobenzoic acid, and 4-
aminobenzoic acid (2-, 3-, and 4-ABA) [1]. They are non-proteinogenic, but their bifunc-
tional nature allows them to be linked to other scaffolds and utilized in various niches of 
microbial metabolism [2]. OABA is widely present in the biochemical pathways of ani-
mals, plants, and microorganisms. It serves as a precursor for certain compounds in na-
ture, including alkaloids and indole-3-acetic acid [3]. PABA is a key intermediate in the 
biosynthesis of folate [4]. MABA is an essential pharmaceutical intermediate and it also 
finds significant applications in the synthesis of novel organic luminescent materials and 
plant growth regulators [5]. In addition, derivatives of ABA have been found to possess 
antibacterial and insecticidal properties. For example, sulfanilamide, a derivative of 
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PABA, is widely used for the prevention and treatment of infectious diseases [6]. In short, 
ABA and its derivatives are an important class of organic compounds. They possess di-
verse biological activities and have wide-ranging applications in the fields of pharmaceu-
ticals, agriculture, and chemical industry. 

ABA and its derivatives have extensive applications in various industries. The global 
market size of OABA alone is expected to reach EUR 120 million by 2024 [7]. With such a 
large market size, the demand for their production will also be significant. In the past, 
these substances were mostly synthesized from petroleum derivatives (such as phtha-
lamic acid) through energy-intensive chemical methods [8]. The petrochemical industry 
is widely known to involve a large number of highly flammable, corrosive, toxic, and ex-
plosive substances. Additionally, it can cause environmental pollution and energy waste 
and contribute to climate change, among other adverse effects [9]. According to statistics, 
the chemical industry is one of the highest energy-consuming and most severe polluting 
industries in China [10]. The industrial wastewater and exhaust gases from the petrochem-
ical industry contain a large amount of toxic and harmful substances such as benzene 
compounds and heavy metals (Figure 1). These pollutants can spread to the surrounding 
environment through surface water, groundwater, and air, leading to contamination of 
land, water sources, and air, thereby severely impacting the surrounding ecological envi-
ronment [11–13]. Pollution can render land unsuitable for plant growth, result in the death 
of fish in water bodies, and pose serious health risks to humans living in the vicinity. Pro-
longed exposure to harmful environments and contact with pollutants can significantly 
jeopardize physical well-being, leading to an increased risk of cancer, aplastic anemia, and 
neurological disorders [11,14]. The damage caused by such pollution to the environment 
and ecosystems is generally considered irreversible. Furthermore, fossil resources are 
non-renewable and excessive reliance on and exploitation of these resources will eventu-
ally lead to fuel exhaustion. Therefore, green, ecological, and sustainable synthesis is the 
trend for the future [15–17]. 

 
Figure 1. Hazards of petrochemical industry. 

The metabolic pathways of ABA and its derivatives are present in various plants and 
microorganisms and are important components of the shikimate pathway [18]. They 
mostly use glucose, xylose and other carbon sources to produce ABA and its derivatives 
in their own life activities. This means that the use of microorganisms as hosts to produce 
ABA and its derivatives can theoretically replace chemical synthesis to a certain extent, 
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thereby reducing the emission of industrial waste and the use of fossil raw materials [19]. 
The traditional chemical synthesis of ABA and its derivatives requires multi-step synthe-
sis using petroleum extracts as precursors, using catalysts, under acidic or alkaline, high 
temperature and other conditions. For example, the synthesis of OABA requires the use 
of V2O5 to catalyze the oxidation of o-xylene to obtain phthalic anhydride, which is opened 
by ammonia to form phthalamide, and then treated with sodium hypochlorite to obtain 
OABA. These steps are not required in biosynthesis. Therefore, utilizing renewable re-
sources to produce ABA and its derivatives based on microorganisms is a good and envi-
ronmentally friendly alternative method. In fact, biocatalytic methods can even solve the 
problem of large amounts of waste generated by some biorefineries, achieving waste uti-
lization and protecting the ecological environment [20]. This article summarizes the re-
search progress on the synthesis of ABA and its derivatives in various microorganisms, 
summarizes their metabolic pathways, and provides prospects for future development. 
The aim is to provide theoretical support for using biological production to replace the 
petroleum-based production of ABA and its derivatives, and to make a contribution to 
environmental protection. 

2. Synthesis Pathway 
2.1. OABA and Its Derivatives 

The synthesis of OABA, MABA, PABA and their derivatives can be based on the shi-
kimate pathway, starting from a simple carbon source such as glucose and catalyzed by 
various enzymes. PABA and OABA are derived from chorismate (CHO) in the shikimate 
pathway, while the synthesis of MABA occurs before the CHO [8,21,22]. 

The synthesis of ABA and its derivatives via the shikimate pathway begins with glu-
cose undergoing glycolysis to form phosphoenolpyruvic acid (PEP). Through the pentose 
phosphate pathway (PPP), it is further converted to erythrose-4-phosphate (E4P) (Figure 
2). PEP and E4P are then used by the 3-deoxy-D-arabino-heptulosonate-7-phosphate 
(DAHP) synthase enzymes encoded by aroF, aroG, or aroH to synthesize DAHP [23]. 
DAHP is converted into the intermediate shikimate through the conversion of 3-dehydro-
quinate (DHQ) and 3-dehydroshikimate (DHS). Subsequently, under the hydrolysis of 
ATP and the introduction of a second PEP, shikimate passes through two intermediates, 
shikimate-3-phosphate (S3P) and 5-enolpyruvyl-shikimate-3-phosphate (EPSP), and is 
converted into a common precursor CHO of aromatic amino acids [24,25]. 
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Figure 2. Biosynthetic pathways of aminobenzoic acid and its derivatives. G6P, glucose-6-phos-
phate; F6P, fructose-1,6-bisphosphate; G3P, glycerinaldehyde-3phosphate; PEP, Phosphoenolpy-
ruvate; E4P, D-erythrose 4-phosphate; DAHP, 3-deoxy-D-arabino-heptulosonate-7-phosphate; 
DHQ, 3dehydroquinate; DHS, 3-dehydroshikimate; MABA, meta-aminobenzoic acid; S3P, shiki-
mate-3-phosphate; EPSP, 5-enolpyruvyl-shikimate-3-phosphate; CHO, chorismate; OABA, ortho-
aminobenzoic acid; MANT, methyl anthranilate; L-Trp, L-tryptophan; 4ADC, 4-amino-4-deoxy-
chorismic acid; PABA, para-aminobenzoic acid; DHF, dihydrofolate; THF, tetrahydrofolate; THF-
Glu(n)—tetrahydrofolate polyglutamate; 5-MTHF, 5-methyltetrahydrofolate; 4-AP, 4-aminophenol; 
AAP, Acetaminophen/N-acetyl p-aminophenol; aroF (aro3), aroG (aro4), aroH, encoding DAHP syn-
thase isoenzyme; aroB, encoding DHQ synthase; aroD, encoding DHQ dehydratase; ABH, 4-amino-
benzoate hydroxylase; PANAT, arylamine N-acetyltransferase; FPGS, folylpolyglutamate synthase; 
pctV, encoding 3-aminobenzoate synthase; aroE, encoding shikimate dehydrogenase; aroK, encoding 
shikimate kinase; aroL, encoding shikimate kinase 2; aroA, encoding EPSP synthase; aroC, encoding 
chorismate synthase; pabAB, encoding 4-amino-4-deoxychorismic acid synthase; pabC, encoding 
aminodeoxychorismate; trpEG, encoding anthranilate synthase; aamt1, ANT methyltransferase1; 
antABC, encoding ANT 1,2-dioxygenase; folC, encoding folyl-polyglutamate synthetase; dfrA, en-
coding dihydrofolate reductase. 

After the formation of CHO, the separated branches differentiate into biosynthesis of 
phenylalanine, tyrosine, and tryptophan. The enzyme anthranilate synthase (TrpEG), en-
coded by the trpEG gene, catalyzes the conversion of CHO into OABA and pyruvate, uti-
lizing glutamine (Gln) as the amino donor. OABA serves as the first intermediate in the 
tryptophan biosynthesis pathway [25]. In addition to its role as anthranilate synthase, 
TrpD can also function as anthranilate phosphoribosyltransferase. It catalyzes the conver-
sion of anthranilate to N-(5’-phosphoribosyl)anthranilate, which is an intermediate in the 
downstream metabolism. Subsequently, through several steps, this intermediate can be 
further converted into tryptophan [26]. Tryptophan can also serve as a precursor for many 
chemical substances and continue to be converted into downstream products such as in-
dole and auxin through the tryptophan metabolism pathway [17]. In addition, OABA can 
also be catalyzed by anthranilic acid methyltransferase 1 (AAMT1) to produce the grape 
flavor compound methyl anthranilate [24,27]. Alternatively, OABA can be converted into 
catechol by specific enzymes (terminal oxygenase component (AntAB), and reductase 
component of anthranilate 1,2-dioxygenase (AntC)) through odihydroxylation, spontane-
ous deamination, and decarboxylation [28]. 

2.2. MABA 
The precursor substance of MABA acid is DHS, which is converted to MABA by 

MABA synthase (PctV) before being converted to shikimate [21]. There is currently lim-
ited research on the downstream metabolism of MABA; therefore, there is a lack of in-
depth studies on its metabolic pathways (Figure 2). 

2.3. PABA and Its Derivatives 
In the pathway of PABA synthesis, it begins with the catalysis of aminodeoxychoris-

mate synthase subunit II (PabA), which releases the ammonia from the δ-amino group of 
glutamine. Then, aminodeoxychorismate synthase subunit I (PabB) catalyzes the replace-
ment of the hydroxyl group on CHO with the released ammonia, resulting in the for-
mation of 4-amino-4-deoxychorismic acid (4ADC) (Figure 2). Finally, 4ADC lyase (PabC) 
catalyzes the cleavage of 4ADC, leading to the release of a pyruvate molecule and the 
aromatization of the 4ADC ring, ultimately generating PABA [23,29]. In some microor-
ganisms, pabA and pabB fuse to construct a pabAB gene, encoding a heterodimeric enzyme 
(4ADC synthesis) that can directly catalyze the synthesis of 4ADC, and the PabAB protein 
is more stable than the isolated PabAB protein, which is more conducive to the production 
of PABA [30]. 
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PABA, as a precursor, can be converted into downstream products such as paraceta-
mol (N-acetyl p-aminophenol (AAP)), folate, and its metabolites. The enzyme 4-amino-
benzoate hydroxylase (ABH), along with the cofactor NADH regeneration system involv-
ing glucose dehydrogenase (GDH), catalyzes the conversion of PABA to 4-aminophenol 
(4-AP). Arylamine N-acetyltransferase (PANAT) undergoes aminoacetylation of 4-AP to 
generate AAP [31].  

PABA also has a very important derivative, folic acid. In living organisms, folate is 
synthesized from the 2-amino-4-hydroxy-pteridine, PABA, and glutamate [32] (Figure 2). 
The reaction of GTP to dihydroneopterin is catalyzed by GTP cyclohydrolase. Then, phos-
phatase removes a phosphate residue. After that, dihydroneopterin aldolase acts on the 
product to give glycolaldehyde and 6-hydroxymethyl-7,8-dihydropterin, which is con-
verted to 6-hydroxymethyl-7,8-dihydropterin pyrophosphate (DHPPP) by 6-hydroxyme-
thyldihydropteridine pyrophosphokinase. Dihydropteroate synthase pairs DHPPP to 
PABA. The C-N bond of DHPPP connects with pABA to form dihydropterin (DHP). DHP 
is then glutamylated with glutamate, and reduced by dihydrofolate reductase to yield the 
biologically active coenzyme tetrahydrofolate (THF). Finally, polyglutamate folate syn-
thetase adds multiple glutamate moieties to THF to yield THF-polyglutamate [4,33]. Sub-
sequent steps can be taken to synthesize other products of the folate family, such as 5-
methyltetrahydrofolate [34]. 

3. Biosynthesis of OABA and Its Derivatives 
3.1. OABA 

OABA is a white to pale yellow solid compound with a slightly sweet taste. It has a 
melting point of 144–146 °C and can crystallize from hot water. Solutions in alcohols or 
ethers exhibit a violet crystalline-like fluorescence. Its fluorescent properties can be uti-
lized for biological analysis purposes, such as monitoring protein glycosylation [3]. OABA 
has various functions, including anti-inflammatory, analgesic [35], antibacterial [36], and 
mood-improving effects [37]. Therefore, it is commonly used in the treatment of psychi-
atric disorders, inflammation, and other related diseases [38,39]. In addition, OABA can 
also be used as a compound precursor in the chemical and food industries, such as food 
additives, dyes, perfumes, crop protection compounds, plastics, and so on [40]. 

OABA is a major metabolic product in organisms and can be synthesized into the 
amino acid L-tryptophan, which is essential for protein synthesis. It is produced by di-
verting some of the cellular flux from its pathway of synthesizing phenylalanine and ty-
rosine from CHO [41]. The earliest attempt to synthesize OABA was in E. coli. Balderas 
Hernandez et al. [42] characterized the trpD gene mutant W3110 trpD9923 and modified 
it using metabolic engineering strategies. Glucose was used as a carbon source and fed 
batch fermentation was used to produce a yield of 14 g/L within 34 h (Table 1). In addition 
to E. coli, researchers have also studied the synthesis of OABA in other strains such as 
Pseudomonas putida, Saccharomyces cerevisiae, and Corynebacterium glutamicum. A modified 
C. glutamicum [25] strain using a mixture of glucose and xylose as a carbon source achieved 
a titer of 5.9 g/L in CGXII medium. However, the yields of the modified Pseudomonas putida 
[8] and Saccharomyces cerevisiae [27] were relatively lower, at 567.9 mg/L and 1.54 g/L, re-
spectively. Nevertheless, these studies have explored new avenues for the sustainable pro-
duction of OABA. 

Table 1. Biosynthesis of aminobenzoic acid and its derivatives. 

Product Host 
Carbon 
Source 

Titer 
(g/L) Time 

Fermentation 
Mode Engineered Strategy Advantages Disadvantages Reference 

OABA 
C. glu-

tamicum 
Glucose 

and xylose 
5.9 32 h 

Pulsed-fed-
batch 

3-Deoxyarabinoheptu-
losonate-7 phase syn-
tax and TrpEG were 
imported, and genes 

Engineering C. 
glutamicum with 
strong tolerance 

Expensive and 
complex culture 

media 
[25] 



Sustainability 2024, 16, 3052 6 of 14 
 

nagD and qsuD were 
removed 

E. coli Glucose 4.0 60 h Fed-batch 

Destruction of pheA, 
tyrA, pabA, ubiC, entC,
and trpR genes, over-

expression of aroE and 
tktA genes 

Higher yield 
Complex strain 
transformation 

steps 
[40] 

S. cere-
visiae 

D-glucose 0.57 72 h Batch 

Disruption of TRP4, 
overexpression of 

GLN1, regulation of 
Aro4 and Trp2, and 

overexpression of TRP3 

Realize the pro-
duction of 

OABA by S. 
cerevisiae 

Low carbon flux [27] 

MANT 

S. cere-
visiae 

D-glucose 0.41 72 h Batch 

Expression of an-
thranilic acid methyl-

transferase 1 from 
Medicago truncatula 

Realize the pro-
duction of 

MANT by S. 
cerevisiae 

Low carbon flux [27] 

C. glu-
tamicum 

Glucose 5.74 110 h Fed-batch 

Expression of 
pSH36HTc and 

pEKGH in C. glutami-
cum 

The reaction is 
simpler and the 

cofactors are 
less. 

High residual lev-
els of precursor 

metabolites 
[24] 

E. coli Glucose 4.47 72 h Fed-batch 
Expression of 

pBBR1GfbrAfbrEfbr and 
pTacT in E. coli 

The reaction is 
simpler and the 

cofactors are 
less. 

Low enzyme cata-
lytic activity 

[24] 

Catechol E. coli Glucose 4.47 76 h Fed-batch 

Expression of 1,2-dioxy-
genase, DAHP synthase 
and transketolase. in E. 

coli 

Low cultivation 
cost 

Lower glucose 
consumption ca-

pacity of the 
strain 

[43] 

MABA E. coli Glucose 0.048 6 d Batch 

Coupling of 3AB syn-
thase PctV with engi-

neered shikimate path-
way 

The modular na-
ture of co cul-

ture engineering 
allows for rapid 
identification of 

specific en-
zymes or opti-

mal strains 

Low activity of 
MABA synthase 

PctV 
[21] 

PABA 

E. coli Glycerol 0.84 48 h Batch 

Strengthening the shiki-
mate pathway and over-
expressing PABA syn-

thase 

Few by-prod-
ucts 

The enzyme 
promiscuity is not 

beneficial to the  
production 

[44] 

S. cere-
visiae 

Glycerol-
ethanol 

0.22 78 h Fed-batch 

Overexpression of ABZ1 
and ABZ2 genes in wine 

yeast AWRI1631 and 
QA23 

Low process 
cost 

High glycerol will 
have a negative 

impact on PABA 
titer 

[22] 

C. glu-
tamicum 

Glucose 43 48 h 
Test-tube scale 

culture 

Introducing pabAB from 
C.callunae and pabC 
from X.bovienii into 

strains overexpressing 
the shikimate pathway 

High PABA pro-
duction titer 

folP deficiency can 
lead to malnutri-
tion in bacterial 

strains 

[29] 

Folate 
Bacillus 
subtilis 

Glucose 0.003 15 h Fed-batch 

Replacing yitJ with 
metF, knocking out 

purU, overexpressing 
dfrA, folC, pab, folE, 
and yciA, inhibiting 

thyA, pheA, trpE, and 
panB genes 

Production cost 
reduction 

Low yield [45] 
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S. cere-
visiae 

Glucose 0.13 20 h Batch 

SIDA (Stable Isotope Di-
lution Analysis) deter-

mination and Molecular 
Network (MN) Analysis 

Increasing of 
yield 

C2-metabolic 
mechanism un-

clear 
[46] 

Acetamino-
phen 

E. coli Glycerol 0.12 48 h Batch 
Expression of p-AP N-

acetyltransferase 

Implementation 
of producing 

AAP with a sim-
ple carbon 

source 

High by-products [44] 

E. coli Glucose 0.94 24 h Fed-batch 

Heterologous expres-
sion of enzymes from 

five different microbial 
sources, modification of 
ABH and PANAT en-

zymes 

The increase in 
AAP yield, no 
need for auxil-

iary factors 

Medium with 
complex composi-

tion 
[31] 

The microbial production of OABA is actually limited by the fact that OABA has a 
toxic effect on microorganisms. Therefore, enhancing the tolerance of the production host 
would have a huge impact on improving the yield of OABA [47]. Some auxiliary methods 
can also be considered. For example, Li et al. [26] used a biosensor to assist in cell selection 
and in situ product removal to enhance the synthesis of OABA. Fernandez-Cabezon et al. 
[7] achieved certain success in increasing the yield of OABA by introducing components 
of Pantoea stewartii’s Esa quorum sensing (QS) system into modified soil bacterium Pseu-
domonas putida, which also avoids the use of expensive additives. 

3.2. Methyl Anthranilate 
Methyl anthranilate (MANT) is a natural metabolite that imparts grape aroma and 

flavor. It is widely used in foods such as candy, flavor enhancers, and beverages, as well 
as in medicines. It is also an important ingredient in perfumes and cosmetics [48]. MANT 
can also be used in other industrial applications, such as bird and geese repellents for crop 
protection, as an antioxidant or sunscreen agent, and as an intermediate for the synthesis 
of various chemicals, dyes, and pharmaceuticals. However, the low content of MANT in 
plants makes it impractical to meet industrial demands through extraction methods [24]. 
There are two pathways for synthesizing MANT from OABA. One is activation of CoA 
catalyzed by anthranilate-CoA ligase, followed by acyl transfer through alcohol acyltrans-
ferase, which uses CoA, ATP, and methanol as co substrates [48]. Another route is to use 
S-adenosyl-L-methionine (SAM)-dependent methyltransferase to catalyze the one-step 
conversion of OABA to MANT [49]. The second approach is simpler, and currently re-
searchers are more inclined to study this approach. 

Luo et al. [24] constructed an MANT synthesis pathway derived from plants in E. coli 
and C. glutamicum. They optimized the expression of anthranilic acid methyltransferase 1 
(AAMT1), increased the supply of the precursor OABA, and used an in situ two-phase 
extraction fermentation method with tributyrin as the extractant to overcome the toxicity 
of MANT. As a result, E. coli and C. glutamicum produced 4.47 g/L and 5.74 g/L of MANT, 
respectively. Kuivanen et al. expressed AAMT1 in S. cerevisiae and disrupted the TRP4 
gene encoding OABA ribotransferase, ultimately producing 414 mg/L of MANT in YPD 
medium [27]. 

3.3. Catechol 
Catechol, also known as 1,2-dihydroxybenzene, is an aromatic compound that is sol-

uble in water, ethanol, benzene, chloroform, and pyridine. As a fine chemical raw mate-
rial, it is widely used in the production of pharmaceuticals (isoproterenol), pesticides 
(propoxur and carbofuran), spices, dyes, and rubber [28]. There are many pathways for 
the biosynthesis of catechol, such as the DHS pathway [50] or the 4-hydroxybenzoic acid 
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(4-HBA) pathway derived from CHO [51], as well as the OABA pathway. Perhaps the 
OABA pathway is not as simple as the first two pathways, and currently only Balderas-
Hernández et al. [43] have studied the biological production of catechol through this path-
way. They constructed a recombinant E. coli system capable of producing a large amount 
of OABA. Subsequently, the anthranillate 1,2-dioxygenase gene in P. aeruginosa PAO1 was 
expressed in the recombinant strain, reconstructing a new pathway for catechol produc-
tion. A batch culture using glucose as a carbon source produced 4.47 g/L of catechol. 

4. Biosynthesis of MABA 
MABA is a commonly used derivative of aniline monomers and has made significant 

contributions in pharmacology and biology. As an indispensable pharmaceutical interme-
diate, it is widely used in the synthesis of painkillers, antihypertensive drugs, vasodila-
tors, etc. [5]. In addition, it has great applications in the synthesis of new organic lumines-
cent materials, electrochemical materials, azo dyes, plant growth regulators, and so on 
[52,53]. Although the application of MABA is so extensive and its synthesis in the shiki-
mate pathway has been explored, there is currently little research on the biosynthesis of 
MABA [54,55]. Currently, only Zhang and Stephanopoulos [21] have established a MABA 
biosynthesis pathway in E. coli by coupling the MABA synthase Pctv with the shikimate 
pathway. This pathway has been modularized into upstream and downstream strains, 
and an E. coli–E. coli co culture system has been constructed. With glucose substrate, the 
MABA production reached 48 mg/L. There are too few research examples on the biosyn-
thesis of MABA, and there have been no reports on related synthesis in recent years, which 
has led to a lack of deeper achievements in MABA biosynthesis. Perhaps we can refer to 
the biosynthesis methods of OABA and PABA, and try to produce MABA by using C. 
glutamicum, Saccharomyces cerevisiae, or exploring better metabolic pathways and more ef-
fective enzymes. 

5. Biosynthesis of PABA and Its Derivatives 
5.1. PABA 

PABA is a widely present aromatic substance in bacteria, fungi, plants, and some 
parasites, but it does not exist in humans and animals. It has a wide range of biological, 
industrial, and pharmaceutical applications [56,57]. Although it is not a vitamin, it is still 
referred to as a member of vitamin B. A lack of PABA can lead to diseases such as white 
hair, fatigue, depression, and irritability. Therefore, it is often used as a precursor and 
therapeutic agent in the pharmaceutical industry [58]. In addition, PABA is also used as a 
dye and feed additive, and can serve as a basic component of crosslinking agents for pol-
yurethane resins. It has the potential to be a basic component of aromatic polymers [23]. 

PABA is generally synthesized in two steps from shikimate in various organisms, as 
described earlier. Based on the shikimate pathway and combined with genetic engineer-
ing, artificial biosynthesis of PABA has been achieved. Aversch et al. improved Saccharo-
myces cerevisiae using genetic engineering and metabolic models, overexpressing the ABZ1 
and ABZ2 genes of Saccharomyces cerevisiae AWRI1631 and QA23. Using glycerol-ethanol 
as a composite carbon source, a PABA of 215 mg/L was obtained [22]. Koma et al. [23] 
introduced aroFfbr, pabA, pabB, and pabC genes controlled by the T7lac promoter into E. coli 
chromosomes for metabolic engineering modification, resulting in excessive production 
of PABA from glucose, reaching 4.8 g/L. Shen et al. [44] also utilized E. coli to produce 
836.43 mg/L of PABA during the construction of AAP, with a relatively low yield. Like 
OABA, in the process of microbial production of PABA, we must consider the toxicity of 
PABA to microorganisms because this will greatly affect the yield of PABA [59,60]. Kubota 
et al. [29] selected the most tolerant C. glutamicum after evaluating the PABA toxicity sen-
sitivity of several microorganisms. The pabAB gene of C. calunae and the pabC gene of X. 
bovienii were overexpressed in C. glutamicum. Under fermentation control conditions, the 
strain produced 43 g/L PABA within 48 h. It is the highest yield so far. 
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5.2. Folate 
Folate, also known as folic acid, is a group of over 150 heterocyclic compounds with 

similar structures [61]. They belong to the vitamin B9 category as a whole. The most stable 
form of these vitamins is fully oxidized pteroylglutamic acid (PteGlu). Due to the different 
oxidation states within the pterin ring, different 1C-units connected at positions N5 and/or 
N10 (typically 1C-units in the form of methyl (CH3-), formyl (HCO-), or methenyl (-CH+-) 
groups), and changes in the length of the glutamyl tail, a large number of different forms 
of folates are produced [46] (Figure 2). Many physiological processes, such as the biosyn-
thesis of purine and thymidine monophosphate, the regeneration of methionine and the 
translation of mitochondrial protein, require folate for 1C-unit transfer [61]. All these re-
actions are essential for maintaining the health function of organisms. However, animals 
lack the biosynthetic pathway of folate, so it is necessary to provide an appropriate 
amount of these compounds through food intake [62]. If there is a lack of intake of folate, 
it can increase the risk of anemia, and cardiovascular and neurological diseases, especially 
leading to fetal neural tube defects [63]. 

Many microorganisms themselves can produce folate, such as lactic acid bacteria 
such as Lactococcus lactis, Streptococcus thermophilus, bifidobacteria, yeast, etc., but their pro-
duction can only reach the level of micrograms based solely on their own metabolism 
[64,65]. For example, the Kefir yeast strains isolated by Patring et al. had an average folate 
production of only 43 µg/L [66]. This level of production cannot meet the needs of indus-
trial production, and research has found that metabolic engineering and synthetic biology 
can increase the production of folate. Serrano-Amatriain et al. [67] overexpressed the FOL 
gene in the industrial fungus Ashbaya gossypii and increased folate production to 6.595 
mg/L using combinatorial coordination engineering. Yang et al. [45] transferred metabolic 
flux to the biosynthesis of 5-methyltetrahydrofolate (5-MTHF) in Bacillus subtilis by replac-
ing the natural yitJ gene with E. coli metF, knocking out purU, and overexpressing dfrA. 
The co-overexpression of folC, pabB, folE, and yciA enhanced the supply of 5-MTHF pre-
cursors and inhibited the pheA gene, successfully increasing the titer of 5-MTHF to 1.58 
mg/L. Schillert et al. [46] applied the molecular network to the folate metabolism of yeast. 
After 20 h of culture, the folate content reached the highest, which was 131.2 mg/L. 

From the above research, it can be seen that even with the use of advanced technolo-
gies such as cell engineering and synthetic biology, the yield of folate is still relatively low 
compared to other derivatives of ABA, and there is still a lot of room for improvement. 
Perhaps due to the instability of folate itself and its sensitivity to spontaneous and photo 
oxidative degradation, the final yield of folate obtained is not high [68]. Therefore, reason-
able avoidance of consumption of these may to some extent increase folate production. 

5.3. Acetaminophen 
Acetaminophen (AAP), whose chemical compound name is N-acetyl p-aminophenol, 

also known as paracetamol, is a widely used non-NSAID analgesic and one of the most 
widely used and safe over-the-counter (OTC) drugs for treating pain and fever. It is the 
preferred drug for patients who cannot be treated with nonsteroidal anti-inflammatory 
drugs (NSAID) [69,70]. It once played a huge role in the treatment of fever during the 
period of COVID-19 [32]. 

Initially, AAP was produced in large quantities as a pharmaceutical raw material 
through chemical synthesis [71]. With the development of research, it was isolated as a 
natural product, but its synthetic gene cluster and pathway were not yet clear at that time 
[72]. It was not until recent years that the biosynthetic pathway of AAP was discovered, 
and its synthesis methods have taken on new directions. Shen et al. [44] identified and 
characterized a PABA monooxygenase and a p-aminophenol (PAP) N-acetyltransferase, 
which can convert PABA to PAP and PAP to AAP, respectively. By strengthening the shi-
kimate pathway in E. coli and using glycerol as the carbon source, 120.03 mg/L AAP was 
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ultimately obtained. Hou et al. [31] used E. coli as the host and carried out protein engi-
neering modifications on a FAD dependent monooxygenase, 4-aminobenzoate hydrox-
ylase (ABH) and arylamine N-acetyltransferase (PANAT), using glucose or glycerol as the 
carbon source to produce 0.94 g/L AAP in a 5 L feed fermentation tank. Using PABA as 
the substrate, 4.2 g/L AAP was obtained. From the perspective of synthetic pathways and 
enzyme functions, ABH and PANAT are similar to PABA monooxygenase and PAP N-
acetyltransferase, respectively. Therefore, the enzyme used by Hou and Shen et al. should 
be the same. 

6. Conclusions 
ABA and its derivatives, as aromatic compounds produced through the shikimate 

pathway, play a prominent role that is closely related to our lives and is indispensable. 
However, synthesizing these compounds from non-renewable petroleum extracts is not a 
sustainable solution. Moreover, this production method poses irreversible damage to the 
environment, including the pollution of soil, water bodies, and air, which is detrimental 
to all forms of life on Earth. Utilizing simple carbohydrates as carbon sources and employ-
ing microbial activities to synthesize the required ABA and its derivatives is an excellent 
alternative. This approach can not only address the issue of unsustainable petroleum re-
sources but also significantly mitigate environmental pollution. 

Biological synthesis is currently a relatively mature technology, and the synthetic 
pathways of ABA and its derivatives in plants and microorganisms have been elucidated. 
However, based on the current literature description, further research is needed for the 
biosynthesis of ABA and its derivatives. For example, there is little research on the biosyn-
thesis of MABA, and the low yield of folate biosynthesis urgently needs to be addressed. 
The biosynthesis methods of ABA and its derivatives summarized earlier have achieved 
microbial autonomous synthesis, but they are still at the laboratory level, and there is still 
a certain distance from industrial large-scale production. The obstacle in this step is that 
the yield of various microorganisms cannot meet the requirements of industrialization. At 
present, continuing to optimize metabolic engineering strategies, improve microbial yield, 
and lay a solid foundation for industrial production is of utmost importance. Therefore, 
the future development direction may be explored from the following aspects: first, one 
must search for or cultivate more suitable strains with stronger resistance to the toxicity 
of ABA and its derivatives, in order to adapt to their toxic nature. Secondly, one must 
recognize that the biosynthesis of each compound may not be limited to a single pathway, 
and there may exist simpler branches. If these branches can be identified, it would increase 
synthesis efficiency. Thirdly, attention should be paid to whether the use of genetic engi-
neering to enhance or inhibit the expression of certain enzyme genes, or to cut off certain 
gene segments, will have an inhibitory effect on certain feedback effects during the syn-
thesis process, because some products in the biosynthetic pathway will in turn inhibit or 
promote the synthesis effect. Fourthly, waste materials such as lignin can be utilized as 
much as possible to create new value in biosynthesis, while also avoiding waste and en-
vironmental pollution caused by the accumulation or disposal of these wastes. 

Author Contributions: Writing—original draft preparation, S.X., R.Z. and B.W.; writing—review 
and editing, S.X., S.Z., J.Z. and J.C.; visualization, J.C.; supervision, J.C.; project administration, S.Z., 
J.C. and J.Z.; funding acquisition, J.C. and J.Z. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This work was supported by the earmarked fund for CAR-43, the National Modern Agri-
cultural Industrial Technology System, Sichuan Innovation Team Construction Project (SCSZTD-
2022-08-07), the Open Funding Project of Meat Processing Key Laboratory of Sichuan Province (23-
R-06), and partially supported by Solid-state Brewing Technology Innovation Center of Sichuan. 

Conflicts of Interest: Authors Suyi Zhang and Jie Cheng were employed by Luzhou Laojiao Co., 
Ltd. The remaining authors declare that the research was conducted in the absence of any commer-
cial or financial relationships that could be construed as a potential conflict of interest. 



Sustainability 2024, 16, 3052 11 of 14 
 

References 
1. Lu, Y.; Xu, W.; Sun, H.; Jin, J.; Liu, H.; Jin, S.; Wang, D.; Guo, M. Single-crystal and molecular structures of six hydrogen-bonding 

3D supramolecular salts from 2-aminobenzoic acid, 3-aminobenzoic acid, 4-aminobenzoic acid, and acidic components. J. Mol. 
Struct. 2019, 1178, 639–654. https://doi.org/10.1016/j.molstruc.2018.10.080. 

2. Walsh, C.T.; Haynes, S.W.; Ames, B.D. Aminobenzoates as building blocks for natural product assembly lines. Nat. Prod. Rep. 
2012, 29, 37–59. https://doi.org/10.1039/c1np00072a. 

3. Wiklunda, P.; Bergman, J. The Chemistry of Anthranilic Acid. Curr. Org. Synth. 2006, 3, 379–402. 
https://doi.org/10.2174/157017906777934926. 

4. Zhang, Y.; Anaya-Sanchez, A.; Portnoy Daniel, A. para-Aminobenzoic Acid Biosynthesis Is Required for Listeria monocytogenes 
Growth and Pathogenesis. Infect. Immun. 2022, 90, e00207-00222. https://doi.org/10.1128/iai.00207-22. 

5. Liu, C.; Guo, Z.; Wang, Y.; Xiao, Y.; Bao, Y. Solubility study of m-aminobenzoic acid form III in different mono-solvents by 
thermodynamic analysis and molecular simulation. J. Mol. Liq. 2022, 354, 118871. https://doi.org/10.1016/j.molliq.2022.118871. 

6. Kasap, E.Y.; Grishin, D.V. To a Question on the Mechanism of the Antimicrobial Action of Ortho-Benzoic Sulfimide. Pharmaceu-
ticals 2020, 13, 461. https://doi.org/10.3390/ph13120461. 

7. Fernandez-Cabezon, L.; Rosich, I.B.B.; Kozaeva, E.; Gurdo, N.; Nikel, P.I. Dynamic flux regulation for high-titer anthranilate 
production by plasmid-free, conditionally-auxotrophic strains of Pseudomonas putida. Metab. Eng. 2022, 73, 11–25. 
https://doi.org/10.1016/j.ymben.2022.05.008. 

8. Kuepper, J.; Dickler, J.; Biggel, M.; Behnken, S.; Jager, G.; Wierckx, N.; Blank, L.M. Metabolic Engineering of Pseudomonas putida 
KT2440 to Produce Anthranilate from Glucose. Front. Microbiol. 2015, 6, 1310. https://doi.org/10.3389/fmicb.2015.01310. 

9. Zhang, J.; Qu, Q.; Chen, X.B. Assessing the sustainable safety practices based on human behavior factors: An application to 
Chinese petrochemical industry. Environ. Sci. Pollut. Res. Int. 2022, 29, 44618–44637. https://doi.org/10.1007/s11356-022-18909-5. 

10. Zhang, Y.; Song, Y.; Zou, H. Transformation of pollution control and green development: Evidence from Chinaʹs chemical in-
dustry. J. Environ. Manag. 2020, 275, 111246. https://doi.org/10.1016/j.jenvman.2020.111246. 

11. Liu, W.; Yao, H.; Xu, W.; Liu, G.; Wang, X.; Tu, Y.; Shi, P.; Yu, N.; Li, A.; Wei, S. Suspect screening and risk assessment of 
pollutants in the wastewater from a chemical industry park in China. Environ. Pollut. 2020, 263, 114493. 
https://doi.org/10.1016/j.envpol.2020.114493. 

12. Sun, C.; Zhang, Z.; Cao, H.; Xu, M.; Xu, L. Concentrations, speciation, and ecological risk of heavy metals in the sediment of the 
Songhua River in an urban area with petrochemical industries. Chemosphere 2019, 219, 538–545. https://doi.org/10.1016/j.chem-
osphere.2018.12.040. 

13. Relic, D.; Sakan, S.; Andelkovic, I.; Popovic, A.; Dordevic, D. Pollution and Health Risk Assessments of Potentially Toxic Ele-
ments in Soil and Sediment Samples in a Petrochemical Industry and Surrounding Area. Molecules 2019, 24, 2139. 
https://doi.org/10.3390/molecules24112139. 

14. Dantas, G.; Gorne, I.; da Silva, C.M.; Arbilla, G. Benzene, Toluene, Ethylbenzene and Xylene (BTEX) Concentrations in Urban 
Areas Impacted by Chemical and Petrochemical Industrial Emissions. Bull. Environ. Contam. Toxicol. 2022, 108, 204–211. 
https://doi.org/10.1007/s00128-021-03336-y. 

15. Lee, J.; Lee, J.H. Recent Research Progress in the Microbial Production of Aromatic Compounds Derived from L-Tryptophan. J. 
Life Sci. 2020, 30, 919–929. https://doi.org/10.5352/JLS.2020.30.10.919. 

16. Noda, S.; Kondo, A. Recent Advances in Microbial Production of Aromatic Chemicals and Derivatives. Trends Biotechnol. 2017, 
35, 785–796. https://doi.org/10.1016/j.tibtech.2017.05.006. 

17. Xiao, S.; Wang, Z.; Wang, B.; Hou, B.; Cheng, J.; Bai, T.; Zhang, Y.; Wang, W.; Yan, L.; Zhang, J. Expanding the application of 
tryptophan: Industrial biomanufacturing of tryptophan derivatives. Front. Microbiol. 2023, 14, 1099098. 
https://doi.org/10.3389/fmicb.2023.1099098. 

18. Averesch, N.J.H.; Kromer, J.O. Metabolic Engineering of the Shikimate Pathway for Production of Aromatics and Derived Com-
pounds-Present and Future Strain Construction Strategies. Front. Bioeng. Biotechnol. 2018, 6, 32. 
https://doi.org/10.3389/fbioe.2018.00032. 

19. Walter, T.; Al Medani, N.; Burgardt, A.; Cankar, K.; Ferrer, L.; Kerbs, A.; Lee, J.H.; Mindt, M.; Risse, J.M.; Wendisch, V.F. Fer-
mentative N-Methylanthranilate Production by Engineered Corynebacterium glutamicum. Microorganisms 2020, 8, 866. 
https://doi.org/10.3390/microorganisms8060866. 

20. Upadhyay, P.; Lali, A. Engineered Pseudomonas putida for biosynthesis of catechol from lignin-derived model compounds and 
biomass hydrolysate. Prep. Biochem. Biotechnol. 2022, 52, 80–88. https://doi.org/10.1080/10826068.2021.1910960. 

21. Zhang, H.; Stephanopoulos, G. Co-culture engineering for microbial biosynthesis of 3-amino-benzoic acid in Escherichia coli. 
Biotechnol. J. 2016, 11, 981–987. https://doi.org/10.1002/biot.201600013. 

22. Averesch, N.J.; Winter, G.; Kromer, J.O. Production of para-aminobenzoic acid from different carbon-sources in engineered Sac-
charomyces cerevisiae. Microb. Cell Factories 2016, 15, 89. https://doi.org/10.1186/s12934-016-0485-8. 

23. Koma, D.; Yamanaka, H.; Moriyoshi, K.; Sakai, K.; Masuda, T.; Sato, Y.; Toida, K.; Ohmoto, T. Production of P-aminobenzoic 
acid by metabolically engineered Escherichia coli. Biosci. Biotechnol. Biochem. 2014, 78, 350–357. 
https://doi.org/10.1080/09168451.2014.878222. 

24. Luo, Z.W.; Cho, J.S.; Lee, S.Y. Microbial production of methyl anthranilate, a grape flavor compound. Proc. Natl. Acad. Sci. USA 
2019, 116, 10749–10756. https://doi.org/10.1073/pnas.1903875116. 



Sustainability 2024, 16, 3052 12 of 14 
 

25. Mutz, M.; Bruning, V.; Brusseler, C.; Muller, M.F.; Noack, S.; Marienhagen, J. Metabolic engineering of Corynebacterium glutami-
cum for the production of anthranilate from glucose and xylose. Microb. Biotechnol. 2024, 17, e14388. https://doi.org/10.1111/1751-
7915.14388. 

26. Li, Z.; Lu, Y.; Wang, X.; Vekaria, A.; Jiang, M.; Zhang, H. Enhancing anthranilic acid biosynthesis using biosensor-assisted cell 
selection and in situ product removal. Biochem. Eng. J. 2020, 162, 107722. https://doi.org/10.1016/j.bej.2020.107722. 

27. Kuivanen, J.; Kannisto, M.; Mojzita, D.; Rischer, H.; Toivari, M.; Jantti, J. Engineering of Saccharomyces cerevisiae for anthranilate 
and methyl anthranilate production. Microb. Cell Factories 2021, 20, 34. https://doi.org/10.1186/s12934-021-01532-3. 

28. Wu, S.; Chen, W.; Lu, S.; Zhang, H.; Yin, L. Metabolic Engineering of Shikimic Acid Biosynthesis Pathway for the Production of 
Shikimic Acid and Its Branched Products in Microorganisms: Advances and Prospects. Molecules 2022, 27, 4779. 
https://doi.org/10.3390/molecules27154779. 

29. Kubota, T.; Watanabe, A.; Suda, M.; Kogure, T.; Hiraga, K.; Inui, M. Production of para-aminobenzoate by genetically engineered 
Corynebacterium glutamicum and non-biological formation of an N-glucosyl byproduct. Metab. Eng. 2016, 38, 322–330. 
https://doi.org/10.1016/j.ymben.2016.07.010. 

30. Dong, L.H.; Liu, Y.J. Catalytic Mechanism of Pyridoxal 5′-Phosphate-Dependent Aminodeoxychorismate Lyase: A Computa-
tional QM/MM Study. J. Chem. Inf. Model. 2023, 63, 1313–1322. https://doi.org/10.1021/acs.jcim.2c01593. 

31. Hou, F.; Xian, M.; Huang, W. De novo biosynthesis and whole-cell catalytic production of paracetamol on a gram scale in Esch-
erichia coli. Green Chem. 2021, 23, 8280–8289. https://doi.org/10.1039/d1gc02591k. 

32. Gorelova, V.; Bastien, O.; De Clerck, O.; Lespinats, S.; Rebeille, F.; Van Der Straeten, D. Evolution of folate biosynthesis and 
metabolism across algae and land plant lineages. Sci. Rep. 2019, 9, 5731. https://doi.org/10.1038/s41598-019-42146-5. 

33. Homayouni Rad, A.; Yari Khosroushahi, A.; Khalili, M.; Jafarzadeh, S. Folate bio-fortification of yoghurt and fermented milk: 
A review. Dairy Sci. Technol. 2016, 96, 427–441. https://doi.org/10.1007/s13594-016-0286-1. 

34. Lu, C.; Liu, Y.; Li, J.; Liu, L.; Du, G. Engineering of Biosynthesis Pathway and NADPH Supply for Improved L-5-Methyltetra-
hydrofolate Production by Lactococcus lactis. J. Microbiol. Biotechnol. 2019, 31, 154–162. https://doi.org/10.4014/jmb.1910.10069. 

35. Inglis, J.J.; Criado, G.; Andrews, M.; Feldmann, M.; Williams, R.O.; Selley, M.L. The anti-allergic drug, N-(3ʹ,4ʹ-dimethoxycinna-
monyl) anthranilic acid, exhibits potent anti-inflammatory and analgesic properties in arthritis. Rheumatology 2007, 46, 1428–
1432. https://doi.org/10.1093/rheumatology/kem160. 

36. Li, X.H.; Kim, S.K.; Lee, J.H. Anti-biofilm effects of anthranilate on a broad range of bacteria. Sci. Rep. 2017, 7, 8604. 
https://doi.org/10.1038/s41598-017-06540-1. 

37. Muszynska, B.; Lojewski, M.; Rojowski, J.; Opoka, W.; Sulkowska-Ziaja, K. Natural products of relevance in the prevention and 
supportive treatment of depression. Psychiatr. Pol. 2015, 49, 435–453. https://doi.org/10.12740/PP/29367. 

38. Prasher, P.; Sharma, M. Medicinal chemistry of anthranilic acid derivatives: A mini review. Drug Dev. Res. 2021, 82, 945–958. 
https://doi.org/10.1002/ddr.21842. 

39. Shaw, C.; Hess, M.; Weimer, B.C. Microbial-Derived Tryptophan Metabolites and Their Role in Neurological Disease: An-
thranilic Acid and Anthranilic Acid Derivatives. Microorganisms 2023, 11, 1825. https://doi.org/10.3390/microorgan-
isms11071825. 

40. Kim, H.J.; Seo, S.Y.; Park, H.S.; Ko, J.Y.; Choi, S.S.; Lee, S.J.; Kim, E.S. Engineered Escherichia coli cell factory for anthranilate over-
production. Front. Microbiol. 2023, 14, 1081221. https://doi.org/10.3389/fmicb.2023.1081221. 

41. Walsh, C.T.; Haynes, S.W.; Ames, B.D.; Gao, X.; Tang, Y. Short pathways to complexity generation: Fungal peptidyl alkaloid 
multicyclic scaffolds from anthranilate building blocks. ACS Chem. Biol. 2013, 8, 1366–1382. https://doi.org/10.1021/cb4001684. 

42. Balderas-Hernandez, V.E.; Sabido-Ramos, A.; Silva, P.; Cabrera-Valladares, N.; Hernandez-Chavez, G.; Baez-Viveros, J.L.; Mar-
tinez, A.; Bolivar, F.; Gosset, G. Metabolic engineering for improving anthranilate synthesis from glucose in Escherichia coli. 
Microb. Cell Factories 2009, 8, 19. https://doi.org/10.1186/1475-2859-8-19. 

43. Balderas-Hernández, V.E.; Treviño-Quintanilla, L.G.; Hernández-Chávez, G.; Martinez, A.; Bolívar, F.; Gosset, G. Catechol bio-
synthesis from glucose in Escherichia coli anthranilate-overproducer strains by heterologous expression of anthranilate 1,2-
dioxygenase from Pseudomonas aeruginosa PAO1. Microb. Cell Factories 2014, 13, 136. https://doi.org/10.1186/s12934-014-0136-
x. 

44. Shen, X.; Chen, X.; Wang, J.; Sun, X.; Dong, S.; Li, Y.; Yan, Y.; Wang, J.; Yuan, Q. Design and construction of an artificial pathway 
for biosynthesis of acetaminophen in Escherichia coli. Metab. Eng. 2021, 68, 26–33. https://doi.org/10.1016/j.ymben.2021.09.001. 

45. Yang, H.; Liu, Y.; Li, J.; Liu, L.; Du, G.; Chen, J. Systems metabolic engineering of Bacillus subtilis for efficient biosynthesis of 5-
methyltetrahydrofolate. Biotechnol. Bioeng. 2020, 117, 2116–2130. https://doi.org/10.1002/bit.27332. 

46. Schillert, L.; Wirtz, D.; Weber, N.; Schaller, F.; Striegel, L.; Schmitt-Kopplin, P.; Rychlik, M. Metabolic folate profiling as a func-
tion of time during cultivation suggests potential C2-metabolism in Saccharomyces cerevisiae. Front. Nutr. 2022, 9, 984094. 
https://doi.org/10.3389/fnut.2022.984094. 

47. Kuepper, J.; Otto, M.; Dickler, J.; Behnken, S.; Magnus, J.; Jager, G.; Blank, L.M.; Wierckx, N. Adaptive laboratory evolution of 
Pseudomonas putida and Corynebacterium glutamicum to enhance anthranilate tolerance. Microbiology 2020, 166, 1025–1037. 
https://doi.org/10.1099/mic.0.000982. 

48. Wang, J.; De Luca, V. The biosynthesis and regulation of biosynthesis of Concord grape fruit esters, including ‘foxy’ methylan-
thranilate. Plant J. 2005, 44, 606–619. https://doi.org/10.1111/j.1365-313X.2005.02552.x. 



Sustainability 2024, 16, 3052 13 of 14 
 

49. Kollner, T.G.; Lenk, C.; Zhao, N.; Seidl-Adams, I.; Gershenzon, J.; Chen, F.; Degenhardt, J. Herbivore-induced SABATH methyl-
transferases of maize that methylate anthranilic acid using s-adenosyl-L-methionine. Plant Physiol. 2010, 153, 1795–1807. 
https://doi.org/10.1104/pp.110.158360. 

50. Song, G.; Wu, F.; Peng, Y.; Jiang, X.; Wang, Q. High-Level Production of Catechol from Glucose by Engineered Escherichia coli. 
Fermentation 2022, 8, 344. https://doi.org/10.3390/fermentation8070344. 

51. Pugh, S.; McKenna, R.; Osman, M.; Thompson, B.; Nielsen, D.R. Rational engineering of a novel pathway for producing the 
aromatic compounds p-hydroxybenzoate, protocatechuate, and catechol in Escherichia coli. Process Biochem. 2014, 49, 1843–
1850. https://doi.org/10.1016/j.procbio.2014.08.011. 

52. Wang, S.; Ma, Y.; Wang, Y.; Jiao, M.; Luo, X.; Cui, M. One-step electrodeposition of poly(m-aminobenzoic acid) membrane dec-
orated with peptide for antifouling biosensing of Immunoglobulin E. Colloids Surf. B Biointerfaces 2020, 186, 110706. 
https://doi.org/10.1016/j.colsurfb.2019.110706. 

53. Jokić, B.M.; Džunuzović, E.S.; Grgur, B.N.; Jugović, B.Z.; Trišovic, T.L.; Stevanović, J.S.; Gvozdenović, M.M. The influence of m-
aminobenzoic acid on electrochemical synthesis and behavior of poly(aniline-co-(m-aminobenzoic acid). J. Polym. Res. 2017, 24, 
146. https://doi.org/10.1007/s10965-017-1313-5. 

54. Hirayama, A.; Eguchi, T.; Kudo, F. A single PLP-dependent enzyme PctV catalyzes the transformation of 3-dehydroshikimate 
into 3-aminobenzoate in the biosynthesis of pactamycin. Chembiochem 2013, 14, 1198–1203. 
https://doi.org/10.1002/cbic.201300153. 

55. Hirayama, A.; Miyanaga, A.; Kudo, F.; Eguchi, T. Mechanism-Based Trapping of the Quinonoid Intermediate by Using the 
K276R Mutant of PLP-Dependent 3-Aminobenzoate Synthase PctV in the Biosynthesis of Pactamycin. Chembiochem 2015, 16, 
2484–2490. https://doi.org/10.1002/cbic.201500426. 

56. Zhang, Y.; Bai, L.; Deng, Z. Functional characterization of the first two actinomycete 4-amino-4-deoxychorismate lyase genes. 
Microbiology 2009, 155, 2450–2459. https://doi.org/10.1099/mic.0.026336-0. 

57. Lonshakov, D.V.; Sheremetʹev, S.V.; Belosludtseva, E.M.; Korovkin, S.A.; Semchenko, A.V.; Katlinskij, A.V. Synthesis of 4-ami-
nobenzoic acid esters of polyethylene glycol and their use for pegylation of therapeutic proteins. RSC Adv. 2015, 5, 42903–42909. 
https://doi.org/10.1039/c5ra04950d. 

58. Zaib Un, N.; Akhtar, T. para-Aminobenzoic Acid-A Substrate of Immense Significance. Mini-Rev. Org. Chem. 2020, 17, 686–700. 
https://doi.org/10.2174/1570193x16666190828201234. 

59. Michael, R.; Richards, E.; Xing, D.K.L. The effect of p-aminobenzoic acid on the uptake of thymidine and uracil by Escherichia 
coli. Int. J. Pharm. 1995, 116, 217–221. https://doi.org/10.1016/0378-5173(94)00303-m. 

60. Laborda, P.; Zhao, Y.; Ling, J.; Hou, R.; Liu, F. Production of Antifungal p-Aminobenzoic Acid in Lysobacter antibioticus OH13. J. 
Agric. Food Chem. 2018, 66, 630–636. https://doi.org/10.1021/acs.jafc.7b05084. 

61. Kołton, A.; Długosz-Grochowska, O.; Wojciechowska, R.; Czaja, M. Biosynthesis Regulation of Folates and Phenols in Plants. 
Sci. Hortic. 2022, 291, 110561. https://doi.org/10.1016/j.scienta.2021.110561. 

62. Saubade, F.; Hemery, Y.M.; Guyot, J.P.; Humblot, C. Lactic acid fermentation as a tool for increasing the folate content of foods. 
Crit. Rev. Food Sci. Nutr. 2017, 57, 3894–3910. https://doi.org/10.1080/10408398.2016.1192986. 

63. Khiralla, G.; El-Tarras, A.; Elhariry, H. Dihydrofolate Reductase Thermosensitive (ts-dfrA) Mutant Induces Dihydrofolate Over-
production by Lactobacillus plantarum. Food Biotechnol. 2019, 33, 17–33. https://doi.org/10.1080/08905436.2018.1552868. 

64. Yang, H.; Zhang, X.; Liu, Y.; Liu, L.; Li, J.; Du, G.; Chen, J. Synthetic biology-driven microbial production of folates: Advances 
and perspectives. Bioresour. Technol. 2021, 324, 124624. https://doi.org/10.1016/j.biortech.2020.124624. 

65. Sybesma, W.; Starrenburg, M.; Tijsseling, L.; Hoefnagel, M.H.N.; Hugenholtz, J. Effects of Cultivation Conditions on Folate 
Production by Lactic Acid Bacteria. Appl. Environ. Microbiol. 2003, 69, 4542–4548. https://doi.org/10.1128/aem.69.8.4542-
4548.2003. 

66. Patring, J.D.M.; Hjortmo, S.B.; Jastrebova, J.A.; Svensson, U.K.; Andlid, T.A.; Jägerstad, I.M. Characterization and quantification 
of folates produced by yeast strains isolated from kefir granules. Eur. Food Res. Technol. 2006, 223, 633–637. 
https://doi.org/10.1007/s00217-005-0245-1. 

67. Serrano-Amatriain, C.; Ledesma-Amaro, R.; Lopez-Nicolas, R.; Ros, G.; Jimenez, A.; Revuelta, J.L. Folic Acid Production by 
Engineered Ashbya gossypii. Metab. Eng. 2016, 38, 473–482. https://doi.org/10.1016/j.ymben.2016.10.011. 

68. Blancquaert, D.; Storozhenko, S.; Loizeau, K.; De Steur, H.; De Brouwer, V.; Viaene, J.; Ravanel, S.; Rébeillé, F.; Lambert, W.; Van 
Der Straeten, D. Folates and Folic Acid: From Fundamental Research Toward Sustainable Health. Crit. Rev. Plant Sci. 2010, 29, 
14–35. https://doi.org/10.1080/07352680903436283. 

69. Raffa, R.B.; Pergolizzi, J.V., Jr.; Taylor, R., Jr.; Decker, J.F.; Patrick, J.T. Acetaminophen (paracetamol) oral absorption and clinical 
influences. Pain Pract. 2014, 14, 668–677. https://doi.org/10.1111/papr.12130. 

70. Jóźwiak-Bebenista, M.; Nowak, J.Z. Paracetamol: Mechanism of action, applications and safety concern. Acta Pol. Pharm. 2014, 
71, 11–23. 

71. Bertolini, A.; Ferrari, A.; Ottani, A.; Guerzoni, S.; Tacchi, R.; Leone, S. Paracetamol: New vistas of an old drug. CNS Drug Rev. 
2006, 12, 250–275. https://doi.org/10.1111/j.1527-3458.2006.00250.x. 

72. Ko, H.J.; Lee, E.W.; Bang, W.G.; Lee, C.K.; Kim, K.H.; Choi, I.G. Molecular characterization of a novel bacterial aryl acylamidase 
belonging to the amidase signature enzyme family. Mol. Cells 2010, 29, 485–492. https://doi.org/10.1007/s10059-010-0060-9. 



Sustainability 2024, 16, 3052 14 of 14 
 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 
 


