
Chapter 3
Phenolic Acids and Derivatives:
Description, Sources, Properties,
and Applications

Celestino Santos-Buelga, Ana M. González-Paramás,
and Susana González-Manzano

Abstract Phenolic acids are one of the major classes of phenolic compounds
occurring as secondary metabolites in plants; among them, hydroxybenzoic and
hydroxycinnamic acids are outstanding. These compounds are widespread in the
human diet through plant-based foods, where they contribute to sensory and func-
tional properties. Their consumption has also been associated with positive effects in
human health, owing to their recognized biological activities (e.g., antioxidant, anti-
inflammatory, antimicrobial, antidiabetic, or anticarcinogenic). Technological and
functional properties of phenolic acids have made them interesting compounds for
food, pharmaceutical, and cosmetic companies, so that suitable preparation pro-
cesses are required to meet their increasing research and industrial demand. To fulfill
these needs, an efficient production of pure compounds is required that cannot be
fully satisfied by their isolation from natural sources or chemical synthesis, which
suffer limitations such as low yield, time-consuming, or non-environmentally
friendly processes. Biotechnological approaches including the construction of het-
erologous plant or microbial systems can be an alternative for enhancing phenolic
acid production or addressing pathways toward the biosynthesis of particular target
compounds. This chapter offers an overview on phenolic acids occurrence in food
and natural sources, biosynthesis and advances in their biotechnological production.

3.1 Introduction

Phenolic acids are one of the major classes of phenolic compounds (also commonly
referred to as polyphenols) that occur as secondary metabolites in plants, where they
play essential physiological and metabolic functions for plant life. They have
structural roles, regulate processes related with plant development and growth, cell
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division, seed germination, and plant pigmentation, and are also involved in the
mechanisms of natural plant resistance against biotic and abiotic stresses (Lattanzio
et al. 2008, 2012). They are also widespread in plant-based foods, in which they
contribute to sensory (flavor, astringency, bitterness, or color) and functional prop-
erties, and may also serve as food preservatives helping to prevent processes of
enzymatic browning. As for other phenolic compounds, the phenolic acids possess a
series of biological activities that have been related with positive effects in human
health. Among others, different compounds of this family have been reported to act
as antioxidant, anti-inflammatory, antimicrobial, antidiabetic, or anticarcinogenic
agents (Kiokias and Oreopoulou 2021; Kumar and Goel 2019; Ruwizhi and
Aderibigbe 2020; Sova and Saso 2020).

Antioxidant activity is one of their more recognized properties. Indeed, phenolic
acids behave as efficient antioxidants helping to counteract cell oxidative damage,
owing to their ability to scavenge oxidizing species, e.g., reactive oxygen and
nitrogen species, through mechanisms that involve the transfer of an H atom or of
a single electron to the radical. They may also act as indirect antioxidants by
modulating cell oxidative stress via the induction of endogenous protective path-
ways, such as the antioxidant response element (ARE) regulatory system (Santos-
Buelga et al. 2019). Anti-inflammatory activity of phenolic acids and derivatives has
been related to their ability to suppress the activity of the nuclear transcription factor
NF-κB, and downregulation of pro-inflammatory cytokines, such as IL-6, IL-8, or
TNF-α, as well as to their antioxidant properties (Ali et al. 2020; Nagasaka et al.
2007). Similarly, anticancer effects of different phenolic acids have been associated
to their antioxidant and anti-inflammatory activity and the regulation of diverse
transcription factors and signaling pathways related to cell proliferation, apoptosis,
or angiogenesis, such as NF-κB, cyclin-dependent kinases (CDKs), vascular endo-
thelial growth factor (VEGF), phosphoinositide 3-kinase (PI3K), or protein kinase B
(Akt), as mostly demonstrated in in vitro assays and animal studies (De et al. 2011;
Abotaleb et al. 2020).

Antimicrobial properties of phenolic acids seem to depend on their lipophilicity.
As weak organic acids, they partially exist in undissociated lipophilic form in
biological systems, which allow them to diffuse across cell membranes, disturbing
the membrane structure and acidifying the cytoplasm causing protein denaturation
(Campos et al. 2009). The lipophilicity of hydroxybenzoic acids basically correlates
with the type and number of functional groups, decreasing with the number of
hydroxyl groups and increasing with that of methoxy substituents; in
hydroxycinnamic acids it is much lesser dependent on the substitutions of the
aromatic ring, but strongly dependent on the double bond of the side chain
(Sanchez-Maldonado et al. 2011). The pH is also determining in the antimicrobial
activity of phenolic acids, which increases at lower pH values, making cell mem-
brane more permeable and affecting the sodium-potassium ATPase pump implicated
in ATP synthesis (Cueva et al. 2010).

The antidiabetic potential of phenolic acids has been associated to their ability to
interfere with glucose metabolism. Several mechanisms have been described, includ-
ing inhibition of enzymes involved in carbohydrate digestion and intestinal glucose
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uptake, stimulation of insulin secretion from the pancreatic β-cells, modulation of
glucose transporters GLUT2 and GLUT4, or activation of insulin receptor and
glucose uptake in insulin-sensitive tissues (Vinayagam et al. 2016). Detailed infor-
mation on biological activities and health benefits of phenolic acids can be found in
recent reviews (Kiokias and Oreopoulou 2021; Kumar and Goel 2019; Ruwizhi and
Aderibigbe 2020; Sova and Saso 2020).

Technological and functional properties of phenolic acids make them highly
interesting for food, pharmaceutical, and cosmetic industries, so that suitable prep-
aration processes are required to meet their increasing industrial demands. Just as an
example, phenolic acids like ferulic, gallic, vanillic, or salicylic acids are widely
utilized as ingredients or raw materials for the preparation of preservatives, flavors
and fragrances, skin protective agents, or edible films (Valanciene et al. 2020).

This chapter offers an overview on phenolic acids occurrence in food and natural
sources, biosynthesis and advances in their biotechnological production.

3.2 Description

Structure of phenolic acids consists of a phenolic ring with an attached carbon chain
bearing a carboxylic group (Fig. 3.1). The most important compounds of this family
are hydroxybenzoic (C6-C1) and hydroxycinnamic acids (C6-C3);
hydroxyphenylacetic acids (C6-C2) also occur, usually as minor components, in
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plants and food, being 4-hydroxyphenylacetic acid and 3-methoxy-4-
hydroxyphenylacetic (homovanillic) acid and the most representative compounds
of this group.

In their natural sources, phenolic acids can be found in free form, but most
frequently linked to other compounds such as carbohydrates, organic acids, flavo-
noids, terpenes, or sterols, as well as bounded to plant matrix components (cellulose,
proteins, lignin) through ester, ether, or acetal bonds. Free forms may also appear in
processed foods resulting from chemical or enzymatic cleavage during fruit and
vegetable processing.

3.2.1 Hydroxybenzoic Acids

Figure 3.1 shows the structures of the most common hydroxybenzoic acids (HBAs),
differing in the number of hydroxyl and methoxyl substituents on their aromatic
ring. In general, they are present in plants as conjugates, usually glucosides. Four
HBAs, namely p-hydroxybenzoic, vanillic, syringic, and protocatechuic acid, are
constituents of lignin; as an approximation, it can be said that plants which do not
contain lignin do not contain these acids either (Tomás-Barberán and Clifford 2000).
Other common hydroxybenzoates are salicylic and gallic acids.

Gallic acid esterified to glucose and less usually to other polyols, such as
hamamelose, quinic acid, shikimic acid, or other cyclitols, giving rise to the
so-called hydrolyzable tannins (HTs). Successive substitution of the hydroxyl
groups of glucose by gallic acid leads to a series of simpler galloyl esters from
monogalloylglucose (1-O-galloyl-β-d-glucose; β-glucogallin) to 1,2,3,4,6-penta-O-
galloyl-β-d-glucose (Fig. 3.2). This latter is considered the biosynthetic precursor of
both gallotannins (GTs) and ellagitannins (ETs). Complex GTs are formed by
substitution of pentagalloylglucose with additional galloyl residues affording

Fig. 3.2 Structures of hexahydroxydiphenic (1) and ellagic acids (2), and two representative
hydrolyzable tannins: a gallotannin,1,2,3,4,6-penta-O-galloyl-β-d-glucose (3) and an
ellagitannin, punicalagin (4)
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polygalloylglucoses. Tergallic and gallagic acids (the gallic acid trimer and tetramer,
respectively) may also be found in some HTs. Tannic acid is a generic name given to
variable mixtures of GTs that are present in several plant sources. GTs are less
distributed in plants than ETs, which also display a much more pronounced struc-
tural variability; their strong tendency to form dimeric and oligomeric derivatives
contributes significantly to the vast number of described structures (Gross 2008).
Gallic acid also makes part of the structure of condensed tannins, in this case
esterified to flavan-3-ols (i.e., catechins and proanthocyanidins). ETs derive from
the oxidative formation of secondary C-C bonds between adjacent galloyl residues
to produce hexahydroxydiphenoyl residues (Gross 2008). Acid or alkaline hydroly-
sis of ETs releases hexahydroxydiphenic acid that spontaneously rearranges into the
dilactone ellagic acid (Fig. 3.2), which explains their denomination.

3.2.2 Hydroxycinnamic Acids

Hydroxycinnamic acids (HCAs) are more widespread in nature than hydroxybenzoic
acids. The main HCAs are p-coumaric, caffeic, ferulic, and sinapic acids (Fig. 3.1).
These compounds predominantly occur in plants and food as trans (E)-isomers,
although low amounts of cis (Z )-isomers may also be found, mostly originating from
isomerization by exposure to UV-irradiation or produced enzymatically. HCAs can
be present in plants and food in free form, but more usually they occur in conjugated
forms esterified with hydroxyl acids, such as quinic, shikimic, and tartaric acid,
sugars or flavonoids. The largest group of HCAs are chlorogenic acids (CGAs), a
term that includes a series of compounds resulting from the esterification of HCAs
with 1L-(-)-quinic acid. Caffeoylquinic acids (CQAs) are the main group of CGAs.
5-O-Caffeoylquinic acid (5-CQA) is the most abundant CGA in nature and com-
monly referred to as chlorogenic acid. Nevertheless, in the literature, there is some
confusion between 5-CQA and 3-CQA, which are often mistaken, a discrepancy that
derives from either using or not the IUPAC numbering for 1L-(-)-quinic acid
(Fig. 3.3). Indeed, if the spatial arrangement of the substituents for representing
chlorogenic acid is not used, it is not possible to differentiate both enantiomers, as
also depicted in Fig. 3.3. Using IUPAC rules, the trivial name “chlorogenic acid”
should be retained for 5-CQA, while 3-CQA would correspond to the so-called
neochlorogenic acid (Kremr et al. 2016). Unfortunately, as indicated by Clifford
et al. (2017), many publications and online sources (including Wikipedia) are
unaware of this situation and 3-CQA (non-IUPAC) is treated as the same compound
as 3-CQA (IUPAC). Coffee beverage rather than fruits and vegetables is probably
the main dietary source of CQAs for many people (Clifford et al. 2017).

HCAs can also occur in polymerized forms, as present in the polyaromatic
domain of suberin and other cell wall matrix components like cutin or lignin (Strack
1997), as well as conjugated with amino acids and amines giving rise to
phenolamides (Fig. 3.4). These latter can be classified into different subgroups
according to the type of amine moiety, namely anthranilic acids (avenanthramides,
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amine residues, and example of an avenanthramide (avenanthramide A, consisting of p-coumaric
acid and 4-hydroxyanthranilic acid)

AVAs), aromatic monoamines (e.g., tryptamine, tyramine, serotonin, dopamine,
octopamine), aliphatic di- and polyamines (putrescine, cadaverine, spermine,
spermidine), and agmatine. AVAs are unique compounds that are found exclusively
in oats, while phenolamides with aromatic monoamines are more widely distributed,
being reported in a variety of foods, including tomatoes, paprika, lettuce, garlic, or
potatoes. HCAs conjugated to aliphatic di- and polyamines and agmatine have been
mainly described in the Poaceae and Solanaceae families, among edible plants
(Wang et al. 2020).

3.3 Biosynthesis

Phenolic acids are synthesized by the shikimate pathway, a route of the primary
metabolism for the formation of aromatic amino acids that is present in plants,
bacteria, and fungi. Aromatic amino acids, i.e., L-phenylalanine and L-tyrosine,
further enter the secondary metabolism through the phenylpropanoid pathway to
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yield the different polyphenol classes. Main steps of the shikimate and general
phenylpropanoid pathways are depicted in Fig. 3.5.

The shikimate pathway consists of a sequence of seven enzymatic steps leading to
chorismate, which is the common precursor to aromatic amino acids. Firstly,
erythrose-4-phosphate (E4P), derived from the non-oxidative branch of the pentose
phosphate pathway, and phosphoenolpyruvate (PEP), produced by the glycolytic
pathway, are condensed into 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP)
by DAHP synthase (DAHPS). Following reactions lead successively to the forma-
tion of 3-dehydroquinate (DHQ), 3-dehydroshikimate, shikimate, shikimate
3-phosphate (S3P), and 5-enolpyruvylshikimate 3-phosphate (EPSP), to finally
produce chorismate catalyzed by chorismate synthase (CS) (Marchiosi et al. 2020).

From chorismate onward the carbon flow is channeled to different branches of
secondary metabolism through the phenylpropanoid pathway. Hydroxycinnamic
acids (HCAs) result from the deamination of L-phenylalanine involving the enzyme
phenylalanine ammonia lyase (PAL) to produce trans-cinnamic acid, as core struc-
ture for phenylpropanoids. Further hydroxylation by the action of cinnamate
4-hydroxylase (C4H) yields p-coumaric acid that through a series of sequential
hydroxylation and methylation reactions lead to the formation of the rest of common
HCAs, caffeic, ferulic, and sinapic acids (Strack 1997). C4H is a cytochrome P450-
dependent monooxygenase and composes a multi-enzyme complex with the enzyme
p-coumaroyl 3-hydroxylase (C3H), which hydroxylates the p-coumaric acid to
caffeic acid. In some plants, tyrosine can also be directly converted into p-coumaric
acid by tyrosine ammonia lyase (TAL), thus bypassing C4H. Nevertheless, in most
plants phenolic compounds are biosynthesized from phenylalanine, so that PAL
reaction represents the usual branching point between primary and secondary
metabolism, being an important regulatory step in polyphenol formation (Marchiosi
et al. 2020).

HCAs can be then converted to their CoA derivatives catalyzed by
4-hydroxycinnamoyl-CoA ligase (4CL), an enzyme that acts on different HCA
substrates, to be subsequently reduced to p-hydroxycinnamoyl alcohols, such as p-
coumaryl, sinapyl, and coniferyl alcohols, also termed monolignols, which are
precursors of lignin and lignans (Umezawa 2010). Condensation of p-coumaroyl-
CoA with three molecules of malonyl-CoA, derived from citrate produced by the
tricarboxylic acid (TCA) cycle, catalyzed by chalcone synthase (CHS) leads to the
formation of naringenin chalcone, branching the phenylpropanoid pathway toward
the formation of flavonoids (Davies and Schwinn 2006).

Hydroxycinnamates are often accumulated in conjugated forms basically with
carboxylic acids or carbohydrates, but also with proteins, lipids, amino acids,
amines, terpenoids, alkaloids, or flavonoids. Furthermore, insoluble forms of
hydroxycinnamates occur in plant cell walls bound to polymers such as cutins and
suberins, lignin or polysaccharides (Strack 1997). The widespread chlorogenic acids
are formed by esterification of quinic acid with hydroxycinnamoyl-CoA through
hydroxycinnamoyl-CoA quinate:hydroxycinnamoyl transferase (HQT). Quinic acid
results from the reduction of 3-dehydroquinate (DHQ) or dehydration of shikimate,
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catalyzed by quinate dehydrogenase (QDH) and quinate dehydratase (QD), respec-
tively (Marchiosi et al. 2020).

The biosynthesis of hydroxybenzoic acids can occur from intermediates of the
shikimate or phenylpropanoid pathways. In the first case, 3-dehydroquinate,
3-dehydroshikimate, shikimate, and chorismate act as precursors. Chorismate is a
precursor of salicylic, 2,3-dihydroxybenzoic (hypogallic), and
2,5-dihydroxybenzoic (gentisic) acids through isochorismate formed by the action
of isochorismate synthase (ICS). Gallic acid can be formed by oxidation of
3-dehydroshikimate, while dehydration of this latter would lead to
3,4-dihydroxybenzoic (protocatechuic) acid that can be further hydroxylated to
gallic acid (Marchiosi et al. 2020).

Hydroxybenzoic acids can also derive from the phenylpropanoid pathway from
structurally analogous hydroxycinnamic acids by cleavage of an acetate fragment
from their side chain. The reaction sequence involves coenzyme A (β-oxidative), but
it can also be CoA-independent (non-β-oxidative) or a combination of both path-
ways (Valanciene et al. 2020). The substitution patterns of hydroxybenzoates may
be determined by the hydroxycinnamate precursor, although hydroxylations and
methylations may also occur in an analogous way to the hydroxycinnamate pathway
(Strack 1997).

Hydrolysable tannins, i.e., gallo- and ellagitannins, are synthesized from gallate
and UDP-glucose through UDP-glucose:gallate O-glucosyltransferase yielding 1-O-
galloyl-β-d-glucose; sequential incorporation of galloyl residues takes place cata-
lyzed by galloyltransferases up to 1,2,3,4,6-pentagalloylglucose. Further
galloylations (depside formation) leading to the gallotannins are also catalyzed by
such 1-galloylglucose-dependent acyltransferases. Ellagitannins arise from second-
ary C-C linkages between adjacent galloyl groups and may further combine to yield
oligomeric derivatives coupled through C-O-C linkages (Strack 1997).

The accumulation of phenolic acids, both hydroxybenzoic and hydroxycinnamic
acids, varies according to the part of the plant (leaves, flowers, stalks, roots) and is
highly dependent on factors like cultivar, seasonality, and agricultural and
edafoclimatic conditions, being boosted by biotic (e.g., fungal or bacterial patho-
gens) or abiotic stresses (e.g., salinity, UV light, water deficit, wounding, metal ions,
or treatment with elicitors like ethylene or methyl jasmonate) (Valanciene et al.
2020).

3.4 Phenolic Acids in Food

3.4.1 Occurrence

Phenolic acids are widespread in the human diet through plant-based foods, with
hydroxycinnamic acids being better represented than hydroxybenzoic acids.

HCAs commonly occur in plants and foods esterified with sugars, organic acids
(especially quinic or tartaric acids), or flavonoids, as well as bound to plant structural
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elements (i.e., cellulose, lignin, and proteins), while they are less usually found in
free form. Caffeic and ferulic acids, either free or esterified, are the most abundant
HCAs in foodstuffs. Caffeic acid is more usual in fruits and vegetables, being
reported that it may account for 75%–100% of the total HCA content in most fruits,
while ferulic acid predominates in cereal grains, which represent its major dietary
source (Manach et al. 2004).

Chlorogenic acids (CGA), including caffeoyl-, feruloyl-, dicaffeoyl-, and
coumaroylquinic acids, are the most ubiquitous phenolic acids, especially the
caffeoylquinic acid isomers (CQA), with 5-caffeoylquinic acid as the most common
isomer in food products, except in stone fruits and brassicas where the 3-isomer
seems to dominate (Clifford 2000). Green coffee beans are among the richest plant
sources of CGA, with contents that may range 3.5–7.5% of bean dry matter (Jeszka-
Skowron et al. 2016), and 5-CQA representing about 76–84% of total CGAs (Tajik
et al. 2017). Nevertheless, the roasting process has a profound effect on CQA
contents and isomer distribution. Clifford (2000) estimated a decrease of 8–10% of
CGA for every 1% loss of dry matter during roasting, while Crozier et al. (2012)
found that in this process 5-CQA was destroyed faster than 3-CQA and 4-CQA,
although it still would be the main isomer in coffee with percentages ranging
43–58%. On the other hand, Moeenfard et al. (2014) reported 3-CQA as the major
isomer in coffee brews, accounting for about 50% of the total CQAs, followed by
5-CQA and 4-CQA, with around 25–26% each, which was explained not only by
their relative rates of destruction of the isomers during roasting but also by the fact
that 3-CQA would be more water-soluble. These latter authors determined total
CGA concentrations within a large range between 46 and 1662 mg/L in coffee
brews, depending on their preparation, with greater levels in boiled and filtered
coffees and lowest in instant coffees (Moeenfard et al. 2014). For their part, Crozier
et al. (2012) reported an average amount of 145 mg of total CGA (range of
24–422 mg) per espresso serving (43 ml), while Clifford (1999) estimated that a
200 ml-cup of coffee may contain 70–350 mg CGA.

In addition to coffee, tea (Camellia sinensis) and mate (Ilex paraguariensis) are
also relevant sources of CGA. Contents of 10–50 g/kg have been reported for green
and black tea leaf, while a brew of green mate (approx. 200 ml) may contain
107–133 mg of CGA (Clifford 1999). Other rich dietary sources of CQAs are fruits
and vegetables like some berries, apples, stone fruits, potatoes, or aubergines, as well
as some species from the Asteraceae family, such as lettuce, endive, and artichoke.
Fruits with the highest contents (blueberries, kiwis, plums, cherries, apples) may
contain 0.5–2 g/kg fresh weight (Manach et al. 2004), while concentrations of
500–1200 mg/kg dry weight have been described in potato tubers and around
600 mg/kg in aubergines (Clifford 1999). Artichoke (Cynara scolymus) may provide
some 450 mg/kg, and levels of total cinnamates of 50–120 mg/kg and 200–500 mg/
kg were cited lettuce and endive, respectively (Clifford 1999).

Ferulic acid is particularly abundant in cereal grains, in which it may constitute up
to 90% of total phenolic acid content (Manach et al. 2004). It mostly accumulates in
the outer parts of the fruit (pericarp and aleurone layers) bound to cell wall poly-
saccharides. Concentrations as high as 30 g/kg have been reported in maize bran
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(Clifford 1999), while wheat bran, and especially aleurone, may present more than
8 g/kg (Barron et al. 2007); contents of 0.8–2 g/kg dry weight have been described in
whole wheat grain (Manach et al. 2004). Cinnamoyl-tartaric acid esters, namely
caftaric, fertaric, and p-coutaric acids, are especially abundant in grapes, being
caftaric acid the predominant one; average concentrations about 170 mg/kg have
been indicated for Vitis vinifera grapes, although large variations exist depending on
the grape variety and geographical and agricultural factors (Waterhouse 2002).

The concentrations of hydroxybenzoic acids in food are usually low, with the
exception of certain berries (e.g., blackberry, black and redcurrant, raspberry, or
strawberry), green and black tea, or pomegranate. Gallic and ellagic acids are usually
the commonest phenolic acids, although they occur in good extent as a part of the
hydrolyzable tannins. Contents of gallic acid up to 3.5 g/kg have been reported in
black tea leaves, and concentrations of 20–50 mg/l of brew have been estimated for a
typically prepared tea infusion (Tomás-Barberán and Clifford 2000). The contents of
gallotannins in foods are not well characterized; mango fruits and dried sumac (Rhus
coriaria), used as a condiment, could be dietary sources (Clifford and Scalbert
2000). The highest levels of ellagic acid (EA) are found in berries, although a
relevant part of it is present as ellagitannins (ETs). Contents of ETs from 1 to
400 mg/100 g fresh weight have been reported in berries, as reviewed by Landete
(2011). Greater concentrations of ETs have been found in berries of the genus
Rubus, such as raspberries and cloudberries, while they represent the second largest
phenolic group in genus Fragaria (strawberry) after anthocyanins (Kähkönen et al.
2001; Koponen et al. 2007). Other relevant sources of EA and ETs are pomegranate
and walnut. Contents of ETs from 68 to more than 1800 mg/L have been determined
in pomegranate juice, depending on the way of preparation (Gil et al. 2000), while
59 mg of total EA/100 g dry weight have been reported in walnut (Daniel et al.
1989). Berry fruits can also be significant dietary sources of salicylates, with a range
from 0.76 mg/100 g for mulberries to 4.4 mg/100 g for raspberries (Swain et al.
1985). Some condiments are particularly rich in salicylates. Contents around
200 mg/100 g were determined in curry powder, thyme, or hot paprika, and between
50 and 100 mg/100 g in dry thyme, dill, oregano, rosemary, or turmeric (Swain et al.
1985). Nevertheless, given the small amounts used in food, they cannot be consid-
ered as significant contributors to the dietary intake. Besides plants, some edible
mushroom species can also contain significant amounts of phenolic acids, mostly
benzoic acids, examples are Ramaria botrytis, which is rich in protocatechuic acid
(343 μg/g DW), Agaricus silvicola that mostly contains p-hydroxybenzoic acid
(343 μg/g DW) (Barros et al. 2009), or Agaricus brasiliensis (syn. A. blazei), with
high amounts of p-hydroxybenzoic (333 μg/g DW), gallic (492 μg/g DW), and
ferulic acids (753 μg/g DW) (Bach et al. 2019).

3.4.2 Dietary Intake

Several studies over different countries have estimated the dietary intake of phenolic
acids, obtaining results that vary within a wide range from some tens mg/day to more
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than 1 g/day depending on the target population and the methodological approach,
i.e., the type of dietary assessment and composition databases used. Indeed, the
existing databases for phenolic compounds have limitations, lacking data for some
compounds or foods, which, on the other hand, can show variable polyphenol
contents as influenced by factors like plant origin, cultivation, processing, or storage.

Radtke et al. (1998) in a study on a Bavarian cohort calculated an average intake
of total phenolic acids of 222 mg/day, from which 211 mg corresponded to
hydroxycinnamic acids and 11 mg to hydroxybenzoic acids. Caffeic acid (206 mg/
day) was by far the most important contributor to that intake, while the mean intake
of ellagic acid represented up to 5.2 mg/day, p-coumaric acid up to 3.8 mg/day, and
ferulic acid up to 1.9 mg/day. Coffee was the major phenolic acid contributor,
providing around 92% of the caffeic acid. Very large differences in the individual
dietary intakes of phenolic acids were observed, ranging between 6 and 987 mg/day
of total cinnamates, mostly depending on coffee consumption. Clifford (1999), in a
rough estimation based on composition data collected from the literature and the
probable burden of food intake, proposed a similar range of values for total
cinnamates consumption by the UK population, comprised between less than
25 mg/day, in people that do not take coffee and have little intake of fresh fruit or
vegetables, and 800–1000 mg/day, in great consumers of coffee, bran, and citrus
fruits. Again, coffee was the main source of phenolic acids, namely caffeoyl-derived
hydroxycinnamates.

In a large study across ten European countries in the frame of the European
Prospective Investigation into Cancer and Nutrition (EPIC), Zamora-Ros et al.
(2013) calculated a mean phenolic acid intake of 512 mg/day, with hydroxycinnamic
acids as the predominant class (around 85% of total phenolic acids), followed by
hydroxybenzoic acids (some 14%) and hydroxyphenylacetic acids (below 1%).
Significant differences were observed among individuals and regions. Total phenolic
acid intake was greater in northern than in southern European countries, although
coffee was the principal source in all cases. Caffeic acid was again the most
consumed phenolic acid, followed by ferulic acid, with cereals, bran, and whole-
grain products as main dietary sources, while intake of p-coumaric acid was low and
primarily provided by fruits, nuts, and spices. Tea, wine, and rosaceous fruits were
the principal sources of hydroxybenzoic acids, whose intake was higher in southern
countries associated to their greater consumption of nuts, seeds, and fruit and
vegetables. Among hydroxyphenylacetic acids, homovanillic acid was the most
important compound (77.8%), being primarily found in olives and olive oils more
frequently consumed in southern European diets.

In a highly cited paper, Scalbert and Williamson (2000) proposed that flavonoids
contributed around two-thirds of the dietary intake of total polyphenols, while
phenolic acids accounted for one-third, an assertion that was assumed and spread
by many other authors. However, several prospective studies over different
populations seem not support it as a general rule, but similar consumption of both
classes of polyphenols, or even higher of phenolic acids, are usually found in most
studies, although notable variations obviously exist, reflecting the distinct dietary
behaviors, e.g., coffee, fruits, or cereal consumption.
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In a survey over a random sample of Finnish people using a 48-h dietary recall
and data on phenolic composition collected in the Finnish National Food Composi-
tion database, Ovaskainen et al. (2008) calculated a daily polyphenol intake of
863 mg, from which 75% corresponded to phenolic acids. Coffee was the primary
food item contributing to phenolic acid intake and also to the total intake of poly-
phenols; other relevant contributors were cereals (especially rye bread), tea, and
fruits. Average intakes of 639 ± 273 mg/day and 506 ± 219 were calculated for
phenolic acids and flavonoids, respectively, in a French cohort, being
hydroxycinnamates the most largely consumed polyphenols, mostly originating
from coffee (83%), followed by potatoes (4%), apples (2%), and green chicory
(2%) (Pérez-Jiménez et al. 2011). Similar intakes of flavonoids (897 ± 423 mg/
day) and phenolic acids (800 ± 345 mg/day) were found by Grosso et al. (2014) in a
prospective study over a Polish cohort. Hydroxycinnamic acids were far more
abundant (around 88% of total phenolic acids) than hydroxybenzoic acids. Newly,
coffee was the primary food item contributing to phenolic acid intake (66%) and
caffeoylquinic acids the most consumed polyphenols.

In a study within the frame of the EPIC study, Zamora-Ros et al. (2016)
calculated mean total polyphenol intakes in the range 584–744 mg/day in Greece
(the lowest consumption) to 1626–1786 mg/day in Denmark (the highest). In
general, phenolic acids were the best represented phenolic class (52.5–56.9%).
Higher or similar intakes of phenolic acids and flavonoids were also calculated in
other cohorts from Italy (Godos et al. 2017; Vitale et al. 2018), Spain (Tresserra-
Rimbau et al. 2014), or Brazil (Miranda et al. 2016; Nascimento-Souza et al. 2018).
By contrast, in a large survey on the UK population, Ziauddeen et al. (2019)
determined significant higher intakes of flavonoids than phenolic acids in all age
subgroups from children of 1.5–3 years to people aged more than 65 years. The
group with greater consumption of polyphenols was that of 50–64 years with an
average intake of flavonoids of 714.5 ± 415.2 mg/day for 336.7 ± 292.0 mg/day of
phenolic acids, from which 231.8 ± 289.9 mg/day hydroxycinnamic acids and
104.6 ± 82.5 mg/day hydroxybenzoic acids.

All in all, the overall intake of polyphenols is highly variable. Phenolic acid
derivatives seem to represent the more prevalent class of phenolic compounds in
most individuals, although flavonoids can predominate over phenolic acids in some
populations. Hydroxycinnamoyl derivatives, and especially caffeoylquinic acids, are
the main phenolic compounds in usual diets, with coffee as the most important
contributor to their intake, followed by tea and cereals, with fruits and vegetables in
the next level. Nevertheless, it is necessary to consider that the observations from
prospective studies are determined by their estimative nature, owing to the limita-
tions of the dietary assessments and composition databases, incomplete and lacking
data on bound phenolics and complex tannins, including gallo- and ellagitannins,
which are difficult to quantify and can represent a relevant part of food polyphenols
that are, thus, overlooked in most studies. Actually, the non-extractable polyphenols
fraction was estimated by Saura-Calixto et al. (2007) that may contribute up to
double amount than extractable phenolic compounds to the dietary phenolic intake.
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3.4.3 Influence on Sensory Properties

Phenolic acids are considered important contributors to the sensory properties of
food due to their inherent taste but also because they can prevent rancid flavors by
acting as antioxidants influencing lipid oxidation (Duizer and Langfried 2016).
Classically they have been classified as possessing sensory properties described as
being sour, astringent, and bitter. Nevertheless, studies carried out with isolated
phenolic acids have shown the ability of these compounds to elicit a complex
mixture of taste and oral sensations (Maga 1978; Peleg and Noble 1995).

Physiologically, to detect taste, compounds must first be dissolved in saliva and
transported to taste cells, located at the base of the tongue, where they can either
interact with taste receptors on the surfaces of these cells, leading to sweet and
bitterness detection, or with ion channels, leading to salty and sour detection
(Rawson and Li 2004). Taste thresholds of individual phenolic acids range from
5 ppm for the m-anisic acid to 240 ppm for syringic acid (Maga 1978), although
combinations of them, as occurring in foods, may decrease the taste threshold due to
synergistic effects (Ferrer-Gallego et al. 2014). For example, a recent study has
shown that phenolic acids and quercetin rutinoside interact synergistically in tea
infusion enhancing bitterness and astringency of tea infusion (Chen et al. 2022). On
the other hand, it is known that sensory properties of phenolic acids can be
influenced by their structure. Thus, it has been reported that functional groups in
the meta position increase sensitivity, whereas the same functional groups in the
ortho position decrease sensitivity. For benzoic acid derivatives, a methoxy group
results in a more tasting compound than a hydroxy group (Maga 1978).

Astringency is not a taste, but a tactile sensation described as drying, roughening,
and constricting within the oral cavity. In general, astringency has been thought to be
the result of the interactions of astringent compounds, such as phenolic compounds,
with salivary proteins. Interestingly, the precipitation of salivary proteins was not
found to be required for the development of astringency of ferulic, vanillic, or gallic
acid, suggesting that salivary protein binding activity may not be an accurate
measurement of the astringency of all phenolic compounds. Indeed, it looks like
that the perceived astringency of organic acids is a function of pH, suggesting that
the inverse relationship between pH and astringency may be explained by reduced
salivary lubricity due to denaturation of salivary proteins under conditions of
reduced pH (Lawless et al. 1996).

Studies carried out with individual phenolic acids have established that among
benzoic acid derivatives, gentisic acid had the highest sourness, astringency, and
bitterness intensity, while salicylic had similar astringency than gentisic acid and
m-hydroxybenzoic acid was the sweetest sample, and the prickling feeling was
especially contributed by benzoic acid (Peleg and Noble 1995). However, based
on the amounts found in food and their respective taste threshold, vanillic, p- and o-
coumaric and ferulic acids are the principal phenolic acids to be organoleptically
detectable (Maga 1978). p-Coumaric acid is perceived as bitter, astringent, and
unpleasant at 48 ppm while ferulic acid is perceived as a sour at 90 ppm. However,
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the combination of p-coumaric and ferulic acids is felt as bitter and sour at 20 ppm
(Huang and Zayas 1991). Vanillic acid taste is significantly sourer than ferulic acid,
while ferulic acid is considered to be significantly more bitter than vanillic acid.

Chlorogenic acid isomers are precursors of caffeic acid and quinic acid that
contribute to the formation of sensory attributes and are related to the sensory
characteristics of coffee beverage, mainly to astringent, acid, and bitter ones (Aree
2019; Moon and Shibamoto 2010). In the same way, it has been described that the
sensory properties of virgin olive oil may be differently affected by its phenolic acid
content depending on the type of cultivar (Rivas et al. 2013).

In general, the native phenolic compounds in plant-based foods have been
considered to negatively influence food selection due to imparting negative bitter
flavor attributes to foods (Drewnowski et al. 1997; Heiniö et al. 2008). On the other
hand, it is also well known that some hydroxycinnamic acids undergo decarboxyl-
ation and oxidative reactions during thermal processing leading to volatile products
that can impact on both aroma and taste attributes of foods as well as food palat-
ability (Jiang and Peterson 2010). For example, under thermal processing, ferulic
acid generates aroma compounds such as 4-vinylguaiacol, guaiacol, and vanillin
(Fiddler et al. 1967), while catechol and 4-ethylcatechol can derive from thermal
degradation of caffeic acid and 5-caffeoylquinic acid (Frank et al. 2006). Decarbox-
ylation processes can also occur during fermentation by lactic acid bacteria (LAB)
(Couto et al. 2006) or yeast (Shinohara et al. 2000), resulting in the production of
4-vinylplenols, or their reduced form 4-ethylphenols, with great impact on the
sensorial characteristics of foods. In fermentation by LAB, p-coumaric acid had
the highest conversion efficiency, followed by caffeic acid and lastly ferulic acid
(Miyagusuku-Cruzado et al. 2020), while yeast strains are very unselective and
decarboxylate cinnamic, p-coumaric, and ferulic acids with similar conversion
rates (Goodey and Tubb 1982). In fermented products such as wine, HCA degrada-
tion by yeast results in the formation of 4-vinylplenols that are responsible for
undesirable phenolic off-flavors in the final product (Shinohara et al. 2000). On
the other hand, phenolic acids remarkably inhibit terpene glycosides hydrolysis and
free terpene volatilization and affect the profile and amounts of free terpenes, thus
influencing the tropical, sweet, small berry, and floral aromas of wine (Wang et al.
2021). However, these compounds may be desirable, for example, in wheat beer,
where the reduction of HCA in 4-vinylphenol and 4-vinylguaiacol results in a less
pronounced wheat beer aroma (Kalb et al. 2020; Langos and Granvogl 2016), or in
bread where decarboxylation of ferulic acid generates 4-vinylguaiacol contributing
to its flavor profile (Wang et al. 2012).

3.4.4 Effect of Processing and Storage on Phenolic Acids

Most food processing techniques involve a sequence of operations bringing about
changes in the raw material, with each operation having impact on the food constit-
uents. In general, food processing operations, such as thermal processing,
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fermentation, or freezing lead to a release of matrix-bound phenolic acids increasing
the contents of free forms (Dewanto et al. 2002). The changes in free and bound
forms of phenolic acids induced by processing depend on the type of matrix and the
processing technique employed (Nayak et al. 2015). Detrimental effects can also be
produced, being temperature, oxygen, and enzymes activity major factors affecting
the stability of phenolic acids (Dewanto et al. 2002).

A majority fraction of phenolic compounds present in cereal and cereal-based
products are bound to cellulose and hemicellulose structures, which are partially
broken down during thermal processing. Thus, after thermal processing of wheat
bran, increases in the content of ferulic, vanillic, and p-coumaric acids of 70% have
been reported, while in oat bran dihydroxybenzoic acids increased almost 40%
(Călinoiu and Vodnar 2019). Likewise, extrusion processes (120–200 °C) enhanced
by two to three times the levels of free forms of vanillic, syringic, and ferulic acids
(Zielinski et al. 2001). Bryngelsson et al. (2002) found that autoclaving of oats
increased the content of p-coumaric, vanillin, and ferulic acids, while it had a
negative impact on caffeic acid. Szwajgier et al. (2014) reported detrimental effects
after heating of different fruits, with a significant reduction of total phenolic acids in
compotes and jams compared with the corresponding fresh-frozen (thawed) fruits;
the most dramatic loss of phenolic acids was predominantly observed in the case of
jams. In the same way, a significant decrease in the levels of p-hydroxybenzoic, p-
coumaric, caffeic, chlorogenic, and syringic acids was observed in dried fruit
homogenates in comparison with fresh fruits. Thermal processing of orange juice
resulted in the hydrolysis of ferulic acid esters with subsequent release of the free
acids, which later undergo decarboxylation, leading to the formation of 4-vinyl
guaiacol, a potent off-flavor compound imparting an unpleasant odor to the final
product (Lee and Nagy 1990). Changes in free and bound phenolic acids were found
in artichokes during cooking, being the decrease in total caffeoylquinic acids higher
in boiling than in frying and griddling, although the formation of new isomers due to
transesterification phenomenon partially compensated the loss of total mono- and di-
caffeoylquinic acids (Domínguez-Fernández et al. 2021). As for coffee roasting, the
higher the roasting degree the lower the content of chlorogenic acids, however, as
they are decomposed a rise in caffeic and quinic acids levels is produced (Awwad
et al. 2021; Fuller and Rao 2017).

Increases in the contents of some phenolic acids in thermally processed fruits
have been reported by several authors. Thus, the concentration of ellagic acid was
found to raise in preserves of strawberry in relation to fresh fruit due to partial
degradation of ellagitannins, while it was reduced during processing of blueberries
into jams (Häkkinen et al. 2000), highlighting the importance of the matrix effect.
Similarly, an increase in the level of caffeic acid was observed in pear juice in
relation to fresh fruit, which was attributed to the thermal hydrolysis of chlorogenic
acids (Spanos and Wrolstad 1990). Pressure cooking of legumes also resulted in
improved bioaccessibility of phenolic acids, released from plant matrix (Chen et al.
2015). Significant enhancement in phenolic acids contents was also found in black
currant juices submitted to pasteurization, and further increase by a factor of two to
four was produced in the levels of hydroxycinnamic acids during one-year storage,
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which could be possibly explained by acid hydrolysis of conjugated forms (Mäkilä
et al. 2017). However, no changes were observed in the concentration of total
phenolic acids (the sum of p-hydroxybenzoic, vanillic, chlorogenic, caffeic, syringic,
ferulic, and o-coumaric acids) in blueberry juices, either pressed, clarified, pasteur-
ized, or concentrate, submitted to heat and SO2 treatments (Lee et al. 2002).

Other technological processes, such as pulsed electric field (Agcam et al. 2014;
Morales-De la Pena et al. 2011), gamma radiation (Breitfellner et al. 2002), or high
pressure processing (Marszałek et al. 2017; Pérez-Lamela et al. 2021) have been
reported to increase the content of individual phenolic acids when applied on juices
or fruits, also attributable to the release of bound compounds through hydrolysis
reactions.

Fermentation processes on matrices rich in phenolic acids lead to similar events
as thermal processing, due to the activity of hydrolytic enzymes. Thus, an increase in
the levels of free phenolic acids initially bound, mainly but not exclusively ferulic
acid, is produced during fermentation of cereal doughs (Amaya Villalva et al. 2018;
Bhanja et al. 2009; Katina et al. 2007). Different lactic acid bacteria (LAB) have
shown capacity to release caffeic acid from chlorogenic acids from fruit and vege-
table substrates as a result of their cinnamoyl esterases activity (Filannino et al. 2015;
Fritsch et al., 2016). Biotransformation of phenolic acids by LAB and yeast
decarboxylases or reductases has also been documented in numerous investigations.
Yeasts present variable hydroxycinnamate decarboxylase activity according to the
strain, which is responsible for the transformation of hydroxycinnamic acids into
vinylphenols during wine fermentation, a process with significant influence on red
wine color, while their further conversion to ethylphenols have a negative impact on
wine flavor (Morata et al. 2016). Ripari et al. (2019) observed that co-fermentation of
wheat and rye malt sourdoughs by L. plantarum and L. hammesii released bound
ferulic acid, which was further converted to dihydroferulic acid and volatile com-
pounds (e.g., vinylguaiacol and ethylguaiacol) with an impact on bread flavor;
however, no conversion of other phenolic acids, including coumaric, sinapic, and
vanillic acids was noticed. Svensson et al. (2010) found that ferulic acid was reduced
into dihydroferulic acid by L. plantarum and L. fermentum but not decarboxylated
during fermentation of sorghum doughs. However, while L. plantarum
decarboxylated caffeic acid to vinylcatechol and ethylcatechol, L. fermentum
reduced and decarboxylated it to dihydrocaffeic acid and vinylcatechol, respectively,
without production of ethylcatechol. Filannino et al. (2015) showed that degradation
of caffeic acid would depend on the L. plantarum strain, whereas some strains
mostly degraded it into vinylcatechol, others released dihydrocaffeic acid or
ethylcatechol as end products. Leonard et al. (2021) also reported that p-coumaric
acid was generally degraded into p-vinylphenol and phloretic acid by L. plantarum,
but the proportion of these two metabolites and the percentage of degraded p-
coumaric acid substantially differed among strains. Hydroxybenzoic acids can also
be transformed by LAB. Catechol was identified as main end product from
protocatechuic acid conversion by L. plantarum in cherry juice, while no formation
of catechol was observed when inoculated with L. reuteri (Filannino et al. 2015).
The ability of different strains of L. plantarum, Enterococcus mundtii, and
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Pediococcus pentosaceus to decarboxylate caffeic, ferulic, and p-coumaric acids into
4-vinylcatechol, 4-vinylguaiacol, and 4-vinylphenol, respectively, in model in vitro
systems was demonstrated by Miyagusuku-Cruzado et al. (2020). All these studies
reveal that different LAB strains can show distinct metabolic pathways and substrate
specificities leading to different products when degrading phenolic acids.

Changes in phenolic acids content and composition have also been observed
during storage. Ellagic acid was found to be released from the hydrolysis of
ellagitannins during refrigerated storage of fruits such as strawberry and juices
(Häkkinen et al. 2000), as well as during their storage under modified atmospheres
(Gil et al., 1997). By contrast, Klaiber et al. (2005) observed that the level of
phenolic acids strongly diminished in fresh vegetables during storage in the absence
of oxygen or at carbon dioxide levels >30%, which was explained by inhibition of
PAL activity; however, high accumulation was seen when they were stored in air.
An increase in the content of hydroxycinnamic acids was found in cherries during
postharvest storage at 15 ± 5 °C for 6 to 30 days, although a tendency to decline was
observed at 1–2 °C (Goncalves et al. 2004). Several phenolic acids (protocatechuic,
p-hydroxybenzoic, syringic, salicylic, p-coumaric, chlorogenic, ferulic, and
β-resorcylic acids) were analyzed in soybean flour stored under different conditions
of time and temperature by Prabakaran et al. (2019), concluding that whenever
temperature and time increased an enhancement was also produced in total contents
of phenolic acids.

Light is another important factor that influences phenolic acids evolution during
storage of fruits and vegetables. Continuous light irradiation (30 μmol m2 s-1) was
shown to produce positive effects in the accumulation of phenolic acids in minimally
processed spinachs, which was explained by the activation of PAL activity (Zhan
et al. 2020). Friedman (1997) and Griffiths et al. (1995) also reported significant
greater increases in chlorogenic acid levels in light-stored potatoes than in those
stored in darkness. By contrast, Slimestad and Verheul (2005) found that the content
of chlorogenic acid felt in cherry tomatoes from 0.51 to 0.06 mg/100 g after 3 weeks
of postharvest storage at 20 °C in the absence of light.

Overall, processing can have both positive and detrimental effects on phenolic
acid content and composition depending on the plant matrix and the processing
method. Therefore, it is critical to determine not only optimal processing conditions
to extend the shelf life of products, but also to reduce the degradation of bioactive
compounds (Ifie and Marshall 2018).

3.5 Biotechnological Production

3.5.1 Preparation from Natural Sources

In view to their use by food, cosmetic, or pharmaceutical industries, large production
of phenolic acids is required. Although plant extracts or compounds mixtures can be
appropriate for some purposes (e.g., dietary supplements, cosmeceuticals), the
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preparation of pure compounds is necessary for their use as food ingredients or
additives, as well as for the adequate assessment of their technological, healthy,
therapeutic, or safety characteristics.

Concentrations of phenolic acids in plants are usually low and strongly variable
depending on plant species and tissues, as well as geographical, seasonal, and
edafoclimatic factors. Despite some plant materials are very rich in some particular
compounds, such as coffee beans (chlorogenic acids) or cereal brans (ferulic acid
derivatives), their extraction on a large-scale is normally unaffordable. Extraction is
usually carried out with organic solvents and only allows obtaining free extractable
phenolic acids; furthermore, the process may involve the use of non-environmentally
friendly solvents and, in general, extraction yields are low and lead to complex
mixtures of compounds, so that further purification is required, making the process
tedious and expensive. Although chemical synthesis might be an alternative for the
preparation of some compounds, the existing approaches are often inefficient,
especially in the case of complex products, and suffer from similar limitations of
low yields, formation of side-products, challenging reactions, use of non-green or
toxic solvents and reagents, laborious purification, waste production, and heavy
pollution.

Hydrolysis or fermentation processes allow releasing phenolic acids from com-
plex structures (e.g., hydrolyzable tannins) or bound to matrix components, thus
increasing the extraction yields. Acid and alkaline hydrolyses can provide an
effective cleavage of bound phenolics, although these treatments are environmen-
tally unsuitable; while enzymatic hydrolysis is more friendly it can be expensive. In
this respect, processes taking advantage of the enzymatical machinery of microor-
ganisms would be more appropriate, such as extracellular enzymes produced during
microbial growth like pectinases, cellulases, amylases, xylanases, or esterases able to
degrade cell walls. Residues from agro-food industries can be particularly suitable
sources, as they are rich in lignin, from which phenolic acids like ferulic, p-
coumaric, syringic, vanillic, or p-hydroxybenzoic acids can be released. In this
respect, biotechnological processes using different microorganisms and substrates
have been explored, either in liquid media containing essential nutrients for the
growth of the microorganisms (submerged fermentation processes) or in the absence
of free-flowing water on a moist solid substrate that acts both as physical support and
source of nutrients for microorganisms (i.e., solid-state fermentation) (Šelo et al.
2021). Solid-state fermentation (SSF) offers particular advantages such as low
energy requirements and not requiring complex machinery and control systems,
thus providing a low-cost process. Nevertheless, no high yields are usually obtained,
and process scaling-up and compound purification are challenging. Yeasts and fungi
are the microorganisms most commonly used due to their lower water activity
requirements compared to bacteria (Thomas et al. 2013). Some processes developed
for phenolic acids production are below given as examples.

Saccharomyces cerevisiae was employed by Santos da Silveira et al. (2019) in an
SSF process to obtain chlorogenic acid from coffee pulp; optimization of the process
at a pilot scale allowed the preparation of extracts 400% richer in chlorogenic acids
(600mg/kg of coffee pulp) and with lower sugar amounts, which facilitated further
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purification. Solid-state fermentation with the fungus Rhizopus oryzae was found to
strongly enhance the content of free phenolic acids in rice bran, especially gallic and
ferulic acids, reaching levels 170 and 765 mg/g in the fermented bran, respectively
(Schmidt et al. 2014). Significant increases in the contents of ferulic, sinapic,
vanillic, caffeic, syringic, and 4-hydroxybenzoic acids were also found in rice bran
by Abd Razak et al. (2015), following SSF with single and mixed cultures of two
fungi, Rhizopus oligosporus and Monascus purpureus.

A range of bacteria, including strains of genera such as Streptomyces,
Rhodococcus, Pseudomonas, Bacillus, Alcaligenes, Arthrobacter, or Nocardia,
have also been reported to be capable of degrading lignin to low molecular weight
compounds (Bugg et al. 2011; Lee et al. 2019). An anaerobic strain from the
Acetoanaerobium genus, isolated from the sludge of a pulp and paper mill, was
used by Duan et al. (2015) for the production of ferulic and syringic acids as final
metabolites from the biodegradation of kraft lignin derived from pulp and paper
industries, using it as the sole carbon source.

Mushrooms have also been used to recover phenolic acids from different sub-
strates. The food grade fungus Lentinus edodes (shiitake mushroom) has been shown
to be able to produce high amounts of extracellular β-glucosidase, an enzyme
capable of hydrolyzing phenolic glycosides to release free phenolic acids, during
solid-state growth. SSF processing of cranberry pomace with L. edodes was
employed for effective production of free gallic, p-hydroxybenzoic and p-coumaric
acids (Zheng and Shetty 2000), and ellagic acid (Vattem and Shetty 2003). The
ability of the white-rot fungus Trametes versicolor to produce lignolytic enzymes
was explored by Bucic-Kojic et al. (2017) to release phenolic acids from corn silage,
reaching 10.4, 3.4, 3.0, and 1.8-fold increases in the yield of free syringic, vanillic, p-
hydroxybenzoic, and caffeic acids, respectively, after 20 days of treatment with the
fungus.

Nevertheless, these and other studies were intended to optimize fermentation
conditions in order to increase the extraction yields of phenolics. However, to obtain
a ready-to-market product, downstream concentration and purification of the com-
pounds using sustainable techniques is still required and the processes have to be
scaled-up, so that their cost-effectiveness and environmental impact can be evalu-
ated, which is yet a long way to go. To overcome some of the constraints posed by
the extraction of phenolics acids from natural sources, genetic and molecular biology
techniques have been explored for engineering plants or microorganisms, some of
them aimed at channeling the synthesis toward target compounds, thus requiring
minimum purification.

3.5.2 Plant Genome Engineering

As above discussed, polyphenols are produced through the shikimate-
phenylpropanoid pathway, a route that is involved in the biosynthesis of both
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phenolic acids and flavonoids, as well as other phenolic compounds, like stilbenes or
lignans.

Plants present several advantages over microorganisms for the construction of
heterologous systems in view to produce phenolic compounds. Firstly, plants
already contain genes of the phenylpropanoid pathway, so that there is no need to
reconstitute the entire pathway. Actually, producing the array of enzymes needed to
reproduce all the phenylpropanoid diversity seems unaffordable in microbial hosts;
besides, plant enzymes may not behave as efficiently in microbes as in plants,
especially in prokaryotes lacking post-translational modifications and organelles
for enzyme compartmentalization. While phenolic compounds can be accumulated
in large amounts in plant vacuoles, their accumulation in microorganisms would be
more limited; further, some phenylpropanoids may also have antimicrobial activity,
thus killing hosts. On the other hand, plants can be readily edible or require minimal
processing, which is advantageous for their delivery, reducing costs associated with
the production chain (Ferreira and Antunes 2021). By contrast, plant growth is slow
and strongly influenced by external factors (soil, climate, biotic, and abiotic stresses)
(Rainha et al. 2020). Another difficulty for phenolic acid production in plants is that
specialized enzymes involved in the biosynthesis of phenylpropanoids are able to
utilize multiple substrates and, therefore, pathways are not straightforward, but
rather structured as complex grids, with coexistence of multiple and sometimes
competitive pathways, so that it is difficult to foresee the metabolic consequences
of gene engineering. Furthermore, plants are more difficult to manipulate genetically
than microorganisms.

Strategies to engineer plants in order to increase the biosynthesis of secondary
metabolites can target enzymes or transcription factors. A key enzyme in
phenylpropanoid biosynthesis is phenylalanine ammonia lyase (PAL), whose activ-
ity represents the branching point between primary and secondary metabolism, so
that PAL gene expression is a relevant target for the activation of the
phenylpropanoid pathway and increasing phenolic production (Marchiosi et al.
2020). Other relevant enzymes are cinnamate 4-hydroxylase (C4H), 4-coumaroyl
CoA ligase (4CL), responsible for the formation p-coumaroyl CoA, the activated
intermediate for the various branches of phenylpropanoid metabolism, and
cinnamoyl-CoA reductase (CCR) that catalyzes the reduction of cinnamoyl-CoA
esters to their corresponding cinnamaldehydes, a key step in the biosynthesis of
lignin (Umezawa 2010). Pathway perturbations modifying the activity of these
enzymes alter the synthesis of phenylpropanoids. Accumulation of phenolic acids,
such as p-coumaric, caffeic, ferulic, 5-hydroxyferulic, and sinapic acids and deriv-
atives has been demonstrated to occur in low producing lignin mutants, e.g., c4h,
4cl1, or ccr1 mutants (Vanholme et al. 2012). Production of high levels of ferulic
acid was shown by Xue et al. (2015) in Arabidopsis ccr-1 mutants, which also
presented multiple developmental defects including increased cell proliferation,
explained by the cell proliferative effect of ferulic acid.

Compound accumulation resulting from enzyme activation may trigger a feed-
back inhibition in the activities of pathway enzymes with subsequent arrest in
metabolite production. A strategy to overcome this shortcoming is the introduction
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into plants of genes encoding feedback-insensitive enzymes from microbes or plants
with unique phenotypes (Yuan and Grotewold 2015). The introduction in
Arabidopsis of a bacterial AroG gene encoding a feedback-insensitive 3-deoxy-d-
arabino-heptulosonate 7-phosphate synthase (DAHPS), a key enzyme of the primary
metabolism regulating the carbon flow through the shikimate pathway, resulted in
the enhancement in the plant of the levels of aromatic amino acids, i.e., phenylala-
nine and tryptophan, but also of derived secondary metabolites, including
phenylpropanoids (Tzin et al. 2012).

Transcription factors (TFs) usually control genes of multiple enzymes within a
metabolic pathway; thus, their use can be an effective strategy to engineer plants in
order to increase the biosynthesis of secondary metabolites. Metabolic engineering
can be focused on early TF genes so as to push the flux downstream, or on late
pathway genes to address substrates toward a particular final product (Yuan and
Grotewold 2015). Regulatory genes encoding the MYB family of transcription
factors are particular good candidates, as they are present in all eukaryotes and
regulate a variety of plant-specific processes, including phenylpropanoid biosynthe-
sis (Ambawat et al. 2013). Several MYB transcription factors involved in
phenylpropanoid biosynthesis have been characterized and proposed to engineer
plants in order to promote phenolic acid production. The expression of the R2R3-
MYB transcription factor ZmMyb-IF35, with high identity with the P regulator of
3-deoxy flavonoid biosynthesis in maize, does not induce the accumulation of
flavonoids, but that of ferulic and chlorogenic acids not found in Black Mexican
Sweet maize cells (Dias and Grotewold 2003). Tang et al. (2021) observed that
overexpression of another R2R3 MYB transcription factor, LmMYB15 from
Lonicera macranthoides, led to increased accumulation of chlorogenic acid (CGA)
in tobacco leaves, underlying new breeding strategies to enhance CGA content in
L. macranthoides, the main biologically active compound in this plant used in
traditional Chinese medicine.

Methyl jasmonate is an elicitor that has been used to activate the transcripts of
PAL and C4H enzymes from the phenylpropanoid pathway, as well as tyrosine
aminotransferase (TAT) and 4-hydroxyphenylpyruvate reductase (HPPR) from the
tyrosine-derived pathway (Xiao et al. 2009, 2011). Overexpression of the methyl
jasmonate-responsive R2R3-MYB transcription factors SmMYB1 (Zhou et al.
2021) and SmMYB2 (Deng et al. 2020) was shown to upregulate the expression
of genes encoding key enzymes in the phenolic acid biosynthesis leading to
increased accumulation of phenolic acids and anthocyanins in Salvia miltiorrhiza,
especially salvianolic acids such as rosmarinic acid and salvianolic acid B, which are
important bioactive components in this medicinal herb. By contrast, the content of p-
coumaric acid, rosmarinic acid, salvianolic acid B, salvianolic acid A, and total
phenolics was dramatically decreased in S. miltiorrhiza following overexpression of
SmMYB39, suggesting that this TF acts as a repressor through suppressing tran-
scripts of key enzyme genes (Zhang et al. 2013).

Attention has also been paid to the basic helix loop-helix (bHLH) MYC family of
transcription factors, such as MYC2, the up-regulation of which enhances the
production of phenolic acids in S. miltiorrhiza, namely rosmarinic acid and
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lithospermic acid B, whose concentrations increased by 2.46-fold and 1.88-fold,
respectively (Yang et al. 2017). Previously, Bovy et al. (2002) also showed that
ectopical expression in tomatoes of genes of two transcription factors from maize,
i.e., MYB-type C1 and MYC-type LC, upregulated the phenylpropanoid pathway
resulting in a strong accumulation of phenolic compounds, and especially flavonols,
in tomato flesh, a tissue that normally does not produce flavonoids. However, the
own authors indicated that the results are difficult to predict, and the type and content
of metabolites can vary between plant species and varieties, owing to the induced
expression of structural genes and the substrate specificities of the enzymes involved
may differ from plant to plant. Similarly, expression in transgenic tomato of
AtMYB12, a TF regulating flavonol biosynthesis in Arabidopsis thaliana, led to
the accumulation of high levels of chlorogenic acids and flavonols in the fruit, which
might represent a way for the effective production of these phenylpropanoids in
tomato (Zhang et al. 2015).

In order to minimize possible adverse effects derived from pathway modification,
the use of autoregulatory synthetic genetic circuits controlled by biosensors may
help the transgenic organism address the metabolic output and trigger an on or off
response as needed. Several phenylpropanoid-related TF sensors have been charac-
terized in prokaryotes, although at present their use has been mostly limited to
microbial systems, such as bacterial or yeast strains engineered for flavonoid pro-
duction (Ferreira and Antunes 2021). A promising phenylpropanoid-related biosen-
sor is the Q-system from the fungus Neurospora crassa. This is a gene cluster
involved in the catabolism of quinic acid for its use as a carbon source. The cluster
contains a transcriptional activator (QF) and its repressor (QS); the binding of QF to
a minimal promoter presenting the QUAS regulatory sequence triggers downstream
gene expression, while binding of QS to QF inhibits the activity of QF. It has been
shown that quinic acid can regulate this system by restoring QF activity through
inhibition of QS. The functionality of the Q-system in plants has been demonstrated
through expression in Glycine max protoplasts and Nicotiana benthamiana leaves
(Persad et al. 2020), envisaging its use as a tool for precise control of gene expression
in plant metabolic engineering. As quinic acid is an essential metabolite for
redirecting phenylpropanoids toward chlorogenic acids, the Q-system could be a
suitable biosensor to regulate this pathway. Nevertheless, de-repression of the
system by quinic acid has not been yet tested in plants, although the fact that it
functions in other heterologous systems, such as Caenorhabditis elegans (Wei et al.
2012) or drosophila (Riabinina et al. 2015), allows thinking that quinic acid-
dependent de-repression might also be possible in plants (Ferreira and Antunes
2021).

Biosensors are only able to detect intracellular ligand concentration, which
represents a limitation when cells secrete the desired product (Ferreira and Antunes
2021). A biosensor allowing detection of extracellular p-coumaric acid in yeasts was
developed by Siedler et al. (2017). The system was based on a Bacillus subtilis
transcriptional repressor (PadR), which was introduced in Escherichia coli to gen-
erate E. coli-biosensing cells that were further encapsulated into p-coumaric acid-
producing yeasts, which could, thus, be sorted using the fluorescent E. coli biosensor
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signal. Other phenylpropanoid-related TF sensor proteins have been characterized in
prokaryotes, as reviewed by Ferreira and Antunes (2021), a few of which have been
engineered for high-throughput screening of metabolites in bacterial or yeast strains,
especially for flavonoids. As biosensors become available, they are expected to find
applications for detecting metabolites not only in microbial systems but also in
plants.

Despite relevant progresses have been made, up to now, plant engineering
developments have mostly been carried out at lab scale and not upgraded to
industrial production, where outcomes are subject to cultivation factors and difficult
to predict and standardize.

3.5.3 Engineered Microorganisms for Phenolic Acid
Production

As above indicated, microorganisms do not produce polyphenols naturally, so that
the phenylpropanoid pathway has to be reconstructed. However, primary metabo-
lism is similar to plants and, therefore, they are able to provide the aromatic amino
acid precursors for the phenolic biosynthesis, representing an attractive platform
when the plant pathways can be functionally introduced (Milke et al. 2018). Indeed,
microorganisms may have advantages over plants for the production of secondary
metabolites. They can grow in inexpensive substrates and have a rapid growth rate,
so that the process is faster, more economical, and easier to upgrade to a large-scale
production. Furthermore, the diversion of intermediate products to competing path-
ways often present in the natural host can be reduced, and the process addressed to
the compounds of interest, avoiding simultaneous formation of related molecules,
which facilitates further purification (Krivoruchko and Nielsen 2015). Saccharomy-
ces cerevisiae and Escherichia coli have been most commonly used microorganisms
for metabolic engineering purposes, having the advantage of being well-
characterized and genetically tractable, with multiple tools available for their genetic
manipulation; also, other bacteria such as Lactococcus lactis, Corynebacterium
glutamicum, or Pseudomonas spp. have been explored (Dudnik et al. 2018;
Valanciene et al. 2020).

Although successful developments have been achieved using E. coli as a plat-
form, S. cerevisiae presents advantages, due to its robustness and tolerance toward
harsh fermentation conditions, as well as its superior capability of expressing
membrane-bound cytochrome P450 oxidases (e.g., C4H), which are key catalysts
in most relevant plant-based biosynthetic pathways (Liu et al. 2019b). As a eukary-
ote, S. cerevisiae is able to perform post-translational modifications such as glyco-
sylation and it possesses intracellular organelles similar to plant cells, which is
crucial to functionally express membrane-bound cytochrome P450 enzymes.
Besides, unlike E. coli, it has a GRAS status, that is important to produce both
nutraceutical and pharmaceutical compounds (Gomes et al. 2022). Nevertheless, it is
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to say that most attempts of using S. cerevisiae as a chassis have been addressed to
the production of flavonoids, prenylflavonoids, or stilbenes, while less developments
have been focused on phenolic acids (Gomes et al. 2022; Rainha et al. 2020).

Aromatic amino acids (AAA) are the primary substrates for the biosynthesis of
phenolic compounds and their availability represents a major bottleneck and a
metabolic engineering challenge for microbial polyphenol production. AAA can
be directly added into the media as precursors, although this makes the process more
expensive for industrial applications. An alternative is the use of microbial strains
capable of producing phenolic compounds directly from glucose (de novo produc-
tion), which can be achieved by engineering the pentose phosphate and the shikimate
pathways to provide sufficient amounts of L-phen or L-tyr.

Aromatic amino acid biosynthesis is subject to feedback inhibition by the product
(i.e., L-phen or L-tyr). To overcome it, the most successful strategies have dealt with
overexpression of the feedback-insensitive mutant enzymes 3-deoxy-D-arabino-
heptulosonate-7-phosphate synthase (DAHPS) and chorismate mutase (CM),
which catalyze the first steps in the AAA biosynthesis and are the branching point
toward the production of tyrosine and phenylalanine, respectively (Liu et al. 2019b).
A tyrosine-insensitive ARO4 allele in conjunction with deletion of the ARO3 allele
of the DAHP synthase was introduced by Koopman et al. (2012) in S. cerevisiae
engineered with Arabidopsis thaliana genes for phenylpropanoid synthesis. This
allowed accumulation of aromatic amino acids that, together with elimination of
phenylpyruvate decarboxylase to reduce pathway diversion to phenylethanol for-
mation, led to a notable increase in the extracellular accumulation of the target
polyphenols (in this case, the flavanone naringenin), using glucose as sole carbon
source. Liu et al. (2019b) constructed a S. cerevisiae platform able to produce high
levels of p-coumaric acid. The AAA biosynthesis pathway was modified by intro-
ducing a feedback-insensitive DAHPS and CM, and a heterologous
phosphoketalose-based pathway to divert glycolytic flux toward formation of the
shikimate precursor erythrose 4-phosphate; distribution of the carbon flux from
glycolysis toward the AAA biosynthesis was optimized by replacing the promoters
of key node genes between these two pathways. To increase production of p-
coumaric acid two different strategies were explored consisting of introducing
(i) PAL, C4H and a cytochrome P450 reductase from A. thaliana, together with
the native cytochrome (CYB5) from S. cerevisiae, or (ii) a highly specific TAL from
Flavobacterium johnsoniae. The authors concluded that the PAL branch was far
more efficient than the TAL branch.

Efficient production of caffeic acid in S. cerevisiae from L-tyrosine was achieved
by Liu et al. (2019a) by recruiting a heterologous tyrosine ammonia lyase (TAL)
from Rhodosporidium toruloides and two enzymes, HpaB from P. aeruginosa and
HpaC from E. coli, to take on the role of the plant-specific cytochrome P450-
dependent monooxygenase, p-coumarate 3-hydroxylase (C3H) to hydroxylate p-
coumaric acid to caffeic acid.

The expression of heterologous genes in S. cerevisiae can lead to translation
errors, resulting in the expression of non-functional enzymes; thus, codon optimi-
zation can be required for an efficient production of phenolic compounds (Rainha
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et al. 2020). For instance, expression of the TAL gene from Rhodobacter
sphaeroides into S. cerevisiae failed to produce p-coumaric acid when feeding
with tyrosine substrate, despite bacterial TAL activity had been confirmed in vitro
and the transcripts of TAL were present at high levels in the transgenic yeast. This
was attributed to differences in codon usage, with many of the Rhodobacter codons
having very low usage frequency in the yeast. Using multi rounds of PCR-based
mutagenesis, Wang et al. (2011) succeeded to replace inefficient bacterial codons by
yeast favorable codons, which strongly increased p-coumaric acid and resveratrol
biosynthesis.

Escherichia coli has also been extensively explored for the heterologous produc-
tion of phenolic compounds. Comparing with S. cerevisiae, it has the advantage of
having higher growth rates and shorter time of doubling, which is relevant to develop
competitive processes of production. Besides, the expression levels of heterologous
genes in E. coli are usually higher than those in S. cerevisiae. However, it does not
perform post-translational modifications and does not possess intracellular organ-
elles, which can be unfavorable for the functional expression of plant-derived
enzymes (Gomes et al. 2022).

De novo biosynthesis of p-coumaric acid from glucose as the sole carbon source
in E. coli was achieved by Li et al. (2018), using a plant-specific cytochrome P450
enzyme (C4H) encoding the gene LauC4H gene isolated from Lycoris aurea fused
with the CYP450 redox partner from A. thaliana, as well as PAL from A. thaliana
into the recombinant E. coli cells. Synthesis of four cinnamates (cinnamic, p-
coumaric, caffeic, and ferulic acids) was obtained by An et al. (2016) in engineered
E. coli harboring different combination of four genes: PAL from A. thaliana, TAL
and a monooxygenase (Sam5) from Saccharothrix espanaensis, and an O-
methyltransferase (ROMT9) from Oryza sativa. Rodrigues et al. (2015) engineered
E. coli for production of caffeic acid adding tyrosine as a precursor in a two-step
conversion using TAL from Rhodotorula glutinis (RgTAL) and 4-coumarate
3-hydroxylase from S. espanaensis or cytochrome P450 CYP199A2 from
R. palustris. A limitation of the system was the accumulation of p-coumaric acid,
owing to its cytotoxicity and feedback inhibition of TAL activity. Improved caffeic
acid production could be obtained by changing genes arrangement through codon
optimization and different plasmid constructions, together with recurrent addition of
the substrate (L-tyr). The same authors further demonstrated that this biosynthetic
pathway could be triggered using heat shock promoters, suggesting its potential for
the future production of these compounds at industrial scales without chemical
induction (Rodrigues et al. 2017).

Jendresen et al. (2015) screened a series of PAL and TAL enzymes from different
origins, finding that TAL from Herpetosiphon aurantiacus and Flavobacterium
johnsoniae showed higher substrate specificity than other characterized enzymes,
resulting in enhanced production of p-coumaric acid in bacteria like E. coli and
Lactococcus lactis. A system for caffeic acid production was developed by
Haslinger and Prather (2020) by expressing TAL from F. johnsoniae, which
performed better at low L-tyr concentrations, and CYP199A2 from R. palustris
altering the redox partners to increase the efficiency of the cytochrome P450.
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Using this strategy, the pathway performance was enhanced under low L-tyr condi-
tions, which allowed de novo production of caffeic acid with glucose as the only
carbon source in an otherwise wild type E. coli without supplementing L-tyr. For
their part, Lin and Yan (2012) used a dual pathway to convert tyrosine to caffeic acid
consisting of the enzymes TAL from Rhodobacter capsulatus and an E. coli native
hydroxylase complex (i.e., 4-hydroxyphenylacetate 3-hydroxylase, 4HPA3H).
Through this heterologous pathway, they avoided the use of the cytochrome P450-
dependent monooxygenases C4H and C3H difficult to be functionally expressed in
prokaryotic systems.

Bacterial platforms have also been used for the biosynthesis of hydroxybenzoic
acids. A Corynebacterium glutamicum strain was constructed by Kallscheuer and
Marienhagen (2018) for the production of hydroxybenzoates derived from
chorismate. In this microorganism, the existence of a catabolic network for aromatic
molecules prevents the microbial production of aromatic compounds other than
aromatic amino acids. To allow formation of hydroxybenzoates, the genes involved
in the catabolism of aromatic compounds were deleted. Further, the carbon flux into
the shikimate pathway was increased by manipulation of the glucose transport and
key enzymatic activities of the central carbon metabolism. Allosteric inhibition of
DAHP synthase by L-tyr was avoided by introduction of tyrosine-insensitive DAHP
synthases from E. coli (aroH or aroF*) in combination with a second gene (ubiC)
coding for an enzyme capable of converting shikimate pathway intermediates to the
desired hydroxybenzoate. The obtained strain (C. glutamicum DelAro5) allowed
efficient production of 2-hydroxybenzoic (salicylic), 3-hydroxybenzoic,
4-hydroxybenzoic, and protocatechuic acids. Microbial production of
protocatechuic acid was also achieved by Okai et al. (2017) from ferulic acid by
expressing the vanillate O-demethylase gene (vanAB) from Corynebacterium
efficiens in C. glutamicum.

Further detailed information about phenolic acids production by heterologous
microorganisms can be found in several recent reviews (Hernández-Chávez et al.
2019; Gomes et al. 2022; Rainha et al. 2020; Valanciene et al. 2020; Vargas-Tah and
Gosset 2015).

3.6 Concluding Remarks and Prospects

Plant phenolic acids are recognized to possess a range of noteworthy biological
activities that are thought to contribute to the health-promoting effects associated to
the consumption of plant-derived foods. Their antioxidant, anti-inflammatory, or
antimicrobial properties have had them interesting for food, cosmetic, and pharma-
ceutical companies, so that there is an increasing research and industrial demand for
these compounds. In order to fulfill these needs, an efficient production of pure
compounds is required, so that they can be available for adequately assessing their
biological activity and effects, and sufficient amounts can be delivered to the
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industry for their applications as nutraceutical, cosmeceutical, or functional food
ingredients.

Over the last decades, relevant advances have been made in the knowledge of the
biosynthetic pathways involved in the formation of the distinct phenolic classes
including phenolic acids, and many approaches have been developed to enhance
their production or address it toward particular compounds, such as processes of
plant selection, tissue culture, fermentation, or construction of heterologous plant or
microbial platforms. However, despite improvements in plant optimization and
breeding, plants are subject to cultivation factors and production outcomes are
difficult to predict and standardize. Although plant tissue cultures allow more control
and may overcome some of these shortcomings, they also show problems associated
with low and variable product yields, largely influenced by the type of culture, e.g.,
differentiated (shoots or roots) or non-differentiated cells (callus or suspensions),
their instability over time, susceptibility to several stresses, or formation of aggre-
gates limiting oxygen and nutrient diffusion (Wilson and Roberts 2012). Critical
aspects for obtaining high yields in bioreactors are the application of adequate
selection of process parameters, medium optimization, precursor feeding, or elicita-
tion (Marchev et al. 2020).

Plant engineering constitutes an attractive alternative to increase phenolic acids
production. However, plants are difficult to manipulate genetically, and challenges
are even higher when the interest is focused on particular compounds and not in the
production of a phenolic pool. In this respect, heterologous microorganisms incor-
porating specialized genes from plants or other microorganisms represent a promis-
ing approach. Genetic manipulation is much easier in microorganisms than in plants
and, as the polyphenol pathway has to be reconstructed, more straightforward routes
to target compounds can be designed avoiding diversion of substrates through
competing pathways of secondary metabolism. Microbes also possess the advan-
tages of a rapid growth and the possibility of growing in inexpensive carbon sources.
Nonetheless, pathways for phenolic biosynthesis are not always easy to reproduce in
microorganisms. Plant enzymes may not work efficiently in microorganisms and
gene introduction may entail errors and sequence mismatch at DNA assembly, such
as long repeat sequence and hairpin loop structure, which hinder the precise con-
struction of biosynthetic pathways (Chen et al. 2020). Novel technologies have
become available as powerful tools for site-specific genome modification, such as
the Clustered Regularly Interspaced Short Palindromic Repeats associated caspase
9 endonuclease system (CRISPR/Cas9), which can be expected to break ground for
large-scale genome editing and thus provide more rapid developments in plants and
microbes genome engineering in the near future (Yuan and Grotewold 2015).
Actually, CRISPR/Cas9 approaches for genome engineering of plant secondary
metabolism have already been applied in plant in vitro systems (Marchev et al.
2020). The use of these innovative genomic tools together with the advances in
computational omics also enables the construction of microbial chassis increasingly
adapted to the synthesis of phenolic compounds and other groups of secondary
metabolites. Nevertheless, there are still many challenges to overcome before
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profitable industrial processes for phenolic acid production using microbial cell
factories become a reality (Rainha et al. 2020).
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