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Phenolic compounds (PCs) in plants play an important role in growth control and have antioxidant, 
structural, attractant, signaling and protective functions. Information on the discovery, study and identifica-
tion of phenolic compounds in plants, their role in the complex system of secondary metabolites has been 
analyzed and summarized. The functions of PCs at the macromolecular, cellular as well as organism and 
population levels are described. The pathways of PCs formation, enzymes responsible for their synthesis and 
the plasticity of the synthesis in a plant cell are highlighted. The involvement of PCs in the plant breathing, 
photosynthesis, oxidation-reduction processes and regulation of the plants physiological state are discussed. 

K e y w o r d s: phenolic compounds, phenylalanine, phenylalanine ammonia-lyase, biogenesis, physiological 
role.

P lant phenolic compounds combine me-
tabolites that contain one or more phenolic 
residues and have different numbers of oxy-

groups and substituents [1]. PCs are found in plants 
in free and conjugated forms. The complex of PCs is 
characterized by variety, even within a single plant 
species: they may include both simple phenols and 
quinones, phenolcarboxylic acids and their deriva-
tives, flavones, flavonols, catechins, leukoanthocyans 
[2]. In cells, PCs are localized mainly in a vacuole. 
However, in young, intensively growing plant tis-
sues, whose cells have weakly developed vacuoles, 
PCs are chiefly in chloroplasts and nucleus [3]. The 
accumulation of PCs was shown to depend directly 
on the functional activity and ultrastructural organi-
zation of chloroplasts [4]. Appearing in chloroplasts, 
in most cases, from phenylalanine or its precursor, 
shikimic acid, they play an important role in the 

metabolism of plant cells, and are also involved in 
chemical interactions between organisms due to al-
lelopathic, antibacterial and antifungicidal activity, 
regulate the functions of the rhizosphere and par-
ticipate in the formation of humus [1]. The effects 
of phenolic compounds are displayed at all levels of 
biosystems organization, from molecular to ecosys-
tem [5]. 

One of the most important functions of PCs is 
their involvement in oxidative-reduction processes 
[6]. PCs dissociate oxidative phosphorylation, stimu-
late cell division in a culture in vitro, inhibit seed 
germination. It is believed that PCs have a role in 
regulating plant growth and development, since they 
affect the biosynthesis of indolyl-3-acetic acid [4, 7]. 
Phenols are the structural components of phytomass. 
Thus, cinnamic acids are precursors of lignin, an im-
portant constituent of a cell wall that encapsulates 
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cellulose components, producing support elements 
of plant tissues [8]. In response to plant mechanical 
tissue damages, polymeric phenol compounds of the 
so-called “wound lignin” are synthesized and a pro-
tective layer is formed [9].

synthesis of phenolic compounds 
is an integral part of the plant 
secondary metabolism

The most numerous group of secondary 
metabo lites is represented by terpenes and has about 
twenty thousand compounds. The second largest 
group is that of  alkaloids – nitrogen-containing 
heterocyclic compounds, which combine about ten 
thousand compounds, and the third one – PCs, which 
contains about nine thousand compounds [10].

Study of the plant secondary metabolism was 
started in 1806 after morphine isolation from Papa-
ver somniferum. The development of physico-chemi-
cal methods of analysis in the twenties of the twen-
tieth century made it possible to identify various  
secondary metabolites different in their elemental 
composition, and further improve identification 
techniques (mass spectrometry, chromatographic 
methods) – to conduct qualitative analysis, to sepa-
rate and identify individual compounds. Using the 
method of labeled atoms showed that the secondary 
compounds are formed from products of the pri-
mary metabolism. Thus, terpenes are synthesized 
from acetyl-CoA or glycolysis products, alkaloids 
are derivatives of amino acids, and PCs – shikimic 
acid and phenylalanine [11]. Secondary metabolites 
production was found to involve specific enzymes. 
The key enzyme of phenolic biosynthesis - phe-
nylalanine ammonia-lyase (PAL; EC 4.3.1.5) [12] 
was among the first enzymes that had been isolated 
and purified. However, most physiologists and bio-
chemists believed that PCs are not key components 
of plant metabolism. In particular, Y. Sachs in the 
“Experimental Physiology of Plants” (“Handbuch 
der Experimental Physiologie der Pflanzen”) defines 
phenols – (tannins) – as end products of decompo-
sition that are not involved in the metabolism [13]. 
The interest of scientists in the study of PCs, namely, 
flavonoids, increased after Saint-Dyerier discovered 
in 1936 that flavonoids isolated from the lemon peel 
strengthen the vascular walls and that offered the op-
portunity of using them in the pharmacopoeia. Fur-
ther steps in the study of phenolic metabolism dealt 
with the cloning of genes coding for the enzymes of 
their synthesis. Thus, in the eighties of the twentieth 
century, complementary DNA and cloned genes of 

phenol biosynthesis enzymes – PAL and chalcone 
synthase (CHS; ES 2.3.1.74) – were obtained. The 
development of genomics and plant genetic engi-
neering made it possible to study in more detail the 
pathways of secondary metabolites biosynthesis. The 
method of knockout genes and the study of RNA in-
terference in arabidopsis thaliana plants and other 
model objects contributed to the further identifica-
tion of enzymes in phenolic biogenesis and the study 
of genes responsible for their activity [11].

biogenesis of phenolic compounds

Normally, the molecular structures of plant 
PCs have significant structural differences. Thus, 
simple phenols have one aromatic ring, oxybenzoic 
and oxyricic acids - an aromatic ring and an aliphatic 
side chain, flavonoids - two rings and a tri-carbon 
fragment, and oxycumarins - benzene and pyrone 
rings. PCs  possess different numbers of oxygroups 
and differ in their location in the molecule. Depen-
ding on that, there are mono-, di- and polyphenols. 
PCs hydrogen of the oxy group, in some cases, is 
replaced by methyl or other functional radicals [6].

PCs were found to be synthesized through 
shikimate and acetate-malonate (polyketide) path-
ways (Fig.) [4, 14].

Along the shikimate pathway, there are formed 
phenylpropanoid compounds, including hydroxycin-
namic acids and coumarins [10; 15]. The shikimate 
pathway provides the synthesis of the phenylalanine 
aromatic amino acid, which is a substrate for the key 
enzyme of the phenylpropanoid pathway – phenyla-
lanine ammonia-lyase (PAL). The latter deaminates 
aminocinnamic acid, which is then converted to p-
coumarin CoA. This activated p-coumarate reacts 
with malonyl-CoA involving the key enzyme chal-
consintase and production of chalcones. After the 
product isomerization, naringenin - the predecessor 
of other flavonoids is produced [14].

The PAL enzyme involved in the transforma-
tion of phenylalanine through deamination to trans-
cinnamic acid was first described in the paper [12]. 
Information on the PAL function was obtained by 
studying the effects of abiotic and biotic stressors 
(light, wound, phytopathogens, mineral balance 
disor ders) on the enzyme activity. A de novo corre-
lation was revealed between PAL biosynthesis, PCs 
accumulation and expression of the corresponding 
gene [16]. Based on the principle of feedback in 
plants of transgenic tobacco [17] and post- transla-
tional modifications of the enzyme through phospho-
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rylation [18, 19] there were established other regula-
tory mechanisms. 

The acetate-malonate pathway of PCs synthesis 
(Fig.) is characteristic for fungi, lichens and micro-
organisms. Due to its involvement, flowering plants 
synthesize flavonoids, in which the phenylpropanoid 
ring is formed through the shikimic pathway, and the 
other ring is produced through the acetate-malonate 
pathway [10]. As starting compounds there are used 
coumarin-CoA and three molecules of malonyl-
CoA, the condensation of which leads to the forma-
tion of a chalcone. The reaction is catalyzed with 
chalkon synthase - the key enzyme of the flavonoid 
biosynthesis block of polyphenols. The formed 
tetraoxychalcon is converted to flavanone naringenin 
that initiates almost all other classes of flavonoids, 
with the exception of chalcones and dihydrochal-
cones (Fig.). Flavonoids, which are derivatives of 
3-phenylchroman, also give rise to numerous isofla-
vonoids (derivatives of 2-phenylchroman) [2]. Inter-
mediates and end-products of the flavonoid pathway 
were established to accumulate in the places of their 
synthesis [20].

Thus, in spite of the exceptional diversity of 
phenolic compounds structures, there are only two 
main pathways of their biosynthesis – shikimic and 
acetate-malonate. In higher plants, the shikimic 
pathway occupies one of the central places in cel-
lular metabolism.

functions of phenolic compounds

PCs form intermediate products such as semi-
quinine radicals and orto-quinines, which interact 
with proteins and form complexes with metal ions 
[2]. The antioxidant activity of PCs depends on the 
structure, in particular on the number and position 
of the hydroxyl groups and the pattern of substitu-
tions on the aromatic rings. Due to these properties, 
as well as significant structural diversity, the par-
ticipation of polyphenols in the life of plants is quite 
significant [21]. It covers such important processes 
as photosynthesis, respiration, formation of cell and 
tissue supporting elements, formation of protective 
mechanisms, regulation of auxin transport. PCs are 
involved in oxidative-reduction processes and act 
as components of electron transport chains in mito-
chondria and chloroplasts. The content of PCs varies 
during the plant growth and development (in particu-
lar, in the fruit maturation), and in addition to the 
effect on coloration (anthocyanins), it determines the 
severity, burningness and taste (capsaicinoids) [22].

Pcs involvement in plant respiration, 
photosynthesis and ontogenesis

One of the most important functions of the PCs 
is their involvement in oxidation-reduction proces-
ses. V. I. Palladin in 1908, in his book “Das Blut 
der Pflanzen”, suggested that plant respiration is re-
lated to the reversible oxidation and the reduction of 
flavonoids [23]. According to this hypothesis, phe-
nolic compounds are oxidized to quinones with the 
involvement of polyphenol oxidase (PPO). Quinones, 
in turn, can be reduced in the presence of protons of 
the respiratory substrate, becoming available again 
for PPO. Thus the transfer of hydrogen atoms in the 
final stages of breathing occurs. Today the role of 
the polyphenol oxidase system is questioned, since 
this way of oxidation is not associated with energy 
storage (the formation of ATP). However, regard-
less of involvement in respiration, the presence of 
such system allows the plant cell to oxidize a num-
ber of compounds (amino acids, ascorbic acid, cyto-
chrome C, apple and citric acid) by non-enzymatic 
method. These reactions are important. For example, 
oxidation of tryptophan with quinones leads to the 
formation of phytohormones – indolyl-3-acetic acid. 
Isoprenoid derivatives of hydroquinone - plastoqui-
none and ubiquinone - are mandatory components 
of the electron transport chains of chloroplasts and 
mitochondria [2]. Some flavonols, flavones, chal-
cones, dihydrochalcones and other PCs representa-
tives act as disconnectors of oxidative phosphoryla-
tion in mitochondria [24]. Flavonoids accumulated 
in chloroplasts, maintain the functional activity of 
plastids, protecting them from photooxidation and 
are involved in the detoxification of active forms of 
oxygen and free radicals [25]. In addition to pho-
tosynthesis and breathing, polyphenols are involved 
in plant growth and development. The signaling role 
of flavonols (PCs of the flavonoid class) in pollina-
tion was established [7]. The formation of the hy-
pothesis about the key role of flavonols as a possible 
factor in reproductive development was facilitated 
by nume rous data on the occurrence of these sub-
stances in the flowers of various plants, as well as 
on the change in their quantitative and qualitative 
composition during flowering. It is shown that in 
the pollen of Nicotiana tabacum flowers, flavonols, 
campherol and quercetin and their glycosides, which 
stimulate the germination of pollen and pollen tube, 
are formed. The flavonols of the mature tobacco pol-
len promoted the growth of pollen tubes in culture in 
vitro, while the extracts of immature pistil stigmas 
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did not restore the fertility of the pollen, and the ex-
tracts of mature stigmas stimulated the growth of 
pollen tubes [26].

Assumptions that flavonols are involved in the 
regulation of the pollen germination  were made af-
ter studies of transgenic petunium plants containing 
the human sterility gene [27]. The mutants of corn 
and petunia, defective in the activity of chalconsi-
nase, a key enzyme in the biosynthesis of flavonoids, 
were sterile because they did not form a functional-
ly active pollen tube [28, 29]. However, the pollen 
of mutant plants germinated with the addition of 
camphorol during pollination, as well as with cross-
breeding of a mutant with a wild species (with a fla-
vonol-producing pistil stigma). It was demonstrated 
that only one type of flavonols, namely aglycones 
of flavonols, can restore germination of flavonol-
deficient pollen. The fertility completely recovered 
when nanomolar concentrations of kemferol were 
added to the  stigma during pollination [28]. An 
HPLC analysis revealed kemferol in a mature an-
ther and in wild-type petunia stigma extracts, while 
the extract from the transgenic plant stigma lost the 
ability to produce kemferol [28]. The formation of 
male gametophytes (pollen) of petunia was found 
to be accompanied by an increase in the content of 
indolyl-3-acetic acid (IAA) and flavonoids in anther 
sporophytic tissues. During the pollen formation, 
both in vitro and in vivo, and germination of pollen 
grains as well as the growth of pollen tubes in the 
stigma tissues, the content of IAA and flavonoids 
increased. A similar pattern was observed within 
3-4 hours after a compatib le and incompatible polli-
nation. Consequently, the formation of male gameto-
phytes in the column tissues was largely determined 
by the level of endoge nous IAA and flavonoids [7].

It was shown that in the secondary cell walls 
that are formed during the plant cell differentiation, 
along with cellulose and hemicellulose fibrils there 
is a polymer of the phenolic nature, lignin [30]. The 
formation of lignins is characteristic of all vascular 
plants. It is believed that due to lignin, the existence 
of terrestrial vegetation became possible. In woody 
plants, the content of lignin reaches 20-35% of dry 
weight. Formation of the xylem elements and wood 
durability involve lignin.

Pcs in protection against 
extreme temperatures

The results of studies on the influence of tem-
perature on the content of PCs are controversial. So, 

after thermal stress (35 °C) in plants of Solanum 
lycopersicum, for which the optimum temperature 
is within 22-26 °C, and after cold stress in plants 
of Citrullus lanatus whose optimum temperature 
of growth is within 33-35 °C, there occurred phe-
nols accumulation [31]. It was reported that leaves of 
cold-sensitive grapes were characterized by a lower 
content of total phenols than those of resistant varie-
ties [32]. Following cold stress, the content of phe-
nols in the leaves and roots of the grapes increased 
[33, 34]. Due to the effects of drought, hyper- and 
hypothermia, the synthesis of PCs in grape, soybean, 
arabidopsis and tomato tissues enhanced [34-36]. At 
the same time, cold stress was reported to cause no 
significant changes in the content of PCs in the roots 
of peas [37], or to lead to its decrease in soybean 
tissues [38]. During low-temperature adaptation of 
wheat, there was a significant increase in the content 
of flavonoids, especially in frost-resistant varieties 
[39]. With a slight decrease in temperature, the syn-
thesis of anthocyanins in sorghum plants [40] and 
maize [41] was observed. Under cold stress, antioxi-
dant protection also involves colorless flavonoids. 
Thus, in Crataegus oxyacantha, cooling resulted 
in the synthesis of epicatechin and hyperoside [42]. 
Along with that the flavonoid content in wheat and 
potato plants affected by low temperatures declines 
[43, 44], while no changes in the content of antho-
cyanins were detected in the triticale seedlings after 
the hyperthermia [45]. At the simultaneous action of 
hyperthermia and water deficit, the number of an-
thocyanins increased in the seedlings of barley [46]. 
The induction of anthocyanin synthesis under the 
influence of low temperature was observed in many 
plant species [47]. Anthocyanin solutions are able 
to neutralize the vast majority of reactive oxygen 
(ROS) and nitrogen species, and make it four times 
more efficient than equimolar solutions of ascorbate 
and α-tocopherol [48]. However, since PCs accumu-
late predominantly in vacuoles, questions arise as 
to their contribution to the neutralization of ROS in 
vivo [3]. At the same time, it should be noted that 
there is evidence of the accumulation of a large num-
ber of ROSs in vacuoles, where they can be neutrali-
zed by low molecular weight antioxidants localized 
their [42]. Under the influence of excess light and 
low temperatures, the arabidopsis mutants, defec-
tive in the synthesis of anthocyanins, suffered sig-
nificant oxidative damages [49]. Along with that, it 
was reported that the accumulation of anthocyanins 
following the action of oxidative stress, in particu-
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lar H2O2, did not occur [50]. However, this does not 
mean that anthocyanins are not involved in antioxi-
dant defence. It appears that with sufficiently long 
(two-day) treatment with oxidative stress agents, an-
thocyanin degraded [51]. Synthesis of quercetin was 
detected as a response to thermal stress in cucumber 
plants [42]. The total concentration of flavonoids af-
ter the temperature of –5 °C in plants of Brassica 
oleracea remained the same. However, changes in 
the content of individual flavonoids occurred, in par-
ticular, the ratio of quercetin/camphterol increased 
[52]. A correlation was found between the resistance 
of cultivated plant varieties and the content of fla-
vonoids [53]. Short-term hypothermia (40 °C, 2 h) 
did not cause significant changes in the content of 
total phenols and flavonoids in the leaves of frost-
resistant Triticum spelta, whereas after short-term 
hyperthermia (40 °C, 2 h), an increase in the content 
of these compounds was observed [54]. Significant 
differences in the functioning of the defence antioxi-
dant system under normal conditions and after cold 
harde ning occurred in the ethyolated seedlings of 
rye. Thus, in unhardened seedlings of rye, there was 
a high content of anthocyanins [55]. 

Pcs in protection against uv radiation

Adaptation to UV radiation plays an important 
role in preventing damage to DNA, photosynthetic 
and cellular machinery [56]. For the first time, rosa 
damascena cells cultured in vitro showed that UV-
resistant (254 nm) cells contained 15 times more 
flavonoids [57]. To date, it has been established that 
ultraviolet radiation, especially in the short-wave re-
gion, stimulates the formation and accumulation of 
different PCs in tissues of many plant species [56, 58, 
59]. Flavonoids were shown to be capable of absor-
bing UV radiation in the range of 280-320 nm. By 
passing up to 80% of the visible light, they absorb 
95% UV radiation [59]. In this case, PCs (primari-
ly flavonoids) accumulate mainly in vacuoles of the 
epidermal cells, preventing the penetration of UV 
rays into the inner tissues [60]. It has been demon-
strated that the absorption of UV rays by epidermis 
(at low and average radiation levels) is proportional 
to the flavonol content in cells [59]. Photosynthetic 
apparatus protection from excessive illumination 
involves anthocyanins that serve as an optical fil-
ter and protect a saturated photosynthetic electron 
transport chain from high-energy quanta, increa-
sing the absorption of solar energy within the visible 
region (380-700 nm) by an average of 8-12% [48]. 

Anthocyanins protect the photosynthetic apparatus 
by absorbing excess photons that could be absorbed 
by chlorophyll b. Although, in general, red leaves 
absorb more light, their photosynthetic tissues get 
fewer quanta than green leaves, since the energy 
absorbed by vacuole, in which the anthocyanins 
are localized, cannot be transmitted to chloroplasts 
[42]. The protective effect of PCs during UV irra-
diation also based on the interaction with peroxides 
and free radicals that leads to the quenching of free 
radical reactions occurring in cells affected by UV 
radiation [58]. The accumulation of anthocyanins in 
the medicinal plants ocimum basilicum, artemisia 
lercheana and Nigella sativa in response to UV ac-
tion, salinity and the combined effect of these two 
factors has been reported [61]. It is interesting that 
the stress-induced increase in anthocyanin content in 
Nigella sativa was many times greater than the cor-
responding values in ocimum basilicum and artemi-
sia lercheana. It was established that in plants that 
accumulate a large number of low molecular weight 
antioxidants, changes in the activity of antioxidant 
enzymes were less pronounced [61]. 

adaptive-protective functions of phenolic 
compounds in pathogenesis

An important function of PCs is the protection 
of plants from pathogens effects. Constitutive PCs 
present in the plant tissues and organs have antimi-
crobial, fungicidal and insecticidal activity [62, 63]. 
Lignification is one of the most important protective 
processes occurring in infected and damaged plant 
tissues and leads to the formation of a physical and 
chemical barrier for pathogens [8].

Histochemical analysis of the accumulation of 
soluble PCs and lignin in the leaves of wheat dem-
onstrated that the synthesis of these compounds was 
observed in the penetration zone of the pathogenic 
fungus mycelium and correlated with the generation 
of H2O2. When getting into apoplasts, stress-induced 
PCs and monomers of lignin, synthesized in the cy-
toplasm and plastids, are oxidized and polymerized 
to lignin in the presence of apoplastic peroxidases. 
The availability of H2O2 is believed to be a decisive 
factor in the polymerization of monolinol to lignin 
[8].

When a plant is infected by pathogens, the bio-
synthesis of the plant-specific polyphenol species is 
activated and it is accompanied by an increase in the 
enzymatic activity of L-phenylalanine ammonia-
lyase, 4-hydroxylase of trans-cinnamic acid and 
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chalcone synthase [9, 64]. At the same time, in the 
covering tissues, the toxicity of phytoalexins that 
are toxic to the pathogen, and which are absent in 
healthy tissues or contained in small quantities, is 
sharply increasing. The overwhelming majority 
(more than 80%) of phytoalexins is PCs [2]. The 
most studied phytoalexins are represented by various  
isoflavonoids, phytoalexins of legumes [65]. In re-
sponse to the action of the pathogen, the phytoale-
xins of stilbene, flavan, coumarin, and auron  class 
are also formed [66]. PCs of aqueous plants are 
shown to be able to suppress the growth of toxic 
cyanobacteria. Vanillic, protocatechic, ferulic and 
caffeic acids of Hydrilla verticillata and Vallisneria 
spiralis, depending on the ratio of the mixture, ex-
hibit additive and synergistic effects in Microcystis 
aeruginosa growth inhibition [67]. Particular atten-
tion is drawn to the study of PCs in the system of 
host-parasite. In higher plants, normal conditions of 
existence suggest no harmful effects of various ex-
ternal factors. For phytopathogenic fungi, the neces-
sary condition is to penetrate the tissues of the host 
plant, form a phytopathosystem for the development 
and offspring resumption. Drechslera teres culture 
fluid was demon strated to contain more than thirty 
free and conjugated phenolcarboxylic acids required 
for growth, spore formation and pathogenic and 
virulent properties. However, the mycelial fungus 
contained only eight PCs. Consequently, the fungus, 
while on an artificial nutrient medium, produced PCs 
that were released outside, and only a small quantity 
remained in the mycelium [68].

Protective functions are inherent in deterrents 
(from lat. Deterreo – scare) and antifeedants (from 
English anti- and feeding) – PCs, which reduce the 
attractiveness and nutritional value of plant tissues 
for phytophages [69]. An increase in the content of 
lignins, tannins, pyrocatechol and ferulic acid in ma-
ture leaves makes them unsuitable for feeding larvae 
and adult insects. In addition, strong protein-tannin 
complexes are difficult to digest, so mammals, in 
particular cattle, avoid whole plants or their parts 
that accumulate tannins [9].

Phenolic compounds – markers 
of plant chemical taxonomy

It is thought that PCs first emerged in algae 
about 500 million years ago. They performed the 
function of UV protectors [70]. In fungi, with the 
exception of parasitic, PCs have been investigated 
fragmentarily. It has been established that the func-

tions of PCs of phytopathogenic fungi and plants 
differ fundamentally. So, in fungi, they are aimed 
at infecting (optional parasites) or parasitism (ob-
ligated mushrooms), whereas in the host plant – to 
self-defence. In higher plants, pathways of PCs bio-
synthesis are complex, and that results in the forma-
tion of various substances with additional functions. 
The structure of such compounds is characterized by 
species and genus specificity, which allows them to 
be used as chemotaxonomic markers [71, 72]. Thus, 
due to PCs studies, there were identified morpho-
logically close invasive macrophytes elodea nut-
tallii and e. canadensis. Both species contain 7-O-
diglyucuronides of luteolin flavones, apigenin and 
chrysoepythol, as well as phenyl carboxylic acids. 
The results of identifying the elodea species on the 
basis of the ratio between the derivatives of apigenin 
and chrysoepytol are fully consistent with the data 
of molecular analysis [73, 74].

Phenolic compounds - regulators 
of auxin transport

Auxins, involved in the regulation of root 
growth, photo- and gravitropism, fertility, move 
from cell to cell basipetally in stems and acropetally 
in roots [75]. The application of artificial and natural 
auxin transport regulators has revealed that changes 
in flavonoid concentrations cause changes in auxin 
transport [76]. Flavonoids affect the transport of 
auxins by modulating the activity of auxins trans-
porters [77]. Changes in the accumulation of specific 
flavonoid glycosides that occurred in the root exten-
sion zone of the mutants of petunia and arabidop-
sis, defective in the synthesis of auxin transporters 
proteins, testified to a cross-flow of metabolic path-
ways of flavonoids and auxins [77]. The hypothe-
sis regarding the involvement of flavonoids in the 
regulation of auxin transport in vivo was tested on 
wild-type arabidopsis plants and arabidopsis plants 
with mutation of a gene coding for the synthesis of 
the key enzyme of flavonoid biosynthesis chalcon 
synthase. The growth of wild-type plants in vitro 
on naringin  solution, a precursor of flavonoids with 
auxin-inhibiting activity, led to inhibition of root 
growth and lack of gravitropism reaction, similar to 
synthetic auxin-induced transport effects. Investiga-
tion of chalcon synthase defective mutants revealed 
an increase in auxin transport. However, under the 
cultivation of plants in the presence of naringin, 
transport of the hormone was suppressed [76]. The 
influence of flavonoids on auxins homeostasis was 
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established, but as far as the auxin regulation of the 
flavonoid accumulation is concerned, the evidence is 
insufficient [78].

Auxins are an integral part of the regulatory 
system that controls UV-mediated accumulation of 
flavonoids and UV-induced plant morphogenesis 
[56]. It was shown that UV-B activity reduced the 
content of free auxins and leaf area in arabidop-
sis thaliana plants, while the content of flavonoids 
increased. In particular, the content of specific de-
rivatives of campherol has increased 19-fold. Con-
sequently, auxins are involved in UV adaptation 
through the flavonoid glycosylation [56]. In the cy-
tokinin-defective mutants of Medicago truncatula 
(Cre1, cytokinin response 1) initiation of symbiotic 
nodulation occurred with the involvement of flavo-
noids participating in auxin transport regulation  and 
subsequent accumulation of auxin in cortical cells 
[79]. It was shown that inhibition of hydroxycin-
namoyl transferase activity (HCT) resulted in a re-
duction of a. thaliana plants height. In the HCT de-
fective mutants, the repression of the lignin synthesis 
caused changes in the metabolic flavonoids flow 
that involved the chalcone synthase. Histochemical 
analysis of stem tissues in such plants demonstrated 
changes in the trachea elements structure. Reduction 
of plant height correlated with the auxin transport 
inhibition. The suppression of flavonoids accumu-
lation through repression of the chalcone synthase 
activity in HCTs-deficient mutants restored the nor-
mal auxin transport. However, plants that had a sup-
pressed HCT and chalcone synthase activity had the 
structure similar to that of HCTs-defective mutants 
that indicated a lack of a link between phenotype 
changes and a decrease in the synthesis of lignin, but 
only with the accumulation of flavonoids [80].

Phenolic compounds - signaling 
molecules in the interaction of plants 
with rhizosphere microorganisms

The plant rhizosphere is a dynamic ecosys-
tem in which soil microorganisms, plant roots, abi-
otic and biotic components of the substrate interact 
[81, 82]. Such interaction is regulated by a variety 
of PCs and other chemicals produced by plant roots 
[83, 84]. PCs of different plant species are characteri-
zed by a certain specificity, as well as time and spa-
tial differences [85]. PCs concentrations in the soil 
near the roots of monocotyledonous plants are in the 
range of 2.1-4.4%, whereas in dicotyledons – 0.1-
0.6% [86]. Among the plant-synthesized PCs, there 

are metabolites that are involved in the regulation of 
internal and interspecific interactions in biocenoses 
[1, 87]. PCs initiate oxidation-reduction reactions 
in soils and selectively affect the growth and de-
velopment of soil microorganisms that colonize the 
rhizosphere [85]. They also make an impact on the 
hormonal balan ce, enzyme activity, the presence of 
phytonutrients and competition between adjacent 
plants [88]. Individual PCs function as chemotaxis 
signals for soil microorganisms that recognize them 
and move to plant roots in a carbon-rich rhizosphere 
environment [89]. Flavonoids, as antioxidants and 
metal chelators, change the concentration of nutri-
ents in the soil that is significant for plants, which 
require such elements as phosphorus and iron [90]. 
As a result of dynamic interaction, the structure and 
chemical composition of the soil vary considerably 
depending on the quantity and quality of phenols 
released by different plant species. The species of 
microorganisms in different parts of the roots are 
constantly transformed. In the rhizosphere, PCs are 
decomposed with the participation of microorgan-
isms. This contributes to soil mineralization and 
saturation with nitrogen and humus production. 
[91, 92]. PCs are involved in the remote signaling 
of bean-rhizobial symbiosis, formation of arbuscular 
mycorrhizal symbiosis, and act as plant protection 
agents [93, 94]. During germination of legume seeds, 
phenolic acids and flavonoids are released from the 
roots [95]. The population of rhizobial bacteria in the 
rhizosphere changes in response to the action of PCs 
that accumulate in the soil that creates a competi-
tive advantage for strains involved in the formation 
of root nodules [87]. PCs act as chemoattractants, 
which direct the rhizobial bacteria to the plant root 
hairs [96]. A prerequisite for the formation of root 
nodules  is the generation of signaling molecules  - 
phenolic acids and flavonoids that are released by 
the roots of the legume host plants [93]. It is likely 
that flavonoid aglucone diffuses into rhizobial bac-
teria through pores [97]. Genetic studies have made 
it possible to establish that PCs activate numerous 
changes in the root hairs. Nod-factors induce the dif-
ferentiation of individual cells within the root that 
leads to the emergence of meristematic tissue, which 
initiates the formation of new nodules [98]. PCs were 
shown to be able to affect positively and negatively 
signaling in bean-rhizobial symbiosis, thereby to 
modify nitrogen fixation. Such flavonoids as luteolin 
and epigene  stimulated activation of the Nod-factor, 
while chrysene and genistein acted as phytochemical 
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inhibitors in transmitting the Nod-signal [99]. Con-
sequently, fixation of nitrogen by a nodulous bacteria 
can be controlled both by an effective and antagonis-
tic phytochemical signaling by phenolic compounds.

PCs are involved in the formation of arbuscular 
mycorrhiza [100]. However, the role of flavonoids in 
such symbiosis is not entirely clear, since these com-
pounds can exhibit both negative and positive effects 
on the formation of mycorrhiza. Increased biosyn-
thesis of flavonoids during mycorrhizal development 
was found in the roots of Trifolium repens [101], Cu-
cumis melo [102] and Medicago truncatula [103]. 
During the formation of arbuscular mycorrhiza, the 
profile of the flavonoids of the roots changed due to 
changes in the expression of the genes responsible 
for the synthesis of phenylpropanoids [104, 105]. 
Exogenous flavonoids have a positive impact on the 
germination of spores, growth and branching of my-
corrhizal fungi hyphae [100, 106]. Flavonoids are 
thought to stimulate the growth of fungi hyphae and 
to be involved in the formation of contact structures 
of arbuscules and vesicles responsible for the sym-
biotic relationship of the fungus with the host plant 
[107].

Phenolic compounds are plant endogenous 
growth regulators, the main functions of which are 
antioxidant, structural, attractant, signal and protec-
tive. PCs affect growth processes directly and indi-
rectly by modulating or regulating the transport of 
phytohormones [77]. They act as antioxidants, in-
hibitors and enzyme cofactors. PCs have a positive 
effect on stress resistance, improve the immunity of 
plants. They are used as growth regulators in agri-
culture, prevent grain crops lodging, increase yields, 
and improve the quality of cultivated products. PCs 
application reduces the number of crops fungi-
cides treatments during the growing season, and in 
some cases it appears to abandon them completely. 
Convincing evidence of phenols and flavonoids in-
volvement in the formation and functioning of plant 
symbiosis with microorganisms has been obtained: 
Flavonoids are low toxic for humans, animals, plants 
and useful microflora, acting in low concentrations 
(10-9-10-6 M).

PCs are used as antioxidants in dietary foods 
in preventing such diseases as type 2 diabetes mel-
litus and carcinomas [6]. The antioxidant activity of 
flavonoids is higher than that of vitamins C, E and 
carotenoids, making them the leaders among the 
components of herbal medicines [108]. The majori-
ty of structural and several regulatory genes of PCs 

biosynthesis have been identified that enabled to ob-
tain genetically modified plants with regulated bio-
synthesis of phenolic metabolites [109], promi sing 
for further biotechnological developments.
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Фенольні сполуки рослин: 
біогенез та Функції
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Фенольні сполуки (ФС) в рослинах віді-
грають значну роль у контролі росту, а також 
виконують важливі функції, зокрема антиок-
сидантну, структурну, атрактантну, сигнальну 
та захисну. В огляді описано історію відкрит-
тя та ідентифікації рослинних ФС, їх місце в 
складній системі шляхів біосинтезу вторинних 
метаболітів. Розглянуто функції ФС на макро-
молекулярному, клітинному, організменному 
та популяційному рівнях. Висвітлено основні 
етапи дослідження рослинних фенолів, розга-
луження та пластичності фенольного синтезу, 
шляхи утворення ФС у рослинній клітині та ен-
зими синтезу ФС. Обговорюється участь ФС в 
процесах дихання і фотосинтезу, окисно-віднов-
них процесах, а також в регуляції фізіологічного 
стану рослин.

К л ю ч о в і  с л о в а: фенольні сполуки, 
фенілаланін аміак-ліаза, біогенез, фізіологічна 
роль.
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