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Introduction

Many natural bioactive compounds are found in 
nature in the form of glycosides and the sugar part is 
necessary for their biological activity. Several therapeu-
tically important antibiotics (such as erythromycin), 
antifungal agents (amphotericin B) or anticancer drugs 
(doxorubicin) contain sugars attached to the aglycone 
core, which facilitate transport of the drugs to their tar-
gets in cells (Salas and Méndez, 2007). Also flavonoids 
which are plant secondary metabolites are found mostly 
in the form of O- or C-glycosides. However, the sugar 
moiety in compounds being in the centre of interest 
of scientific institutions and pharmaceutical industry 
plays different role in plant physiology than in the pro-
cesses important for their application as medications. In 
the case of valuable flavonoids present in nature in the 
form of aglycones, such as xanthohumol found in hop 
cones, we can easily and efficiently transform them into 
glycosides, using microbial methods. Such biotransfor-
mations are usually highly regioselective.

In this review we discuss the prospect of microbial 
transformation of flavonoids as a cost-effective and 
environment protective tool for food supplements and 
drug designing. We summarize current knowledge 
regarding the glycosylation of flavonoids by means of 
various microbes and health benefits that may result 
from the use of such designed compounds.

Enzymes involved in glycosylation

Glycosylation is a common biochemical transfor-
mation which proceeds with the help of glycosyltrans-
ferases. These enzymes catalyse formation of glycoside 
bonds via transfer of a saccharide (usually monosaccha-
ride) from a donor substrate to a nucleophilic glycosyl 
acceptor molecule, such as proteins, lipids, steroids, 
flavonoids or other small molecules.

In the case of Leloir-type glycosyltransferases the 
sugar residue is transferred from an activated donor, 
such as sugar-nucleotide derivatives (Palcic, 2011). 
Nine such derivatives used by mammals glycosyltrans-
ferases were identified: UDP-Glc, UDP-Gal, UDP-Glc-
NAc, UDP-GalNAc, UDP-Xyl, UDP-GlcA, GDP-Man, 
GDP-Fuc and CMP-NeuAc. Whereas, non-Leloir gly-
cosyltransferases use sugar mono- and diphosphates 
and glycosylated isoprenoid mono- and diphosphates 
as donors of a glycosyl residue. Acceptors of saccharide 
moieties in both cases may be carbohydrates, proteins, 
lipids, nucleic acids, natural compounds (e.g. antibiot-
ics) or xenobiotics, precisely their nucleophilic oxygen 
atom from hydroxyl group or nucleophilic nitrogen, 
carbon or sulfur atoms (Lairson at al., 2008). Thus, 
we observe formation of O-glycosides, N-glycosides, 
C-glycosides and S-glycosides.

The reactions catalyzed by glycosyltransferases are 
stereoselective and regioselective. Transfer of a glycosyl 
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group may proceed with either retention or inver-
sion of configuration at the anomeric carbon atom of 
the substrate (donor), involved in the new glycosydic 
bond. Therefore, glycosyltransferases may be divided 
into retentive and invertive ones (Palcic, 2011). Gly-
cosyltransferases have been classified by aminoacid 
sequence homology, substrate specificity and glycoside 
bond stereochemistry into 96 families (Gloster, 2014). 
One of them is GT1 comprising UDP-glucosyltrans-
ferases (UGTs), which were found in plants, animals, 
fungi and bacteria. These enzymes use UDP-activated 
sugar moiety as a saccharide donor and such molecules 
as flavonoids, alkaloids, antibiotics and plant hormones 
as the acceptors (Hyung et al., 2006). UDP-glucose and 
UDP-glucuronic acid are the most common donors 
used by GT1, less often UDP-rhamnose, UDP-xylose 
and UDP-galactose are observed (Paquette et al., 2003).

Physiological role of plant flavonoids

Flavonoids constitute the largest group of plant poly-
phenols. They exert considerable influence on growth 
and development of plants, protect them from UV radia-
tion and bacterial and fungal infections and provide 
colour to fruits and flowers (Forkmann and Martens, 
2001). A great diversity of flavonoids arises not only 
from their different carbon cores, but also from dif-
ferent substituents, being effects of hydroxylation, and 
hydroxyl group methylation and acylation. One of the 
common modifications is also glycosylation (Gachon 
et al., 2005; Desmet et al., 2012). For example, there are 
known about 300 different quercetin glycosides with 
potentially different biological properties (Wang, 2009).

Conjugation of plant secondary metabolites to sac-
charides enhances their stability by protection of reac-
tive nucleophilic groups. For instance, glycosylation of 
anthocyanins at C-3 OH is crucial for the stability of 
their heteroaromatic ring (Chemler et al., 2009; Gachon 
et al., 2005). Moreover, it protects hydroxyl groups of 
secondary metabolites from autooxidation, enables 
their transport across cell membranes to the specific 
cellular compartments and augments their solubility 
in aqueous cell environment (Kumar and Pandey, 2013; 
Wang, 2009; Wang et al., 2010; Zhao and Dixon, 2009).

By conjugation of a flavonoid molecule to a sugar 
moiety it is possible to store plant secondary metabo-
lites in specific cellular compartments. It is believed 
that reactive aglycones are converted into stable and 
unreactive forms, which can be accumulated for exam-
ple in vacuoles, and their interactions with other cell 
ingredients become inhibited. If necessary, the opposite 
process is possible, in which feeding deterrents stored 
in vacuoles in the form of conjugates, after cell decom-
partmentation due to its disintegration, are released and 

then cleaved by β-glycosidases to the more active forms 
(Kim et al., 2006b; Gachon et al., 2005).

Recently, there has been growing interest in plant 
C-glycosides, which except for typical for phenols anti-
oxidant activity may play different roles, for example 
being repellents or attractants. Stable and resistant to 
hydrolysis C-glycosides of flavones were also found in 
cereals, sweet corn, wheat and rice (Xiao et al., 2014a).

Influence of glycosylation on human metabolism

Flavonoids present in food have beneficial effects 
on human health. They have antioxidant, antibacte-
rial, antifungal, antiviral, anticancer, anti-inflammatory 
and antiallergenic properties (Forkmann and Martens, 
2001; Hyung et al., 2006; Wang et al., 2010). Despite 
intensive studies on absorption and metabolism of fla-
vonoids, several issues have not been fully elucidated, 
so far. It is not clear whether they are absorbed as agly-
cones, glycosides or in the both forms. It is known, 
however, that the type of sugar molecule in glycosides 
of flavonoids influences their absorption, distribution 
and to some degree – their metabolism (Xiao et al., 
2014b). It was observed that after oral administration 
of quercetin glucoside, the maximal concentration 
of quercetin in plasma was 20 fold higher than after 
the intake of quercetin ruthoside. Therefore, it seems 
that quercetin glucoside is absorbed from small intes-
tine in unchanged form, whereas absorption of quer-
cetin ruthoside takes place after its deglycosylation 
(Hollman et al., 1999).

In order to be absorbed to the body, flavonoids 
must reach small intestine in the unchanged form. The 
majority of flavonoid glycosides retain their structures 
even after cooking processing. They are also resistant 
to low pH in stomach and to digestive enzymes found 
there. Absorption of flavonoids from food depends on 
their physicochemical properties, size of molecules, 
lipophilicity and solubility.

Aglycones of flavonoids may be transported by 
passive diffusion, whereas conjugation with saccha-
rides increases hydrophilicity of the compound, which 
makes it better water-soluble and less capable of pas-
sive diffusion. Flavonoid glycosides may be actively 
transported by Na+/glucose transporters from intes-
tinal lumen to enterocytes, where they are subse-
quently cleaved to aglycones by cytosolic glucosidases. 
Because the absorption of flavonoid glycosides in small 
intestinal is weak, it is suggested that flavonoid glyco-
sides are hydrolysed by β-glucosidase, secreted by the 
brush border of human small intestine epithelial cells, 
known as LPH (lactase phloridzin hydrolase) (Kumar 
and Pandey, 2013). LPH is characterized by substrate 
specificity and the glycosides which are not substrates 
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for this enzyme are transported to the large intes-
tine, where they are hydrolysed by intestinal bacteria 
enzymes (e.g. α-arabinofuranosidase, α-fructosidase, 
α-rhamnosidase, β-fructosidase, β-glucosidase and 
β-glucuronidase). The aglycones are absorbed in colon 
(Kumar and Pandey, 2013; Xiao et al., 2014b).

In intestinal cells flavonoids usually undergo phase 
II metabolism, i.e. they are conjugated with glucuronic 
acid in the reaction catalysed by UDP-glucuronyltrans-
ferase, conjugated with sulphuric acid with the help of 
sulphotransferase, and flavonoids which contain a cat-
echol moiety are methylated by catechol-O-methyl-
transferase. From intestines flavonoids are transported 
with blood to liver, where they may be deconjugated and 
again conjugated with either glucuronic or sulphuric 
acid with the help of enzymes, such as β-glucuronidase 
and sulphatase, or they may be metabolised to smaller 
phenolic compounds (Kumar and Pandey, 2013). Next 
the flavonoid glucuronates and sulphates formed in 
liver are delivered with blood to tissues of the whole 
organism (Desmet et al., 2012). An excess of flavonoids 
delivered to the body is not accumulated. There are two 
ways of elimination of flavonoids from the organism: 
flavonoids absorbed in intestines are eliminated with 
urine, whereas the ones which were not absorbed are 
eliminated with faeces in the form of glycosides (Xiao 
et al., 2014b).

Microbial glycosylation of flavonoids

Due to their valuable biological properties, recently 
flavonoids have been being the subject of numerous 
researches in the field of food technology, biotechno-
logy, medicine and pharmacy.

Application of flavonoids is limited by their poor 
water-solubility and short time spent in intestine, 
which result in low absorption. One of the method 
to overcome these drawbacks is conjugation of plant 
polyphenols with sugars (Hyung et al., 2006; Kumar 
and Pandey, 2013; Tronina et al., 2013). Glycosides of 
flavonoids are better water-soluble than their aglycones. 
For example, 5-O-α-D-glucopyranosyl-(+)-catechin is 

at least 40-fold better soluble in water than its aglycone 
– (+)-catechin (Ochiai et al., 2010). Some of flavonoid 
glycosides demonstrate also better thermal stability 
than their aglycones, which is in the case of the men-
tioned 4’-O-α-D-glucopyranosyl-(+)-catechin and its 
aglycone (+)-catechin (Ochiai et al., 2010).

Synthesis of glycosylated flavonoids, especially 
with the use of biological catalysts, may be an attrac-
tive method of receiving these compounds in amounts 
sufficient for the research concerning influence of 
sugar residue in flavonoid molecules on their proper-
ties and subsequent application of these compounds 
as dietary supplements or pharmaceuticals (Alluis and 
Dangles, 1999).

An example of chemical synthesis of flavonoids 
may be the reaction of isoflavones, such as daidzein, 
genistein, formononetin or biochanin A with α-tetra- 
acetylbromoglucose in the presence of tetrabutylam-
monium bromide as a catalyst, leading to O-glucosides 
of the mentioned aglycones (Lewis et al., 1998) (Fig. 1). 
The catalyst used in this reaction is harmful for the 
environment. Another disadvantage of chemical glyco-
sylation is the necessity of protection of these hydroxyl 
groups that are not meant to conjugate with saccharide.

Biotransformation processes, as opposed to the clas-
sic chemical synthesis, are environmentally friendly, 
proceed under mild conditions and allow regio- and 
stereoselective modifications of the substrates (Cao 
et al., 2015; Wang et al., 2010). Moreover, according 
to the European Union Law, the products obtained by 
biotransformation of natural compounds are classified 
as natural ones (EU Directive 88/388/EEC). Because 
the reaction of microbial transformation of flavonoid 
aglycones to their glycosides is similar to the mammal 
metabolic processes (Xiao et al., 2014c), it may serve as 
a model of mammalian metabolism (Miyakoshi et al., 
2010). Selected examples of microorganisms with iden-
tified substrate specificities that have been described in 
the last years are listed in Table I.

Prenylated flavonoids naturally found in common 
hop (Humulus lupulus), such as xanthohumol, iso-
xanthohumol and 8-prenylnaringenin, display a wide 
range of biological activity and naturally occur in the 

Fig. 1
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form of aglycones. Biotransformation of xanthohumol 
in the cultures of filamentous fungi: Absidia coerulea 
AM93 and Rhizopus nigricans UPF701 led to xantho-
humol 4’-O-β-D-glucopyranoside in 29.0% and 14.2% 
yields, respectively (Fig. 2). The identical product, but 
with a much less efficient conversion compared to these 
processes (5.5% yield) was previously observed by Kim 
and Lee (2006), who applied Penicillium chrysogenum 
KTCC 6933 as a biocatalyst. Whereas fungus Beauve-
ria bassiana AM446 transformed xanthohumol to its 
4’-O-β-D-(4’-O-methyl)-glucopyranoside in 23.0% 
yield (Tronina et al., 2013) (Fig. 2).

Very efficient biotransformations were described for 
isoxanthohumol. They led to isoxanthohumol 7-O-β-D-
glucopyranoside with 61.6% yield using the culture of 
Absidia glauca AM177 and isoxanthohumol 7-O-β-D-

(4’’’-O-methyl)-glucopyranoside with 50.2% yield using 
the fungal strain B. bassiana AM278 (Bartmańska et al., 
2009) (Fig. 3). The analogous products were received 
when 8-prenylnaringenin was used as a substrate: in 
the culture of A. coerulea AM93 it was transformed 
to the 7-O-β-D-glucopyranoside and in the culture of 
B. bassiana AM278 to the 7-O-β-D-(4’’’-O-methyl)-
glucopyranoside (Bartmańska et al., 2012) (Fig. 4). The 
yields were 49.3% and 34.0%, respectively.

Quercetin is a strong antioxidant found in many 
plants and it is widely used in dietary supplements. Bac-
teria Bacillus cereus transformed quercetin to isoquer-
cetin (quercetin 3-O-glucopyranoside) with 20.0% yield 
(Rao and Weisner, 1981). Whereas, fungus B. bassiana 
ATCC 7159 transformed quercetin to quercetin 7-O-β-
D-(4’’’-O-methyl)-glucopyranoside with 87.0% yield 

Fig. 2

Fig. 3
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(Zhan and Gunatilaka, 2006), and Cunninghamella ele-
gans ATCC 9245 to quercetin 3-O-β-D-glucopyranoside 
with 55.7% yield (Zi et al., 2011) (Fig. 5).

Fungus Cunninghamella echinulata CBS 596.68 is 
also capable of glucosylation of kaempferol and morin. 
These transformations gave kaempferol 3-O-β-D-gluco- 

 pyranoside in 67.0% yield and morin 3-O-β-D-glucopy- 
 ranoside in 20.0% yield (Miyakoshi et al., 2010) (Fig. 6). 
It was proved that kaempferol 3-O-β-D-glucopyranoside 
has antibacterial properties (Mary and Merina, 2014), 
whereas morin 3-O-β-D-gluco pyranoside has antifungal 
and anticancer activity (Hussain et al., 2014).

Fig. 4

Fig. 5

Fig. 6
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Fig. 7

Fig. 8

Strain C. echinulata AS 3.3400 is also capable to per-
form glucosylation of kurarinone to kurarinone 7-O-β-
D-glucopyranoside (Fig. 7). In recent years, pharma-
cological research of kurarinone indicate that it had 
the significant cytotoxicity, tyrosinase inhibitors and 
glycosidase inhibitor. Microbial transformation of this 
lavandulyl flavonoid can improving the bioactivities or 
water solubility and therefore enhances the chances of 
this bioactive compound for their potential application 
in medicinal use (Shi et al., 2012). 

Isoangustone A is a flavonoid isolated from licorice 
and exhibit various pharmacological properties, such 
as antimicrobial, antioxidative, anti-inflammatory and 
antitumor. Biotransformation of isoangustone A in the 
culture of Mucor hiemalis CGMCC 3.14114 at 30°C 
for 48 h affords three new derivatives: isoangustone A 
7-O-β-D-glucopyranoside (3.6%), isoangustone  A 
7-O-β-D-glupyranosyl-4’-O-sulfate (1.0%) and isoan-
gustone A 7,3’-di-O-β-D-glucopyranoside (0.5%) (Feng 
et al., 2015) (Fig. 8).
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Fungus Trichoderma koningii KCTC 6042 trans-
form two silybin diastereomers: silybin A and silybin 
B and gave two pairs of glucosylated derivatives, sily-
bin 3-O-β-D-glucopyranosides and silybin 7-O-β-D-
glucopyranosides (Fig. 9). Biotransformation of silybin 
by microbes can be useful methods to achieve selective 
conversions of compounds to derivatives which are dif-
ficult to produce synthetically. Silybin is a major active 
constituent of silymarin, which have hepatoprotective 
and antioxidant activity (Kim et al., 2006a).

Microbial transformations may also lead to unusual 
products, which we observed in the case of Mortierella 
isabellina ATCC 38063, which was able to metabolize 
daidzein, one of the main isoflavones found in soybean, 
to the untypical metabolite daidzein 4’-O-rhamnopyra-
noside (Maatooq and Rosazza, 2005) (Fig. 10).

Bacteria strains are also capable to glycosylation 
flavonoids compounds. For example bacteria Micro-
bacterium oxydans CGMCC 1788 converted puera-
rin into two novel compounds, puerarin-7-O-α-D-

Fig. 9
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glucopyranoside and puerarin-7-O-α-D-isomaltoside 
in 40.0% and 5.0% yields, respectively (Fig. 11). Puera-
rin is one of several known isoflavones, contains 
a unique C-glucoside moiety and is found in a num-
ber of plants and herbs, such as the root of Pueraria 
(Radix puerariae) and have anticancer and antioxi-

dant activity (Jiang et al., 2008). Wang et al. (2014) 
reported the efficient glucosylation of puerarin by an 
organic solvent-tolerant strain of Lysinibacillus fusi-
formis CGMCC 4913 in aqueous hydrophilic media at 
30°C for 48 h. Incubation of this strain with puerarin 
led to efficient production (91.6% conversion rate) of 

Fig. 11

Fig. 10
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puerarin-7-O-α-D-fructofuranoside and puerarin-7-O-
α-D-isomaltoside (Fig. 11) with a conversion rate of less 
than 1% after 48 h reaction.

Chu et al. (2014) reported the example of highly regi-
oselective glucosylation of various flavonoids catalysed 
by organic solvent-tolerant Staphylococcus sapro phyticus 
CQ16. The efficient glucosylation of flavonoids was 
achieved in aqueous hydrophilic media. The addition 
of the polar solvent 15% DMSO significantly improved 
the glucosylation of flavonoids substrates (Table I).

Shimoda and Hamada (2010) investigated the pro-
duction of hesperetin glycosides using glycosylation 
with bacteria Xanthomonas campestris. They obtained 
hesperetin 3’-O-α-D-glucopyranoside (12.0%), hes-
peretin 5-O-α-D-glucopyranoside (10.0%) and hespere-
tin 7-O-α-D-glucopyranoside (15.0%) (Fig. 12). Bio-
transformation products were obtained by incubation 
of lyophilized cells with substrate and a sugar donor.

Microbial transformations can be also employed to 
receive mammalian flavonoid metabolites, such as the 
most common glucuronides. Glucuronides of querce- 
tin and naringenin can be obtained with the help of 

bacteria Streptomyces M52104 (Marvalin and Azerad, 
2011). Incubation of quercetin in the culture of these 
bacteria at 28°C for 65 h affords four derivatives: 
quercetin 4’-O-β-D-glucuronide (50.0%), quercetin 
3-O-β-D-glucuronide (19.0%), quercetin 7-O-β-D-glu- 
curonide (9.0%) and quercetin 3’-O-β-D-glucuronide 
(5.0%) (Fig. 13).

This strain is also capable to perform glucuronidation 
of naringenin to give naringenin 7-O-β-D-glucuronide 
in 25% yield and naringenin 4’-O-β-D-glucuronide in 
5.0% yield (Marvalin and Azerad, 2011) (Fig. 14).

Another way of economic production of glyco-
sylated flavonoids may be employment of genetically 
modified microorganisms (Simkhada et al., 2010). Bio-
transformation of kaempferol and quercetin in the cul-
ture of Escherichia coli, expressing glucosyltransferase 
gene cloned from rice (Oryza sativa), afforded 3-O-gly-
cosides of both flavonoid substrates. Complete conver-
sion of quercetin to its 3-O-glucopyranoside took place 
after seven hours of the incubation, whereas complete 
conversion of kaempferol to the 3-O-glucopyranoside 
after 24 h of the incubation (Kim et al., 2006b).

Fig. 12
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Summary

Flavonoid glycosides are widespread in the plant 
kingdom and thus common in human diet. Pro-healthy 
properties of flavonoids, including their sugar deriva-
tives, make them promising ingredients of dietary sup-
plements and biomedical preparations. Employment of 

microbial transformations to obtain glycosides of the 
flavonoids found in nature in the form of aglycones 
or to obtain new derivatives of natural glycosides has 
many advantages. Such processes have potential indus-
trial application, due to their relatively low costs and 
mild reaction conditions. Noteworthy is that glycosides 
obtained by microbial transformation of flavonoids 

Fig. 13

Fig. 14
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are classified as natural compounds, which facilitates 
their potential application as food supplements or 
ingredients of cosmetics and pharmaceuticals. 

The achievements of researchers described in this 
paper indicate that an microbial transformation is 
a powerful approach to modify the structures of bio-
active natural flavonoids to glycosylated derivatives. 
The use of the mentioned methods offers the possibil-
ity to receive new or known glycosides with the high 
regioselectivity (Chu et al., 2014) and yield (Zhan and 
Gunatilaka, 2006; Wang et al., 2014; Chu et al., 2014). In 
most cases microorganisms convert flavanones into the 
corresponding 7-O-glycosides, chalcones into 4’-O-gly-
cosides and flavonols to 3-O-glycosides (Table  I). In 
these reactions, aglycones are predominantly conju-
gated with the glucose moiety.

Microbial glycosylation of flavonoids leads to 
improvement of their water-solubility and therefore 
enhances the chances of bioactive compounds for their 
potential application in large scale (Jiang et al., 2008; 
Chu et al., 2014). Better solubility of flavonoids may 
result in their better absorption by the human body 
(Jiang et al., 2008). 

The results described in this work clearly demon-
strate the biotechnological potential of microbial gly-
cosylation as a method for the preparation of the high-
value flavonoids with medical applications. However, 
there is still too little in vivo data on the biological ben-
efits of most flavonoids glycosides. Further research is 
also needed to develop biotransformation technologies 
that can be competitive alternative to the current meth-
ods that involve plant extraction or chemical synthesis.
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