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Abstract
Diglycosidases are endo-β-glucosidases that hydrolyze the heterosidic linkage of diglycoconjugates, thereby releasing in a single
reaction the disaccharide and the aglycone. Plant diglycosidases belong to the glycoside hydrolase family 1 and are associated
with defense mechanisms. Microbial diglycosidases exhibit higher diversity—they belong to the families 3, 5, and 55—and play
a catabolic role. As diglycoconjugates are widespread in the environments, so are the microbial diglycosidases, which allow their
utilization as nutritional source and carbon recycling. In the last 10 years, six microbial diglycosidases have been sequenced, and
for two of them, the three-dimensional structure has been elucidated. This knowledge allowed the identification of their diverse
phylogenetic origin, and gave insights into the understanding of the substrate specificity. Here, the last advances and the
applications of microbial diglycosidases are reviewed.

Key points
• Substrate specificity and phylogenetic relationships of diglycosidases are reviewed.
• On-going and potential applications of diglycosidases are discussed.
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Introduction

In plants, numerous secondary metabolites, such as flavonoids,
an thocyanins , and terpenes , a re synthes ized as
glycoconjugates. This glycosylation is catalyzed by Leloir-
glycosyltransferases and is involved in various functions, in-
cluding the regulation of hormone homeostasis, the detoxifica-
tion of xenobiotics, and the biosynthesis and storage of second-
ary compounds (Gachon et al. 2005). These compounds repre-
sent a nutritional source for the microbiota; hence, fungal and
bacterial strains play a significant role in their natural recycling
(Chomel et al. 2016). The study of their deglycosylation, how-
ever, has been shaded by the research on the degradation of

polysaccharides such as cellulose, starch and lignin, which are,
in mass, many orders of magnitude more abundant (Dos Santos
et al. 2014; Wilhelm et al. 2019). Briefly, depolymerization of
these polysaccharides is catalyzed by endo-glycosidases, which
break them down to oligosaccharides by hydrolyzing the inner
part of the sugar chains. Subsequent degradation to the mono-
saccharides is catalyzed by exo-glycosidases that cleave the
glycosidic bonds at the terminal residues.Microorganisms such
as Trichoderma reesei, Aspergillus spp., Bacillus spp.,
Cellulomonas spp., and Clostridium thermocellum are well
known for their capacity of degradation, attributed to the pro-
duction of an enzyme consortium, consisting of exo- and endo-
glycosidases, with different specificities, as well as polysaccha-
ride lyases, carbohydrate esterases, and redox enzymes (Segato
et al. 2014; Hirano et al. 2016; Couturier et al. 2018; Alessi
et al. 2017).

Despite the huge chemical diversity of glycoconjugates (most-
ly decorated with mono-, di-, and tri-saccharidic moieties), the
study of the enzymes involved in their deglycosylation is scarce.
An analogy to polysaccharides has been mostly stablished: exo-
glycosidases, which split off the monosaccharides in a sequential
fashion, have been attributed as the responsible for their
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degradation (Manzanares et al. 2007; Schmidt et al. 2011;
Mastihuba et al. 2019). As a consequence, enzymes which are
specific for the glycoconjugates and recognize not only the sugar
moieties but also the aglycones have been long overlooked.

This mini-review covers microbial diglycosidases, that is,
enzymes that hydrolyze the heterosidic bond of
diglycoconjugates, releasing in a single reaction the disaccha-
ride and the aglycone. Throughout this work, the nomencla-
ture regarding the reactions catalyzed is defined as in
“BRENDA, the comprehensive enzyme information system”
(https://www.brenda-enzymes.org). Historical aspects of their
discovery, as well as plant diglycosidases, have been
previously reviewed (Mazzaferro and Breccia 2011).
Recently, a review concerning characterized diglycosidases
and related enzymes has been published (Koseki et al.
2018). Here, the focus has been placed on the substrate spec-
ificity and systematics of sequenced diglycosidases, which are
discussed in terms of their phylogenetic relationships.
Moreover, the on-going and potential applications are
reviewed in light of the available patents.

Glycoside hydrolase family 5 (GH 5) diglycosidases

The GH5 is a large family, historically known as the “cellulase
A family,” since the first discovered activity was a cellulase. It
brings together a wide range of enzymes that act on oligo- and
polysaccharides with β-bonds, and glycoconjugates of a wide
spectrum of organisms. Three diglycosidase activities are
found in the GH5, all of them in the subfamily 23: β-
primeverosidase (EC 3.2.1.149), hesperidin 6-O-α-L-
rhamnosyl-β-D-glucosidase (EC 3.2.1.168), and β-
rutinosidase (preliminary supplied BRENDA number EC
3.2.1.B31) (Scheme 1).

The subfamily 23 is integrated by secreted fungal proteins,
where the enzymatic activities more closely related to the
diglycosidases are exo-1,3-β-glucanases (Fig. 1). The EC
3.2.1.149 groups the enzymes that recognize and hydrolyze
β-primeverosides [6-O-(β-D-xylopyranosyl)-β-D-
glucopyranosides] to produce β-primeverose and the corre-
sponding alcohol (Scheme 1). This activity has been reported
in Aspergillus fumigatus AP-20 and IAM2046, and
Penicillium multicolor IAM7153 (GenBank: BAG70961.1)
(Yamamoto et al. 2002, 2006; Tsuruhami et al. 2006a). The
enzymes were able to hydrolyze β-primeverosides, with the
highest activity against the artificial substrate p-nitrophenylβ-
primeveroside (Table 1). In comparison, natural substrates
(e.g., eugenyl-β-primeveroside) were poorly hydrolyzed
(Table 1) (1.8 and 2.5% relative activity with eugenyl-β-
primeveroside for the A. fumigatus AP-20 and P. multicolor
enzymes, respectively), and for that reason, the authors termed
the enzymes as β-primeverosidases-like (Yamamoto et al.
2002; Tsuruhami et al. 2006a).

The EC 3.2.1.168 and EC 3.2.1.B31 refer to the reactions
catalyzed by enzymes that recognize and hydrolyze
ru t i no s i d e s [ 6 -O - (α - L - r h amnopy r anosy l ) -β - D -
glucopyranosides] to produce rutinose and the corresponding
aglycones (Scheme 1). Although they recognize the same
sugar, the position in which it is linked to the flavonoid differs,
and also the nature of the flavonoid. For the EC 3.2.1.168, the
substrates are hesperidin and related 7-O-rutinosylated flava-
nones, and the recommended name is hesperidin 6-O-α-L-
rhamnosyl-β-D-glucosidase (for practical reasons, usually ab-
breviated as αRβG). For the EC 3.2.1.B31, the substrates are
rutin and related 3-O-rutinosylated flavonols, and the recom-
mended name is β-rutinosidase.

The αRβG (EC 3.2.1.168) activity was first reported from
Acremonium sp. DSM 24697 (GenBank: AMD11613.1). This
enzyme specifically recognizes 7-O-rutinosylated flavanones,
hydrolyzing them at the heterosidic linkage, and no activity
was detected with monoglycosylated substrates (Mazzaferro
et al. 2010) (Table 1). Later, diglycosidases that recognize β-
rutinose were found in Aspergillus niger K2 and Aspergillus
oryzae RIB40 (GenBank: QHN63926.1 and BAE61018.1)
(Šimčíková et al. 2015; Ishikawa et al. 2018). The A. niger
and A. oryzae displayed certain promiscuity, as they have both
activities (EC 3.2.1.168 and EC 3.2.1.B31), and also β-
glucosidase activity (EC 3.2.1.21) (Šimčíková et al. 2015;
Makabe et al. 2020) (Table 1). The comparison of the kinetic
parameters between quercetin 3-O-glucoside (isoquercetin) and
rutin showed that A. niger β-rutinosidase has a higher affinity
for themonoglycoconjugates than for diglycoconjugates, and in
the case of the A. oryzae β-rutinosidase, no significant differ-
ences were found (Pachl et al. 2020; Makabe et al. 2020).
Recently, the crystal structures of β-rutinosidase from
A. niger K2 (AnRut; PDB ID: 6I1A) and A. oryzae RIB40
(AoRut; PDB ID: 6LA0) were published, which allowed to
understand this substrate specificity (Pachl et al. 2020;
Brodsky et al. 2020; Makabe et al. 2020). Using a molecular
model, the interactions of the enzymes with the respective sub-
strates were analyzed: both the aglycone and glucose moieties
contribute to the binding of rutin to the active site of the enzyme
through non-covalent interactions. In contrast, the rhamnosyl
residue did not show significant interactions with the enzymes;
that means, it is not crucial for the binding (Pachl et al. 2020;
Brodski et al. 2020; Makabe et al. 2020) (Fig. 2).

A final consideration regarding GH5 is that its members
have a retaining mechanism of reaction. That means, the en-
zymes act through a double-displacement mechanism that in-
volves the formation of a covalent glycosyl-enzyme interme-
diate, which is subsequently cleaved after nucleophilic attack
by water or other alcoholic groups. Synthesis of a series of β-
primeverosides and β-rutinosides has been reported using the
enzymesmentioned above and OH-acceptors such as aliphatic
and phenolic alcohols (Tsuruhami et al. 2006a; Šimčíková
et al. 2015; Minig et al. 2011; Mazzaferro et al. 2012, 2019).
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Recently, the A. niger rutinosidase was described to transfer
both glucosyl and rutinosyl moieties to the inorganic sodium
azide acceptor as well as to a panel of aromatic acids (Brodski
et al. 2020; Bassanini et al. 2019).

Glycoside hydrolase family 3 (GH 3) diglycosidases

As a general feature, the GH3 family members exhibit a high
diversity in enzyme functions. Most known GH3 enzymes
remove a single glycosyl residue from the nonreducing ends
of their substrates. The first 6-O-α-rhamnosyl-β-glucosidase
reported in this family was αRβG II from Acremonium sp.
DSM 24697 (Weiz et al. 2019) (Scheme 1). The enzyme
showed a broad substrate range with activity towards 3-O-
and 7-O-β-rutinosylated flavonoids, including rutin,
narcissin, hesperidin, hesperidin-methylchalcone, eriocitrin,
diosmin, and the anthocyanin tulipanin (Weiz et al. 2019)

(Table 1). However, only 20% relative activity with
isoquercetin (quercetin 3-O-β-glucoside) in comparison with
its maximum activity with rutin (quercetin 3-O-rutinoside),
and no activity with myrtillin (delphinidin 3-O-glucoside)
and p-nitrophenyl-β-D-glucopyranoside was reported (Weiz
et al. 2019) (Table 1). This family also includes
isoprimeverose-producing xylooligoglycan hydrolases
(IPase, EC 3.2.1.120), which are β-glucanases that hydrolyze
oligoxyloglucans removing successive isoprimeverose [6-
O-(α-D-xylopyranosyl)-β-D-glucopyranose] residues from
the non-reducing chain ends. These enzymes had been isolat-
ed and characterized from the bacterium Oerskovia sp. Y1
(Yaoi et al. 2007; 2012) and from the fungus Aspergillus
oryzae (Kato et al. 1985; Matsuzawa et al. 2016). Although
they release disaccharides, they cannot be strictly considered
diglycosidases, as they recognize polysaccharides instead of
diglycoconjugates.

EC 3.2.1.149 β-primeverosidase

β-Primeverosides      Alcohol      β-Primeverose

EC 3.2.1.168 Hesperidin 6-O-α-L-rhamnosyl-β-D-glucosidase (αRβG)

Hesperidin                                                      Hespere�n             Ru�nose

EC 3.2.1.B31 (preliminary supplied Brenda EC number) β-ru�nosidase

Ru�n                                      Querce�n               β-Ru�nose

Scheme 1 Reactions catalyzed by microbial diglycosidases as defined in “BRENDA, the comprehensive enzyme information system”
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Table 1 Substrate specificity of reported diglycosidases

Enzyme EC number Substrate and EC number Relative activity (%)

GH 5

Acremonium sp. DSM24697
αRβG (Mazzaferro et al. 2010)

3.2.1.168 Flavanone 7-O-rutinosides

Hesperidin 100

Hesperidin methylchalcone 59

Eriocitrin 90

Narirutin 61

--- Flavonol 3-O-rutinosides

Rutin ND

--- Glucosides

pNP-glucoside ND

A. niger K2 rutinosidase
(Pachl et al. 2020 Šimčíková et al. 2015)

3.2.1.B31 Flavonol 3-O-rutinosides

Rutin 100

3.2.1.168 Flavanone 7-O-rutinosides

Hesperidin ca. 10

3.2.1.21 Glucosides

Isoquercetin (quercetin-3-O-glucoside) 180*

pNP-glucoside <1

A. oryzae rutinosidase (Makabe et al. 2020) 3.2.1.B31 Flavonol 3-O-rutinosides

Rutin 100

3.2.1.168 Flavanone 7-O-rutinosides

Hesperidin 35

Narirutin 87

3.2.1.21 Glucosides

Isoquercetin (quercetin-3-O-glucoside) 87

Quercetin-7-O-glucoside 47

Hesperetin-7-O-glucoside 31

Prunin (naringenin-7-O-glucoside) 63

P. multicolor IAM7153
β-primeverosidase-like
(Tsuruhami et al. 2006a)

3.2.1.149 β-primeverosides

pNP-primeveroside 100

Eugenyl-primeveroside 2.5

3.2.1.21 Glucosides 15

pNP-glucoside

GH 3

Acremonium sp. DSM24697
αRβG II (Weiz et al. 2019)

3.2.1.168 Flavanone 7-O-rutinosides

Hesperidin 100

Hesperidin methylchalcone 92

Eriocitrin 95

Diosmin 29

3.2.1.B31 Flavonol 3-O-rutinosides

Rutin 100

Narcissin 96

Tulipanin 53

3.2.1.21 Glucosides

Isoquercetin (quercetin-3-O-glucoside) 21

Myrtillin (delphinidin-3-O-glucoside) ND

pNP-glucoside ND

GH 55

A. missouriensis 431T

αRβG (Neher et al. 2016)
3.2.1.168 Flavanone 7-O-rutinosides

Hesperidin 100
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Glycoside hydrolase family 55 (GH 55) diglycosidase

This family consists mostly of exo-β-1,3-glucanases (EC
3.2.1.58) and endo-β-1,3-glucanases (EC 3.2.1.39).
Actinoplanes missouriensis 431T αRβG (BAL86042.1) rep-
resents the first member of the family with an enzymatic ac-
tivity other than β-1,3-glucanase. The recombinant protein
was characterized and showed specificity for 7-O-
rutinosylated flavonoids (Table 1). Only trace of activity was
exhibited with mono-glycoconjugates (1% relative activity
with p-nitrophenyl-β-D-glucopyranoside) (Neher et al. 2016)
(Table 1).

Consistently with the inverting mechanism of the family,
the enzyme did not show transglycosylation activity.

The presence of microbial diglycosidases in three families,
from bacterial and fungal origin, means that these enzymes
evolved independently. Particularly the discovery of the
A. missouriensis 431T αRβG emphasized the presence of
diglycosidases that recognize the same substrate, but are not
related phylogenetically, and exhibit different hydrolysis
mechanisms. Their differential substrate specificity and bio-
chemical properties were capitalized for technological appli-
cations; the most outstanding are described below.

β-Primeverosidase: promiscuity as the clue to success

The β-primeverosidases from Aspergillus fumigatus and
Penicillium multicolor are, by far, the best examples of how

Table 1 (continued)

Hesperidin methylchalcone 91

Diosmin ND

--- Flavonol 3-O-rutinosides

Rutin ND

--- Glucosides

pNP-glucoside ND

*Calculated from kinetics parameters. ND not detected

Aspergillus niger RIB40 β-ru�nosidase #

Aspergillus oryzae β-ru�nosidase #

Penicillium mul�color IAM7153 β-primeverosidase

Acremonium sp.  DSM 24697 αRβG I 

Trichophyton benhamiae CBS 112371 Exo-1,3-β-glucanase

Schizosaccharomyces pombe 972h Exo-1,3-β-glucanase

Bipolaris zeicola Exo-1,3-β-glucanase

Trichophyton benhamiae CBS 112371 Endo-1,3-β-glucanase

Ac�noplanes missouriensis 431T αRβG

Acremonium sp. DSM 24697 αRβG II 

Oerskovia sp. Y1  Isoprimeverosidase-producing oligoxyloglucan hydrolase 

Arabidopsis thaliana β-xylosidase

Aspergillus nidulans FGSC A4 β-glucosidase

Aspergillus fumigatus β-glucosidase

Pyricularia oryzae 70-15 β-glucosidase

0.4

Fig. 1 Phylogenetic relationships
among diglycosidases (in bold)
and glycosidases with the highest
similarities. The # symbol
indicates diglycosidases with
known three-dimensional struc-
ture. The diglycosidases were
searched using BLASTp against
UniprotKB/Swiss-Prot database
focusing on hits with functionally
characterized proteins. The clades
are colored according to the
CAZy classification of glycoside
hydrolases: GH3 (blue), GH5
(green), and GH55 (orange). The
bar represents 0.4 amino acid
substitutions per site. The access
numbers from top to bottom are as
follows: Q4WJJ3.1, G4N7Z0.1,
QGN19489.1, Q5BFG8,
BAM08953.1, Q9FGY1.1,
Q9URU6.1, D4AJL7.1,
BAE61018.1, QHN63926.1,
BAG70961.1, AMD11613.1,
P49426.1, D4B0V1.1, and
BAL86042.1
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diglycosidases can be searched and applied for particular pur-
poses. Briefly, the enzyme from A. fumigatus AP-20 was first
discovered in a screening for β-primeverosidases for tea aro-
ma enhancement, and later on, the same activity was found in
the GRAS microorganism P. multicolor (Yamamoto et al.
2002; Tsuruhami et al. 2006a). These enzymes and their ap-
plications and the genetical improvement of the Penicillium
multicolor β-primeverosidase have been patented
(Yamamoto et al. 2006; Tsuruhami et al. 2006b; Tsuruhami
et al. 2011). Nowadays, the company Amano commercializes
the product “aromase” for the enhancement of tea and juice
flavor. The clue for the application of these enzymes is their
promiscuity.

In first place, they recognize and hydrolyze not only
primeverosides but also gentiobiosides [6-O-(β-D-
glucopyranosyl)-β-D-glucopyranosides], rutinosides,
neohesperidosides [2-O-(α-L-rhamnopyranosyl)-β-D-
glucopyranosides], and other diglycosides (Yamamoto
et al. 2006). The aglycones are also diverse, from terpenes
and other alcohols, like 1-hexanol, benzaldehyde, and gera-
niol, to flavonoids such as naringin and rutin (Yamamoto

et al. 2006). As a result, aroma enhancement has been
claimed for varied plant-based foods, such as tea, red and
white wine, and fruit juices (Yamamoto et al. 2006). Novel
applications of the product “aromase” include the sweet
potato spirit shochu and black raspberry wine (Kim and
Park 2017; Sato et al. 2018).

In second place, they can hydrolyze modified glucosides,
which are hardly hydrolyzed by exo-acting β-glucosidases
(Tsuruhami et al. 2006a). They can also be used for the hy-
drolysis of β-glucosides and, in comparison with exo-acting
β-glucosidases, they are less inhibited by glucose (Tsuruhami
et al. 2006a). As an illustrative example, the isoflavones
daidzin (daidzein 7-O-β-D-glucoside), genistin (genistein 7-
O-β-D-glucoside), and glycitin (glycitein 7-O-glucoside) are
hydrolyzed by the β-primeverosidase, as well their acetyl,
succinyl, and malonyl derivatives (Tsuruhami et al. 2006a).
Recently, “aromase” has also been used to prepare steviol
from stevioside (19-O-β-D-glucopyranosyl-13-O-[β-D-
glucopyranosyl (1→2)-β—D-glucopyranosyl]-steviol),
which has both a monosaccharidic and a disaccharidic moiety
(Ni et al. 2019).

--- Conven�onal Hydrogen Bond
--- Carbon Hydrogen Bond
--- Pi-Lone Pair
--- Pi-Pi T-shaped
--- Pi-Alkyl

His 
288 Leu 

162

Tyr
286

Glu
210

Glu
319

Glu
50

Phe
221

Fig. 2 A. niger β-rutinosidase (ribbon model) in complex with rutin (stick model). The detailed interactions in the modeled complex are shown in a 2D
diagram. Modified from Brodsky et al. (2020)
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Hesperidin 6-O-α-L-rhamnosyl-β-D-glucosidase: all
you need is specificity!

Two patent applications regarding the Acremonium sp. DSM
24697 aRbG I and its uses have been presented (Breccia et al.
2012, 2020). The enzyme is amicrobial diglycosidase that shows
high substrate specificity, recognizing and hydrolyzing 7-O-
rutinosyl-flavanones. This feature has been exploited for the de-
sign and development of a UV-spectrometric method to quantify
hesperidin in citrus food, without the need of sample purification
(Mazzaferro and Breccia 2012). Moreover, this enzyme can be
used for the synthesis of rutinosides because of its
transglycosylation capacity (Mazzaferro et al. 2010; Minig
et al. 2011; Mazzaferro et al. 2012, 2019; Molejon et al. 2019).
Opposed to the specificity concerning the hydrolysis, several
alcohols—aliphatic and aromatic—can be accepted by the en-
zyme, rendering the corresponding rutinosides (Mazzaferro et al.
2010; Minig et al. 2011; Mazzaferro et al. 2012, 2019). When
using polyalcohols, only monorutinosylated products have been
generated, which underlines the selectivity of the catalyzed reac-
tions (Mazzaferro et al. 2019).

These properties, alone or in combination, allowed several
syntheses. For instance, the food aroma precursors 2-
phenylethyl-, geranyl-, and neryl-rutinosides were synthesized
with yields up to 80%, with no need of kinetic control of the
reaction, since the products’ selves are not significantly hydro-
lyzed by the enzyme (Minig et al. 2011). Other example is the
glycosylation of hydroquinone. Although hydroquinone has
two OH-groups, a single glycosylated product, 4-
hydroxyphenyl-β-rutinoside, with a free hydroxyl group was
synthesized and, used in combination with the antitumor agents
gemcitabine, improved single-treatment effects in primary pan-
creatic tumoral cells (Mazzaferro et al. 2019; Molejon et al.
2019). Last but not least, the synthesis and purification of 4-
methylumbelliferil-β-rutinoside has allowed the screening of
novel diglycosidases (Mazzaferro et al. 2012; Neher et al. 2016).

Conclusions

The last decade has been fruitful in the study of microbial
diglycosidases: several enzymes have been sequenced and
characterized, and two three-dimensional structures have been
clarified. The enzymes have been reported to belong to families
GH5, GH3, and GH55, covering both retaining and inverting
hydrolysis mechanisms, and bacterial and fungal enzymes.
With this information, the independent phylogenetic origin of
microbial diglycosidases, which is also different from plant
diglycosidases (GH1), can be confirmed. Given the variety of
glycoconjugates in nature, it is possible that many other micro-
bial diglycosidases with diverse substrate specificity and bio-
chemical characteristics are awaiting to be discovered. As

already demonstrated by the experience, that discovery of
new activities will surely lead to novel applications.
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