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Snailase: A Promising Tool for the
Enzymatic Hydrolysis of Flavonoid
Glycosides From Plant Extracts

Christoph Kornpointner, Jakob Scheibelreiter and Heidi Halbwirth*

Institute of Chemical, Environmental and Bioscience Engineering, Technische Universitédt Wien, Vienna, Austria

Plants typically contain a broad spectrum of flavonoids in varying concentrations. As
a rule, several flavonoid classes occur in parallel, and, even for a single flavonoid,
divergent glycosylation patterns are frequently observed, many of which are not
commercially available. This can be challenging in studies in which the distribution
between flavonoid classes, or features that are not affected by glycosylation patterns,
are adressed. In addition, hydrolysis simplifies the quantification process by reducing
peak interferences and improving the peak intensity due to the accumulation of
the respective aglycone. Effective removal of glycose moieties can also be relevant
for technological applications of flavonoid aglycones. Herein, we present a fast
and reliable method for the enzymatic hydrolysis glycosides from plant extracts
using the commercial enzyme mix snailase, which provided the highest aglycone
yields across all investigated flavonoids (aurones: leptosidin, maritimetin, sulfuretin;
chalcones: butein, lanceoletin, okanin, phloretin; dihydroflavonols: dihydrokaempferol;
flavanones: eriodictyol, hesperetin; flavones: acacetin, apigenin, diosmetin, luteolin;
flavonols: isorhamnetin, kaempferol, myricetin, quercetin; isoflavones: biochanin A,
formononetin, genistein) from methanolic extracts of nine plants (Bidens ferulifolia,
Coreopsis grandiflora, Fagus sylvatica, Malus x domestica, Mentha x piperita, Petunia
x hybrida, Quercus robur, Robinia pseudoacacia, and Trifolium pratense) in comparison
to four other enzymes (cellobiase, cellulase, B-glucosidase, and pectinase), as well as to
acidic hydrolysis by hydrochloric acid.

Keywords: snailase, enzymatic hydrolysis, flavonoid aglycones, acidic hydrolysis, flavonoids, anthochlors,
B-glucosidase, dihydrochalcone

INTRODUCTION

Flavonoids are one of the largest groups of secondary metabolites in higher plants, with more than
8,000 individual compounds described to date (Juca et al., 2020). For a better overview, flavonoids
are grouped into different classes according to the oxidation status and substitution pattern of their
heterocyclic ring (ring C), e.g., anthocyanidins, flavonols, flavones, isoflavones, dihydroflavonols,
or flavanones, and the flavonoid relatives, aurones, and chalcones. Flavonoids are typically found
as O-glycosides or C-glycosides in flowers, leaves, or fruits (Pietta, 2000; Veitch and Grayer, 2011)
and fulfill a great variety of important functions in plants. To name only a few, they function as
pigments and are responsible for the flavor in flowers and fruits to attract pollinators and seed
dispersers (Griesbach, 2005), protect the plants against UV radiation (Takahashi et al., 1991) or
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FIGURE 2 | Summarized aglycone yields (mg/g) in methanolic plant extracts after hydrolysis by snailase (5 mg per assay) at 37°C for 25 min between pH 5.0-7.0. (A)
B. ferulifolia; (B) C. grandifiora; (C) P x hybrida; (D) T. pratense; (E) M. x piperita; (F) M. x domestica; (G) F. sylvatica; (H) Q. robur; (l) R. pseudoacacia (n = 3 £+ SD).

for both temperatures, but at 25°C significantly less flavonoid
aglycones for the following woody-plant extracts were obtained:
23% less X(flavonols) from F. sylvatica, 36% less X (DHC)
from M. x domestica, and 16% less X (flavones) from R.
pseudoacacia (Supplementary Table S2, p < 0.05). Furthermore,
the incubation time was reduced from 25min at pH 6.0 and
37°C in Sna3 to 10 min in Sna5. Most plant extracts showed
comparable results for both investigated incubation periods.
However, a shortened time in Sna5 led to a significant reduction
of 27% X (flavanones) in M. x piperita, 13% X (flavonols) in
F. sylvatica, and 17% X (DHC) in M. x domestica, respectively
(Supplementary Tables S1, S2, p < 0.05). Hence, Sna6-Sna8
were performed at the optimized temperature of 37°C and
incubation time of 25 min.

Ultimately, the yields of flavonoid aglycones were investigated
additionally at pH 5.0 (Sna6), pH 5.5 (Sna7), and pH 7.0 (Sna8).
For the methanolic flower extracts, flavonoid yields behaved
differently in dependence of pH and raw material. First, in B.
ferulifolia extracts, a maximum yield of ¥ (flavones) at pH 5.5 in
Sna7, a significant decrease of X' (chalcones) at pH > 6.5 (p <
0.05), and no differences in ¥ (aurones) yields can be reported
(Figure 2A). In comparison, in C. grandiflora extracts, where

the same flavonoid classes are present as in B. ferulifolia, no
differences in flavonoid yields were determined within the tested
pH range (Figure 2B). Further, ¥ (DHE, dihydroflavonols) yields
from P. x hybrida were, by a significant margin, the highest
at pH < 5.5 as was X (flavonols) at pH 5.5 (Figure2C, p <
0.05). For T. pratense, significantly lower X (flavonols) yields
were only obtained at pH 7 in Sna8 (Figure 2D, p < 0.05)
and no changes for X (isoflavones) yields between pH 5.5-7.0
were observed.

Apart from that, four leaf extracts, of non-woody and
woody plants, were investigated. Methanolic leaf extracts of the
herb M. x piperita led to significantly higher X(flavanones)
at pH < 5.5 and X(flavones) at pH < 6.0 (Figure2E, p
< 0.05). Further analysis of tree leaf extracts showed that
significantly higher X (flavonols) values were gained at pH <
6.0 from M. x domestica (Figure2F) and R. pseudoacacia
(Figure 2I). In addition, significantly higher yields of X' (DHC)
from M. x domestica, X (flavones) from R. pseudoacacia, and
XY (flavonols) from F. sylvatica (Figure 2G) were obtained at
pH < 55 (p < 0.05). However, the amount of X(flavones)
in F. sylvatica was comparable for the entire pH range tested.
Ultimately, in the extracts of Q. robur a significant increase

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 889184



Kornpointner et al.

Enzymatic Hydrolysis of Flavonoid Glycosides

of X(flavonols) was determined at pH < 7.0 (Figure 2H,
p < 0.05).

The results indicate that a successful flavonoid glycoside
hydrolysis by snailase depends on the experimental parameters,
namely, amount of enzyme, temperature, time, and pH. In
addition, the type of raw material has an impact on the tested
experimental parameters. For instance, yields of C. grandiflora
were consistent for all tested conditions, but for other flower or
leaf extracts, the selection of hydrolysis parameters affected the
yields greatly (Supplementary Tables S1, S2). Hence, after the
optimization the most effective hydrolysis condition, which led to
highest yields of all flavonoids for the investigated plant extracts,
consisted of 5 mg enzyme per assay, a temperature of 37°C at pH
5.5 for 25 min in experiment Sna7.

Comparison of Snailase With Other

Enzymes and Acidic Hydrolysis

The yields of individual aglycones after enzymatic hydrolysis
by snailase are compared with those of the enzymes, cellobiase,
cellulase, p-glucosidase, pectinase, and acidic hydrolysis to
obtain information about the specificity and efficiency of
the deglycosylation of different flavonoid types from several
plant extracts.

Flower extracts of B. ferulifolia and C. grandiflora were used
to test the ability of the enzymes to hydrolyze anthochlors. The
presence of high levels of different chalcones, as well as contents
of aurones and flavones, has been reported in these two plants
(Crawford and Smith, 1980; Miosic et al., 2013; Molitor et al.,
2015; Boucherle et al., 2017).

In the hydrolyzed flower extracts of B. ferulifolia, three
chalcones, namely, okanin, lanceoletin, and butein, as well as the
aurone maritimetin and the flavone luteolin could be identified.
Snailase yielded 1.78 mg/g okanin, 0.116 mg/g luteolin, and
57 wg/g lanceoletin, outperforming all other types of hydrolysis
significantly (Figure 3; Supplementary Table S13, p < 0.05). For
butein, both snailase (32.1 jLg/g) and cellobiase (34.4 ug/g) gave
comparable yields. Furthermore, acidic hydrolysis yielded low
yields of the investigated chalcones at the tested conditions;
however, comparable yields of maritimetin (26.8 ug/g) to the
ones obtained by snailase (28.8 Lg/g) were hydrolyzed.

In the extracted flower petals of C. grandiflora, derivatives
of chalcones (lanceoletin, okanin), aurones (leptosidin,
maritimetin, sulfuretin), and luteolin were present. In contrast
to the results of B. ferulifolia extracts, all enzymes yielded
comparable amounts of okanin (3.1-3.4 mg/g) (Figure4;
Supplementary Table S14). The yields of the predominantly
accumulated chalcone, lanceoletin, were in good agreement
for snailase, cellobiase, cellulase, and B-glucosidase, ranging
from 11.0 to 12.4 mg/g, but not for pectinase and acidic
hydrolysis, which yielded significantly less, ranging from 2.6
to 4.2 mg/g (p < 0.05). Hence, pectinase seems to hydrolyze
okanin better than lanceoletin glycosides, from C. grandiflora
extracts. The enzyme cellulase yielded less luteolin (1.15 mg/g),
but results of the other hydrolysis methods were in good
agreement (1.30-1.36 mg/g) compared with snailase (1.55
mg/g). Additionally, three aurones, maritimetin (0.23-0.28
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FIGURE 3 | Aglycone yields (mg/g) from flower extracts of B. ferulifolia.
Enzymatic hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Cbi3: 5U
cellobiase (pH 4.5, 37°C); Cel1: 20U cellulase (pH 5.5, 52°C); Pec3: 20U
pectinase (pH 4.5, 40°C); Glu1: 20U B-glucosidase (pH 4.5, 37°C). Acidic

hydrolysis (60 min): HCI5: 1M HCl at 100°C (1 = 3 + SD).
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FIGURE 4 | Aglycone yields (mg/g) from flower extracts of C. grandifiora.
Enzymatic hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Glu3: 20U
B-glucosidase (pH 5.5, 37°C); Chi3: 5 U cellobiase (pH 4.5, 37°C); Cel2: 20U
cellulase (pH 6.0, 52°C); Pec3: 20 U pectinase (pH 4.5, 40°C). Acidic

hydrolysis (60 min): HCI5: 1M HCl at 100°C (n = 3 + SD).

mg/g), leptosidin (1.8-2.5 mg/g), and sulfuretin (71-104
ng/g), were quantified in comparable amounts for all tested
hydrolysis, apart from pectinase, where no maritimetin
could be detected, due to peak interferences. It should be
noted that acidic hydrolysis led to high amounts of aurone
aglycones, but to low yields of chalcone aglycones, due to
the possible isomerization to flavanones in acidic milieu
(Cisak and Mielczarek, 1992). Hence, acidic hydrolysis is
not recommended to quantify chalcone aglycones from
plant extracts.
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FIGURE 5 | Aglycone yields (mg/g) from flower extracts of P x hybrida.
Enzymatic hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Cbi3: 5U
cellobiase (pH 4.5, 37°C); Pec3: 20 U pectinase (pH 4.5, 40°C); Glu3: 20U
B-glucosidase (pH 5.5, 37°C); Cel2: 20U cellulase (pH 6.0, 52°C). Acidic

hydrolysis (60 min): HCI5: 1M HCl at 100°C (7 = 3 + SD).
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FIGURE 6 | Aglycone yields (mg/g) from flower extracts of T. pratense.
Enzymatic hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Pec3: 20U
pectinase (pH 4.5, 40°C), Chi3: 5U cellobiase (pH 4.5, 37°C); Cel1: 20U
cellulase (pH 5.5, 52°C); Glu1: 20U B-glucosidase (pH 4.5, 37°C). Acidic
hydrolysis (60 min): HCI3: 1 M HCl at 70°C; HCI5: 1 M HCl at 100°C (n = 3 +
SD).

Flower extracts extracts of P. x hybrida were included in
the study as a source of flavonols and DHFs. The latter are
intermediates in the formation of anthocyanins and, therefore,
rarely accumulate in plants. However, the escaped genetically
modified orange petunias were recently described to contain
high amounts of DHK because they possess a rare biochemical
background in which flavonol synthase activity is low and
dihydroflavonol 4-reductase possesses a very low specificity for
DHK compared with other DHFs (Haselmair-Gosch et al., 2018).

Snailase, cellulase, cellobiase, and pectinase yielded
significantly higher amounts of DHK, ranging from
0.75 to 0.831 mg/g compared with the rest (Figure5;
Supplementary Table S15, p < 0.05). Furthermore, hydrolysis
with snailase yielded the highest amounts of kaempferol
(0.225 mg/g). Although the other three aforementioned
enzymes yielded comparable amounts of DHK, significantly
less kaempferol by 38 up to 97% was obtained compared with
snailase (p < 0.05).

The last flower model, T. pratense, was selected for extraction,
primarily due to the content of glycosylated isoflavones
(biochanin A, formononetin, genistein), among other flavonols,
e.g., kaempferol, isorhamnetin, and quercetin (Lin et al,
2000). Deglycosylation by snailase and HCI (70° and 100°C,
respectively) led to higher yields of investigated flavonols (1.30-
1.42 mg/g kaempferol, 1.18-1.29 mg/g quercetin, 0.215-0.262
mg/g isorhamnetin) compared with all other tested enzymes
(Figure 6; Supplementary Table S16, p < 0.05). In addition, a
particular group of flavonoids, isoflavones, could be investigated
in T. pratense. Biochanin A (60-61g/g), formononetin
(36 1Lg/g), and genistein (25.4-30.7 ug/g) were generated to
the greatest extent by snailase and HCI (100°C). Furthermore,
enzymatic hydrolysis by cellobiase led to comparable yields of
all investigated isoflavones compared with those by snailase,
but it was not able to hydrolyze flavonol glycosides sufficiently
(Figure 6). Apart from that, the yields of isoflavones were
significantly different between acidic hydrolysis at 70 and 100°C.
In total, 79% less biochanin A, 78% less formononetin, and
87% less genistein were obtained at lower temperatures (p
< 0.05). However, both tested acidic hydrolyses yielded high
amounts of flavonols, implying that the optimal conditions for
the simultaneous acidic hydrolysis of different flavonoid types
needs to be optimized carefully. Different acidic hydrolysis
optima in dependence of the flavonoid class in one plant have
been discussed before (Nuutila et al., 2002).

Besides the investigated flower extracts, the leaves of five
plants were extracted with methanol. Leaf extracts of the herb M.
x piperita were analyzed due to their accumulation of flavanone
(eriodictyol, hesperetin) and flavone (apigenin, diosmetin,
luteolin) glycosides (Inoue et al, 2002; Kapp et al, 2013).
Hydrolysis by snailase, cellobiase, pectinase, and HCI resulted in
the highest yields, by a significant margin, of the flavananones,
eriodictyol ranging from 1.78 to 2.09 mg/g and hesperetin
from 0.61 to 0.701 mg/g (Figure 7; Supplementary Table S17,
p < 0.05).

Further investigation of the flavone yields showed that snailase
produced high yields of luteolin (0.77 mg/g), diosmetin (0.182
mg/g), and apigenin (86|Lg/g). Flavone yields by cellobiase,
pectinase, and HCI correlated to some of the flavone yields
by snailase, but, importantly, were not able to generate all
three flavones at the same time in highest quantities. Enzymatic
hydrolyses by p-glucosidase and cellulase were not feasible for the
target aglycones accumulated in M. x piperita (Figure 7).

Additionally, leaves of four trees were investigated. First, the
leaves of M. x domestica were included as an exceptionally good
source for DHC glycosides. In accordance with the literature,
derivatives of the dihydrochalcone phloretin, as well as the
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FIGURE 7 | Aglycone yields (mg/g) from leaf extracts of M. x piperita.
Enzymatic hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Pec3: 20U
pectinase (pH 4.5, 40°C); Chi3: 5U cellobiase (pH 4.5, 37°C); Glu3: 20U
B-glucosidase (pH 5.5, 37°C); Cel1: 20U cellulase (pH 5.5, 52°C). Acidic
hydrolysis (60 min): HCI5: 1M HCl at 100°C (n = 3 £+ SD).

flavonols quercetin, kaempferol, and isorhamnetin, were found
(Bernonville et al., 2011). After acidic hydrolysis (100°C), the
most abundant aglycone present was phloretin, which was
yielded in the highest amounts, significantly so, by snailase
(29.48 mg/g) and HCI (27.9 mg/g), compared with the other
tested enzymes (Figure 8; Supplementary Table S18, p < 0.05).
In addition, hydrolysis by HCI and snailase led to the highest
amounts of the flavonols, quercetin, ranging from 1.85 to 1.90
mg/g, and kaempferol, 0.321 to 0.337 mg/g (p < 0.05). Ultimately,
snailase generated the highest quantities of isorhamnetin (0.302
mg/g, p < 0.05).

Leaf extracts of F. sylvatica were analyzed and three flavonols
(myricetin, kaempferol, and quercetin) and two flavones
(apigenin and luteolin) were characterized after removal of the
sugar moieties. These flavonoids have been known to accumulate
in F. sylvatica (Pirvu et al., 2013; Formato et al., 2021). For all
flavonols, snailase outperformed the other enzymes significantly,
yielding 2.01 mg/g myricetin, 0.69 mg/g quercetin, and 56.1 ug/g
kaempferol (Figure9; Supplementary Table S19, p < 0.05).
Yields of myricetin were approximately 16 times greater, and
those of quercetin 14 times greater, compared to the other
enzymes. It has to be noted that of all enzymes only snailase
hydrolyzed kaempferol glycosides to the respective aglycone.

Furthermore, all enzymes yielded comparable amounts
of luteolin (52-641g/g), but for the second flavone present,
apigenin, significantly greater quantities (36.91g/g) were
determined after hydrolysis by snailase (p < 0.05). Apart from
that, acidic hydrolysis at 70°C (2M HCI) led to the second
highest yields of the three flavonols, but low yields for the
target flavones. However, acidic hydrolysis at 100°C (1M HCI)
led to higher yields of flavones, but lower yields of flavonols
(Supplementary Table S19, p < 0.05) in comparison. Hence,
an optimal condition for acidic hydrolysis of flavonoids was
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FIGURE 8 | Aglycone yields (mg/g) from leaf extracts of M. x domestica.
Enzymatic hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Cbi3: 5U
cellobiase (pH 4.5, 37°C); Glu2: 20 U B-glucosidase (pH 5.0, 37°C); Cel1: 20U
cellulase (pH 5.5, 52°C); Pec3: 20 U pectinase (pH 4.5, 40°C). Acidic

hydrolysis (60 min): HCI5: 1M HCl at 100°C (n = 3 + SD).
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FIGURE 9 | Aglycone yields (mg/g) from leaf extracts of . sylvatica. Enzymatic
hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Cbi3: 5 U cellobiase
(pH 4.5, 37°C); Pec3: 20U pectinase (pH 4.5, 40°C); Glu3: 20 U B-glucosidase
(pH 5.5, 37°C); Cel1: 20U cellulase (pH 5.5, 52°C). Acidic hydrolysis (60 min):
HCI4: 2M HCl at 70°C HCI5; 1M HCl at 100°C (n = 3 + SD).

not observed and different preferable hydrolysis parameters for
flavonols and flavones have been discussed before (Ahn-Jarvis
et al., 2019).

Leaves of Q. robur were included as an additional tree
species, which primarily contain flavonols. After hydrolysis,
quercetin, kaempferol, myricetin, and isorhamnetin were found
as reported in literature (Tikkanen and Julkunen-Tiitto, 2003;
Unuofin and Lebelo, 2021). Snailase yielded significantly higher
amounts of all flavonol aglycones, for instance, >68% more
quercetin (2.57 mg/g), >39% more kaempferol (1.07 mg/g),
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>94% more isorhamnetin (0.29 mg/g), and >41% more
myricetin (90 ng/g) were determined compared with other
hydrolysis experiments (Figure 10; Supplementary Table S20,
p < 0.05).

Differences between hydrolysis by acid at 70°C (2M HCI)
and 100°C (1M HCI) can be reported for myricetin. Yields
increased significantly with lower temperature and molarity
from 49 to 63pg/g (Supplementary Table S20, p < 0.05);
however, the other two flavonols present, namely, kaempferol
and quercetin, stayed unchanged. In comparison with F.
sylvatica extracts, where the same flavonols were found as in
Q. robur, an increase of myricetin yields was also observed,
after acidic hydrolysis by 2M HCI at 70°C, compared with
1M HCl at 100°C. However, different acidic hydrolysis
conditions led to changes in kaempferol and quercetin yields
(Supplementary Table $19). Hence, the yields of flavonoid
aglycones by acidic hydrolysis seem to depend not only on
the hydrolysis conditions but also on the nature of the plant,
which has been the object of discussion (Nuutila et al,
2002).

Ultimately, methanolic extracts of R. pseudoacacia leaves
were investigated. In total, derivatives of six flavonoids
were determined, namely, four flavones (acacetin, apigenin,
diosmetin, and luteolin) and two flavonols (isorhamnetin and
quercetin). Several glycosides of these flavonoids have been
reported (Veitch et al, 2010). Aglycone yields by snailase
were significantly higher than those of all other investigated
hydrolysis methods (Figure 11; Supplementary Table S21,
p < 0.05). In total, >62% more acacetin (2.71 mg/g), >36%
more luteolin (0.307 mg/g), >102% more quercetin (0.247
mg/g), >88% more apigenin (0.190 mg/g), >79% more
diosmetin (0.136 mg/g), and >160% more isorhamnetin
(52 ng/g) were hydrolyzed in comparison to all other types
of hydrolysis.

Enzymatic hydrolysis by cellobiase, cellulase, B-glucosidase,
and pectinase showed different behavior, and the results indicate
that the success of flavonoid deglycosylation depends on several
parameters, e.g., selection of enzyme, type of plant, as well as type
of flavonoid. However, the enzyme mix snailase yielded highest
amounts of all target flavonoids independently of type of plant
or flavonoid.

By comparing the amounts of the two most abandoned
classes of flavonoids, flavonols, and flavones, each found in
five plant extracts, several observations can be made. Snailase
outperformed all other enzymes by yielding significantly higher
amounts of all targeted flavonols (isorhamnetin, myricetin,
kaempferol, and quercetin). In contrast, flavone yields differ in
the results, depending on the type of plant and flavonoid. For
instance, luteolin was yielded in the highest amounts by several
enzymes in C. grandiflora and F. sylvatica, as with snailase, but
significantly higher yields were hydrolyzed by snailase in extracts
of B. ferulifolia and M. x piperita in comparison to other enzymes
(p < 0.05). Similar behavior can be observed for anthochlors’
aglycones. Okanin, lanceoletin, and maritimetin yields generated
by several enzymes in C. grandiflora (Supplementary Table $14)
correlated with the amounts obtained by snailase. However, in
B. ferulifolia, where the same anthochlors were determined, the
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FIGURE 10 | Aglycone yields (mg/g) from leaf extracts of Q. robur. Enzymatic
hydrolysis (25 min): Sna7: 5 mg snailase (pH 5.5, 37°C); Cbi3: 5 U cellobiase
(pH 4.5, 37°C); Glu3: 20 U B-glucosidase (pH 5.5, 37°C); Pec3: 20U
pectinase (pH 4.5, 40°C); Cel1: 20 U cellulase (pH 5.5, 52°C). Acidic hydrolysis
(60 min): HCI4: 2 M HCl at 70°C; HCI5:1 M HCl at 100°C (n = 3 + SD).
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FIGURE 11 | Aglycone yields (mg/g) from leaf extracts of R. pseudoacacia.
Enzymatic hydrolysis (25 min): Sna7: 5 mg Snailase (pH 5.5, 37°C); Cbi3: 5U
Cellobiase (pH 4.5, 37°C); Pec3: 20 U Pectinase (pH 4.5, 40°C); Glu3: 20U
B-Glucosidase (pH 5.5, 37°C); Cell: 20U Cellulase (pH 5.5, 52°C). Acidic
hydrolysis (60 min): HCI6: 2M HCl at 100°C (n = 3 &+ SD).

other enzymes led to significantly lower yields than snailase
(Supplementary Table S13). This could indicate that the success
of hydrolysis depends on the combination of enzyme and type
of plant. Differences in aglycone yields in dependence of the
enzyme have been reported before by comparing the amounts
of hydrolyzed flavonoids in bergamot peel extracts yielded by
cellulase or pectinase (Mandalari et al., 2006).

By focusing on one plant, differences in yields in dependence
of flavonoid classes can be reported. For instance, in P. x
hybrida extracts, the dihydroflavonol DHK was hydrolyzed
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in high yields by cellobiase or cellulase, but both enzymes
generated significantly lower yields of the flavonol kaempferol
than snailase, although the structures of both polyphenols are
similar (Figure 5). Furthermore, differences in enzyme selectivity
within one flavonoid classes can also be reported. Cellobiase and
p-glucosidase in T. pratense led to high yields of formononetin,
but to low amounts of biochanin A (Figure 6). Apart from that,
high yields of luteolin were generated by all tested enzymes
in F. sylvatica extracts; however, the other present flavone,
apigenin, was yielded in highest amounts by snailase alone
(Figure 9). Interestingly, pectinase hydrolyzed highest amounts
of apigenin in M. X piperita extracts (Supplementary Table S17).
This could indicate the molecular structure of the flavonoid
plays a minor role and possibly the type and binding of
the sugar moiety could affect the success of hydrolysis. The
binding site of O-glycosidic bonds has been reported to potently
influence the hydrolyzability of flavonoid glycosides (Harborne,
1965).

Ultimately, results of acidic hydrolysis by HCl depended
on the temperature (Supplementary Tables S11, S12), type of
plant, and flavonoid. High yields for some flavonoids were
obtained, for instance, flavanones in M. X piperita extracts,
aurones in C. grandiflora and B. ferulifolia, or phloretin
from M. x domestica, among others. Influences for efficiently
hydrolyzing by acid have been discussed before (Nuutila
et al, 2002; Ahn-Jarvis et al., 2019) and correlate with the
results herein.

CONCLUSION

Our study shows that, for all tested methanolic flower extracts
(B. ferulifolia, C. grandiflora, P. x hybrida, T. pratense) and
leaf extracts (F. sylvatica, M. x domestica, M. x piperita,
Q. robur, R. pseudoacacia) flavonoid hydrolysis was most
feasible by the enzyme mix snailase compared with cellobiase,
cellulase, pB-glucosidase, and pectinase. It is assumed that the
success of the enzymatic hydrolysis for flavonoid glycosides
depends mainly on four parameters, namely, enzyme selection,
optimization of hydrolysis (pH, temperature, and time), type

REFERENCES

Abbexa (2022). Snailase. Available online at: https://www.abbexa.com/snailase
(accessed January 12, 2022).

Ahn-Jarvis, J. H., Parihar, A., and Doseff, A. I. (2019). Dietary flavonoids for
immunoregulation and cancer: food design for targeting disease. Antioxidants
8,202. doi: 10.3390/antiox8070202

Bernonville, T. D. d., Gaucher, M., Guyot, S., Durel, C.-E., Dat, J. F., and Brisset,
M.-N. (2011). The constitutive phenolic composition of two Malusx domestica
genotypes is not responsible for their contrasted susceptibilities to fire blight.
Environ. Exp. Bot. 74, 65-73. doi: 10.1016/j.envexpbot.2011.04.019

Boucherle, B., Peuchmaur, M., Boumendjel, A., and Haudecoeur, R. (2017).
Occurrences, biosynthesis and properties of aurones as high-end evolutionary
products. Phytochemistry 142, 92-111. doi: 10.1016/j.phytochem.2017.06.017

Brossa, R., Casals, I, Pinté-Marijuan, M., and Fleck, I. (2009). Leaf flavonoid
content in Quercus ilex L. resprouts and its seasonal variation. Trees 23,
401-408. doi: 10.1007/s00468-008-0289-5

Cisak, A. and Mielczarek, C. (1992). Practical and theoretical aspects of
flavanone-chalcone isomerisations. J. Chem. Soc. Perkin Trans. 2, 1603-1607.
doi: 10.1039/P29920001603

of plant, and type of flavonoid. However, the results indicate
that the enzyme mix snailase functions independently of the
type of plant and flavonoid as it yielded the highest amounts
of all 21 investigated flavonoid aglycones compared with the
other tested enzymes. The optimal conditions for flavonoid
glycoside hydrolysis by snailase are 37°C, pH 5.5, and 5mg
snailase per assay for 25min, which are recommended for the
screening and determination of contents of flavonoid aglycones
from unknown plant samples. Hence, snailase is a useful and
promising tool for flavonoid hydrolysis of various plants with
numerous flavonoid classes as well as glycosides for comparative
studies and routine analysis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

CK wrote the original draft. CK and HH conceived the research
and wrote the manuscript. CK and JS conducted the experiments
and analyzed the data. All authors approved the manuscript.

FUNDING

We acknowledge funding by the Austrian Science Fund
(FWF) T 2919-B25 and by the Vienna Science and
Technology Fund (WWTE Project Number: ESR17-
027). CK acknowledges TU Wien for the funding of the
Doctoral College Bioactive (https://bioactive.tuwien.ac.at/
home/).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
889184/full#supplementary-material

Crawford, D. J., and Smith, E. B. (1980). Flavonoid chemistry of Coreopsis
grandiflora (Compositae). Brittonia 32, 154-159. doi: 10.2307/2806783

de Araujo, M. E. M. B., Moreira Franco, Y. E., Alberto, T. G., Sobreiro, M. A,,
Conrado, M. A,, Priolli, D. G., et al. (2013). Enzymatic de-glycosylation of
rutin improves its antioxidant and antiproliferative activities. Food Chem. 141,
266-273. doi: 10.1016/j.foodchem.2013.02.127

Formato, M., Piccolella, S., Zidorn, C., and Pacifico, S. (2021). UHPLC-HRMS
analysis of Fagus sylvatica (Fagaceae) leaves: a renewable source of antioxidant
polyphenols. Antioxidants 10, 1140. doi: 10.3390/antiox10071140

Freischmidt, A., Untergehrer, M., Ziegler, J., Knuth, S., Okpanyi, S., Miiller, J., et al.
(2015). Quantitative analysis of flavanones and chalcones from willow bark. Die
Pharmazie Int. ]. Pharm. Sci. 70, 565-568. doi: 10.1691/ph.2015.5555

Griesbach, R. J. (2005). “Biochemistry and Genetics of Flower Color,” in Plant
Breeding Reviews, ed. J. Janick (Hoboken: John Wiley & Sons), 89-114.

Harborne, J. B. (1965). Plant polyphenols—XIV:
of flavonoid  glycosides by acidic and
Phytochemistry 4, 107-120. doi:
86152-X

Haselmair-Gosch, C., Miosic, S., Nitarska, D., Roth, B. L., Walliser, B., Paltram,
R, et al. (2018). Great cause—small effect: undeclared genetically engineered

characterization
enzymic  hydrolyses.
10.1016/S0031-9422(00)

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 889184


https://bioactive.tuwien.ac.at/home/
https://bioactive.tuwien.ac.at/home/
https://www.frontiersin.org/articles/10.3389/fpls.2022.889184/full#supplementary-material
https://www.abbexa.com/snailase
https://doi.org/10.3390/antiox8070202
https://doi.org/10.1016/j.envexpbot.2011.04.019
https://doi.org/10.1016/j.phytochem.2017.06.017
https://doi.org/10.1007/s00468-008-0289-5
https://doi.org/10.1039/P29920001603
https://doi.org/10.2307/2806783
https://doi.org/10.1016/j.foodchem.2013.02.127
https://doi.org/10.3390/antiox10071140
https://doi.org/10.1691/ph.2015.5555
https://doi.org/10.1016/S0031-9422(00)86152-X
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Kornpointner et al.

Enzymatic Hydrolysis of Flavonoid Glycosides

orange petunias harbor an inefficient dihydroflavonol 4-reductase. Front. Plant
Sci. 9, 149. doi: 10.3389/fpls.2018.00149

Hertog, M. G. L., Hollman, P. C. H., and Venema, D. P. (1992). Optimization
of a quantitative HPLC determination of potentially anticarcinogenic
flavonoids in vegetables and fruits. J. Agric. Food Chem. 40, 1591-1598.
doi: 10.1021/jf00021a023

Hofmann, T., Nebehaj, E., and Albert, L. (2016). Antioxidant properties and
detailed polyphenol profiling of European hornbeam (Carpinus betulus L.)
leaves by multiple antioxidant capacity assays and high-performance liquid
chromatography/multistage electrospray mass spectrometry. Ind. Crops Prod.
87, 340-349. doi: 10.1016/j.indcrop.2016.04.037

Inoue, T., Sugimoto, Y., Masuda, H., and Kamei, C. (2002). Antiallergic effect of
flavonoid glycosides obtained from Mentha piperita L. Biol. Pharm. Bull. 25,
256-259. doi: 10.1248/bpb.25.256

Jin, X., Zhang, Z.-h,, Sun, E., and Jia, X.-B. (2013). B-cyclodextrin assistant
flavonoid glycosides enzymatic hydrolysis. Pharmacogn. Mag. 9, 11-18.
doi: 10.4103/0973-1296.117851

Jiugang, Y., Quiang, W., Xuerong, F., Ping, W., and Bin, Z. (2012). A Kind of
Method Utilizing Snailase That Cotton Fabrics Is Carried Out Bio-Pretreatment
China Patent Application. Available online at: https://patents.google.com/
patent/CN103669006B/en

Jucd, M. M., Cysne Filho, F. M. S, de Almeida, J. C., Mesquita, D.
d. S., Barriga, J. R. d. M,, Dias, K. C. F, et al. (2020). Flavonoids:
biological activities and therapeutic potential. Nat. Prod. Res. 34, 692-705.
doi: 10.1080/14786419.2018.1493588

Kapp, K., Hakala, E., Orav, A., Pohjala, L., Vuorela, P., Piissa, T., et al. (2013).
Commercial peppermint (Menthaxpiperita L.) antichlamydial
effect and polyphenolic composition. Food Res. 53, 758-766.
doi: 10.1016/j.foodres.2013.02.015

Kurioka, A., and Yamazaki, M. (2002). Purification and identification of flavonoids
from the yellow green cocoon shell (Sasamayu) of the silkworm, Bombyx mori.
Biosci. Biotechnol. Biochem. 66, 1396-1399. doi: 10.1271/bbb.66.1396

Lin, L.-Z., He, X.-G., Lindenmaier, M., Yang, J., Cleary, M., Qiu, S.-X., et al. (2000).
LC-ESI-MS study of the flavonoid glycoside malonates of red clover (Trifolium
pratense). J. Agric. Food Chem. 48, 354-365. doi: 10.1021/jf991002+

Liu, C, Li, R, Peng, J, Qu, D, Huang, M. and Chen, Y. (2019).
Enhanced hydrolysis and antitumor efficacy of Epimedium flavonoids
mediated by immobilized snailase on silica. Process Biochem. 86, 80-88.
doi: 10.1016/j.procbio.2019.06.020

Mandalari, G., Bennett, RN, Bisignano, G., Saija, A., Dugo, G., Lo Curto, R.B,,
et al. (2006). Characterization of flavonoids and pectins from bergamot (Citrus
bergamia Risso) Peel, a major byproduct of essential oil extraction. J. Agric. Food
Chem. 54, 197-203. doi: 10.1021/jf051847n

Miosic, S., Knop, K., Hélscher, D., Greiner, J., Gosch, C., Thill, J., et al. (2013). 4-
deoxyaurone formation in Bidens ferulifolia (Jacq.) DC. PLoS ONE 8, e61766.
doi: 10.1371/journal.pone.0061766

Molitor, C., Mauracher, S.G., Pargan, S., Mayer, R.L., Halbwirth, H., and Rompel,
A. (2015). Latent and active aurone synthase from petals of C. grandiflora:
a polyphenol oxidase with unique characteristics. Planta 242, 519-537.
doi: 10.1007/s00425-015-2261-0

Moussa-Ayoub, T.E., El-Samahy, S.K., Kroh, L.W., and Rohn, S. (2011).
Identification and quantification of flavonol aglycons in cactus pear (Opuntia
ficus indica) fruit using a commercial pectinase and cellulase preparation. Food
Chem. 124, 1177-1184. doi: 10.1016/j.foodchem.2010.07.032

Nuutila, A.M., Kammiovirta, K., and Oksman-Caldentey, KM. (2002).
Comparison of methods for the hydrolysis of flavonoids and phenolic
acids from onion and spinach for HPLC analysis. Food Chem. 76, 519-525.
doi: 10.1016/S0308-8146(01)00305-3

Panche, A.N., Diwan, A.D., and Chandra, S.R. (2016). Flavonoids: an overview. J.
Nutr. Sci. 5, e47. doi: 10.1017/jns.2016.41

Pietta, P.-G. (2000). Flavonoids as antioxidants. J. Nat. Prod. 63, 1035-1042.
doi: 10.1021/np9904509

Pirvu, L., Grigore, A., Bubueanu, C., and Draghici, E. (2013). Comparative
analytical and antioxidant activity studies on a series of Fagus sylvatica
L. leaves extracts. JPC J. Planar Chromatogr. Modern TLC 26, 237-242.
doi: 10.1556/JPC.26.2013.3.6

Sainz Martinez, A., Kornpointner, C., Haselmair-Gosch, C., Mikulic-Petkovsek,
M., Schroder, K., and Halbwirth, H. (2021). Dynamic streamlined extraction
of iridoids, anthocyanins and lipids from haskap berries. LWT 138, 110633.
doi: 10.1016/j.1wt.2020.110633

teas:
Int.

Saito, N., Yokoi, M., Yamaji, M., and Honda, T. (1985). Anthocyanidin
glycosides from the flowers of Alstroemeria. Phytochemistry 24, 2125-2126.
doi: 10.1016/S0031-9422(00)83139-8

Samanta, A., Das, G., Das, S. K. (2011). Roles of flavonoids in plants. Int. J. Pharm.
Sci. Technol. 6, 12-35.

Schlangen, K., Miosic, S., Castro, A., Freudmann, K., Luczkiewicz, M., Vitzthum,
F, et al. (2009). Formation of UV-honey guides in Rudbeckia hirta.
Phytochemistry 70, 889-898. doi: 10.1016/j.phytochem.2009.04.017

Sigma-Aldrich (2022a). Cellulase From Trichoderma reesei. Available online at:
https://www.sigmaaldrich.com/AT/en/product/sigma/c2730?cm_sp=Insite-_-
caContent_prodMerch_gruCrossEntropy-_-prodMerch10-2 (accessed
January 12, 2022).

Sigma-Aldrich (2022b). Enzymatic Assay of Pectinase. Available online at: https://
www.sigmaaldrich.com/AT/en/technical-documents/protocol/protein-
biology/enzyme-activity-assays/enzymatic-assay- of- pectinase (accessed
January 12, 2022).

Sigma-Aldrich (2022c). Glucosidase From Aspergillus niger. Available online at:
https://www.sigmaaldrich.com/AT/en/product/sigma/49291 (accessed January
12,2022).

Sigma-Aldrich (2022d). B-Glucosidase From Almonds. Available online at: https://
www.sigmaaldrich.com/AT/de/product/sigma/49290 (accessed May 13, 2022).

Takahashi, A., Takeda, K., and Ohnishi, T. (1991). Light-induced anthocyanin
reduces the extent of damage to DNA in UV-irradiated Centaurea cyanus cells
in culture. Plant Cell Physiol. 32, 541-547.

Tikkanen, O.-P., and Julkunen-Tiitto, R. (2003). Phenological variation as
protection against defoliating insects: the case of Quercus robur and
Operophtera brumata. Oecologia 136, 244-251. doi: 10.1007/s00442-003-1267-7

Unuofin, J.O., and Lebelo, S.L. (2021). UHPLC-QToF-MS characterization
of bioactive metabolites from Quercus robur L. grown in South Africa
for antioxidant and antidiabetic properties. Arabian J. Chem. 14, 102970.
doi: 10.1016/j.arabjc.2020.102970

Veitch, N.C,, Elliott, P.C,, Kite, G.C., and Lewis, G.P. (2010). Flavonoid glycosides
of the black locust tree, Robinia pseudoacacia (Leguminosae). Phytochemistry
71, 479-486. doi: 10.1016/j.phytochem.2009.10.024

Veitch, N.C., and Grayer, R.J. (2011). Flavonoids and their glycosides, including
anthocyanins. Nat. Prod. Rep. 28, 1626-1695. doi: 10.1039/c1np00044f

Wang, D., Zhao, H., Zhu, H., Wen, L., Yu, ], Li, L., et al. (2019). A novel method for
highly efficient biotransformation and separation of isoflavone aglycones from
soybean with high-speed counter-current chromatography. Ind. Crops Prod.
129, 224-230. doi: 10.1016/j.indcrop.2018.11.043

Wang, Z., Zhao, L.-C,, Li, W., Zhang, L.-X., Zhang, J., and Liang, J. (2013). Highly
efficient biotransformation of polydatin to resveratrol by snailase hydrolysis
using response surface methodology optimization. Molecules 18, 9717-9726.
doi: 10.3390/molecules18089717

Wang, J., Zhao, L.-L., Sun, G.-X,, Liang, Y., Wu, F.-A,, Chen, Z., et al. (2011). A
comparison of acidic and enzymatic hydrolysis of rutin. Afr. J. Biotechnol. 10,
1460-1466.

You, J.-Y., Peng, C,, Liu, X,, Ji, X.-J., Lu, J., Tong, Q., et al. (2011). Enzymatic
hydrolysis and extraction of arachidonic acid rich lipids from Mortierella
alpina. Bioresour. Technol. 102, 6088-6094. doi: 10.1016/j.biortech.2011.01.074

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kornpointner, Scheibelreiter and Halbwirth. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org

11

June 2022 | Volume 13 | Article 889184


https://doi.org/10.3389/fpls.2018.00149
https://doi.org/10.1021/jf00021a023
https://doi.org/10.1016/j.indcrop.2016.04.037
https://doi.org/10.1248/bpb.25.256
https://doi.org/10.4103/0973-1296.117851
https://patents.google.com/patent/CN103669006B/en
https://patents.google.com/patent/CN103669006B/en
https://doi.org/10.1080/14786419.2018.1493588
https://doi.org/10.1016/j.foodres.2013.02.015
https://doi.org/10.1271/bbb.66.1396
https://doi.org/10.1021/jf991002$+$
https://doi.org/10.1016/j.procbio.2019.06.020
https://doi.org/10.1021/jf051847n
https://doi.org/10.1371/journal.pone.0061766
https://doi.org/10.1007/s00425-015-2261-0
https://doi.org/10.1016/j.foodchem.2010.07.032
https://doi.org/10.1016/S0308-8146(01)00305-3
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.1021/np9904509
https://doi.org/10.1556/JPC.26.2013.3.6
https://doi.org/10.1016/j.lwt.2020.110633
https://doi.org/10.1016/S0031-9422(00)83139-8
https://doi.org/10.1016/j.phytochem.2009.04.017
https://www.sigmaaldrich.com/AT/en/product/sigma/c2730?cm_sp=Insite-_-caContent_prodMerch_gruCrossEntropy-_-prodMerch10-2
https://www.sigmaaldrich.com/AT/en/product/sigma/c2730?cm_sp=Insite-_-caContent_prodMerch_gruCrossEntropy-_-prodMerch10-2
https://www.sigmaaldrich.com/AT/en/technical-documents/protocol/protein-biology/enzyme-activity-assays/enzymatic-assay-of-pectinase
https://www.sigmaaldrich.com/AT/en/technical-documents/protocol/protein-biology/enzyme-activity-assays/enzymatic-assay-of-pectinase
https://www.sigmaaldrich.com/AT/en/technical-documents/protocol/protein-biology/enzyme-activity-assays/enzymatic-assay-of-pectinase
https://www.sigmaaldrich.com/AT/en/product/sigma/49291
https://www.sigmaaldrich.com/AT/de/product/sigma/49290
https://www.sigmaaldrich.com/AT/de/product/sigma/49290
https://doi.org/10.1007/s00442-003-1267-7
https://doi.org/10.1016/j.arabjc.2020.102970
https://doi.org/10.1016/j.phytochem.2009.10.024
https://doi.org/10.1039/c1np00044f
https://doi.org/10.1016/j.indcrop.2018.11.043
https://doi.org/10.3390/molecules18089717
https://doi.org/10.1016/j.biortech.2011.01.074
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

