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Abstract

Background The use of biocatalysis technology to manufacture rare natural products can solve the contradiction
between the market demand for rare natural products in large health industry fields and the protection and sus-
tainable development of wildlife resources. However, the currently available research on fungal endophytes, which
are great potential resources for glycoside hydrolase biocatalysts, is still insufficient. In this study, endophytic fungi
from Epimedium brevicornum Maxim. were isolated in the Qinling Mountains, identified and tested for their potential
to biotransform epimedium extracts into minor epimedium flavonoids.

Results A total of 84 representative morphotype strains were isolated and identified via ITS rDNA sequence analyses
and were grouped into 32 taxa. The Shannon-Wiener index (H, 3.089) indicated that E. brevicornum Maxim. harboured
abundant fungal resources. Ten strains showed strong 3-glucosidase activity and exhibited the ability to biotransform
major epimedium flavonoids into deglycosylated minor epimedium flavonoids, such as baohuoside I and icaritin,

via various glycoside-hydrolysing pathways. Among these strains, strains 8509 and F8889, which were initially char-
acterized as Aspergillus ochraceus and A. protuberus, have the potential for further development in the biotransforma-
tion of epimedium extracts into minor epimedium flavonoids because of their excellent biosafety, enzyme activity,
and enzymatic characteristics. The enzyme activity of the crude enzyme obtained by freeze-drying from the F8509
fermentation broth supernatant reached 78.24 +2.48 U/g. Further research revealed that major glycosylated flavo-
noids from 100 g/L epimedium extracts were bio-transformed completely into minor deglycosylated flavonoids

in 90 min after the addition of 1 g/L crude enzyme. In addition, the liquid phase separation conditions were opti-
mized, and ethyl alcohol and water were ultimately used as the mobile phase for efficient separation of the conver-
sion products at equal flow degrees.

Conclusions This study not only identified a series of candidates for the biotransformation of minor epimedium
flavonoids but also provided an efficient purification method. More importantly, this study also demonstrated
the important value of endophytes in the biotransformation of rare natural products.
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Background

Herba epimedii, a classical Chinese herbal medicine and
an effective ingredient for diet therapy, has been widely
used in China for thousands of years because of its
remarkable cardiovascular protection effects and its abil-
ity to ameliorate osteoporosis and neurological defects
[1]. Epimedium flavonoids are the most valued and major
active components in H. epimedii [2]. The major epime-
dium flavonoids include epimedin A, B, C and icariin,
which account for more than 52% of the total epime-
dium flavonoids [3], and the deglycosylated minor epi-
medium flavonoids, such as baohuoside I and icaritin,
which are present in very low amounts (<0.15%) in most
natural ginseng plants. These flavonoids are generally
more pharmaceutically active than major glycosylated
epimedium flavonoids because of their higher bioavail-
ability, and deglycosylated minor epimedium flavonoids,
such as baohuoside I and icaritin, are present in very low
amounts (<0.15%) in most natural ginseng plants and are
generally more pharmaceutically active than major glyco-
sylated epimedium flavonoids because of their good cap-
illary absorption properties in intestinal epithelial cells
[4, 5]. Therefore, the conversion of major glycosylated
epimedium flavonoids to baohuoside I and icaritin has
attracted considerable attention and been widely studied
[6-8].

The general methods for preparing baohuoside I and
icaritin include direct acid hydrolysis and enzyme/micro-
bial bioconversion [6, 9]. Direct acid hydrolysis usually
has poor selectivity, leads to low yields, creates product
that are difficult to purify, and easily causes environmen-
tal pollution [9]. The enzyme bioconversion method has
the advantages of notable selectivity, mild reaction con-
ditions, high efficiency, and environmental friendliness
[10, 11]. Some reactions that are difficult to carry out via
chemical methods can be completed via enzyme biocon-
version, which is considered a highly effective method
for the production of high-value epimedium flavonoids
[12]. However, enzymes, as biological macromolecule
catalysts, have limitations in large-scale industrial use,
such as easily reduced activity and the high cost associ-
ated with enzyme expression and purification [13]. The
use of immobilized enzyme technology may solve these
technical defects. For example, the relative enzyme
activity of immobilized glycosyltransferase was still
maintained at 67.8% after the immobilized enzyme was
reused six times, which was significantly greater than
that of the free enzyme [14]. However, the catalytic effi-
ciency, material transfer and enzymatic reaction condi-
tions of the immobilized enzyme were still limited by the
immobilization medium. Whole-cell catalysis, an inter-
mediate approach between fermentation and in vitro
enzyme catalysis, offers several advantages over the use
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of purified or immobilized enzymes. These include sig-
nificantly reduced catalyst costs, increased stability due
to residual cell wall compounds, and no need for external
cofactor addition [15]. In recent years, whole cells have
been used in some studies to biotransform and synthe-
size epimedium flavonoids. For example, recombinant E.
coli expressing the o-L-rhamnosidase™ AnRhaE from
A. nidulans was used as a whole-cell biocatalyst for the
biotransformation of epimedin C to icariin [16]. Lin et al.
constructed a recombinant E. coli strain that simulta-
neously expresses a-L-rhamnosidase SPRHA2 and the
B-glucosidase and was capable of transforming icariin
into icaritin with high conversion efficiency (yield rate,
95.23%) [17].

Overall, these findings highlight the potential of
whole-cell catalysis as a promising approach for the
future industrial production of high-value epimedium
flavonoids.

Endophytes generally inhabit healthy plant tissues
without causing disease or injury to the host [18]. Owing
to their special living environment and long-term coex-
istence with their hosts, endophytes can produce diverse
novel metabolites and incorporate genetic informa-
tion on bioactive substance biosynthesis from their host
plants [19]. For example, Xu et al. isolated the endophyte
Penicillium sp. F5 from Polygonum cuspidatum and dem-
onstrated the biotransformation of resveratrol to pteros-
tilbene [20]. In another study, 20 endophytic fungi were
shown to be capable of mogroside V transformation, sug-
gesting that plant endophytic fungi are valuable resources
for the biocatalysis of natural compounds [21]. Therefore,
endophytes are widely considered valuable resources
of natural enzymes for the biotransformation of several
types of natural compounds, such as flavonoids, alkaloids
and saponins [22-24].

The Qinling Mountains (32°30"-34°45" N, 104°30’-
112°45 E), which is located mainly in southern Shaanxi
Province in Central China [25], constitute the most
important natural climatic boundary between the sub-
tropical and warm temperate zones of China and sup-
port astonishingly high biodiversity and original species
resources [26]. Despite numerous reports on the survey
of wild medicinal plant resources in the Qinling Moun-
tains [27], the community and function of their endo-
phytes have been investigated less often. In fact, during
the long-term coevolution of endophytes and their host
wild plants, endophytic fungi have developed rich genetic
resources to adapt to and participate in the biotransfor-
mation of host phytochemicals [28]. Epimedium brevi-
cornum Maxim., which is a traditional medicinal plant in
the Qinling Mountains, contains various epimedium fla-
vonoids and is thus believed to be rich in the epimedium
flavonoid glucosidase resource; it was therefore used to
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Fig. 1 Isolation and diversity analysis of the culturable endophytic fungi from E. brevicornum Maxim. A The isolates were subsequently grown
on PDA plates. B Species richness and Shannon-Wiener diversity index analysis. C Phylogenetic tree of culturable endophytic fungi from E.

brevicornum Maxim. in the Qinling Mountains, China

identify novel fungi with potent B-glucosidase activ-
ity for the production of minor epimedium flavonoids.
In this study, endophytic fungi were first isolated from
wild Epimedium brevicornum Maxim. from the Qinling
Mountains. Epimedium extracts were used as substrates
to examine the biotransformation potential of epime-
dium flavonoids. To the best of our knowledge, this is the
first report on the diversity and biotransformation activi-
ties of the epimedium flavonoids of cultivable endophytic
fungi associated with E. brevicornum Maxim. in the Qin-

ling Mountains, China.

Results
Isolation, sequencing, identification, and diversity analyses
of the endophytic fungi from E. brevicornum Maxim
In this study, a total of 84 fungal colonies were success-
fully isolated from E. brevicornum Maxim. on potato
dextrose agar (PDA) media (Fig. 1A). As shown in
Fig. 1B, the species richness index (S) and Shannon—Wie-
ner index (H’), two important parameters for diversity
analysis, were 32 and 3.089 for E. brevicornum Maxim.,
respectively. All the isolates were grouped into 32 taxa by
conducting searches with their ITS rDNA regions using
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Fig. 2 The relative abundance (RA, %) of endophytic fungi at the genus (A), family (B), order (C), and class (D) levels

the BLAST in NCBI GenBank (Supplementary informa-
tion files (1)), and phylogenetic trees were constructed
using the maximum likelihood method (Fig. 1C).

Relative abundance (RA) analyses of endophytic fungi
from E. brevicornum Maxim

The relative abundances (RAs) of these isolates at the
genus, family, order, class, and phylum levels are shown
in Fig. 2A-D, respectively. At the genus level, Colletotri-
chum (RA, 46.43%) was most abundant, followed by Ily-
onectria (RA, 8.33%) and Fusarium (RA, 7.14%). At the
family level, Glomerellaceae (RA, 46.43%), Nectriaceae
(RA, 21.43%), and Didymellaceae (RA, 7.14%) were the

three most abundant groups in this study. At the phylum
level, all fungi isolated from E. brevicornum Maxim. were
identified as Ascomycota.

Analysis of the biotransformation characteristics

of endophytic fungi exhibiting B-glucosidase activity

and Epimedium

As shown in Fig. 3A, 12 out of the 84 endophytic fungi
presented the greatest capacity for p-glucosidase pro-
duction. Among these endophytes, strains F8433, F8438,
F8439, and F8442 belong to the genus Colletotrichum;
strains F8439 and F8446 belong to genera of Fusarium;
strains F8509 and F8889 belong to the genus Aspergillus;
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No. Isolate numbers Closest genus
1 F8438, F8442, F8464, F8475 Colletotrichum
2 F8451 Ilyonectria
3 F8433 Dactylonectria
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Fig. 3 Screening of 3-glucosidase-producing endophytic fungi and analysis of their properties for the bioconversion of the major

flavonol glycosides from the extracts of epimedium. A Screening of 3-glucosidase produced on esculin-R2A agar. B The characteristics

of the 3-glycosidase-producing isolates and their taxonomic status. C HPLC spectra of the flavonol glycoside standards and bioconversion products
from 7 strains with 3-glucosidase activity. D Comparison of the activity of the pNPG enzyme in different strains

and strains F8451, F8433, F8493, and F8881 belong to the
genera [lyonectria, Dactylonectria, Plectosphaerella, and
Pezicula, respectively (Fig. 3B). To evaluate the ability of
these endophytic fungi with p-glucosidase activity to bio-
transform epimedium flavonoids, the composition of epi-
medium flavonoids in the initial and post fermentation
broths on a shaker was determined via HPLC (Fig. 3C).
The results revealed that (1) the total flavonoids from the
epimedium extracts included mainly major glycosylated
epimedium flavonoids, such as epimedin A, epimedin B,
epimedin C, and icariin; (2) ten endophytic fungi with
B-glucosidase activity (excluding F8881 and F8439) had
the capacity to biotransform major epimedium flavo-
noids into 2''-O-icariside II and baohuoside I; and (3)
the activity of B-glucosidase was significantly different
among the different strains (Fig. 3D). Although strains
F8475 and F8442 presented relatively high B-glycosidase
activity, they belong to the genus Colletotrichum, which
is an opportunistic pathogen [29]. Considering its
B-glycosidase activity and safety characteristics, the

strains F8509 and F8889, which were initially charac-
terized as A. ochraceus and A. protuberus, respectively,
showed greater potential for use in functional enzyme
preparation.

The enzymatic properties of the F8509 and F8889 fer-
mentation broths were comprehensively studied to evalu-
ate their application potential. As shown in Fig. 4A and
Fig. 4B, the optimal temperature and pH were deter-
mined to be 60 °C and pH 5.0, respectively. The effects of
organic solvents on the fermentation broth were evalu-
ated, as shown in Fig. 4C—E. The results revealed that the
glycosidases derived from the two strains tolerated cer-
tain organic solvents, and the glycosidase activity reached
70% of the normal enzyme activity in 10% methanol,
ethanol and DMSO. In general, natural products are
insoluble in water, and methanol, ethanol, and DMSO
are commonly used as cosolvents. Therefore, the organic
solvent tolerance of enzymes is an important character-
istic index of enzymes, which determines the application
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Fig. 4 Effects of reaction temperature (A), pH (B) and organic solvents (C methanol, D ethanol, E DMSO) on pNPG enzyme activity

potential of enzymes in natural biotransformation where
they are insoluble in water [30].

Strain F8509 was subsequently grown in a 10 L fer-
menter. After five days of cultivation, the p-glucosidase
activities of the supernatant and freeze-dried fermen-
tation broth were determined, and the activities of the
B-glycosidases were 0.23+0.02 U/mL and 78.24+2.48
U/g, as shown in Fig. 5A. Further research revealed that
the glycosylated flavonoids from 100 g/L epimedium
extracts were biotransformed completely into minor
deglycosylated flavonoids within 90 min by supplemen-
tation with 1 g/L crude enzyme (Fig. 5B). Among the
initial epimedium extracts, the flavones of the epime-
dium extracts were epimedin A (7%), epimedin B (16%),
epimedin C (25%) and icariin (52%) (Fig. 5C). After
biotransformation, only the high-value components
2" -O-icariside II (55%) and baohuoside I (45%) were
retained in the extracts (Fig. 5D).

HPLC analysis of flavonoid compounds

As shown in Fig. 6A, a series of epimedium flavonoid
glycoside standards with similar structures were effec-
tively separated via a gradient of acetonitrile and water
in an HPLC system (Waters, Alliance Separations mod-
ule 2695, 2998 detector; Waters, Milford, MA, USA) with
a C18 column (YMC-Pack ODS-AQ, 250 mm X 4.6 mm,
5 um; YMC, Japan). However, acetonitrile is somewhat
toxic, and the HPLC separation method of the gradient

mobile phase is also not conducive to separation and
purification in preparation because of process instability
and high equipment requirements. Therefore, to achieve
high-efficiency separation of the main target compo-
nent and impurities of the biotransformation products
(Fig. 6B), HPLC separation methods were optimized by
using ethyl alcohol and water as the mobile phase and
changing the composition of the mobile phase under iso-
cratic conditions using a C18 column (YMC-Pack ODS-
AQ, 250 mmx2.6 mm, 5 pym, YMC, Japan). Ultimately,
the flow rate was set to 1 mL/min, and the ratio of ethyl
alcohol to water used as the mobile phase was 70:30. The
target components and impurities were also efficiently
isolated via isocratic HPLC (Fig. 6C). Furthermore,
the analytical method was optimized in a Waters 2695
system via semipreparative reversed-phase high-per-
formance liquid chromatography (Waters, Alliance Sep-
arations module 1525, 2998 detector; Waters, Milford,
MA, USA) using a C18 column (YMC-Pack ODS-AQ,
250 mmXx 10 mm, 20 um, YMC, Japan). The separation
and purification results were consistent with the semi-
preparative reversed-phase high-performance liquid
chromatography results obtained from the Waters 2695
(Fig. 6D). In addition, the method was stable for multiple
separations and purifications (Fig. 6E). The solutions con-
taining the components of peaks 3 and 4 were collected
in the semipreparative liquid phase preparation pro-
cess, and the molecular weights were analysed via mass
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Fig.5 Enzyme preparation and transformation process. A Enzyme activity of fermentation broth and freeze-dried crude enzyme. B HPLC
analysis of the bioconversion products at different biotransformation times. The composition of flavonoids in the initial epimedium extracts (C)

and the converted product (D)

spectrometry (Fig. 6F). The results revealed that one of
the compounds obtained from peaks 3 and 4 had a peak
of (M+H)+at m/z 659.2297 and 513.1734, respectively,
which was consistent with the molecular weights of the
2""-O-icariside II and baohuoside I standard substances.
Sugar groups on the highly glycosylated flavonoids
were gradually hydrolysed to yield low-glycosylation
flavonoids.

Discussion

Because -glucosidase is deeply involved in the biosyn-
thesis and transformation of natural plant products,
endophytes with glycosidase activity have great potential
for promoting the accumulation of natural plant prod-
ucts and improving plant quality. Although the endo-
phytic fungi of epimedium have been studied previously
[31], the screening of endophytic fungi with glycosidase
activity in epimedium has not been reported. In addition,
the endophytic fungal community composition is sig-
nificantly influenced by the host geographic area, habitat
environment and growth cycle [32]. Therefore, it is still
highly important to investigate resources and screen the
functional strains of endophytes from different regions
and different plant species.

Epimedium brevicornum Maxim. is widely distrib-
uted in northwestern China, including Gansu, Shaanxi,
Ningxia and He’nan Provinces [33]. Many active com-
pounds, including epimedin A, epimedin B, epimedin C,
icariin and baohuoside I, have been identified from epi-
medium, among which the prenylflavonoid flavonoids
icariin, epimedin C and baohuoside I are considered
the major bioactive components and are used as marker
compounds for quality control [34]. In this study, the
main epimedium flavonoid glycosides identified were
epimedin A, epimedin B, epimedin C, and icariinin epi-
medium extracts (Fig. 3C), which was in accordance with
previous studies [33]. Compared with other large flavo-
noid glycosides, deglycosylated baohuoside I has greater
pharmacological activity and bioavailability.

Compared with icariin, baohuoside I, although pre-
sent in low amounts (<0.15%) in the raw material of the
epimedium extracts, exhibited a wider range of pharma-
cological activities [4]. Baohuoside I has been demon-
strated to have a significant therapeutic effect on various
diseases, such as sexual dysfunction, osteoporosis, and
cancer, because it has better bioavailability in vivo and is
more easily absorbed by the capillaries of intestinal epi-
thelial cells because of its lower polarity. Baohuoside I
restored erectile function caused by bilateral cavernous
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Fig. 6 Optimization of the bioconversion product separation and purification process and identification of the conversion product structure.
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of the purification products (F)

nerve injury (BCNI) in rats by promoting the differentia-
tion of adipose-derived stem cells into Schwann cells and
improving erectile dysfunction (BCNI) [35-37]. It has
been suggested that baohuoside I has antiosteoporotic
activity, which is associated with the induction of bone
marrow stromal cell differentiation into osteoblasts while

inhibiting adipocyte formation, regulating immune func-
tions, and providing antioxidant activity [38].

Most epimedium flavonoids are extracted from epime-
dium plants, but this method fails to meet the increasing
market demand for baohuoside I. The preparation of bao-
huoside I by acid hydrolysis has been gradually eliminated
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Table 1 Summary of the transformation pathways of baohuoside | from different glycosylated flavonoids
No Enzyme Name Taxon (Accession number) Transformation Pathway References
1 B-glucosidase (Tpebgl3) Thermomotoga petrophila DSM 13995 Icariin— baohuoside | [30]
2 B-glucosidase (lagBgl1) Ignisphaera aggregans Icariin — baohuoside | [4]
3 B3-1,3-glucanase (CtLam55) Chaetomium thermophilum Icariin — baohuoside | [10]
4 B-glucosidase (Dth3) Dictyoglomus thermophilum DSM3960 Epimedin A— baohuoside |; [39]
Icariin — baohuoside |
5 Dextranase - Icariin— baohuoside | [40]
6 Cellulase - Icariin— baohuoside | [41]
7 B-xylosidase Dictyoglomusthermophilum DSM3960 Epimedin B— baohuoside | [42]
8 - Aspergillus ochraceus F8509 Epimedin A— icariin— baohuoside | In this study
Epimedin B— icariin— baohuoside |
Epimedin C— 2""-O-icariside Il
9 - Aspergillus protuberus F8389 Epimedin A— icariin— baohuoside | In this study

Epimedin B— icariin — baohuoside |
Epimedin C— 2""-O-icariside Il

-: Not determined

because of its low efficiency and amount of environmen-
tal pollution, and baohuoside I has been replaced by
bioenzymes for green biomanufacturing [12]. Table 1
summarizes recent research on the bioconversion of bao-
huoside I, mainly using biological enzymes. According to
the previous studies, a single enzyme can only complete
the biotransformation of baohuoside I from a single sub-
strate, and the simultaneous transformation of multiple
substrates is difficult [4, 10, 30, 39-42].

Endophytes are the main biological sources of whole-
cell catalysis and form mixed enzyme systems for plant
natural product biotransformation during long-term
interactions [43]. In previous studies, only a few strains
were shown to be able to directly convert the main
components of epimedium extract into rare and highly
active baohuoside I. In our study, we isolated endo-
phytic fungi from E. brevicornum Maxim. and screened
their B-glucosidase activities. This study provides a tar-
get strain for the efficient whole-cell catalysis of rare and
highly active baohuoside I and icaritin.

At present, whole-cell catalysis can be used to inexpen-
sively and quickly transform low-value biomass into high-
value products, but some technical obstacles remain,
including the screening of core enzymes, the construc-
tion of multienzyme expression systems, and the trans-
port of substances across cell membranes [44]. Therefore,
the recovery of key enzymes and the construction of the
required engineered microorganisms remain challeng-
ing tasks. Omics techniques have been widely used to
identify novel functional genes, whereas metabolic engi-
neering and metabolic flux analysis help establish com-
plete and efficient natural product synthesis pathways
in microbial cell factories. These advanced technologies
will greatly promote the efficient production of Chinese

herbal active ingredients such as epimedium flavones in
the near future [12].

The separation and purification of similar natural prod-
ucts is difficult, and high-performance liquid chromatog-
raphy is an important method for solving the problem
of natural products with similar structures. In previous
studies, acetonitrile and water were used for the lig-
uid phase separation of icariin via gradient separation
methods [30], which caused certain difficulties in the
preparation of large quantities of the liquid phase. First,
acetonitrile is more expensive, and the use of solvents for
the preparation of large amounts and the separation costs
are high. Second, acetonitrile has a certain degree of tox-
icity, and residue is retained during the product prepara-
tion process, resulting in operator toxicity. Third, the use
of gradient separation, which places greater requirements
on the preparation equipment, results in considerable
separation difficulties. Therefore, the use of low-toxicity
and low-cost organic solvents and equal gradient separa-
tion methods are urgently needed for the manufacturing
of a large number of natural products. In addition, the
liquid phase separation conditions were optimized for
the conversion products. This provides a reliable techni-
cal method for the preparation of high-purity baohuoside
I. The possible biotransformation pathway is shown in
Fig. 7.

Conclusion

In this study, the diversity and epimedium biotransfor-
mation potential of the endophytic fungus E. brevicor-
num Maxim. were investigated for the first time. Our
results revealed that E. brevicornum Maxim. harboured
abundant fungal endophyte resources, and a total of 84
representative morphotype strains were isolated and
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Epmedin C

'

2""-O-Icariside 11

Fig. 7 Schematic diagram of the direct biotransformation of high-glycosylation flavonoids (epimedin A, epimedin B, and epimedin C)
into low-glycosylation flavonoids (icariin, baohuoside |, 2**-O-icariside I) by glucosidase

identified. Among the 84 isolates, 10 strains exhibited
strong B-glucosidase activity and exhibited the ability to
biotransform epimedium via various glycoside-hydro-
lysing pathways. In addition, the liquid phase separation
conditions were optimized to efficiently obtain the con-
version products, and methanol and water were finally
used for separation under equal flow. In this study, endo-
phytes with biocatalytic activity for rare baohuoside I
bio fabrication were identified, and an efficient isolation
method was created. More importantly, this study also
demonstrated the important value of endophytes in the
biotransformation of rare natural products.

Materials and methods

Materials

The standard epimedin A, epimedin B, epimedin C,
icariin, icariside I, 2''-O-icariside II, baohuoside I,
icaritin and epimedium extracts were purchased from
Chengdu DeSiTe Biological Technology Co., Ltd. Arti-
ficial substrates, including pNP-B-D-galactopyranoside
(pNPG) and esculin, were purchased from Aladdin
Chemical Co. Ltd. Methanol and acetonitrile (HPLC
grade) were obtained from Merck (Darmstadt, Germany).

All other reagents and chemicals were at least of analyti-
cal grade.

Plant collection and isolation of fungal endophytes

In August 2022, wild and healthy E. brevicornum Maxim.
plants were randomly collected from Yingpan town,
Shaanxi Province, China (33°48'25"" N, 108°56'19"’
E, elevation, 1057 m), and identified by the associ-
ate researcher XinWei Shi at Xi'an Botanical Garden of
Shaanxi Province. Plant sample collection was performed
according to a previously described method [45]. The
endophytic fungal isolation procedure was carried out
within 24 h of sample collection according to a previously
described protocol [45]. Finally, the pure isolates were
stored at—80 °C in a 20% glycerol solution at the Engi-
neering Center of QinLing Mountains Natural Products,
Shaanxi Provincial Institute of Microbiology.

Molecular identification and phylogenetic analyses

The mycelia of the endophytic fungi, which were puri-
fied and cultured on PDA media plates at 28 °C for
7 days, were pulverized in liquid nitrogen with a mortar
and pestle. The genomic DNA was extracted using the
TaKaRa MiniBEST Bacteria Genomic DNA Extraction
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Kit (Dalian, China). Genomic DNA was then used as the
template for PCR amplification of the nuclear ribosomal
DNA internal transcribed spacer (ITS) using the uni-
versal primers ITS1 (5-TCCGTAGGTGAACCTGCG
G-3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3)
according to a previously described method [25]. All the
sequences were aligned by MEGA 5.05 using an align-
ment prepared with Clustal W (Arizona State University,
Tempe, USA), and positions containing gaps were deleted
to avoid potential biases in the phylogenetic analysis.
Phylogenetic trees were constructed using the maximum
likelihood method on the basis of the Tamura—Nei model
using MEGA software 5.05.

Screening of B-glucosidase-producing endophytic fungi
The B-glucosidase activities were screened via the meth-
ods described in a previous study [46]. The isolates, which
were subsequently grown on a PDA plate at 28 °C for
5 days, were inoculated on esculin-R2A agar. Endophytic
fungi with B-glucosidase activities can hydrolyse esculin
and appear as colonies surrounded by a reddish-brown
to dark brown zone. Esculin-R2A plates without inocu-
lated fungi were used as controls. The esculin-R2A agar
contained 1 g/L esculin, 0.5 g/L ferric citrate and 15.2 g/L
R2A agar and was autoclaved at 121 °C for 20 min. All the
assays were performed in triplicate.

Transformation of total epimedium extracts

The endophytic fungi with B-glucosidase activity were
precultured on PDA media for 7 d at 28 °C and then
inoculated into 250 mL flasks containing 30 mL of fer-
mentation culture mixture (20 g of glucose, 10 g of yeast
powder, 0.5 g of NaNOs, 1 g of KH,PO,, 2 g of Na,HPO,,
0.2 g of FeSO,, 0.1 g of ZnSO,, 0.2 g of CuSO,, 1 g of
CaCl,, 0.5 g of MgSO,-7H,0 in 1 L of distilled water, ini-
tial pH of 6.5) and incubated at 28 °C on a rotary shaker
at 180 rpm. The total epimedium extracts were first dis-
solved in methanol at a final concentration of 2 g/L and
then added to an equal volume of culture broth. The
extracts were incubated with the endophytic fungi and
cultivated on a rotary shaker at 180 rpm for 72 h. The
fungi were continually cultured for 48 h under these
conditions, and 2 mL of fungal suspension was asepti-
cally removed from a shake flask culture and centrifuged
to remove the precipitate. The residue was dissolved in
methanol, and analysis of the biotransformation ability
of the total epimedium extracts was carried out via high-
performance liquid chromatography.

Enzyme activity assay

An activity assay was performed in a mixed solution
containing 5 mM pNPG at pH 5.0 (50 mM citric acid—
potassium phosphate buffer) and an equal volume of
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fermentation broth at 50 °C for 30 min, and the reactions
were terminated by adding double the volume of 2 M
Na,CO; solution. The activity of the enzyme was meas-
ured spectrophotometric ally at 405 nm, and a calibration
curve was designed using pNP as a standard [47, 48]. One
unit (U) was defined as the amount of fermentation broth
required to release 1 pmol pNP per minute. Enzyme
activity was calculated as follows:
CxV

= x N
txXv

Note: C, concentration of P-nitrophenol, mmol; V, vol-
ume of the reaction system, mL; N, dilution ratio; ¢, reac-
tion time, min; v, supernatant liquid volume, mL.

Enzyme characterization assay

The subsequent detection method was the same as that
described above. The biological characteristics of the
enzyme were evaluated by changing the pH and reaction
temperature of the reaction system and adding organic
solvents to the reaction system. Specifically, enzyme
activity was measured at pH values ranging from 2.0 to
8.0 to evaluate the effect of the optimal pH of fermenta-
tion broth on B-glucosidase activity. The effect of temper-
ature on fermentation broth activity was investigated by
measuring the activity at temperatures ranging from 30
to 80 °C (10 °C interval). The effects of organic solvents
on P-glucosidase activity in the fermentation broth were
determined by adding 0%, 1%, 2%, 5% and 10% DMSO,
alcohol or methanol. All the assays were performed in
triplicate.

Enzyme preparation and transformation process

The endophytic fungi with B-glucosidase activity were
precultured on PDA media for 7 days at 28 °C, inocu-
lated into 250 mL flasks containing 50 mL of potato dex-
trose broth and incubated at 28 °C on a rotary shaker for
3 days at 180 rpm. The obtained culture was inoculated
into a 10 L fermentation bioreactor (Yangge Bioengineer-
ing Equipment Co., Ltd, Shanghai, China) containing 5
L of fermentation culture mixture (20 g of glucose, 10 g
of yeast powder, 0.5 g of NaNO;, 1 g of KH,PO,, 2 g of
Na,HPO,, 0.2 g of FeSO,, 0.1 g of ZnSO,, 0.2 g of CuSO,,
1 g of CaCl,, and 0.5 g of MgSO,.7H,O in 1 L of distilled
water, initial pH of 6.5) and incubated at 28 °C at 400 rpm.
After five days of cultivation, the fermentation mixture
was centrifuged to remove the precipitate, and the super-
natant was freeze-dried using a Heto PowerDry LL3000
Freeze Dryer (Thermo, USA). The obtained enzyme and
epimedium extracts were dissolved in 50 mM citric acid—
potassium phosphate buffer and subjected to catalysis in
a water bath at 50 °C. Samples were collected and freeze-
dried every 30 min, after which the conversion product
was determined by HPLC.
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Analytical methods

Eight standard epimedium flavonoids were first prepared
from a 1 g/L methanol solution, and the mixed standard
samples containing eight standard epimedium flavonoids
were diluted to 100 mg/L with a methanol solution. Using
the HPLC method described by An et al. (2022) with
minor modifications [47], all samples were quantitatively
analysed by HPLC (Waters, Alliance Separations module
2695, 2998 detector; Waters, Milford, MA, USA) using
a C18 column (YMC-Pack ODS-AQ, 250 mm X 4.6 mm,
5 pm, YMC, Japan) with a column temperature of 30 °C.
The mobile phases were A (water) and B (acetonitrile).
Gradient elution started with 72% solvent A (water)
and 28% solvent B (acetonitrile) in the first 25 min, fol-
lowed by solvent A changing from 72 to 30% and solvent
B changing from 28 to 70% from 26-30 min, solvent A
remaining at 30% and solvent B remaining at 70% from
31-42 min, and finally solvent A changing from 30 to 72%
and solvent B changing from 70 to 28% from 43—45 min.
All samples were detected by absorption at 270 nm, with
an injection volume of 10 pL.

1. Optimization of the HPLC separation and purifica-
tion process

Using a C18 column (YMC-Pack ODS-AQ,
250 mm X 2.6 mm, 5 um, YMC, Japan), the HPLC separa-
tion methods were optimized for high-efficiency separa-
tion of the transformation products using ethyl alcohol
and water as the mobile phase by changing the compo-
sition of the mobile phase under isocratic conditions
(Waters, Alliance Separations module 2695, 2998 detec-
tor; Waters, Milford, MA, USA).

Purification was performed via semipreparative
reversed-phase high-performance liquid chromatogra-
phy (Waters, Alliance Separations module 1525, 2998
detector; Waters, Milford, MA, USA) using a C18 col-
umn (YMC-Pack ODS-AQ, 250 mmXx 10 mm, 20 pm,
YMC, Japan) with a column temperature of 30 °C. All
samples were detected by absorption at 270 nm, with an
injection volume of 100 pL.

2. Mass spectrometry (MS)

The MS instrument was operated in negative ion mode
and was set to total ion chromatogram mode with the
following mass conditions: capillary voltage=1.0 kV,
low collision energy=6 V, source temperature=100 °C,
desolvation temperature=500 °C, and desolvation gas
flow=800 L/h (Waters I-Class Vion IMS Qtof). Data
acquisition and processing were conducted using Mass-
lynx version 4.2 (Waters, Manchester, UK).
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Statistical analyses
All the results are expressed as the means + SEMs. Graphs
were prepared using Excel 2010 (Microsoft, USA).
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