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Abstract Huperzia serrata is a producer of huperzine A
(HupA), a cholinesterase inhibitor (ChEI). Over 120 endo-
phytic fungi were recovered from this plant and screened for
Hup-A and nine were found. These nine represented seven
different fungal genera with the most significant producer
being Shiraia sp. A total of 127 endophytic fungi isolates
obtained from the root, stem, and leaf segments of H. serrata
were grouped into 19 genera based on their morphological
traits and sequence analysis of the internal transcribed
spacers (ITS1-5.8S-ITS2), indicating endophytic fungi in
H. serrata are diverse and abundant. Aspergillus, Podos-
pora, Penicillium, Colletotrichum, and Acremonium were
the frequent genera, whereas the remaining genera were
infrequent groups. Overall, 39 endophytic fungi isolates
showed acetylcholinesterase (AChE) inhibition in vitro.
Nine endophytic fungi isolates from seven distinct genera
were capable of producing HupA verified by thin-layer
chromatography and reverse-phase high-performance liquid
chromatography (RP-HPLC). Among the HupA-producing
fungi, the yield of HupA produced by the Shiraia sp.
SIf14 was 327.8 ng/l in potato dextrose broth, and the
fungal HupA was further validated by mass spectrometry
(ESI-MS). The present study demonstrated that H. serrata
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Introduction

Huperzia serrata (Thunb. ex Murray) Trev., the traditional
Chinese medicine Qian Ceng Ta, a member of the Hu-
perziaceae, grows at an altitude of 300-2,700 m in damp
forests and rock crevices in China [45]. The whole plant
has been used for over 1,000 years in China for the treat-
ment of a number of ailments, including contusions,
strains, swellings, schizophrenia, myasthenia gravis, and
now organophosphate poisoning [4, 21]. Huperzine A
(HupA), a lycopodium alkaloid isolated originally from
H. serrata, has attracted intense attention since its marked
anticholinesterase activity was discovered by Chinese sci-
entists [19, 20]. HupA has been marketed in China as a new
drug for Alzheimer’s disease (AD) treatment and currently
used in the USA as a supplement for preventing further
memory degeneration [47]. ZT-1, the semi-synthetic
derivative of HupA, is being developed as anti-AD new
drug candidate both in China and in Europe [26].

Most of the HupA currently used in herbal supplements
and medicines is sourced from Chinese club moss H. serrata
and some other species in the Huperziaceae. However,
H. serrata actually has very low HupA content (ca. 0.007%),
very limited distribution, and extremely slow growth. Ger-
minated spores require at least 15 years to develop into
mature sporophytes that can be harvested for HupA collec-
tion [22, 25]. Other species in the Huperziaceae are even
more difficult to obtain and are much rarer in nature than
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H. serrata, making them even less desirable candidates as
natural sources for HupA. Meanwhile, no successful com-
mercial cultivation has been reported for H. serrata or other
species in the Huperziaceae [23]. Thus, increasing efforts
have been made to develop alternative means of HupA
production, such as using complete chemical synthesis and
Huperziaceae plant cell culture. Otherwise, wild populations
of the plant may soon become extinct if current over-col-
lection practices are not curtailed [22, 24-26]. However,
thus far, the total chemical synthesis of HupA in an indus-
trially feasible manner is not available, and the in vitro
culture of lycopods has only met limited success [23].

Endophytic fungi are fungi that live for all, or at least a
significant part, of their life cycle internally (intercellularly
or intracellularly) and asymptomatically in plant parts
[27, 28]. They ubiquitously inhabit most plant species, and
have been isolated from a variety of plants [34]. Some
endophytic fungi have been found to produce similar
chemical compounds to those produced by its host [1, 33].
Others have been shown to be a potential source of natural
products such as antibiotics, antiviral compounds, and
anticancer agents [36], more than half of which were pre-
viously unknown [32]. Endophytic fungi have been recog-
nized as a repository of novel compounds of immense value
in agriculture, industry, and medicine [16, 35, 41]. Thus, ifa
microbial source of HupA is available, then fermentation
processes using HupA-producing endophytic fungi may be
an alternative way to produce HupA, and it would eliminate
the need to harvest and extract the slow-growing and
relatively rare Huperziaceae plant for this drug. So far,
several endophytic HupA-producing fungi associated
with Huperziaceae plants were isolated and identified
[15, 18, 49], which demonstrated that fermentation pro-
cesses using HupA-producing microorganisms may be a
promising approach for producing HupA. As the initial step
in the search of fungi capable of producing HupA and other
novel natural compounds, the objectives of this study were
as follows: (1) to identify the endophytic fungal isolates of
H. serrata collected from the natural populations at Lushan
Botanical Garden (Jiangxi Province, China) using partial
sequences of the internal transcribed spacers (ITS1-5.8S-
ITS2), and (2) to investigate the diversity of fungi associated
with leaves, stems, and roots from H. serrata, and (3) to
screen the endophytic HupA-producing fungi residing in the
tissues of H. serrata.

Materials and methods
Materials

Ten healthy wild-plant materials of H. serrata were col-
lected from the natural populations at Lushan Botanical
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Garden in Jiangxi Province, central China, in May 2007.
The plants were over 10 years old and yet reached a height
of less than 10 cm. All samples were immediately brought
to the laboratory in an icebox, and the tissues were
screened for endophytic fungi within 24 h.

Solvents used for chromatography were of high-perfor-
mance liquid chromatography (HPLC) grade, while sol-
vents used for extraction were of American Chemical
Society grade. Authentic HupA (>98% purity) was
obtained from the National Institute for the Control of
Pharmaceutical and Biological Products of China. Acetyl-
cholinesterase (AChE), acetylthiocholine iodide, and
dithiobis nitrobenzoic acid (DTNB) were purchased from
Sigma. All other chemicals were from China Medicine
Shanghai Chemical Reagent Co. Ltd. PCR primers were
synthesized by Shanghai Sangon Biologic Engineering
Technology and Service Co. Ltd.

Isolation and preliminary identification of endophytic
fungi

To eliminate epiphytic microorganisms, all the H. serrata
samples were thoroughly washed in running tap water, and
then sterilized by washing in 75% ethanol for 2 min, 0.1%
mercuric chloride (v/v) for 10 min, respectively. After-
wards, the samples were rinsed 4-5 times in sterile distilled
water and then the roots and stems of the samples were cut
into 0.5-cm lengths, leaves were cut into 0.5-cm? sections,
and transferred to Petri dishes (9 cm in diameter) con-
taining potato dextrose agar (PDA) medium (amended with
60 pg/ml streptomycin and 100 pg/ml ampicillin). The
Petri dishes were incubated at 28°C in darkness and
monitored every day to check the growth of endophytic
fungal hyphae emerging from segments. Individual hyphal
tips of the various fungi were removed from the agar
plates, placed on new PDA medium, and incubated at 28°C
for at least 10 days. Each fungal culture was checked for
purity and transferred to another PDA plate by the hyphal
tip method [37]. To ensure that the surface sterilization had
removed all hyphae and chlamydospores externally
adhering to the segments, they were placed in PDA agar
plates and incubated at 28°C in darkness. Only segments
that were negative in this test were used for isolation of
endophytes. The fungal isolates were numbered and stored
on the surface of the PDA plate at 4°C or as spores and
mycelia in 15% (v/v) glycerol at —70°C.

All fungal isolates were tentatively grouped and dere-
plicated by observing their morphological and cultural
characteristics, including the characteristics of colonies on
plates and slants, the presence of aerial mycelia and sub-
strate mycelia, spore mass color, distinctive reverse colony
color, diffusible pigment, and sporophore and spore chain
morphology. Some isolates sporulated readily on PDA
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media after 1 week of inoculation in darkness at 28°C.
Many colonies that were similar in color, shape, and size
were observed for hyphal length and structure with light
microscopes, which allowed them to be segregated into
distinct isolates. The remaining sterile fungal isolates were
subjected to a molecular method of identification. Based on
the preliminary grouping, 35 morphotypes were selected
for further molecular research.

DNA extraction, PCR amplification, and sequencing

Mycelium of different endophytic fungi was ground with a
sterile mortar in liquid nitrogen. The genomic DNA was
extracted by the CTAB method [48]. Primers ITS1 (5'-TC
CGTAGGTGAACCTGCGG-3') and ITS4 (5-TCCTC
CGCTTATTGATATGC-3') were used for amplification of
the fungal ribosomal DNA (rDNA) internal transcribed
spacer (ITS) regions 1 and 2 of the isolates [44]. The PCR
mixture (20 pl) consisted of 100 ng genomic DNA, 2 ul of
10x PCR buffer, 1.5 utM MgCl,, 0.5 pM each primer,
200 pM of each deoxyribonucleotide triphosphate, 1 unit
Taq polymerase and autoclaved double-distilled water.
PCR were performed with a pre-heating at 94°C for 5 min,
followed by 35 cycles of 1 min at 94, 55°C for 40 s, 72°C
for 1 min, and a final extension at 72°C for 10 min. Five
microliters of PCR products were visualized by electro-
phoresis on a 1.5% (wt/v) agarose gel in 1x TBE buffer
(40 mM Tris, 1 mM EDTA, pH 8.0) and then sequenced.
Sequencing of the PCR products was performed by the
service of Shanghai Shengon Company Ltd (Shanghai,
China). The fragment of ITS region was sequenced in both
directions using an ABI 377 automated DNA sequencer.

Phylogenetic analysis of endophytic fungi

The ITS sequences of the endophytic fungi were compared
to the data available in NCBI using BLAST searches to
estimate the phylogenetic relationships of the endophytic
fungi. The resulting sequences were aligned with the
ClustalX software [43] with gaps treated as missing data.
The phylogenetic tree was performed using the neighbor-
joining method [29] and the Kimura two-parameter dis-
tance calculation in mega software version 3 [16]. The
bootstrap was 1,000 replications to assess the reliable level
to the nods of the tree.

Fermentation and preparation of endophytic fungi
extracts

The endophytic fungi isolates were inoculated, respec-
tively, into 500-ml Erlenmeyer flasks containing 150 ml of
the PDB and cultured at 120 rpm at 28°C for 14 days in a
rotary shaker. The mycelial pellets were harvested by

centrifugation at 12,000 x g for 10 min and dried at 45°C
overnight, and then the dried mycelia were powdered. Each
sample of raw material (1.0 g) was extracted with 75%
ethanol (50 ml) for 30 min, repeated three times, and the
extracts were filtered. The extraction was carried out in an
ultrasonic bath at 40°C. The combined filtrates were
evaporated under reduced pressure. Next, the dry residues
were dissolved in 50 ml of 2.5% hydrochloric acid and
purified by shaking twice with chloroform and then with
ethylic ether. The water phases were rendered basic with
25% ammonia solution (pH 9), salted out with sodium
chloride, and then exhaustively extracted with chloroform.
In the last stage, the combined chloroform extracts were
evaporated to dryness. The dry residues were dissolved in
10 ml of methanol (HPLC purity grade). The methanolic
extracts were filtered through a 0.45-um filter prior to
chromatographic separation and spectroscopic analyses
[40].

Determination of AchE inhibitory activity
of endophytic fungi extracts in vitro

In vitro AChE inhibition activity of the endophytic fungi
extracts was compared to authentic HupA. It was carried out
as the method of Atta-ur-Rahman et al. [2]. Briefly, a pre-
incubation volume of 250 pl phosphate buffer (200 mM,
pH 7.7) contained 15 pl fungal extract/15 pl authentic
HupA, 80 pl DTNB (3.96 mg DTNB and 1.5 mg sodium
bicarbonate dissolved in 10 ml phosphate buffer pH 7.7),
and 10 ul AChE (0.22 U/ml). The mixture was incubated
for 5 min at 25°C. Following preincubation, 15 pl of the
substrate acetylthiocholine iodide (10.85 mg in 5 ml
phosphate buffer) was added and incubated again for 5 min.
The color developed was measured in a microwell plate
reader at 412 nm (Bio-Rad, Hercules, CA). Percent inhi-
bition was calculated using the formula: (control absor-
bance — sample absorbance)/control absorbance x 100.

Screening of huperzine A-producing fungi

The HupA-producing endophytic fungi were screened by
thin-layer chromatography (TLC). TLC analysis of the
methanolic extract of endophytic fungi as well as the
methanolic solution of HupA standard was developed in a
solvent system (chloroform: acetone: isopropanol at 4:4:2
v/v/v) by spotting on the start line of a 0.25 mm
(10 x 20 cm) silica gel plate. HupA was detected using a
spray reagent consisting of 0.3% potassium permanganate
(w/v), which appeared as yellowish spots. The HupA spot
was identified by comigration with authentic HupA [49].
The area of the plate containing putative HupA was
carefully removed by scraping off the silica and eluting
with methanol after chromatography. After purification,
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the fungal HupA was used for ESI-MS spectroscopic
analysis.

High-performance liquid chromatography (HPLC) was
performed using an RP-Cg column (5 pm, 4.6 x 150 mm)
(Agilent Technologies, Palo Alto, CA). A 20-pl amount of
each methanolic extract was injected. The mobile phase
was methanol: water (85: 15, v/v) at a flow rate of
1.0 ml min~'. The effluent was monitored at 310 nm.
Quantification was achieved by using the standard curve
generated from the HupA standard over a concentration
range of 0.01-0.09 mg 1™ at which the peak area and
height showed linear relationships with the absorbance
(r* = 0.9942). The fungal HupA was further identified by
mass spectroscopy analysis using the electrospray tech-
nique with a Waters ZQ 4000/2695 LC-ESI-MS trap. The
sample purified by TLC was dissolved in 100% HPLC-
grade methanol and was injected with a spray flow of
2 pl min~" and a spray voltage of 3.0 kV using the loop
injection method.

Statistical analysis and calculation formula

The colonization frequency (CF) of each endophyte was
calculated according to the method of Hata & Futai [12],
CF = Nco1/N; where Ncop is the number of segments
colonized by each endophytic fungi; N, is the total number
of segments. The Isolation rate (IR) was calculated as
follows [7]: IR = total number of isolates yielded in a
given trial/total number of samples in a trial. Jaccard
similarity coefficients were calculated for comparing the
endophyte assemblages using the following formula:
Similarity coefficient = C/(A + B — C), where A and
B are the total number of morphological species isolated
from any three parts of host and C the number of mor-
phological species found in common. The results were
expressed as percentages. The formula to calculate Mar-
galef’s richness index (R1) = (S — 1)/In(n). Where S is the
number of species in the assemblage and 7 is the number of
isolates. In denotes natural logarithm [39].

Fig. 1 Colony morphology of some endophytic fungi isolates recovered from H. serrata tissues
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Results

Isolation and characterization of culturable endophytic
fungi community associated with H. serrata

The surface disinfection treatments used for leaf, stem and
root segments were efficient eliminating epiphytic fungi
because the segments imprint yielded no fungi. A total of
127 endophytic fungi isolates were isolated and purified
from the 246 tissue segments of H. serrata grown in the
Lushan Mountain, China. A proportion of isolates were
identified to genus and/or species level based on the mor-
phology of conidia, colonies, and unique phenotypic
characters (Fig. 1). To confirm the reliability of morpho-
logical identification, all 35 morphotypes were subjected to
molecular identification based on ITS sequence analysis. In
total 30 distinctive genotypes were grouped into 19 fungal
genera and 13 fungal species (Fig. 2; Table 1), which
corresponded well with morphological differences between
these fungal cultures. In addition, the stems of H. serrata
were colonized by a great number of endophytes relative to
leaves and roots, also the endophyte assemblage of stems
was more species rich, as indicated by R1 (Table 2). It
seems likely that stem tissues may provide better niche or
more entry for endophytes colonization and penetration,
which we need toinvestigate more extensively.

Tissue specificity of endophytic fungi was also observed
in the present study. For example, Penicillium janthinel-
lum, Aspergillus flavus, and Acremonium sp. colonized

Fig. 2 The frequency of 30
different ITS-based genotypes

o
-

stems exclusively, but Paraconiothyrium brasiliense only
colonized leaves (Fig. 2). The Jaccard similarity coeffi-
cients also indicated that each plant part hosts different
groups of fungi, suggesting heterogeneity of the endophyte
assemblage (Table 3). Analysis of distribution frequencies
of the 127 endophytic fungi revealed that the fungal
communities in the host contained a few frequent genera
and many infrequent groups (Table 4). Aspergillus, Po-
dospora, Penicillium, Colletotrichum, and Acremonium
were the frequent genera, accounting for colonization fre-
quencies ranging from 10.5 to 18.7%. Among the rare
morphotypes, Coniothyrium, Chaunopycnis, Cladospo-
rium, Botrytis, Leptosphaeria, Capronia, Paraphaeosp-
haeria, Mortierella, Alternaria, and Shiraia were the
infrequent genera, accounting for colonization frequencies
ranging from 1.2 to 4.9%, whereas others only showed that
of 0.4%.

Molecular phylogenetics

The ITS neighbor-joining tree of the endophytic fungi is
shown in Fig. 3. The 25 morphospecies (SF3, SF4, SFo6,
LF6, SF7, Sif14, LF15, LF17, RF22, SF25, LF30, LF33,
LF40, LF46, SF58, SF64, LF70, LF73, SF96, LF116,
SF123, SF136, LF146, SF153, and RF161) sharing sequence
max identity of >98% with available data in NCBI (Table 4)
were grouped into 12 genera of Penicillium, Aspergillus,
Cladosporium, Mortierella, Coniothyrium, Paraphaeosp-
haeria, Leptosphaeria, Shiraia, Alternaria, Podospora,

number of fungal isolates
3 4 5 6 7 8

determined from total
endophytic fungi. *Denotes

ITS type01

ITS type02

undescribed fungal species. ITS type03

Genus and/or species names of ITS type04

ITS type05
ITS type06

identified fungi are indicated
above the corresponding
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ITS type08

column

Penicillium jaln!hinellum
Penicillium citrioviride
Penicillium citrinum

Penicillium sp1.

Penicillium griseofulvum

Penicillium sp2.
Penicillium sp3.
Aspergillus versicolor

ITS type09

Aspergillus flavus
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ITS typei1
ITS typei12

Aspergillus niger

Cladosporium cladosporioides
Cladosporium sp1.
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Colletotrichum gloeosporioides
Acremonium sp.

Chaunopycnis sp.
Acremonium implicatum

ITS typel17
ITS type18
ITS type19

ITS type20
ITS type21

Capronia sp.
Mortierella sp.
Botrytis anthophila

Coniothyrium sp.
Paraconiothyrium brasiliense

ITS type22
ITS type23

Shiraia sp1.

Leptosphaeria sp.
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Shiraia sp2.

ITS type25

Alternaria tenuissima

ITS type26
ITS type27
ITS type28
ITS type29
ITS type30 *

Podospora sp.
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Table 1 Occurrence of

identified species of endophytic Fungal group

Closest related species (GenBank accession no.)

Relative frequency®

fungi obtained from H. serrata
at Lushan Botanical Garden
(China)

Penicillium griseofulvum
Penicillium citrioviride
Penicillium citrinum
Penicillium janthinellum
Penicillium spl.

Penicillium sp2.

Penicillium sp3.

Aspergillus versicolor
Aspergillus flavus

Aspergillus niger
Cladosporium cladosporioides
Cladosporium spl.
Colletotrichum gloeosporioides
Acremonium sp.

Chaunopycnis sp.

Acremonium implicatum
Capronia sp.

Mortierella sp.

Botrytis anthophila
Coniothyrium sp.
Paraconiothyrium brasiliense
Leptosphaeria sp.

? Relative frequency means Shiraia spl.
isolate frequency of a given
endophyte divided by the sum

of isolate frequencies of all
endophytes x 100

Shiraia sp2.
Alternaria tenuissima

Podospora sp.

Penicillium griseofulvum (EU780695) 3.15
Penicillium citrioviride (GU388431) 3.15
Penicillium sp. FF4T7 (FJ379822) 3.15
Penicillium janthinellum (EF550979) 1.57
Penicillium sp. S17e3 (EU142860) 1.57
Penicillium sp. IBT 12396 (AJ005493) 1.57
Penicillium sp. E75-3-2 (EU142851) 1.57
Aspergillus versicolor (EU042148) 3.94
Aspergillus flavus (DQ467970) 2.36
Aspergillus niger (FJ629339) 4.72
Cladosporium sp. HKB6 (EF029809) 0.79
Cladosporium sp. QLF108 (FJ025146) 0.79
Colletotrichum gloeosporioides (EU326190) 9.45
Acremonium sp. KMU 4528 (AB158289) 1.57
Chaunopycnis alba (AF389191) 2.36
Acremonium implicatum (AF368810) 4.72
Capronia pilosella (DQ826737) 6.30
Mortierella sp. dd08037 (FJ810151) 4.72
Botrytis anthophila (AJ716305) 3.15
Coniothyrium sp. RM3-4 (DQ993627) 1.57
Paraconiothyrium brasiliense (EU295632) 0.79
Leptosphaeria sp. South-west0034 (FJ537121) 3.94
Shiraia bambusicola (AB354989) 0.79
Shiraia sp. SUPER-H168 (EU267793) 7.09
Alternaria tenuissima (AB369462) 5.51

Podospora sp. LZ612 (DQ810183)

11.81

Table 2 Colonization, isolation, species richness, and multiple
infection rates of fungal endophytes of each healthy tissue of
H. serrata

Parameter Leaves Stems Roots Total
No. of samples 82 82 82 246
No. of isolates recovered 53 60 14 127
No. of samples with isolates 37 46 15 98
Colonization frequency (CF) 0.45 0.56 0.18 0.40
Isolation rate (IR) 0.65 0.73 0.17 0.52

Margalef’s richness index (R1)  4.79 5.37 341 -

Colletotrichum, and Acremonium. Among these endophytic
fungi, the strains SF3, SF4, SF6, LF6, SF7, SIf14, LF17,
RF22, SF25, LF30, LF33, LF40, LF46, SF58, LF73, SF96,
LF116, SF123, SF136, and RF161 were located with high
bootstrap support (>98%) in their own cluster, whereas the
strains LF70, SF153, LF15, SF64, and LF146 formed their
own cluster with a bootstrap value from 65 to 96%. The five
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Table 3 Jaccard similarity coefficients for the endophytic fungi

isolated from tissues

Tissues Roots Stems Leaves
Roots 1.00 0.38 0.20
Stems 1.00 0.43
Leaves 1.00

strains RF53, SF113, RF54, SF50, and LF86 shared
sequence max identities from 92 to 97% with Botrytis an-
thophila (100% bootstrap), Chaunopycnis alba (88% boot-
strap), Aspergillus versicolor (100% bootstrap), and
Capronia pilosella (77% bootstrap), respectively. However,
the three strains LF5, LF41, and SF142 were clustered to
Leptosphaeria microscopica (52% bootstrap), Penicillium
sp. (99% bootstrap), and Penicillium sp. (67% bootstrap),
respectively, but sequence identities with the available ref-
erences in NCBI were low (90-97%). In addition, the strains
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Table 4 Analysis of the endophytic fungi obtained from H. serrata at Lushan Botanical Garden (China)
Strains CF GenBank Closest relatives Taxon® Max identity ~ AchE inhibitory  Fungal
(%)*  accession in NCBI (%) activity (%) HupA®
no.”
LF146 2.8  GU985229  Penicillium griseofulvum Penicillium griseofulvum 99 64.4 + 0.7 +
SF64 2.8  GU985208  Penicillium griseofulvum Penicillium griseofulvum 98 525+ 1.2 —
LF73 2.4  GU985204  Penicillium sp. Penicillium citrinum 98 154 £0.8 -
SF142 2.0 GU985213  Penicillium sp. Penicillium spl. 97 67.8 £0.3 +
SF136 2.8 GU985212  Penicillium citrioviride Penicillium citrioviride 98 518 £ 1.6 —
SF58 2.0 GU985207  Penicillium janthinellum Penicillium janthinellum 98 533+ 19 -
LF116 0.8 GU985227  Penicillium sp. Penicillium sp2. 98 472 £ 04 -
LF41 0.4 GU951765  Penicillium sp. Unidentified 95 189 £ 2.1 —
LF46 04 GU951767  Penicillium sp. Penicillium sp3. 98 316 £ 1.1 —
SF50 2.0 GU985217  Aspergillus versicolor Aspergillus versicolor 97 46.2 + 1.8 —
RF161 3.3 GU985232  Aspergillus versicolor Aspergillus versicolor 99 569 £ 04 —
LF40 24  GU951764  Aspergillus flavus Aspergillus flavus 99 90.2 £ 1.5 +
SF6 2.8  GU951769  Aspergillus niger Aspergillus niger 98 16.1 £2.3 —
LF70 1.2 GU599165  Cladosporium sp. Cladosporium cladosporioides 99 86.5 £ 1.3 +
SF153 1.2 GU985231  Cladosporium sp. Cladosporium spl. 99 64.8 +£2.3 -
RF83 0.4 GU985223  Mycoleptodiscus terrestris Unidentified 89 759 + 0.7 +
SF61 0.4 GU985221 Mycoleptodiscus terrestris Unidentified 89 439 + 0.6 —
LF86 2.8 GU985224  Capronia pilosella Capronia sp. 97 36.1 £ 1.3 —
RF22 2.8 GU985216  Mortierella sp. Mortierella sp. 100 247 £ 1.7 -
LF23 04 NS Shiraia spl. 39.8 £0.3 —
RF53 1.2 GU985219  Botrytis anthophila Botrytis anthophila 92 194 £ 0.5 -
SF123 1.2 GU985228  Coniothyrium sp. Coniothyrium sp. 99 273 + 1.7 -
LF6 1.2 GU985234  Paraconiothyrium brasiliense Paraconiothyrium brasiliense 99 245+ 13 -
SF96 1.6 GU985209 Leptosphaeria sp. Leptosphaeria sp. 99 452 + 25 —
LF5 0.4 GU985233  Leptosphaeria microscopica Unidentified 90 783 £ 1.7 +
LF51 04 NS Leptosphaeria sp. 49.7 +£ 04 —
LF15 4.1 GU951760  Shiraia bambusicola Shiraia spl. 100 69.7 £29 +
Sif14 0.4 GQ355934  Shiraia sp. Shiraia sp2. 99 96.5 £ 3.2 +
LF33 2.0 GU951763 Alternaria tenuissima Alternaria tenuissima 100 9.8 £22 -
SF36 0.8 NS Alternaria tenuissima 355 £ 0.6 -
SF7 13.8 GU951770  Podospora sp. Podospora sp. 100 59+£08 —
LF56 04 NS Podospora sp. 23.8 £ 1.2 —
SF3 159 GU951768  Colletotrichum gloeosporioides — Colletotrichum gloeosporioides 99 54.6 £ 2.1 —
LF17 0.8 GU951761  Colletotrichum sp. Colletotrichum sp. 99 51.6 £ 1.6 -
RF54 1.2 GU985220  Chaunopycnis alba Chaunopycnis sp. 95 60.2 + 0.4 .
LF30 7.3 GUY951762  Acremonium implicatum Acremonium implicatum 99 64.3 + 3.1 +
SF4 6.1 GU985205 Acremonium sp. Acremonium sp. 99 46.9 £ 0.6 -
SF25 4.9 GU985206 Acremonium sp. Acremonium sp. 99 433 +£23 -
SF127 0.4 GU985211  Acremonium sp. Acremonium sp. 99 37.4 £ 0.7 —

— No HupA was detected in metabolites of endophytic fungi, + HupA was detected in metabolites of endophytic fungi

4 CF colonization frequency

® ns not sequenced

¢ Identification based on morphological traits and ITS sequence analysis

4 The inhibition effects of fungal extracts on AChE activity in vitro based on three replicate tests. The inhibition effects of authentic HupA was
93.2 + 0.3, values are mean + SE of three replications

¢ TLC, HPLC validation of fungal HupA was based on three replicate tests
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Fig. 3 Neighbor-joining tree of the ITS sequences of the endophytic fungi associated with H. serrata. Numbers at nodes are bootstrap scores
(above 50%) obtained from 1,000 replications. Umbelopsis isabellina is used as an outgroup

RF83 and SF61 were all placed within the clade Mycole-
ptodiscus terrestris with 99% support, respectively, but the
sequence identities with the available references in NCBI
were very low (89%). These fungi might represent novel
species or even new genera.

AchE inhibitory activity of endophytic fungi extracts

A total of 127 endophytic fungi extracts were tested for their
in vitro AChE-inhibitory activity, 39 of which showed

@ Springer

AChE inhibition using HupA as a positive control (Table 4).
Out of the 39 endophytic fungi extracts tested, 28.2%
showed potent (>60% inhibition) AChE inhibition, 46.2%
showed moderate (30-60% inhibition) inhibition, and
25.6% showed low activity (<30% inhibition). Among these
endophytic fungi, the five strains LF5, SIf14, LF40, LF70,
and RF83 showed a more potent effect in AChE inhibition,
with a percent inhibition from 75.9 to 96.5%. Especially the
extract of strain SIf14 obviously exhibited stronger inhibi-
tion activity (96.5%) than authentic HupA (93.2%).
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Fig. 4 Thin-layer chromatography analysis of authentic HupA (lanes
1, 9), and fungal LF5 (lane 2), RF83 (lane 3), SIf14 (lane 4), LF70
(lane 5), LF40 (lane 6), LF146 (lane 7), LF30 (lane 8) HupA
formation in potato dextrose broth on silica gel. Arrow indicates the
presence of HupA

6.359

mAU A
1000 +
800 -
600
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g H® g 8 2
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120 -
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80
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Fig. 5 High-performance liquid chromatogram of standard huperzine
A (a) and fungal huperzine A (b); the mobile phase was methanol/water
(85:15), flow rate at 1.0 ml/min; Retention time of standard huperzine
A: 6.359 min; retention time of fungal huperzine A: 6.414 min

Screening of HupA-producing fungi

The extracts of the 39 endophytic fungi cultures were
examined for the presence of HupA by TLC analysis. Nine

(belonging to seven different genera) of them showed
positive results for HupA production in PDB (Fig. 4). One
of the fungal compounds exhibited the same R; values
(0.74) as authentic HupA.

Results of HPLC analysis also confirmed the presence of
HupA. Under the same HPLC conditions, we screened the
extracts of the nine representative species to detect fungal
HupA. The results showed the peak positions and peak
shapes of the nine representative species from the different
genera were identical or very close to that of the chemical
reference (retention time: 6.321-6.557 min), demonstrat-
ing the nine distinct fungi produced HupA (Table 4).
Among these HupA-producing fungi, the Sharaia sp. SIf14,
had the highest HPLC peak area, and the HupA yield of the
fungus was 327.8 pg/l or 142.6 pg/gdcw (HupA per dry wt
of mycelium) when it was cultured in 100 ml PDB at 28°C
with 120 rpm shaking for 14 days (Fig. 5). The MS con-
firmation of the fungal HupA (Sharaia sp. SIf14) is shown
in Fig. 6. The authentic HupA yielded MH™ at m/z 243.32
while the fungal HupA yielded a peak MH™ at m/z 243.34.
On the basis of LC-ESI-MS assays, the fungus, Sharaia sp.
SIf14, did produce HupA.

Discussion

Endophytic fungi obtained from the tissues (leaves, stems,
and roots) of H. serrata from the natural populations at
Lushan Botanical Garden represented a phylogenetically
diverse array of fungal taxa. There were at least 15 fungal
genera including five frequent genera and ten infrequent
genera (Fig. 1; Table 4), confirming that a few species are
frequent colonizers, and yet a majority of the groups are
infrequent inhibitors in grasses and other plants in temper-
ate regions and sub-tropical regions [10, 14, 17, 30, 31].
Aspergillus, Podospora, Penicillium, Colletotrichum and
Acremonium were frequent colonizers in our study, whereas
they are not cosmopolitan species within H. serrata grow-
ing other regions, showing dominant genera residing in the
plant growing in different places are distinct. Gong et al. [8]
isolated 180 fungi strains from H. serrata in Anhui Province
and identified them as belonging to 13 genera based on
morphological characteristics; Phoma and Phacodium were
frequent colonizers. Except for Aspergillus, Penicillium,
Alternaria, and Colletotrichum belonging to the identified
genera in our study, other strains were designated to dif-
ferent genera. Chen et al. [3] isolated 52 fungi strains from
H. serrata in Hainan Province and identified them as
belonging to 11 genera based on rDNA ITS sequences
analysis; Colletotrichum and Hypoxylon were frequent
colonizers. Only Colletotrichum was recovered in our
study. To our knowledge, Podospora, Coniothyrium,
Paraphaeosphaeria, Leptosphaeria, Mortierella, Capronia,
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Fig. 6 Electrospray mass
spectra of huperzine A.

a Standard huperzine A;

b fungal huperzine A isolated
from Sharaia sp., SIf14. Arrow
indicates the molecular ion of
HupA at m/z 243 M + H*)
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and Chaunopycnis are never reported as endophytic fungi
from H. serrata, and Capronia has been identified as
endophytes by the culturable approach for the first time. As
the present molecular database is not large enough to con-
tain all fungal rDNA sequence information, some fungi are
difficult to identify especially the nonsporulating ones.
Some strains recovered here, such as RF83, SF61, and
LF5 shared sequence max identities with known fungi
(89-90%), suggesting that they could be undescribed taxa.
The quantitative difference of endophytic fungi and dis-
tinctive fungal community within H. serrata is probably due
to the climatic and regional distinction [13, 35]. Because of
the limitations of traditional techniques, the present study
probably did not detect all endophytes within the H. serrata
tissues [11]. The detection of endophytes relies on the
ability of the fungi to grow out from living tissues onto the
agar. Had other molecular approaches (e.g., denaturing
gradient gel electrophoresis, terminal restriction fragment
length polymorphism) [5, 6, 42] coupled with phylogeny
analysis, more taxa, including those slow growing and un-
culturable ones, would have been revealed.

A total of 39 endophytic fungi isolates, accounting for
30.7% of the total isolates, showed AChE inhibition in
vitro (Table 4). Then the fungal extracts with AChE inhi-
bition were analyzed by TLC, RP-HPLC, and LC-ESI-MS,
nine (belonging to seven different genera) of the 39
endophytic fungi were verified for produced HupA
(Table 4). Meanwhile, it was most interesting to observe

@ Springer

that two endophytic fungi (SF153 and RF54) showed
potent AChE inhibition (>60%) in spite of the absence of
producing HupA. This implies that other AChE inhibitors
(not HupA) may exist in strains SF153 and RF54. Future
studies should be conducted to validate this. Previous
studies demonstrated that the content of HupA in the leaf is
richer than that in the stem and root of H. serrata [9, 38].
Interestingly, in the present study, most of HupA-produc-
ing fungi (77.8%, seven of the nine) were isolated from leaf
tissues, only two from stem and root tissues. Maybe it
further supports the theory of Young et al. [46] that during
the course of evolution, the symbiotic endophytes devel-
oped machinery to biosynthesize and tolerate high levels of
secondary metabolites in order to better compete and sur-
vive in association with the medicinal plant tissues.
Quantitative HPLC analysis showed that the HupA
content of Sharaia sp. SIf14 (327.8 ng/l or 142.6 pg/gdcw)
was higher than that of reported fungi Acremonium
sp.2F09P03B (8.32 pg/l) [18], Cladosporium cladosporio-
ides LF70 (56.84 ng/l) [49], Blastomyces sp. HA1S5, and
Botrytis sp. HA23 (20-30 pg/gdcw) [15], indicating its
potent potential for HupA commercial production. To meet
the commercial need of HupA, we need to carry out further
work to improve the HupA yield of the Sharaia sp. Slf14
by genetic engineering. Meanwhile, the discovery of
HupA-producing endophytic fungi associated with Hu-
perziaceae plants is valuable for both basic research and in
industrial applications. So far, a biosynthetic pathway of
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HupA in members of the Huperziaceae has been speculated
by briefly [23], and the genes related to HupA biosynthesis
from H. serrata have not been cloned. Meanwhile, no
genes or biosynthetic pathways have yet been identified in
any fungi; the molecular basis of HupA synthesis in fungi
is still totally unknown. Therefore, genomic and meta-
bolomic studies of these HupA-producing endophytic
organism and the plant harboring it would be interesting to
reveal the secondary metabolite pathway(s) used by the
plant and its endophytic counterpart for generation of the
important drug compounds. Not only that, since alkaloids
are believed to act as defense compounds in the plants
producing them, the production of the same by the endo-
phytic population of those plants possibly demonstrates a
probable symbiotic relationship between them in vivo.
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