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Introduction

Huperzine A (HupA) is a pharmaceutical Lycopodium alka-
loid derived from the Chinese herb Huperzia serrata that 
that has symptomatic efficacy comparable to cholinesterase 
inhibitors that are currently used to treat Alzheimer’s dis-
ease (AD). Phase II trials suggest that 400 μg of HupA BID 
has a demonstrable cognitive effect in patients with mild 
to moderate AD [18]. In China, HupA has been approved 
by the China Food and Drug Administration as therapy for 
benign senescent forgetfulness and AD.

Most HupA currently used in herbal supplements and 
medicines is extracted from H. serrata and other Huperzi-
aceae species. However, the HupA content of H. serrata is 
only approximately 70 µg g−1 DCW, making this compound 
difficult to harvest [27]. Moreover, H. serrata is slow grow-
ing and requires at least 15 years for spore germination from 
the gametophyte stage to the mature sporophyte stage, dur-
ing which plant tissues can be harvested for medicinal use. 
No applicable commercial cultivation has been reported for 
H. serrata or other Huperziaceae species. Therefore, HupA 
isolation from Huperziaceae plants is inefficient. Further-
more, wild plant populations are being threatened and may 
soon become extinct if the current over-harvesting continues 
[14]. Increasing efforts have been exerted to develop alterna-
tive means of HupA production, such as Huperziaceae plant 
cell culture and complete chemical synthesis [6, 17]. Despite 
these efforts, H. serrata cell culture is rarely successful [13]. 
Although HupA can be chemically synthesized, the resulting 
racemic mixture is considerably less potent for AChE inhibi-
tion than the natural HupA derived from plant extracts.
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Recently, endophytic fungi from plants have been widely 
accepted as an important source of drugs. Many compounds 
with new structures and various bioactivities are continually 
isolated. Many bioactive agents produced by plants could 
also be produced by endophytic fungi. Some of these agents 
include taxol [19], vincristine [7], and podophyllotoxin [23]. 
Therefore, finding a microbial source of HupA has attracted 
considerable interest in recent years. Several HupA-produc-
ing endophytes, such as Acremonium sp. 2F09P03B [9], 
Blastomyces sp., and Botrytis sp. [5], have been isolated 
from different Huperziaceae plants. In our previous study, 
we evaluated H. serrata collected from natural populations 
at the Lushan Botanical Garden (Jiangxi Province, China) 
and acquired 69 isolates of endophytic fungi from H. ser-
rata. Among these collections, several fungi such as Shiraia 
sp. Slf14 [27], Cladosporium cladosporioides LF70 [25], 
and Aspergillus flavus LF40 [22] have high acetylcholinest-
erase (AChE) inhibitory activity and produce HupA.

Endophytic fungi offer a great opportunity to produce 
bioactive chemicals without limiting plant resources, espe-
cially the rare, slow-growing plants. However, many criti-
cal obstacles hinder microbial production. The stability of 
endophytic fungi is currently one of the most formidable 
challenges in the field [26]. Many laboratories have dif-
ficulty with the progressive degeneration of strain vitality 
and the consistency of its bioactive chemical productivity. 
The large-scale production of active chemicals from endo-
phytic fungi has rarely been reported. In our previous study, 
we found that the endophytic fungus Shiraia sp. Slf14 
produces 142.6  µg  g−1  DCW [27]. However, the strain 
degenerates sharply and only produces approximately 
30  µg  g−1  DCW of HupA. In this study, we investigated 
several factors that possibly promote the HupA production 
of endophytic fungi during fermentation.

Materials and methods

Materials

All solvents used for spectroscopic analyses were HPLC 
grade, whereas the remaining chemicals were of analytical 
grade. All chemicals and culture medium components were 
obtained from Sinopharm Chemical Reagent Co., Ltd., 
China. The HupA standard was supplied by the National 
Institutes for Food and Drug Control of China.

Endophytic fungus/culture microorganism

Shiraia sp. Slf14, which produced the highest amounts of 
HupA in our initial screening, was used in the experiment. 
The seeds were stored at −70 °C in 15 % glycerol for long-
term storage.

Strain passage in PDA slant

The Shiraia sp. Slf14 was cultured on potato dextrose agar 
(PDA) medium supplemented with 200  μg  L−1 HupA at 
28  °C and then subcultured every 7  days for seven pas-
sages. All passaged strains were stored in PDA at 4 °C for 
subsequent submerged cultivation.

Preparation of H. serrata extracts (HSE)

Huperzia serrata Leaves and stems were washed with 
water, dried overnight at 60 °C, and powdered. Each sam-
ple of dried raw material (20.0 g) was extracted with 1.0 L 
of 60 % ethanol for 3 days at 25 °C. The extract was fil-
tered through four layers of cheesecloth and then concen-
trated through evaporation under a vacuum at 40  °C to 
0.10 g mL−1, which was designated as HSE for subsequent 
experiments.

Culture conditions

Shiraia sp. Slf14 spores were collected from PDA stock 
slants with 0.05  M phosphate-buffered saline (PBS) at 
pH 6.8. The spores were washed, suspended in sterile 
water, and then used as liquid inoculant. The liquid growth 
medium for the spores contained 200 g of potatoes (soup 
extract) and 20 g of glucose in 1,000 mL of deionized water 
was autoclaved at 121 °C for 20 min. Every 100 mL of cul-
ture medium was inoculated with approximately 1 ×  106 
spores per milliliter in a 500  mL flask and then cultured 
for 3  days at 28  °C with rotation at 120  rpm. During the 
fermentation stage, 180 mL of sterilized liquid medium in 
500 mL flask was inoculated with 5 mL of the liquid inocu-
lant. The medium was prepared and inoculated as described 
in 200  g of potato (soup extract) and 10  g of sucrose in 
1,000 mL liquid medium. For the elicitation study, differ-
ent concentrations of HSE, l-lysine, and acetic acid were 
added into the fermentation culture. Each treatment was 
fermented for 14  days at 28  °C with rotation at 120  rpm 
and was prepared in triplicate.

Preparation of fungal extracts

The fermented Shiraia sp. Slf14 mycelia were harvested 
by centrifugation at 12,000×g for 10  min and then dried 
at 45 °C overnight. The dried mycelia were then powdered. 
Each sample of raw material (1.0  g) was extracted thrice 
with ethanol (50 mL) for 30 min with ultrasonication in a 
water bath at 40 °C. The extracts were filtered. The pooled 
filtrates were evaporated under reduced pressure. Then, 
the dry residue was dissolved in 50  mL of 2.5  % hydro-
chloric acid and purified by shaking twice with chloroform 
and then with ethylic ether. The water phase was rendered 
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basic with 25 % ammonia solution (pH 9), salted out with 
sodium chloride, and then exhaustively extracted with chlo-
roform. In the last stage, the combined chloroform extracts 
were evaporated to dryness. The dry residue was dissolved 
in 10  mL of methanol (HPLC grade). The methanolic 
extracts were filtered through a 0.45 μm filter prior to chro-
matographic separation [21].

HupA quantification by HPLC

HupA content was measured via HPLC using an ODS-C 
18 reverse phase column (4  μm, 4.6  ×  250  mm) (YMC 
Inc., Japan). The temperature of the column compartment 
was maintained at 30 °C. The injection volume was set to 
20 mL and the flow rate was 0.5 mL min−1 using a metha-
nol–water mobile phase (6:4, v/v). The effluent was moni-
tored at 310 nm. The HupA content was quantified using 
a standard curve generated from a HupA standard at con-
centrations ranging from 0.50 to 9.0 mg L−1, with the peak 
area and the height linearly correlated with absorbance 
(r2 = 0.9967).

Statistical methods

Each experimental data point was the result of an average 
of three replicated flasks simultaneously conducted. The 
standard deviation of the mean is shown as error bars in the 
figures.

Results and discussion

Attenuation of HupA production in endophytic fungi

The fundamental obstacle in utilizing endophytic fungi is 
maintaining the vitality and stability of the cells during pas-
sages. In our previous study, various endophytic fungi were 

isolated from H. serrata and identified, and their HupA 
yields were measured. The strain with the highest HupA 
yield was Shiraia sp. Slf14, producing approximately 
142.6 μg g−1 DCW of mycelia when cultured for 14 days 
in 100 mL of liquid PDA medium at 28  °C with shaking 
at 120 rpm. However, the HupA productivity of Shiraia sp. 
Slf14 sharply declined after nearly 3 years of repeated pas-
sages, yielding only 17.6 μg g−1 DCW of HupA. We exam-
ined the attenuation of HupA production through succes-
sive serial passages under the culture conditions. The HupA 
production of Shiraia sp. Slf14 significantly decreased from 
17.6 to <10 μg g−1 DCW after four transfers (Fig. 1a). This 
result signifies that Shiraia sp. Slf14 is unstable and eas-
ily attenuated independent of the host plant. Interestingly, 
the mycelial yield significantly increased with decreasing 
HupA production during the strain transfers.

Maintaining the stability and viability of HupA‑producing 
endophytic fungi

Maintaining the HupA productivity of seeds during trans-
fer is so crucial that the possible mechanisms of the syn-
thesis of plant metabolites by endophytic fungi need to 
be elucidated. However, the reasons for such declines 
remain poorly studied. We hypothesize that the lack of 
host stimulus in the culture media and silencing of genes 
in axenic cultures cause the decline in production [20]. 
Amending axenic cultures with host stimulus may be a 
practical and feasible way to reverse the decline. Similar 
to paclitaxel, podophyllotoxin, and camptothecin, HupA 
is also an important secondary metabolite produced 
occasionally by endophytic fungi from H. serrata. Plant 
endophytes produce host-specific metabolites as a sur-
vival strategy or resistance mechanism to tolerate toxic 
host metabolites [8]. Thus, we speculated that HupA in 
host plant is a key host stimulus for HupA production in 
endophytic fungi.
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Fig. 1   HupA production (filled square) and mycelial yield (open square) of Shiraia sp. Slf14 in different passages of a without and b with add-
ing 2.0 mg L−1 HupA, respectively
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In the present study, we attempted to improve or main-
tain the stability and viability of the HupA-producing endo-
phytic fungus by supplementing HupA into subculture gen-
erations. Shiraia sp. Slf14 supplemented with 200 μg L−1 
HupA were continually transferred to determine the 
viability and stability of the fungus. The HupA produc-
tion of Shiraia sp. Slf14 obviously increased from 17.9 to 
40 μg g−1 DCW after four continuous transfers (Fig. 1b). 
The results indicated that it successfully increased the 
HupA yield of Shiraia sp. Slf14 by adding trace amounts of 
HupA into the slant culture. More interestingly, the color of 
the culture changed from reddish brown to having almost 
unpigmented after four transfers. We examined the culture 
and inferred that the fading of pigmentation was caused by 
a decline in hypocrellin formation (data not shown). Pre-
vious studies hypothesized that the initial biosynthesis of 
fungal perylenequinone pigments and HupA share the pol-
yketide synthase pathway [24].

Activators (inducers) of HupA production

Certain specific compounds in higher plants influence the 
production of secondary metabolites by fungi. Therefore, 
we assessed the influence of compounds supplemented into 
the PDA liquid culture on the HupA yield and mycelial 
production of Shiraia sp. Slf14. We compared the effects 
of HSE, l-lysine, and acetic acid at different concentrations 
as inducers. The results showed that cultures supplemented 
with HSE and l-lysine produced significantly more mycelia 
and HupA than those supplanted with acetic acid (Fig. 2). 
Especially, culturing Shiraia sp. Slf14 with 0.2  g  L−1 

l-lysine increased the HupA yield to 296.7 μg L−1, which 
about 40 % higher than that of the control. We are uncer-
tain whether l-lysine acid is an activator or a precursor of 
HupA. Considering the pathway of HupA biosynthesis 
remains unclear, previous investigations speculated that 
l-lysine is a precursor in lycopodine biosynthesis [2]. How-
ever, Ma and Gang [12] proposed a biosynthetic pathway 
for the synthesis of HupA and related lycopodium alkaloids 
consisting of pelletierine coupled with 4PAA based on 
previous studies [1, 4, 15, 16]. Initially, l-lysine is decar-
boxylated by lysine decarboxylase to form cadaverine. The 
subsequent reactions on the intermediates include a series 
of oxidation, decarboxylation, and N-methylation reactions 
that lead to the production of HupA and related lycopodium 
alkaloids [3, 12]. Luo et al. [10, 11] also described a tran-
script of lysine decarboxylase in H. serrata leaves that may 
be involved in HupA biosynthesis. Hence, l-lysine could be 
a vital precursor for HupA production in Shiraia sp. Slf14.

Some studies improved secondary metabolite production 
in endophytes by optimizing the culture conditions. How-
ever, few studies have focused on the HupA production in 
endophytic fungi. The only report so far indicated that eth-
anol and methanol improve HupA production [26]. How-
ever, we have failed to increase HupA production using 
this approach. In the present study, we maintained the sta-
bility of the endophytic fungi and enhanced HupA produc-
tion using inducers. These inducers possibly act as positive 
regulators of HupA production in Shiraia sp. Slf14. Future 
studies should determine the pathways involved in HupA 
synthesis and regulation. From a practical standpoint, these 
results strongly suggest that HupA production in some 

Fig. 2   Effect of different 
inducers on mycelial and 
HupA yields of Shiraia sp. 
Slf14 cultures. The fungi were 
cultured in liquid PDA medium 
by adding the indicated amounts 
of: a HSE, b l-lysine, and c 
acetic acid, respectively. HupA 
production (filled square) and 
mycelial yield (open square) 
were quantified after 14 days of 
cultivation
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fungi is regulated by plant products or other small molec-
ular compounds and may contribute to commercial HupA 
production via industrial fermentation. In addition, we are 
now sequencing the expression profile of Shiraia sp. Slf14 
to elucidate the pathways involved in HupA biosynthesis 
and regulation through comparison with known unique host 
transcripts. We also plan to examine the molecular cas-
cades of HupA production and the regulatory mechanism 
of l-lysine.
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