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Abstract: Huperzia serrata is a Huperzine A (HupA)-producing herb. HupA is a potent, reversible,
highly specific, centrally active and selective acetylcholinesterase inhibitor, and is commonly used
to improve Alzheimer’s disease.At present, H. serrata resources have been overexploited and their
artificial cultivation has lagged behind the need, so the market demand cannot be met. In this study,
the diversity of the endophytic fungi in H. serrata was studied by high-throughput sequencing and
traditional culture methods. Furthermore, the ability of the isolated endophytic fungi to produce
acetylcholinesterase-inhibiting activity was evaluated. The results related to the diversity of fungi
between high-throughput sequencing and traditional culture methods were compared. With high-
throughput sequencing, five phyla, 22 classes, 55 orders, 120 families, and 178 genera of fungi
were detected in Hubei Province, and five phyla, 22 classes, 54 orders, 124 families, and 196 genera
were detected in Fujian Province. After cultivation with traditional culture methods, two phyla,
three classes, five orders, six families, and six genera were detected in Hubei, and one phylum,
three classes, five orders, five families, and six genera in Fujian. The endophytic fungi of H. serrata
are highly diverse, and the results of high-throughput sequencing comprehensively reflect their
community compositions. When the acetylcholinesterase-inhibiting activity of the isolated and
cultured endophytic fungi was determined, five and three endophytic fungi from Hubei and Fujian
Provinces, respectively, had good inhibitory activity (inhibition rate > 50%). Most of them were
separated from leaf tissue. The strain HBR-1 and strain FJL-5 had the strongest inhibitory effects
on AChE, with inhibition rates of 72.34% and 60.54%, respectively. Although only a proportion
of the endophytic fungi was isolated with traditional culture methods, metabolites with broad
potential applications can be isolated from these fungal cultures. The combination of high-throughput
sequencing and traditional culture methods can be used to isolate and purify endophytic fungi in a
targeted manner, gain many endophytic fungi, and enrich the endophytic fungi resource library.

Keywords: acetylcholinesterase inhibitor; diversity; endophytic fungi; high-throughput sequencing;
Huperzia serrata; traditional culture method

1. Introduction

Huperzia serrata (Thunb. ex Murray) Trev. is a commonly used Chinese herbal medicine.
It is a fern belonging to the subfamily Huperzioideae and the genus Huperzia Bemh.
The taxonomic status of huperaceae is still partly confused [1]. Huperzia is distributed
worldwide (Asia, Oceania, Central America, etc.) and mainly grows in moist forests and
rock cracks at altitudes of 300–2700 m in China [2]. The whole plant has long been used in
Chinese medicine to treat various ailments [3], including contusions, strains, schizophrenia,
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myasthenia gravis, abdominal distension, hematuria, and organophosphate poisoning [4].
Huperzia plants are rich in alkaloids [5]. Huperzine A (HupA) was the first alkaloid isolated
from H. serrata, in the 1980s. It is a highly efficient acetylcholinesterase (AChE) inhibitor,
with low toxicity and few side effects. It has an extremely significant effect on improving
memory and treating early-stage Alzheimer’s disease, with less toxicity and side effects
than other treatments, and it has broad market potential [6]. H. serrata has attracted intense
attention worldwide since its marked anticholinesterase activity was discovered by Chinese
scientists. Huperzine A from Huperzia is approved for use as a food additive in the United
States [7]. H. serrata is a perennial herb, with slow growth and low biomass, and wild
resources are limited. Moreover, this rare wild resource is being driven to extinction by its
predatory exploitation, environmental degradation, and other factors.

Plant endophytes are those bacteria, actinomycetes, and fungi that live in various
tissues and organs of healthy plants at a certain stage or all stages of their life histories. The
infected host generally shows no external symptoms [8–10]. Endophytes can be isolated
from plant tissues after strict surface disinfection with histological methods, or their DNA
can be directly amplified from the tissues to confirm their endogenesis [11]. Endophytes
can promote plant growth by altering the plant physiology, including by regulating osmotic
pressure, changing stomata size and morphology, modifying the root metabolism, and
increasing the absorption of certain minerals [12]. Endophytes can also produce metabolites,
such as glucanase, chitinase [13], hydrolase, and antibiotics, which can be used as biological
control agents [14]. Plant endophytes have also been shown to have repair functions and
increase plant resistance to stress [15]. Some endophytic fungi produce compounds similar
to those produced by their hosts [16,17]. Others are potential sources of natural products,
such as antibiotics and anticancer agents [18]. Endophytes are recognized as reservoirs of
novel compounds of great value in agriculture, industry, and medicine [19].

Studies of the diversity of endophytic fungi have mainly sought to obtain microbial
cultures through separation and culturing, and the subsequent identification and classifica-
tion of the isolated strains. However, given the limitations of experimental conditions, it is
impossible to provide the same environments in which microorganisms naturally exist, so
large numbers of microorganisms cannot be isolated with traditional methods of separation
and culture. However, the rapid development of high-throughput sequencing technology
has provided a more effective way to study the diversity of plant endophytic fungi, and
can comprehensively and objectively determine the microbial colony structure and the
relative compositions of microbial communities in a target environment.

The endophytic fungi of H. serrata have mainly been studied with traditional culture
methods, and few researchers have used high-throughput sequencing to determine the
diversity of this endophytic fungi [20,21]. To more comprehensively understand the
diversity of endophytic fungi in H. serrata, we used high-throughput sequencing and
traditional culture methods to study plants from Fujian and Hubei Provinces. We first
isolated and identified the endophytic fungi in the roots, stems, and leaves of plants from
the two provinces. We then studied the microbial diversity in the roots, stems, and leaves
of the plants and the corresponding rhizosphere soil, and compared the differences in the
diversity of endophytic fungi determined with high-throughput sequencing and traditional
culture methods. We also evaluated the ability of the isolated endophytic fungi to produce
AchE inhibitors.

2. Materials and Methods
2.1. Materials

Healthy H. serrata plants were collected in May 2019, from Hubei (29.93◦ N, 109.27◦ E)
and Fujian (27.11◦ N, 119.28◦ E) Provinces, China. All samples were immediately trans-
ferred to the laboratory in an icebox. Six plants were collected in total, three samples
each in Hubei and Fujian Province. The plants’ roots, stems and leaves were screened for
endophytic fungi within 24 h.
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2.2. Sample Processing

The samples were sterilized according to Beckers et al. [22], with some modification.
Briefly, the root samples were shaken and the fallen soil particles removed. The remaining
soil was separated from the root tissue as the “rhizosphere soil” compartment. To eliminate
any epiphytic microorganisms, the plants were (a) rinsed with sterile water for 10 min,
(b) rinsed with 70% ethanol for 2 min, (c) rinsed three times with sterile water, (d) soaked in
sodium hypochlorite solution (2.5% active Cl− with 0.1% Tween 80) for 5 min, (e) rinsed in
70% ethanol for 1 min, and finally (f) rinsed five times with sterile water. In order to confirm
the surface disinfection process was successful, sterility was checked with potato dextrose
agar (PDA) [23]. The samples were cut into 0.5 cm2 sections, and some were transferred to
a Petri dish containing potato dextrose agar (PDA) or Czapek–Dox medium. The samples
were incubated at 28 °C for 7 days and the endophytic fungi separated according to their
different morphological characteristics. Tip mycelia were picked and transferred to a solid
medium of PDA or Czapek–Dox medium and incubated at 28 °C. After colony growth, the
previous steps were repeated until pure culture was obtained. The fungal isolates were
stored in medium slants at 4 ◦C or as spore suspensions in 15% (v/v) glycerol at −80 °C.

2.3. DNA Extraction

An aliquot (1.5 mL) of each homogenized plant material was centrifuged (13,000× g,
10 min). The supernatants were discarded, and DNA was extracted from the plant tissues
with the E.Z.N.A. HP Plant DNA Mini Kit (Omega, Guangzhou, China), according to
the manufacturer’s instructions; DNA was extracted from the rhizosphere soil with the
FastDNA™ Spin Kit for Soil (MP Medicals, Shanghai, China), according to the protocol pro-
vided by the manufacturer, and DNA was extracted from the isolated endophytic fungi with
the E.Z.N.A.™ HP Fungal DNA Kit (Omega), according to the manufacturer’s protocol.

2.4. PCR Amplification and High-Throughput Sequencing

The DNA from the rhizosphere soil, roots, stems, and leaves was amplified with opti-
mal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCT-
TCATCGATGC-3′) [24] and fungal libraries were created. The PCR products were purified
with the E.Z.N.A.® Gel Extraction Kit (Omega). The DNA content was determined with a
Qubit 3 fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The gel extraction
products were then mixed in equal amounts. Finally, the PCR products were sequenced
(PE250) with the Illumina HiSeq 2500 high-throughput sequencing platform (Novogene
Co., Ltd., Beijing, China). The barcode and primer sequences of original data were removed
and then spliced. The spliced sequences were strictly filtered and the chimeric sequences
removed to obtain the final valid data.

The DNA extracted from the isolated endophytic fungi was amplified with PCR with
primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATAT-
GC-3′), and then sequenced (Sangon Biotech Co., Ltd., Shanghai, China).

2.5. Sequence Availability

The microbiome sequences have been deposited in the National Center for Biotechnol-
ogy Information (NCBI) database under BioProject accession number PRJNA655213 and
under the Sequence Read Archive (SRA) accession numbers SRR12401455–SRR12401478.

2.6. Diversity Analysis of Endophytic Fungi

All effective tags of all the samples were clustered with the UCLUST [25], and se-
quences with≥97% similarity were assigned to the same operational taxonomic unit (OTU).
Rarefaction curves were computed with QIIME (version 1.8.0) [26]. 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. A phylogenetic analysis
was performed with MEGA version 6.06 [27]. Phylogenetic trees were constructed with
the neighbor joining (NJ) method. A principal coordinates analysis (PCoA) and a cluster
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analysis based on the unweighted pair-group method with arithmetic means (UPGMA)
were conducted in R (version 2.15.3). The diversity of the endophytic fungi in H. serrata
was determined with the Shannon index and Simpson index.

Shannon index:

H = −
N

∑
i=1

PilnPi

Simpson index:
D = 1−∑ P2

i

In the formulae, N represents the sum of the number of individuals of all strains;
Pi = Ni/N, where Ni is the number of individuals from the ith genus in the different tissues
of the plants, and N is the sum of the number of individual strains of all genera.

2.7. Fermentation and Preparation of Endophytic Fungal Extracts

Potato dextrose broth (PDB) liquid medium was inoculated with the individual iso-
lated endophytic fungi. They were cultured at 160 rpm at 28 °C for 14 days in a rotary
shaker. The mycelial pellets were collected by centrifugation at 13,000× g for 10 min, freeze-
dried, and then ground in a mortar with liquid nitrogen. Each sample of raw material
(1.0 g) was extracted with 75% ethanol (50 mL) for 30 min; this was repeated three times and
the extracts filtered. The filtrates were combined and evaporated under reduced pressure.
The dry residue was dissolved in 50 mL of 2.5% hydrochloric acid, and purified by shaking
twice with chloroform and then with ethylic ether. The aqueous phase was rendered basic
with a 25% ammonia solution (pH 9), salted out with sodium chloride, and then extracted
thoroughly with chloroform. The chloroform-combined extract was evaporated to dryness.
The dried residue was dissolved in 10 mL of (HPLC-grade) methanol, and the methanol
extract was filtered through a 0.45 µm filter [28].

2.8. Determination of AchE Inhibitory Activity in Endophytic Fungal Fermentation Products

The in vitro AchE-inhibiting activities of the endophytic fungal extracts were deter-
mined with the method of Atta-ur-Rahman et al. [29], and compared with that of authentic
HupA. The preincubation samples contained 250 µL of phosphate buffer (pH 7.7), which
consisted of 15 µL of fungal extract or authentic HupA, 80 µL of dithiobis nitrobenzoic acid
(DTNB; 3.96 mg DTNB and 1.5 mg sodium bicarbonate dissolved in 10 mL phosphate buffer
(pH 7.7)), and 10 µL of AChE (0.22 U·mL−1). The mixture was incubated at 25 °C for 5 min.
After preincubation, 15 µL of the substrate acetylthiocholine iodide (10.85 mg in 5 mL of
phosphate buffer) was added and incubated again for 5 min. Color development was
measured in a 96-well microtiter plate at a wavelength of 412 nm in an iMark™ Microplate
Absorbance Reader (Bio-Rad, Hercules, CA, USA). Percentage inhibition was calculated
with the formula: ([control absorbance − sample absorbance]/control absorbance) × 100%.

3. Results
3.1. Analysis of Endophytic Fungal Community Structures in H. serrata with
High-Throughput Sequencing
3.1.1. Alpha Rarefaction Curves and Alpha Diversity

The abundances of the plant endophytic fungal communities in the samples from both
Fujian and Hubei Provinces were lower than that of the corresponding rhizosphere soil
flora (Figure 1). The abundance of the endophytic fungi in the roots, stems, and leaves was
similar. The rhizosphere soil samples from Hubei contained 648, 652 and 665 operational
taxonomic units (OTUs), and those from Fujian contained 668, 674, and 676 operational
taxonomic units (OTUs). There was a combined total of 375, 378 and 389 OTUs in the root,
367, 371 and 383 OTUs in the stem, and 353, 369 and 377 OTUs in the leaf samples from
Hubei, while there was a combined total of 450, 453 and 454 OTUs in the root, 416, 430 and
433 OTUs in the stem, and 497, 516 and 518 in the leaf samples from Fujian.
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Figure 1. Rarefaction curves of fungi in rhizosphere soil and of endophytic fungi in different tissue. (a) Rarefaction curves
of Huperzia serrata samples from Hubei Province. (b) Rarefaction curves of Huperzia serrata samples from Fujian Province.
Note: HBL: H. serrata leaf, HBR: H. serrata root, HBS: H. serrata stem, HBRS: rhizosphere soil; FJL: H. serrata leaf, FJR:
H. serrata root, FJS: H. serrata stem, FJRS: rhizosphere soil. The numbers 1, 2, and 3 in the names are used to indicate that the
same tissue sample is repeated three times.

3.1.2. Beta Diversity

The fungal diversity of each plant tissue and rhizosphere soil was analyzed with a
principal coordinates analysis (PCoA) and a cluster analysis. The results of PCoA based on
the OTU level are shown in Figure 2. The first principal coordinate (PC1) in the sample
from Hubei showed a representative contribution rate of 39.47% to the microbial fungi
detected, and the representative contribution of the second principal coordinate (PC2)
was 30.34% (Figure 2a). In the sample from Fujian, the representative contribution rate
of PC1 to the microbial fungi detected was 45.15%, and the representative contribution
of PC2 was 24.99% (Figure 2b). The structures of the fungal communities in leaves and
stems were similar between the samples from Hubei and Fujian. The structures of the
fungal communities in the leaf and stem were clustered separately from those of the fungal
communities in the roots and rhizosphere soil. In the cluster analysis (Figure 2c), the root,
stem, and leaf samples from Hubei clustered together; however, the root samples were not
an ingroup of the leaf + stem cluster, but a sister group of it. In the samples from Fujian
(Figure 2d), the root and rhizosphere samples clustered together, and the stem and leaf
samples clustered together.

3.1.3. Composition of Endophytic and Rhizosphere Soil Fungi

At the phylum level (Figure 3), Ascomycota was the dominant phylum in the Hubei
samples, with relative abundances of 74.40–78.30%, 71.95–74.18%, 94.36–95.36% and
73.45–78.22%, respectively, followed by Basidiomycota and Mortierellomycota. Ascomy-
cota was also the dominant phylum in the Fujian samples. However, the relative abun-
dances of the dominant flora in the Fujian rhizosphere soil samples differed significantly
from those in the tissue samples. The relative abundances of Ascomycota, Mortierellomy-
cota, and Basidiomycota were 31.63%, 39.55%, and 15.73%, respectively, in the rhizosphere
soil; about 75%, 5%, and 15%, respectively, in the roots and leaves; and about 84.83%, 2.75%,
and 8.53%, respectively, in the stem samples.

3.2. Analysis of Endophytic Fungi Community Structure in H. serrata with Traditional
Culture Methods

In total, 15 and 13 strains were cultured from the root, stem, and leaf tissues of
plants from Hubei and Fujian Provinces, respectively. The ITS rRNA gene sequence
of strains was compared with the sequences deposited in the GenBank database (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi/ (accessed on 17 July 2020)). The species with the
highest similarity was obtained and the results are shown in Table 1. The phylogenetic tree
was constructed by the neighbor-joining (NJ) method using the endophytic fungi isolated

https://blast.ncbi.nlm.nih.gov/Blast.cgi/
https://blast.ncbi.nlm.nih.gov/Blast.cgi/
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from Hubei and Fujian, and the species of these with the highest similarity. The preliminary
identification of the endophytic fungi is given in Figure 4.

Figure 2. Principal coordinates analysis (a) Sample of Hubei Province. HBL: H. serrata leaf, HBR:
H. serrata root, HBS: H. serrata stem, HBRS: rhizosphere soil; (b) Sample of Fujian Province. FJL:
H. serrata leaf, FJR: H. serrata root, FJS: H. serrata stem, FJRS: rhizosphere soil) and cluster analysis
(c) Sample of Hubei Province. HBL: H. serrata leaf, HBR: H. serrata root, HBS: H. serrata stem, HBRS:
rhizosphere soil; (d) Sample of Fujian Province. FJL: H. serrata leaf, FJR: H. serrata root, FJS: H. serrata
stem, FJRS: rhizosphere soil) of endophytic fungi in Huperzia serrata. The numbers 1, 2, and 3 in the
names are used to indicate that the same tissue sample is repeated three times.

Figure 3. Fungal community composition at the phylum level. (a) Sample of Hubei Province. HBL:
H. serrata leaf, HBR: H. serrata root, HBS: H. serrata stem, HBRS: rhizosphere soil; (b) Sample of
Fujian Province. FJL: H. serrata leaf, FJR: H. serrata root, FJS: H. serrata stem, FJRS: rhizosphere soil).
The numbers 1, 2, and 3 in the names are used to indicate that the same tissue sample is repeated
three times.
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Table 1. Analysis of endophytic fungi isolated with traditional culture methods.

Strains Closest Relatives
in NCBI

Max.
Identity

%

AchE
Inhibitory

Activity (%)
Strains Closest Relatives

in NCBI

Max.
Identity

%

AchE
Inhibitory

Activity (%)

HBR-1 Ascochyta caulina TF33 99.28 72.34 ± 0.5 FJR-1 Epicoccum nigrum UP_EPC81 99.81 41.24 ± 1.5

HBR-2 Cladosporium sphaerospermum
SCAU103 99.81 28.35 ± 1.3 FJR-3 Alternaria sp. strain AT-1 99.07 20.56 ± 1.3

HBR-3 Cladosporium cladosporioides
ZB18102902907 99.81 42.46 ± 0.6 FJR-5 Arthrinium phaeospermum

OU-E 38 96.92 35.23 ± 0.7

HBR-4 Alternaria tenuissima RT29 99.26 36.29 ± 0.6 FJR-6 Cladosporium cladosporioides
ZB18102902907 99.81 35.24 ± 0.5

HBS-1 Fusarium verticillioides
JCP2002 99.8 38.01 ± 0.2 FJR-7 Leptosphaeria sp. XJ23 99.64 5.61 ± 0.3

HBS-2 Alternaria sp.
OUCMBI101236 99.45 44.16 ± 1.6 FJS-1 Cladosporium sp. YS-134 99.61 33.23 ± 0.9

HBS-3 Cladosporium sp. LQ122403 99.42 38.53 ± 0.3 FJS-3 Aspergillus tabacinus
DUCC5716 99.45 26.36 ± 1.1

HBS-5 Arthrinium rasikravindrae
OUCMBI110096 99.65 23.49 ± 2.1 FJS-5 Aspergillus tabacinus

26R-5-F07 99.45 50.38 ± 0.3

HBS-6 Coprinellus radians xsd08234 95.41 17.92 ± 0.8 FJL-1 Epicoccum nigrum
UP_EPC_51 99.04 10.3 ± 0.7

HBL-1 Alternaria alternata MS18-2 99.45 50.32 ± 1.8 FJL-2 Aspergillus sydowii strain
AsN19C03 99.44 29.78 ± 1.9

HBL-2 Cladosporium cladosporioides
C5 100 39.55 ± 1.2 FJL-3 Cladosporium sp. STE-U 5371 99.62 54.36 ± 1.1

HBL-3 Alternaria sp. CDCF2534 99.81 1.66 ± 0.6 FJL-4 Alternaria tenuissima M9 98.89 39.79 ± 0.4

HBL-4
Cladosporium halotolerans

ENDO-PINE683-
BOTTOMA

99.81 55.21 ± 1.3 FJL-5 Aspergillus sp. Z-Y-47 99.3 60.54 ± 0.5

HBL-6 Alternaria sp. CDCF2530 99.63 52.26 ± 1.1

HBL-7 Cladosporium cladosporioides
ZJDF16 99.61 50.41 ± 0.4

Note: Strains HBR-1, HBR-2, HBR-3 and HBR-4 were isolated from roots of H. serrata in Hubei Province; Strains HBS-1, HBS-2, HBS-3,
HBS-5, HBS-6 were isolated from stems of H. serrata in Hubei Province; Strains HBL-1, HBL-2, HBL-3, HBL-4, HBL-6, HBL-7 were isolated
from leaves of H. serrata in Hubei Province. Strains FJR-1, FJR-3, FJR-5, FJR-6 were isolated from roots of H. serrata in Fujian Province;
Strains FJS-1, FJS-3, FJS-5 were isolated from stems of H. serrata in Fujian Province; Strains FJL-1, FJL-2, FJL-3, FJL-4, FJL-5 were isolated
from leaves of H. serrata in Fujian Province. The inhibition effects of fungal extracts on AChE activity in vitro were based on three replicate
tests. The inhibition effect of authentic HupA was 92.6 ± 0.3; values are mean ± SE of three replications.

3.3. Differences in Endophytic Fungi Detected with Traditional Culture Methods and
High-Throughput DNA Sequencing
3.3.1. Differences in Endophytic Fungal Community Structures Detected

When the endophytic fungi were isolated with traditional culture methods, two phyla,
three classes, five orders, six families, and six genera were detected in the samples from
Hubei, and one phylum, three classes, five orders, five families, and six genera were
detected in the samples from Fujian. In contrast, high-throughput sequencing detected five
phyla, 22 classes, 55 orders, 120 families, and 178 genera in the samples from Hubei and
five phyla, 22 classes, 54 orders, 124 families, and 196 genera in the samples from Fujian
(Table 2). These results indicate that traditional culture methods seriously underestimated
the species composition of the endophytic fungi in H. serrata. More microbial species were
detected with the high-throughput sequencing method than with the traditional culture
method. High-throughput sequencing has obvious advantages over the pure culture
method, and these advantages were greatest at these levels.
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Figure 4. Neighbor-joining tree of the ITS sequences of endophytic fungi from Huperzia serrata.
(a) phylogenetic tree was constructed based on fungi isolated from Huperzia serrata in Hubei
province; (b) phylogenetic tree was constructed based on fungi isolated from Huperzia serrata in
Fujian province).
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Table 2. Community structures of endophytic bacteria detected with traditional culture methods and
high-throughput sequencing at each classification level.

Sample Items Phylum Class Order Family Genus

Hubei
traditional culture methods 2 3 5 6 6

high-throughput sequencing 5 22 55 120 178

Fujian traditional culture methods 1 3 5 5 6
high-throughput sequencing 5 22 54 124 196

3.3.2. Differences in Endophytic Fungal Diversity

The microbial diversity indices of the endophytic fungi in H. serrate were analyzed.
The Shannon indices for the endophytic fungi of H. serrata isolated with traditional culture
methods were 2.099 in Hubei and 2.416 Fujian, whereas the Simpson indices were 0.711
and 0.793, respectively. However, the corresponding Shannon indices calculated from high-
throughput sequencing data were 3.426 and 3.939, respectively, and the corresponding
Simpson indices were 0.828 and 0.936, respectively. These findings show that the diversity
of endophytic fungi detected with high-throughput sequencing was higher than that
detected with traditional culture methods. They also show that the endophytic fungus
community’s structure in H. serrata is complex and stable.

3.4. Acetylcholine-Inhibiting Activity of Endophytic Fungi Isolated with Traditional
Culture Methods

The in vitro AChE inhibitory activity of endophytic fungal extracts from two Chi-
nese provinces were tested (Table 1). Among the strains isolated with traditional culture
methods, those with high AChE inhibitory activity (>50% inhibition) accounted for 33.33%
and 23.08% in the samples from Hubei and Fujian, respectively; those with moderate
activity (30–50% inhibition) for 40% and 38.46%, respectively; and those with low activity
(<30% inhibition) for 26.67% and 38.46%, respectively. The endophytic fungal sample
HBR-1 from Hubei and sample FJL-5 from Fujian had the strongest inhibitory effects on
AChE, with inhibition rates of 72.34% and 60.54%, respectively.

4. Discussion

In this study, traditional culture methods and high-throughput sequencing were used
to study the diversity of endophytic fungi in H. serrata from Hubei and Fujian. Both
methods showed that these endophytic fungi were highly diverse. Compared with high-
throughput sequencing, the traditional culture methods identified relatively fewer cultures,
which may be attributable to the influence of the culture conditions, which limited the
numbers of microorganisms obtained.

When the different tissues of the plants from Hubei and Fujian were processed with tra-
ditional culture methods, 15 and 13 endophytic fungi were isolated, respectively (Table 1).
The endophytes in both places were predominantly from the phylum Ascomycota, except
a unique strain from Basidiomycota in the Hubei sample, but the distribution was different
at the genus level. Both the Hubei and Fujian samples contained Alternaria, Arthrinium,
and Cladosporium. Ascochyta, Fusarium and Coprinellus were only isolated from the Hubei
sample and Epicoccum, Leptosphaeria, and Aspergillus from the Fujian sample. These genera
have also been isolated in previous studies [21,30–33]. The results show some differences
in the diversity of endophytic fungi at different geographic locations. Wang et al. studied
the composition of endophytic fungi of H. serrata from Lushan Mountain and Jinggang
Mountain, and also found that there were many differences, indicating that geograph-
ical environment plays a more important role in affecting the diversity of endophytic
fungi, even if from the same plant [21,33]. Plants in different habitats provide different
environmental and nutritional conditions for the microorganisms within them, and these
conditions affect the complex symbiotic relationships between the microorganisms and
plants, generating different endophytic flora. When isolating and culturing the endophytic
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fungi of H. serrata, the natural ecological environment in which the plant grows must be
simulated as closely as possible to maximize the endophytic fungal resources available
and better reflect the natural endophytic fungal diversity of H. serrata. Because we cannot
completely simulate this natural environment, fewer endophytic fungi were isolated in the
laboratory. During the process of isolation and culturing in the laboratory, the first thing to
be considered is the interaction between endophytes and hosts. The second may be the
interconnection among endophytes [34]. We realize that the strategies of culturing “uncul-
turable microorganisms” have attracted widespread attention. Mu et al. concluded that
simulating the natural environment is an effective strategy to isolate active bacteria [35,36].

High-throughput sequencing detected Ascomycota, Basidiomycota, Mortierellomy-
cota, Chytridiomycota, and Rozellomycota in the H. serrata plants from both Hubei and
Fujian Provinces. The dominant phylum was Ascomycota, followed by Basidiomycota and
Mortierellomycota; therefore, the composition of endophytic fungi at the phylum level was
similar, to a certain extent, in plants under different growth and environmental conditions,
but the relative abundances of the various phyla differed in response to the different envi-
ronments for plant growth. At the genus level, the traditional separation methods detected
only six different strains, far fewer than were detected with high-throughput sequencing.
All the genera detected with traditional culture methods were also detected with high-
throughput sequencing (Supplementary Materials Tables S1 and S2), except Ascochyta. This
exception may be attributable to its missed detection with high-throughput sequencing.
These results combined with the α diversity indices analysis show that high-throughput
sequencing better reflects the distribution of endophytic fungi in H. serrate than traditional
culture methods. The abundance, uniformity, and diversity of OTUs in the roots, stems,
leaves, and rhizosphere soil were evaluated in terms of their alpha diversity. The OTU
richness in the rhizosphere clearly differed from that in the plant roots, stems, and leaves,
and the rhizosphere microbial richness in the two provinces was significantly higher than
the richness of the plant endophytic flora. However, there were no significant differences
in the OTU abundances among the different tissues. Our results differ from the results of
Beckers et al. [37]. Their research showed that the endophytic bacteria in the rhizosphere
soil, root, and stem had clearly distinguishable OTU abundances. This may be related to
the different plant species and microflora types studied. To further compare the structures
of fungal flora in the plant rhizosphere soil and in different plant tissues, all the samples
were clustered with PCoA and cluster analysis. All the fungal samples were clustered
according to the different plant tissues, and the result indicated that endophytic fungi differ
across different tissues. The cluster analysis showed that the endophytic fungi in Fujian
showed similar clustering to that of bacteria [37]. The endophytic fungi of Fujian samples
in the rhizosphere soil and root tissues clustered together, and the stem and leaf tissues
clustered together. These findings support the idea that rhizosphere sediments and the
root exudates of the host plant enhance the richness of the microbial community in the
rhizosphere soil [38,39]. The microorganisms in the rhizosphere soil travel through the
endoderm and root stele to the xylem vessels, ultimately colonizing the whole plant [40].
However, the clustering of the endophytic fungi in the rhizosphere soil and the plant
tissues in the Hubei region, where the endophytic fungi from the roots, stems, and leaves
clustered together, differed from that in Fujian Province. This difference may be related
to the different environments of plant growth in these two places. The soil in which the
plants grew in Fujian was relatively moist, which may have promoted the movement of the
rhizosphere soil fungi into the plants to colonize them. Several studies have shown that the
structures of fungal communities can vary according to the soil type, plant compartment,
plant species, and season [41–43].

The endophytic fungi of H. serrata in the Hubei and Fujian Provinces were separated
and purified with traditional culture methods. The endophytic fungi HBR-1 and FJL-5
from Hubei and Fujian, respectively, showed the best inhibitory effects on AChE (inhibition
rate > 50%), with inhibition rates of 72.34% and 60.54%, respectively. This indicates that
the production and development of AchE inhibitors by endophytic fungi have certain
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potential. A statistical analysis of the fungi with higher AChE inhibitory activity (inhi-
bition rates > 50%) indicated that most of the strains with high AChE inhibitory activity
were isolated from H. serrata leaf tissue, which accounted for 80% and 66.67% of the high
enzyme producers from Hubei and Fujian, respectively. Cui et al. analyzed the content
of HupA in the endophytic fungi community and the species of HupA, and found that
most of the endophytic fungi that showed a significant positive correlation with the acetyl-
cholinesterase inhibitor HupA were isolated from leaves [44]. This phenomenon may be
related to the higher content of the AChE inhibitor in the leaves of H. serrata plants than in
the stems or roots [45]. It also supports the theory of Young et al. that, through evolution,
symbiotic endophytes have developed mechanisms for the biosynthesis and tolerance of
high levels of secondary metabolites, so as to better compete with and survive in the tissues
of medicinal plants [46].

The results of the high-throughput sequencing method more comprehensively reflect
the diversity of endophytic fungi in H. serrata than those of the traditional culture methods,
which has major significance for research into endophytic fungi. The isolation of endo-
phytic fungal resources with traditional culture methods also has valuable applications,
especially because some of these fungi have antibacterial and growth-promoting activities.
A variety of metabolites can be isolated from these endophytic fungi, which have broad
potential utility in the development and utilization of natural products. The combination
of high-throughput sequencing and traditional pure culture methods reflects the diversity
of the endophytic fungi of H. serrata most comprehensively, and also allows their targeted
isolation and purification, the isolation of greater numbers of endophytic fungi, the enrich-
ment of the endophytic fungal resource pool, and the provision of materials for research.
However, further research is needed. Furthermore, the use of degenerated primer pairs for
genes involved in the biosynthesis of the AchE inhibitor, in order to assess the diversity of
fungi able to produce this compound, is still worth exploring [47,48].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su132112073/s1, Table S1. Community structure of endophytic bacteria in Hubei at the genus
level, detected with high-throughput sequencing. Table S2. Community structure of endophytic
bacteria in Fujian at the genus level, detected with high-throughput sequencing.
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