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Abstract: Acetylcholinesterase inhibitors (AChEIs) are an attractive research subject owing to their
potential applications in the treatment of neurodegenerative diseases. Fungi and bacteria are major
producers of AChEIs. Their active ingredients of fermentation products include alkaloids, terpenoids,
phenylpropanoids, and steroids. A variety of in vitro acetylcholinesterase inhibitor assays have been
developed and used to measure the activity of acetylcholinesterases, including modified Ellman’s
method, thin layer chromatography bioautography, and the combined liquid chromatography-mass
spectrometry/modified Ellman’s method. In this review, we provide an overview of the different
detection methodologies, the microbe-derived AChEIs, and their producing strains.
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Acetylcholinesterase is a secretory carboxylesterase present in the central and peripheral nervous
systems. This enzyme rapidly hydrolyze the neurotransmitter acetylcholine into choline and ultimately
terminates the excitatory effects of acetylcholine on the postsynaptic membrane, ensuring the proper
transduction of nervous signals and critically affecting the cholinergic nervous system [1]. In addition
to presenting at the neuromuscular junctions, the cholinergic system is also widely expressed in the
cortex, basal ganglia, hypothalamus, brainstem nuclei, and cerebellum, and has functions in attention,
memory, execution, language, and other cognitive processes [2]. In addition to its role in transducing
nervous signals, acetylcholinesterase is also involved in the other cellular processes, such as cell
differentiation, apoptosis, and cell adhesion [3].

Acetylcholinesterase inhibitors (AChEIs) extend and enhance the effects of acetylcholine by
causing the acetylcholine accumulation in the synapses. AChEIs are usually made by chemical synthesis
or produced by plants and microorganisms, and may have applications in treating neurodegenerative
disorders such as Alzheimer’s disease.

In this review, we illustrate a variety of microorganism-derived AChEIs and summarized recent
advances in the detection assays used for testing AChEI activity.

1. Effects of AChEIs

AChEIs can be categorized as strong or weak inhibitors. Strong inhibitors include organic
phosphates and carbamates, which are primarily used as neural toxins and pesticides, while weak
inhibitors have been used in the treatments of Alzheimer’s disease (AD), dementia with Lewy bodies,
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Parkinson’s disease, myasthenia gravis, glaucoma, postural tachycardia syndrome, autism, insomnia,
and cognitive disorders [4]. Currently, AChEIs are most often studied in the context of their applications
in the treatment of AD and myasthenia gravis. AD is a common degenerative disease of the central
nervous system in the elderly, with clinical manifestations including memory decline and impaired
social recognition [5,6]. To date, several AChEIs have been used in clinical practice for treating AD,
including donepezil, rivastigmine, galanthamine, and huperzine A, among which galanthamine and
huperzine A are natural compounds [7].

Myasthenia gravis is a chronic autoimmune disease resulting from dysfunction of the acetylcholine
receptor at the neuromuscular junction. The symptoms of myasthenia gravis include weakness or
abnormalities in the involved skeletal muscles and susceptibility to fatigue, which may increase after
intense activities. Symptoms can be partially alleviated after rest or by the use of cholinesterase
inhibitors, such as pyridostigmine and neostigmine [8].

2. In Vitro Assays for AChEIs

Most original in vitro assays for testing AChEI activity are conducted by using preparations of
isolated guinea pig ileum smooth muscles. These assays involve complicated protocols, including
a long preparation time, and the use of large amounts of animal tissues and reagents, which constrains
the development of large-scale screening and detection of AChEIs. These assays have been replaced
by biochemical assays that are more sensitive and less complicated [9], which will be elucidated in
the following.

2.1. Ellman’s Method

The chemical principle of Ellman’s method involves hydrolysis of acetylcholine by
acetylcholinesterase to produce acetic acid and choline, which then reacts with Ellman’s reagent
(5,5′-bisdithionitrobenzoic acid [DTNB]) to form a compound exhibiting light absorbance at 412 nm.
With other factors unchanged, the absorbance value is linearly correlated with the inhibition activity of
the enzyme, facilitating calculation of the half-maximal inhibitor concentration (IC50) [10]. Although
Ellman’s method does not require the preparation of animal tissues for in vitro analysis of AChEIs, it is
restricted to a small pH range (6.5–8.5), in which the disulfide bond breakage in DTNB occurs, thereby
limiting the assay for use within this pH range. The –SH group, which detaches from the protein, can
also react with DTNB and interfere with the hydrolysis reaction; however, the results are often not
ideal and therefore cannot be used in high-throughput screens.

To overcome these problems, Gorun et al. [11] made various modifications to the assay as follows.
Instead of adding the DTNB reagent and substrates into the reaction system at the same time, DTNB
is added into the solution after the incubation of acetylcholinesterase and substrates, followed by
termination and color development. In this context, the enzymatic reaction and the chromogenic
step which are affected by the pH are separated; these modifications permit the detection of enzyme
activity at any pH and thereby increase the assay sensitivity. The use of a microplate/microplate
reader also allows for further simplification of Ellman’s method, thereby significantly decreasing
the experimental duration [12,13]. Bajda et al. [14] developed the electrophoretically mediated
microanalysis (EMMA) technique for rapid screening of AChEIs. The data obtained from the
EMMA assay and Ellman’s test had good linear relationships in the range of their respective mass
concentration. Ignasik et al. [15] used both methods for testing AChE inhibitory activities of a series
of new 2-(diethylaminoalkyl)-isoindoline-1,3-dione derivatives designed using molecular modeling.
Both methods gave a satisfactory result, which lends support for EMMA as a reliable tool for rapid
screening of novel cholinesterase inhibitors.

2.2. Thin-Layer Chromatography (TLC) Bioautography

One of the disadvantages of the modified Ellman’s method in screening for AChEIs is the higher
frequency of false-positive results, which stems from the inhibitory activities of acetylcholinesterase by
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residues of organic solvents used in sample preparation and purification. In addition, the production
cost increases with the number of isolation and purification steps increases. Therefore, an important
tactic is to reduce the number of steps during isolation and purification, as well as to reduce the
interference from organic solvents [16]. Rhee et al. combined TLC with the modified Ellman’s method
and developed a TLC bioautography method to effectively solve the above problems. In the procedure,
test samples are effectively separated by silica gel TLC. After the organic solvents are completely
evaporated, the chromogenic reagent DTNB is first sprayed on the chromatography plates, followed
by spraying with acetylcholinesterase. After acetylcholinesterase reacts with the sample thoroughly,
the acetylcholine substrate is sprayed on the plate. The appearance of white spots in the orange or
yellow background indicates the possibility of the existence of compounds with acetylcholinesterase
inhibition activity, and further separation and purification can be conducted [17].

To further eliminate the possible errors caused by the naked, Marston et al. used acetylcholinesterase
to decompose naphthyl acetate into naphthol, which can react with Fast Blue B to form a lustrous
purple diazo compound [18]. The distinction of white spots in a purple background has a better
visual effect and increases the sensitivity up to 1 × 10−10 µg/L. Yang et al. [19] optimized the use
of acetylcholinesterase, substrate (naphthyl acetate), and chromogenic agent (Fast Blue B), which
leads to an 85% reduction in acetylcholinesterase usage while adhering to the same sensitivity of
1 × 10−10 µg/L. Ramallo et al. [20] screened for AChEIs by combining TLC bioautography with
high-resolution mass spectrometry (HRMS). In comparison to direct mass spectrometric analysis,
the combined system is more affordable and exhibits improved detection specificity.

2.3. Combining Liquid Chromatography-Mass Spectrometry (LC-MS) with the Modified Ellman’s Method

Ingkaninan et al. [21] modified the Ellman’s method by synchronously coupling liquid
chromatography-mass spectrometry (LC-MS) which allows simultaneous separation, purification, and
structural analysis of the sample, as well as detection of AchEI activity. The coupled LC-MS/modified
Ellman’s method system requires three reagents: DNTB, AChE, and acetylthiocholine iodide (ATCI).
The detection instrument therefore also needs to be equipped with three respective samplers, which
causes the inevitable problems in synchronizing the ultraviolet spectrum, mass spectrometry, and
biochemical detection in the system. Furthermore, the chromogenic reagent DNTB can result in
chromogenic reaction with impurities in the sample, leading to false-positive results. However,
despite these problems, this detection system is still advantageous and shows high selectivity and
sensitivity. For example, for galanthamine, the detection sensitivity for this method can reach 0.3 nM.
To resolve the above problems, Rhee et al. (2003b) [22] have used a synthetic nonfluorescent substrate,
7-acetoxy-1-methyl quinolinium iodide (AMQI), which can be decomposed into a strong fluorescent
reagent, 7-hydroxy-1-methyl quinolinium iodide (HMQI), in the improved system, therefore the
AChEI activity can be determined by fluorescence intensity. Based on the example of galanthamine,
multiple compounds with AChEI activity were isolated and screened from plants of the Amaryllidaceae
family. This method only requires one reagent to be added, thus reduces the quantity of reagents
used. However, the nonfluorescent substrate AMQI is only stable at low pH and is susceptible to
self-decomposition under the optimal pH range, which makes it difficult to detect the actual inhibitory
capacity of the compounds being tested.

De Jong et al. [23] made further improvements to the experimental system, in which the test
samples were separated by high-performance liquid chromatography (HPLC), followed by reacting
with acetylcholinesterase and the substrate acetylcholine. Then, mass spectrometry is used to determine
the quantity of acetylcholine and choline contents, and the sample’s AchEI activity is then obtained.
The studies have shown that this system is simple and stable.

Kukula-Koch et al. [24] have used a combined system utilizing countercurrent chromatography,
TLC bioautography, liquid chromatography, and time-of-flight (TOF) mass spectrometry to first
separate components of root extracts from Argemone mexicana L. by countercurrent chromatography,
followed by TLC autography to determine the bioactivity, and finally HPLC-electrospray ionization
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(ESI)-TOF-MS for purification to obtain molecular information of compounds. Using this study,
compounds such as berberine, protopine, chelerithrine, sanguinarine, coptisine, palmatine,
magnoflorine, and galanthamine have been identified. Additionally, galanthamine was found for the
first time in Argemone mexicana L.

Different methods of in vitro AChEI detection have their specific advantages and disadvantages
(Table 1), and current research predominantly employs the modified Ellman’s method and TLC
bioautography; further modifications to these procedures should be made according to particular
experimental conditions.

Table 1. Comparison of methods used for in vitro AChEI detection.

Method Advantages Disadvantages

Ellman’s method In vitro testing; no requirement for
animal tissues

Large consumption of reagents; difficulty in
large-scale preparation of some samples;
often nonideal results, inappropriate for
high-throughput screens

Modified Ellman’s method
Simplified assay protocol, reduced
experimental time,
high-throughput screens

Complicated protocol for isolation and
purification of samples; interference from
organic solvents

TLC bioautography

Reduced steps in sample isolation
and purification protocol;
elimination of interference from
organic solvents

False-positive experimental results

Combined
LC-MS/modified
Ellman’s method

High specificity and detection
sensitivity

Synchronous coupling by the instrument,
requirement of additional samplers;
false-positive experimental results;
expensive materials

3. Types of AChEIs Produced by Microbes

The isolation of AChEIs has progressed from initial extraction from plants to the screening of
AchEI-producing strains from soil and isolation from cyanobacteria (initially thought to be dead green
algae floating on top of stagnant water), lichens, and endophytic fungi within plants. The products
mainly include alkaloids, terpenoids, and other compounds. As shown in Table 2, as of 2015, a total
of 31 strains have shown to contain compounds with AChEI activity in their fermentation products.
Except for one strain of lichen (Cladonia macilenta Hoffm), the 36 remaining strains are fungi and bacteria,
including 12 Deuteromycotina, 11 Ascomycota, one Cyanophyta, one Basidiomycota, and 11 bacteria,
primarily Actinomycetes and Cyanophyta. The homogeneity of these strains could provide insights
into future screening of AchEI producers.
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Table 2. Microbial producers of AChEIs.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Aspergillus terreus

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Aspergillus
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Aspergillus flavus LF40

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Aspergillus
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Penicillium sp.
EPF-6

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Penicillium
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versicolor   

Y10 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Aspergillus 

Avertoxin B  14.9 μM 
Modified Ellman’s 

method 

Wang et al. 

[29] 

Penicillium 

citrinum 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Quinolactacins A1  280 μM 

Modified Ellman’s 

method 
Kim et al. [30] 

Quinolactacins A2  19.8 μM 

Penicillium sp.   

EPF‐6 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Quinolactacins A, B, and C  No report  Ellman’s method 
Kakinuma   

et al. [31] 

Penicillium sp.   

FO‐4259 

Eumycota,   

Deuteromycotina,   
Arigsugacin I  0.64 μM 

Modified Ellman’s 

method 

Quinolactacins A, B, and C No report Ellman’s method Kakinuma et al. [31]

Penicillium sp.
FO-4259

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Penicillium
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Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

  Omura et al.;   

Huang et al. 

[32,33] 
Penicillium sp.   

sk5GW1L 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Arigsugacins F  0.37 μM 

Territrem B  7.03 μM 

Penicillium 

chermesinum   

(ZH4‐E2) 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Terphenyls 
7.8 μM 

5.2 μM 

Modified Ellman’s 

method 

Huang et al. 

[34] 

Penicillium 

griseofulvum   

LF146 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Wang et al. 

[35] 

O

O

R3

H3C CH3

CH3

OH

CH3

O

R1

OH

R1 R2 R3 R4
Terreulactone C OCH3 OCH3 OCH3 OCH3
Arisugacin A H OCH3 OCH3 H
Arisugacin B H H OCH3 H
Territrem A H -OCH2- OCH3
Territrem B H OCH3 OCH3 OCH3
Territrem C H OCH3 OH OCH3

R1

R4

R2

Arigsugacin I 0.64 µM

Modified Ellman’s
method

Omura et al.; Huang
et al. [32,33]Penicillium sp.

sk5GW1L

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Penicillium

Arigsugacins F 0.37 µM

Territrem B 7.03 µM

Penicillium
chermesinum

(ZH4-E2)

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Penicillium
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Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

  Omura et al.;   

Huang et al. 

[32,33] 
Penicillium sp.   

sk5GW1L 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Arigsugacins F  0.37 μM 

Territrem B  7.03 μM 

Penicillium 

chermesinum   

(ZH4‐E2) 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Terphenyls 
7.8 μM 

5.2 μM 

Modified Ellman’s 

method 

Huang et al. 

[34] 

Penicillium 

griseofulvum   

LF146 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Wang et al. 

[35] 

O

O

R3

H3C CH3

CH3

OH

CH3

O

R1

OH

R1 R2 R3 R4
Terreulactone C OCH3 OCH3 OCH3 OCH3
Arisugacin A H OCH3 OCH3 H
Arisugacin B H H OCH3 H
Territrem A H -OCH2- OCH3
Territrem B H OCH3 OCH3 OCH3
Territrem C H OCH3 OH OCH3

R1

R4

R2

Terphenyls 7.8 µM
5.2 µM

Modified Ellman’s
method Huang et al. [34]
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Penicillium
griseofulvum

LF146

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Penicillium
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Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

  Omura et al.;   

Huang et al. 

[32,33] 
Penicillium sp.   

sk5GW1L 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Arigsugacins F  0.37 μM 

Territrem B  7.03 μM 

Penicillium 

chermesinum   

(ZH4‐E2) 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Terphenyls 
7.8 μM 

5.2 μM 

Modified Ellman’s 

method 

Huang et al. 

[34] 

Penicillium 

griseofulvum   

LF146 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Penicillium 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Wang et al. 

[35] 

O

O

R3

H3C CH3

CH3

OH

CH3

O

R1

OH

R1 R2 R3 R4
Terreulactone C OCH3 OCH3 OCH3 OCH3
Arisugacin A H OCH3 OCH3 H
Arisugacin B H H OCH3 H
Territrem A H -OCH2- OCH3
Territrem B H OCH3 OCH3 OCH3
Territrem C H OCH3 OH OCH3

R1

R4

R2

Huperzine A 0.6 µM Modified Ellman’s
method Wang et al. [35]

Paecilomyces tenuis
YS-13

Eumycota,
Deuteromycotina,
Hyphomycetes,
Paecilomyces
Paecilomyces
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Paecilomyces tenuis 

YS‐13 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Paecilomyces Paecilomyces 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Su and Yang 

[36] 

Acremonium 

implicatum   

LF30 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

No clear products     
Modified Ellman’s 

method 

Wang et al. 

[35] 

Acremonium sp.   

2F09P03B 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

Huperzine A  0.6 μM  No report  Li et al. [37] 

Botrytis sp.   

HA23 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Botrytis 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Trichoderma sp. 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Trichoderma 

No clear products     
Modified Ellman’s 

method 

Dong et al. 

[39] 

Colletotrichum 

gloeosporioides   

ES026 

Eumycota,   

Deuteromycotina,   

Coelomycetes,   

Melanconiales,   

Melanconiaceae Colletotrichum 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Zhao et al. 

[40] 

Huperzine A 0.6 µM Modified Ellman’s
method Su and Yang [36]

Acremonium
implicatum

LF30

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Acremonium

No clear products Modified Ellman’s
method Wang et al. [35]

Acremonium sp.
2F09P03B

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Acremonium
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Paecilomyces tenuis 

YS‐13 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Paecilomyces Paecilomyces 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Su and Yang 

[36] 

Acremonium 

implicatum   

LF30 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

No clear products     
Modified Ellman’s 

method 

Wang et al. 

[35] 

Acremonium sp.   

2F09P03B 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

Huperzine A  0.6 μM  No report  Li et al. [37] 

Botrytis sp.   

HA23 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Botrytis 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Trichoderma sp. 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Trichoderma 

No clear products     
Modified Ellman’s 

method 

Dong et al. 

[39] 

Colletotrichum 

gloeosporioides   

ES026 

Eumycota,   

Deuteromycotina,   

Coelomycetes,   

Melanconiales,   

Melanconiaceae Colletotrichum 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Zhao et al. 

[40] 

Huperzine A 0.6 µM No report Li et al. [37]

Botrytis sp.
HA23

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Botrytis
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Paecilomyces tenuis 

YS‐13 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Paecilomyces Paecilomyces 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Su and Yang 

[36] 

Acremonium 

implicatum   

LF30 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

No clear products     
Modified Ellman’s 

method 

Wang et al. 

[35] 

Acremonium sp.   

2F09P03B 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

Huperzine A  0.6 μM  No report  Li et al. [37] 

Botrytis sp.   

HA23 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Botrytis 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Trichoderma sp. 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Trichoderma 

No clear products     
Modified Ellman’s 

method 

Dong et al. 

[39] 

Colletotrichum 

gloeosporioides   

ES026 

Eumycota,   

Deuteromycotina,   

Coelomycetes,   

Melanconiales,   

Melanconiaceae Colletotrichum 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Zhao et al. 

[40] 

Huperzine A 0.6 µM No report Ju et al. [38]

Trichoderma sp.

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Moniliaceae,
Trichoderma

No clear products Modified Ellman’s
method Dong et al. [39]

Colletotrichum
gloeosporioides

ES026

Eumycota,
Deuteromycotina,
Coelomycetes,
Melanconiales,
Melanconiaceae
Colletotrichum
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Paecilomyces tenuis 

YS‐13 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Paecilomyces Paecilomyces 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Su and Yang 

[36] 

Acremonium 

implicatum   

LF30 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

No clear products     
Modified Ellman’s 

method 

Wang et al. 

[35] 

Acremonium sp.   

2F09P03B 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

Huperzine A  0.6 μM  No report  Li et al. [37] 

Botrytis sp.   

HA23 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Botrytis 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Trichoderma sp. 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Trichoderma 

No clear products     
Modified Ellman’s 

method 

Dong et al. 

[39] 

Colletotrichum 

gloeosporioides   

ES026 

Eumycota,   

Deuteromycotina,   

Coelomycetes,   

Melanconiales,   

Melanconiaceae Colletotrichum 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Zhao et al. 

[40] 

Huperzine A 0.6 µM Modified Ellman’s
method Zhao et al. [40]
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Alternaria sp.
YD-01

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Dematiaceae Alternaria
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Paecilomyces tenuis 

YS‐13 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Paecilomyces Paecilomyces 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Su and Yang 

[36] 

Acremonium 

implicatum   

LF30 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

No clear products     
Modified Ellman’s 

method 

Wang et al. 

[35] 

Acremonium sp.   

2F09P03B 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

Huperzine A  0.6 μM  No report  Li et al. [37] 

Botrytis sp.   

HA23 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Botrytis 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Trichoderma sp. 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Trichoderma 

No clear products     
Modified Ellman’s 

method 

Dong et al. 

[39] 

Colletotrichum 

gloeosporioides   

ES026 

Eumycota,   

Deuteromycotina,   

Coelomycetes,   

Melanconiales,   

Melanconiaceae Colletotrichum 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Zhao et al. 

[40] 

Huperzine A 0.6 µM

TLC bioautography Yang et al. [41]

Cladosporium
cladosporioides

LF70

Eumycota,
Deuteromycotina,
Hyphomycetes,
Moniliales,
Dermateaceae,
Cladosporium
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Paecilomyces tenuis 

YS‐13 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Paecilomyces Paecilomyces 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Su and Yang 

[36] 

Acremonium 

implicatum   

LF30 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

No clear products     
Modified Ellman’s 

method 

Wang et al. 

[35] 

Acremonium sp.   

2F09P03B 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Acremonium 

Huperzine A  0.6 μM  No report  Li et al. [37] 

Botrytis sp.   

HA23 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Botrytis 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Trichoderma sp. 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Moniliaceae,   

Trichoderma 

No clear products     
Modified Ellman’s 

method 

Dong et al. 

[39] 

Colletotrichum 

gloeosporioides   

ES026 

Eumycota,   

Deuteromycotina,   

Coelomycetes,   

Melanconiales,   

Melanconiaceae Colletotrichum 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 

Zhao et al. 

[40] 

Huperzine A 0.6 µM

Phomopsis sp.

Eumycota,
Deuteromycotina,
Coelamycetes,
Sphaeropsidales,
Sphaeropsidaceae,
Phomopsis
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Alternaria sp.   

YD‐01 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Dematiaceae Alternaria 

Huperzine A  0.6 μM 

TLC 

bioautography 

Yang et al. 

[41] 

Cladosporium 

cladosporioides   

LF70 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Dermateaceae, 

Cladosporium 

Huperzine A  0.6 μM 

Phomopsis sp. 

Eumycota,   

Deuteromycotina,   

Coelamycetes,   

Sphaeropsidales,   

Sphaeropsidaceae,   

Phomopsis 

Cytochalasin H  No report 
TLC 

bioautography 

Chapla et al. 

[42] 

Chrysosporium sp. 

Eumycota,   

Ascomycotina,   

Ascomycetes,   

Onygenales,   

Onygenaceae,   

Chrysosporium 

14‐(2′,3′,5′‐

Trihydroxyphenyl)tetradecan‐2‐ol 
197 μM 

Modified Ellman’s 

method 

Sekhar Rao et 

al. [43] 

Shiraia sp.   

Slf14 

Eumycota,   

Ascomycotina,   

Pyrenomycetes,   

Sphaeriales,   

Hypocreaceae,   

Shiraia 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 
Zhu et al. [44] 

Cytochalasin H No report TLC bioautography Chapla et al. [42]

Chrysosporium sp.

Eumycota,
Ascomycotina,
Ascomycetes,
Onygenales,
Onygenaceae,
Chrysosporium
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Alternaria sp.   

YD‐01 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Dematiaceae Alternaria 

Huperzine A  0.6 μM 

TLC 

bioautography 

Yang et al. 

[41] 

Cladosporium 

cladosporioides   

LF70 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Dermateaceae, 

Cladosporium 

Huperzine A  0.6 μM 

Phomopsis sp. 

Eumycota,   

Deuteromycotina,   

Coelamycetes,   

Sphaeropsidales,   

Sphaeropsidaceae,   

Phomopsis 

Cytochalasin H  No report 
TLC 

bioautography 

Chapla et al. 

[42] 

Chrysosporium sp. 

Eumycota,   

Ascomycotina,   

Ascomycetes,   

Onygenales,   

Onygenaceae,   

Chrysosporium 

14‐(2′,3′,5′‐

Trihydroxyphenyl)tetradecan‐2‐ol 
197 μM 

Modified Ellman’s 

method 

Sekhar Rao et 

al. [43] 

Shiraia sp.   

Slf14 

Eumycota,   

Ascomycotina,   

Pyrenomycetes,   

Sphaeriales,   

Hypocreaceae,   

Shiraia 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 
Zhu et al. [44] 

14-(2′,3′,5′-
Trihydroxyphenyl)tetradecan-2-ol 197 µM Modified Ellman’s

method Sekhar Rao et al. [43]

Shiraia sp.
Slf14

Eumycota,
Ascomycotina,
Pyrenomycetes,
Sphaeriales,
Hypocreaceae,
Shiraia
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Alternaria sp.   

YD‐01 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Dematiaceae Alternaria 

Huperzine A  0.6 μM 

TLC 

bioautography 

Yang et al. 

[41] 

Cladosporium 

cladosporioides   

LF70 

Eumycota,   

Deuteromycotina,   

Hyphomycetes,   

Moniliales,   

Dermateaceae, 

Cladosporium 

Huperzine A  0.6 μM 

Phomopsis sp. 

Eumycota,   

Deuteromycotina,   

Coelamycetes,   

Sphaeropsidales,   

Sphaeropsidaceae,   

Phomopsis 

Cytochalasin H  No report 
TLC 

bioautography 

Chapla et al. 

[42] 

Chrysosporium sp. 

Eumycota,   

Ascomycotina,   

Ascomycetes,   

Onygenales,   

Onygenaceae,   

Chrysosporium 

14‐(2′,3′,5′‐

Trihydroxyphenyl)tetradecan‐2‐ol 
197 μM 

Modified Ellman’s 

method 

Sekhar Rao et 

al. [43] 

Shiraia sp.   

Slf14 

Eumycota,   

Ascomycotina,   

Pyrenomycetes,   

Sphaeriales,   

Hypocreaceae,   

Shiraia 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 
Zhu et al. [44] Huperzine A 0.6 µM Modified Ellman’s

method Zhu et al. [44]

Xylaria sp.
YS-02

Eumycota,
Ascomycota,
pyrenomycetes,
Sphaeriales,
Xylariaceae,
Xylaria
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[41] 
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cladosporioides   
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Deuteromycotina,   

Hyphomycetes,   
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Cladosporium 
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Eumycota,   

Deuteromycotina,   

Coelamycetes,   

Sphaeropsidales,   

Sphaeropsidaceae,   

Phomopsis 

Cytochalasin H  No report 
TLC 

bioautography 

Chapla et al. 

[42] 

Chrysosporium sp. 

Eumycota,   

Ascomycotina,   

Ascomycetes,   

Onygenales,   

Onygenaceae,   

Chrysosporium 

14‐(2′,3′,5′‐

Trihydroxyphenyl)tetradecan‐2‐ol 
197 μM 

Modified Ellman’s 

method 

Sekhar Rao et 

al. [43] 

Shiraia sp.   

Slf14 

Eumycota,   

Ascomycotina,   

Pyrenomycetes,   

Sphaeriales,   

Hypocreaceae,   

Shiraia 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 
Zhu et al. [44] Huperzine A 0.6 µM Modified Ellman’s

method Su et al. [45]
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Xylaria sp.

Eumycota,
Ascomycota,
pyrenomycetes,
Sphaeriales,
Xylariaceae,
Xylaria
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Xylaria sp.   

YS‐02 

Eumycota,   

Ascomycota,   

pyrenomycetes,   

Sphaeriales,   

Xylariaceae,   

Xylaria 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 
Su et al. [45] 

Xylaria sp. 

Eumycota,   

Ascomycota,   

pyrenomycetes,   

Sphaeriales,   

Xylariaceae,   

Xylaria 

Xyloketal A  29.9 μM 

Modified Ellman’s 

method 

Lin et al. [46] 

   

Xyloketal B  109.3 μM 

 

Xyloketal C  109.3 μM 

Xyloketal D  425.6 μM 

Xyloketal A 29.9 µM

Modified Ellman’s
method

Lin et al. [46]
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Xylaria sp.   

YS‐02 

Eumycota,   

Ascomycota,   

pyrenomycetes,   

Sphaeriales,   

Xylariaceae,   

Xylaria 

Huperzine A  0.6 μM 
Modified Ellman’s 

method 
Su et al. [45] 

Xylaria sp. 

Eumycota,   

Ascomycota,   

pyrenomycetes,   

Sphaeriales,   

Xylariaceae,   

Xylaria 

Xyloketal A  29.9 μM 

Modified Ellman’s 

method 

Lin et al. [46] 

   

Xyloketal B  109.3 μM 

 

Xyloketal C  109.3 μM 

Xyloketal D  425.6 μM Xyloketal D 425.6 µM

Hyalodendriella sp.
Ponipodef12

Eumycota,
Ascomycotina,
Discomycetes,
Leotiales,
Leotiaceae,
Hyalodendriella
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Hyalodendriella sp. 

Ponipodef12 

Eumycota,   

Ascomycotina,   

Discomycetes,   

Leotiales,   

Leotiaceae,   

Hyalodendriella 

Palmariol B (1)  115.31 μg/mL 

Modified Ellman’s 

method 

Meng et al. 

[47],   

Mao et al. [48] 

O

OH

OH
CH3

O

4‐Hydroxymellein (2)  116.05 μg/mL 

Alternariol 9‐methyl ether (3)  135.52 μg/mL 

Botrallin (4)  83.70 μg/mL 

Blastomyces sp. 

Eumycota,   

Ascomycotina,   

Hemiascomycetes,   

Endomycetalcs,   

Endomycetaccae,   

Blastomyces 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Palmariol B (1) 115.31 µg/mL

Modified Ellman’s
method

Meng et al. [47],
Mao et al. [48]
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Leotiaceae,   

Hyalodendriella 

Palmariol B (1)  115.31 μg/mL 

Modified Ellman’s 

method 

Meng et al. 

[47],   

Mao et al. [48] 

O

OH

OH
CH3

O

4‐Hydroxymellein (2)  116.05 μg/mL 

Alternariol 9‐methyl ether (3)  135.52 μg/mL 

Botrallin (4)  83.70 μg/mL 

Blastomyces sp. 

Eumycota,   

Ascomycotina,   

Hemiascomycetes,   

Endomycetalcs,   

Endomycetaccae,   

Blastomyces 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

4-Hydroxymellein (2) 116.05 µg/mL
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Eumycota,   
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Discomycetes,   

Leotiales,   

Leotiaceae,   

Hyalodendriella 

Palmariol B (1)  115.31 μg/mL 

Modified Ellman’s 

method 

Meng et al. 

[47],   

Mao et al. [48] 

O

OH

OH
CH3

O

4‐Hydroxymellein (2)  116.05 μg/mL 

Alternariol 9‐methyl ether (3)  135.52 μg/mL 

Botrallin (4)  83.70 μg/mL 

Blastomyces sp. 

Eumycota,   

Ascomycotina,   

Hemiascomycetes,   

Endomycetalcs,   

Endomycetaccae,   

Blastomyces 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Alternariol 9-methyl ether (3) 135.52 µg/mL
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Hyalodendriella sp. 

Ponipodef12 

Eumycota,   

Ascomycotina,   

Discomycetes,   

Leotiales,   

Leotiaceae,   

Hyalodendriella 

Palmariol B (1)  115.31 μg/mL 

Modified Ellman’s 

method 

Meng et al. 

[47],   

Mao et al. [48] 

O

OH

OH
CH3

O

4‐Hydroxymellein (2)  116.05 μg/mL 

Alternariol 9‐methyl ether (3)  135.52 μg/mL 

Botrallin (4)  83.70 μg/mL 

Blastomyces sp. 

Eumycota,   

Ascomycotina,   

Hemiascomycetes,   

Endomycetalcs,   

Endomycetaccae,   

Blastomyces 

Huperzine A  0.6 μM  No report  Ju et al. [38] 

Botrallin (4) 83.70 µg/mL

Blastomyces sp.

Eumycota,
Ascomycotina,
Hemiascomycetes,
Endomycetalcs,
Endomycetaccae,
Blastomyces
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Hyalodendriella sp. 

Ponipodef12 

Eumycota,   

Ascomycotina,   

Discomycetes,   

Leotiales,   

Leotiaceae,   

Hyalodendriella 

Palmariol B (1)  115.31 μg/mL 

Modified Ellman’s 

method 

Meng et al. 

[47],   

Mao et al. [48] 

O

OH

OH
CH3

O

4‐Hydroxymellein (2)  116.05 μg/mL 

Alternariol 9‐methyl ether (3)  135.52 μg/mL 

Botrallin (4)  83.70 μg/mL 

Blastomyces sp. 

Eumycota,   

Ascomycotina,   

Hemiascomycetes,   

Endomycetalcs,   

Endomycetaccae,   

Blastomyces 

Huperzine A  0.6 μM  No report  Ju et al. [38] Huperzine A 0.6 µM No report Ju et al. [38]

Haddowia longipes

Eumycota,
Basidiomycotina,
Hymenomycetes,
Aphyllophorales,
Ganodermataceae,
Haddowia
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Haddowia longipes 

Eumycota,   

Basidiomycotina,   

Hymenomycetes,   

Aphyllophorales,   

Ganodermataceae,   

Haddowia 

 

11‐Oxo‐ganoderiol D (1) 

Lanosta‐8‐en‐7,11‐dioxo‐3b‐

acetyloxy‐24,25,26‐trihydroxy (2) 

Lanosta‐8‐en‐7‐oxo‐3b‐acetyloxy‐

11b,24,25,26‐tetrahydroxy (3) 

Ganoderiol D (10) 

Lanosta‐8‐en‐7‐one‐3b‐acetyloxy‐

24,25,26‐trihydroxy (11) 

No report 
Modified Ellman’s 

method 

Zhang et al. 

[49] 

 

Lanosta‐7,9(11)‐dien‐3b‐acetyloxy‐

24,25,26‐trihydroxy (4)   

Ganodermanondiol (12) 

Lucidumol B (13) 

11β‐Hydroxy‐lucidadiol (7) 

Lucidadiol (15) 

R1

OH
R2

R3

11-Oxo-ganoderiol D (1)
Lanosta-8-en-7,11-dioxo-3b-
acetyloxy-24,25,26-
trihydroxy (2)
Lanosta-8-en-7-oxo-3b-
acetyloxy-11b,24,25,26-
tetrahydroxy (3)
Ganoderiol D (10)
Lanosta-8-en-7-one-3b-
acetyloxy-24,25,26-
trihydroxy (11) No report Modified Ellman’s

method
Zhang et al. [49]
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Ganodermataceae,   

Haddowia 

 

11‐Oxo‐ganoderiol D (1) 

Lanosta‐8‐en‐7,11‐dioxo‐3b‐

acetyloxy‐24,25,26‐trihydroxy (2) 

Lanosta‐8‐en‐7‐oxo‐3b‐acetyloxy‐

11b,24,25,26‐tetrahydroxy (3) 

Ganoderiol D (10) 

Lanosta‐8‐en‐7‐one‐3b‐acetyloxy‐

24,25,26‐trihydroxy (11) 

No report 
Modified Ellman’s 

method 

Zhang et al. 

[49] 

 

Lanosta‐7,9(11)‐dien‐3b‐acetyloxy‐

24,25,26‐trihydroxy (4)   

Ganodermanondiol (12) 

Lucidumol B (13) 

11β‐Hydroxy‐lucidadiol (7) 

Lucidadiol (15) 

R1

OH
R2

R3

Lanosta-7,9(11)-dien-3b-
acetyloxy-24,25,26-
trihydroxy (4)
Ganodermanondiol (12)
Lucidumol B (13)
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Haddowia longipes

Eumycota,
Basidiomycotina,
Hymenomycetes,
Aphyllophorales,
Ganodermataceae,
Haddowia
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Haddowia longipes 

Eumycota,   

Basidiomycotina,   

Hymenomycetes,   

Aphyllophorales,   

Ganodermataceae,   

Haddowia 

 

11‐Oxo‐ganoderiol D (1) 

Lanosta‐8‐en‐7,11‐dioxo‐3b‐

acetyloxy‐24,25,26‐trihydroxy (2) 

Lanosta‐8‐en‐7‐oxo‐3b‐acetyloxy‐

11b,24,25,26‐tetrahydroxy (3) 

Ganoderiol D (10) 

Lanosta‐8‐en‐7‐one‐3b‐acetyloxy‐

24,25,26‐trihydroxy (11) 

No report 
Modified Ellman’s 

method 

Zhang et al. 

[49] 

 

Lanosta‐7,9(11)‐dien‐3b‐acetyloxy‐

24,25,26‐trihydroxy (4)   

Ganodermanondiol (12) 

Lucidumol B (13) 

11β‐Hydroxy‐lucidadiol (7) 

Lucidadiol (15) 

R1

OH
R2

R3

11β-Hydroxy-lucidadiol (7)
Lucidadiol (15)

No report Modified Ellman’s
method

Zhang et al. [49]
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Lucidone H (8) 

lucidadone A (17) 
 

Bacillus subtilis 

Bacteria,   

Firmicutes,   

Bacilli,   

Bacillales,   

Bacillaceae,   

Bacillus 

No clear product     

TLC 

bioautography and 

Modified Ellman’s 

method 

Pandey et al.;   

Wang et al. 

[50,51] 

Streptomyces sp.   

AH‐14 

Phylum Actinobacteria,   

Actinomycetales,   

Streptomycetaceae,   

Streptomyces 

Physostigmine  41 μM 
Modified Ellman’s 

method 

Murao and 

Hayashi [52] 

Streptomyces sp.   

LB173 

Phylum Actinobacteria,   

Actinomycetales,   

Streptomycetaceae,   

Streptomyces 

Geranylphenazinediol  2.62 μM 
Modified Ellman’s 

method 

Ohlendorf   

et al. [53] 

Streptomyces 

lavendulae 

Phylum Actinobacteria,   

Actinomycetales,   

Streptomycetaceae,   

Streptomyces 

Oxygen heterocyclic compound  7.6 μM 
Modified Ellman’s 

method 

Kurokawa et 

al. [54] 

Lucidone H (8)
lucidadone A (17)

Bacillus subtilis

Bacteria,
Firmicutes,
Bacilli,
Bacillales, Bacillaceae,
Bacillus

No clear product
TLC bioautography

and Modified
Ellman’s method

Pandey et al.;
Wang et al. [50,51]

Streptomyces sp.
AH-14

Phylum Actinobacteria,
Actinomycetales,
Streptomycetaceae,
Streptomyces
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Phylum Actinobacteria,   

Actinomycetales,   
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Streptomyces 

Oxygen heterocyclic compound  7.6 μM 
Modified Ellman’s 

method 

Kurokawa et 

al. [54] 

Physostigmine 41 µM Modified Ellman’s
method

Murao and
Hayashi [52]

Streptomyces sp.
LB173

Phylum Actinobacteria,
Actinomycetales,
Streptomycetaceae,
Streptomyces
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Streptomyces 

Geranylphenazinediol  2.62 μM 
Modified Ellman’s 

method 

Ohlendorf   

et al. [53] 

Streptomyces 

lavendulae 

Phylum Actinobacteria,   

Actinomycetales,   

Streptomycetaceae,   

Streptomyces 

Oxygen heterocyclic compound  7.6 μM 
Modified Ellman’s 

method 

Kurokawa et 

al. [54] 

Geranylphenazinediol 2.62 µM Modified Ellman’s
method Ohlendorf et al. [53]

Streptomyces
lavendulae

Phylum Actinobacteria,
Actinomycetales,
Streptomycetaceae,
Streptomyces
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Modified Ellman’s 

method 

Murao and 

Hayashi [52] 
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Phylum Actinobacteria,   

Actinomycetales,   

Streptomycetaceae,   
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Geranylphenazinediol  2.62 μM 
Modified Ellman’s 

method 

Ohlendorf   

et al. [53] 

Streptomyces 

lavendulae 

Phylum Actinobacteria,   

Actinomycetales,   

Streptomycetaceae,   

Streptomyces 

Oxygen heterocyclic compound  7.6 μM 
Modified Ellman’s 

method 

Kurokawa et 

al. [54] 

Oxygen heterocyclic
compound 7.6 µM Modified Ellman’s

method Kurokawa et al. [54]
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Rubrobacter
radiotolerans

Phylum Actinobacteria,
Rubrobacteridae,
Rubrobacterales,
Rubrobacteraceae,
Rubrobacter
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Rubrobacter 

radiotolerans 

Phylum Actinobacteria,   

Rubrobacteridae,   

Rubrobacterales,   

Rubrobacteraceae,   

Rubrobacter 

2‐(2‐(3‐Hydroxy‐1‐(1H‐indol‐3‐yl)‐2‐

methoxypropyl)‐1H‐indol‐3‐yl)acetic 

acid 

11.8 μM 

Modified Ellman’s 

method 
Li et al. [55] 

3‐(3‐(2‐Hydroxyethyl)‐1H‐indol‐2‐yl)‐

3‐(1Hindol‐3‐yl)propane‐1,2‐diol 
13.5 μM 

N98‐1021 
Phylum Actinobacteria,   

Actinomycetales 
Same structure as terferol  20 μM 

Modified Ellman’s 

method 

Dong et al. 

[56] 

Streptosporangium 

sp. 

Phylum Actinobacteria,   
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Table 2. Cont.

Strain Classification Structure of Active Ingredient(s) Compound Type IC50 Method Used Ref.

Talaromyces sp. LF458

Phylum Actinobacteria,
Actinomycetales,
Arthrobacter
Talaromyces
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The active ingredients of fermentation products mainly include alkaloids (50% of all active
ingredients), phenylpropanoids, terpenoids, and steroids. The active ingredients of two strains have
not been successfully isolated. Out of the 12 Deuteromycotina strains, seven produce alkaloids (six of
which produce huperzine A), four produce terpenoids or steroids, one produces multiple types
of active ingredients, and one produces unknown active ingredients. Out of the 11 Ascomycotina
strains, five produce alkaloids (three of which produce huperzine A), four produce phenylpropanoid
derivatives, and two produce terpenoid derivatives. Out of 11 strains of bacteria, six produce alkaloids
(two of which produce huperzine A), two produce phenylpropanoid derivatives, two produce other
types of compounds, and one produces unknown active ingredients.

3.1. AChEIs from Fungi

As shown in Table 2, 20 AchEI producing fungi include Aspergillus terreus, Aspergillus terreus
(No. GX7-3B), Acremonium implicatum LF30, Acremonium sp. 2F09P03B, Aspergillus flavus LF40,
Botrytis sp. HA23, Cladosporium cladosporioides LF70, Paecilomyces tenuis YS-13, Alternaria sp.
YD-01, Aspergillus flavus, Phomopsis sp., Aspergillus versicolor Y10, Trichoderma sp., Chrysosporium sp.,
Penicillium citrinum, Penicillium sp. EPF-6, Penicillium sp. FO-4259, Penicillium sp. sk5GW1L,
Penicillium chermesinum ZH4-E2, Xylaria sp., Hyalodendriella sp. Ponipodef12, Penicillium griseofulvum
LF146, Shiraia sp. Slf14, and Xylaria sp. YS-02. These fungi belong to the Deuteromycotina and
Ascomycota phyla subdivisions, among which five stains belong to Penicillium, accounting for 25% of
the studied strains (Table 2).

3.1.1. Alkaloid AChEIs and the Producing Fungi

Huperzine A is the most studied alkaloid AchEI originating from fungi. The nine strains shown
to produce huperzine A by fermentation account for 39% of all strains studied (Table 2). Huperzine A
possesses a multitude of pharmacological effects. In addition to being a highly selective and efficient
AchEI in the central nervous system, huperzine A can also provide protection for cells by inhibiting
excitotoxicity induced by glutamate and by blocking oxidative stress and apoptosis. Additionally,
huperzine A may exert therapeutic effects in a variety of degenerative diseases, including myasthenia
gravis, memory disorders, vascular dementia, mental retardation in children due to iodine deficiency,
and chronic insomnia.

In recent years, several research groups in China have isolated and screened several huperzine
A-producing endophytic fungal strains from Huperziaceae and determined the product quantities
of each strain [27,35–38,40,44,45,61–63]. The productivity of most strains is less than 60 µg/L, with
Shiraia sp. Slf14 being the best producer (327.8 µg/L of the fermentation product) [44]. The optimal
culturing conditions and molecular properties have been set for this strain [27,44,64–66].

Li et al. [37] optimized the fermentation conditions for huperzine A production in endophytic
fungi through both one-factor and orthogonal tests. Additionally, based on a model system
two huperzine A-producing endophytic fungal strains, Xylaria sp. YS-02 and Paecilonmyces tennis
YS-13, with production levels of 26.4 and 21.0 µg/L, were identified, respectively, through
screening 127 isolated endophytic fungus strains in three Huperziaceae (Phlegmariurus austrosinicus,
Phlegmariurus petiolatus, and Huperzia serrata). The two strains producing huperzine A by fermentation
were reported for the first time.

Kakinuma et al. [31] isolated the strain Penicillium sp. EPF-6, which produces quinolactacins A,
B, and C, from the larvae of Diaphania pyloalis (Lepidoptera: Pyralidae) for the first time. These three
types of quinolactacins share a unique quinolone backbone and a common chromophore (C12H8N2O2).
The quinolactacins A showed inhibitory activity on TNF production by murine macrophages and
macrophage-like J774.1 cells stimulated with LPS. The mixture of quinolactacins A and B, as well as
racemate quinolactacin C, inhibited the yeast α-glucosidase in a concentration-dependent fashion with
IC50 values of 273.3 µM and 57.3 µM [67].
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Kim et al. [30] isolated quinolactacins A1 and A2 from the fermentation solid of Penicillium citrinum.
Structural analysis revealed that the chemical structure of quinolactacin A1 is identical to that of
quinolactacin A and that the structure of quinolactacin A2 is identical to that of quinolactacin B.
Quinolactacin A1 is a diastereomer of quinolactacin A2. Kim et al. [30] used Ellman’s method
to detectrmine the AchEI activity of quinolactacins A1 and A2 and showed that quinolactacin
A2 exhibited stronger AchEI activity (IC50 = 19.8 µM). Based on the “OSMAC” (one strain-many
compounds) technique, Teles et al. [68] isolated and purified paecilomide, a pyridone alkaloid, from
Paecilomyces lilacinus using a combination of the modified Ellman’s method and TLC bioautography.
The acetylcholinesterase inhibition efficiency of paecilomide is 57.5%± 5.50% at the dose of 10 mg/mL.

3.1.2. Terpenoid AChEIs and the Producing Fungi

Terpenoid AChEIs extracted from fungi are mostly diterpenoids and meroterpenoids, respectively.
Ling et al. [25] isolated a strain of Aspergillus terreus from unhusked rice (paddy) and obtained
three diterpenoid compounds, i.e., territrem A, territrem B, and territrem C, from the fermentation
products (Figure 1). Peng et al. [69] confirmed that five derivatives of territrem B possess the
AchEI activity. Using AchEI assays, Peng et al. [69] confirmed that territrem B is able to inhibit
acetylcholinesterase (IC50 = 7.6 µM).

As early as 1995, researchers at Taiwan University initiated screens for microbe-originated AchEI,
and Omura et al. [32], in Japan, reported a series of Arisugacins compounds (Figure 1) that effectively
inhibit the acetylcholinesterase activity. Arisugacins are shown to be produced by Penicillium sp.
FO-4259 isolated from soil in the Minato-ku region of Tokyo, Japan. Arisugacins A and B share the
same backbone with the territrems reported by Ling et al. (1984) [70]. This implies that the same
backbone of these compounds has much effect in mediating their anti-AChE activity. Moreover,
Huang et al. [33] extracted a strain of Penicillium sp., sk5GW1L, from Kandelia candel, from which
three terpenoid compounds, i.e., arigsugacin I, arigsugacin F, and territrem B (Figure 1), were isolated
and purified; these compounds exhibited prominent AchEI activity, with IC50 values of 0.64, 0.37, and
7.03 µM, respectively.
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From fermentation products of a Aspergillus terreus strain isolated from soil, Cho et al. [71] were
able to isolate and purify four polyterpenoid compounds with polyketide structures (terreulactones A
and B Figure 2) that show the AChEI activity. Terreulactone A is a meroterpenoid with a
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sesquiterpene lactone structure consisting of a sesquiterpene portion and a lactone backbone;
the IC50 of terreulactone A is 0.23 µM. In 2005, Yoo et al. [72] also reported a new meroterpenoid
(isoterreulactone A; Figure 3) isolated from the fermentation products of Aspergillus terreus, with an
IC50 of 2.5 µM. Terreulactone C shares the same backbone with arisugacins C–H and has an IC50

of 0.23 µM. Terreulactone D shares the same backbone as arisugacins A and B, and territrems A–C,
and its IC50 is 0.42 µM. In 2014, Kim et al. [73] obtained a strain of Streptomyces sp. from screens,
and anithiactins A–C were isolated and purified from the metabolites. All three compounds were
shown to have moderate AChEI effects, and the IC50 for these three compounds are 63, 53, and 68 µM.
The anithiactins A–C did not show any significant cytotoxicity against A-498 and ACHN human cancer
cell, at concentrations of lines up to 200 µM with a modified MTT assay. The analysis of correlation of
acetylcholinesterase activity and chemical structure indicated that α-Pyrone merosesquiterpenoids
possessing an angular tetracyclic carbon skeleton are frequently isolated from the genera Penicillium
and Aspergillus as anti-cholinesterase active constituents [74].
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3.1.3. Other Types of AChEIs from Fungi

Marine microorganisms which can be produced in a large quantity have also become a nature
source used for isolating AChEIs. Lin et al. [46] and Luo et al. [75] isolated a strain of Xylaria sp.
from mangrove; five structurally similar oxygen heterocyclic compounds xyloketals A–E were further
isolated from the fermentation broth. The xyloketals A–E have a highly substituted core aromatic ring
and one or more ketals. Using the modified Ellman’s method, xyloketals A–D are shown the AChEI
activity in vitro, with IC50 values of 29.9, 137.4, 109.3, and 425.6 µM. Analysis of enzyme kinetic curves
has indicated that xyloketals A–D are a type of highly selective, noncompetitive, reversible AChEIs.
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In atherosclerotic apoE−/− mice, xyloketal B attenuated the atherosclerotic lesion area, which showed
neuroprotective and scavenged DPPH free radical activities [76]. Liu et al. [77] isolated 43 strains of
marine fungi from seabed sediments in Lianyungang, China. From them, the ethyl acetate extracts
were made with Ellman’s method. Of these 43 strains, 15 extracts display 50% AChEI activity and
3 extracts (L1705, S1101 and SH0701) with more than 80% AChEI activity at the concentration of
500 mg/mL, with IC50 values of 11.3 ± 1.2, 72.1 ± 2.3 and 7.8 ± 2.8 mg/mL, respectively. Particularly,
the fungus SH0701 was identified as Aspergillus ochraceus SH0701. After polarity gradient fractionation,
the results showed that the ethyl acetate fraction of Aspergillus ochraceus SH0701 possessed the highest
AChEI activity with an inhibition rate of 71.55% at a concentration of 10 mg/mL. Thus, the above
results revealed that marine microorganisms could be another important source of novel AChEIs.

Additionally, researchers have isolated fungi from soil and plants, and obtained a multitude
of compounds with the AChEI activity from fermentation products. For example, Rao et al. [43]
reported the isolation of a strain of Chrysosporium sp. from the fermentation broth, from which an
AchEI (14-(2′,3′,5′-trihydroxyphenyl)tetradecan-2-ol) was extracted.

Notably, as a aromatic alkyl compound, 14-(2′,3′,5′-trihydroxyphenyl)tetradecan-2-ol was shown
to have an IC50 of 231 µM as measured by a modified method of Ellman’s. Moreover, Zheng et al. [78]
isolated a fungal strain from the soil of Yunnan, China. The fermentation products of this strain were
shown to contain an AchEI (F99-909A; Figure 4) with an IC50 of 20 µM using the modified Ellman’s
method. Chemical structure analysis revealed that this compound has a spatial structure identical to
that of radclonic acid, an active compound with stimulatory effects on plant growth.
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Meng et al. (2012) [47] and Mao et al. [48] isolated an endophytic fungal strain Hyalodendriella sp.
Ponipodef12 from Populus cathayana and screened its metabolites to obtain four benzopyran ketone
compounds: palmariol B, 4-hydroxymellein, alternariol 9-methyl ether, and botrallin. Using the
modified Ellman’s method, these compounds were shown to have IC50 values of 115.31, 116.05, 135.52,
and 83.70 µg/mL. This was the first report on the antinematodal and AChEI activities of palmariol B,
4-hydroxymellein and alternariol 9-methyl ether. The experimental results showed that palmariol B
had stronger antimicrobial, antinematodal and AChEI activities than alternariol 9-methyl ether, which
indicated that the chlorine substitution at position 2 may contribute to its bioactivity. As the same
endophytic fungus Hyalodendriella sp. Ponipodef12, Mao et al. [48] described the isolation and applied
high-speed counter-current chromatography (HSCCC) and semi-preparative HPLC technology for
preparative separation of dibenzo-a-pyrones from the fungus for the first time.

Chapla et al. [42,79] screened and isolated two endophytic fungal strains Phomopsis sp. and
Colletotrichum gloeosporioides from Senna spectabilis and Michelia champaca, respectively. Seven
compounds, including cytochalasin H, were isolated and purified from the fermentation broth of
Phomopsis. Cytochalasin H has strong inhibitory activity against acetylcholinesterase in vitro, as shown
by TLC bioautography. The results suggested that C. gloeosporioides plays an important ecological role
in protecting M. champaca against phytopathogens. The potent antifungal activity of the novel natural
product cytochalasin H, which demonstrated activity against pathogenic fungi, suggested that the
endophyte and the host plant can produce substances that show antifungal activity against possible
phytopathogenic fungi or that are harmful to predators of the plant.

Wang et al. [29] isolated Aspergillus versicolor Y10 from Huperzia serrata and purified five
compounds from its fermentation products. Using huperzine A as the positive reference
(IC50 = 0.6 µM), the AchEI IC50 of the purified compound avertoxin B was shown to be 14.9 µM with
the modified Ellman’s method.
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3.2. AChEIs from Bacteria

From the 1980s to the 1990s, while the world was focusing on the development of plant
and chemical synthetic AChEIs, Murao et al. [52] isolated a physostigmine-producing strain of
Streptomyces sp. AH-14 from Sakai’s soil in Japan for the first time. Additionally, Ohlendorf et al. [53]
obtained a new phenazine-derived natural product, geranylphenazinediol, from the fermentation
products of Streptomyces sp. isolated from the seabed sediment. This compound shows strong AchEI
activity with an IC50 value of 2.62 µM when analyzed using the modified Ellman’s method.

Kurokawa et al. [54] reported the isolation of an oxygen heterocycle compound, cyclophostin,
from Streptomyces lavendulae. In vitro activity assays demonstrated that cyclophostin possesses high
AchEI activity, with an IC50 of 7.6 µM as measured by the modified Ellman’s method. Additionally,
from the metabolites of Actinobacillus N98-1021, Dong et al. [56] isolated the compound N98-1021A,
which exhibits the AchEI activity using the modified Ellman’s method and shows structural
similarity to terferol. Moreover, Pandey et al. [50] extracted a Bacillus subtilis strain-M18SP4P from
Fasciospongia cavernosa and showed that this strain blocks 54% of acetylcholinesterase activity. Using
galanthamine as a positive reference, TLC bioautography identified two components in the metabolites
of M18SP4P with the AchEI activity. This was the first report on the AChE inhibition activity in the
microbial associates of the marine invertebrates and sediment. Li et al. [55] isolated and purified
two compounds from the marine actinomycete Rubrobacter radiotolerans. Both of these compounds
show moderate AchEI activity as measured by the modified Ellman’s method, with IC50 values
of 11.8 and 13.5 µM, respectively. Wu et al. [58] obtained nine compounds from the fermentation
broth and mycelia of a Talaromyces sp. strain LF458. Of these nine compounds, talaromycesone A,
talaroxanthenone, and AS-186c showed moderate inhibitory activities using the modified Ellman’s
method, with IC50 values of 7.49, 1.61, and 2.60 µM, respectively. This study first demonstrated the
AchEI activity of oxaphenalenone.

3.3. AChEIs from Other Species

Additional AchEI-producing species include Cladonia macilenta and Haddowia longipes.
Luo et al. [59] isolated and purified a rare natural phenanthrenequinone compound (biruloquinone)
from the fermentation broth of Cladonia macilenta. Biruloquinone has strong AchEI activity as measured
by the modified Ellman’s method, with an IC50 of 27.1 µg/mL. From the ethyl acetate extracts of
Haddowia longipes, Zhang et al. [49] isolated nine lanosteroids and nine known compounds. Using
tacrine as a positive reference, 100 µM test samples were prepared from each compound. Of the
18 compounds, 13 exhibited the AchEI activity, with inhibition efficiencies between 10.3% and 42.1%,
which was assayed by the spectrophotometric method developed by Ellman. The inhibition efficiency
of tacrine is 65.8%. In coincidence with the structure-activity analyses, the compound 4 among these
lanostanoids displayed stronger AChEI activities than compound 5, which suggest an important role
of the methylation of hydroxyl group substituted in C-25 of the lanostanoid backbone. At the same
time, compound 8 had significantly higher activity than compounds 16 and 17, which indicating that
the hydroxyl group at C-15 was required and seemed more important for activity comparing the
hexa-nor lanostanoids with the same skeleton.

4. Conclusions

As the clinical demand for AChEIs continues to increase, in vitro assays for AChEIs are also
undergoing rapid development, particularly with the development of Ellman’s method, which
allows for in vitro high-throughput screening. The development of the modified Ellman’s method,
TLC bioautography, combined LC-MS and modified Ellman’s method, and other methods has
significantly improved isolation and screening techniques for AchEI-producing microorganisms, which
predominantly consist of fungi and bacteria. The AchEI-producing fungi are mainly Ascomycotina and
Deuteromycotina, whereas the primary AchEI-producing bacteria include Actinobacteria and Cyanophyta.
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AchEI produced by fungi include alkaloids, terpenoids, phenylpropanoids, and steroids. Current
research continues to focus on the isolation and screening of producing strains, and few reports have
described strain modification, product yield increases, metabolic pathways, and genetic engineering.
Thus, these areas still need to be further explored. Additionally, further improvements of in vitro
AchEI detection methods may be achieved through construction of molecular models, a combination
of bioinformatics simulation and biological analysis to predict the amino acids within the active site of
acetylcholinesterase, and analysis of the functional mechanisms of the tested compounds.
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14. Bajda, M.; Więckowska, A.; Malawska, B. Electrophoretically Mediated Microanalysis Technique as a Tool for
the Rapid Screening of Novel Acetylcholinesterase Inhibitors. Acta Pol. Pharm. 2009, 66, 357–362. [PubMed]

http://dx.doi.org/10.1021/jm300871x
http://www.ncbi.nlm.nih.gov/pubmed/23035744
http://dx.doi.org/10.1007/s11357-014-9653-0
http://www.ncbi.nlm.nih.gov/pubmed/24771014
http://dx.doi.org/10.1016/j.physbeh.2014.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24768645
http://dx.doi.org/10.2174/1570159X11311030006
http://www.ncbi.nlm.nih.gov/pubmed/24179466
http://dx.doi.org/10.1016/j.jalz.2014.05.1710
http://dx.doi.org/10.1007/s12272-013-0036-3
http://www.ncbi.nlm.nih.gov/pubmed/23435942
http://dx.doi.org/10.2174/1381612043386509
http://www.ncbi.nlm.nih.gov/pubmed/14754384
http://dx.doi.org/10.1039/b508966m
http://www.ncbi.nlm.nih.gov/pubmed/16572227
http://dx.doi.org/10.1016/0006-2952(61)90145-9
http://dx.doi.org/10.1016/0003-2697(78)90350-0
http://dx.doi.org/10.1002/cbdv.200490064
http://www.ncbi.nlm.nih.gov/pubmed/17191882
http://dx.doi.org/10.1080/14756360802234836
http://www.ncbi.nlm.nih.gov/pubmed/18951237
http://www.ncbi.nlm.nih.gov/pubmed/19702166


Molecules 2017, 22, 176 21 of 24

15. Ignasik, M.; Bajda, M.; Guzior, N.; Prinz, M.; Holzgrabe, U.; Malawska, B. Design, Synthesis and Evaluation of
Novel 2-(Aminoalkyl)-Isoindoline-1,3-Dione Derivatives as Dual Binding Site Acetylcholinesterase Inhibitors.
Arch. Pharm. Chem. Life Sci. 2012, 345, 509–516. [CrossRef] [PubMed]

16. Rhee, I.K.; van de Meent, M.; Ingkaninan, K.; Verpoorte, R. Screening for Acetylcholinesterase Inhibitors
from Amaryllidaceae Using Silica Gel Thin-layer Chromatography in Combination with Bioactivity Staining.
J. Chromatogr. A 2001, 915, 217–223. [CrossRef]

17. Rhee, I.K.; van Rijn, R.M.; Verpoorte, R. Qualitative Determination of False-positive Effects in the
Acetylcholinesterase Assay using Thin Layer Chromatography. Phytochem. Anal. 2003, 14, 127–131.
[CrossRef] [PubMed]

18. Marston, A.; Kissling, J.; Hostettmann, K. A Rapid TLC Bioautographic Method for the Detection of
Acetylcholinesterase and Butyrylcholinesterase Inhibitors in Plants. Phytochem. Anal. 2002, 13, 51–54.
[CrossRef] [PubMed]

19. Yang, Z.; Zhang, X.; Duan, D.; Song, Z.; Yang, M.; Li, S. Modified TLC Bioautographic Method for Screening
Acetylcholinesterase Inhibitors from Plant Extracts. J. Sep. Sci. 2009, 32, 3257–3259. [CrossRef] [PubMed]

20. Ramallo, I.A.; Salazar, M.O.; Furlan, R.L. Thin Layer Chromatography-autography-high Resolution Mass
Spectrometry Analysis: Accelerating the Identification of Acetylcholinesterase Inhibitors. Phytochem. Anal.
2015, 26, 404–412. [CrossRef] [PubMed]

21. Ingkaninan, K.; de Best, C.M.; van der Heijden, R.; Hofte, A.J.; Karabatak, B.; Irth, H.; Tjaden, U.R.;
van der tGreef, J.; Verpoorte, R. High-performance Liquid Chromatography with on-line Coupled UV, Mass
Spectrometric and Biochemical Detection for Identification of Acetylcholinesterase Inhibitors from Natural
Products. J. Chromatogr. A 2000, 872, 61–73. [CrossRef]

22. Rhee, I.K.; Appels, N.; Luijendijk, T.; Irth, H.; Verpoorte, R. Determining Acetylcholinesterase Inhibitory
Activity in Plant Extracts Using a Fluorimetric Flow Assay. Phytochem. Anal. 2003, 14, 145–149. [CrossRef]
[PubMed]

23. De Jong, C.F.; Derks, R.J.; Bruyneel, B.; Niessen, W.; Irth, H. High-performance Liquid Chromatography-mass
spectrometry-based Acetylcholinesterase Assay for the Screening of Inhibitors in Natural Extracts.
J. Chromatogr. A 2006, 1112, 303–310. [CrossRef] [PubMed]

24. Kukula-Koch, W.; Mroczek, T. Application of Hydrostatic CCC-TLC-HPLC-ESI-TOF-MS for the Bioguided
Fractionation of Anticholinesterase Alkaloids from Argemone mexicana L. Roots. Anal. Bioanal. Chem. 2006,
407, 2581–2589. [CrossRef] [PubMed]

25. Ling, K.H.; Yang, C.K.; Peng, F.T. Territrems, Tremorgenic Mycotoxins of Aspergillus terreus.
Appl. Environ. Microbiol. 1979, 37, 355–357. [PubMed]

26. Deng, C.M.; Liu, S.X.; Huang, C.H.; Pang, J.Y.; Lin, Y.C. Secondary Metabolites of a Mangrove Endophytic
Fungus Aspergillus terreus (No. GX7-3B) from the South China Sea. Mar. Drugs 2013, 11, 2616–2624. [CrossRef]
[PubMed]

27. Wang, Y.; Zeng, Q.G.; Zhang, Z.B.; Yan, R.M.; Wang, L.Y.; Zhu, D. Isolation and Characterization of
Endophytic Huperzine A-producing Fungi from Huperzia serrata. J. Ind. Microbiol. Biotechnol. 2011, 38,
1267–1278. [CrossRef] [PubMed]

28. Qiao, M.F.; Ji, N.Y.; Miao, F.P.; Yin, X.L. Steroids and an Oxylipin from an Algicolous Isolate of
Aspergillus flavus. Magn. Reson. Chem. 2011, 49, 366–369. [CrossRef] [PubMed]

29. Wang, M.; Sun, M.; Hao, H.; Lu, C. Avertoxins A–D, Prenyl Asteltoxin Derivatives from Aspergillus versicolor
Y10, an Endophytic Fungus of Huperzia serrata. J. Nat. Prod. 2015, 78, 3067–3070. [CrossRef] [PubMed]

30. Kim, W.G.; Song, N.K.; Yoo, I.D. Quinolactacins A1 and A2, New Acetylcholinesterase Inhibitors from
Penicillium citrinum. J. Antibiot. (Tokyo) 2001, 54, 831–835. [CrossRef] [PubMed]

31. Kakinuma, N.; Iwai, H.; Takahashi, S.; Hamano, K.; Yanagisawa, T.; Nagai, K.; Tanaka, K.; Suzuki, K.;
Kirikae, F.; Kirikae, T. Quinolactacins A, B and C: Novel Quinolone Compounds from Penicillium sp. EPF-6.
I. Taxonomy, Production, Isolation and Biological Properties. J. Antibiot. (Tokyo) 2000, 53, 1247–1251.
[CrossRef] [PubMed]

32. Omura, S.; Kuno, F.; Otoguro, K.; Sunazuka, T.; Shiomi, K.; Masuma, R.; Iwai, Y. Arisugacin, a Novel and
Selective Inhibitor of Acetylcholinesterase from Penicillium sp. FO-4259. J. Antibiot. (Tokyo) 1995, 48, 745–746.
[CrossRef]

http://dx.doi.org/10.1002/ardp.201100423
http://www.ncbi.nlm.nih.gov/pubmed/22467516
http://dx.doi.org/10.1016/S0021-9673(01)00624-0
http://dx.doi.org/10.1002/pca.675
http://www.ncbi.nlm.nih.gov/pubmed/12793457
http://dx.doi.org/10.1002/pca.623
http://www.ncbi.nlm.nih.gov/pubmed/11899607
http://dx.doi.org/10.1002/jssc.200900266
http://www.ncbi.nlm.nih.gov/pubmed/19697313
http://dx.doi.org/10.1002/pca.2574
http://www.ncbi.nlm.nih.gov/pubmed/26102595
http://dx.doi.org/10.1016/S0021-9673(99)01292-3
http://dx.doi.org/10.1002/pca.695
http://www.ncbi.nlm.nih.gov/pubmed/12793460
http://dx.doi.org/10.1016/j.chroma.2006.01.059
http://www.ncbi.nlm.nih.gov/pubmed/16516896
http://dx.doi.org/10.1007/s00216-015-8468-x
http://www.ncbi.nlm.nih.gov/pubmed/25618762
http://www.ncbi.nlm.nih.gov/pubmed/453815
http://dx.doi.org/10.3390/md11072616
http://www.ncbi.nlm.nih.gov/pubmed/23877026
http://dx.doi.org/10.1007/s10295-010-0905-4
http://www.ncbi.nlm.nih.gov/pubmed/21107640
http://dx.doi.org/10.1002/mrc.2748
http://www.ncbi.nlm.nih.gov/pubmed/21452344
http://dx.doi.org/10.1021/acs.jnatprod.5b00600
http://www.ncbi.nlm.nih.gov/pubmed/26618211
http://dx.doi.org/10.7164/antibiotics.54.831
http://www.ncbi.nlm.nih.gov/pubmed/11776439
http://dx.doi.org/10.7164/antibiotics.53.1247
http://www.ncbi.nlm.nih.gov/pubmed/11213284
http://dx.doi.org/10.7164/antibiotics.48.745


Molecules 2017, 22, 176 22 of 24

33. Huang, X.; Sun, X.; Ding, B.; Lin, M.; Liu, L.; Huang, H.; She, Z. A New Anti-acetylcholinesterase
Alpha-pyrone Meroterpene, Arigsugacin I, from Mangrove Endophytic Fungus Penicillium sp. sk5GW1L of
Kandelia candel. Planta Med. 2013, 79, 1572–1575. [PubMed]

34. Huang, H.B.; Feng, X.J.; Xiao, Z.E.; Liu, L.; Li, H.X.; Ma, L.; Lu, Y.J.; Ju, J.H.; She, Z.G.; Lin, Y.C. Azaphilones
and p-Terphenyls from the Mangrove Endophytic Fungus Penicillium chermesinum (ZH4-E2) Isolated from
the South China Sea. J. Nat. Prod. 2011, 74, 997–1002. [CrossRef] [PubMed]

35. Wang, Y.; Zeng, Q.; Zhang, Z.; Yan, R.; Wang, L.; Du, Z. Isolation of Endophytic Fungi from Huperzia serrata
and Their Acetylcholinesterase Inhibitory Activity. Zhongguo Zhong Yao Za Zhi 2011, 36, 734–740. [PubMed]

36. Su, J.Q.; Yang, M.H. Huperzine A Production by Paecilomyces tenuis YS-13, an Endophytic Fungus Isolated
from Huperzia serrata. Nat. Prod. Res. 2015, 29, 1035–1041. [CrossRef] [PubMed]

37. Li, W.K.; Zhou, J.Y.; Lin, Z.W.; Hu, Z.B. Study on Fermentation Condition for Production of Huperzine A
from Endophytic Fungus 2F09P03B of Huperzia serrata. Chin. Med. Biotechnol. 2007, 2, 254–259.

38. Ju, Z.; Wang, J.; Li, P.S. Isolation and Preliminary Identification of the Endophytic Fungi Which Produce
Huperzine A from Four Species in Huperziaceae and Determination of Huperzine A by HPLC. Fudan Univ.
J. Med. Sci. 2009, 36, 445–449.

39. Dong, L.H.; Fan, S.W.; Ling, Q.Z.; Qian, H.F.; Wei, Z.J. Effects of Endophytic Fungi Isolated from
Huperzia serrata on Scavenging DPPH. and Inhibiting AchE. Hubei Agric. Sci. 2014, 53, 888–893.

40. Zhao, X.M.; Wang, Z.Q.; Shu, S.H.; Wang, W.J.; Xu, H.J.; Ahn, Y.J.; Wang, M.; Hu, X. Ethanol and Methanol
can Improve Huperzine A Production from Endophytic Colletotrichum gloeosporioides ES026. PLoS ONE 2013,
8, e16777. [CrossRef] [PubMed]

41. Yang, Z.D.; Song, Z.W.; Ren, J.; Yang, M.J.; Li, S. Improved Thin-layer Chromatography Bioautographic
Assay for the Detection of Actylcholinesterase Inhibitors in Plants. Phytochem. Anal. 2011, 22, 509–515.
[CrossRef] [PubMed]

42. Chapla, V.M.; Zeraik, M.L.; Ximenes, V.F.; Zanardi, L.M.; Lopes, M.N.; Cavalheiro, A.J.; Silva, D.H.;
Young, M.C.; Fonseca, L.M.; Bolzani, V.S. Bioactive Secondary Metabolites from Phomopsis sp., an Endophytic
Fungus from Senna spectabilis. Molecules 2014, 19, 6597–6608. [CrossRef] [PubMed]

43. Sekhar Rao, K.C.; Divakar, S.; Karanth, N.G.; Sattur, A.P. 14-(2′,3′,5′-Trihydroxyphenyl)tetradecan-2-ol,
a Novel Acetylcholinesterase Inhibitor From Chrysosporium sp. J. Antibiot. (Tokyo) 2001, 54, 848–849.

44. Zhu, D.; Wang, J.; Zeng, Q.; Zhang, Z.; Yan, R. A Novel Endophytic Huperzine A-Producing Fungus,
Shiraia sp. Slf14, Isolated from Huperzia serrata. J. Appl. Microbiol. 2010, 109, 1469–1478. [CrossRef] [PubMed]

45. Su, J.Q.; Huang, B.; Qiu, H.; Yang, L.M.; Zhang, J.C.; Yang, M.H. Alkaloid and Huperzine A-Producing
Endophytic Fungi Isolated From Huperzia serrata. Chin. Pharm. J. 2011, 46, 1477–1481.

46. Lin, Y.; Wu, X.; Feng, S.; Jiang, G.; Luo, J.; Zhou, S.; Vrijmoed, L.L.; Jones, E.B.; Krohn, K.; Steingröver, K.
Five unique Compounds: Xyloketals from Mangrove Fungus Xylaria sp. from the South China Sea Coast.
J. Org. Chem. 2001, 66, 6252–6256. [CrossRef] [PubMed]

47. Meng, X.; Mao, Z.; Lou, J.; Xu, L.; Zhong, L.; Peng, Y.; Zhou, L.; Wang, M. Benzopyranones from the
Endophytic Fungus Hyalodendriella sp. Ponipodef12 and Their Bioactivities. Molecules 2012, 17, 11303–11314.
[CrossRef] [PubMed]

48. Mao, Z.; Luo, R.; Luo, H.; Tian, J.; Liu, H.; Yue, Y.; Wang, M.; Peng, Y.; Zhou, L. Separation and Purification of
Bioactive Botrallin and TMC-264 by a Combination of HSCCC and Semi-Preparative HPLC from Endophytic
Fungus Hyalodendriella sp. Ponipodef12. World J. Microbiol. Biotechnol. 2014, 30, 2533–2542. [CrossRef]
[PubMed]

49. Zhang, S.S.; Ma, Q.Y.; Huang, S.Z.; Dai, H.F.; Guo, Z.K.; Yu, Z.F.; Zhao, X.Y. Lanostanoids with
Acetylcholinesterase Inhibitory Activity From the Mushroom Haddowia longipes. Phytochemistry 2015, 110,
133–139. [CrossRef] [PubMed]

50. Pandey, S.; Sree, A.; Sethi, D.P.; Kumar, C.G.; Kakollu, S.; Chowdhury, L.; Dash, S.S. A Marine Sponge
Associated Strain of Bacillus subtilis and Other Marine Bacteria Can Produce Anticholinesterase Compounds.
Microb. Cell Fact. 2014, 13, 24. [CrossRef] [PubMed]

51. Wang, F.W.; Zhai, Y.W.; Chen, L.C.; Yang, Y.; Cheng, Z.T. Isolation and Identification of an Endophytic
Bacterium with Acetylcholinesterase Inhibitory Activity Derived from Oyster and the Optimization of
Fermentation Conditions. J. Qindao Agric. Univ. (Nat. Sci. Ed.) 2014, 4, 284–289.

52. Murao, S.; Hayashi, H. Physostigmine and N8-norphysostigmine, Insecticidal Compounds, from
Streptomyces sp. Agric. Biol. Chem. 1986, 50, 523–524. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/24081685
http://dx.doi.org/10.1021/np100889v
http://www.ncbi.nlm.nih.gov/pubmed/21510637
http://www.ncbi.nlm.nih.gov/pubmed/21710741
http://dx.doi.org/10.1080/14786419.2014.980245
http://www.ncbi.nlm.nih.gov/pubmed/25427833
http://dx.doi.org/10.1371/journal.pone.0061777
http://www.ncbi.nlm.nih.gov/pubmed/23613930
http://dx.doi.org/10.1002/pca.1310
http://www.ncbi.nlm.nih.gov/pubmed/21433160
http://dx.doi.org/10.3390/molecules19056597
http://www.ncbi.nlm.nih.gov/pubmed/24858094
http://dx.doi.org/10.1111/j.1365-2672.2010.04777.x
http://www.ncbi.nlm.nih.gov/pubmed/20602655
http://dx.doi.org/10.1021/jo015522r
http://www.ncbi.nlm.nih.gov/pubmed/11559170
http://dx.doi.org/10.3390/molecules171011303
http://www.ncbi.nlm.nih.gov/pubmed/23011274
http://dx.doi.org/10.1007/s11274-014-1678-0
http://www.ncbi.nlm.nih.gov/pubmed/24898177
http://dx.doi.org/10.1016/j.phytochem.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25577284
http://dx.doi.org/10.1186/1475-2859-13-24
http://www.ncbi.nlm.nih.gov/pubmed/24528673
http://dx.doi.org/10.1271/bbb1961.50.523


Molecules 2017, 22, 176 23 of 24

53. Ohlendorf, B.; Schulz, D.; Erhard, A.; Nagel, K.; Imhoff, J.F. Geranylphenazinediol, an Acetylcholinesterase
Inhibitor Produced by a Streptomyces species. J. Nat. Prod. 2012, 75, 1400–1404. [CrossRef] [PubMed]

54. Kurokawa, T.; Suzuki, K.; Hayaoka, T.; Nakagawa, T.; Izawa, T.; Kobayashi, M.; Harada, N. Cyclophostin,
Acetylcholinesterase Inhibitor from Streptomyces lavendulae. J. Antibiot. (Tokyo) 1993, 46, 1315–1318. [CrossRef]

55. Li, J.L.; Huang, L.; Liu, J.; Song, Y.; Gao, J.; Jung, J.H.; Liu, Y.; Chen, G. Acetylcholinesterase Inhibitory
Dimeric Indole Derivatives From the Marine Actinomycetes Rubrobacter radiotolerans. Fitoterapia 2015, 102,
203–207. [CrossRef] [PubMed]

56. Dong, Y.S.; Zheng, Z.H. N98-1021 A, a Selective Acetylcholinesterase Inhibitors Derived from
Microorganisms. Chin. J. Antibiot. 2002, 27, 260–263.

57. Yang, X.J.; Gao, X.; Ren, S.L.; Li, P.G.; Wen, M.L. Studies on the secondary metabolism of a Streptosporangium sp.
Nat. Prod. Res. Dev. 2006, 18, 366–368.

58. Wu, B.; Ohlendorf, B.; Oesker, V.; Wiese, J.; Malien, S.; Schmaljohann, R.; Imhoff, J.F. Acetylcholinesterase
Inhibitors from a Marine Fungus Talaromyces sp. strain LF458. Mar. Biotechnol. 2015, 17, 110–119. [CrossRef]
[PubMed]

59. Luo, H.; Li, C.; Kim, J.C.; Liu, Y.; Jung, J.S.; Koh, Y.J.; Hur, J.S. Biruloquinone, An Acetylcholinesterase
Inhibitor Produced by Lichen-Forming Fungus Cladonia macilenta. J. Microbiol. Biotechnol. 2013, 23, 161–166.
[CrossRef] [PubMed]

60. Becher, P.G.; Beuchat, J.; Gademann, K.; Juttner, F. Nostocarboline: Isolation and Synthesis of a New
Cholinesterase Inhibitor from Nostoc 78-12A. J. Nat. Prod. 2005, 68, 1793–1795. [CrossRef] [PubMed]

61. Wang, Y.; Yan, R.M.; Zeng, Q.G.; Zhang, Z.B.; Wang, D.; Zhu, D. Producing Huperzine a by an Endophytic
Fungus from Huperzia serrata. Mycosystema 2011, 30, 255–262.

62. Zhang, Z.B.; Zeng, Q.G.; Yan, R.M.; Wang, Y.; Zou, Z.R.; Zhu, D. Endophytic Fungus Cladosporium cladosporioides
LF70 From Huperzia serrata Produces Huperzine A. World J. Microbiol. Biotechnol. 2011, 27, 479–486. [CrossRef]

63. Dong, L.H.; Fan, S.W.; Ling, Q.Z.; Huang, B.B.; Wei, Z.J. Indentification of Huperzine A-Producing
Endophytic Fungi Isolated from Huperzia serrata. World J. Microbiol. Biotechnol. 2014, 30, 1011–1017. [CrossRef]
[PubMed]

64. Yan, R.; Zhang, Z.; Wang, Y.; Yang, H.; Zeng, Q.; Zhu, D. Efficient Strategy for Maintaining and Enhancing
the Huperzine a Production of Shiraia sp. Slf14 through Inducer Elicitation. J. Ind. Microbiol. Biotechnol. 2014,
41, 1175–1179. [CrossRef] [PubMed]

65. Yang, H.; Wang, Y.; Zhang, Z.; Yan, R.; Zhu, D. Whole-Genome Shotgun Assembly and Analysis of the
Genome of Shiraia sp. Strain Slf14, a Novel Endophytic Fungus Producing Huperzine A and Hypocrellin A.
Genome Announc. 2014, 2, e00011–e00014. [CrossRef] [PubMed]

66. Yang, H.; Peng, S.; Zhang, Z.; Yan, R.; Wang, Y.; Zhan, J.; Zhu, D. Molecular cloning, expression, and
functional analysis of the copper amine oxidase gene in the endophytic fungus Shiraia sp. Slf14 from
Huperzia serrata. Protein Expr. Purif. 2016, 128, 8–13. [CrossRef] [PubMed]

67. Del Valle, P.; Martinez, A.L.; Figueroa, M.; Raja, H.A.; Mata, R. Alkaloids from the Fungus
Penicillium spathulatum as alpha-Glucosidase Inhibitors. Planta Med. 2016, 82, 1286–1294. [PubMed]

68. Teles, A.P.; Takahashi, J.A. Paecilomide, a New Acetylcholinesterase Inhibitor from Paecilomyces lilacinus.
Microbiol. Res. 2013, 168, 204–210. [CrossRef] [PubMed]

69. Peng, F.C. Acetylcholinesterase Inhibition by Territrem B Derivatives. J. Nat. Prod. 1995, 58, 857–862.
[CrossRef] [PubMed]

70. Ling, K.H.; Liou, H.H.; Yang, C.M.; Yang, C.K. Isolation, Chemical Structure, Acute Toxicity, and Some
Physicochemical Properties of Territrem C from Aspergillus terreus. Appl. Environ. Microbiol. 1984, 47, 98–100.
[PubMed]

71. Cho, K.M.; Kim, W.G.; Lee, C.K.; Yoo, I.D. Terreulactones A, B, C, and D: Novel Acetylcholinesterase
Inhibitors Produced by Aspergillus terreus. I. Taxonomy, Fermentation, Isolation and Biological Activities.
J. Antibiot. (Tokyo) 2003, 56, 344–350. [CrossRef] [PubMed]

72. Yoo, I.D.; Cho, K.M.; Lee, C.K.; Kim, W.G. Isoterreulactone A, a Novel Meroterpenoid with
Anti-Acetylcholinesterase Activity Produced by Aspergillus terreus. Bioorg. Med. Chem. Lett. 2005, 15,
353–356. [CrossRef] [PubMed]

73. Kim, H.; Yang, I.; Patil, R.S.; Kang, S.; Lee, J.; Choi, H.; Kim, M.S.; Nam, S.J.; Kang, H. Anithiactins A–C,
Modified 2-Phenylthiazoles from a Mudflat-Derived Streptomyces sp. J. Nat. Prod. 2014, 77, 2716–2719.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/np2009626
http://www.ncbi.nlm.nih.gov/pubmed/22775474
http://dx.doi.org/10.7164/antibiotics.46.1315
http://dx.doi.org/10.1016/j.fitote.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25655350
http://dx.doi.org/10.1007/s10126-014-9599-3
http://www.ncbi.nlm.nih.gov/pubmed/25108548
http://dx.doi.org/10.4014/jmb.1207.07016
http://www.ncbi.nlm.nih.gov/pubmed/23412057
http://dx.doi.org/10.1021/np050312l
http://www.ncbi.nlm.nih.gov/pubmed/16378379
http://dx.doi.org/10.1007/s11274-010-0476-6
http://dx.doi.org/10.1007/s11274-013-1519-6
http://www.ncbi.nlm.nih.gov/pubmed/24129696
http://dx.doi.org/10.1007/s10295-014-1461-0
http://www.ncbi.nlm.nih.gov/pubmed/24865990
http://dx.doi.org/10.1128/genomeA.00011-14
http://www.ncbi.nlm.nih.gov/pubmed/24503982
http://dx.doi.org/10.1016/j.pep.2016.07.013
http://www.ncbi.nlm.nih.gov/pubmed/27476120
http://www.ncbi.nlm.nih.gov/pubmed/27399232
http://dx.doi.org/10.1016/j.micres.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23219197
http://dx.doi.org/10.1021/np50120a006
http://www.ncbi.nlm.nih.gov/pubmed/7673929
http://www.ncbi.nlm.nih.gov/pubmed/6546485
http://dx.doi.org/10.7164/antibiotics.56.344
http://www.ncbi.nlm.nih.gov/pubmed/12817807
http://dx.doi.org/10.1016/j.bmcl.2004.10.067
http://www.ncbi.nlm.nih.gov/pubmed/15603953
http://dx.doi.org/10.1021/np500558b
http://www.ncbi.nlm.nih.gov/pubmed/25455147


Molecules 2017, 22, 176 24 of 24

74. Wang, J.; Wei, X.; Qin, X.; Tian, X.; Liao, L.; Li, K.; Zhou, X.; Yang, X.; Wang, F.; Zhang, T. Antiviral
Merosesquiterpenoids Produced by the Antarctic Fungus Aspergillus ochraceopetaliformis SCSIO 05702.
J. Nat. Prod. 2016, 79, 59–65. [CrossRef] [PubMed]

75. Luo, J.; Yang, Y.; Lin, Y.; Chen, Z.; Wu, X. Effects of Metabolites of Mangrove Fungus Xylaria sp. from
South China Sea Coast on the Activity of Acetylcholinesterase in vitro. Zhong Yao Cai 2004, 27, 261–264.

76. Zhao, L.Y.; Li, J.; Yuan, F.; Li, M.; Zhang, Q.; Huang, Y.Y.; Pang, J.Y.; Zhang, B.; Sun, F.Y.; Sun, H.S.; et al.
Xyloketal B attenuates atherosclerotic plaque formation and endothelial dysfunction in Apolipoprotein E
deficient mice. Mar. Drugs 2015, 13, 2306–2326. [CrossRef] [PubMed]

77. Liu, Y.W.; Shi, D.H.; Chen, A.J.; Zhu, Q.; Xu, J.T.; Zhang, X.X. Acetylcholinesterase Inhibition Effects of
Marine Fungi. Pharm. Biol. 2014, 52, 539–543. [CrossRef] [PubMed]

78. Zheng, Z.H.; Dong, Y.S.; Lu, X.H.; Zhang, H.; Lin, J.; Yang, J.; Shi, Y.; Cui, X.; Jin, Y. F99-909 A,
an Acetylcholinesterase Inhibitors From Metabolites of Microorganisms. Chin. J. Antibiot. 2004, 29, 513–515.

79. Chapla, V.M.; Zeraik, M.L.; Leptokarydis, I.H.; Silva, G.H.; Bolzani, V.S.; Young, M.C.; Pfenning, L.H.;
Araújo, A.R. Antifungal Compounds Produced by Colletotrichum gloeosporioides, an Endophytic Fungus from
Michelia champaca. Molecules 2014, 19, 19243–19252. [CrossRef] [PubMed]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.jnatprod.5b00650
http://www.ncbi.nlm.nih.gov/pubmed/26697718
http://dx.doi.org/10.3390/md13042306
http://www.ncbi.nlm.nih.gov/pubmed/25874925
http://dx.doi.org/10.3109/13880209.2013.850516
http://www.ncbi.nlm.nih.gov/pubmed/24236532
http://dx.doi.org/10.3390/molecules191119243
http://www.ncbi.nlm.nih.gov/pubmed/25421415
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Effects of AChEIs 
	In Vitro Assays for AChEIs 
	Ellman’s Method 
	Thin-Layer Chromatography (TLC) Bioautography 
	Combining Liquid Chromatography-Mass Spectrometry (LC-MS) with the Modified Ellman’s Method 

	Types of AChEIs Produced by Microbes 
	AChEIs from Fungi 
	Alkaloid AChEIs and the Producing Fungi 
	Terpenoid AChEIs and the Producing Fungi 
	Other Types of AChEIs from Fungi 

	AChEIs from Bacteria 
	AChEIs from Other Species 

	Conclusions 

