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Abstract
Marine fungi are potentially important resources for bioactive lead compounds for discovering new drugs for diseases such 
as Alzheimer’s disease. In this paper, the combined bioassay model of acetylcholinesterase (AChE) inhibition, 1,1-diphenyl-
2-picrylhydrazyl (DPPH) free radical scavenging, and Artemia larval lethality was used to evaluate the activity and toxicity 
of 35 marine fungal strains from seas around China. Their bioactive constituents were revealed by thin layer chromatography 
(TLC) autography, bioactivity coupled LC–MS/MS and Global Natural Products Social Molecular Networking (GNPS). 
The results show that the extracts of five strains exhibited higher AChE inhibition ratios than the positive control compound, 
‘tacrine’, for which the ratio was 89.8% at 200 μg/ml. Six strains displayed both AChE inhibition (inhibition ratios > 20% at 
200 μg/ml) and DPPH scavenging activity (scavenging ratios > 30% at 200 μg/ml) together with low Artemia larval toxicity 
(lethal rates < 12%). TLC autography showed that the fractioned extracts of four strains contained highly diverse and dif-
ferent bioactive constituents, including strains Talaromyces sp. C21-1, Aspergillus terreus C23-3, Trichoderma harzianum 
DLEN2008005, and Penicillium corylophilum TBG1-17. From the most potent sample F-11-1-b (derived from Aspergillus 
terreus C23-3), five AChE inhibitors and seven antioxidants were recognized as bioactive molecules by AChE coupled 
ultrafiltration followed by LC–MS/MS, and LC–MS/MS coupled with DPPH incubation. Furthermore, with the aid of 
GNPS, the AChE inhibitors were plausibly annotated as territrem analogues including territrems A–C/D, arisugacin A and 
an unknown compound 4, and the seven antioxidants were assigned as butyrolactone Ι, aspernolide E, a phenolic derivative 
and possibly unknown compounds 8–10 and 12.

Keywords  Acetylcholinesterase inhibition · Antioxidant · Marine fungi · LC–MS/MS · Molecular networking

Introduction

Alzheimer’s disease (AD) is the major form of senile demen-
tia, which seriously threatens the physical and mental health 
of the elderly. Its main pathological manifestations include 
the formation of Aβ plaques and neurofibrillary tangles, 
the amyloidosis of capillaries and the abnormal damage of 

synapses (Goedert 1993; Haass and Selkoe 1993; Scheff 
et al. 1990; Verbeek et al. 1994; Wilcock and Esiri 1982). 
Although its exact pathological mechanism still remains 
undefined, the deficiency of the neurotransmitter acetyl-
choline (ACh) in the brain and the neuroinflammation and 
neuronal apoptosis induced by oxidative stress are well 
accepted among the main factors of AD (Crawley 1993; 
Kok et al. 2006; Rogers et al. 1996). Thus, inhibitors of 
acetylcholinesterase (AChE), the enzyme responsible for the 
hydrolysis of ACh, as well as antioxidant agents including 
those from nature, are highly valued in the treatment of AD 
(Butterfield et al. 2008; Mcgleenon et al. 1999; Mehta et al. 
2012; Ye and Wang 2012).

Due to their high biological and chemical diversity, 
marine fungi are an important resource for many bioac-
tive compounds including potent AChE inhibitors and 
antioxidants (Ji and Wang 2016; Jin et al. 2016; Liu et al. 
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2019; Nong et al. 2014). However, isolating bioactive com-
pounds from complicated microbial fermentation extracts 
is a time-consuming and challenging process via traditional 
methodology, and many known compounds are repeatedly 
isolated and characterized leading to a waste of resources. 
To improve natural products research efficiency, there is an 
urgent need to quickly localize bioactive molecules in crude 
extracts and perform structural dereplications before the 
time-consuming process of traditional isolation and struc-
ture elucidation.

Bioactivity-coupled liquid chromatography-(tandem) 
mass spectrometry (Bio-LC–MS/MS) technologies are 
based on the interaction between small molecules (ligands) 
and target molecules like receptors, enzymes or free radi-
cals, in a high-throughput manner (Boer et al. 2007; Chen 
et al. 2010). For macromolecular targets like receptors and 
enzymes, ultrafiltration liquid chromatography-mass spec-
trometry (UF-LC–MS) is a suitable analytical method and 
utilizes the principle that the ligand-target complex can be 
captured on an ultrafiltration membrane and then subse-
quently dissociated by organic solvents (Zhao et al. 2016). 
For small molecular targets like free radicals and metal ions, 
simple co-incubation followed by LC–MS analysis is able to 
recognize interacting ligands via a reduction in peak height 
(Chen et al. 2010).

However, it is difficult to adequately describe new 
chemical entities by Bio-LC–MS/MS, especially when 
only low-resolution MS data is obtained. In recent years, 
the emergence of molecular networking technologies such 
as Global Natural Products Social Molecular Networking 
(GNPS; website: https​://gnps.ucsd.edu/) has provided a 
new perspective for the analysis of natural products at 
early stages of investigation (Allard et al. 2016; Wang 
et  al. 2016). GNPS allows visualization of all of the 
molecular ions detected in an LC–MS/MS experiment 
and reveals the chemical relationships among them based 
on MS/MS similarity. With the accumulated MS data of 
natural products from global contributors, GNPS has 
become an important tool for the rapid and large-scale 
annotation of known compounds, as well as the discov-
ery of novel compounds (Wang et al. 2016). Therefore, 
the combined use of Bio-LC–MS/MS in companion with 
GNPS provides a highly efficient pipeline for recognizing 
bioactive compounds in crude extracts and can provide 
the annotation of known compounds as well as the indica-
tion of structural relatives for novel ones.

In this study, the combined bioassays comprised of 
AChE inhibition-DPPH free radical scavenging-Artemia 
larval lethality was used to evaluate the anti-AD related 
activity and toxicity of 35 marine fungi. The most promis-
ing samples were probed for their bioactive molecules via 
integrated Bio-LC–MS/MS and GNPS analyses. To the best 
of our knowledge, this is the first report on the application 

of Bio-LC–MS/MS coupled with GNPS to screen for lead 
compounds with anti-AD potential from marine fungi.

Results

Screening for AChE inhibition and DPPH free radical 
scavenging activities

Potato sucrose peptone medium (PSP) and malt extract 
medium (M) were used as a culture medium for 35 marine 
fungi and 280 fractioned samples were prepared from the 70 
fermentation crude extracts by column chromatography on 
silica gel eluted sequentially with n-hexane, dichlorometh-
ane, ethyl acetate, and methanol. All samples were applied 
onto grids on TLC plates and sprayed with AChE enzyme 
reaction-coloring solution or DPPH solution to preliminar-
ily demonstrate their activity by the appearance of clear 
zones on a colored background. The results (see details in 
Supplementary Table S1, Fig. S1) showed that 60 samples 
had AChE inhibitory activity (from 24 marine fungi) and 
47 samples had DPPH radical scavenging activity (from 21 
marine fungi). The samples with AChE inhibitory activity 
were mainly from the fractions eluted by n-hexane, dichlo-
romethane and ethyl acetate, while the samples with DPPH 
scavenging activity were mainly from the eluents using 
dichloromethane, ethyl acetate and methanol.

The above active samples were further quantitatively 
determined for their potency (Fig. 1; Table 1). At the final 
concentration of 200  μg/ml, seven samples (from five 
strains) exhibited higher AChE inhibition activity than the 
positive control (Tacrine: inhibition rate of 89.8% at 200 μg/
ml), and 12 samples (from nine strains) displayed DPPH 
radical scavenging rate > 50% (positive control vitamin C 
(Vc): 91.6% at 200 μg/ml). Moreover, eight extracts of six 
strains had both AChE inhibitory and antioxidant activities.

Toxicity evaluation of marine fungal extracts

To identify the bioactive samples with low toxicity, 26 potent 
samples were evaluated using the Artemia larval lethality 
assay. The results (Table 1) indicated that the lethal rates of 
strain C23-3, C3-18 and C23-18 were < 15% (the samples 
with AChE inhibitory activity both antioxidant activity). 
Among the 14 samples with AChE inhibition rates > 50%, 
nine samples had lethal rates < 10% (with AChE inhibition 
activity only). The seven samples with DPPH radical scav-
enging rates > 50% displayed lethal rates < 11% (only with 
antioxidant activity).

https://gnps.ucsd.edu/
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TLC autograph for AChE inhibitory and DPPH radical 
scavenging activities

To preliminarily compare the bioactive constituents in dif-
ferent samples, TLC autograph analysis was performed for 

four samples with significant activity and low toxicity. This 
yielded the identification of four samples with a richness of 
different components, including F-7-1-c (from Talaromy-
ces sp. C21-1), F-11-1-b (from Aspergillus terreus C23-3), 
F-16-1-b (from Trichoderma harzianum DLEN2008005) 

Fig. 1   The AChE inhibitory (A) and antioxidant activity (B) of 
marine fungal fractioned extracts prepared by different solvent elu-
tions from silica gel columns. The horizontal coordinate numbering 
principle in the figure: Fungus (F)-strain sequence number-cultural 
medium. The strain sequence numbers correspond to Table  4 in 
“Materials and Methods”. Medium 1 and 2, respectively, represent 

potato medium and malt extract medium. a, b, c and d in the legends 
refer to the fractionated samples eluted by different solvents: (a) hex-
ane, (b) dichloromethane, (c) ethyl acetate, and (d) methanol, respec-
tively. This numbering scheme also applies to the other parts of this 
paper

Table 1   Toxicity of marine fungal extracts to Artemia larvae

a The sample numbering principle in this table: Fungus (F)-strain sequence number-cultural medium. The strain sequence numbers correspond to 
Table 4 in “Materials and Methods”. Medium 1 and 2, respectively, represent potato medium and malt extract medium
And the a, b, c and d in the sample numbers refer to the fractional samples eluted by different solvents hexane, dichloromethane, ethyl acetate, 
and methanol, respectively. This numbering rule also applies to the other sections of this paper

Strains number Samples 
numbera

AChE 
inhibition 
rate (%)

DPPH 
scavenging 
rate (%)

Lethal rate 
(%)

Strains number Samples 
numbera

AChE 
inhibition 
rate (%)

DPPH 
scavenging 
rate (%)

Lethal rate 
(%)

BCT2-3 F-4-1-c – 61.6 10.9 DLEN2008005 F-16-1-c 66.7 – 0.0
BM3T2 F-5-1-b 15.1 18.2 33.1 DLEN2008005 F-16-2-b 65.0 – 7.1
BM3T2 F-5-2-c 90.6 – 56.7 DLEN2008010 F-18-2-c – 56.6 0.0
C21-1 F-7-1-c 24.8 – 0.0 DLEN2008016 F-19-2-b 61.5 – 65.5
C3-1 F-10-1-c 100.0 – 8.9 TBG1-6 F-20-1-c 45.8 51.6 63.8
C23-3 F-11-1-b 92.0 64.6 7.6 TBG1-12 F-21-2-c – 70.0 0.0
C23-3 F-11-1-c 100.0 66.6 10.9 TBG1-14 F-23-1-b 53.1 – 3.5
C23-3 F-11-2-b 34.3 60.6 0.0 TBG1-14 F-23-1-c 54.4 – 0.0
C3-6 F-12-1-c 59.6 – 0.0 TBG1-17 F-24-1-b – 57.0 0.0
C3-6 F-12-1-c 100.0 – 0.0 TBG3-17 F-29-1-b 42.2 5.6 68.5
C3-6 F-12-2-c 100.0 – 0.0 C22-2 F-33-1-b 70.7 – 25.4
C3-18 F-13-2-b 18.5 55.9 7.0 positive control Tacrine 89.8 – –
C23-18 F-14-1-b – 62.3 10.0 positive control Vc – 91.6 –
C23-18 F-14-2-b 12.8 57.6 11.8 positive control CuSO4 – – 5.0
DLEN2008005 F-16-1-b 100.0 – 10.8
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and F-24-1-b (from Penicillium corylophilum TBG1-17). 
Among these, the AChE inhibitory activity and DPPH 
free radical scavenging activity of F-11-1-b (marked with 
red frame in Supplementary Fig. S2) were both signifi-
cant. Thus, its active components were further analyzed by 
LC–MS/MS coupled with bioactivity.

Bioactivity coupled LC–MS/MS analyses 
and molecular networking

To localize the active molecules in sample F-11-1-b, it 
was incubated with AChE in an ultrafiltration-LC–MS/MS 
experiment and with DPPH in antioxidant coupled LC–MS/
MS experiment. The bioactive molecules were recognized 
by comparison of corresponding peak area in the control 
experiment (sample non-specifically captured by ultrafil-
tration membrane) vs co-incubation experiment (sample 
captured by AChE and by ultrafiltration membrane) or the 
peak area in sample control vs in co-incubation experiment 
(sample totally or partially consumed by DPPH). However, 
to avoid inaccuracies caused by directly using the peak area 
from the total ion chromatograms (TIC) or base peak chro-
matograms (BPC) due to overlapping peaks, we compared 
the peak areas of the extracted ion chromatograms (EIC) for 
the parent ions of the main peaks from the BPC.

As shown in Fig.  2 and Table  2, five parent ions at 
m/z 513.00–513.30 (1), m/z 497.15–497.25 (2), m/z 
527.00–527.30 (3), m/z 553.00–553.40 (4), and m/z 
511.00–511.40 (5) demonstrated higher integral areas in the 
experimental group (sample & AChE-Ultrafiltration) than 
in the control group (sample-Ultrafiltration), indicating that 
they are specifically captured by the enzyme. Especially for 
compounds 4 and 5, their selective binding rates reached 
27.5% and 73.7%, which suggested that they were possibly 
the main AChE inhibitors in this sample. The peak area of 
another parent ion at m/z 549.00–549.30 (the ‘control peak’) 
showed little change between the two experiments, indicat-
ing the changes of other peaks were not false positives.

As shown in Fig.  3 and Table  3, seven parent ions 
at m/z 422.90–423.20 (6), m/z 424.80–425.10 (7), 
m/z 607.10–607.40 (8), m/z 663.30–663.60 (9), m/z 
775.80–776.10 (10), m/z 370.60–371.00 (11), and m/z 
444.80–445.10 (12) exhibited much lower peak areas in the 
experimental group (sample & DPPH) than in the control 
group (sample) with rates of consumption from 47.4–100%, 
suggesting that they are the main antioxidative molecules in 
this sample. The parent ion at m/z 416.00–416.30 was taken 
as the control peak because it changed very little between 
experiments.

To obtain more information on the structures and rela-
tionship of these bioactive molecules, the LC–MS/MS 

Fig. 2   Base peak chromatogram of F-11-1-b (A) and extracted ion chromatograms of control peak (B) and representative active peaks (C, D)
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data of sample F-11-1-b were submitted to the GNPS 
platform for molecular networking. In the network 
(Fig. 4), compounds 1–5 were in the same cluster sug-
gesting that they were structurally related. Compound 3 
gave MS2 fragment ions at m/z 509.00, 491.01, 473.20, 
373.00, 291.10, 195.07, which matched territrem B in the 
GNPS database with a cosine value of 0.94. Considering 
Aspergillus terreus was frequently reported as a producer 
of this AChE inhibitor (Nong et al. 2014; Peng 1995), 
compound 3 was annotated as territrem B. Compared with 
compound 3, both the parent ion and a series of fragment 
ions deriving from compound 1 showed a mass difference 
of − 14 Da (–CH2). Similarly, compound 2 decreased by 

30 Da (–CH2O) compared to compound 3, and those of 
compound 5 decreased by 16 Da (–CH4 or –O). Accord-
ing to their MS characteristics and the MS data recorded 
in literature, the known territrem analogs for compounds 
1, 2, and 5 were possibly territrem C (or D), arisugacin A 
and territrem A, respectively (Jiang et al. 2010; Lee et al. 
1992). However, other isomers are also possible based on 
these mass spectra.

The parent ion of compound 4 showed a mass difference 
of + 26 Da compared with territrem B (3), and the MS2 
fragments ion were at m/z 535.06, 509.00, 491.01, 473.20, 
291.10, 195.07; thus, it was determined that compound 
4 was a dehydrogenated territrem analog with two more 

Table 2   List of compounds with AChE inhibitory activity

a Selective binding rate (%) = 100*(PASAU − PASU)/PASAU

Activity compounds Apex RT 
(min)

m/z Peak area in sample-Ultra-
filtration (PASU)

Peak area in Sample&AChE-
Ultrafiltration (PASAU)

Selective bind-
ing ratesa (%)

1 6.96 513.00–513.30 4,596,241.43 4,779,726.54 3.8
2 11.44 497.15–497.25 381,901.19 406,943.11 6.2
3 13.06 527.00–527.30 83,466,812.45 91,603,254.52 8.9
4 13.20 553.00–553.40 3,250,644.83 4,486,272.20 27.5
5 13.60 511.00–511.40 785,028.42 2,982,248.93 73.7
Control peak 13.09 549.00–549.30 6,581,207.55 6,522,441.10 − 0.9

Fig. 3   Base peak chromatogram of F-11-1-b (A) and extracted ion chromatograms of control peak (B) and representative active peaks (C, D)
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methyl groups or one more carbonyl than territrem B (3). 
Thus, its molecular formula is either C31H36O9 or C30H32O10. 
A search of Scifinder indicated that there were no known 
territrem-like structures among the 148 records for C31H36O9 
and the 108 records for C30H32O10. Therefore, compound 4 
is very likely a new compound.

For the antioxidative molecules, compound 7 with a par-
ent mass at m/z 424.97 was annotated as butyrolactone I by 
GNPS molecular library matching with a cosine value of 
0.93, while compound 6 at m/z 423.03 in the same cluster 
was its dehydrogenated analog, matching the structure of 
aspernolide E in the Dictionary of Natural Products (https​
://dnp.chemn​etbas​e.com) (He et al. 2013).

The potent antioxidants 8 and 9, present in the same 
cluster, may be long-chain lipids because 8 (at m/z 607.36) 
shared a mutual strong fragment at m/z 551.25–551.47 and 
a moderately similar MS2 pattern (cosine value 0.74) to a 
phospholipid (CCMSLIB00000078672 in GNPS library) 
with a significantly higher parent mass (m/z 692.40).

By GNPS analysis, compound 11 displayed simi-
larity with a phenolic compound methyl 2-(2,6-dihy-
droxy-4-methylbenzoyl)-3 ,5-dimethoxybenzoate 
(CCMSLIB00004686882) with a cosine value of 0.72 and 
the same molecular weight. For compounds 10 and 12, 
GNPS gave no matching hits.

Summarizing, compounds 4, 8–10 and 12 have a high 
possibility of being bioactive compounds with new struc-
tures, and this will be confirmed by ongoing investigations.

Discussion

Marine fungi can be important resources for anti-AChE and 
antioxidant molecules. Quite a few important AChE inhibi-
tors have been reported from species like Xylaria sp., Asper-
gillus terreus, Talaromyces sp., Arthrinium arundinis, Asp. 
unguis, Acrostalagmus luteoalbus (Lin et al. 2001; Nong 

et al. 2014; Wu et al. 2015; Zhang et al. 2019), etc., together 
with strong antioxidants from Asp. terreus, Asp. wentii, Peni-
cillium solitum, Xylaria sp. (Gong et al. 2018; Guo et al. 
2015; Li et al. 2014; Zhu et al. 2014). In the present study, 
Asp. terreus and Talaromyces sp. were also found to be 
producers of AChE inhibitors and/or antioxidants. Strains 
belonging to Neosartorya glabra, Hypocreaceae, Penicillium 
sp., P. glabrum, P. corylophilum, Trichoderma harzianum, 
and Tritirachium sp. also showed strong anti-AChE poten-
tial. Strains of Asp. flavipes, Hypocreaceae, Sterigmocystis 
sp., P. digitatum, Hypocrea lixii, P. polonicum, P. chrysoge-
num, and P. corylophilum exhibited antioxidant capability. 
Most of these taxa have seldom been reported to possess 
natural products with these activities, and thus they may be 
new resources for valuable lead molecules.

In particular, 20 bioactive fractions from 12 strains 
including Talaromyces sp. C21-1, Asp. terreus C23-3, 
Trichoderma harzianum DLEN2008005 and P. corylophi-
lum TBG1-17 with diverse bioactive constituents also dis-
played low toxicity to Artemia larvae, suggesting they may 
be valuable in anti-AD drug discovery. The Artemia lethality 
model has been frequently used for screening cytotoxic and 
pesticidal agents due to its good correlation, low cost and 
convenience (Badisa et al. 2009; Cheng et al. 2003; Zhang 
et al. 2012, 2013). In this investigation, it was used as a tox-
icity evaluation approach. As for AChE inhibitory samples, 
if they did not show significant toxicity to Artemia larvae, 
then they are more likely to be reversible AChE inhibitors 
with anti-AD potential rather than irreversible ones, the lat-
ter being preferred in pesticide discovery.

In our work, before bioactivity coupled LC–MS/MS 
analysis, we performed a preliminary assessment via TLC 
autography for surveying the diversity of bioactive com-
ponents in different samples. This method is not as high-
resolution and informative as bioactivity coupled LC–MS/
MS; however, it has the advantage of high efficiency, lower 
cost, and intuition.

Table 3   List of compounds with DPPH free radical scavenging activity

a Rate of consumption (%) = 100*(PAS − PASD)/PAS

Activity compounds Apex RT (min) m/z Peak area in sample (PAS) Peak area in sam-
ple + DPPH (PASD)

Rate of 
consumptiona 
(%)

6 5.44 422.90–423.20 26,405,303.75 13,820,561.89 47.7
7 12.40 424.80–425.10 26,618,184.14 11,323,916.92 57.5
8 17.60 607.10–607.40 17,642,213.29 0.00 100.0
9 17.80 663.30–663.60 146,027,066.28 4,539,348.93 96.9
10 17.80 775.80–776.10 26,772,043.07 10,915,961.28 59.2
11 17.90 370.60–371.00 41,469,935.86 16,864,824.46 59.3
12 18.07 444.80–445.10 35,592,992.49 18,346,767.04 48.5
Control peak 8.18 416.00–416.30 211,489,153.70 227,538,708.80 − 7.6

https://dnp.chemnetbase.com
https://dnp.chemnetbase.com
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For the discovery of bioactive natural products, it is typi-
cal to use a chemistry-guided or bioactivity-guided isola-
tion strategy. Nevertheless, traditional chemical separation 
is a blind process and the conventional offline bioactivity 
tracing is inefficient, often leading to repeated isolation of 
known compounds. Hence, it is necessary to localize bioac-
tive molecules and obtain as much structural information 
as possible to increase the probability of finding new com-
pounds before the significant effort is put into compound 

isolation. By the strategy of combining bioactivity coupled 
LC–MS/MS analysis and GNPS molecular networking in 
the present study, we have accelerated this process. In the 
current study, using this integrated strategy, we were able to 
annotate five territrem derivatives as AChE inhibitors while 
two aromatic butyrolactones and five other metabolites were 
assigned as antioxidants. Moreover, five of the described 
molecules have a high possibility of being new compounds 
or new metabolites from Asp. terreus. This latter conclusion 

Fig. 4   Molecular networking of F-11-1-b. A Molecular networking 
of the organic extract from F-11-1-b. B–G Clusters corresponding 
to compounds 1–12 observed by molecular networking. H Plausible 

chemical structures of 1−3 and 5. I MS/MS spectrum of the 1–5. J–
K Plausible chemical structures and MS/MS spectra of 6–7 
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requires confirmation through further investigation that will 
require chromatography and spectroscopic experiments. 
Summarizing, this new integrated strategy provided a sig-
nificant amount of useful information and identified key new 
products for further study.

The robustness of assessing novelty by this methodology 
is to a great extent influenced by the size of the compound 
MS/MS database. Up until now, GNPS has deposited the 
MS/MS spectra of more than 150,000 natural products (as of 
2020-04-13) from contributors all over the world and from 
the third party MS/MS libraries like NIST, Massbank and 
HMDB. While a large number, this is certainly a limitation 
compared to the number of all known metabolites. However, 
the continued increase of GNPS data will improve the effec-
tiveness of our Bio-LC–MS/MS coupled GNPS strategy in 
the future.

In conclusion, by a combined bioactivity-toxicity model, 
20 fractionated extracts from diverse and previously less 
studied marine fungal taxa were assessed for their AChE 
inhibitory and/or antioxidant potential together with low 
Artemia toxicity. TLC autographies and Bio-LC–MS/MS 
coupled GNPS localized bioactive molecules and provided 
rich structural information including indications of likely 
new bioactive compounds for further study. This strategy 
could be useful for discovering new anti-Alzheimer lead 
compounds from the sea.

Materials and methods

Materials

The 35 strains of marine fungi used in this study were from 
biological samples collected in the intertidal zone of Dalian 
China (Zhang et al. 2009), gill tissues from sharks captured 
in the East China Sea (Zhang et al. 2016), and different cor-
als in the Zhanjiang sea area of China, as shown in Table 4.

Preparation of samples of secondary metabolites 
of marine fungi

The 3–5 day agar plates of the strains were used to inoculate 
Erlenmeyer flasks each containing 200 ml potato sucrose 
peptone liquid medium (PSP, containing boiled juice from 
200 g potato per liter, 20 g/L sucrose, 5 g/L peptone, and 
20 g/L sea salt) or malt extract liquid medium (M, contain-
ing 15 g/L malt extract, 20 g/L sea salt), respectively. Both 
media were used for each strain. The static fermentation 
lasted for 20 days at room temperature (about 28 °C). After-
wards, the fermentation broth was extracted using ethyl ace-
tate and the mycelia were extracted using methanol. The two 
extracts for each sample were combined and concentrated 

to dryness using a rotary evaporator at 45 °C. Then, each 
crude extract was mixed with silica gel, applied to a short 
silica gel flash column and stepwise eluted with n-hexane, 
dichloromethane, ethyl acetate, and methanol to yield four 
fractional samples.

The screening of AChE inhibitory activity 
and antioxidant activity

Samples were first preliminarily screened for the two activ-
ities on TLC plates by array autography. In this experi-
ment, the samples (20 μg for each) were applied onto grids 
(1 cm × 1 cm) on the GF254TLC plates with a capillary tube. 
For autography of AChE inhibition, the plate was first evenly 
sprayed with 0.5 U/ml AChE solution, air dried to fix the 
enzyme, and then the plates were kept in an incubator with 
constant moisture at 37 °C for 20 min. Afterwards, DTNB 
(5 mmol/L) and ATCh (10 mmol/L) solutions were mixed 
(1:1, v/v) and sprayed onto the TLC plates. These were incu-
bated for another 10 min and the results were recorded. The 
active spots were white on a yellow background. For autog-
raphy of DPPH scavenging activity, DPPH methanol solu-
tion (1.28 mmol/L) was sprayed evenly on the TLC plates 
containing the samples, and the results were observed after 
keeping the plates in darkness for 5–8 min. The active spots 
had no color and contrasted to a purple background.

The positive samples from the above screening program 
were then quantitatively evaluated for inhibition to AChE or 
DPPH scavenging rates at a dose of 200 μg/ml using 96-well 
microplates by a previously reported method (Yang et al. 
2018). Each sample was tested in duplicate and the averages 
were calculated. Tacrine and vitamin C were taken as posi-
tive controls for the AChE experiment and DPPH experi-
ments, respectively.

Toxicity determination of active samples

Artemia toxicity was determined for samples with an 
AChE inhibition rate and/or a DPPH radical scaveng-
ing rate ≥ 50%. The final concentration of samples was 
50 μg/ml and the larval number per assay was 20–30/well 
in 48-well microplates. CuSO4 (50 μg/ml) was used as 
positive control. Each sample was tested in triplicate and 
the average was calculated. The experiment and lethality 
rate calculations were performed following a previously 
reported method (Kiviranta et al. 2010).

TLC‑activity autograph analyses

The samples with high activity and low toxicity were 
compared for their diversity of active components by 
TLC autography. The samples were first applied onto 
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TLC plates, developed with an organic solvent system 
(chloroform:methanol = 25:1 (v/v) for n-hexane eluted 
fractions; chloroform:methanol = 5:1 (v/v) for other frac-
tions), dried, observed and photographed under wave-
lengths of 254 and 365 nm. Then, the bioactive spots 
were demonstrated using the same colorimetric methods 
described above in the screening by autography section.

Bioactivity coupled HPLC–MS/MS analyses

Pretreatment of AChE coupled ultrafiltration-LC–MS/MS 
analysis: in the treatment group, the sample was first incu-
bated with AChE (final concentration: 0.5 mg/ml for sample 
and 0.2 U/ml for enzyme) in 100 μl phosphate buffer solu-
tion (PBS) containing 15% MeOH in a water bath at 37 °C 
for 30 min. Then, the mixture was transferred into an ultra-
filtration (UF) centrifugal tube (UFC510096 Millipore 100 
KD) and centrifuged at 12,000 r/min for 20 min to capture 
the AChE-ligand complex. The UF membrane loaded with 

Table 4   List of marine fungal 
strains tested

a –: morphologically authenticated

Sequence 
number

Strain number Species GenBank serial number Source

1 BP1T8 Penicillium polonicum JF731253 Shark gill
2 BP2T1 Penicillium chrysogenum JF731254 Shark gill
3 BCT1-7 Aspergillus sydowii JF731252 Shark gill
4 BCT2-3 Aspergillus flavipes JQ082507 Shark gill
5 BM3T2 Neosartorya glabra JQ082501 Shark gill
6 BM3T6 Aspergillus sydowii JN368457 Shark gill
7 C21-1 Talaromyces sp. –a Porites pukoensis
8 C2-4 Aspergillus sp. JQ717350 Porites compressa
9 C22-4 unclassified – Porites compressa
10 C3-1 Hypocreaceae sp. JQ717351 Pavona cactus
11 C23-3 Aspergillus terreus MG707631 Pavona cactus
12 C3-6 Penicillium sp. JQ717353 Pavona cactus
13 C3-18 Sterigmocystis –a Pavona cactus
14 C23-18 Penicilium digitatum –a Pavona cactus
15 DLEP2008001 Aspergillus unguis GU117635 Seaweed
16 DLEN2008005 Trichoderma harzianum KU530201 Seaweed
17 DLEN2008006 Aspergillus clavatus GU266275 Spongia
18 DLEN2008010 Hypocrea lixii HQ149775 Spongia
19 DLEN2008016 Penicillium glabrum FJ618520 Seaweed
20 TBG1-6 Penicillium polonicum JF731267 Shark gill
21 TBG1-12 Penicillium chrysogenum JF731261 Shark gill
22 TBG1-13 unclassified – Shark gill
23 TBG1-14 Penicillium corylophilum JQ082506 Shark gill
24 TBG1-17 Penicillium corylophilum JQ082502 Shark gill
25 TBG1-19 unclassified – Shark gill
26 TBG1-21 Penicillium sp. KF746907 Shark gill
27 TBG2-6 unclassified – Shark gill
28 TBG3-10 Penicillium crustosum JF731272 Shark gill
29 TBG3-17 unclassified – Shark gill
30 TBG3-21 Penicillium commune JQ082505 Shark gill
31 TBG3-19-2 Penicillium chrysogenum JQ082504 Shark gill
32 19-10-1 Aspergillus fumigatus HQ149777 Sebastodes sp. gill
33 C22-2 Tritirachium sp. JQ717341 Porites compressa
34 C2-9 Gibberella moniliformis JQ717335 Porites compressa
35 C2-19 Penicillium funiculosum JQ717333 Porites compressa
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this complex was rinsed and centrifuged with PBS (100 μl, 
three times). Afterwards, 50% aqueous MeOH (100 μl, three 
times) was added to the membrane to release the small mol-
ecule ligands from the complex, followed by centrifugation. 
The filtrate was concentrated to dryness and finally resolved 
in 100 μl 50% aqueous MeOH for LC–MS/MS analysis. In 
the blank group, the sample was directly dissolved in 100 μl 
50% aqueous MeOH. In the control group, the sample was 
incubated in PBS-MeOH solution without AChE, and the 
other procedures were the same with the treatment group. 
The injection volumes of the three groups were all 25 μl for 
the next step of LC–MS/MS analysis.

Pretreatment of DPPH radical scavenging activity cou-
pled LC–MS/MS analysis: in the treatment group, the sam-
ples (50 μl 1.0 mg/ml dissolved in methanol) reacted with 
DPPH methanol solution (50 μl, 0.16 mmol/L) for 30 min 
in darkness. In the control group, the DPPH solution was 
replaced by the same amount of methanol. In the blank 
group, 0.08 mmol/L DPPH solution was directly used as a 
sample for LC–MS/MS. The injection volumes of the three 
groups were all 25 μl in LC–MS/MS analysis.

All nominal mass resolution LC–MS/MS analyses were 
run on a LC-PDA-MS2 system consisting of Thermo Finni-
gan Surveyor Autosampler-Plus, LC-Pump-Plus, PDA-
Plus, and a Thermo Finnigan LCQ Advantage Plus mass 
spectrometer. The monitoring wavelength and mass scan 
range were set to be 190–600 nm and m/z 100–2000 in 
the positive mode (the unified mode for GNPS molecular 
networking), respectively. The column was a Phenomenex 
Kinetex C18 100A reverse phase column (100 × 4.60 mm, 
5 μm). The flow rate was 0.6 ml/min and a gradient program 
of CH3CN/H2O (0.1% formic acid) was used for elution: 
0–8 min for 40%, 8–11 min for 40 to 99%, 11–16 min for 
99%, 16–16.2 min for 99 to 40%, 16.2–20 min for 40%.

The MS/MS spectra of sample F-11-1-b were used 
to establish a molecular network using the GNPS online 
platform and visualized by Cytoscape 3.7 software for the 
purpose of molecular networking and dereplication. The 
‘Default Molecular Networking Results views’ and ‘Molec-
ular-library search functions’ were used to search hits for 
possible known compounds. The raw data have been depos-
ited in the MassIVE database at the GNPS Web site (https​
://gnps.ucsd.edu/Prote​oSAFe​/stati​c/gnps-splas​h.jsp) and is 
publicly available through access number MSV000085297.
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