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Abstract 

The discovery and utilization of natural products derived from endophytic microorganisms have garnered significant 
attention in pharmaceutical research. While remarkable progress has been made in this field each year, the absence 
of dedicated open-access databases for endophytic microorganism natural products research is evident. To address 
the increasing demand for mining and sharing of data resources related to endophytic microorganism natural 
products, this study introduces EMNPD, a comprehensive endophytic microorganism natural products database 
comprising manually curated data. Currently, EMNPD offers 6632 natural products from 1017 endophytic microor‑
ganisms, targeting 1286 entities (including 94 proteins, 282 cell lines, and 910 species) with 91 diverse bioactivities. 
It encompasses the physico-chemical properties of natural products, ADMET information, quantitative activity data 
with their potency, natural products contents with diverse fermentation conditions, systematic taxonomy, and links 
to various well-established databases. EMNPD aims to function as an open-access knowledge repository for the study 
of endophytic microorganisms and their natural products, thereby facilitating drug discovery research and explora‑
tion of bioactive substances. The database can be accessed at http://​emnpd.​idrbl​ab.​cn/ without the need for registra‑
tion, enabling researchers to freely download the data. EMNPD is expected to become a valuable resource in the field 
of endophytic microorganism natural products and contribute to future drug development endeavors.
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Introduction
Endophytes, a distinctive group of microbes residing 
within plants, establish a mutually beneficial relation-
ship with their host plants [1]. They actively support their 
hosts in combatting biotic (e.g., pathogen infection) and 
abiotic (e.g., drought, extreme temperatures, salinity) 
stresses by producing a wide range of bioactive natural 
products (NPs) [2, 3]. NPs serve as the origin of modern 
pharmaceuticals [4], with approximately 49.5% of FDA-
approved drugs over the past 40 years being NPs or their 
derivatives [5]. Considering the high demand and extrac-
tion limitations of NPs from plants [6, 7], microorgan-
isms, especially endophytes, are regarded as promising 
sources of novel bioactive substances [8], including anti-
biotics and anticancer agents [9, 10]. With over 300,000 
species of higher plants on Earth, each plant hosts one 
or more endophyte [11], the immense species diversity 
of endophytes and their potential for biosynthesis drive 
chemical research on these microorganisms [12, 13]. 
Endophytes are also known to possess the ability to pro-
duce metabolites similar to those of their host plants, 
exhibiting comparable bioactivity. Since the isolation of 
endophytic fungus producing paclitaxel from Taxus brev-
ifolia by Stierle in 1993 [14], numerous NPs with potent 
bioactivities have been discovered [15–17], fueling global 
interest among researchers in exploring bioactive sub-
stances derived from endophytic microorganisms and 
positioning it as a leading area of innovation in drug 
development.

A significant wealth of biological activity data regard-
ing endophyte NPs has already accumulated in the field. 
Constructing databases utilizing this valuable data is 
crucial for the advancement of microbial NPs. Currently, 
the landscape of NP structural databases is highly frag-
mented. Despite the availability of numerous NP data-
bases, options specifically tailored for microbial NPs are 
surprisingly limited [18]. The currently largest open-
access NPs database, COCONUT [19], contains 407,270 
NPs, including 134,379 annotated with taxonomical 
origins [20], while NPASS 2.0 [21], CMNPD [22], and 
ChEMBL [23] provide highly detailed quantitative bio-
logical activity values data. However, these databases 
encompass a broader scope, lacking a specific focus on 
microorganisms and instead including plants, algae, and 
other species. Other large general compound databases 
like SuperNatural III [24] and ChemSpider [25] contain a 
vast amount of compound information, they lack species 
origins and comprehensive compound bioactivity data. 
In the realm of microbial NP databases, several notable 
resources that stand out as publicly accessible options, 
as shown in Table  1. These databases include MyxoDB 
[26], mVOC 3.0 [27], StreptomeDB 3.0 [28], and Natural 
Products Atlas 2.0 [29], which contain 674, 2061, 6524, 

and 33,372 NPs, respectively. Each microbial NP data-
base offers its distinct focus, MyxoDB specializes in Myx-
obacterial NPs, mVOC focuses on microbial volatiles, 
StreptomeDB concentrates on Streptomycetes NPs, and 
Natural Products Atlas stands out as the largest open-
access repository of microbial NPs, encompassing an 
astonishing number of compounds. Nevertheless, none 
of these databases provide quantitative biological activity 
values data for the compounds they house and compre-
hensive coverage specifically targeting endophytic micro-
organisms. Furthermore, it’s important to highlight that 
certain endophyte NPs mentioned in the literature have 
not been incorporated into these databases. Therefore, 
there is an urgent need for an endophytic microorganism 
NPs bioactivity database.

In this study, we have developed a new database called 
EMNPD, the first comprehensive database describing 
endophytic microorganisms and their NPs bioactivity. 
EMNPD includes not only the systematic classification of 
endophytes as well as the geographic distribution of their 
host plants, but also the physico-chemical and ADMET 
properties information, quantitative activity data and 
their NPs contents data and their fermentation condi-
tions. Most importantly, we have provided evaluative 
annotations of the biological activities’ potency of the 
NPs, ranging from high, moderate, and low activities to 
active or inactive. EMNPD aims to provide the scientific 
community with an open-access knowledge repository 
for studying endophytic microorganisms and their NPs, 
to help discover more valuable bioactive substances and 
promote research and development of new drugs. The 
database can be accessed at http://​emnpd.​idrbl​ab.​cn/, 
and all the data can be freely downloaded by users with-
out registration.

Construction and content
Data extraction and curation
The data in the EMNPD database was gathered from 
literature and various web repositories, following a 
series of sequential steps. Firstly, we utilized keyword 
combinations such as “endophytic microorganisms”, 
“endophytic fungi”, “endophytic bacteria”, “endophyte”, 
“natural product”, “compound”, “secondary metabolite”, 
“volatile”, “bioactivity”, “biological activity”, and “novel” 
to search for relevant articles in PubMed. This initial 
search yielded a total of 2600 articles. Secondly, we 
excluded review articles, resulting in 2500 remaining 
articles. Next, we utilized the LitSuggest [30], a web-
based system that employs advanced machine learn-
ing techniques to predict and evaluate similarity scores 
among various articles, to filter out unrelated articles. 
To train the model, we assembled a positive dataset 
of around 100 manually selected literature sources 

http://emnpd.idrblab.cn/
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closely associated with endophytic NPs. Additionally, a 
negative dataset was generated automatically and was 
twice the size of the positive dataset. Once the models 
were trained, they were employed to predict similar-
ity scores for the aforementioned 2500 articles. After 
a thorough evaluation of these predictions, we iden-
tified articles with scores below 0.6 that did not align 
with our intended objectives. Consequently, we chose 
to exclude all articles that fell below this threshold. 
Furthermore, certain older articles that were challeng-
ing to access or lacked standardized data formats and 
essential information were omitted, ultimately leaving 
us with approximately 1900 articles for further analysis. 
Finally, through meticulous manual curation, we care-
fully selected and collected the content of 1000 articles. 
Figure 1 provides an overview of the literature filtering 
methodology used to construct the EMNPD.

Data collection and processing
NPs data retrieval and characterization
All NPs data in the EMNPD were retrieved from vari-
ous web repositories as well as a range of computational 
tools widely used in the field of chemical research. The 
compound names were extracted and collected from 
meticulously curated literature, as mentioned above. 
Based on these names, the Python package PubChemPy 
(version 1.04) and manual search were used to obtain 
the PubChem CID for the compounds. Based on these 
PubChem CID, their basic information, including 2D 
structure, molecular weight (MW), monoisotopic mass, 
calculated octanol-water partition coefficient (ALog 
P), topological polar surface area (TPSA), as well as the 
number of rotatable bonds (RB), number of hydrogen 
bond acceptors (HBA), number of hydrogen bond donors 
(HBD), aromatic rings (AR), and heavy atoms (HA), was 

Table 1   A variety of open-access databases available for providing the data of microbial NPs (the first is the new database proposed 
in this study, while the remaining ones are sorted based on the number of NPs they contain)

The existence and non-existence of certain data type were indicated using ‘√’ and ‘×’, respectively. In the ‘Number of Species Source’ column, MyxoDB and NPAtlas did 
not provide specific statistics, so we used ‘√’ to indicate their presence
a http://​emnpd.​idrbl​ab.​cn/
b https://​www.​myxon​pdb.​sdu.​edu.​cn
c https://​bioin​forma​tics.​chari​te.​de/​mvoc/
d http://​npcvar.​idrbl​ab.​net/
e http://​www.​pharm​bioinf.​uni-​freib​urg.​de/​strep​tomedb
f https://​www.​cmnpd.​org/
g https://​www.​npatl​as.​org/
h https://​bidd.​group/​NPASS/​index.​php
i https://​cocon​ut.​natur​alpro​ducts.​net/

Database Description URL Number of 
NPs

Number 
of species 
source

NPs 
bioactivity

NPs content 
data

NPs 
quantitative 
biological 
activity values 
data

EMNPD Endophyte 
NPs

1a 6632 1017 √ √ √

MyxoDB Myxobacterial 
NPs

2b 674 √ × × ×

mVOC Microbial 
volatiles

3c 2061 1034 × × ×

NPcVar Plant, micro‑
bial NPs

4d 2201 694 × √ ×

StreptomeDB Streptomy‑
cetes NPs

5e 6524 3302 √ × ×

CMNPD Marine NPs 6f 31,561 3354 × × √

NPAtlas Microbial NPs 7g 33,372 √ × × ×

NPASS Plant, micro‑
bial NPs

8h 96,481 32,287 × √ √

COCONUT Plant, micro‑
bial NPs

9i 406,747 60,171 × × ×

http://emnpd.idrblab.cn/
https://www.myxonpdb.sdu.edu.cn
https://bioinformatics.charite.de/mvoc/
http://npcvar.idrblab.net/
http://www.pharmbioinf.uni-freiburg.de/streptomedb
https://www.cmnpd.org/
https://www.npatlas.org/
https://bidd.group/NPASS/index.php
https://coconut.naturalproducts.net/
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collected from PubChem. For whole new compounds 
without a PubChem CID, their chemical structures were 
manually drawn based on the molecular images from the 
literature to ensure accurate representation. To enhance 
the efficiency of structure extraction, the optical chemical 
structure recognition tool KingDraw (http://​kingd​raw.​
cn/) was used to convert the graphic representation of 
the chemical structure into a machine-readable format. 
The converted structures were then manually reviewed, 
corrected, and double-checked using the chemical edi-
tor ChemDraw (version 20.0). The results were saved as 
mol and png files containing the structural information 
of the compounds. Subsequently, their basic information 
and physico-chemical properties were calculated using 
RDKit (https://​www.​rdkit.​org), and their IUPAC names 
were predicted using STOUT [31]. All compounds were 
classified into the corresponding chemical categories 
using the ClassyFire web server [32]. ADMET properties 
were calculated using ADMETlab 2.0 [33], encompassing 
various parameters such as Caco-2 permeability, blood–
brain barrier penetration, CYP1A2 inhibition, clear-
ance, human hepatotoxicity, and more. Furthermore, 
using RDKit, we computed the similarity between com-
pounds in EMNPD and each compound in the database, 
as well as all FDA-approved drugs in the TTD database 
[34], based on their SMILES, recording the top ten com-
pounds and drugs with the highest similarity scores. A 
knowledge graph of the EMNPD compound is shown in 
Fig. 2.

Endophyte taxonomy and corresponding information
For all endophytic microorganisms in EMNPD, their 
Taxonomy ID and scientific names were obtained by 
searching the NCBI Taxonomy database [35] using their 
names extracted from the literature. Furthermore, the 
lineage information (superkingdom, kingdom, phylum, 
class, order, family, genus, and species) for these endo-
phytes was obtained based on their Taxonomy ID. To 
provide more comprehensive information, we also col-
lected data on the host plants of endophyte, the plant 
parts from which these endophytes were isolated, and the 
geographic information of the host plants. Moreover, we 
collected data on the content of different NPs produced 
by these endophytes under various fermentation condi-
tions, which are also available in NPASS 2.0 and NPcVar 
[36].

Biological activity and target data composition
A significant amount of biological activity data about 
endophytic NPs was extracted from the selected litera-
ture. The bioactivities in EMNPD were carefully cat-
egorized, including anti-bacterial activity, cytotoxic 
activity, and anti-inflammatory activity. The biologi-
cal activity data also included target name, target type 
(protein, cell line, organism), target organism, potency 
(strong, moderate, weak, active, and inactive), activ-
ity type (e.g., IC50, MIC, EC50), activity value, control 
name, control activity values, and assay description. To 
provide authoritative information about the targets, 
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Fig. 1  Workflow for literature filtering of EMNPD
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proteins were mapped to UniProt [37] and ChEMBL, 
and family classification information was obtained 
from UniProt. Cell lines were mapped to ChEMBL, 
the Cell Line Ontology [38], the Experimental Factor 
Ontology [39], the Cellosaurus [40], and the Library of 
Integrated Network-based Cellular Signatures (LINCS) 
NIH program [41], and the classification of cell lines 
was relied on the categories and sampling sites in the 
Cellosaurus database. Lineage information for tar-
get organisms was also obtained based on the species 

names and was retrieved through the NCBI Taxonomy 
database.

Current database content and statistics
EMNPD currently contains 6632 unique NPs col-
lected from 1017 endophytic microorganisms, which 
were obtained from 1016 scientific literature sources. 
These NPs are classified into 21 different chemical 
superclasses using the ClassyFire web server. The top 
five superclasses are ‘Organoheterocyclic compounds’ 
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(1774), ‘Lipids and lipid-like molecules’ (1410), ‘Benze-
noids’ (1036), ‘Organic oxygen compounds’ (585), and 
‘Organic acids and derivatives’ (493). The distribution 
of MW, ALog P, HBA, and HBD is shown in Fig.  3. 
According to Lipinski’s “Rule of Five” [42], 78% (4798) 
of the NPs in EMNPD comply with all five rules. The 
endophytic microorganisms in EMNPD originate from 
various species sources, distributed across two king-
doms or superkingdoms (87.5% fungi, 12.5% bacteria), 
eight phyla, 17 classes, 47 orders, 107 families, and 192 
genera. For the content data of NPs under different fer-
mentation conditions, the current EMNPD contains 
7847 records of content data for 5496 NPs generated 
by 816 endophytic microorganisms under 1101 various 
fermentation conditions. In terms of biological activ-
ity data, there are 2548 compounds (NPs with potency 
ranging from strong to weak and active) mapped to 

1072 targets, encompassing 86 distinct bioactivities and 
a total of 9457 biological activity records. Furthermore, 
there are 2939 compounds (NPs with inactive bioactiv-
ity) mapped to 834 targets, comprising 63 bioactivities 
and a total of 15,095 biological activity records. These 
targets include 94 proteins, 282 cell lines, and 910 
organisms. Protein targets are classified into 39 dif-
ferent protein families, such as the Tyr protein kinase 
family, Glycosyl hydrolase 13 family, and Ser/Thr pro-
tein kinase family. Cell line targets consist of 234 cancer 
cell lines, 16 transformed cell lines, 12 spontaneously 
immortalized cell lines, 5 finite cell lines, 3 hybrid cell 
lines, and several other types. Organism targets are dis-
tributed across five kingdoms or superkingdoms (49.4% 
bacteria, 37.5% fungi, 3.6% metazoa, 3.5% viridiplantae, 
and 1.5% viruses), 24 phyla, 41 classes, 87 orders, 134 
families, 202 genera, and 910 species.

Fig. 3  Distribution of the physio-chemical properties of compounds in EMNPD. a Molecular weight, b ALog P, c H-bond acceptors, and d H-bond 
donors



Page 7 of 10Xu et al. Journal of Cheminformatics          (2023) 15:115 	

Database construction and implementation
The construction of EMNPD involved the utilization of 
Python’s Django framework for the back-end, comple-
mented by HTML, CSS, and JavaScript for the front-end 
web interface. MySQL was selected as the relational data-
base system for efficient data storage and management. 
The web application was deployed on an Ubuntu Linux 
system, ensuring a stable and secure environment. To 
enhance data visualization capabilities, the JavaScript 
graphics library ECharts (https://​echar​ts.​apache.​org/​
en/​index.​html) was incorporated, allowing for interac-
tive and visually captivating representations of the NP 
data and its bioactivity information. Web access was 
facilitated through the Nginx web server, while uwsgi 
facilitated seamless interactions between Django and the 
proxy server, providing a scalable platform for the man-
agement, visualization, and analysis of endophyte bioac-
tivity NPs data.

Utility and discussion
Web interface
EMNPD is equipped with a user-friendly online inter-
face, providing five distinct pages: Home, Search, Browse, 
Download, and Help. On the Search and Browse pages, 
EMNPD offers powerful and diverse search functionali-
ties along with intuitive visualizations to assist users in 
finding and exploring their desired content.

Data searching
On the Search page of EMNPD, users can search the 
database content based on NPs, targets, endophytic 
microorganisms, and bioactivity. NP search can be 

performed by entering the NP name or EMNPD iden-
tifier. Additionally, the NP query page offers potent 
advanced search capabilities is demonstrated in Fig.  4. 
This allows users to specify any number of query condi-
tions, which can be combined using boolean operators 
such as “AND,” “OR,” or “NOT.” The available query con-
ditions include molecular formula, SMILES notation, 
log P range, MW, HBA, HBD, number of RB, and TPSA 
range. NP search can also be conducted by inputting the 
SMILES string in the structure input field or drawing the 
structure using the provided Ketcher molecular editor 
(Version 2.7.2) [43] in the “Search by Structure” section 
of the search page. Searching for endophytic microorgan-
isms and targets (proteins, cell lines, and organisms) can 
be done by entering their names or EMNPD identifiers. 
Furthermore, EMNPD offers a dual dropdown compo-
nent search method for bioactivity. The first dropdown 
provides options for the potency of bioactivities (Strong, 
Moderate, Weak, Active, Inactive), and the second drop-
down consists of 91 different bioactivities, allowing users 
to freely combine the contents of these two dropdowns 
for searching.

Data browsing
On the Browse page, users can browse the database 
based on the chemical classification of NPs, the lineage 
of endophytic microorganisms and target species, the 
family classification of protein targets, and the category 
of cell line targets. In order to enhance user compre-
hension and facilitate data exploration within EMNPD, 
interactive data visualizations have been developed using 
ECharts. These visualizations include Bar chart, Tree 

Fig. 4  The search page of EMNPD provides multiple search options. Users can switch to the advanced search mode by clicking on “Advanced 
Search.” After entering the desired criteria, click the “add” button to combine search terms and create a query for searching

https://echarts.apache.org/en/index.html
https://echarts.apache.org/en/index.html
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chart, and Sunburst chart. The Bar chart visually repre-
sents the distribution ranges of MW, ALog P, HBA, and 
HBD for NPs (Fig. 3). By clicking on each bar, users can 
navigate to the corresponding search page with matching 
criteria. The Tree chart illustrates the taxonomic lineage 
information of endophytic microorganisms, as depicted 
in Fig. 5. Species differentiation is achieved by employing 
distinct colors based on their phyla. Each node, except 
for the root and leaf nodes, can be expanded or collapsed 
by clicking. Furthermore, the Sunburst chart displays the 
hierarchical structure of different classifications for target 
proteins and cell lines. Clicking on each section allows 
users to expand the chart, with the outermost nodes rep-
resenting various endophytic microorganisms or targets.

Downloads
All data displayed on the EMNPD website, including 
information on NPs, endophytic microorganisms, tar-
gets, and biological activity data, is integrated and avail-
able for download at the Download page. EMNPD is 
accessible to all users free of charge, and no login cre-
dentials are required. You can access and download 
all EMNPD data online via the following links: http://​
emnpd.​idrbl​ab.​cn/​downl​oad/, https://​github.​com/​boili​
sm/​EMNPD, and https://​figsh​are.​com/​artic​les/​datas​et/​
EMNPD_​Downl​oad_​Data/​24078​474.

Conclusions
Endophytic microorganisms serve as a treasure trove 
of novel secondary metabolites, producing structurally 
diverse NPs with various potent biological activities. 

Particularly in the areas of antimicrobial and anticancer 
research [44, 45], they offer new avenues for drug dis-
covery. However, these valuable resources from endo-
phytic microorganisms have yet to be fully utilized. 
Despite the daily discovery of numerous novel and 
active endophytic microorganisms NPs, the slow pace 
of information updates means that it may take several 
years for these NPs to be included in large-scale NP 
databases. Therefore, information sharing is crucial for 
the research and development of endophytic microor-
ganisms NPs.

To fully explore the chemical diversity of endophytic 
microorganisms NPs and their potential in drug discov-
ery, we have established the first knowledge repository 
of endophytic microorganisms NPs, called EMNPD. 
The database is to provide the scientific community 
with comprehensive data, including a set of interac-
tive visualization tools, to explore the chemical diver-
sity of endophytic microorganisms NPs. EMNPD is 
fully searchable and downloadable, allowing research-
ers to query and browse data from various perspectives. 
In the future, with the growing interest in the study of 
endophytic microorganisms, we anticipate that this 
platform will become a valuable and comprehensive 
repository of endophytic microorganisms NPs, leading 
the way in a new wave of drug discovery.

Acknowledgements
The author sincerely thanks the reviewers for their thorough review and valu‑
able feedback on the paper. Their expert insights and suggestions have played 
a crucial role in enhancing the quality of this manuscript.

Fig. 5  Data visualization for the taxonomy of endophytic microorganisms in EMNPD. a The taxonomy tree of endophytic bacteria enables users 
to expand specific sections of interest and explore the hierarchy to access entries at the last node. b The taxonomy tree of endophytic fungi 
collapses the final nodes representing species for enhanced visualization. Users can expand the solid nodes by clicking on them, granting access 
to the corresponding entries

http://emnpd.idrblab.cn/download/
http://emnpd.idrblab.cn/download/
https://github.com/boilism/EMNPD
https://github.com/boilism/EMNPD
https://figshare.com/articles/dataset/EMNPD_Download_Data/24078474
https://figshare.com/articles/dataset/EMNPD_Download_Data/24078474


Page 9 of 10Xu et al. Journal of Cheminformatics          (2023) 15:115 	

Author contributions
H-QX collected the data, developed the server, and wrote the manuscript; 
HX, J-HB, Z-YT, Y-FH, Y-HL, S-FD, Y-TX, EW, ZY, WZ, and G-XC collected the data; 
LT and FZ conceived this study, supervised the project, and wrote the manu‑
script. All authors read and approved the final manuscript.

Funding
This work was funded by the Natural Science Foundation of Zhejiang Province 
[LQ17H160009 and LR21H300001]; National Natural Science Foundation of 
China [81802371 and 81872798]; Leading Talent of ‘Ten Thousand Plan’ of 
the National High-Level Talents Special Support Plan of China; Fundamental 
Research Fund of Central University [2018QNA7023]; Key R&D Program of 
Zhejiang Province [2020C03010]; Chinese ‘Double Top-Class’ Universities 
[181201*194232101]; Westlake Laboratory (Westlake Laboratory of Life Sci‑
ence and Biomedicine); Alibaba-Zhejiang University Joint Research Center 
of Future Digital Healthcare; Alibaba Cloud; and Information Tech Center of 
Zhejiang University.

Availability of data and materials
All EMNPD data can be freely downloaded at http://​emnpd.​idrbl​ab.​cn/​
downl​oad and https://​figsh​are.​com/​artic​les/​datas​et/​EMNPD_​Downl​oad_​
Data/​24078​474. To facilitate the local deployment of the database, we have 
included a Docker container in the repository, which is accessible at https://​
github.​com/​boili​sm/​EMNPD.

Declarations

Competing interests
The authors declare no competing interests.

Received: 11 July 2023   Accepted: 5 November 2023

References
	1.	 Hiruma K, Gerlach N, Sacristán S (2016) Root endophyte Colletotrichum 

tofieldiae confers plant fitness benefits that are phosphate status depend‑
ent. Cell 1652:464–474. https://​doi.​org/​10.​1016/j.​cell.​2016.​02.​028

	2.	 Larriba E, Jaime MDLA, Nislow C (2015) Endophytic colonization of barley 
(Hordeum vulgare) roots by the nematophagous fungus Pochonia chla-
mydosporia reveals plant growth promotion and a general defense and 
stress transcriptomic response. J Plant Res 1284:665–678. https://​doi.​org/​
10.​1007/​s10265-​015-​0731-x

	3.	 Rodriguez RJ, White JF, Arnold AE (2009) Fungal endophytes: diversity 
and functional roles. New Phytol 1822:314–330. https://​doi.​org/​10.​1111/j.​
1469-​8137.​2009.​02773.x

	4.	 Tao L, Zhu F, Qin C (2014) Nature’s contribution to today’s pharmacopeia. 
Nat Biotechnol 3210:979–980. https://​doi.​org/​10.​1038/​nbt.​3034

	5.	 Newman DJ, Cragg GM (2020) Natural products as sources of new 
drugs over the nearly four decades from 01/1981 to 09/2019. J Nat Prod 
833:770–803. https://​doi.​org/​10.​1021/​acs.​jnatp​rod.​9b012​85

	6.	 Venugopalan A, Srivastava S (2015) Endophytes as in vitro production 
platforms of high value plant secondary metabolites. Biotechnol Adv 
336(Pt 1):873–887. https://​doi.​org/​10.​1016/j.​biote​chadv.​2015.​07.​004

	7.	 Mishra S, Sahu PK, Agarwal V (2021) Exploiting endophytic microbes 
as micro-factories for plant secondary metabolite production. Appl 
Microbiol Biotechnol 10518:6579–6596. https://​doi.​org/​10.​1007/​
s00253-​021-​11527-0

	8.	 Gupta S, Chaturvedi P, Kulkarni MG (2020) A critical review on exploiting 
the pharmaceutical potential of plant endophytic fungi. Biotechnol Adv 
39:107462. https://​doi.​org/​10.​1016/j.​biote​chadv.​2019.​107462

	9.	 Li M, Yu R, Bai X (2020) Fusarium: a treasure trove of bioactive secondary 
metabolites. Nat Prod Rep 3712:1568–1588. https://​doi.​org/​10.​1039/​
d0np0​0038h

	10.	 Zhang H, Bai X, Wang H (2017) O1 isolation and identification of an anti‑
microbial and cytotoxic chlorated perylenequinone from the symbiotic 
fungus Aspergillus fumigatus D. Biochem Pharmacol 139:110. https://​doi.​
org/​10.​1016/j.​bcp.​2017.​06.​066

	11.	 Strobel G, Daisy B (2003) Bioprospecting for microbial endophytes and 
their natural products. Microbiol Mol Biol Rev 674:491–502

	12.	 Zhu Y, Li S, Kong Y (2022) Terragines F-G produced by endophytic Bacillus 
sp. SH-1.2-ROOT-18 from Dendrobium officinale. Nat Prod Res 3619:5058–
5063. https://​doi.​org/​10.​1080/​14786​419.​2021.​19146​14

	13.	 Hua Y, Pan R, Bai X (2020) Aromatic polyketides from a symbiotic strain 
Aspergillus fumigatus D and characterization of their biosynthetic gene 
D8t287. Mar Drugs. https://​doi.​org/​10.​3390/​md180​60324

	14.	 Stierle A, Strobel G, Stierle D (1993) Taxol and taxane production by 
Taxomyces andreanae, an endophytic fungus of Pacific yew. Science 
2605105:214–216

	15.	 Bai X, Yu R, Li M (2019) Antimicrobial assay of endophytic fungi from 
Rumex madaio and chemical study of strain R1. Bangladesh J Pharmacol 
14:129–135. https://​doi.​org/​10.​3329/​bjp.​v14i3.​41598

	16.	 Bai X, Zhou T, Lai T (2017) Isolation and antifungal screening of 
endophytic fungi from Erigeron canadensis. Bangladesh J Pharmacol 
12:256–259. https://​doi.​org/​10.​3329/​bjp.​v12i3.​32126

	17.	 Xu M-F, Jia O-Y, Wang S-J (2016) A new bioactive diterpenoid from 
Pestalotiopsis adusta, an endophytic fungus from Clerodendrum canescens. 
Nat Prod Res 3023:2642–2647. https://​doi.​org/​10.​1080/​14786​419.​2016.​
11382​97

	18.	 van Santen JA, Kautsar SA, Medema MH (2021) Microbial natural prod‑
uct databases: moving forward in the multi-omics era. Nat Prod Rep 
381:264–278. https://​doi.​org/​10.​1039/​d0np0​0053a

	19.	 Sorokina M, Merseburger P, Rajan K (2021) COCONUT online: collection of 
open natural products database. J Cheminform 131:2. https://​doi.​org/​10.​
1186/​s13321-​020-​00478-9

	20.	 Capecchi A, Reymond J-L (2021) Classifying natural products from plants, 
fungi or bacteria using the COCONUT database and machine learning. J 
Cheminform 131:82. https://​doi.​org/​10.​1186/​s13321-​021-​00559-3

	21.	 Zhao H, Yang Y, Wang S (2023) NPASS database update 2023: quantita‑
tive natural product activity and species source database for biomedical 
research. Nucleic Acids Res 51D1:D621–D628. https://​doi.​org/​10.​1093/​
nar/​gkac1​069

	22.	 Lyu C, Chen T, Qiang B (2021) CMNPD: a comprehensive marine natural 
products database towards facilitating drug discovery from the ocean. 
Nucleic Acids Res 49D1:D509–D515. https://​doi.​org/​10.​1093/​nar/​gkaa7​63

	23.	 Mendez D, Gaulton A, Bento AP (2019) ChEMBL: towards direct deposi‑
tion of bioassay data. Nucleic Acids Res 47D1:D930–D940. https://​doi.​
org/​10.​1093/​nar/​gky10​75

	24.	 Gallo K, Kemmler E, Goede A (2023) SuperNatural 3.0—a database of 
natural products and natural product-based derivatives. Nucleic Acids 
Res 51D1:D654–D659. https://​doi.​org/​10.​1093/​nar/​gkac1​008

	25.	 Kelly R, Kidd R (2015) Editorial: ChemSpider—a tool for natural products 
research. Nat Prod Rep 328:1163–1164. https://​doi.​org/​10.​1039/​c5np9​
0022k

	26.	 Wang D-G, Wang C-Y, Hu J-Q (2023) Constructing a myxobacterial natural 
product database to facilitate NMR-based metabolomics bioprospecting 
of myxobacteria. Anal Chem 9512:5256–5266. https://​doi.​org/​10.​1021/​
acs.​analc​hem.​2c051​45

	27.	 Lemfack MC, Gohlke B-O, Toguem SMT (2018) mVOC 2.0: a database of 
microbial volatiles. Nucleic Acids Res 46D1:D1261–D1265. https://​doi.​org/​
10.​1093/​nar/​gkx10​16

	28.	 Moumbock AF, A, Gao M, Qaseem A (2021) StreptomeDB 3.0: an updated 
compendium of streptomycetes natural products. Nucleic Acids Res 
49D1:D600–D604. https://​doi.​org/​10.​1093/​nar/​gkaa8​68

	29.	 van Santen JA, Poynton EF, Iskakova D (2022) The natural products Atlas 
2.0: a database of microbially-derived natural products. Nucleic Acids Res 
50D1:D1317–D1323. https://​doi.​org/​10.​1093/​nar/​gkab9​41

	30.	 Allot A, Lee K, Chen Q (2021) LitSuggest: a web-based system for 
literature recommendation and curation using machine learning. Nucleic 
Acids Res 49W1:W352–W358. https://​doi.​org/​10.​1093/​nar/​gkab3​26

	31.	 Rajan K, Zielesny A, Steinbeck C (2021) STOUT: SMILES to IUPAC names 
using neural machine translation. J Cheminform 131:34. https://​doi.​org/​
10.​1186/​s13321-​021-​00512-4

	32.	 Djoumbou Feunang Y, Eisner R, Knox C (2016) ClassyFire: automated 
chemical classification with a comprehensive, computable taxonomy. J 
Cheminform 8:61

	33.	 Xiong G, Wu Z, Yi J (2021) ADMETlab 2.0: an integrated online platform for 
accurate and comprehensive predictions of ADMET properties. Nucleic 
Acids Res. https://​doi.​org/​10.​1093/​nar/​gkab2​55

http://emnpd.idrblab.cn/download
http://emnpd.idrblab.cn/download
https://figshare.com/articles/dataset/EMNPD_Download_Data/24078474
https://figshare.com/articles/dataset/EMNPD_Download_Data/24078474
https://github.com/boilism/EMNPD
https://github.com/boilism/EMNPD
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1007/s10265-015-0731-x
https://doi.org/10.1007/s10265-015-0731-x
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1038/nbt.3034
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.1016/j.biotechadv.2015.07.004
https://doi.org/10.1007/s00253-021-11527-0
https://doi.org/10.1007/s00253-021-11527-0
https://doi.org/10.1016/j.biotechadv.2019.107462
https://doi.org/10.1039/d0np00038h
https://doi.org/10.1039/d0np00038h
https://doi.org/10.1016/j.bcp.2017.06.066
https://doi.org/10.1016/j.bcp.2017.06.066
https://doi.org/10.1080/14786419.2021.1914614
https://doi.org/10.3390/md18060324
https://doi.org/10.3329/bjp.v14i3.41598
https://doi.org/10.3329/bjp.v12i3.32126
https://doi.org/10.1080/14786419.2016.1138297
https://doi.org/10.1080/14786419.2016.1138297
https://doi.org/10.1039/d0np00053a
https://doi.org/10.1186/s13321-020-00478-9
https://doi.org/10.1186/s13321-020-00478-9
https://doi.org/10.1186/s13321-021-00559-3
https://doi.org/10.1093/nar/gkac1069
https://doi.org/10.1093/nar/gkac1069
https://doi.org/10.1093/nar/gkaa763
https://doi.org/10.1093/nar/gky1075
https://doi.org/10.1093/nar/gky1075
https://doi.org/10.1093/nar/gkac1008
https://doi.org/10.1039/c5np90022k
https://doi.org/10.1039/c5np90022k
https://doi.org/10.1021/acs.analchem.2c05145
https://doi.org/10.1021/acs.analchem.2c05145
https://doi.org/10.1093/nar/gkx1016
https://doi.org/10.1093/nar/gkx1016
https://doi.org/10.1093/nar/gkaa868
https://doi.org/10.1093/nar/gkab941
https://doi.org/10.1093/nar/gkab326
https://doi.org/10.1186/s13321-021-00512-4
https://doi.org/10.1186/s13321-021-00512-4
https://doi.org/10.1093/nar/gkab255


Page 10 of 10Xu et al. Journal of Cheminformatics          (2023) 15:115 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	34.	 Zhou Y, Zhang Y, Lian X (2022) Therapeutic target database update 2022: 
facilitating drug discovery with enriched comparative data of targeted 
agents. Nucleic Acids Res 50D1:D1398–D1407. https://​doi.​org/​10.​1093/​
nar/​gkab9​53

	35.	 Federhen S (2015) Type material in the NCBI taxonomy database. Nucleic 
Acids Res 43(Databaseissue):D1086–D1098. https://​doi.​org/​10.​1093/​nar/​
gku11​27

	36.	 Xu H, Zhang W, Zhou Y (2023) Systematic description of the content 
variation of natural products (NPs): to prompt the yield of high-value NPs 
and the discovery of new therapeutics. J Chem Inf Model 635:1615–1625. 
https://​doi.​org/​10.​1021/​acs.​jcim.​2c014​59

	37.	 The UniProt Consortium (2021) UniProt: the universal protein knowledge‑
base in 2021. Nucleic Acids Rese 49(D1):D480–D489. https://​doi.​org/​10.​
1093/​nar/​gkaa1​100

	38.	 Sarntivijai S, Lin Y, Xiang Z (2014) CLO: the cell line ontology. J Biomed 
Semant 5:37. https://​doi.​org/​10.​1186/​2041-​1480-5-​37

	39.	 Malone J, Holloway E, Adamusiak T (2010) Modeling sample variables 
with an experimental factor ontology. Bioinformatics 268:1112–1118. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btq099

	40.	 Bairoch A (2018) The cellosaurus, a cell-line knowledge resource. J Biomol 
Tech 292:25–38. https://​doi.​org/​10.​7171/​jbt.​18-​2902-​002

	41.	 Keenan AB, Jenkins SL, Jagodnik KM (2018) The library of integrated 
network-based cellular signatures NIH program: system-level cataloging 
of human cells response to perturbations. Cell Syst 61:13–24. https://​doi.​
org/​10.​1016/j.​cels.​2017.​11.​001

	42.	 Lipinski CA, Lombardo F, Dominy BW (2001) Experimental and com‑
putational approaches to estimate solubility and permeability in drug 
discovery and development settings. Adv Drug Deliv Rev. https://​doi.​org/​
10.​1016/​s0169-​409x(00)​00129-0

	43.	 Kotov S, Tremouilhac P, Jung N (2018) Chemotion-ELN part 2: adaption 
of an embedded Ketcher editor to advanced research applications. J 
Cheminform 101:38. https://​doi.​org/​10.​1186/​s13321-​018-​0292-9

	44.	 Chen J, Bai X, Hua Y (2019) Fusariumins C and D, two novel antimicrobial 
agents from Fusarium oxysporum ZZP-R1 symbiotic on Rumex Madaio 
Makino. Fitoterapia 134:1–4. https://​doi.​org/​10.​1016/j.​fitote.​2019.​01.​016

	45.	 Bai X, Dong M, Lai T (2018) Antimicrobial evaluation of the crude extract 
of symbiotic fungi from marine sponge Reniera japonica. Bangladesh J 
Pharmacol 13:53. https://​doi.​org/​10.​3329/​bjp.​v13i1.​34468

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1093/nar/gkab953
https://doi.org/10.1093/nar/gkab953
https://doi.org/10.1093/nar/gku1127
https://doi.org/10.1093/nar/gku1127
https://doi.org/10.1021/acs.jcim.2c01459
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1186/2041-1480-5-37
https://doi.org/10.1093/bioinformatics/btq099
https://doi.org/10.7171/jbt.18-2902-002
https://doi.org/10.1016/j.cels.2017.11.001
https://doi.org/10.1016/j.cels.2017.11.001
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1186/s13321-018-0292-9
https://doi.org/10.1016/j.fitote.2019.01.016
https://doi.org/10.3329/bjp.v13i1.34468

	EMNPD: a comprehensive endophytic microorganism natural products database for prompt the discovery of new bioactive substances
	Abstract 
	Introduction
	Construction and content
	Data extraction and curation
	Data collection and processing
	NPs data retrieval and characterization
	Endophyte taxonomy and corresponding information
	Biological activity and target data composition
	Current database content and statistics

	Database construction and implementation

	Utility and discussion
	Web interface
	Data searching
	Data browsing
	Downloads

	Conclusions
	Acknowledgements
	References


