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1 | INTRODUCTION

Microsatellites, also referred to as simple repeat sequences (SSRs) or
short tandem repeats (STRs), are tandem repeats of short DNA mo-

tifs with length of 1-6 bp and flanked by unique sequences that are
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Abstract

Microsatellites are widely distributed throughout nearly all genomes which have
been extensively exploited as powerful genetic markers for diverse applications due
to their high polymorphisms. Their length variations are involved in gene regulation
and implicated in numerous genetic diseases even in cancers. Although much effort
has been devoted in microsatellite database construction, the existing microsatellite
databases still had some drawbacks, such as limited number of species, unfriendly
export format, missing marker development, lack of compound microsatellites and
absence of gene annotation, which seriously restricted researchers to perform down-
stream analysis. In order to overcome the above limitations, we developed PSMD
(Pan-Species Microsatellite Database, http://big.cdu.edu.cn/psmd/) as a web-based
database to facilitate researchers to easily identify microsatellites, exploit reliable
molecular markers and compare microsatellite distribution pattern on genome-wide
scale. In current release, PSMD comprises 678,106,741 perfect microsatellites and
43,848,943 compound microsatellites from 18,408 organisms, which covered almost
all species with available genomic data. In addition to interactive browse interface,
PSMD also offers a flexible filter function for users to quickly gain desired micros-
atellites from large data sets. PSMD allows users to export GFF3 formatted file and
CSV formatted statistical file for downstream analysis. We also implemented an on-
line tool for analysing occurrence of microsatellites with user-defined parameters.
Furthermore, Primer3 was embedded to help users to design high-quality primers
with customizable settings. To our knowledge, PSMD is the most extensive resource
which is likely to be adopted by scientists engaged in biological, medical, environ-

mental and agricultural research.
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highly conserved even among different taxa (Buschiazzo & Gemmell,
2010; Ellegren, 2004; Vieira, Santini, Diniz, & Munhoz, 2016). They
are ubiquitously dispersed in almost all eukaryotic and prokaryotic
genomes (Merkel & Gemmell, 2008), and even present in organellar
DNA (Deng, Zhang, He, Wang, & Su, 2017; Sia et al., 2000). SSRs are
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highly abundant in intergenic and noncoding regions but also occur
in coding regions (Li, Korol, Fahima, & Nevo, 2004; Toth, Gaspari,
& Jurka, 2000). Their distribution and density exhibit taxon-specific
variations in different regions and vary markedly across genomes
(Adams et al., 2016; Srivastava, Avvaru, Sowpati, & Mishra, 2019).
There is ample evidence indicating that SSRs can perform diverse
biological functions, such as regulating gene expression, modulating
transcription factor binding, effecting alternative splicing, altering
chromatin structure and regulating meiotic recombination hotspots
(Bagshaw, 2017).

Based on their composition, SSRs are generally divided into
three main categories namely perfect, imperfect and compound
repeats (Weber, 1990). Perfect SSRs are series of a repeat unit
without any interruptions (e.g., (AC),,) while imperfect SSRs con-
tain incomplete repeat unit or interrupted by nonrepeat nucleo-
tides (e.g., (AC)gT(AC),,), while compound microsatellites consist
of two or more adjacent repeats (e.g., (ATG)5(CA),;) (Oliveira,
P&dua, Zucchi, Vencovsky, & Vieira, 2006). The imperfect SSRs are
more genetically stable than perfect SSRs as they are less prone
to slippage mutations (Brandstrom & Ellegren, 2008; Mudunuri
& Nagarajaram, 2007). Perfect SSRs can be classified according
to the motif size, being mono-, di-, tri-, tetra-, penta- and hexanu-
cleotide repeats. Although the hexanucleotide repeats were rec-
ognized as the dominant SSR type in eukaryotic genomes, their
proportion is much lower in animals compared to plants, protists
and fungi (Srivastava et al., 2019).Due to replication slippage and
unequal crossing-over during meiosis, SSRs possess a high muta-
tion rate (between 107* and 10°% mutations per locus per gener-
ation), which can result in extensive length polymorphism among
populations (Ellegren, 2004; Kelkar, Tyekucheva, Chiaromonte, &
Makova, 2008). Owing to their highly polymorphic nature, SSRs are
increasingly being exploited as codominant genetic markers in a
variety of fields such as population and conservation genetics, par-
entage assignment, gene mapping and forensics (Hodel et al., 2016;
Schlotterer, 2004). Moreover, the expansion of SSRs can cause a
range of human disorders (Hannan, 2018), and their instability has
been causally implicated in numerous cancers (Cortes-Ciriano, Lee,
Park, Kim, & Park, 2017; Hause, Pritchard, Shendure, & Salipante,
2016; Kim, Laird, & Park, 2013).

Global server databases have become the most popular and con-
venient tool for microsatellite investigation and marker development
because they are simple to create, maintain and access, relatively
inexpensive and are not labour intensive. Considerable worldwide
effort has aimed to develop online microsatellite databases for
various organisms, such as EuMicroSatdb (Aishwarya, Grover, &
Sharma, 2007), InSatDb (Archak, Meduri, Kumar, & Nagaraju, 2007),
FishMicrosat (Nagpure et al., 2013), MICdb (Mudunuri, Patnana, &
Nagarajaram, 2014) and PMDBase (Yu et al., 2017). However, these
databases are specific to a certain taxon and several do not keep up
to date with newly released genomic data. Recently, MSDB (Avvaru,
Saxena, Sowpati, & Mishra, 2017) and SSRome (Mokhtar & Atia,
2019) were developed as comprehensive databases for SSRs mining
across more than 6,500 species. However, these two databases also

have limitations that restrict biologists to perform the downstream
analysis. For example, MSDB does not provide SSRs identified from
viral genomes, compound SSRs, genic locations and primers for PCR
amplification. SSRome does not provide concise and intuitive charts
for detailed summary statistics. Additionally, neither of them pro-
vides a flexible filter function for users to select desired SSRs from
huge data sets nor supports for exporting GFF3 formatted file for
further analysis.

Therefore, we present PSMD (Pan-Species Microsatellite
Database) as a web-based and extensive database that encompasses
almost all species with available genomic data in NCBI repository.
Additionally, PSMD provides a user-friendly interface for users to
browse, identify, filter, extract desired SSRs and develop significant
SSR markers.

2 | MATERIALS AND METHODS

2.1 | Data sources

The FASTA formatted complete genome sequences of various
species across almost all taxa, together with their GFF formatted
gene annotation and assembly reports, were downloaded from
the FTP site of NCBI (NCBI Resource Coordinators, 2018) by using
aria2 download utility (https://aria2.github.io/). In cases where
multiple genome versions were available for the same species, the
NCBI reference or representative genome was preferred, or prior-
ity was given to the best assembled and annotated genome. Like
MSDB, all organisms were also classified and organized based on
their taxonomic group information including Kingdom, Group and
Subgroup.

2.2 | Data processing

We developed an inhouse Python script that employed tandem re-
peat search module built from Krait (Du, Zhang, Liu, Zhang, & Yue,
2018) as its repeat search engine to identify perfect and compound
SSRs. For eukaryotic genomes, the minimum repeats for mono-, di-,
tri-, tetra-, penta- and hexanucleotide SSRs were set to 12, 7, 5, 4,
4 and 4 (respectively) according to previous studies (Huang et al.,
2015; Xu et al., 2018). The minimum repeats were set to 6, 3, 3, 3, 3
and 3 for prokaryotic and viral genomes based on empirical criterion
(Alam, Singh, Sharfuddin, & Ali, 2014; Wu, Zhou, Zhao, & Tan, 2014)
due to their smaller genome size and lower repeat tract content.

Maximum distance (d allowed between any two adjacent SSRs

)
max
forming a compound SSR was set to 10 bp, which was estimated

as optimal d__ by a previous study (Kofler, Schlotterer, Luschutzky,

max
& Lelley, 2008). Repeats with unit patterns being circular permu-
tations and/or reverse complements were considered as the same
type for statistical analysis (Huang et al., 2015). All identified perfect
and compound microsatellites were mapped into genic and nongenic
regions by comparing start and stop coordinates of SSRs to feature
coordinates within gene annotation files of genomes using NCLS

(Alekseyenko & Lee, 2007). Primer3 (Untergasser et al., 2012) was
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TABLE 1 Comparison of PSMD database with other active SSR databases in the aspect of (a) number of organisms and (b) database

features
InSatDb FishMicrosat MICdb
(a) Number of species
Animals 5 95 0
Plants 0 0 0
Fungi 0 0 0
Protists 0 0 0
Archaea 0 0 271
Bacteria 0 0 4,772
Viruses 0 0 0
(b) database features

Compound SSR No Yes No
Genic SSR Yes No Yes
Table browse No Yes Yes
SSR filter No No No
Statistical plot No Yes Yes
Comparative analysis No No Yes
Data download Yes No No
Primer design No Yes Yes
Export GFF No No No
Integrate SSR search tool No No No

applied to design primers for all identified SSRs with 100 bp flanking

sequences.

2.3 | Database construction

In order to build a fast response database, the SSR metadata in-
cluding sequence name, position, motif, repeats, length, flank-
ing sequence and genic annotation was stored separately into
SQLite database for each species. Species’ basic information and
SSR summary statistical information were stored in a MariaDB
relational database (https://mariadb.org/) operated on CentOS
server. The interactive web interface was built with Python and
the Django web framework (https://www.djangoproject.com/).
The Django will automatically switch to a specific SQLite database
according to species specified by users. The web pages were con-
structed using HTML5, CSS3 and rendered using Jinja2 (http://
jinja.pocoo.org/) template engine. Jquery library (https://jquery.
com/) was used with Bootstrap framework (https://getbootstr
ap.com/) to establish a responsive user-friendly frontend inter-
face. Highcharts (https://www.highcharts.com/) was adopted to
generate statistical charts. Primer3 was seamlessly integrated into
database to facilitate users to design primers according to their
own specified parameters. Meanwhile, an online version of Krait
was implemented to assist users to search for perfect, compound
and imperfect microsatellites that meet user requirements. The

database construction pipeline was depicted in Figure 1.

PMDBase MSDB SSRome PSMD
0 310 137 1,074
110 74 98 371

0 191 241 1,513
0 72 78 293

0 514 125 632

0 5,732 2,828 12,044
0 0 1,270 2,466
Yes No No Yes
Yes No Yes Yes
Yes Yes No Yes
No Yes No Yes
No Yes No Yes
No Yes Yes Yes
Yes Yes Yes Yes
Yes No Yes Yes
No No No Yes
Yes No Yes Yes

3 | RESULTS

3.1 | Database content

We downloaded 18,408 genomes from NCBI assembly database
across a wide variety of species ranging from virus to human which
covered many more species than other related SSR databases
(Table 1a) and presented more than 1,599 gigabases of DNA. In total,
we identified 678,106,681 perfect SSRs from this exceptionally
large set of genomic data. Among which, 175,311,695 (25.85%) SSRs
were presented in genic regions including 87,329,511 (12.88%) SSRs
found in coding regions. In addition, we observed that 97,971,818
(14.45%) perfect SSRs comprised 43,848,941 compound SSRs,
which contained 9,765,018 (22.27%) genic and 4,210,890 (9.6%)
coding compound SSRs. The genome size, GC content, SSR counts,
SSR frequency (number of SSRs per Mb of genome, loci/Mb), SSR
density (length of SSRs per Mb of genome, bp/Mb), percentage of
genome covered by SSRs and percentage of individual SSRs being
part of a compound SSRs (cSSRs%) for each genome were calculated
and stored into a summary table together with corresponding spe-

cies name, accession number and taxonomy ID.

3.2 | Database features

The PSMD database allows users to extract both perfect and com-
pound SSRs with their genic locations. The database also offers
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FIGURE 1 The workflow of data processing and PSMD database development [Colour figure can be viewed at wileyonlinelibrary.com]

a flexible filter function unlike any other databases for users to
rapidly gain desired SSRs from large data sets. Compared to other
SSR databases, PSMD brings some exciting innovative features.
For example, PSMD allows users to export GFF3 formatted files
for downstream analysis. To date, no consensus has been reached
regarding the minimum repeat required to define an SSR. The
data sets in the database generated with our preset parameters
may not be suitable for some users to perform special analysis.
Thus, we have implemented an online tool for mining of SSRs from
genomes in the database or user input sequences with custom
parameters. Moreover, the primers of each SSR can be designed
using embedded Primer3 with user-defined parameters. The full
comparison of features between PSMD and other databases was

shown in Table 1b.

3.3 | Web interface and usage

The PSMD database provides a user-friendly interactive web inter-
face that facilitates users to browse, search, download and compare
microsatellites across all organisms with a modern web browser. The
PSMD database offers a navigation bar running across the top of
the website to help users quickly access the database features. The
search box inside the navigation bar allows users to search a specific
genome by species name, assembly accession number, NCBI taxon-
omy ID or common name (if any). The functionalities of PSMD data-
base can be easily accessed with assistance of six interactive pages
including Home, Overview, Browse, Analysis, Tool and Help. On the
home page, four dropdown lists for kingdom, group, subgroup and

species were provided to help users to easily select or to search a

desired species for quick access to species summary information.
Further, users can simply click the image links under dropdown lists
to immediately jump to human or a model organism. The help page
supplies sufficient documentation for users to access the database.

3.3.1 | Overview of statistics

The overview page lists statistical summary information for all spe-
cies in the PSMD database in a column-wise table. Among the in-
formation displayed is genome size, GC content, SSR counts, SSR
frequency, SSR density and percentage of genome covered by SSRs
as well as corresponding species information including taxonomy,
species name and accession number. Users can use taxonomic group
dropdown lists on the top of the page to limit the table to show only
species in a specific taxon. Users can view detailed summary infor-
mation for a species by double-clicking a row. Apart from contents
displayed in table, users are also allowed to retrieve motifs abun-
dance, noncoding and coding SSRs abundance of all species from a

popup dialog displayed by clicking the download button.

3.3.2 | Browsing microsatellites

The PSMD database offers an interactive table on the browse page
for users to browse, filter and sort SSRs identified from selected
species (Figure 2a). In the table, SSR ID, sequence accession and
name, start and end position, motif, standard motif, type, repeats
and length are given for each SSR and genic location are given in the
last column if SSRs were detected in genic regions. By double-click-

ing a row, a user can obtain detailed information of SSRs including
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(@) kingdom Group Subgroup Species Option (c) Set SSR filters -
Eukaryota R A Animals ligs Mammals > Homo sapiens P2 Perrec(mwrosate,,.;
Accession v Select a sequence by accession
Show| 10 &  entries Double click a row to view detailed SSR information
Region from to
Sequence Sequence Standard
ID T Accession Name Start End Motif Motif Type Repeats Length Location Motif AT Standard Motif
375  NC_000001.11  Chrl 1285966 1285980 CAC ACC Tr 5 15 cDS Repeats > N
414 NC_000001.11  Chrl 1399284 1399304 GCC cc6 Tri 7 21 [eh ] Lengtl| between ¢
420 NC_000001.11  Chrl 1420962 1420976 TCC AGG Tri 5 15 cDS Bl Mono | I cos "
554 NC_000001.11  Chr1 1599986 1600000 CAG AGC Tri 5 15 CDS
569  NC_000001.11  Chrl 1641702 1641716 CTC AGG Tri 5 15 [
570  NC_000001.11  Chrl 1641724 1641738  TCC AGG Tri 5 15 cDs (d)
Primer3 settings x
609  NC_000001.11  Chrl 1708834 1708848 CTC AGG Tri 5 15 cDS
610 NC_000001.11  Chrl 1708856 1708870 TCC  AGG Tri 5 15 cos General settings
PRIMER_PRODUCT_SIZE_RANGE 100-300
637  NC_000001.11  Chrl 1752909 1752935 CC AGG Tri 9 27 cDS
PRIMER_NUM_RETURN 3
878  NC_000001.11  Chr1 2192907 2192924 G AAC Tri 6 18 [
Primer size
Showing 1 to 10 of 2,416 entries (filtered from 1,306,551 total entries) Previous 2(3(4(5 242 Next PRIMER_MIN_SIZE 18
(b) : _ _ PRIMER_OPT_SIZE 20
Detailed information X
PRIMER_MAX_SIZE 27
Primer GC content
Sequence Copy Sequence
CTGAGACAGGCGGTCACAGACACACGGCAGA 66 TiC TS PRIMERCMIN.GG 200
PRIMER_MAX_GC 80.0
CCCCAGAGGGCGC GGAGGGCAGCGGAAG A ¢ 6E6 6.t
PRIMER_GC_CLAMP 2
c G G A AGGGGC 6 ACC AGcCCTCCTCEC CeTCLCTCEC Primer melting temperature
1762909 PRIMER_MIN_TM 57.0
P CCTECECTCLETOC G NANAB G GGC 6:16:7 c c GGACG c
1752935 PRIMER_OPT_TM 60.0
CAA GCAGGCAC 6 GBLGAGEGEEC CTCAAAC A G 66 e T RMER TR K 250
ACGGGGTCCCGCACACAGATGGAGGGGAGCG GEG®G Self-binding (primer-dimer and hairpins)
PRIMER_MAX_SELF_ANY_TH 47.00
Genic location
PRIMER_MAX_SELF_END_TH 47.00
Gene ID Gene Name Biotype Dbxref Location
: 5 PRIMER_PAIR_MAX_COMPL_ANY_TH | 47.00
genel26  NADK protein_coding GenelD:65220,HGNC:HGNC:29831,MIM:611616 CDs
Primers (e
Download as file X
# Primer Temperature GC Content End stability Product Size Location
Forward ACAGACACACGCAGATTGG 59.89 50.0 3.67
1 183 Output format  CSV :
Reverse CGTGAGCGACTGG GAGA 60.32 55.0 3.27
Forward ACAGACACACGCAGATTGGT 59.89 50.0 3.67 :
2 181 Outputrows = Filteredrows %
Reverse TGAGCGACTGG GAGAGC  60.32 55.0 4.09
Forward ACAGACACACGCAGATTGGT 59.89 50.0 3.67
Reverse GAAGAAGCAAGCCCACTTCG  59.48 55.0 3.79 Ok

FIGURE 2 Screenshots of SSR browse page. (a) A text formatted table for displaying SSR information. (b) A dialog for displaying SSR
sequence, gene location and primers. (c) A dialog for filtering SSRs. (d) A dialog for setting primer3 parameters. (e) A dialog for downloading

SSRs [Colour figure can be viewed at wileyonlinelibrary.com]

SSR sequence with flanking sequences, three pairs of primers if suc-
cessfully designed by primer3 and associated gene information if
available (Figure 2b). The current species that is being browsed can
be changed by selecting a species in species dropdown lists. In ad-
dition, option dropdown lists can facilitate users switching between
perfect or compound SSRs browsing page and summary informa-
tion page. A filter dialog displayed by clicking filters button was

designed to enable users to set restricted conditions for filtering
SSRs (Figure 2c). Users are allowed to customize the primer3 pa-
rameters using the text input boxes provided in a dialog (Figure 2d),
which may affect the primers displayed in SSR detailed information
dialog. All SSRs or filtered SSRs can be downloaded as TSV, CSV
and GFF3 format files for further analysis by clicking the download
button (Figure 2e).
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1 L46634.1 568 597 AAcCC AAcCC Hexa 5 30

2 146634.1 664 687 AACCC AACCC Hexa 4 2

3 146634.1 756 779 CCCTAA  AACCC Hexa 4 24

4 1466341 829 924 ACCCTA  AACCC Hexa 16 9%
Showing 110 4 of 4 entries Previous Next

FIGURE 3 Screenshots of online tool for SSR identification. (a) Step one for sequence input and genome selecting. (b) Step two for
parameter setting. (c) Step three for starting search task. (d) SSR search result page [Colour figure can be viewed at wileyonlinelibrary.com]

3.3.3 | Comparative analysis

On the analysis page, an easy-to-operate tool was provided to assist
users to easily compare the prevalence and distribution of SSRs be-
tween several species. In addition to frequency and density, this tool
also allows users to compare genome coverage, cSSRs%, motif and re-
peat abundance as well as dominant SSR types. These analysis results
will be presented in concise and interactive plots and provide insight
into the evolutionary trends of SSRs in the prevalence of SSR motifs

and types. All the generated plots can be downloaded as local files.

3.3.4 | Online tool for microsatellite identification

All SSRs in the PSMD database were identified using predetermined
parameters, which may not meet the requirements of users want-
ing specific analyses. In order to make PSMD more flexible and
enable users to customize parameters for SSR identification, we
have developed a powerful web service to help users easily iden-
tify SSRs from FASTA formatted DNA sequences. The online tool
has only three steps for task running. In step one, apart from se-
lecting a genome that exists within the database, this tool provides
three ways for users to supply FASTA formatted DNA sequences
to identify microsatellites. Users can paste sequences into the text
area directly, or click the input box below the text area to choose
a local file to upload sequences, or input a URL of a sequence file
(Figure 3a). If a URL is provided, the tool will automatically download

the sequence file into the server for microsatellite identification. In

step two, users can select a type of SSR (perfect, compound or im-
perfect) for identification and set corresponding parameters includ-

ing minimum repeats, d motif standardization level and flanking

max’
sequence length (Figure 3b). In step three, users can click the start
search button to submit a task to the server and obtain a unique
task ID (Figure 3c). Users can click the hyperlink of task ID to jump
to the task page in which they can browse, filter, sort and download
detected SSRs as well as design primers (Figure 3d). A more clearly
worked example of how to use this online tool to identify SSRs was

shown in Figure S1.

3.4 | Application example

The PSMD database provides various statistical results for users to
easily download (Figure S2) and perform additional analyses, such
as SSR evolutionary origins and history. We used these data sets to
explore SSR distribution in eukaryotic genomes and discovered con-
siderable taxon-specific variations in both counts and length of each
SSR type (Figure 4a). On the whole, fungi and protists that possess
highly abundant trinucleotide repeats presented distinctly different
distribution pattern from plants and animals. Trinucleotide repeats
are predominant in green algae whose distribution pattern is more
like fungi and significantly different from land plants. In animals, birds
and fishes showed different expansion bias in SSR type distribution
where mononucleotide repeats were more common in birds and di-
nucleotide repeats were more common in fishes. In addition, fishes

have relatively higher SSR abundance than other taxonomic groups


www.wileyonlinelibrary.com

MOLECULAR ECOLOGY

Frequency z score

£¢+¢-*l¢¢$¢ll
¢Livtl¢¢l$ll

Fishes  Amphibians  Repliles  Insects

Density z score
b o m a0 o

Mammals ~ Birds Flatworms  Roundworms Green Algae Land Plants  Fungi Prolists

WILEY--2

RESOURCES

0 Penta

- | 5 subgroup
Mammals

Basidiomyceles
Other Fungi
Apicomplexans
Kinetoplasts.

__ Other Protists
Other

Group
Animals.

Plants

Fungi
Protsts
Other

(d) =coding = non-coding

100%

i mTeta “Penta mHexa

Birds Fishes | Insecls  Mammals Land Planls  Prolisls

Amphibians Flatworms, Other Animals ~ Repliles Roundworms Green Algae

FIGURE 4 Landscape of SSR distribution across taxonomic groups of eukaryota. (a) Circos plot for showing SSR distribution. The outer
ideograms represent the taxonomic groups with ticks indicating number of species. The circles from outside to inside represent SSR counts
for each type, SSR length for each type, SSR frequency (loci/Mb), SSR density (bp/Mb), genome coverage (%), compound SSR frequency
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(Gb). (b) Violin plot for showing SSR frequency and density z score. (c) Heatmap for showing 501 motifs density in each organism. (d) SSR
distribution in coding and noncoding regions, and SSR type distribution in coding region [Colour figure can be viewed at wileyonlinelibrary.

com]

(Figure 4a, b). 5,356 possible permutations were grouped into 501
unique motifs by removing cyclically equivalent and reverse com-
plementary permutations for motif abundance analysis. The density
trends of the 501 motifs showed obvious differences between dif-
ferent taxonomic groups and even between subgroups (Figure 4c).
Large numbers of pentanucleotide and hexanucleotide motifs were
absent in fungi and protists and had relatively lower abundance in
mammals. Moreover, extremely low percentages of SSRs were dis-
tributed in coding regions, except for fungi and protists, and trinu-
cleotide repeats were overwhelming in coding regions across almost

all organisms, followed by hexanucleotide repeats (Figure 4d).

4 | DISCUSSION
Microsatellites are acknowledged as important advantageous ge-
netic markers that have immense utility in numerous fields, par-

ticularly in genetic diversity and evolution (Abdul-Muneer, 2014;

Adams et al., 2016; Sheriff & Alemayehu, 2018). Microsatellites can
be used to estimate many parameters of interest to ecologists, such
as migration rates, population size, bottlenecks and kinship (Selkoe
& Toonen, 2006). The PSMD database represents an extensive re-
source of microsatellites that facilitate researchers to shed new light
on microsatellite evolution and develop reliable molecular markers.
Compared to similar databases, PSMD contains data on the most
organisms covering almost all species with available genomic data
and contains both perfect and compound microsatellites. In addition
to biologists engaged in genome organization and evolution studies,
population studies, microsatellite abundance and mutability, PSMD
with embedded tools is also likely to be adopted by scientists en-
gaged in medical, environmental, agricultural and aquacultural re-
search to understand the functional significance of microsatellites
in biological processes.

The PSMD database will continuously be upgraded with newly
sequenced genomes and updated draft assemblies in the NCBI

genome repository. Each species in the PSMD was designed as a
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separate subdatabase to store relevant information of microsatel-
lites for fast data retrieval. This flexible design makes it feasible to
increase the size of the database to virtually any size without com-
promising its accessing performance. Additionally, the web inter-
face will be improved or adjusted and new functions will be added
to assist researchers to maximize the utilization of the database.
For example, we will integrate more gene functional information
including GO function (The Gene Ontology Consortium, 2019) and
KEGG pathways (Kanehisa, Furumichi, Tanabe, Sato, & Morishima,
2017) to help users to exploit potential functional microsatellites.
Recently, high-throughput sequencing has become an increas-
ingly important tool for microsatellite genotyping in ecology (De
Barba et al., 2017); we will integrate next-generation sequencing
data and develop a pipeline to help users to perform microsatellite

genotyping.
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