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ABSTRACT

Repeats are prevalent in the genomes of all bac-
teria, plants and animals, and they cover nearly
half of the Human genome, which play indispens-
able roles in the evolution, inheritance, variation
and genomic instability, and serve as substrates for
chromosomal rearrangements that include disease-
causing deletions, inversions, and translocations.
Comprehensive identification, classification and an-
notation of repeats in genomes can provide ac-
curate and targeted solutions towards understand-
ing and diagnosis of complex diseases, optimiza-
tion of plant properties and development of new
drugs. RepBase and Dfam are two most frequently
used repeat databases, but they are not sufficiently
complete. Due to the lack of a comprehensive re-
peat database of multiple species, the current re-
search in this field is far from being satisfactory.
LongRepMarker is a new framework developed re-
cently by our group for comprehensive identifica-
tion of genomic repeats. We here propose msRepDB
based on LongRepMarker, which is currently the
most comprehensive multi-species repeat database,
covering >80 000 species. Comprehensive evalua-
tions show that msRepDB contains more species,
and more complete repeats and families than Rep-
Base and Dfam databases. (https:/msrepdb.cbrc.
kaust.edu.sa/pages/msRepDB/index.html).

INTRODUCTION

Repetitive sequences are abundantly distributed in the
genomes of all viruses, bacteria, plants and animals (1).
For example, they constitute up to 45% of the genome in
Mouse and 50-70% in Human (2). The repetitive sequences
of the genome play a central role in the stability of the chro-

mosome, the cell cycle and the regulation of gene expres-
sion, and they are also important substrates for genome
evolution (3-6). As an example, the number and types of
repetitive sequences vary between organisms and may re-
flect how rapidly an organism evolves to changes in its en-
vironment (7,8). Moreover, they are fundamental to the co-
operative molecular interactions which form nucleoprotein
complexes (9), and have also been implicated in molecu-
lar and cellular dysfunction associated with human diseases
(10). For instance, the tandem repeat expansion has been as-
sociated with >40 monogenic disorders, which has recently
been shown to be a major genetic contributor to frontotem-
poral dementia (FTD), amyotrophic lateral sclerosis (ALS)
and autism spectrum disorder (ASD), the middle of which is
the most common form of the motor neuron disease (11,12)
and the latter of which is a group of neurodevelopmental
disorders characterized by atypical social function, com-
munication deficits, restricted interests and repetitive behav-
iors (13-15). Besides, the expression of retrotransposition-
competent transposable elements can lead to more inser-
tions which can disrupt gene function or alter gene expres-
sion, contributing to complex diseases such as lung can-
cer, pancreatic cancer, ovarian cancer, neurological diseases,
blood diseases (16-18), etc. Comprehensive identification,
classification and annotation of repeats in genomes can pro-
vide accurate and targeted solutions towards understand-
ing and diagnosis of complex diseases, optimization of plant
properties and development of new drugs.

To achieve these goals, an accurate and complete repeat
database is essential. RepBase (19) and Dfam (20) are two
most frequently used repeat databases, but they are not suf-
ficiently complete, because most of the repetitive sequences
collected in these two libraries are obtained through some
existing detection methods (such as RepeatScout (21) and
RepeatMasker (22)). Due to the limitations of sequenc-
ing data and the defects in design of the detection prin-
ciple, existing detection methods cannot accurately and
comprehensively obtain the repetitive sequences of various
species. For instance, in the Glycine max genome, when the
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combination of RepBase and Dfam is used as the repet-
itive sequence database, only 28.47% of bases can be an-
notated as LTR (Long Terminal Repeat) retrotransposons,
whereas the expected proportion should be about 42% (23),
which means that about 13.52% of LTR retrotransposons
cannot be accurately annotated (Figure 1 and Table 4). Due
to the lack of a comprehensive repetitive sequence database
of multiple species, the current research in this field is far
from being satisfactory.

LongRepMarker (24) is a new framework developed re-
cently by our group for comprehensive identification of ge-
nomic repetitive sequences. Comprehensive evaluations car-
ried out in the study of LongRepMarker not only show that
LongRepMarker can achieve more satisfactory results than
the existing detection methods, but can also discover a large
number of new repeat sequences and families. We here pro-
pose msRepDB (https://msrepdb.cbrc.kaust.edu.sa/pages/
msRepDB/index.html) based on LongRepMarker, which is
currently the most comprehensive multi-species repetitive
sequence database, covering >80 000 species. msRepDB
takes the reference sequence or assembly of species as the
input, and generates the masked sequences representing the
detected repeats and comprehensive annotation report as
the output. When the input data are reference sequences
or assemblies, it should be in the FASTA format, and
msRepDB matches all subsequences with the database to
find out the repeated elements contained in those sequences,
as well as their locations and types, and finally masks the re-
peated elements in the input sequence and generates an an-
notation report. msRepDB also provides query and down-
load functions. Users can directly retrieve and download the
repetitive elements and their classification information from
msRepDB according to the taxon name or the family name.
In addition, if the user does not have any data, but just a
taxon name or a repeat family name, msRepDB will also
retrieve all relevant contents from the database and provide
download links (Figure 2).

MATERIALS AND METHODS

Data collection and identification of repetitive sequences by
using LongRepMarker

To obtain a comprehensive repetitive sequence database of
multiple species, we must collect the reference genomes or
the assemblies of sequencing reads of these species in ad-
vance. The NCBI website (https://www.ncbi.nlm.nih.gov/)
is an important channel for obtaining these required data.
For example, when we enter ‘human’ in the search box on
the NCBI homepage and click the search button, the page
will turn to the download interface of the Human reference
genome ‘GRCH?38.P13’. When we continue to follow the
prompts to click on the links, we will get a compressed file
named ‘genome_assemblies_genome_fasta.tar’. After de-
compressing this compressed file, we will get a FASTA file
named ‘GCF_000001405.39_G RCh38.p13_genomic. fna’,
which is the required Human reference genome.

As mentioned before, compared with existing detec-
tion methods (such as RepeatScout (21), RepeatMasker
(22), RepeatModeler2 (25), etc.), LongRepMarker can
not only more completely identify repetitive sequences
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in the genome, but also achieve more prominent perfor-
mance in discovering new repetitive sequences and fami-
lies. Therefore, a more comprehensive multi-species repet-
itive sequence database can be constructed based on the
detection results of LongRepMarker (https://github.com/
BioinformaticsCSU/LongRepMarker). When the reference
genome or the assembly of sequencing reads of species is in-
putted into the LongRepMarker, it will initiate the follow-
ing steps to identify and annotate the repetitive sequences
contained therein.

» Identification of overlap sequences. The repetition relation
is a special case of the overlap relation. Thus all possible
repetition relationship can be found by searching overlap
sequences. Overlap sequences occupy only a small por-
tion of the overall sequences. By finding the overlap se-
quences between assemblies or chromosomes, the algo-
rithm locates the repetitive sequences faster and more ac-
curately.

» Conversion of overlap sequences into uniquek-mers. The
number and length of sequences will have a great impact
on the efficiency of multiple sequence alignment. Gener-
ally, the more the number and the longer the length, the
greater the computational resource consumption. The
unique k-mers (26) (27) are much smaller than over-
lap sequences both in terms of number and length. Us-
ing unique k-mers instead of overlap sequences for map-
ping can greatly optimize the efficiency of multi-sequence
alignment (28).

» Generation of the multi-alignment uniquek-mers and
their coverage regions on overlap sequences. The multi-
alignment unique k-mers were first proposed in the pa-
per of LongRepMarker (24), which refers to the unique
k-mers that can be aligned to multiple different locations
in the overlap sequences. Due to the sequencing bias, the
high frequency threshold is often difficult to obtain accu-
rately, which has a great impact on the range of the high
frequency k-mers (29-31). However, the multi-alignment
unique k-mers are not affected by these factors. By using
the multi-alignment unique k-mers to identify repeats in
overlap sequences, the algorithm can obtain the repeats
in the genomes more comprehensively and stably.

» Classification of regions on overlap sequences that can
be covered by multi-alignment uniquek-mers. Due to the
short size of unique k-mers, it is easy to form a coupling
alignment (coupling alignment refers to the fusion of
unique k-mers that should not be fused together) (32,33).
To eliminate the influence of the coupling alignment, the
algorithm further classifies the regions on the overlap se-
quences covered by the multi-alignment unique k-mers
into two categories, and filters out the false repetitive se-
quences, thereby improving the accuracy of the detection
results.

» Merging fragments with duplication or inclusion. The re-
sults of detection methods based on the multiple se-
quence alignment will inevitably contain redundant el-
ements. In order to make the detection results as pure
as possible without any impurities and redundancy, the
algorithm merges the detected repetitive fragments with
duplication and inclusion relationships (34).
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Figure 1. The classification and proportion statistics of repetitive sequences in Human, Drosophila and Glycine max genomes annotated by the combina-
tion of two databases, Dfam and RepBase, and msRepDB. The Y-axis represents the proportion, the X-axis represents the species. ‘Overall’ represents all
types of repetitive sequences, ‘Retroelements’ represents the retroposon elements, ‘DNA transposons’ represents the DNA transposon elements, ‘Unclas-
sified’ represents the repetitive elements that cannot be classified based on the unknown information and “Total interspersed repeats’ represents the total
interspersed repeats.
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Figure 2. The function module display of the msRepDB database. The figure mainly shows the four function modules of the msRepDB database, namely
‘Search’, ‘Download’, ‘Online Masking’ and ‘Submit’, and the detailed fields of three detection reports namely ‘Classification Report’, ‘Annotation Report’
and ‘Mapping Report’. For example, the ‘Search” module provides the following four functions: (1) searching repeats by species name; (2) searching repeats
by species name and family name; (3) displaying all annotated repeats of the species; and (4) displaying all annotation repeats of the specific family of the
species. As another example, there are six fields in the mapping report: ‘Mapping zero time’, ‘Mapping one time’, ‘Mapping multiple time’, ‘N50°, ‘N75” and
‘N90’, where ‘Mapping zero time’ indicates the proportion of fragments that cannot be aligned to the reference genome; ‘Mapping one time’ indicates the
proportion of fragments that can be aligned to only one location on the reference genome; ‘Mapping multiple time’ indicates the proportion of fragments
that can be aligned to many locations on the reference genome; ‘N50” indicates the length of the longest segment such that all the segments longer than
this segment cover at least 50% of the total length of all segments; ‘N75” indicates the length of the longest segment such that all the segments longer than
this segment cover at least 75% of the total length of all segments; and ‘N90” indicates the length of the longest segment such that all the segments longer
than this segment cover at least 90% of the total length of all segments.

» Classification and annotation of the obtained repetitive se- Note that LongRepMarker is different from RepeatScout
quences. When the repetitive sequences are obtained, the and RepeatModeler2 in detection targets. RepeatScout and
algorithm also needs to classify and annotate them, be- RepeatModeler2 both focus on the discovery of repeated

cause the repeats without classification and annotation families. It is well known that a repeat family is an abstrac-
information are meaningless. In this step, a distributed tion of a type of repeat sequence (a one-to-many relation-
RepeatClassifier (25) developed by our group is used to ship), and its acquisition must go through the two oper-
classify and annotate the obtained repetitive sequences. ations of merging the obtained repeat sequences and tak-



ing the consensus sequence. However, the detection goal
of LongRepMarker is not to find repeated families, but to
comprehensively mine all repeated sequences of the genome
(Supplementary Figure S2), and provide a basis for accu-
rately identifying the mutations that exist between differ-
ent copies. Therefore, in the detection results of LongRep-
Marker, we merged duplicate copies with high consistency,
and saved the duplicate copies with differences as much as
possible, and at the same time analyzed the structural vari-
ation that occurred in the duplicate copies with differences.
Our purpose is to provide a method to study the effect of
variations that exist between different duplicate copies on
the genetic, evolution and variation of organisms.

Although there will be some redundancy and chimerism
in the detection results of LongRepMarker, the repetitive se-
quences identified by it are still the most complete compared
to other existing tools. In order to remove impurities and
chimeras in the detection results and output purer repetitive
sequences for the database construction, three steps of im-
purity removal, chimerism removal and consensus sequence
construction are carried out after the detection results of
LongRepMarker obtained. In this process, the strategies
of wicker 80/80/80 rule (as used in RepeatScout), filtering
overlaps whose identity is lower than 85% (as used in Re-
peatScout), and the cutoff score of 225 (as used in Repeat-
Masker) were used. When the purified repetitive sequences
are generated, RepeatClassifier is used to classify and an-
notate these sequences. After that, the algorithm needs to
merge the repeated sequences with its classification and an-
notation information, and form a file in the FASTA for-
mat (35). In this generated file in the FASTA format, the
sequence composed of A/T/G/C characters is a repeating
sequence, and the sequence starting with an angle bracket
above the repeating sequence is the annotation sequence,
which contains the corresponding classification and anno-
tation information (36).

Extracting the repetitive sequences and their corresponding
families contained in each species from the detection results
and storing them in the database

When the purification operation of the previous step is com-
pleted, we need to extract the repetitive sequences from the
fusion results (files in the FASTA format) and store it in the
msRepDB database according to its species name, NCBI
accession number, taxid and family information.

DATABASE CONTENT AND USAGE
Home and About

The function of the Home page (Figure 3 A) is to intro-
duce msRepDB, mainly including the application fields of
msRepDB, the research and development principles, and
the main advantages compared with the existing libraries.
The function of the About page is to introduce the main
functions and test samples of msRepDB.

Search and Download

The functions of the Search and Download page are as fol-
lows: (1) by selecting the species taxonomy name, NCBI ac-
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cession number, taxonomy id and repeat family name in the
Search and Download interface, users can retrieve the com-
plete repetitive sequences with classification information of
the special species; (ii) by clicking the ‘Download’ button
on the interface, users can also download the comprehen-
sive repetitive sequences with classification information of
the specific species that they have retrieved to the local disk
(Figure 3 B).
Usage example:

(1) Click the ‘select species’ input box to trigger the list of
candidate species names;

(2) Select or write ‘Drosophila files genus’ in the list box of
species taxonomy name, and click the ‘Search’ button;
[Server response]: The server will display all the repetitive
sequences and classification information in the genome
of Drosophila on the bottom of the interface.

(3) Select ‘Drosophila files genus’ in the list box of species

taxonomy name, select ‘LTR/ Pao’ in the list box of repeat
family name, and click the ‘Search’ button;
[Server response|: The server will display all the LT'R/ Pao-
types of repetitive sequences and classification informa-
tion in the genome of Drosophila on the bottom of the
interface.

(4) Click the ‘Total families of Drosophila files genus down-

load’ button on the left of the interface;
[Server response]: The server will provide all the repetitive
sequences with classification information (LTR/Pao) of
the species selected (Drosophila files genus) by the user in
the FASTA format (Figure 3 E), and the user can save the
downloaded file to the preferred local directory through
the ‘Browse’ option.

Online Masking

The functions of the Online Masking are as follows: (i)
by dragging and dropping or pasting the sequence to be
masked into the input box on the interface, the users can
submit the sequence file in the FASTA format to be masked
on the ‘Online Masking’ interface; (ii) when the server com-
pletes the masking task, it will feed back the masking re-
sults to the interface, and the user can obtain detailed mask-
ing results and related reports (the annotation mainly in-
cludes the classification of the repetitive sequences and their
locations in the genome) by browsing and downloading
(Figure 3C).
Usage example:

(1) Select ‘Drosophila files genus’ in the list box of species tax-
onomy name and configure the related parameters;

(2) Download the demo reference genome of Drosophlia
(Demo_Refence_Download) to the local disk. The com-
plete Reference download address is https://www.ncbi.
nlm.nih.gov/assembly/GCF_000001215.4;

(3) Upload the file ‘Drosophila_Ref_demo.fna’ to the
server by dragging and dropping from the online masking
interface;

(4) Click the ‘Submit Masking Job’ button;

[Server response]: When the server receives the submit-
ted file, it will take several to ten minutes to com-


https://www.ncbi.nlm.nih.gov/assembly/GCF_000001215.4

D240 Nucleic Acids Research, 2022, Vol. 50, Database issue

About  Search and Download Online Masking Submit Tools Team Get Started

(Recommend using

1O

browser) |e

HOME

SEARCH AND DOWNLOAD

‘Welcome 0 msRepDB database

215 asta

>ALULI_Dhgtinknown @rosophila_flies_genus hegpog 2er tine] - [niping cne toe]  [haping Multigle ties]
TGCCGTCATCAATGTAATTTCATTAATTTCARACTGTCTTACACAGAATTCAGATTTTTT rosnasRusr 8 8
TTTTAGATGITTARGGTTCAGAGTCCCTTGCCCCGEACGACACTTTCACTGCTTTAMGG

ATGTTCGCACARACAACARAT AARTATATATATCTTTGTATTAACCTCTTCTTTAATTTA [56) 5]~ [i]

|ATARATGTTGAGCTGACAATTAARATAAGATTATTTTTATTCCTTCTCTGGCAGAATTAG TAAT_BIOLINE/I-Jockey-10654  HETA_DSTHLINE/I-Jockey-3818  Helitron-1_DEUSRC Helitron-8136
>¥1_Dittnknown @rosophila_flies_genus

CCARRNAATTGTCCGTTGATNCTAGTGTCAGATGTGAANTGCCATTCCACATTATAAAAG
CAGTCCTGACTAGAAGEAMAGTTCGTCGACCAACARACACTTCTCTTGACTACCCAARA
TGCCGAMTTGCGGATTTTTTCGCTGAATAGTAAGCCGACRACCGTTTAGCGAGCTGTC
ATGTACCTGATGC TTTTGCAGAATTAA
[AGGAAATCTARANTTCCTCAAAAGTTCTCGGACTACCTGGAAGAGGCAACACACATATAC
[AGGCATATAATCTGTCCNGTCAGTCACTAAGACARACTGCGAGAGATATTCAGTATACTT
| TAAAATTAACATTGGCAAATTAATTCTAGAGACCCCGTAGTTATATGTATCCCAAAGAAT

ONLINE MASKING

SUBMIT

TTCCGTTGATCCTAGTGTCAGATGTGARATGCCATTCGACATTATAARAGCAGTCCTTAA
CTNGAAGCAMAGTTCGCCGACCACGAARCACTTCTCCCGACTACCCARAAAGCCTARATT
GCGAATTTTGATTCTGARATAGTAAGCAGGCAGCCGCTTAGCGAGCTGTCATTTACGATG,

ATATCCAACGTATITGCGTTGTACE CCATTGGACATTAT
| ARAAGCAGTCCTGAACTAGAAGCARAGTTC

>BEL-10_DAn- 8LTR/Pa0 @rosophila_ananassae
TTTGGTGACCCCGACGTGATATCATCCGTTCARTTAACGCGATCAGCATTAARAGTGCC
ACTGAAACACCTTTGTTTGITTTGTTGTCGEATTTTAATTTAATTGGEATCTTAATTGGA
ATATTCARTGGANTCTGGAGCTGAAGCCACTGCATCTCTGCGTCAAGCCGTGAMAGGA
TGCTGCGGAGACGCGCAGAGGTARCATGY TGCATCGGAAGGTCA

AGGCTGCCATGCAARCTGRAGATTCARCCATTCTGACCCTCGAGTCTATGGAGAAGCGTC

TGCGCGACCGTTTCACCACGCTCAGGAGGAATTGGAGGAGCTARATTACAGCGAGATCG

GGAGCGATTTATATTGGCGATTCTCTCAGCTGGCTACAGACGTGCACGTTGACATCCAGG

TCTATGEGGGTTGCTGCTCACTCTACGCTGTTAGATGCTACCA

TGGTGCTGGGATT
TGCCAACATTTA

TCCATATAGGCCTGCTCCCTCATTGECCCCTTGECAA
TGGCCGGATTTCTGCGCCCTATTTAGGACAA

PainText » TbwWidths v LnColl v s

Figure 3. The main functions and usage of msRepDB. Through the ‘Home’ page shown in sub-graph (A), users can understand the research background,
research value, and main advantages of msRepDB. Through the ‘Search and Download’ page shown in sub-graph (B), users can retrieve and download
the complete repetitive sequences with annotation of the special species by selecting the species taxonomy name and repeat family name. Through the
‘Online Masking’ page shown in sub-graph (C), users can submit the sequence file in the FASTA format to be masked by dragging and dropping or
paste the sequence to be masked into the input box on the interface. Through the ‘Submit’ page shown in sub-graph (D), users can update the contents
of msRepDB database. Update operations can be divided into the following two types:1) inserting new records and 2) updating existing records in the
database. Furthermore, users can also browse the complete functions and detailed instructions of msRepDB through the ‘About’ page, download all tools
related to this research through the “Tools’ page, and learn about the development team of msRepDB through the “Team’ page. Sub-graph (E) shows the
screenshot of the complete repetitive sequences with annotation of the special species in the FASTA format. Sub-graph (F) shows the screenshot of the
mapping report. Sub-graph (G) shows the screenshot of the classification report. Sub-graph (H) shows the screenshot of the masked sequence file in the
FASTA format. Sub-graph (I) shows the screenshot of the extracted masked sequences file in the FASTA format. Sub-graph (J) shows the screenshot of
the annotation report.

(©)

plete masking and generate annotation reports. When
the server completes the whole process of online mask-
ing, it will prompt that the task has been com-
pleted and provide download links for all generated
reports.

Click the download links (such as ‘Mapping Report’,
‘Classification Report’, ‘N50 & Alignment ratios Report’,
‘Masked sequences by msRepDB’ and ‘Extracted Masked
Sequences’) in the online masking interface, and save the
masked sequence files and several annotation reports (the
annotation mainly includes the classification of the repet-
itive sequences and their locations in the genome) to the
preferred local directory through the ‘Browse’ option;
[Server response]: The server will provide download links
for the masked sequence files and all generated reports on
the interface (Figure 3F-J).

Submit and tools

The submit function is mainly used to update the contents
of the msRepDB database (Figure 3D). Update operations
can be divided into the following two types: (i) insert new
records into the msRepDB database and (ii) update exist-
ing records in the msRepDB database. The data submission
operation is completed by the system administrator. Before
data submission, the administrator needs to evaluate the
submitted data to verify its authenticity and reliability. New
data can be entered into the database after passing the as-
sessment. The function of the “Tools’ page is to introduce
the tools related to our research.
Usage example:

(1) Enter the species’ scientific name, taxonomy id, NCBI ac-
cession number, and repeat sequence with the family in-
formation (Figure 3 D);



[Specific operation]:
Stepl: Set the taxonomy id as ‘2517382’;
Step2: Set the species name as ‘Afrixalus weidholzi’;
Step3: Set the repeat sequence with ID and family infor-
mation as follows
‘>7SLRNA _short #SINE/Alu
GCCGGGCGCGGTGGCGCGTGCCTGTAGTCC
CAGCTA
CTCGGGAGGCTGAGGTGGGAGGATCGCTTG
AGTCCA
GGAGTTCTGGGCTGTAGTGCGCTATGCCGATC
GGGT
GTCCGCACTAAGTTCGGCATCAATATGGTGAC
CTCC
CGGGAGCGGGGGACCACCAGGTTGCCTAAG
GAGGGG
TGAACCGGCCCAGGTCGGAAACGGAGCAGG
TCAAAA
CTCCCGTGCTGATCAGTAGTGGGATCGCGCCT
GTGA
ATAGCCACTGCACTCCAGCCTGAGCAACATAG
CGAG
ACCCCGTCTCTTAAAAAAAAAAAAAA’;

(2) Click the ‘Submit’ button on the interface;
[Server response]: When the server receives the submitted
information, it will take several seconds to complete the
storage and generate feedback information on the inter-
face.

IMPLEMENTATION

The data processing and analysis functions of msRepDB
database were implemented using Python v.3.6.9
(www.python.org/getit/) coupled with the SpringBoot inte-
grated framework (https://spring.io/projects/spring-boot).
msRepDB runs on a Linux-based Maven server 3.8.1
(Maven is a build automation tool used primarily for
java projects, https://maven.apache.org/download.cgi).
The database was developed using MySQL 5.7.31
(https://www.mysql.com/), and the web interface
was developed using html5 markup language
(https://en.wikipedia.org/wiki/HTMLYS) combined
with Bootstrap v.5.0.2 (https://v3.bootcss.com), layUI
v.2.6.8 (https://www.layui.com/) and JQuery v.l.11.1
(http://jquery.com) (Supplementary Figures S3— S8). In
the process of online masking, two aligners, bwa (37)
and minimap?2 (38), were used. In this process, the short
sequence fragments were aligned using bwa, and the long
sequence fragments were aligned using minimap?2.

DISCUSSION

Compared with the existing repeat databases, the major im-
provements of msRepDB are as follows: (i) msRepDB con-
tains more species than RepBase and Dfam databases (i.e.
>84 000 in msRepDB versus about 62 000 in the combi-
nation of RepBase and Dfam). The comprehensive experi-
ments carried out in the study of LongRepMarker not only
show that LongRepMarker can achieve more satisfactory
results than the existing detection methods (Supplemen-
tary Tables S4-S6, Supplementary Figures S9-S10), but
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also can discover a large number of new repeat sequences
and families. (ii) For a single species, msRepDB contains
more complete repeats and families than the existing re-
peat databases. We have conducted comprehensive experi-
mental evaluations on the coverage and completeness of the
msRepDB database. For example, we used the latest version
of RepeatMasker (V.4.1.2) to classify and annotate the re-
peats of the species Human, Mouse, Rice, Glycine max and
Drosophila based on the msRepDB database and the com-
bination of the latest RepBase (V.26.06) and Dfam (V.3.3)
libraries, respectively. The frequency and length distribu-
tion, the multiple alignment ratio, the proportion of cov-
erage over the reference genome and the duplication ratio
of the repetitive sequences contained in msRepDB and the
combination of Dfam and RepBase databases are shown in
Table 1. We can see that the repetitive sequences collected in
the msRepDB database have a higher repetition frequency
and larger size as a whole. Furthermore, from the perspec-
tive of multiple alignment ratio, coverage of the reference
genome, and duplication ratio, the repetitive sequences con-
tained in msRepDB are usually more accurate and less re-
dundant than those contained in the combination of Dfam
and RepBase databases. Here, the duplication ratio repre-
sents the total number of aligned bases in the repetitive se-
quences divided by the total number of those in the refer-
ence. If there are too many repetitive sequences that cover
the same regions, the duplication ratio will be greatly in-
creased. This occurs due to multiple reasons, including over-
estimating repeat multiplicities and overlaps between repet-
itive sequences.

The experimental results in Tables 2, 3 and 4 show
that RepeatMasker annotated 3 852 568 Retroelements-
type repeats (1 291 793.390 kb in length) on the Human
genome based on msRepDB, as compared to 2 800 814
Retroelements-type repeats (1 236 215.277kb in length) for
the combination of the state-of-the-art databases (Table 2),
annotated 1 828 Statellites-type repeats (1 862.670 kb in
length) on the Drosophila genome based on msRepDB, as
compared to 1 372 Statellites-type repeats (1 804.199 kb
in length) for the combination of the two other databases
(Table 3), and annotated 61 139 DNA-transposons-type
repeats (42 789.484 kb in length) on the Glycine max
genome based on msRepDB, as compared to 58 468 DNA-
transposons-type repeats (41 514.301 kb in length) for the
combination of the two other databases (Table 4). It can be
seen from the experimental results shown in Tables 1- 4,
Supplementary Tables S7-S12 and Supplementary Figures
S11-S26 that msRepDB is the most complete multi-species
repetitive sequence database at present. In order to evalu-
ate the false positive rate of the detection results, we con-
ducted the experiments on the simulated sequencing data
for Drosophila, and then we used RepeatMasker to anno-
tate the repeats, and used the annotated set as the ground-
truth set to compare with the annotation from RepeatScout
and from LongRepMarker (Supplementary Table S13). All
the false positives are counted by comparing the ground-
truth set of annotations with that of RepeatScout or Lon-
gRepMarker.

The latest version of the Dfam database (v3.4) only
contains the specific data of 552 species (https://dfam.org/
home), which can be further subdivided into unique data
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Table 1. Partial comparison of the length distribution, multiple alignment ratio, proportion of covering the reference genome and duplication ratio of
elements contained in msRepDB database and the combination of Dfam and RepBase

Length distribution Mapping RepeatMasker Other
Non- Duplication
Species Database Num Max NS0 N75 NO95 MAR MAR Reference ratio
(bp) (bp) (bp) (bp) (%) (%) (7o) (%)

H.sapiens( Human) msRepDB 1613 20016 2858 903 496 88.17% 11.82% 47.29% 0.09%
Dfam+RepBase 1353 9043 2532 786 464 80.93%  19.06% 45.62% 0.15%

Mouse msRepDB 1779 15041 3691 1061 505 94.41%  5.58% 43.15% 0.14%
Dfam+RepBase 1407 8959 2210 791 437 86.28% 13.71% 40.58% 0.21%

Oryza sativa( Rice) msRepDB 3556 13922 3584 1668 801 98.94%  1.05% 50.62% 3.90%
Dfam+RepBase 3049 20 789 3879 1831 892 82.81% 17.18% 50.50% 4.14%

D.melanogaster msRepDB 477 20014 4646 2571 1153 99.65%  0.34% 21.86% 2.40%
Dfam+RepBase 258 15576 4802 3204 1036 89.77% 10.22% 20.85% 3.36%

Glycine max msRepDB 1226 10 856 4536 3175 1130 100.00%  0.00% 41.31% 0.44%
Dfam+RepBase 596 17 080 4688 4180 3207 90.45%  9.54% 36.11% 0.53%

‘Num’ represents the number of fragments contained in database. ‘Max(bp)’ represents the length of the longest fragment in database. “N50’ represents
the length of a fragment, such that all the fragments of at least the same length together cover at least 50% of the total length of all fragments contained
in database. ‘N75’ represents the length of a fragment, such that all the fragments of at least the same length together cover at least 75% of the total length
of all fragments contained in database. “N95” represents the length of a fragment, such that all the fragments of at least the same length together cover at
least 95% of the total length of all fragments contained in database. ‘MAR (%) and Non-MAR(%)’ respectively represent the ratios of multiple alignment
and non-multiple alignment. ‘Reference(%)’ represents the proportion of covering the reference genome. ‘Duplication ratio’ represents the total number
of aligned bases in the repetitive sequences divided by the total number of those in the reference. If there are too many repetitive sequences that cover the
same regions, the duplication ratio will be greatly increased. This occurs due to multiple reasons, including overestimating repeat multiplicities and overlaps
between repetitive sequences.

Table 2. Partial comparison of the proportion and detailed classification of detected repeats generated based on two databases of the Human genome

Combination of RepBase and Dfam [bases masked: 45.62%] msRepDB [bases masked: 47.29%]
Number of Percentage of Number of Percentage of

Repeat types elements Length occupied sequences elements Length occupied sequences
Retroelements 2800814 1236215277 bp 37.78% 3852568 1291 793 390 bp 39.48%
+SINEs 1453130 369 205 643 bp 11.28% 1602 909 329 745 622 bp 10.08%
+Penelope 75 14277 bp 0.00% 75 14 225 bp 0.00%
+LINEs 807 771 588 058 432 bp 17.97% 1630986 696 100 321 bp 21.27%
++CRE/SLACS 0 0bp 0.00% 0 0bp 0.00%
+++L2/CR1/Rex 193908 56 822 264 bp 1.74% 294 645 69 266 031 bp 2.12%
+++R1/LOA /Jockey 0 0bp 0.00% 0 0bp 0.00%
+++R2/R4/NeSL 399 95545 bp 0.00% 400 95122 bp 0.00%
+++RTE/Bov-B 9890 2788 967 bp 0.09% 9890 2771539 bp 0.08%
+++L1/CIN4 603 337 528 287 954 bp 16.15% 1325814 623904 329 bp 19.07%
+LTR elements 539913 278 951 202 bp 8.53% 618 673 265 947 447 bp 8.13%
++BEL/Pao 0 0 bp 0.00% 0 0bp 0.00%
++Tyl/Copia 0 0bp 0.00% 12 3718 bp 0.00%
++Gypsy/DTRSI1 14 309 3767 626 bp 0.12% 15125 3750 523 bp 0.11%
+++Retroviral 515395 272 547 814 bp 8.33% 593 203 259 578 662 bp 7.93%
DNA transposons 425304 102 360 429 bp 3.13% 424 193 100 612 296 bp 3.07%
+hobo-Activator 280952 57 692 527 bp 1.76% 280 102 56974 131 bp 1.74%
+Tc1-1S630-Pogo 128 851 41753772 bp 1.28% 128 539 40 749 342 bp 1.25%
+En-Spm 0 0bp 0.00% 0 0bp 0.00%
+MuDR-I1S905 0 0bp 0.00% 0 0bp 0.00%
+PiggyBac 2310 554 582 bp 0.02% 2285 546 552 bp 0.02%
+Tourist/Harbinger 321 59 199 bp 0.00% 320 59 104 bp 0.00%
+Other 0 0bp 0.00% 0 0bp 0.00%
Rolling circles 1614 402 976 bp 0.01% 3664 1046 162 bp 0.03%
Unclassified 122 691 24233010 bp 0.74% 225158 30427 467 bp 0.93%
Total interspersed 1362 808 716 bp 41.65% 1422833 153 bp 43.48%
repeats

Small RNA 12 650 1358 026 bp 0.04% 10 142 979 175 bp 0.03%
Satellites 15404 82 714 065 bp 2.53% 12135 79 167 870 bp 2.42%
Simple repeats 710 220 39 030 544 bp 1.19% 663 652 37 699 053 bp 1.15%
Low complexity 102 465 6353924 bp 0.19% 92 549 5565612 bp 0.17%

The test results were obtained by using RepeatMasker based on the msRepDB database and the combination of Dfam and RepBase respectively under the
default parameter settings.
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Table 3. Partial comparison of the proportion and detailed classification of detected repeats generated based on two databases of the Drosophila genome

Combination of RepBase and Dfam [bases masked: 20.85%]

msRepDB [bases masked: 21.86%]

Number of Length Percentage Number of Length Percentage of

Repeat types elements occupied of sequences elements occupied sequences
Retroelements 15330 21 048 835 bp 14.65% 23186 22483014 bp 15.64%
+SINEs 0 0bp 0.00% 0 0bp 0.00%
+Penelope 0 0 bp 0.00% 0 0 bp 0.00%
+LINEs 5293 5447 560 bp 4.49% 6134 6416 652 bp 4.46%
++CRE/SLACS 0 0bp 0.00% 0 0bp 0.00%
+++L2/CR1/Rex 811 844 019 bp 0.59% 870 841 783 bp 0.59%
+++R1/LOA /Jockey 1014 1 562 240 bp 1.09% 1571 1694 722 bp 1.18%
+++R2/R4/NeSL 38 39 896 bp 0.03% 38 39900 bp 0.03%
+++RTE/Bov-B 0 0bp 0.00% 0 0bp 0.00%
+++L1/CIN4 0 0bp 0.00% 0 0bp 0.00%
+LTR elements 10 037 14 601 275 bp 10.16% 16914 16 066 362 bp 11.18%
++BEL/Pao 2326 3123105 bp 2.17% 2937 3118973 bp 2.17%
++Tyl/Copia 500 740 782 bp 0.52% 784 733 449 bp 0.51%
++Gypsy/DTRSI 7211 10 737 388 bp 7.47% 13243 12190 939 bp 8.48%
+++Retroviral 0 0bp 0.00% 0 0bp 0.00%
DNA transposons 4135 1 870 086 bp 1.30% 4494 1824 527 bp 1.27%
+hobo-Activator 189 75919 bp 0.05% 168 76 244 bp 0.05%
+Tcl1-1S630-Pogo 1112 609 344 bp 0.42% 1108 560 858 bp 0.39%
+En-Spm 0 0bp 0.00% 0 0bp 0.00%
+MuDR-IS905 0 0bp 0.00% 0 0bp 0.00%
+PiggyBac 23 8619 bp 0.01% 23 8617 bp 0.01%
+Tourist/Harbinger 0 0bp 0.00% 0 0bp 0.00%
+Other 2243 913 674 bp 0.64% 2454 894 197 bp 0.62%
Rolling circles 4662 999 082 bp 0.70% 5232 1028 233 bp 0.72%
Unclassified 495 78 825 bp 0.05% 534 121 856 bp 0.08%
Total interspersed 22997 746 bp 16.00% 24 429 397 bp 17.00%
repeats

Small RNA 306 86 258 bp 0.06% 280 95863 bp 0.07%
Satellites 1372 1 804 199 bp 1.26% 1828 1 862 670 bp 1.30%
Simple repeats 85083 3589418 bp 2.50% 83 836 3525845 bp 2.45%
Low complexity 10 443 488 602 bp 0.34% 10322 482327 bp 0.34%

The test results were obtained by using RepeatMasker based on the msRepDB database and the combination of Dfam and RepBase respectively under the

default parameter settings.

and the data fused with RepBase. In addition, the data of
other species are directly inherited from RepBase (about
61 518 species). Compared with the latest version of the
Dfam database, the msRepDB database currently collects
the repetitive sequences of 84 601 species which are obtained
based on the corresponding detection results of LongRep-
Marker after the two processes of removing impurities and
chimeras, and constructing the consensus sequences (Sup-
plementary Figure S1, Supplementary Tables S1-S3). From
the point of view of data integrity, msRepDB completely
covers Dfam and RepBase, while providing data on some
previously unlisted species.

The continuous update, as well as the long-term op-
eration and maintenance of the database are fundamen-
tal for its utility. Since the establishment of our database,
we have collected all available genomes on the websites of
NCBI-RefSeq (39) (https://www.ncbi.nlm.nih.gov/refseq/),
Ensembl (40) (http://asia.ensembl.org/info/data/ftp/index.
html), FungiDB (41) (https://fungidb.org/fungidb/app) etc.
based on the species name, NCBI accession number and
taxid. The specific update measures are as follows. Firstly,
we will further expand the coverage of species, and strive to
build the most complete and accurate multi-species repet-
itive sequence database in field of genomic repetitive se-
quence research. Secondly, we will continue to improve
the performance of the algorithm in the subsequent up-

date process to achieve more accurate repeated sequences
detection.

From a functional point of view, msRepDB not only
provides a more complete multi-species repeat sequence
database for users to view and download, but also provides
with online masking and annotation functions, which is a
major feature of msRepDB. We have implemented many
optimizations on the code of the online masking function,
so that it can efficiently process large-scale sequences. With
online masking and annotation function, users can directly
use msRepDB to accurately and quickly annotate genomes
or sequences of interest, and obtain detailed annotation re-
ports without the aid of any other third-party tool. For
instance, the online masking will be applied in the follow-
ing scenarios. Numerous cancers, genetic disorders, neuro-
logical disorders, and metabolic disorders, have been asso-
ciated with the Long Interspersed Element-1 (LINE-1 or
L1) retrotransposition (42-44). When RepeatMasker uses
msRepDB and the combination of Dfam and RepBase as
databases to annotate repetitive sequences in the Human
genome, the annotation results based on msRepDB con-
tains 1 325 814 L1/CIN4 retrotransposon elements, with
annotated base length of 623 904 329 bp. However, the cor-
responding annotation results based on the combination
of Dfam and RepBase are 603 337 and 528 287 954 bp,
respectively (Table 2). The same results can also be ob-
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Table4. Partial comparison of the proportion and detailed classification of detected repeats generated based on two databases of the Glycine max genome

Combination of RepBase and Dfam [bases masked: 36.11%]

msRepDB [bases masked: 41.54%)]

Number of Length Percentage of Number of Length Percentage of

Repeat types elements occupied sequences elements occupied sequences
Retroelements 199 220 289 032 002 bp 29.52% 244 764 328295871 bp 33.54%
+SINEs 0 0bp 0.00% 0 0bp 0.00%
+Penelope 0 0 bp 0.00% 0 0 bp 0.00%
+LINEs 12 626 10 304 690 bp 1.05% 13156 10432 965 bp 1.07%
++CRE/SLACS 0 0bp 0.00% 0 0bp 0.00%
+++L2/CR1/Rex 0 0bp 0.00% 0 0bp 0.00%
+++R1/LOA /Jockey 0 0bp 0.00% 0 0bp 0.00%
+++R2/R4/NeSL 0 0bp 0.00% 0 0bp 0.00%
+++RTE/Bov-B 3790 2001 199 bp 0.20% 3945 2017 968 bp 0.21%
+++L1/CIN4 8836 8303 491 bp 0.85% 9211 8414 997 bp 0.86%
+LTR elements 186 594 278 727 312 bp 28.47% 231 608 317 862 906 bp 32.47%
++BEL/Pao 0 0bp 0.00% 0 0bp 0.00%
++Tyl/Copia 58 199 80 563 666 bp 8.23% 83 194 87429 549 bp 8.93%
++Gypsy/DTRSI 126 690 195309 037 bp 19.95% 140 926 225 546 399 bp 23.04%
+++Retroviral 0 0 bp 0.00% 340 206 126 bp 0.02%
DNA transposons 58 468 41 514 301 bp 4.24% 61139 42789 484 bp 4.37%
+hobo-Activator 7612 2233822 bp 0.23% 5901 1964 869 bp 0.20%
+Tc1-1S630-Pogo 117 56 379 bp 0.01% 321 75 504 bp 0.01%
+En-Spm 0 0bp 0.00% 0 0bp 0.00%
+MuDR-IS905 0 0bp 0.00% 0 0bp 0.00%
+PiggyBac 0 0bp 0.00% 0 0bp 0.00%
+Tourist/Harbinger 923 564 171 bp 0.06% 1006 582191 bp 0.06%
+Other 0 0bp 0.00% 0 0bp 0.00%
Rolling circles 538 252 405 bp 0.03% 967 740 481 bp 0.08%
Unclassified 0 0bp 0.00% 46 116 9214511 bp 0.94%
Total interspersed 330 546 303 bp 33.77% 378 050 943 bp 38.62%
repeats

Small RNA 2223 902 022 bp 0.09% 2221 901 834 bp 0.09%
Satellites 19 885 2175759 bp 0.22% 9389 6367 996 bp 0.65%
Simple repeats 323670 15236 633 bp 1.56% 307 769 14 416 738 bp 1.47%
Low complexity 82139 4344 053 bp 0.44% 75 689 3964 123 bp 0.40%

The test results were obtained by using RepeatMasker based on the msRepDB database and the combination of Dfam and RepBase respectively under the

default parameter settings.

tained through the online masking module of the msRepDB
database website. Because the proposed database contains
more complete repetitive sequences and efficient use inter-
faces, we believe that it can provide accurate and targeted
solutions towards understanding and diagnosis of com-
plex diseases, optimization of plant properties and devel-
opment of new drugs, and thus greatly benefit the genome
research.
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