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Abstract

integrative database is urgent needed.

plague hosts.

in understanding the biological features of marmots.

Background: Marmots are large Holarctic rodents with unique biological features, making them potential animal
models in various research fields. Due to the rapid accumulation of the genetic data in marmots, a highly

Description: iMarmot is freely available on the web at http://www.marmotdb.org/ and currently contains the
biological information of 14 marmots, genomic sequence of 6 marmots, syntenic relationship and orthologs among
3 marmots, and expression profiles of several hibernators and plague hosts. To assist with the genomic and
transcriptomic analysis, we also integrated a set of analysis and visualization tools, such as KEGG or GO enrichment
analysis, PCA, Blast, Muscle, GeneWise, Lastz, and JBrowse. Particularly, one DEGs (differentially expressed genes)
module has been implemented in this database to visualize the gene expression changes in hibernators and

Conclusion: This database will provide comprehensive information and analysis platform for researchers interested

Background

Marmots have been known since antiquity and firstly
recognized by Thorington and Hoffman [1]. They are
placed in the genus Marmota, family Sciurid with 14 ex-
tant species [1]. Most of them are living in social col-
onies and use loud whistles to communicate with one
another. They prefer to habitat in the rock mountains or
alpine meadows in the Holarctic, where there is a long
and cold winter time without food [2-4]. To cope with
the harsh environment, marmots have developed the
capability of hibernation in burrows during winter.
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Recently, global climate changes are affecting fauna and
flora in various ways. Marmots living in alpine might en-
counter problems caused by rising of the timberline or
from the abandonment of pastures. For instance, Van-
couver Island marmot (Marmota vancouverensis), a typ-
ical alpine-dwelling marmot, has become one of the
most endangered mammals in the world [5]. An inter-
national marmot network of scientists and managers has
been established to work on the conservation issues of
these species since 2008 (http://www.cons-dev.org/
marm/MARM/EMARM/framarm/framarm.html). Mean-
while, plagues prevalence in some marmots were fre-
quently reported to co-occur with sporadic epidemic in
people all over the world, which also give rise to special
supervision to the population fluctuations and epizootic
activity of marmots [6—8]. Therefore, not only sociobiol-
ogists, conservationists and epidemiologist pay high
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attention to marmots, but also physiologists, who con-
sider marmots as excellent animal models for the re-
search of hibernation mechanism with possible
applications to human medicine [4, 9].

Thanks to the development of sequencing technologies,
large volumes of genomic and transcriptomic data have
been generated. In 2015, the Alpine marmot (Marmota
marmota) draft genome sequence was firstly released in
the GenBank database of National Center for Biotechnol-
ogy Information (NCBI) (accession number: GCA_
001458135.2). In 2018, the Yellow-bellied marmot (Mar-
mota flaviventris) draft genome was also released (acces-
sion number: GCA_003676075.2). Meanwhile, our group
has assembled and published the genome sequence of the
Himalayan marmot (Marmota himalayana) and re-
sequenced the whole genomes of another four marmots,
including Mongolia marmot (Marmota sibirica), Gray
marmot (Marmota baibacina), Long-tailed marmot (Mar-
mota caudata) and Yellow-bellied marmot in 2019 [10].
Particularly, RNA-seq or microarray data from a broad
range of mammal hibernators and plague hosts provide
novel insight into understanding the special biological fea-
tures of marmots, especially the molecular mechanism of
hibernation [10-16]. However, there is no available data-
base to save, exploit, analyze and distribute these large-
scale datasets. To facilitate the usage and application of
these genomic, transcriptomic data and comparative re-
sults, we have developed the marmot database (iMarmot:
www.marmotdb.org) as a highly integrative information
platform with online analysis tools. We believe that the
web-based platform with user-friendly interface and useful
functions of will undoubtedly help the researches from a
broad range of ecological and biomedical fields.

Construction and content

Database implementation

The iMarmot was implemented in Linux operation system
and built using Akka HTTPServer (web server) and
MySQL (database server). MySQL Database Management
System (version 5.7.23) was used to process and organize
all the data. The Twirl template engine and Bootstrap were
applied to design and execute the interface components of
the website. The query function was enforced based on
Slick middleware tier. Boxplot, Barplot, Scatterplot and
Heatmap plot were produced by Plotly 2.6.0 and
Highcharts 5.0.12.

Biological features of marmots

We have collected and integrated the species information
of 14 extant marmots from the international marmot net-
work, ADW (animal diversity web), [UCN Redlist (Inter-
national Union for Conservation of Nature Redlist) and
published literatures. For enhancing the readability of the
integrated information, detailed data about marmots were
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shown in the categories of size, habitat, location, popula-
tion status, zoonosis, hibernation time, social system, dis-
persion and reproductive age (Fig. 1).

Genome sequence and annotation

The iMarmot serves as a public warehouse to annotate, re-
lease and update the whole genome sequence of marmots.
At present the iMarmot possesses three de novo genome
assemblies, including Himalayan marmot, Alpine marmot
and Yellow-bellied marmot. The assembly sequence of Al-
pine marmot and Yellow-bellied marmot were downloaded
from the GenBank assembly database of NCBI, while the
assembly of Himalayan marmot was derived from our pre-
vious work [10]. Totally, 21,609 protein-coding genes have
been predicted for Himalayan marmot, 23,923 for Alpine
marmot and 24,575 for Yellow-bellied marmot. A uniform
protocol was applied to comprehensively annotate the func-
tion of these putative protein-coding genes. Functions of
these protein-coding genes were assigned according to the
best match of the alignments against various protein data-
bases using BLASTP (e-value = 1e ) [17], including the
nonredundant protein (Nr) database, Swiss-Prot database
and TrEMBL. Furthermore, unigenes were searched against
the NCBI nonredundant nucleotide sequence (Nt) database
using BLASTN [17] with a threshold of e-value =1e°.
InterProScan (v4.3) [18] was used to collect the protein do-
main information and Gene Ontology (GO) terms [19].
Meanwhile, all protein-coding genes were aligned against
KEGG (Kyoto Encyclopedia of Genes and Genomes), then
KAAS (KEGG Automatic Annotation Server) was used for
the KEGG pathway annotation [20]. As a result, 19,470
protein-coding genes were annotated for Himalayan mar-
mot, 20,832 for Alpine marmot genome and 20,217 for
Yellow-bellied marmot genome. Furthermore, 290 KEGG
pathways and 13,334 GO terms were involved in the Hima-
layan marmot genome, 293 KEGG pathways and 11,389
GO terms in the Alpine marmot genome, 290 KEGG path-
ways and 11,400 GO terms in the Yellow-bellied marmot
genome.

Synteny blocks and orthologous genes

The synteny blocks and homologous genes were detected
for the genome comparisons of Himalayan marmot versus
Alpine marmot and Himalayan marmot versus Yellow-
bellied marmot. All of the protein sequence were firstly
BLASTP against each other with an e-value cut-off of 1le”
> [17]. Based on these results, MCScanX was applied to
determine the synteny blocks by default parameters [21].
Totally, 949 synteny blocks and 14,397 orthologous genes
have been identified for the comparison of Himalayan
marmot versus Alpine marmot, 951 synteny blocks and
13,935 orthologous genes for comparison of Himalayan
marmot versus Yellow-bellied marmot. Each synteny
block was embedded as a ‘Synteny’ subsection in its
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World Marmot

Marmota himalayana

/Marmota marmota

/ Marmota caudata
| Marmota baibacina
// Marmota sibirica
Marmota broweri
Marmota monax
Marmota olympus
Marmota flaviventris
Marmota caligata
Marmota menzbieri
Marmota camtschatica
Marmota bobak
Marmota vancouverensis

Common name: Himalayan marmot
Latin name: Marmota himalayana
Life expectancy: 15 to 20 years
Age at dispersion: 3 years

Age at first reproduction: 3 years
Social system: Extended family

Skg.

Habitat: High mountain meadows
Population status: Unknown, LC

Hibernation time: 8 months

Size: Males are 47 to 67 cm long and females are 45 to
52 c¢m long. Males weigh about 6kg and females about

Location: Himalayan marmots can survive at altitudes up to 5,000 meters in the Himalayan

regions of India, Nepal, and Pakistan and on the Qinghai-Tibetan Plateau of China.

Zoonosis: Plague, Marmota Himalayana hepatitis A virus (MHHAV), Tick-borne encephalitis
virus (TBEV), Bocaparvovirus, pathogenic E.coli

Fig. 1 The world locations and biological features of marmots curated from public resources. The map of geographic distribution of 14 Marmota
species (top left) was derived from Cardini, 2003 [2]. The Himalayan marmot image (bottom right) was obtained from China Foto Press (Tianjin)
Image Technology Company Limited. We have obtained the appropriate copyright permissions to use and adapt them. Meanwhile, we would

like to thank their contribution to our work

related gene feature (Fig. 2). The database users could
view the detailed information of all the orthologous gene
pairs located in the synteny region in a further linked web
page (Fig. 3).

Genomic variations

The iMarmot database currently contains high quality
SNP data of 5 marmots, including an albinistic Hima-
layan marmot, Long-tailed marmot, Gray marmot,
Yellow-bellied marmot, and Mongolian marmot. The
raw sequence data of 5 marmots were derived from our
previous work. Clean reads were mapped to the Hima-
layan marmot reference genome using BWA [22] and
sorted by SAMtools [23]. We then marked duplicates
with Picard tools (v1.94). SNP were then called following
a standard procedure using the Genome Analysis

Toolkit (GATK 3.0) with default parameters [24]. Vari-
ants were removed if they meet any of the following cri-
teria: 1) an overall quality score of <30; 2) a mapping
quality score of < 60; 3) a phred-scaled p-value > 60; 4) a
variant quality by depth score<2; 5) genotype quality
score < 5. In total, 24,192,293 SNPs of 5 marmots were
retained. Users can visualize SNPs annotated in the
Himalayan marmot genome in JBrowse and access each
marmot’s SNPs in Download page.

Expression data of hibernators and plague hosts

To understand the biological features of marmots, we
have collected the expression profiles derived from RNA-
seq or microarray data of several hibernators and plague
hosts obtained from the Gene Expression Omnibus
(GEO) database of NCBI. For RNA-seq data, the SRA
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ID Symbol Description

Detail information

Search
Keyword © Himalayan marmot O Alpine marmot O Yellow-bellied marmot
Gene ID Gene ID: | Mar01119
Gene Name eg., Mar00001, Mar00004, Mar00008

Mar01119 Mospd2 motile sperm domain containing 2 scaffold 1: 424288-466254 +

Locus Strand

~Overview

ID Mar01119

Symbol Mospd2

Description motile sperm domain containing 2
Locus scaffold 1: 424288-466254
Strand sk

~Genome Browser

Genome Track View Help

0 I 2,000,000 4,000,000 6,000,000

EINQue®

Orthologs Human; Mouse; Rat; Hamster; Black bear; Squirrel; Little brown bat;
Yellow-bellied marmot; Alpine marmot

8,000,000 10,000,000 12,000,000
scaffold] v  scaffold1:409401..504800(95.4Kb)  Go

Expression (FPKM)
Expression (FPKM)

AAnnotated term

425,000 450,000 475,000
Reference sequence Zoom in to see sequence Zoom in to see sequence
Gene Name Mospd2 T ——
~Expression “Sequence
>Mar01119

Brain Liver Lung TOI T02 TO3 TO4 T05 T21 T22 T23 T24 125 T49 T51 T52

~DEG involved
GO G0O:0016021 integral component of membrane CC . .
G0:0005198 structural molecule activity MF Plagure infection no
KEGG NA Hibernation yes
~Synteny block
Comparison Block ID
Himalayan marmot VS Alpine marmot HABI1
Himalayan marmot VS Yellow-bellied marmot =~ HYBI1

Fig. 2 Overview of the ‘Search’ section of iMarmot database. The gene feature page contains several sections, including Genome Browser,
Expression, Sequence, Annotated term, Synteny blocks, etc. Mar01119 was taken as an example

Cds ATGGCCGAGAATCACGCCCAGAATA-
+  AAGCCAAGCTCATCTCTGAGACCCG-
~  GCGAAGATTGAAGCTGAGTATGTGA

>Mar01119
Pep MAENHAQNKAKLISETRRRFEAEYVT-
3 DKPEKYDPRDVERLQQDDNWYVESYL-
- HWRHNVVDETLKMLDESFQWRKEFS

toolkit (version 2.9.6) was used to convert the data from
SRA to FASTQ format and then applied cutadapt (version
1.18) [25] with the following criteria for the quality con-
trol: 1) remove adaptors; 2) base quality > 20. After obtain-
ing the high-quality data, mRNA sequencing reads were

analyzed by unified protocol. First of all, HISAT was used
to map the raw RNA-seq reads to their corresponding ge-
nomes [26]. Subsequently, the alignments were delivered
to StringTie [27], which would assemble the full-length
transcripts representing multiple splice variants for each
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Synteny blocks

Comparisons:

Display synteny block

© Himalayan_marmot vs Alpine marmot
Himalayan_marmot vs Yellow-bellied marmot

NW_015351231.1:4428617-18884403

NW_015351315.1:894946-3443816

Block ID Location A Location B
HAB1 ~__ scaffold1:109977-15003675

HAB2 scaffold10:1603475-4140862

HAB3 scaffold100:712-1175325

NW_015351296.1:14884-1267864

A Block info

Block ID HAB1
Organism A Himalayan marmot
Location A scaffold1:109977-15003675
Organism B Alpine marmot
Location B NW_015351231.1:4428617-18884403
B
Gene A Locus A Gene B
Mar06889 scaffold1:109977-284386;+ gene11009
Mar14981 scaffold1:399768-417199;- gene11010
Mar01119  scaffold1:424288-466254;+ genel11011
Mar08027 scaffold1:800253-840985;- gene11013
Mar13775 scaffold1:844107-869059;- genel11015
Mar04368 scaffold1:874269-884284;- genel11016
Mar15495 = scaffold1:903420-914960;- gene11017
Mar12955 scaffold1:938366-1036107;-  gene11018
Mar19238 scaffold1:1056657-1095495;+ gene11019
Mar05106 = scaffold1:1101501-1152014;- gene11020
Gene A Locus A Gene B

connected by grey lines

Fig. 3 Overview of the synteny block. The visualization of selected synteny block is shown according to the homologous gene pairs, which are

A Visualization

scaffold1 NW_015351231.1

-187897 4139501
Mar06889 gene11009
Mar08027 gene11013
Mar02204 gene11021
Mar00695 gene11027
Mar25247 gene11029
Mar16283 gene11035
Mar15814 gene11037
Mar18204 gene11044
Mar02151 gene11049
Mar14600 genel11054
Mar17033 gene11059
Mar25254 ggﬂs1 1 gﬁé
Mar28414 gene11073
Mar19088 genel11074
Mar10124 genel11076
Mar12704 gene11087
Mar12251 gene11090
Mar06117 gene11092
Mar19293 gene11103
genel11107

Mar26692

Mar08923 genel11109

15301548 19173518
015351231.1:5216559-5321657;-  XP_015343449

NW_015351231.1:5342521-5384584;+ XP_015343450

NW_015351231.1:5387321-5433745;-  XP_015343540

Locus B Protein B

gene locus. The merged full-length transcripts were given
to StringTie again for obtaining better quantification of
transcript richness. At last, Ballgown obtained all tran-
scripts and abundances from StringTie and classified them
according to the sample group [28]. For microarray, the
raw data was downloaded from the GEO repository. Then
R package Limma was applied to perform the data
standardization and assess the differential expression via
pairwise comparison. If multiple probes existed for one
gene, the mean expression of these probes is considered

as the expression of this gene. The criterion is p-value less
than 0.05. Totally, 6 plague infection projects and 14 hi-
bernation projects were retained, containing 536 samples,
covering 14 tissues and 10 species.

Utility and discussion

Search and browse

To facilitate the query for gene information, we built
the index for various types of annotation data, such
as gene symbol, GO terms and KEGG pathway, and
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provided a basic search form for the Himalayan mar-
mot genome, Alpine marmot and Yellow-bellied mar-
mot. The users only need to input a single or batch
of gene IDs, gene symbols or genome regions for re-
trieving the specific gene information. Each gene has
a detailed information page, which is divided into
subsections including the general information, gene
structure implemented in JBrowse, sequence of pro-
tein and CDS, annotated term, expression pattern, as
well as synteny block (Fig. 2). Moreover, users could
also browse the GO or KEGG category and synteny
blocks for the Himalayan marmot, Alpine marmot
and Yellow-bellied marmot. Genes within each anno-
tated category or synteny block will be displayed and
further linked to Genome browser. In addition, we
also provided a search function aside the main menu,
which allows global keyword queries against all the
records stored in the database.

Genome browser

In iMarmot database, we have implemented JBrowse, a
commonly used Genome browser, to display the genome
sequences, gene models, genomic variations [29]. Cur-
rently, de novo assemblies of 3 marmots and genomic
variations of 5 marmots were imported into JBrowse
[29]. Particularly, there is a Himalayan marmot genome
track embedded in the Genome Browser subsection in
the gene feature page. This subsection provides a graph-
ical and informative view of the gene structure of the
searched gene model (Fig. 2). In addition, the JBrowse
has several supporting tracks of non-coding RNA,
pseudogene, repetitive sequence and GC content for the
Himalayan marmot. In addition, JBrowse also provides
access to easily add the genomic information of other
marmots.

DEGs visualization

In order to infer the molecular mechanism underlying
the biological features of marmots, we have developed
the DEGs module for visualization the differential ex-
pression profiles derived from the transcriptome data
of several hibernators and plague hosts. Users can
easily filter the DEGs within one project by tissues,
comparisons, up or down regulation status, fold
change value, and p-value. The result page of differ-
ential expression analysis contains the parameters
used for statistical analysis, project description, signifi-
cant DEGs list, and linkages to download file contain-
ing the differential expression analysis results. The file
format of DEGs directly conform to the request of
Online tools, such as enrichment analyses, PCA and
correlation heatmap.
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Online tools

Numerous candidate genes were proposed in the
comparative genomic and transcriptomic studies. The
designating of those genes into specific functional cat-
egories would definitely facilitate the perception of
the potential molecular mechanism under certain
pathophysiological status. By enrichment analysis, we
are able to detect the significantly overrepresented
functional classes in a given gene list, which provide
a useful tool to infer the major influenced functional
categories or biochemical pathways in organisms with
specific experimental treatments. In the iMarmot
database, we have embedded the two commonly used
tools: GO and KEGG tools, which facilitate the users
to find the significantly enriched GO terms and
KEGG pathways by uploading an interesting gene list.
The ‘GO tool’ was executed by involving the GO::
TermFinder Perl module. The ‘Pathway tool’ was op-
erated based on the PathwayTools [30]. The hyper-
geometric distribution test was applied to determine
the significance of enriched gene class in either GO
or KEGG tool [31]. We have also integrated some
other frequently used genomic and transcriptomic
tools, such as Blast [17], Muscle [32], Lastz [33],
Genewise [34], PCA, hCluster and correlation heat-
map. Users can upload their own data, fill in the pa-
rameters and submit the task. Then a result page will
appear automatically.

Other functions

In the Download page, we provide linkages for batch
data download. The users can directly download all the
processed data, including the whole genome sequence,
protein and CDS sequences, gene function annotation,
SNP data and expression profile data. Meanwhile, iMar-
mot users are also welcome to share their own data with
us. In the Submit page, users could find the format re-
quirements of each data type that can be integrated to
the database. In addition, a “How to” page and a “FAQ”
page give the instructions of main functions to the iMar-
mot users and help them easily manage the database.

Conclusions

In conclusion, we have developed the iMarmot database,
which serves as a central portal for marmot species.
iMarmot stores the biological information, genome se-
quences, gene information, synteny blocks, orthologous
of three marmots, SNP data of five marmots and tran-
scriptomic data from various hibernators and plagues
hosts (Fig. 4). As iMarmot is a manually integrated data-
base, all the raw data collected/submitted would be
reprocessed by our own customized pipelines. For doing
this, different results may generate while compared to
the original published papers. The processed data is
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Fig. 4 Data and feature diagram of iMarmot database. The iMarmot database incorporates the biological, genomic and transcriptomic data of
marmots. All the data are manually curated and integrated. Various tools are embedded in the webpage to retrieve and analyze the data

further related the retrieval and analysis module. The re-
trieval and analysis module, including various query,
visualization and analysis tools, execute the main func-
tions of the iMarmot database (Fig. 4). We believe that
this database will not only broaden the understanding of
genetic mechanism underlying marmots’ biological fea-
tures, but also attract more and more attentions on the
conservation of endangered marmot species.
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