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ABSTRACT

DBTMEE (http://dbtmee.hgc.jp/) is a searchable and
browsable database designed to manipulate gene
expression information from our ultralarge-scale
whole-transcriptome analysis of mouse early em-
bryos. Since integrative approaches with multiple
public analytical data have become indispensable for
studying embryogenesis due to technical challenges
such as biological sample collection, we intend DBT-
MEE to be an integrated gateway for the research
community. To do so, we combined the gene expres-
sion profile with various public resources. Thereby,
users can extensively investigate molecular charac-
teristics among totipotent, pluripotent and differenti-
ated cells while taking genetic and epigenetic charac-
teristics into consideration. We have also designed
user friendly web interfaces that enable users to ac-
cess the data quickly and easily. DBTMEE will help
to promote our understanding of the enigmatic fertil-
ization dynamics.

INTRODUCTION

Mammalian fertilization is a dynamically and precisely reg-
ulated developmental step, where both maternal and pa-
ternal genomes coordinate with each other to confer em-
bryonic developmental competence on sperm-oocyte fusion
cells. During fertilization, specialized gene regulatory pro-
grams that cause wave-like transitions of gene expression
have to be tightly controlled (1,2). Deciphering mechanisms
underlying such gene regulation programs is a fundamental
challenge in human infertility and stem cell biology; that
is, how embryos avoid abortive development and acquire
totipotency.

Recent advances in high-throughput DNA sequencing
technology leading to the rising influx of data have rapidly
forwarded our understanding of the enigmatic fertilization
dynamics; for example, a mechanism of epigenetic mainte-

nance in germ cells analyzed by genome-wide DNA methy-
lations (3) and histone modifications (4), temporal gene ex-
pression patterns detected by whole-transcriptome profile
of single cells (5) and huge number of cells (6), a mecha-
nism of zygotic reprogramming uncovered by identifying
parental factors that also enhance the generation of induced
pluripotent stem cells (iPSCs) (7). Integrating of these mul-
tiple resources makes it possible to extensively investigate
the molecular basis at early embryogenesis.

Here, we present a novel database, DBTMEE (DataBase
of Transcriptome in Mouse Early Embryos), which central-
izes gene expression profile at early developmental stages
(http://dbtmee.hgc.jp/). Aim of this database is to provide
the gene catalog that was established by our ultralarge-
scale RNA-seq analysis with high-quality 1.5 × 105 oocytes
(6). These oocytes were either used for in vitro fertilization
or parthenogenetic activation in order to contribute to the
functional characterization of parental genomes (6).

To provide an integrated gateway to the research commu-
nity, DBTMEE combines our gene expression profile with
various public resources, including RNA-seq data of em-
bryonic stem cells (ESCs) and iPSCs (8). Since it has been
reported that factors enriched in oocytes and zygotes are
good candidates to enhance the reprogramming of somatic
cells to iPSCs (7), the inclusion of pluripotent cells will pro-
mote stem cell biology. Users can explore (dis)similarly ex-
pressed genes across totipotent, pluripotent and differenti-
ated cells while taking genetic and epigenetic characteristics
into consideration.

DATA COLLECTION

Ultralarge-scale whole-transcriptome profile

DBTMEE provides a searchable gene expression profile
during normal and parthenogenetic early embryo develop-
ments that were established previously (6). In brief, we ex-
tracted high-quality metaphase II oocytes (Oo) and one-cell
stage (1C), two-cell (2C) and four-cell (4C) stage embryos by
in vitro fertilization. In addition, we collected mouse embry-
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Figure 1. Gene expression patterns observed from RNA-seq data in DBT-
MEE. Oo, oocytes; 1C, one-cell; 2C, two-cell; 4C, four-cell stage embryos;
ZGA, zygotic gene activation; MGA, mid-preimplantation gene activa-
tion; FPKM, fragments per kilobase of exon per million mapped reads.

onic fibroblast cells (MEFs) and parthenogenetic 1C (p1C)
and 4C (p4C) embryos. Total RNAs from ≥104 × 2 cells
per stage were sequenced by SOLiD system and analyzed
by Bioinformatics tools, detecting 17 486 genes that exhib-
ited intriguing expression patterns (Figures 1 and 2). The
gene expression patterns categorized by hierarchical clus-
tering are browsable from the front page of DBTMEE (Fig-
ure 3A-4).

Multiple public resources

Gene expression profiles established by heterogeneous plat-
forms are valuable resources, giving complementary and ex-
tensive information to users. We downloaded three microar-
ray profiles (9–11), and analyzed RNA-seq data sets that
were prepared by different sequencing protocols at various
embryonic stages and cell types, such as Oo and 2C em-
bryos (12), spermatozoa (3), single-cell oocytes (5), ESCs
(8) and iPSCs (8). Also, we downloaded mass spectrom-
etry proteomic data that detected proteins in oocytes and
zygotes to be used for linking mRNA to its products (13).
In addition, we prepared DNA methylation data (3) and
ChIP-seq data of histone variants (4) in spermatozoa, then
profiled these epigenetic features for each gene promoter,
±2kbp and ±5kbp from transcription start site (TSS).

MANIPULATION OF DATABASE CONTENTS

We compiled tables from the above-mentioned collections,
then built a database with these tables using MongoDB
(Ver. 2.4.3, http://www.mongodb.com/) coupled with PHP
language (http://php.net/). Since MongoDB offers high
scalability, we can efficiently handle a wide range of col-
lections as database tables. We assigned the unique iden-
tifiers to RefSeq genes (DBTMEE IDs) to manipulate
the database efficiently. Genomic information was pre-
pared from NCBI (http://www.ncbi.nlm.nih.gov/gene/) and
MGI (http://www.informatics.jax.org/). The mouse refer-
ence genome, mm9 assembly, was downloaded from UCSC
genome browser (http://genome.ucsc.edu/).
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Figure 2. Gene expression profile in DBTMEE ver. 2.0 that contains 21
206 coding and non-coding RefSeq genes. MEF, mouse embryonic fibrob-
last; p1C, parthenogenetic 1C; p4C, parthenogenetic 4C; iPSC, induced
pluripotent stem cell.

In our previously published paper (6), we analyzed RNA-
seq data using the TopHat (ver. 1.4.1)-Cufflinks (ver. 2.0.2)
pipeline (14) and RefSeq annotation (release 46, http://
www.ncbi.nlm.nih.gov/refseq/). The quantification of RNA
abundances in terms of FPKM, fragments per kilobase of
exon per million fragments mapped reads, relies on given
RNA-seq data sets. For this reason, we generated many
FPKM tables in different combinations with developmen-
tal stages and annotations. More information can be found
in the help web page of DBTMEE.

To provide the reproducibility of our original study,
we have deposited these results into DBTMEE (ver. 1.0).
Meanwhile, we have updated the database contents by uti-
lizing the newly released Cufflinks package (ver. 2.2.1) and
RefSeq annotation (release 65). Notably, as shown in Fig-
ure 2, we calculated FPKMs with whole sequenced reads
from 10 embryo stages and cell types at a time, and gener-
ated an all-in-one table that contains 21 206 genes expressed
at least one stage (DBTMEE ver. 2.0). This table presents
not only gene expression transitions during early embryo
development but (dis)similar gene expression levels among

http://www.mongodb.com/
http://php.net/
http://www.ncbi.nlm.nih.gov/gene/
http://www.informatics.jax.org/
http://genome.ucsc.edu/
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Figure 3. Screenshots of the web interfaces in DBTMEE. The front page (A) displays search boxes that handle a regular expression (A-1, 2) and gene
catalog established by clustering of gene expression patterns (A-4). Users can access information of a gene or a set of genes on multiple tables in single
web page (B) that contains hyperlinks (B-1) to each gene information page (C). Through the basic and advanced search options in browser interfaces (E)
appearing to the left menu (A-3), users can handle more specific search results from a particular table (D).
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Figure 4. Working example of the analysis of paternal histone bivalent marks with DBTMEE. 658 genes marked by both H3K4me3 and H3K27me3 in
sperm and not expressed in parthenogenesis belong to one of 10 zygotic expression patterns. These genes that particularly exhibit 4-cell transient, maternal
RNA and minor ZGA patterns are preferentially up-regulated after fertilization. Asterisks represent the level of statistical significance (P-value of Wilcoxon
test): *P < 0.01, **P < 0.001, ***P < 0.0001. Ne, genes marked by neither histones; Bi, genes marked by both histones.

Table 1. Example of keywords used in the search options.

Input Implication

Tet1 Exact match to gene names or aliases
DBTMEE:2021159 Exact match to DBTMEE IDs
Tet1 Tet2 Exact match for ‘Tet1’ or ‘Tet2’a

*Sox* All gene names or aliases containing ‘Sox’
NM 008242* All RefSeq containing ‘NM 008242’ at the beginning
* All records

aOR search operator handles multiword

totipotent, parthenogenetic, pluripotent and differentiated
cells.

WEB INTERFACES

Three ways of gene information search and access

To offer high accessibility and usability, we opened up three
ways that guide users to searching and filtering records for
a particular gene or a set of genes from all the tables.

First, users can enter case-insensitive keywords (i.e. gene
names, RefSeq IDs, DBTMEE IDs) into the search field al-
ways appearing in the top-right corner (Figure 3A-1), re-
turning records for them from all the tables on single web
page (Figure 3B). The keywords highlighted in the result
can contain space-delimited multiword and a wildcard ‘*’
that matches all possible strings (Table 1). This may be help-
ful when users want to find members of a certain gene fam-
ily.

Alternatively, users can directly access gene information
by entering an exact keyword into a search box (Figure 3A-

2) or through ‘Gene Search’ of the left-side menu (Fig-
ure 3A-3). The search result includes genomic features, GO
terms and hyperlinks to external databases. It further con-
tains records found from the tables (Figure 3C). In any case,
each one of found records contains the unique DBTMEE
IDs linked to its gene information page (Figure 3B-1).

As another option to access DBTMEE data, we installed
‘Table Browser’, ‘Regulation’ and ‘Epigenome’ interfaces,
which can be found from the left-side menu (Figure 3A-
3). The tutorial and help web pages contain detailed in-
formation on how to use the interfaces. Through this way,
users can browse a particular table by setting basic search
fields and advanced search options, then download the re-
sults as TSV (tab-separated values) file (Figure 3E). In
the regulation browser, we installed Cytoscape Web (http:
//cytoscapeweb.cytoscape.org/) for visualizing TF-bindings
to a gene promoter we inferred (Figure 3D-1).

http://cytoscapeweb.cytoscape.org/
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Basic and advanced search options

In the browser interfaces (Figure 3D), we equipped the ba-
sic and advanced search options that enable users to han-
dle more specific search results. For example, in the ‘Ta-
ble Browser’ (Figure 3E), users must enter a simple regu-
lar expression (Table 1) into the ‘3. Gene’ field after select-
ing a table from the ‘2. Table selection’ field. The ‘1. Cate-
gory’ field helps to focus the search on tables in a particu-
lar category. To download the search result, users have to
select ‘TSV text file’ from the ‘5. Output format’ field. In
the epigenome browser, this field contains an extra option
‘TSV+Gene expression (V2.0)’ that serves both epigenetic
features and gene expression levels in one text file.

The content of advanced options that is combined by
AND search operator is dynamically changed correspond-
ing to a table user selected. For example, in the case of ta-
bles for gene expression profiles, users can set thresholds for
FPKMs and confine genes that exhibit a specific expression
pattern.

WORKING EXAMPLE

As an example of DBTMEE usage, we analyzed zygotic
gene expression changes that might be associated with pa-
ternal histone bivalent marks of H3 lysine 4 trimethylation
(H3K4me3) and H3 lysine 27 trimethylation (H3K27me3).

In the web interface of epigenome browser, we chose
‘SPR Histone Erkek +-2KfromTSS’, implying the histone
enrichment within ±2kbp from TSS in spermatozoa that
was established by Erkek et al. (4), and ‘TSV+Gene ex-
pression (V2.0)’ options. Then, we entered ‘*’ into the ‘2.
Gene’ field, and set the advanced search options with >1.0
for four fields: H3K4me 1, H3K4me 2, H3K27me 1 and
H3K27me 2. Since the advanced search utilizes AND op-
erator, this setting implies that gene promoters are marked
by all four ChIP replications of the histones in sperm (i.e. 2-
fold enrichment in ChIP against input). This returned 3543
genes as a TSV file that contained their FPKMs. In addi-
tion, by setting the options with ≤1.0 for the four fields, we
downloaded 3686 genes that were marked by neither his-
tones.

Although we have not installed any analytical tools, users
can further analyze the downloaded file as desired. For ex-
ample, after gathering genes that were not expressed at both
p1C and p4C (≤1.0 in FPKM) but were expressed at least
one stage, we could prepare 658 and 901 genes that were
marked by both histones and by neither histones, respec-
tively (Supplementary Tables S1 and S2). These genes be-
long to one of the zygotic expression patterns shown in Fig-
ure 3A-4. To investigate the influence of paternal histone bi-
valent marks on early development, we plotted FPKM dis-
tributions along the stages in each of the zygotic expression
patterns (Figure 4). Interestingly, after fertilization, the bi-
valently marked genes categorized into 4-cell transient, ma-
ternal RNA and minor ZGA patterns are likely to be ac-
tively transcribed. Although experimental validations are
required, this result might be helpful to identify genes that
are affected by sperm transmission and to determine the
roles of epigenetic inheritance from sperm.

Users can find more introductory working examples
from the tutorial web page (http://dbtmee.hgc.jp/tutorial/
tutorial.php).

CONCLUSIONS

DBTMEE provides the transcriptome profile that we estab-
lished from mouse early embryos in an unprecedented scale
of experiment. To make our ultralarge-scale transcriptome
profile more useful, we built the database with not only the
results of downstream analyses of the profile but also the de-
position of related public resources. We have also designed
the user friendly web interfaces that enable users to access
the data quickly. Because the high-scalable system manip-
ulates information on the database, we can cover a wide
range of collections that will help shed light on the enig-
matic fertilization dynamics; e.g. high-resolution single-cell
transcriptome data of embryos, allelic-specific gene expres-
sion, asymmetric genetic and epigenetic features in blas-
tomeres. We aim to further improve and update the data in
future releases, and will implement additional web utilities.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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