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ABSTRACT

To understand living cells, we need knowledge of
each of their parts as well as about the interactions
of these parts. To gain rapid and comprehensive ac-
cess to this information, annotation databases are re-
quired. Here, we present SubtiWiki 2.0, the integrated
database for the model bacterium Bacillus subtilis
(http://subtiwiki.uni-goettingen.de/). SubtiWiki pro-
vides text-based access to published information
about the genes and proteins of B. subtilis as well as
presentations of metabolic and regulatory pathways.
Moreover, manually curated protein-protein interac-
tions diagrams are linked to the protein pages. Fi-
nally, expression data are shown with respect to gene
expression under 104 different conditions as well as
absolute protein quantification for cytoplasmic pro-
teins. To facilitate the mobile use of SubtiWiki, we
have now expanded it by Apps that are available for
iOS and Android devices. Importantly, the App allows
to link private notes and pictures to the gene/protein
pages. Today, SubtiWiki has become one of the most
complete collections of knowledge on a living organ-
ism in one single resource.

INTRODUCTION

In the era of low-cost and high-speed whole-genome se-
quencing projects, large amounts of genome data accumu-
late and require faithful functional annotation. These an-
notations are usually based on prior information that is
available in public databases. A major source of such in-
formation is the knowledge that has been generated for
a handful of highly studied species, i.e. the model organ-
isms. For Gram-positive bacteria, Bacillus subtilis serves as
the model organism. The Gram-positive bacteria include
a major fraction of the biodiversity of the human micro-
biome, and many important pathogens such as Staphylococ-
cus aureus, Streptococcus pneumoniae, Clostridium difficile

or Listeria monocytogenes. Moreover, many species that are
used in biotechnology and in diary industry such as Bacil-
lus licheniformis or the lactic acid bacteria are members of
this large group of bacteria. The better understanding of all
these bacteria relies on our knowledge on the model organ-
ism B. subtilis.

Due to the developmental program of sporulation, the
ease of genetic manipulation and its biotechnological im-
portance, B. subtilis has attracted much interest since its
original discovery by Cohn (1). This long-standing inter-
est made B. subtilis one of the best-characterized organisms.
With more than 2500 publications in the past two years, B.
subtilis has continued to be in the focus of microbiologi-
cal research. However, with the advance of post-genomic
techniques, the type of studies has gradually shifted from
genetic/ biochemical studies of individual genes or proteins
to global analyses at the transcriptome and proteome lev-
els. Moreover, B. subtilis has come into the focus of several
projects aimed at defining the minimal genome that is re-
quired to drive an independently living cell (2-4).

Several databases that cover information on B. subtilis
have been developed. These are either part of global ef-
forts (BsubCyc as part of BioCyc; SubtiList, now avail-
able as part of GenoList), or specialized to specific scien-
tific problems such as regulation or sporulation (DBTBS
and SporeWeb, respectively) (5-8). To collect all available
information on B. subtilis and to make it easily accessible
to the scientific community, we have developed SubtiWiki,
a database on all genes and proteins of B. subtilis (9).
SubtiWiki is accompanied by several modules that graph-
ically present gene expression, metabolic and regulatory
pathways and protein-protein interactions (10,11). With the
generation of those additional modules, SubtiWiki has be-
come more and more complex. Moreover, the integration of
multiple layers of different classes of information (text and
figures) has become problematic due to changing gene des-
ignations. Here, we present the development of SubtiWiki
2.0 as a database that integrates different forms of presen-
tation. In addition, SubtiWiki 2.0 provides the user with a
couple of new tools that facilitate research beyond the in-
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formation provided in SubtiWiki. Moreover, we realized the
need for a mobile version of SubtiWiki that allows the user
to easily access the most important information and to link
it to private notes.

THE SubtiWiki ENTRY PAGE

The common main page of SubtiWiki gives access to all in-
formation that is available in the database. This includes the
gene or protein pages, pages for plasmids, labs and meth-
ods, as well as the pages for protein—protein interactions,
metabolic and regulatory pathways, and gene/ protein ex-
pression (Figure 1). Clicking on one of the tabs gives access
to a search box. A short explanation what to type in is given
below the box for users that are not familiar with SubtiWiki.
The entry page is adjusted to the respective output device
(desktop, tablet or smartphone).

THE BASIC PAGES FOR THE INDIVIDUAL GENES
AND PROTEINS

Since SubtiWiki has become very popular, we have re-
designed the pages for the genes and proteins very cau-
tiously in order to allow the users to orientate themselves
quickly on the new pages (see Figure 2). In addition to
all the information concerning the specific gene or pro-
tein, tabs at the very top of all pages allow direct access
to the pathway, interaction, and expression pages for the
concerned gene/ protein. Moreover, each page provides
links to important conferences, the paper of the month,
the Bacillus labs, and the credit page. A specific link guides
the user to the download area in which all relevant files
are available in Excel format. At the bottom of each page,
links to SubtiWiki contacts, applications, and database en-
tries are provided. The applications include direct links
to Blast searches (with pre-added DNA and protein se-
quences), as well as to downloads of the DNA and protein
sequences. The linked databases include structure (PDB,
12), enzyme classification (Expasy ENZYME, 13) and fur-
ther protein resources (UniProt, 14). Moreover, other im-
portant databases of the B. subtilis community (SubtiList,
BsubCyc and KEGG, (5,6,15)) are listed. Finally, a direct
access to the B. subtilis expression data browser (16) is avail-
able. In all cases, the links direct the user to the pages of
those databases for the specific gene or protein.

On the top of the pages, the key general information for
the genes/ proteins is provided. This includes the descrip-
tion, the locus tag (with a link to the BsubCyc database, (5)),
sizes of the gene and protein and the function (with links
to download DNA and protein sequences, respectively, and
to perform BLAST searches). Moreover, information on
gene essentiality, the E.C. number (if any, with a link to
the Expasy ENZYME database, (13)), and synonyms are
listed. Finally, links to the major database entries for the
gene/protein of interest are provided. Below this general
information, the user finds a scheme of the genomic con-
text of the corresponding gene. This scheme shows not only
the specific gene and the adjacent genes, but gives also in-
formation on transcription directions and on transcription
signals as detected in a large-scale gene expression analy-
sis (16). Importantly, the genes and new RNA features in
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the picture are clickable and guide the user to the corre-
sponding gene page. Moreover, using the L and R buttons
in the diagram the user can move 10 genes up- and down-
stream, respectively. At the right side of each page, the user
will find brief graphical presentations of the protein struc-
ture (if known), the gene expression profile under 104 condi-
tions, and the protein-protein interactions. Clicking on the
structure will bring the user to the corresponding page of
the PDB database. Similarly, the expression picture gives
direct access to the expression information for the gene/
protein. In the case of the interaction scheme, upon mov-
ing the mouse over a protein, a pop-up window will pro-
vide the key facts about this protein. Clicking on one of
the protein names will open the corresponding SubtiWiki
page for that protein in a new window. Finally, a searchable
Pubmed box below the interaction scheme allows direct lit-
erature searches from each SubtiWiki page.

Below the genomic context scheme the user will find all
the detailed information for the respective gene or protein.
This information is presented as it was before in SubtiWiki,
sorted with respect to functional categories, regulons, phe-
notypes of a mutant, detailed information on the pro-
tein (such as activity, domains, interactions, localization,
etc.), information on gene expression and regulatory mech-
anisms, the availability of biological materials, the labs that
work on the gene/protein, and references. As well estab-
lished in SubtiWiki, all information is supported by links to
the corresponding references, and links to other SubtiWiki
pages are given whenever possible.

THE PATHWAY MAPS

The collection of maps of metabolic and regulatory path-
ways consists of 49 diagrams with 1240 proteins and
201 metabolites that cover most aspects of B. subtilis
metabolism. The pathway diagrams are accessible either
from any of the gene pages or from a drop-down menu that
is offered upon clicking the ‘Pathways’ button.

To enrich the pathway maps with additional informa-
tion, we have added transcriptome and proteome data to
correlate gene expression and protein abundances with the
metabolic pathways. Moreover, this information is helpful
to understand the regulatory mechanisms that are shown
below the metabolic pathways. To get access to these addi-
tional sets of information, there are “Transcriptomics’ and
‘Proteomics’ buttons at the top of each map. Clicking on
one of them opens a drop-down menu to choose a condi-
tion. The selection of one condition will add colour-coded
flags to each gene/protein showing the abundance of the
mRNAs or proteins (see Figure 3). The color code is ex-
plained at the bottom of the pages.

All diagrams can be downloaded as.xml files to enable the
users to customize them for their specific scientific problem.
Moreover, drop-down menus at the top of the maps allow
the selection of any specific enzyme or metabolite in order
to localize this particular molecule on the map.

All proteins and metabolites are labelled with interac-
tive markers: in the default state, the markers give access
to an information window with the basic data about the
proteins. If transcriptome data are shown, the information
window contains the ‘expression at a glance’ under 104 dif-
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Figure 1. The main page of SubtiWiki. On the left side the user can choose the application of interest. On the right side the user simply has to type the
gene/protein of interest into the search box to start the search. At the bottom of the page the user will find additional information containing statistics and

data.

ferent conditions. In the ‘Proteomics’ state the informa-
tion window shows the number of molecules of this protein
per cell under the chosen condition (17-19). All informa-
tion windows provide links to the gene-specific SubtiWiki,
SubtiExpress and SubtInteract pages (see Figure 3).

MANUALLY CURATED PROTEIN-PROTEIN INTER-
ACTION MAPS

A living cell is not just a sum of its components, but
it requires distinct and both highly specific and dynamic
protein-protein interactions. For B. subtilis, we have col-
lected all interaction information from the scientific liter-
ature including several global analyses (20-23). In total,
1936 interactions with 952 participating proteins are listed.
The direct interactions of each protein are shown imme-
diately on the gene pages. Moreover, there are dedicated
interaction maps that can be accessed via the button at
the top of the gene pages (see above, Figure 2). These di-
agrams show the interaction partners of the protein of in-
terest. Using the ‘+” and ‘—’ button at the bottom of the di-

agrams, the user can change the zoom level. At level 1, the
direct interaction partners of a protein are shown, whereas
this extends to the partners of the partners at level 2 (and
so on) (see Figure 4). To facilitate the analysis of the di-
agrams, the direct interaction partners are highlighted in
red if the mouse goes over one protein. Moreover, at the
right sight of the page, the key information for the corre-
sponding gene/protein as well as the links to the SubtiWiki,
SubtiExpress and SubtiPathways pages appear. As already
explained above for the SubtiPathways maps, gene expres-
sion and absolute protein quantification data can be pro-
jected on the interaction maps.

Subti Express PAGES PROVIDE TRANSCRIPT LEV-
ELS, ABSOLUTE PROTEIN QUANTIFICATION AND
THE TRANSCRIPTIONAL ORGANIZATION OF GE-
NOMIC REGIONS

Expression information is provided on dedicated
SubtiExpress pages. These pages are composed of three
parts: The upper part shows gene expression levels under
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Figure 2. The specific page for citB. Each gene page shows all information for the specific gene as well as diverse links to other resources.
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104 different conditions, the middle part absolute protein
quantities under 16 conditions, and the lower part the
transcriptional organization of the respective genomic
region. For the transcript and protein levels, the user can
mouse over the expression dots to see information on the
condition and the precise expression level (relative level
for the transcriptome and protein molecules per cell for
the proteome data) (see Figure 5). It should be noted that
protein expression data are only available for cytoplasmic
proteins. A novel feature of the SubtiExpress pages is the
possibility to directly compare the expression of different
genes at both the transcript and protein levels. For this
purpose, the user enters the designation of the gene of
interest into the ‘compare’ box at the top of the page.
Expression levels of the second gene/ protein are then
projected in red onto the original expression data.

Subti Wiki FOR MOBILE DEVICES

With the popularity of smart mobile devices booming high
in the last decade, the habits of internet users have been un-
dergoing huge changes. Statistics have revealed that in the
USA since 2013, the use of the internet from mobile de-
vices has exceeded the use from desktop computers. In May
2014, mobile applications alone have taken up more inter-
net usage than the combined use of browsers on desktops
and mobile devices, indicating that people start to rely more
on mobile apps than on browser interfaces. Thus, a mobile
application for SubtiWiki is required to make this resource

available to researchers wherever they are. Since SubtiWiki
consists of comprehensive text which is feasible for mobile
devices, we have developed the SubtiWiki app that is avail-
able both for i0S and for Android based devices.

The idea behind the development of the SubtiWiki app
was that it should provide the user with the most impor-
tant information ‘on the go’, but that it should also give
access to the complete information in the browser version.
Importantly, a second major goal in the development of the
SubtiWiki app was the possibility to link the genes and pro-
teins to private notes and pictures. This enhances the use of
the database especially at conferences and workshops where
ideas and novel pieces of information can be privately added
to the genes.

The app is designed as a quick dictionary of the genes and
proteins of B. subtilis. To find a gene, the user simply types
the full or partial name of the gene or its synonym. Possi-
ble hits will then be listed, and a selection can be made. On
the gene page, a brief organized summary of the gene/ pro-
tein’s annotation is presented, including the function, essen-
tiality, size of the gene and protein as well as the locus tag
(see Supplementary Figure S1). The following parts of the
pages provide more detailed information on functional cat-
egories, regulation, phenotypes of mutants, and biological
materials that are available in the community.

Upon clicking the underlined hyperlinks inside the gene
page, the user will be redirected to either another gene page
or a full list of genes belonging to a certain functional cat-
egory or regulon (see Figure 6). The categories and regula-
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Figure 4. Interaction presentations in SubtInteract. SubtInteract visualizes the manually curated protein—protein interactions. The user can change the
zoom level, and project transcriptomic and proteomic data on the interactive image.

tion information are aimed at providing an instant overview
on complete sets of functionally connected genes and pro-
teins. Importantly, these category and regulon pages con-
tain hyperlinked gene designations and allow the user to ex-
plore complete families of genes. This information is based
on SubtiWiki, and all individual categories and transcrip-
tion factor regulons are clickable and direct the user to
pages that list all members of the respective category or reg-
ulon (see Figure 6).

On top of each gene, regulon or category page there is
a star that can be clicked to mark this particular page as
a favorite. This means that the information for the selected
genes/ regulons/ categories will be stored on the local de-
vice, and that it is accessible even when the device is offline.
Moreover, to better organize the stored data, the user can
create customized lists with the ‘Collections’ tab and add
the stored pages to these lists.

While the information presented in the SubtiWiki app is
all shared with the desktop version of SubtiWiki, we in-
cluded the possibility to add private notes as a novel fea-

ture. Researchers often go to conferences or other kinds of
meetings where they are exposed to the most recent results
and confidential unpublished information. To keep record
of this information, private notes can be taken that will be
linked to the gene page. For this purpose, the ‘+’ button at
the top of the page has to be used. Then, a blank editable
page appears (see Supplementary Figure S2). Here, the user
can either put in a text (click ‘Done’ when finished), or a
picture can be added by either taking a new photo or by se-
lecting a photo from a gallery that is stored on the mobile
device. The addition of any information will automatically
add this gene page to the list of favorites, making all infor-
mation available offline. The notes and pictures appear at
the bottom of the gene pages (see Supplementary Figure
S3), and the pictures are clickable to see them on the full
screen. All the pictures that have been added are displayed
in the internal gallery for a quick access and display in full
screen and zoom.

Importantly, the private notes and pictures will strictly
stay on the particular device on which they have been
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Figure 5. Presentation of expression data in SubtiExpress. This application provides information on gene expression levels, protein quantities as well as

the transcriptional organization of the genomic region of the gene. The user
expression levels of the gene/protein of interest with other genes/proteins.

added to ensure the privacy of this information. Neither the
SubtiWiki app nor the desktop version of the database col-
lect any personal data of the users.

The SubtiWiki app can be downloaded for free from the
Apple App Store and the Google Play Store for i0S and
Android users, respectively.

PERSPECTIVES

With now about 50 000 page accesses per day SubtiWiki has
become one of the most popular databases dedicated to a

can interactively explore the conditions used in the diagram and compare

single organism. It is one of the most complete inventories
of knowledge on a living organism in one resource.

In the future, keeping up-to-date with the most recent sci-
entific information will remain a key task for the develop-
ment of SubtiWiki. In addition, we will develop database
systems that further improve the internal organization of
the database and that may be used for the annotation of
other organisms as well.



Carrier &

{ Search  Category

Q

- Information processing
- regulation of gene expression

- RNA binding regulators

Name: glpP

Synonyms: None

Name: glcT

Synonyms: ykwA

Name: pyrR

Synonyms: None

Name: citB

Synonyms: None

Name: mtrB

Synonyms: None

Name: rplT

Synonyms: None

Name: sacT

Synonyms: ipa-47d

Name: sacY

Synonyms: ipa-13r,sacS

Name: licT

Synonyms: None

Name: hutP
Synonyms: hutP1

Nucleic Acids Research, 2016, Vol. 44, Database issue D661

10:02 AM 100% (@)

+

trigger enzyme: aconitase and RNA binding protein

Locus Tag: BSU18000
Essential: No

Gene Length: 2727.0 bp
Protein Length: 909.0 aa
Molecular Weight: 99.0 kDa
Isoelectric Point: 4.903

Category
* TCA cycle
* trigger enzyme

* RNA binding regulators

Regulation

* CcpA: repression, in CcpA regulon

* CcpC: repression, in CcpC regulon

* CodY: repression, in CodY regulon

+ FsrA: translation inhibition, in FsrA regulon

* Regulator of CitB regulon

Phenotype of Mutant

+ glutamate auxotrophy and a defect in sporulation

Biological Materials

Mutant
+ GP1275 (citB::erm), available in Jorg Stiilke's lab
+ GP1441 (spc), available in Jorg Stiilke's lab

* 1A999 (citB::spec), , available at [http://pasture.asc.ohio-

Q

Search

) _ 1 o,

Collections Gallery About

Figure 6. The genes in functional category ‘RNA binding regulators’. The list of all genes belonging to the functional category ‘RNA binding regulators’.
All individual gene pages of the members of the category are directly accessible.



D662 Nucleic Acids Research, 2016, Vol. 44, Database issue

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful to the members of our lab for helpful dis-
cussions and encouragement.

FUNDING

Funding for open access charge: University of Gottingen.
Conflict of interest statement. None declared.

REFERENCES

1.

2.

Cohn,F. (1872) Untersuchungen iiber Bakterien. Beitrdige zur
Biologie der Pflanzen, 1, 127-224.

Commichau,F.M., Pietack,N. and Stiilke,J. (2013) Essential genes in
Bacillus subtilis: A re-evaluation after ten years. Mol. Biosyst., 9,
1068-1075.

Juhas,M., ReuB8,D.R., Zhu,B. and Commichau,F.M. (2014) Bacillus
subtilis and Escherichia coli essential genes and minimal cell factories
after one decade of genome engineering. Microbiology, 160,
2341-2351.

Tanaka,K., Henry,C.S., Zinner,J.E., Jolivet,E., Cohoon,M.P, Xia,F.,
Bidnenko,V., Ehrlich,S.D., Stevens,R.L. and Noirot,P. (2013)
Building the repertoire of dispensable chromosome regions in
Bacillus subtilis entails major refinements of cognate large-scale
metabolic model. Nucleic Acids Res., 41, 687-699.

Caspi,R., Altmann,T., Billington,R., Dreher,K., Foerster,H.,
Fulcher,C.A., Holland, T.A., Keseler,I.M., Kothari,A., Kubo,A.

et al. (2014) The MetaCyc database of metabolic pathways and
enzymes and the BioCyc collection of pathway/ genome databases.
Nucleic Acids Res., 42, D459-D471.

Lechat,P., Hummel,L., Rousseau,S. and Moszer,I. (2008) GenoList:
an integrated environment for comparative analysis of microbial
genomes. Nucleic Acids Res., 36, D469-D474.

Sierro,N., Makita,Y., de Hoon,M. and Nakai,K. (2008) DBTBS: a
database of transcriptional regulation in Bacillus subtilis containing
upstream intergenic conservation information. Nucleic Acids Res.,
36, D93-D96.

. Ejjlander,R.T., de Jong,A., Krawczyk,A.O., Holsappel,S. and

Kuipers,O.P. (2014) SporeWeb: an interactive journey through the
complete sporulation cycle of Bacillus subtilis. Nucleic Acids Res., 42,
D685-D691.

Lammers,C.R., Florez,L.A., Schmeisky,A.G., Roppel,S.E.,
Maider,U., Hamoen,L. and Stiilke,J. (2010) Connecting parts with
processes: SubtiWiki and SubtiPathways integrate gene and pathway
annotation for Bacillus subtilis. Microbiology, 156, 849-859.

. Miéder,U., Schmeisky,A.G., Florez,L.A. and Stiilke,J. (2012)

SubtiWiki — a comprehensive community resource for the model
organism Bacillus subtilis. Nucleic Acids Res., 40, D1278-D1287.

20.

21.

22.

23.

. Michna,R.H., Commichau,F.M., Tédter,D., Zschiedrich,C.P. and

Stiilke,J. (2014) SubtiWiki — a database for the model organism
Bacillus subtilis that links pathway, interaction and expression
information. Nucleic Acids Res., 42, D692-D698.

. Rose,P.W,, Prli¢,A., Bi,C., Bluhm,W.E,, Christie,C.H., Dutta,S.,

Green,R.K., Goodsell,D.S., Westbrook,J.D., Woo,J. et al. (2015) The
RCSB Protein Data Bank: views of structural biology for basic and
applied research and education. Nucleic Acids Res., 43, D345-D356.

. Bairoch,A. (2000) The ENZYME database in 2000. Nucleic Acids

Res., 28, 304-305.

. UniProt Consortium. (2015) UniProt: a hub for protein information.

Nucleic Acids Res., 43, D204-D212.

. Kanehisa,M., Goto,S., Sato,Y., Kawashima,M., Furumichi,M. and

Tanabe,M. (2014) Data, information, knowledge and principle: back
to metabolism in KEGG. Nucleic Acids Res., 42, D199-D205.

. Nicolas,P., Méader,U., Dervyn,E., Rochat,T., Leduc,A.,

Pigeonneau,N., Bidnenko,E., Marchadier,E., Hoebeke,M.,
Aymerich,S. et al. (2012) The condition-dependent
whole-transcriptome reveals high-level regulatory architecture in
bacteria. Science, 335, 1103-1106.

. Maass,S., Sievers,S., Ziihlke,D., Kuzinski,J., Sappa,P.K., Muntel,J.,

Hessling,B., Bernhardt,J., Sietmann,R., Volker,U. ez al. (2011)
Efficient, global-scale quantification of absolute protein amounts by
integration of targeted mass spectrometry and two-dimensional
gel-based proteomics. Anal. Chem., 83, 2677-2684.

. Muntel,J., Fromion,V., Goelzer,A., MaaB,S., Méder,U., Biittner,K.,

Hecker,M. and Becher,D. (2014) Comprehensive absolute
quantification of the cytosolic proteome of Bacillus subtilis by data
independent, parallel fragmentation in liquid chromatography/ mass
spectrometry (LC/MS(E)). Mol. Cell. Proteomics, 13, 1008-1019.

. MaaB,S., Wachlin,G., Bernhardt,J., Eymann,C., Fromion,V.,

Riedel,K., Becher,D. and Hecker,M. (2014) Highly precise
quantification of protein molecules per cell during stress and
starvation responses in Bacillus subtilis. Mol. Cell. Proteomics, 13,
2260-2276.

Commichau,F.M., Rothe,F.M., Herzberg,C., Wagner,E., Hellwig,D.,
Lehnik-Habrink,M., Hammer,E., Vélker,U. and Stiilke,J. (2009)
Novel activities of glycolytic enzymes in Bacillus subtilis: Interactions
with essential proteins involved in mRNA processing. Mol. Cell.
Proteomics, 8, 1350-1360.

Meyer,E.M., Gerwig,J., Hammer,E., Herzberg,C., Commichau,F.M.,
Volker,U. and Stiilke,J. (2011) Physical interactions between
tricarboxylic acid cycle enzymes in Bacillus subtilis: evidence for a
metabolon. Metab. Eng., 13, 18-27.

Marchadier,E., Carballido-Lopez,R., Brinster,S., Fabret,C.,
Mervelet,P., Bessieres,P., Noirot-Gros,M.F., Fromion,V. and
Noirot,P. (2011) An expanded protein-protein interaction network in
Bacillus subtilis reveals a group of hubs: exploration by an integrative
approach. Proteomics, 11, 2981-2991.

Delumeau,O., Lecointe,F., Muntel,J., Guillot,A., Guedon,E.,
Monnet,V., Hecker,M., Becher,D., Polard,P. and Noirot,P. (2011)
The dynamic protein partnership of RNA polymerase in Bacillus
subtilis. Proteomics, 11, 2992-3001.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv1006/-/DC1

