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Abstract

Since 2003, MicrobesOnline (http://www.microbesonline.org) has been providing a
community resource for comparative and functional genome analysis. The portal includes
over 1000 complete genomes of bacteria, archaea and fungi and thousands of expression
microarrays from diverse organisms ranging from model organisms such as Escherichia
coli and Saccharomyces cerevisiae to environmental microbes such as Desulfovibrio
vulgaris and Shewanella oneidensis. To assist in annotating genes and in reconstructing
their evolutionary history, MicrobesOnline includes a comparative genome browser
based on phylogenetic trees for every gene family as well as a species tree. To identify
co-regulated genes, MicrobesOnline can search for genes based on their expression
profile, and provides tools for identifying regulatory motifs and seeing if they are
conserved. MicrobesOnline also includes fast phylogenetic profile searches, comparative
views of metabolic pathways, operon predictions, a workbench for sequence analysis, and
integration with RegTransBase and other microbial genome resources. The next update
of MicrobesOnline will contain significant new functionality, including comparative
analysis of metagenomic sequence data. Programmatic access to the database, along with
source code and documentation, is available at
http://microbesonline.org/programmers.html.

Introduction

MicrobesOnline seeks to integrate functional genomic data with comparative genome
analysis(1) providing two unique capabilities: 1) a phylogenetic approach to comparative
genomics, including a tree-based browser and tools for users to build their own tress, and
2) microarray expression data integration. Selecting an organism or gene of interest in
MicrobesOnline leads to information about and data viewers for experiments conducted
on that organism and involving that gene or gene product. It is possible to view
microarray data from multiple conditions as an interactive heatmap and to analyze
correlations between gene expression results from different experiments. Among the



major new features is the ability to search the microarray data compendium for genes
with gene expression profiles similar to a query expression profile (either based on a gene
or set of genes). These new compendium-wide functionalities allow the user to observe
patterns in gene expression changes across multiple conditions and genes, and to search
for similarities to these patterns. The information integration and analysis performed by
MicrobesOnline serves not only to generate insights into the gene expression responses
and their regulation in these microorganisms, but also to document experiments, allow
contextual access to experimental data, and facilitate the planning of future experiments.
MicrobesOnline is actively incorporating publicly available functional genomics data
from published research, so as to centralize data on microbial physiology and ecology in
a unified comparative functional genomic framework.

Data Sources and Analysis Pipeline

Sequences and annotations of bacterial and archaea genomes, plasmids and viruses are
imported from the NCBI RefSeq database(2). Additionally, sequences not yet deposited
in RefSeq are also loaded into MicrobesOnline by request of users. All sequences are
associated with their taxonomic lineage through mapping to the NCBI Taxonomy
database (3). Across all sequences (chromosomes, scaffolds, contigs, genes, proteins,
RNAS), identifiers are maintained in order to link to other NCBI resources, such as
PubMed, and to facilitate crosslinks to other resources, such as IMG (4) and
RegTransbase (5). For user-provided genomes and for incomplete genomes downloaded
from a genome center, gene predictions are taken from the user or predicted by
combining results from CRITICA (6) and GLIMMERS3 (7); in either case, these
predictions are superseded by the RefSeq predictions when they become available.
CRISPR and RNA loci potentially missing from the RefSeq annotations are computed
using PILER-CR (8), CRT (9), tRNAScan (10), and BLASTn.

Functional annotations of protein coding genes include: gene name, gene family, domain
architecture, Enzyme Commission (EC) number (11), Gene Ontology (GO) terms (12),
and user annotations. The gene name is provided by RefSeq, but all other annotations are
inferred by MicrobesOnline using homology searches. FastBLAST and FastHMM (13)
are used to search against the TIGRFAM (14), Superfamily (15), SMART (16), Pfam
(17), Panther (18), PirSF (19), Gene3D (20), COG (21), PDB (22) and UniProt (23)
databases. Characterized genes -- genes that UniProt or RegTransBase link to papers
(except genome papers) -- are automatically highlighted on many MicrobesOnline pages.
EC is from KEGG, GO from InterPro. Genes that link to UniProt papers (but not genome
papers) or to RegTransBase papers are considered characterized, and are highlighted in
many of our pages.

Using FastBLAST we are also able to calculate all-against-all homology relationships for
the entire microbial proteome. These results allow users to quickly find a list of
homologs for any gene. Additionally, these shared regions of homology and each
conserved domain alignment are used to create phylogenetic trees using the FastTree
program.



Within each gene tree, MicrobesOnline identifies clades that are (mostly) present just
once per genome. These are likely to be functional orthologs, but not necessarily
evolutionary orthologs. MicrobesOnline uses these single-copy clades to compute
MicrobesOnline ortholog groups, which are groups of likely functionally orthologous
genes that are stored in the database. MicrobesOnline also computes higher-quality "tree
orthologs™ for a given query gene on demand. For details, see
http://www.microbesonline.org/ortholog.html.

Gene expression data has been collected from primarily three sources, the DOE VIMSS,
M3D (24), and NCBI GEO (25) database. Additionally, individual users can submit
microarray data in order to use the MicrobesOnline analysis tools. MicrobesOnline
contains only a partial import of the GEO database, but this will be expanded in future
updates to MicrobesOnline.

Bulk Downloads and Remote Access

We provide various methods for programmatic access to our data and code. For raw
database access, we provide a public MySQL server which contains a version of
MicrobesOnline with all private genomes removed. This database can be accessed using
any MySQL compliant client or programmatic access through the standard MySQL
libraries. Information on how to use the MySQL database, a detailed database schema
description, the BLAST and FastBLAST databases, and Perl libraries and source code
can be found on the MicrobesOnline for Programmers page at:
http://www.microbesonline.org/programmers.html. Instructions for making contributions
to the MicrobesOnline code base can also be found on the MicrobesOnline for
Programmers page.

Update and Data Submission Procedures

MicrobesOnline has the capacity to host genomes and microarray expression data
submitted by users. This data can be kept private through a user defined access control
list until publication or the submitter wishes to release the data publicly. MicrobesOnline
accepts genomic data in any state whether finished sequence or draft sequence and
annotated sequence or unannotated. Instructions for preparing the data can be found on
at: http://www.microbesonline.org/privateGenomeHosting.html. MicrobesOnline can
also host private microarray data; however this must be done by contacting
help@microbesonline.org for detailed instructions.

MicrobesOnline Feature Highlights

MicrobesOnline provides a comprehensive set of interfaces and tools for comparative and
functional genomics (Table 1). These tools perform operations on combinations of
genomes, genes, predicted gene functions, gene expression data and metabolites. A
detailed tutorial on the use of these tools is provided on the MicrobesOnline website
(http://www.MicrobesOnline.org). Below we highlight three of the more novel aspects



of the MicrobesOnline website: a phylogenetic tree based genome browser, a microarray
expression profile search tool, and a comparative browser for metabolic compound and
pathways.

Phylogenetic TreeBrowser

The phylogenetic tree browser allows users to view a selected gene within its
evolutionary context. Viewing genes within a phylogenetic tree is not only a more
biologically meaningful, but concisely summarizes the thousands of pair-wise alignments
from all against all BLAST results into a single hypothesis of homology. The
TreeBrowser has three viewing modes, a gene context view, a species tree view and a
domains view. In the gene context viewing mode, for any selected gene, the tree browser
displays a phylogenetic tree for a selected gene along with genomic context of that gene
and its close relatives in the gene tree. These trees are based on a user selectable multiple
sequence alignment that ranges from the full gene sequence to a known domain families
or ad hoc BLAST based clusters. The genome context, the neighboring upstream and
downstream genes are shown colored by the gene family. This allows the user to quickly
scan the tree to determine conserved genomic context. Because of the relatively large
size of microbial gene families, which can be over 100,000 for the largest families, it is
necessary to collapse branches and show only a single representative for each clade. The
TreeBrowser will collapse the children of a node based on a user selectable percent
identity and pick a single representative for the clade. The TreeBrowser highlights
characterized homologs and selects them as representatives of the clusters.

In the species tree mode, the TreeBrowser displays a phylogenetic tree of selected gene
side by side with a species tree containing all species found in the gene tree. This species
tree mode allows users to manually reconcile the gene tree with the species tree in order
to determine events such as, horizontal gene transfer, timing of gene duplications,
orthology/paralogy relationships or differential gene loss across lineages. Clades
representing one or more genes on the gene tree are labeled numerically and these labels
correspond to the labels on the species tree. The names on the species tree are colored
green if one or more genes present from that species are in the gene tree, red if there are
no genes and orange if the species group has some members with a copy of the gene.

In the domains view, the TreeBrowser displays a view similar to the gene context view.
The domain architecture of the selected gene is shown and the user can select trees based
on each of these domains. This view allows the users to quickly scan the members of the
gene family and determine if they have shared domain architecture. Additionally, the
user can view the trees associated with each of the domains of the selected gene to find
evidence for gene fusions or domain shuffling.

Microarray Expression Profiling

MicrobesOnline has a wide array of tools for analyzing microarray gene expression data.
The Experiment Browser allows the user to search for experiments in selected genomes
and/or involving specific conditions. Detailed reports on experiments are shown in the



Experiment Viewer. These reports include: up and down regulated genes, plots to assess
array quality, experimental conditions and expression changes by gene functional
classifications. Additionally, a Gene Expression Viewer allows users to find gene- and
operon-centric views. Detailed descriptions and instructions for their use can be found on
the MicrobesOnline website. One of the major uses for this microarray expression data is
identifying genes which share a similar expression profile.

The gene expression profile search tool operates in two modes, a gene list view and a
profile heatmap view. In both modes, the tool allows the user to select one or more
genes, then calculates an average gene expression profile across the compendium of
expression data, and then searches for genes with a similar expression profile. In the
gene list view mode, the tool returns a table of genes in descending order of their Pearson
correlation coefficient to the selected gene(s) profile. The results include the correlation
coefficient, gene name, gene description and buttons to either add the gene to the profile
or add the gene to the analysis cart. By adding the matching gene(s) to the profile, the
user can iteratively refine the profile. The profile heatmap view is a graphical heatmap
representation of the selected gene(s) expression levels and those of genes identified to be
similar across the microarray experiment data. The first row in the heatmap represents
the input profile and genes with similar profiles are shown underneath in descending
order of their Pearson correlation coefficient. The columns of the heatmap correspond to
the experiments and are grouped together if the arrays are part of a series such as a time
course or varying levels of a stress. The color of the cells reflects the log,-ratio value and
the scale is shown to the right of the heatmap.

Results of the gene expression profile search tool can be used to identify potentially, co-
regulated genes and regulatory motifs using the Motif Search tool. By adding the genes
to the Gene Cart and selecting the motif search, users can potentially identify the
regulatory motif.

Metabolites and Metabolic Pathways

Clicking on compounds in the KEGG pathway browser now displays a MicrobesOnline
internal compound page. This page typically displays the compound's image, mass,
formula, and structure, along with links to external databases (including KEGG) in which
this compound appears. MicrobesOnline also generates a series of tables outlining the
reactions in which this compound participates, delineated by whether or not the reaction
occurs in the organisms under investigation. The table contains links to the reactions' EC
numbers, the KEGG pathway map in which the reactions occur, and the compound pages
of other participants in the reactions. The compounds participating in the reactions are
color-coded based on their KEGG RPAIR role (e.g., cofactors). Similarly, the gene
browser now has a reactions tab which lists the pathway maps and reactions for a locus
associated with the locus under investigation.

Future Plans

MicrobesOnline will continue to expand in terms of data analysis and data types
supported. The next release of MicrobesOnline will include support for metagenomes,



more eukaryotic genomes, and an expanded set of tools for dealing with metabolites and
metabolic pathways. Metagenomic analysis will feature phylogenetic trees of all genes
from metagenomes and sequenced genomes and gene-content-based comparisons of
metagenomic samples.
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Table 1. MicrobesOnline Feature List

Comparative Genomics
TreeBrowser
Phylogenetic profiler
Domains
Gene Families
Orthologs
Protein Structures
Operons
RNA genes
Known regulatory sites
CRISPRs

Functional Genomics
Gene Ontology (GO)
Enzyme Commission (EC)
KEGG Pathway maps
Regulons
PubMed links to characterized genes

Gene Carts
Multiple sequence alignments
Phylogenetic trees
Regulatory Motifs

Microarrays
Co-expression correlations
Expression profile search



Figure 1. TreeBrowser in gene centric view and species view. Panel A shows the
TreeBrowser gene centric view for the E. coli K12 gene purR. The purR gene is
shown centered in the browser with the neighboring upstream and downstream
genes. The phylogenetic tree for the purR gene is shown on the left, with a single
representative selected for each clade. Panel B shows the species view for the
purR gene. The gene tree is shown on the left and the species tree on the right.
Gene tree leaves are labeled numerically and these labels correspond to the
comma separated list next to the names on the species tree, indicating which
genes are possessed by the species, or species group, in the species tree. In this
tree, we can see that the species tree indicates that the purR and rbsR are paralogs
of an ancestral duplication event. Additionally, we can see that horizontal gene
transfer is a likely explanation for the presence of the rpsR gene in the clade
labeled Shewanella -- because the gene is present in only one genome out of the
fifteen species represented by that clade, the could either be one HGT event or
multiple independent deletion events.



—
0.1fzite

A +purk
purs.
+purR
COG-Purk
COG—Purk
+purk
+purk
+COG-Purk
COG-Purk
COG-Purk

+CO0G-Purk
+rhsk
+rbsR
COG-Purk
COG-Purk
+rhzR
+rhzR
iR
rhsR
+COG-PurR
+C0G-Purk

COG-Purk

+COG-Purk

COG-Purk

COG-Purk

3400 others (not shown?
includin 13 domaing from
E. coli

i =+ & +h sk 6k 7 ah 3k
Ezcherichia coli K12 (+ strand. 1731380..1741380)
[ ] lh) zodE ydhE i ydhE idnc bl
Escherichia coli 0157 :H7 EDL933 ¢+ strand. 2408262..24182620
[ ] dhi za COG=Aral iu»R ydhE idhc ribE

Salmnnella EntErlca Tuphi (+ Strand 1613298..1623298)
rard 3] -4 wdhE idhC iEE
I —_ e _-
Enterohacter sp. 638 Cuntlg (- strand, 21120..31120)
COG-Dnat COG-Codi COG-Fral COG-Furk: OG- LisR COG-fral COG-Céa 0 squ
Klebslella pneumonlae contig (+ strand, Z186126,.21961262
B3 OG- COG-Codf | COG<Arad OG- Purk: COG-Lysk COG—fir-a] COG-Céa ribE
R -
Photorhabdus luminescens TTOL ¢+ strand, 3042178..30521782
=146 =1uA < aleA  ent - COG-Lazh COG—Ar-ad =fa =
< —h [E—-
Haemophilus ducreyl 35000HP (+ strand, 1356520..1366520)
<« xzef COG-Arad <0 COG-Dedd 3urb ]l:xDubin =
L4 [ —- —|
Vibrio Flscherl E8114 chromozome 1 (+ strand 1759336, 1769336
COGE-Rsuil C0G-TorD COG-Furk: COG-TéoH  UFLST4 [T coesize CG-TesE GOG-Lr
| i <——= < <5
B omonas hgdroph11a hudro. ATCC 7966 O+ streand, 2552011..25962011)
= rhat e rhak COG-Furk COGZ2193 COG3A1S  COG-SIR2 Innn 515 Egn 519
Marinomonas sp. MWYLL contig (+ strand. 50486. 604860
-Icns-xgm cns—xwa COG-PurR COG-Purk COG-RbsE COGSE15 cns-nim COB-AraH
Hctlnubaclllus succlnugenes 1302 Cuntlg (+ strand 1160, .111600
—Rbok COG-Furk o —
L 0.1/site
Actinohacillus pleuropheunonize L20 (+ strand, 1539435, .1599435) +purk, Escherichia coli K1z
COG-TraS  COG2H63  antP 1 K anti bk
| pem— | | b - +HourR, Escherichia coli D157:H7 EDL933
Photorhabdus luminescens TTOL (+ strand, S0576..60576) +purR, Salmonella enterica, Tuph:
bl rbal: bk rbak bk FL
COG-PurR, Enterobacter sp. 638 contig
Klebziella pheumoniae contig (+ strand, 4930420, .45604200 COG-PurR, Klebsiella prneumoniae contig
G-Hald rbal rbsb rbak COG-Purk: <7
+purR,. Photorhabdus luminescens TTOL
Enternbacter =p. 638 contl - strand, —1815..5184) i i
. Pag el CodoRil e toale,l N} +puUrR, Haemophilus ducreyi 35000HP
HCOG-Purk, Yibrio fischeri ES114 chr.l
Saigonella enterlca,rg?ghl (- ztrand, 3747161..3757161) bt il +CO0G-PUrR, Aeromonas hydrophila hudro. ATCC 7966
+rbsk, Actinohacillus pleuropneumonize L20
Esaherichia jepld k12 (F | strang. | 99314 (39417400 [ +C0G-PurR, Photobacteriun profundun 3TCK contig
(e __C +rbsR, Photorhabdus luminescens TTO1
Ezcherichia coli 0157:H7 EOL933 (+ strand. 4796145..48061452 5 5 5
A bl rhef hek bR Jis COG-PurR, klebziella pneumoniae contig
COG-Purk, Enterobacter sp. 638 contig
Shlgella dysenterlae Sc197 (- strand 3?22116..3?32116)
SBrbsl E rbzR wi. +rbsk, Salmonella enterica. Tuphi
_
+rhzR, Escherichia coli k12
Yibrio cholerae RC355 contig o+ strand, -2893..7108) ) )
UchoR 02 0 0EELRE 2K COG-PurR +rhbsR, Escherichia coli 0157:H7 EOLS33

Photobacterlum pr"oFundum STCK contlg (— str‘and 690632..700632)
0G-H OG- COG—Pur R

AEromonas hgdr‘opmla hgdr‘o HTCC TOEE (+ strand 121546, .1315462
COG-L i %a Li K CoE-L COG—Pur R

Ralstonia solanacesrun uw551 contig (+ str‘and, -863, .9436)
7 cogl COG-Ha 1A st

RbsE COG-Furk

Acidovorax auenae subsp. cltr‘u111 AACOO-1 C+ str‘and 4648990..4658990)
COG-Coil OG-
 m——

Chloroflexus aggr‘egans 0O5M 9485 contig ¢+ strand. 3552..13552)
G051 090
£LE

!rbsR, Shigella dysenteriae Sd197
COG-PUrR, Aeromonas hudrophila hydro. ATCC 7966

+C0G-Purk, Ralstonia solanacearum UW3SL contig

COG-PurR, Acidovorax avenae subsp. citrulli ARCOO-1

COG-PurR, Chloroflexus aggregans DSM 9489 contig
H COG-PurR, Moorella thermoacetica ATCC 39073
3342 others (not shown)

includin 13 domains From
E. coli

il

—
o.l/zite

Escherichia coli K12 (2 genes)

Escherichia coli W3110 (2 genes)

Escherichia coli 53638 (2 genes)

Other Escherichia coli (6 genes 3 genomes)
Other Escherichia coli (10 genes 5 genomes?
Othet Shigella (12 genes 6 genomes)

Other Enterobacteriaceas (5 genes 3 genomes)
Other Escherichia coli (4 genes Z genomes)
Othet Ezcherichia coli (4 genes 2 genomes)
Escherichia coli CFTOV3 (2 genes)

Salmonella (9 genes 5 genomes)

Other Enterobacteriacese (4 genes 2 genomes)
Other Enterobacteriaceas (25 genes 17 genomes)
ther Gammaproteobacteria (9 genomes)
Pasteurellacess (22 genes 12 genomes)

Other Vibrionaceae (34 geres 17 gdenomes)
Aeromonas hydrophila hydro. ATCC 7986 (2 gehes)
Pzuychrononas (2 genes 2 genomes)

Shewanella (1 gene 15 genomesy

Other Alteromonadales (7 genomes)

Other Gammaproteohacteria (5 genomes)
Pseudonohadaceas (16 genes 19 genomes)

Other Oceanospirillales (2 genomes)

Reinekea sp. MEDZ297

Othet Oceanospirillaceae (2 gehomes)

Marinomonas (2 genes 2 genomes)

Ither Gammaproteobacteria (29 genomes)

Other Betaprotechacteria (17 genomes)

Other Burkholderiales (5 genomes)

Other Comamonadaceae (1 gene & genomes)
Yerminephrobacter eisenize EF0O1-2
Polynucleobacter sp. QLW-PA0MWA-1

Other Burkholderiaceae (3 genes 6 genomes)
Burkholderia (24 genes 33 genomes)

Other Bacteria (128 genomes)

Othet Bacteria (160 genomes)

Moorells thernoscetics ATCC 30073

1,16

2,17

1.16
1.2,18
1,16
1.2,16,17
1.2,17,18
116,17
1,18

1.17

3,15
4,5,13,14
6,12

7.0
811
9,19
11
11

20

20
20

23









