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Abstract — Escherichia coli is a versatile organism that can
grow at a wide range of oxygen levels; although heavily studied, no comprehensive knowledge of physiological changes at
different oxygen levels is known. Transcriptomic studies have
previously examined gene regulation in E. coli grown at different oxygen levels, and during transitions such as from an anaerobic to aerobic environment, but have tended to analyse
data in a user intensive manner to identify regulons, pathways
and relevant literature. This study looks at gene regulation
during an aerobic to anaerobic transition, which has not previously been investigated. We propose a data-driven methodology that identifies the known pathways and regulons present
in a set of differentially expressed genes from a transcriptomic
study; these pathways are subsequently used to obtain a corpus of published abstracts (from the PubMed database) relating to each biological pathway
Keywords — E. coli, Microarray, Taverna, Workflows, Web
Services

I. INTRODUCTION
Escherichia coli has been a model system for understanding metabolic and bio-energetic principles for over 80 years
and has generated numerous paradigms in molecular biology, biochemistry and physiology [1]. E. coli is also widely
used for industrial production of proteins and speciality
chemicals of therapeutic and commercial interest. A deeper
understanding of oxygen metabolism could improve industrial high cell-density fermentations and process scale-up.
Knowledge of oxygen-regulation of gene expression is important in other bacteria during pathogenesis where oxygen
acts an important signal during infection [2] and thus this
project may underpin better antimicrobial strategies and the
search for new therapeutics. However, current approaches
have generally been increasingly reductionist, not holistic.
Too little is known of how molecular modules are organised
in time and space, and how control of respiratory metabolism
is achieved in the face of changing environmental pressures.
Therefore, a new systems-level approach is needed, which
integrates data from all spatial and temporal domains. Many
transcriptomic studies using microarrays have analysed data
in a user-intensive manner to identify regulons, pathways and

relevant literature. Here, a two-colour cDNA microarray
dataset comprising a time-course experiment of Escherichia
coli cells during an aerobic to anaerobic environment is used
to demonstrate a data-driven methodology that identifies
known pathways from a set of differentially expressed genes.
These pathways are subsequently used to obtain a corpus of
published abstracts (from the PubMed database) relating to
each biological pathway identified. In this research Taverna
and Web Services were used to achieve the goal.
II. TAVERNA AND WEB SERVICES
Web services provide programmatic access to data resources in a language-independent manner. This means that
they can be successfully connected into data analysis pipelines or workflows (Figure 1). These workflows enable us to
process a far greater volume of information in a systematic
manner. Unlike that of the manual analysis, which is severely limited by human resources, we are only limited by
the processing speed, storage space, and memory of the
computer executing these workflows. Still the major problems with current bioinformatics investigations remain;
which are the lack of recording experimental methods, including software applications used, the parameters used,
and the use of hyperlinks in web pages. The use of workflows limits issues surrounding the manual analysis of data,
i.e. the bias introduced by researchers when conducting
manual analyses of microarray data. Processing data
through workflows also increases the productivity of the
researchers involved in the investigations, allowing for
more time to be spent on investigating the true nature of the
detailed information returned from the workflows. For the
purpose of implementing this systematic pathway-driven
approach, we have chosen to use the Taverna workbench[3,4]. The Taverna Workbench allows bioinformaticians to construct complex data analysis pipelines from
components (or web services) located on both remote and
local machines. These pipelines, or workflows, are then able
to be executed over a set of unique data values, producing
results which can be visualised within the Taverna workbench itself. Advantages of the Taverna workflow work-
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Figure 1 – Workflow Diagram

bench include, repeatable, re-useable the and limiting user
bias by removing intermediate manual data analysis. Greater volume of data can be processed in a reduced time period
We propose a data-driven methodology that identifies the
known pathways from a set of differentially expressed
genes from a microarray study (Figure 1). This workflow
consists of three parts: microarray data analysis; pathways
extraction; and PubMed abstract retrieval. This methodology is implemented systematically through the use of web
services and workflows.
A. Microarray Data Analysis
Despite advances in microarray technology that have led
to increased reproducibility and substantial reductions in
cost, the successful application of this technology is still
elusive for many laboratories. The analysis of transcriptome
data in particular presents a challenging bottleneck for many
biomedical researchers. These researchers may not possess
the necessary computational or statistical knowledge to address all aspects of a typical analysis methodology; indeed,
this is something which can be time consuming and expensive, even for experienced service providers with many users. Currently available transcriptome analysis tools include
both commercial software (GeneSpring [5], ArrayAssist [6])
and non-commercial software (Bioconductor [7]).
The open source Bioconductor package [7] is one of the
most widely used suites of tools used by biostatisticians and
bioinformaticians in transcriptomics studies. Although both
highly powerful and flexible, users of Bioconductor face a
steep learning curve, which requires users to learn the R
statistical scripting language as well as the details of the
Bioconductor libraries.
The high overheads in using these tools provide a number of disadvantages for the less experienced user such as,
requirement for expensive bioinformatics support, consider-
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able effort in training, less than efficient utilisation of data,
difficulty in maintaining consistent standards methodologies, even within the same facility, Difficult integration of
additional analysis software and resources and limited reusability of methods and analysis frameworks.
The aim of this work was to limit these issues. Users
will, therefore, be able to focus on advanced data analysis
and interpretational tasks, rather than common repetitive
tasks. We have observed that there is a core of microarray
analysis tasks common to many microarray projects. Additionally, we have identified a need for microarray analysis
software to support these tasks that has minimal training
costs for inexperienced users, and can increase the efficiency of experienced users.
Microarray Data Analysis part provides support to construct a full data analysis workflow, including loading, normalisation, T-test and filtering of microarray data. In addition
to returning normalised data, it produces a range of diagnostic
plots of array data, including histograms, box plots and principal components analysis plots using R and Bioconductor.
B. Pathway extraction
This part of the workflow searches for genes found to be
differentially expressed in the microarray data, selected
based on a given p-value from the Microarray Data Analysis part. Gene identifiers from this part were subsequently
cross-referenced with KEGG gene identifiers, which allowed KEGG gene descriptions and KEGG pathway descriptions to be returned from the KEGG database.
C. PubMed abstract retrieval
In this part, the workflow takes in a list of KEGG pathway descriptions. The workflow then extracts the biological
pathway process from the KEGG formatted pathway descriptions output. A search is then conducted over the PubMed database (using the eFetch web service) to identify up
to 500 abstracts related to the chosen biological pathway. At
this stage, a MeSH tag is assigned to the search term, in
order to reduce the number of false positive results returned
from this initial search. All identified PubMed identifiers
(PMID) are then passed to the eSearch function and
searched for in PubMed. Those abstracts found are then
returned to the user along with the initial query string – in
this case, the pathway [3].
D. Pie chart
At present, results from transcriptional profiling experiments (lists of significantly regulated genes) have largely
been interpreted manually, or using gene analysis software
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(i.e. GeneSpring, GenoWiz) that can provide links to databases that define pathways, functional categories and gene
ontologies. Many databases, such as EcoCyc [8] and RegulonDB [9], contain information on transcriptional regulators
and regulons (genes known to be regulated by a particular
transcription factor), and automatic interpretation of a transcriptional profiling dataset using these databases is still in its
infancy. When applied to the results of a transcriptional profiling experiment, this may confirm the importance of a regulator that is already known, or suggest a role for a previously
unknown regulator, which may be investigated further. The
pie chart shown indicates the number of genes in a dataset that
are regulated by a known transcriptional regulator, or by combination of regulators, and can suggest previously unknown
regulatory interactions. The information for each regulon
comes from files that are created manually from the EcoCyc
database.
III. CASE STUDY: ESCHERICHIA COLI
Escherichia coli is a model laboratory organism that has
been investigated for many years due to its rapid growth
rate, simple growth requirements, tractable genetics and
metabolic potential [10]. Many aspects of E. coli are well
characterised, particularly with regards to the most familiar
strain K-12, with a sequenced genome[11], widespread
knowledge of gene regulation (Regulon DB; [9] and well
documented metabolic pathways (EcoCyc; [8]). Indeed, it
has been said that more is known about E. coli than about
any other organism [1] and for these reasons E. coli stands
out as a desirable organism on which to work (Mori, 2004).
A. Growth conditions
Escherichia coli K-12 strain MG1655 was grown to a
steady-state in a Labfors-3 Bioreactor; Infors HT; Bottmingen, Switzerland) under the following conditions (vessel
volume 2 L; culture volume 1 L; Evans medium pH 6.9
[12]; stirring 400 rpm; dilution rate 0.2 h-1). To create an
aerobic culture 1 L min-1 air was sparged through the
chemostat, whilst for anaerobic conditions 1 L min-1 5 %
CO2 95 % N2 (v/v) was passed through the chemostat. For
steady-state to be reached, continuous flow was allowed for
at least 5 vessel volumes (25 hours) before cultures were
used. Gas transitions were carried out on steady-state cultures by switching gas supply as required.
B. Isolation of RNA
A steady-state chemostat culture was prepared and samples were removed from the chemostat for RNA extraction
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just prior to the gas transition and 2, 5, 10, 15 and 20 minutes after the transition. Samples were taken by direct elution of 2 ml culture into 4 ml RNAprotect (Qiagen; Crawley, UK) and using RNeasy RNA extraction kit (Qiagen
Crawley, UK) following the manufacturers instructions.
RNA was quantified spectrophotometrically at 260 nm.
C. Transcriptional Profiling
16 g RNA for each time point was labelled with Cyanine3-dCTP (Perkin-Elmer; Waltham, USA) using Superscript III reverse transcriptase (Invitrogen; Paisley, UK).
Manufacturers instructions were followed for a 30 l reaction volume, using 5 g random hexamers (Invitrogen;
Paisley, UK) with the exception that 3 nmoles Cyanine3dCTP and 6 nmoles of unlabelled dCTP was used. Each
Cyanine3-labelled cDNA sample was hybridised against 2
g of Cyanine5-labelled K-12 genomic DNA produced as
described by Eriksson[13]. Hybridisation took place to
Ocimum OciChip K-12 V2 microarrays (Ocimum; Hyderabad, India) at 42 °C overnight and washed according to the
manufacturers instructions. Slides were scanned on an Affymetrix 428 microarray scanner at the highest PMT voltage
possible that didn’t give excessive saturation of microarray
spots. For each time point, two biological replicates and two
technical replicates were carried out.
IV. RESULTS
To analyze the transcriptional dataset, the proposed
workflow was applied; this workflow can accept raw transcriptional data files and ultimately generates outputs of
differentially regulated genes, relevant metabolic pathways
and transcriptional regulators, and even potentially relevant
published material. This has many advantages compared to
standard transcript profiling analyses. From a user aspect, it
will be quicker than the time-consuming analysis that currently occurs, and ensures that the same stringency and
statistical methods are used in all analyses, and hence
should make analyses more user-independent. It can also
remove any possibility that users can subconsciously ‘manipulate’ the data. In order to run the work flow following
parameters have been set: NormalizationMethod = rma,
Statistical testMethod = limma, p-value = 0.05, foldChange
= 1, geneNumber = 100.
The workflow results directly progress from a microarray
file to outputs in the form of plots or text files in the case
published abstracts from the PubMed database (Figure 2).
Tables displaying the processed data can also be visualised
From the outputs, the relevance of the transcriptional regulators FNR, ArcA, PdhR were immediately noticeable.
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coli transcriptional regulator or metabolic pathway. This can
suggest relevant transcriptional networks and unexpected
aspects of physiology that would otherwise have been missed
by conventional analysis methods.
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