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Abstract

InterMine is a data integration warehouse and analysis software system developed for large and 

complex biological datasets. Designed for integrative analysis it can be accessed through a user-

friendly web interface. For bioinformaticians, extensive web services as well as programming 

interfaces for most common scripting languages support access to all features.

The web interface includes a useful identifier look-up system, and both simple and sophisticated 

search options. Interactive results tables enable exploration, and data can be filtered, summarised 

and browsed. A set of graphical analysis tools provide a rich environment for data exploration 

including statistical enrichment of sets of genes or other entities.

InterMine databases have been developed for the major model organisms, budding yeast, 

nematode worm, fruit fly, zebrafish, mouse and rat together with a newly developed human 

database. Here we describe how this has facilitated interoperation and development of cross-

organism analysis tools and reports. InterMine as a data exploration and analysis tool is also 

described. All the InterMine based systems described in the paper are resources freely available to 

the scientific community.
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Introduction

With the advent of widespread whole-genome sequencing and high-throughput genome-

wide experiments, managing the accelerating growth in biological data production remains 

an ongoing challenge.

The data being produced are not just large in volume but also diverse and often challenging 

to analyse. The regulation of biological systems occurs at many levels and can only be fully 

understood by analysing many types of data together to maximise the knowledge extracted 

from high-volume datasets. The searches required are often complex and the data may be 

contained in several databases or flat data files, or have been studied in several organisms. 

Bringing the data together in a suitable form and analysing them can be a particularly 

formidable task for a biologist. InterMine is a data warehousing system for the integration of 

such diverse biological data, together with an intuitive web-based user-interface as well as 

web services and application programming interfaces (APIs) for bioinformaticians.

The InterMine platform was originally developed over 10 years ago for Drosophila 

melanogaster data (FlyMine, www.flymine.org, Lyne et al., 2007) and has since grown to 

cover many organisms and data types, including annotated genome features from the 

modENCODE project (modMine, www.intermine.modencode.org, Contrino et al., 2012), 

Toxoplasma gondii data (toxoMine www.toxomine.org), drug discovery data (targetMine 

www.targetmine.nibio.go.jp, Chen et al., 2011), plant genomics data (phytoMine, http://

phytozome.jgi.doe.gov/phytomine), mitochondrial proteomics (mitoMiner, http://

mitominer.mrc-mbu.cam.ac.uk, Smith AC et al., 2012), Drosophila transcription factors 

(flyTF, http://www.flytf.org, Pfreundt et al., 2010) and microbial genomics data 

(INDIGOmine (http://www.cbrc.kaust.edu.sa/indigo, Alam et al., 2013). Although many 

biological data management systems have been established, and in-particular we note 

BioMart (Smedley et al., 2015), The Eukaryotic Pathogen Databases (EuPathDB, Harb et 

al., 2015) and BioCyc (Caspi et al., 2014), each is appropriate in different scenarios and the 

InterMine system provides several unique features. In addition, the fact that InterMine has 

been adopted by the major model organisms to provide an advanced interface to MOD data 

gives it a unique position in cross-organism analysis and translational research.

Model organism databases (MODs) curate and collate genomic data for a specific organism, 

or a range of related organisms. Such databases exist for the major model organisms, mouse 

(MGI, Eppig et al., 2015), rat (RGD, Shimoyama et al., 2015), zebrafish (ZFIN, Howe et al., 

2013), fly (FlyBase, dos Santos et al., 2015), nematode (wormbase, Yook et al., 2011) and 

budding yeast (SGD, Cherry et al., 2012). However, each of these databases are run 

independently and with different underlying infrastructure, thus providing a barrier to 

comparative analysis. The launch of the InterMOD project in 2009 extended the range of 

organisms available through an InterMine database. The InterMOD project funded five of 
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the major model organisms, mouse (MouseMine, www.mousemine.org, Eppig et al., 2015), 

rat (RatMine, http://ratmine.mcw.edu/), zebrafish (ZebrafishMine, http://

www.zebrafishmine.org, Ruzicka et al., 2015), nematode (WormMine, http://

www.wormbase.org/tools/wormmine) and budding yeast (YeastMine, 

www.yeastmine.yeastgenome.org, Balakrishnan et al., 2012) to build data platforms using 

the InterMine system. This has not only provided each of these MODs with a powerful 

query system for their data, but also unites each MOD with a common platform - thus 

facilitating uniform and consistent cross-organism analysis. Throughout this paper these 

databases, together with the analogous FlyMine database, will collectively be referred to as 

the MOD-InterMine databases. To complement this project the InterMine team have also 

created a HumanMine database (www.humanmine.org), which generalises the earlier 

metabolicMine database (Lyne et al., 2013) and is focussed on human genomics and 

proteomics datasets, thus helping to allow the interpretation of model organism data in a 

biomedical context.

In this paper we provide an overview of the InterMine system as an inter- and intra- 

organism analysis platform, describing use of the InterMine search and analysis tools and 

some of the challenges in cross-organism analysis.

The InterMine System

InterMine has been described in detail elsewhere (see Smith RN et al., 2012 for a more 

technical overview), but we briefly describe here the main features that make InterMine a 

useful system. At its core InterMine consists of the ObjectStore, a custom object/relational 

mapping system written in Java and optimized for read-only database performance. Object 

queries from the web application or web services are sent to the ObjectStore which 

generates SQL to execute in the underlying PostgreSQL database and materializes objects 

from the results. InterMine is able to integrate data from a wide variety of sources in many 

formats commonly used with biological data, including GFF3, FASTA, OBO, BioPAX, 

GAF, PSI and Chado and includes a powerful identifier resolution system such that any 

outdated identifiers from a dataset can be replaced with the current ones. The integrated data 

can be accessed through a sophisticated web interface described in more detail below. In 

addition, the range of analysis tools provided by the MOD-InterMine databases is extended 

through interoperation with both Galaxy (Goecks et al., 2010) and Genome Space 

(www.genomespace.org). Galaxy is a bioinformatics web-based platform particularly suited 

for analysis of biological sequence data while Genome Space provides an interoperability 

framework to a diverse range of bioinformatics tools allowing easier transmission of data 

between tools. Data from InterMine searches, including sequence data, can be seamlessly 

uploaded into both Galaxy and Genome Space for further analysis.

For bioinformaticians, the InterMine databases can also be accessed programmatically 

through the same RESTful web services that are used to create the web interface. Client 

libraries are available in a number of programming languages including Perl, Python, Ruby, 

Java and Javascript. The web services allow the creation of powerful automated analysis 

workflows, their use being aided by automatic code generation from searches within the web 
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interface and extensive documentation (http://intermine.readthedocs/en/latest/web-services). 

The web services and their use have been described in detail in Kalderimis et al., 2014.

InterMine is open source software with an active developer community, communicating 

extensively through a developer mailing list. The InterMod project was specifically funded 

to provide an InterMine database for the organisms specified in the paper. However, we 

welcome interest from other groups and are happy to provide technical support. We also 

welcome contributions in terms of new tools, code improvements and suggestions for new 

features from the biological community.

Facilitating cross-organism analysis

Ultimately the aim of many studies in model organisms is to further understanding of human 

biology and disease and eventually facilitate translation of research into clinical practice. 

However, the transfer of biological knowledge across organisms can be time-consuming and 

requires specialised knowledge. The InterMine system brings data from the participating 

model organisms together under a common platform, thus providing a unique opportunity to 

provide interoperation between related data types and providing researchers with a single 

common platform through which to access and analyse the data. In creating such a unified 

common platform across multiple organisms we have faced many challenges, ranging from 

the use of diverse terms for the same entity and varying conventions for data representation, 

to the challenge of relating ontologies across species and the multifarious sets of homologue 

mappings between species.

A number of links between cross-species data can potentially be used for comparative 

analysis. One of the most widely used is orthology. Orthologues are genes in different 

species that evolved from a common ancestral gene by speciation. Often, orthologues retain 

the same function in the course of evolution and thus provide the most common route to 

knowledge transfer between organisms. Indeed, many annotations are based solely on 

transfer of data between orthologous genes (e.g. Reactome pathways, Croft et al., 2011, 

Gene Ontology annotations, Ashburner et al., 2000). Such orthologous relationships 

provided the most obvious initial choice of data for cross-InterMine links and from any gene 

or list of genes one can “jump” between MOD-InterMine databases through orthologues 

(Figure 1, Sullivan et al., 2013). However, this method is not without its challenges. 

Numerous algorithms have been developed to identify all orthologous genes between 

organisms, with over 30 phylogenomic databases providing orthologue sets (Sonnhammer et 

al., 2014). These databases differ not only in their algorithms but also in the underlying 

datasets used for analysis and the range of organisms analysed. Thus, comparison between 

sets is difficult and one set of predictions may be better for one organism than another. 

Consequently, annotations inferred through orthologues may also be erroneous and this 

should be considered when analysing such data. However, orthologues currently provide the 

best relationships between genes in different organisms and with collection of more data and 

refinements in methods their overall quality is likely to improve over time. Currently each 

MOD-InterMine database provides it’s own preferred set of orthologues for interoperation, 

thus when moving between databases, the orthologue set of the database being moved to is 

used. This has the additional advantage that curated orthologues provided by some MODs 
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can be used (Table 1). In addition to “jumping” between MOD-InterMine databases, 

orthology relationships allow the collation of annotations from multiple MOD-InterMine 

databases and their display in tabular form. For instance, tables showing pathway 

annotations for a gene, from D. melanogaster, M. musculus and H. sapiens and rat (R. 

norvegicus) disease annotations, are available on FlyMine gene report pages (Sullivan et al., 

2013).

One way to facilitate consistent queries across databases is to create a shared data model, 

where data is represented in a uniform way across all instances. The Sequence Ontology 

(SO, Eilbeck et al., 2005), is used to provide the basis for the InterMine core model. This 

core is expanded to include types of data that are not covered by the SO, such as protein 

interaction data, publications and species-specific features. Each MOD-InterMine is 

therefore based on the same core model thus enabling some consistency in searches against 

all MOD-InterMine databases and this has made it possible to create a number of pre-

defined searches that return equivalent data from each database. In addition, efforts have 

been made to unify additional aspects of the data model (Sullivan et al., 2013), with some 

success, including interaction data and protein domain data.

Problems unifying the entire data models, however, have been encountered (Sullivan et al., 

2013), particularly where species-specific ontologies have been used to annotate 

experimental data, for instance phenotypes. For example, the model organism databases 

have each evolved their own species-specific ontologies for the annotation of anatomy and 

phenotype. In the case of mouse phenotypes, data stored in MGI is annotated with the 

Mammalian Phenotype Ontology (Smith and Eppig., 2012), while fly experiments in 

FlyBase are annotated with the Drosophila Phenotype Ontology (Osumi-Sutherland et al., 

2013). Such differences are further complicated by different phenotype representations. 

ZFIN, for example, describe phenotypes using an Entity-Quality (EQ) methodology, with E 

being the affected entity and Q how it is affected (Sprague et al., 2008), while other 

ontologies, such as the Mammalian Phenotype Ontology and Human Phenotype Ontology 

(Kohler et al., 2014), are pre-constructed, and therefore use only one term per annotation. 

Such differences lead to diversity in both underlying data and the data model, and make it 

difficult both to create a unified data model and to create systematic links between data from 

different organisms. Sophisticated algorithms are required to create maps between 

comparable phenotype terms and to create species-agnostic ontologies. The development 

and application of such algorithms is in progress (e.g. Kohler et al., 2013, Mungall et al., 

2012) and the use of such mappings should become an integral part of cross-organism 

interoperation through InterMine in the future.

InterMine is continually reviewing the data and data models and is developing tools to 

overcome disparities in underlying data and data structure to help improve cross-organism 

analysis and provide new connections between equivalent data, for instance through synteny 

and expression data, in order to promote powerful comparative analysis (Sullivan et al., 

2013).
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Data Content

The core of the MOD-InterMine databases consists of biological domain knowledge - data 

extracted from functional databases that provide links between a gene or protein and its 

function, often through a controlled vocabulary or ontology, such as the Gene Ontology 

(Ashburner et al., 2000), KEGG (Kanehisa et al., 2012) and Reactome pathways (Croft et 

al., 2011) (Table 1). Such sources provide a background of interpretable biological 

knowledge which researchers can apply to their own data. In addition, the InterMine 

databases load experiment data such as expression data from ArrayExpress and GEO, and 

analysed high-throughput data such as those produced by RNA-seq and CHIP-seq, as well 

as RNAi phenotype screens (Table 1). The range and depth of data loaded is being expanded 

for most InterMine databases. Integration of such data provides a path to inference of causal 

relationships between biological entities, for instance, between gene expression and 

diseases, genes and phenotypes and for the dissection of disease traits.

All the InterMine databases provide a data page - usually accessible through the “data 

sources” tab on any page. This page lists all the data loaded into the particular InterMine 

instance along with links to the original source, publications and the version or date the data 

was loaded. This is a good starting point for users to familiarise themselves with the range of 

data available. The content of each MOD-InterMine database varies, but some key datasets 

are available in all (Table 1).

The InterMine web interface

The InterMine interface is designed to facilitate both data discovery and data exploitation. 

The data discovery interfaces include a keyword search and detailed interactive report pages 

collating all integrated data for each object or list of objects in the databases. For data 

exploitation, several query interfaces of varying sophistication are provided to allow the 

researcher to interrogate the data in a number of ways. The interfaces have been designed to 

overcome some of the obstacles to large scale data analysis and this will be demonstrated 

through two use-cases, one involving data exploration and one illustrating an approach to 

data exploitation through candidate gene filtering.

Knowledge discovery

Keyword search and report pages

The simplest way to search InterMine databases, the keyword search, allows all types of 

data within a database to be interrogated, thus facilitating data exploration and discovery. 

The search is executed by an Apache Lucene search and index system 

(www.lucene.apache.org) and the faceted results allow drilling down through the returned 

categories to show data of interest.

One advantage of data integration is that all the information about a particular biological 

entity can be surveyed together without the need to visit several databases. InterMine 

collates data for each biological entity into comprehensive report pages allowing in-depth 

exploration of the entity and related entities. Each item returned by the keyword search links 

to such a report page and every object within an InterMine database has a report page, 
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whether it is a gene, a binding site or a publication. Report pages collate the data into 

interactive tables and graphical displays. Related entities are interconnected (for example a 

gene report page will link to its associated protein report page), thus allowing navigation 

through the relationships that exist at different biological levels, for example from gene 

expression to protein interactions.

We will illustrate knowledge discovery through the InterMine interface by examining the 

relationships between the functional levels of biological data for the D. melanogaster eyeless 

(ey) gene in FlyMine, and cross-examining these data for a mouse orthologue, Pax6 (Figure 

1). The eyeless gene is a homeobox transcription factor known to be essential for eye 

development in Drosophila. A keyword search for “ey” in FlyMine returns several 

categories of data including genes, publications, interaction experiments and an RNAi 

screen result. For our example, we are interested in analysing the D. melanogaster ey gene 

and so we navigate to the report page for this gene. First we examine the knowledge domain 

data to identify key annotations for this gene - the Gene Ontology annotations indicate that 

this gene is indeed involved in compound eye development with a molecular function 

indicating transcription factor binding activity.

The pathway data, however, only indicate involvement in “Developmental Biology”, a high-

level annotation term, but also interestingly point to an involvement in regulation of 

pancreatic cell development. Disease annotations of the orthologous rat gene (available 

directly on the FlyMine gene report page) indicate several eye-related diseases including 

aniridia, coloboma of optic nerve, and eye abnormalities as well as an involvement in 

diabetes-related illnesses.

Gene expression data reveal that the eyeless gene is expressed in the adult eye, head, brain, 

thoracicoabdominal ganglion and the larval CNS. Navigating to the report page for the 

eyeless protein (Pax6, Uniprot Identifier PAX6_DROME), one learns that the protein has 

both a homeobox domain and a paired domain, often found in transcriptional regulators that 

control aspects of development. The protein interaction viewer reveals several physical 

interactions for the eyeless protein. Analysis of a list created from the interaction network 

identifies a number of genes enriched for eye development and morphogenesis (see Data 

Exploitation for further details on list analysis and enrichment). Further exploration of the 

gene report page reveals that the eyeless gene is highly conserved across species, with links 

to orthologous genes available to RatMine, MouseMine, ZebrafishMine and HumanMine. 

Linking to the orthologous mouse Pax6 gene and again viewing the Gene Ontology 

annotations we learn that this gene has transcriptional regulatory activity and is involved in 

eye and brain development. Expression data indicate that it is expressed in various brain 

structures, the eye and the pancreas (among other tissues) and annotations to the Mammalian 

Phenotype Ontology show mutant phenotypes including abnormal eye and brain 

morphology and abnormal pancreatic function. Disease annotations, via orthologous human 

genes, include eye conditions such as aniridia, anterior segment mesenchymal dysgenesis 

and keratitis. Examination of the human Pax6 gene provides similar data, thus suggesting 

that eye morphogenesis is under similar genetic control in both insects and vertebrates and 

that the Drosophila ey gene and mouse and human Pax6 genes have an additional role in 

pancreatic function. Although eye development and morphogenesis have been well studied, 
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this example illustrates how the connections between the data for multiple organisms allows 

a researcher to build up a detailed picture of what is already known about a particular set of 

genes and their biological function.

Template searches

Data exploration in a more structured fashion is available through template searches and the 

query builder. Template searches are predefined database searches provided via a simple 

interface with customisation available through one or more configurable filters. Template 

searches range from simple searches covering one data type (e.g. Genes -> Pathways) to 

more complex searches spanning several data types (e.g. Expression + Interactions -> 

Genes) (Figure 2).

InterMine databases provide a library of these pre-defined templates providing users with 

immediate and easy access to the integrated data. For more advanced searching, researchers 

can use the Query Builder to either modify existing template searches or to build their own 

queries from scratch. The Query Builder provides an intuitive interface for browsing the 

underlying InterMine data model, selecting and applying constraints (filters) to the data 

types of interest and configuring the columns of data required in the output (Figure 3).

Importantly, both template searches and the query builder can be configured to operate with 

lists of entities allowing, for instance, all the genes identified in a screen to be examined at 

once. Likewise, both template searches and the query builder deliver results in an interactive 

table and this provides additional spreadsheet-like analysis tools such as filtering, sorting, 

addition and removal of columns and the creation of lists for further analysis. A particular 

feature of the results table are the column summary buttons at the top of each column: these 

summarise the complexity of data present in the column and are especially useful when 

examining large result sets (Figure 4). The column summaries provide a way to interactively 

filter the data in results tables, as they provide a mechanism to select only those rows that 

carry particular ranges of values in the specified column.

Data can also be exported from results tables in a number of formats, notably tab-separated, 

comma-separated, XML, GFF3, JSON, BED and FASTA (for the corresponding protein or 

nucleic acid sequences). Template searches, the query builder and the results tables allow 

researchers to define multiple constraints (filters) on the integrated data in order to examine 

whether a particular relationship exists. For example, we could run the template “Gene —> 

GO terms” with our eyeless gene. Filtering through the results tables would allow us to 

identify only those annotations that refer to the eye and that have an experimental evidence 

code (in this case IMP, inferred from mutant phenotype) (Figure 4). Secondly, we could run 

the template “Expression + Interactions —> Genes” to show genes that interact with eyeless 

that are also expressed in the adult eye. We could then create a list of these genes for further 

analysis (see below for analysis of lists). This latter template illustrates how different data 

types can be combined to both answer a particular question, identify genes for further 

analysis and add weight to an assertion implied by particular data.

Although template searches are configured independently for each MOD-InterMine, a 

number of core templates enabling consistent cross-organism analysis are available. The use 
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of standard template searches across MOD-InterMine databases can overcome some of the 

problems of data heterogeneity between organisms and most of the common data types can 

be accessed through template searches in each MOD-InterMine (Table 1). Even if the 

underlying data model differs, templates can hide some of this complexity from the user by 

providing a simplified interface to the data.

Data exploitation

The InterMine databases are especially suited to the analysis of lists of data. A ‘list’ is a 

working unit, allowing researchers to pass data from one analysis step to another, thus 

creating iterative analyses. A list is a set of one or more single entities - e.g a list of genes or 

a list of proteins. Such lists can be uploaded into an InterMine database or created within 

one from results tables and analysis tools. Lists can be used in searches, which, together 

with the filtering feature of the results table, provides the means to create lists with defined 

properties - for example, all genes expressed in a certain tissue, all genes with a particular 

GO annotation. Additionally, a set of list operations (union, intersect and subtractions) 

allows further manipulation of lists.

We illustrate the use of lists in InterMine, particularly for comparative analysis, to analyse a 

set of candidate genes. Many high-throughput experimental methods ultimately result in a 

list of candidate genes which the researcher must investigate further - often to reduce the list 

to those genes or proteins that look most interesting to the trait or process being studied, and 

to formulate a hypothesis for further study. Our example will take a hypothetical set of 

human genes identified in a screen for lipid and cholesterol markers as part of a study on 

atherosclerosis. As our results are from a human study, we are interested in finding model 

systems in other organisms that may help further our study. A typical analysis workflow is 

now described in a series of steps (Figure 5):

1. Upload candidate gene set—A common problem in the biological sciences is 

keeping track of up-to-date identifiers for entities like genes and proteins. Identifiers often 

change between genome annotation releases and so researchers can find that they are 

working with sets of outdated identifiers, and that identifiers from publications have become 

outdated. InterMine provides an Identifier Resolution System to help researchers resolve 

identifiers into the most up to date set and is automatically instigated whenever a user 

uploads a list. For more details on the identifier resolution system see Smith RN et al., 2012. 

Thus the first step in our analysis workflow is to upload our candidate set and check we have 

an up-to-date and correct set of identifiers. Since we have a list of human genes we will 

upload them into the HumanMine database.

2. Identify genes in the list already associated with the disease—The InterMine 

databases provide disease and phenotype data which can be interrogated through template 

searches. For this example, we will use a template from HumanMine, “Gene + HPO parent 

term → Genes”, to identify genes from our list annotated with the HPO (Human Phenotype 

Ontology) term “Atherosclerosis”. This is a high-level ontology term and the template 

search has been constructed so that it also returns genes annotated to any child-terms such as 

coronary atherosclerosis, precocious atherosclerosis and myocardial infarction. All 
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InterMine searches can be executed against either a single entity or a list of entities and so 

we are able to generate results for all members of our list of genes in one step. A second list 

is created from the results table, containing the genes returned by the search - i.e. those 

genes with a atherosclerosis-related annotation.

3. Create a list of the genes not associated with the disease—Further creation of 

sets of interesting entities is possible through the list operations, union, intersect, subtract 

and asymmetric difference. In addition it is possible to add entities to an already existing list 

from results tables. In our example we use an asymmetric difference to create a new list 

which contains only the genes which do not have an atherosclerosis-related HPO annotation. 

This is achieved by selecting the lists you wish to perform the operation on, in this case, our 

original uploaded list and the list created from the template search in the last step. The 

asymmetric difference will find those entities in the first list which are not present in the 

second list and create a new list containing just these entities. This is our set of “non-

atherosclerosis” genes that we will analyse further.

4. Functional interpretation of the non-atherosclerosis list in other organisms
—So far we have carried out our example analysis within the HumanMine database. 

However, we are interested in investigating the model organisms to find any suitable for 

further studies. From our set of “non-atherosclerosis” genes we see that orthologous genes 

exist in budding yeast, fruit fly, rat, mouse and zebrafish. We choose to investigate those in 

mouse and zebrafish further as we expect these to most closely resemble the human system. 

We can navigate straight to both the MouseMine and ZebrafishMine databases where the set 

of genes orthologous to our “non-atherosclerosis” set will be displayed.

We start our analysis of the orthologous mouse and zebrafish genes by examining some 

enrichment statistics. Set enrichment analysis is a popular way to systematically analyse lists 

of e.g. genes (Huang et al., 2009) by comparison with already available knowledge. Such 

overrepresentation analysis is provided by the InterMine databases automatically and for a 

number of types of annotations, including Gene Ontology terms, protein domains, pathways, 

publications, disease ontology terms (MouseMine), Mammalian Phenotype Ontology terms 

(MouseMine) and Anatomy Ontology terms (MouseMine). Enrichment analysis compares 

the frequency of individual annotations within the list to the annotation frequency in a 

reference list. In InterMine this is calculated using the hypergeometric distribution with a 

default Holm-Bonferonni multiple testing correction applied and p-value cut-off of 0.05. 

More stringent methods of multiple test correction, Benjamini Hochberg or Bonferonni 

(Huang et al., 2009), can also be applied and the p-value cut-off can be changed. The default 

reference population is all the genes that have the particular annotation within the relevant 

genome, but this reference set can also be defined by the user. Such set enrichment analysis 

allows one to summarise the functional properties of a list as the set of overrepresented 

functions. The tables of enriched annotations provided as output by InterMine enable the 

creation of sub-lists of entities for one or more enriched terms, thus facilitating the further 

analysis of such sets. FlyMine, for example, has been used for enrichment analysis in several 

studies (e.g. Favrin et al., 2013, Aleksic et al., 2013, Lowe et al., 2014, Seridi et al., 2014).
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In our example, we will first look at the Mammalian Phenotype Ontology (MPO), and Gene 

Ontology enrichments for our set of “non-atherosclerosis” mouse orthologues. This 

information is provided automatically when we open the list analysis page. We notice that 

there are a number of genes enriched for lipid and cholesterol phenotypes and processes, 

including abnormal lipid level, abnormal homeostasis (MPO) and lipid and cholesterol 

transport (Gene Ontology). For our “non-atherosclerosis” zebrafish genes the Gene 

Ontology term enrichments point to a number of the genes being involved in lipid and 

cholesterol localisation and transport (Figure 6). We decide to investigate those genes 

involved in cholesterol transport further. Lists containing only those genes with this Gene 

Ontology annotation are created from both the mouse and zebrafish Gene Ontology 

enrichment tables. The zebrafish set contains six genes. A simple search for orthologues of 

these six genes within ZebrafishMine reveals that all but one of these genes, Cetp, has a 

mouse orthologue while all six have an orthologue in human. The Cetp gene is thus targeted 

for further analysis. The report page in HumanMine reveals that the human Cetp gene may 

affect susceptibility to atherosclerosis, is expressed in the liver and is secreted into the 

plasma. A literature search through ZebrafishMine reveals that the Cetp gene is indeed 

expressed in zebrafish but not mice and this difference makes zebrafish an important model 

for the study of atherosclerosis (Fang et al., 2014).

Our analysis example illustrates how lists can form the basic unit of iterative analysis both 

within a single InterMine and across multiple MOD-InterMine databases. Lists can be 

passed from one InterMOD database to another and can be successively filtered through a 

range of analysis tools, with a series of intermediate sub-lists being created. In our 

hypothetical use-case we showed how analysis mediated by lists used across multiple MOD-

InterMine databases highlighted fundamental similarities and differences between organisms 

and led to the identification of the most suitable model for further study. Searches, list 

operations and graphical and statistical displays enable the creation of lists of entities with a 

defined set of properties. Lists are not limited to biological entities such as genes or proteins 

- lists of, for example, related phenotypes or regulatory regions can also be made. Creating a 

user account with the relevant InterMine database allows lists and searches to be stored 

between sessions.

In addition to tables of enriched functional annotation, InterMine provides further 

information on the properties of lists by means of graphical displays and charts that 

summarise, e.g. gene expression and chromosomal distribution. For instance, in the FlyMine 

database, bar graphs show expression over development and in adult fly tissues. Like the 

enrichment tables, such graphs are interactive, allowing the creation of sub-lists of genes 

from a particular category. Thus, list analysis pages are analogous to the report pages for 

single entities and collect together information and tools relevant to a list of entities, 

including as illustrated above, enrichment statistics, graphical displays as well as tables 

displaying the results of template searches using the list.

Conclusions

InterMine, through the InterMOD project, has strengthened facilities for translational 

research by providing a platform for interoperation and comparative interpretation of model 
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organism data. Together with HumanMine, the MOD-InterMine databases form a platform 

to support translational biomedical research by facilitating analysis of the underlying 

processes that produce complex disease.

Above, we described the data and use of the web interface in InterMine to carry out analysis 

of integrated biological data and how consistent cross-organism analysis is possible. 

InterMine aids serendipitous biological discovery through the keyword search, the report 

and list analysis pages and has been discussed together with its use as a data analysis 

platform. InterMine allows researchers to exploit the wealth and diversity of data for 

analysis and examine the associations between data types in order to help make assertions 

about biological processes. InterMine is particularly powerful for the analysis of lists and an 

example use-case showed how a list can be gradually filtered through several analysis tools 

and across several organisms.

Cross-organism analysis has many challenges and some of these have been discussed here. 

InterMine will continue to establish links between the MOD-InterMine databases and 

standardised comparative analysis tools are being developed. In addition, the range of cross-

species information displayed within one MOD-InterMine database can be expanded. Such 

collaboration between the major model organisms will help to provide reliable resources 

with common tools, consistent data and standardised analysis procedures.
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Figure 1. Data exploration through the InterMine web interface
Data exploration through the InterMine web interface, illustrating navigation between data 

types within a report page, between report pages and between report pages for orthologous 

genes in different organisms. The workflow begins with a keyword search for ey in FlyMine 

followed by navigation to the D. melanogaster ey gene report page, where several data types 

are examined. Navigation to the corresponding protein report page, PAX6_DROME, allows 

protein domain data to be viewed. Links to report pages for orthologous genes allow data for 

equivalent genes in human, mouse, rat, zebrafish and yeast to be examined.
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Figure 2. A template search from FlyMine
A template search, Expression + Interactions → Genes, from the FlyMine database, showing 

two constraints (filters), one for a tissue (in this case adult eye) and one for the interacting 

gene (in this case ey). This template will return any genes expressed in the adult eye that 

also interact (physically or genetically) with ey.
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Figure 3. The InterMine query builder
The query builder allows navigation of the data model (left pane), where “Constrain” 

buttons allow the configuration of constraints (filters) on the attribute or class and “Show” 

buttons add an attribute to the results output. The right pane shows a summary of the query 

as it is built. A query that will return all Gene Ontology annotations for the D. melanogaster 

ey gene, together with the associated evidence code, is shown.
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Figure 4. An InterMine results table
An InterMine results table, generated by running the template search “Gene -> GO terms” 

with the ey gene in the FlyMine database. A “column summary” for the Gene Ontology 

evidence code column is shown, allowing filtering of the results table to show only terms 

annotated through specific evidence codes. Note that some columns have been removed 

from the original results for illustration purposes.

Lyne et al. Page 19

Genesis. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Data Exploitation through the InterMine web interface
A hypothetical workflow in which a candidate gene list is filtered through several 

consecutive analysis tools. Step1: a candidate gene list, identified through a screen for lipid 

and cholesterol markers as part of a study on atherosclerosis, is uploaded to the HumanMine 

database. Step 2: A search of the database identifies those genes from the candidate list that 

are already associated with the disease atherosclerosis. A list is made of these genes. Step3: 

Using the list operation, asymmetric distribution, a new list is created which does not 

contain the genes identified as already being associated with atherosclerosis. This list is 

called the non-atherosclerosis set. Step 4: Links to MouseMine and ZebrafishMine directly 

from HumanMine allow lists of mouse (Step 4a) and zebrafish (Step 4b) genes orthologous 

to the non-atherosclerosis list to be analysed in the respective databases. Enrichment 

statistics for various annotations can be viewed, and in particular an enrichment for the Gene 

Ontology term “Cholesterol transport” is noted. Step 5: The zebrafish genes from the list 

annotated with the Gene Ontology term “Cholesterol transport” are saved as a list. Step 6: A 

database search and filtering for homologues of these genes reveals a gene, Cetp, present in 

Human and Zebrafish but not in mouse.
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Figure 6. 
Gene Ontology enrichment analysis of a list of genes in ZebrafishMine. A Gene Ontology 

enrichment table showing terms from the Gene Ontology biological process ontology 

enriched in a set of zebrafish genes. A hypergeometric distribution is used to calculate the p-

value, which is shown in the table, after a Holm-Bonferonni test correction has been applied. 

The number of genes with each annotation are shown. Lists of genes with each Gene 

Ontology annotation can be created directly from the table.
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