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Abstract

Functional enrichment analysis is an essential downstream process in high throughput omics studies,
such as transcriptomics and proteomics. By using the Gene Ontology (GO) and its annotations (GOA),
underlying functional patterns of over-representation can be identified, leading to better interpretation
of the omics data and new biological insights. However, GO reflects the current understanding of
gene product function and evolves with our changing biological knowledge. When performing such
analyses, it is therefore crucial to record GO version provenance, together with related parameters, such
as statistical cut-offs and annotation sources. Surveying the literature on functional enrichment results
reveals provenance information is rarely available, reducing the reproducibility and interpretation of
results and preventing objective comparisons between related studies. In this work, we propose minimal
metadata requirements for functional enrichment reproducibility. Our model complies with the FAIR
principles and is based on the provenance ontology (PROV-O). We demonstrate the scale of the problem
and the utility of our solution with data from SARS-CoV-2.
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1. Introduction

Functional enrichment analysis has been widely used in biomedical research, to interpret high
throughput data[1][2] or to discover underlying mechanisms of diseases[3]. These analyses
are dependent on biological knowledge-bases, such as the Gene Ontology (GO)[4], or Kyoto
Encyclopedia of Genes and Genomes (KEGG)[5], that capture and structure our biological
understanding. However, knowledge-bases are not static. Instead, they are frequently updated
to depict the latest biological knowledge in the science community[6]. The Gene Ontology, for
example, is updated monthly. Updates may include changes to the hierarchical structure and
the conceptualization of our knowledge about gene functions, and changes to Gene Ontology
annotation, which describes the associations between genes and GO terms, including the
evidence for associations. The KEGG pathway knowledge-base is updated quarterly. Differences
between knowledge-base versions can strongly affect the outcome of functional enrichment
analyses. Tomczak et al[7] showed the extent to which the consistency, significance scores and
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the interpretation of enrichment analysis results are changed by using different versions of
GO and GOA. Another study[8] showed that 74% of enriched terms were changed between
2010 and 2016. If versioning information is not recorded, results from different studies are less
comparable, making previously published studies less re-usable. To confound this problem
further, a range of software tools[9][10][11] are available for functional enrichment. Each tool
has its own update schedule, which may not follow the update schedules of the underlying
knowledge-bases. Using the latest version of a functional enrichment tool does not guarantee
that the latest version of underlying knowledge-bases are available[8]. In addition to problems
with versioning, different functional enrichment applications implement different statistical
tests, different background gene sets, and different default values for statistical significance and
multiple testing corrections.

Wijesooriya et al (2022)[12] showed the extent of the differences in significant pathways and
ontology terms for different methods in functional enrichment and multiple-testing correction.
These findings together demonstrate the importance of capturing provenance to enable the in-
terpretation of enrichment analysis results, but this information is seldom found in publications.
Here, we demonstrate the current state of enrichment analysis reproducibility by studying
data from SARS-Cov-2. The international response to the virus resulted in the generation
and publication of large amounts of data and fast evolution of our collective knowledge. By
surveying this data, we show that research conclusions were frequently based on outdated
versions of available knowledge-bases, potentially missing the inclusion of new insights as they
were discovered and shared. In this work, we randomly selected and manually inspected the
metadata and provenance provided in research output from the PubMed Central[13] identifying
common reporting practices and the most common tools[10][14][11][15][16][17][9][18] and
methods used for analysis. In addition, we compared the versions of tools and underlying
knowledge-bases between 2020 and 2022, revealing a lack of consistency in knowledge used to
interpret experimental results. To address these problems, we propose minimal metadata and
provenance requirements to improve comparison between functional enrichment experiments.

Our model complies with the Findability, Accessibility, Interoperability, and Reusability (FAIR)
principles[19] and builds on established methods and standards. We adopt the PROV Ontology
(PROV-0)[20] to describe a set of classes, properties, and restrictions to capture experimental
parameters sufficiently and demonstrate the utility of the model using data from the SARS-CoV-2
literature.

2. Methods

To determine the variation of tools and knowledge-base versions utilized by functional enrich-
ment studies in SARS-CoV-2, we counted the frequency of tools used from a random sample of
PubMed Central (PMC)[13] publications, and examined the additional information provided on
functional enrichment. For the most commonly used tools, we investigated the update schedule
for underlying knowledge-bases and present the results for the Gene Ontology. From these
results, we propose a PROV-O based model to capture functional enrichment provenance.



2.1. Functional Enrichment Literature Survey
2.1.1. Data collection

SARS-CoV-2 was selected for this investigation due to the a large number of publications that
were produced on this topic over a short period of time. Understanding the virus required data
and knowledge sharing on a large scale, and having access to the most recent insights was
essential for comparing studies. To investigate the functional enrichment provenance typically
provided, we first identified SARS-CoV-2 publications in PMC. The search terms can be found
in supplementary file 1.

A total of 3206 publication identifiers were retrieved (the full list of PMC identifiers can be
found in supplementary file 2) and full papers were retrieved using the PubMed Central Open
Access API in BioC format PMC BioC API (accessed in Nov 23th, 2022).

Based on the occurrence of the search term ’enrichment analysis’ in the methods section of
each paper, we selected the top 100 papers and manually inspected them. Articles were excluded
if they described enrichment analysis methods, instead of presenting analysis results. In total,
92 articles were retained, containing 135 enrichment analyses.

For each enrichment analysis described in the cohort, we identified the following information:
1) The name of the tool and method used for enrichment 2) the version of the tool 3) The name(s)
of the knowledge-bases used for enrichment 4) The version of knowledge-bases used

Data was collected and visualized by python package Matplotlib.pyplot (v3.5.2)[21].

2.1.2. Survey of knowledge-base consistency

Tomczak et al [7], demonstrated that variation in the version of GO and GO annotation (GOA)
affects the interpretation, p-value and the consistency of enrichment analysis. For the tools
identified with the highest frequency of use in the literature survey, we investigated their update
schedule and the update schedule for the underlying knowledge-bases. This investigation was
to determine if researchers were using the most recent knowledge and if there was consistency
of underlying knowledge across studies published at similar times.

For the top 8 most frequently identified tools, we manually examined the metadata available.
The version and the released date information for associated knowledge-bases were recorded.
If there were multiple releases of a tool between 2020 and 2022, every release was inspected. In
addition, some tools used knowledge-bases derived from primary sources, but further processed
and integrated them into other systems. The Molecular Signatures Database, for example,
(MSigDB)[14][22], integrates multiple knowledge-bases, but without clear versioning informa-
tion. By manually inspecting the release notes, we examined the availability of knowledge-base
metadata. If the metadata was not provided, we recorded the metadata of the knowledge-base
version closest to the releases of database.

2.2. Metadata and Provenance Requirements

The minimal metadata and provenance requirements we propose are based on the recommenda-
tions from Jauer for minimal provenance[23], the FAIR principles, and key factors described by
Wijesooriya[12] that affect the reproducibility of functional enrichment. We propose metadata
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for four aspects; input data, knowledge-base data, enrichment analysis methods conducted,
and output data. Key factors identified by Wijesooriya[12] included, multiple-testing correc-
tion methods, statistical cut-offs and background gene sets. Knowledge-bases like GO, should
be available with the version and the source(s) of data for annotation. Following the FAIR
principles[19], persistent identifiers (PIDs) and standard gene identifiers should be used, as
should timestamps and references to individuals or institutions who hold responsibility for the
experiments 1.

2.3. Representing Provenance in PROV-O

The PROV-O ontology encodes the PROV data model in OWL (web ontology language)[24].
The core elements of PROV-O are: 1) Entities, which can be any real or conceptual objects, 2)
Activities, something that occurs over a given time period, and 3) Agents, which hold the respon-
sibility for activities and the existence of entities. Seven properties, (e.g. "'wasGeneratedBy’),
describe the relationships between these core elements. Here, we propose a PROV-O model to
describe the entities and activities involved in a functional enrichment analysis, showing how
our proposed metadata elements could be used to represent the provenance of the experiment,
to improve comparability and reproducibility.

3. Results

Here, We present the results of the literature survey on enrichment analysis metadata, followed
by an investigation into the consistency of versions of knowledge-bases in the most frequently
used tools. Finally, we propose the minimum metadata required for functional enrichment and
a provenance model to address the comparability problems identified by the literature survey.
During the survey period, 30 versions of the Gene Ontology were released, showing an overall
reduction from 44,700 terms and 92230 edges in 2020 and 43272 terms and 85618 edges in 2022.
935 new terms were added, 524 were merged, and 1417 terms were made obsolete.

3.1. Survey of Enrichment Analysis Results Metadata

Figure 1 shows the results of surveying 135 enrichment analyses from 92 publications, published
between 2020 and 2022. Through manual inspection, 25 different tools and 28 knowledge-bases
and databases were identified. The largest proportion of analyses was conducted using R,
with "ClusterProfiler’[15], FGSEA’[9] and ’GSVA’[16] accounting for 47 of 135 analyses. The
GSEA platform was the second largest, in which 21 analyses were conducted. Web-based tools
like ’Metascape’[11] were also frequently used, with more than 20 analyses in our survey. In
23 analyses, authors did not report which tool(s) were used. GO and KEGG were the most
frequently used knowledge-bases, with 46 and 35 analyses respectively. Other knowledge-bases
like Reactome[25][26] and Wikipathway[27] were less common in the collection. 37 analyses
did not provide any information on which knowledge-base was used. Our findings showed
large variations in the tools and knowledge-bases in functional enrichment analysis. The use
of different tools should not prevent the comparison of results, but experimental parameters,
source data and version information are required to interpret those differences. Our survey
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Figure 1: Functional enrichment survey results. a) Software used in functional enrichment b) Frequency
of analyses reporting metadata of software c) Knowledge-bases used and their frequencies. d) Frequency
of analyses reporting knowledge-base metadata.

showed that metadata relating to the parameters or tool versions were not provided in 96 out of
135 analyses. Versioning information of knowledge-bases was omitted in a further 110 out of 135
analyses. Taken together, these data show a lack of metadata relating to function enrichment
analyses in SARS-Cov-2 studies.

3.2. Knowledge-Base Versioning in Enrichment Tools

For the top 8 most frequently used tools from our survey, we identified the versions of the GO
knowledge-base in use, as described by the tool providers. Figure2 shows the results.

As we can see, some tools, such as DAVID 6.8[18], used versions of GO that predated the SARS-
CoV-2 pandemic. From December 2021, David began quarterly updates of its software, although
how these updates tracked GO updates is not transparent. For EnrichR[10], a 2018 version of GO
was in use until early 2021. In contrast, ClueGO[17] and other Bioconductor-based tools provided
more frequent updates, but only Metascape updated GO monthly and remained up to date with
the Gene Ontology. For tools such as, GSEA[14], the GO knowledge-base version depended
on the GSEA version. These findings show that at any given time in the pandemic, the choice
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Figure 2: A timeline of GO knowledge-base updates in functional enrichment tools. The timestamp
inside the boxes represents the date of the last GO update. At any given time point, multiple GO versions
are in-use across the tools, resulting in difficulties in data comparison.

of enrichment analysis software dictated how up-to-date the underlying biological knowledge
was for analysing enrichment results. Consequently, papers published at similar times were
not necessarily basing analysis conclusions on the same collective understanding of biology.
Re-analysing these studies may therefore yield new insights with our recent accumulation of
knowledge. These results highlight the necessity of recording version information and more
extensive provenance data.

3.3. Minimum Metadata Requirements

To increase the reproducibility and comparability of enrichment analysis results, in line with
the FAIR principles, we propose minimum metadata requirements for enrichment analysis in
four aspects; input data, knowledge-base and data sources, enrichment analysis execution, and
output data Tablel. These recommendations are based on previous work to define minimum
provenance and reproducible enrichment analysis, as well as on the results of our literature
survey. Example annotations are provided to show what should be recorded for each metadata
element.

3.4. Proposed Provenance Model

The proposed minimum metadata requirements from the previous section form the core com-
ponents of an enrichment analysis provenance model. Figure3 shows the relationships between
these metadata elements, formally modelling the provenance of an enrichment analysis and
expressed using PROV-O. The example instances represented in the model are the same as
the example annotations from table 1, showing how each element is necessary for capturing



sufficient information for comparison and interpretation. Where provenance information is
incomplete, anonymous nodes can be used to highlight what is unknown in an experiment.

Table 1

Minimal metadata requirements for Functional enrichment analyses. The relation to specific
FAIR principles is shown by F(Findable), A (Accessible), I (Interoperable) and R (Reusable).

Criteria

Recommendations

Input data

Knowledge-
base/Data
sources

Enrichment
Execution

Output data

FAIR

Persistent
ID (PID)

A persistent identi-
fier should be as-

signed

prov:Collection
PID

GO URI /
gene  sets

URI

tool URI

prov:Collection
PID

F,A

Standard
Identifiers

Gene products and
knowledge-base
terms should be
described using per-
sistent identifiers
from a recognised
source

ENSGO000-
0012584

G0:0006915

enrichr

G0:0071375

F,l

Creator

An Institution or
person bears the re-
sponsibility

researcher or-
cidID

maayanlab

maayanlab

researcher or-
cidID

AR

Timestamp

The time when data
was generated/en-
richment analysis
was conducted

2021-03-01

Origin

A description of the
source of the origi-
nal data

Differentially
Expressed
RNA-seq

GO
GOA

and

Ensembl

F,ILR

Extraction
Method

How the data was
obtained from the
source of the origi-
nal data

significant up-
regulated

biological
process
terms

reviewed hu-
man genes

Versioning

The version of
tools/knowledge-
bases used in
enrichment analy-
sis

GO(v2021)
and

GOAv2021/
release 108

release 2021-
03-29

A LR

Background
Gene sets

Gene sets used as
backgrounds in en-
richment analysis

prov:Collection

PID

Statistical
test

Statistical test used
in enrichment anal-
ysis.

fisher
test

exact

multi-test
correction
method

The methods used
for multi-test cor-
rection.

Benjamini-
Hochberg
procedure

Cut-off

The cut-off used in
enrichment analy-
sis (p and q)

0.05; 0.01
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Figure 3: Prov-O representation for an enrichment analysis experiment on differentially expressed
RNA-Seq data, analysed with Enrichr and 2021 version of GO. Rectangle represents Activity, eclipse
represents entity and rhombus represents agents. Details can be seen atFAIRDOMHUB

4. Discussion

This study highlights problems of reproducibility and comparability in functional enrichment
analyses. We showed there was little consistency in the information reported about such
experiments and revealed a large proportion of the studies we surveyed were not being conducted
using the latest versions of biological knowledge-bases. Structured knowledge resources, such
as GO, allow us to identify patterns in complex, high-throughput omics data, enabling new
insights from our collective knowledge. However, as our knowledge changes, these supporting
knowledge resources also change. This should be an advantage, allowing scientists to benefit
from the work of others. However, our survey showed a large range of enrichment analysis tools
are in common use (Figurel), but that each has its own update schedule for underlying knowledge
(Figure2). The result is that different studies, conducted at similar times, use different versions of
knowledge-bases, and therefore different uderlying knowledge. If we know where the differences
lie, comparison is still possible, but 110/135 enrichment analyses did not provide information
on knowledge-base versioning, and only 39/135 reported the version of the enrichment analysis
tool that was used. From the literature survey, and previous studies on minimal provenance
[23] and reproducible enrichment analyses[12], we propose a minimum set of metadata to
combat the problems described above. In addition, we present a PROV-O based model for
expressing enrichment analysis results, with an example of an enrichment analysis experiment
run using Enrichr[10]. Minimum metadata guidelines for upstream analyses, describing the
generation and statistical analysis of high throughput omics data have long been established[28].
By implementing similar paradigms for downstream analyses, we can improve the FAIRness of
studies overall and enable FAIRer comparison and reuse of important data sets.


https://fairdomhub.org/documents/4125

5. Appendices

Supplementary files can be found at https://fairdomhub.org/investigations/583
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