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ABSTRACT: The advances in bioinformatics required to
annotate human genomic variants and to place them in
public data repositories have not kept pace with their dis-
covery. Moreover, a law of diminishing returns has begun
to operate both in terms of data publication and submis-
sion. Although the continued deposition of such data in
the public domain is essential to maximize both their scien-
tific and clinical utility, rewards for data sharing are few,
representing a serious practical impediment to data sub-
mission. To date, two main strategies have been adopted
as a means to encourage the submission of human ge-
nomic variant data: (1) database journal linkups involv-
ing the affiliation of a scientific journal with a publicly
available database and (2) microattribution, involving the
unambiguous linkage of data to their contributors via a
unique identifier. The latter could in principle lead to the
establishment of a microcitation-tracking system that ac-
knowledges individual endeavor and achievement. Both
approaches could incentivize potential data contributors,
thereby encouraging them to share their data with the
scientific community. Here, we summarize and critically
evaluate approaches that have been proposed to address
current deficiencies in data attribution and discuss ways
in which they could become more widely adopted as novel
scientific publication modalities.
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Introduction
The post-genomic revolution, characterized by the advent of

massively parallel whole-genome sequencing, exome sequencing,
and genome-wide association studies (GWAS) [Cooper et al., 2010;
Guttmacher et al., 2010], has led to the elucidation of the genetic ba-
sis of a considerable number of human inherited disorders and the
correlation of specific genomic variants with disease predisposition.
This has in turn spawned an exponential increase in the generation
of human genome variation data from research centers and diag-
nostic laboratories, thereby enriching our knowledge of the genetic
heterogeneity underlying both monogenic and multifactorial (i.e.,
complex) diseases.

To date, few genetic databases have been able to successfully ac-
commodate and stratify either the plethora of reported clinically
relevant mutations or the myriad benign genomic variants. This
is somewhat surprising, considering their enormous potential util-
ity in molecular diagnostics. Genetic databases constitute online
repositories of human genome variation data, with locus-specific
mutation databases (LSDBs; designed for single genes) and na-
tional/ethnic mutation databases (NEMDBs; designed specifically
for particular population or ethnic groups) being, at least in nu-
merical terms, the main types of mutation database available. Such
genetic databases might be individually quite small, but if only they
were accurate, comprehensive, and up-to-date, they could prove
invaluable for both molecular diagnostics and genetic counseling.
Furthermore, since both LSDBs and NEMDBs would be expected
to collate multiple independent examples of the same mutations,
they have the potential to be of paramount importance for the
establishment of genotype–phenotype correlations in any given in-
herited disorder.

Central databases also have their place. The Online Mendelian In-
heritance in Man (OMIM; http://omim.org), initiated in the early
1960s and now an online catalogue of human genes and genetic
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disorders, was the first serious effort to summarize clinically signif-
icant DNA variants. However, although this knowledge base rep-
resents a very valuable clinical resource, it has never attempted to
be in any way complete in terms of reported mutation data; it has
a very basic querying capacity and the data needed to properly at-
tribute original contributors, even if present, cannot be effectively re-
trieved. In contrast, the Human Gene Mutation Database (HGMD;
http://www.hgmd.org [Stenson et al., 2009]), a central unified mu-
tation repository of inherited mutations either causing or associated
with human inherited disease, aims to be as comprehensive as pos-
sible (although for a variety of reasons, it has opted to include only
the first example of every mutation so far reported). This database
is highly structured so as to allow broad functional interrogation
and interpretation in the context of (1) whole-genome sequencing
projects, (2) personalized genomics, (3) genome-based clinical stud-
ies, and (4) evolutionary comparisons with orthologous genomes.
HGMD currently includes >124,000 different variants in approxi-
mately 4,550 different genes (freely available public version, accessed
March 2012), with the vast majority of these variants being genom-
ically annotated. Other valuable resources, such as a comprehensive
collection of GWAS (GWAScentral; http://www.gwascentral.org),
further augment the arsenal of electronic resources that document
human genome variation data and their corresponding associated
clinical phenotypes [Thorisson et al., 2009].

One of the first established LSDBs included 200 mutations from
the α- and β-globin (HBA1, HBA2, and HBB) genes in book format
[Huisman et al., 1997, 1998], which then led to the development of
the HbVar database for hemoglobin variants and thalassemia mu-
tations [Hardison et al., 2002]. LSDBs for F9, factor IX, hemophilia
B have also been available since the early 1990s [Giannelli et al.,
1990], while the PAHdb online knowledge base, the other high-
quality LSDB that was established in the early 1990s, presented 798
entries corresponding to 248 alleles in September 1995 [Hoang et al.,
1996]. The number of LSDBs has since expanded quite markedly;
indeed, there are now over 1,800 unique LSDBs, with mutations doc-
umented in them, available over the Internet [Mitropoulou et al.,
2010]. Expansion of these data collections in order to maximize
their practical utility represents a major challenge. Although the
potential value of LSDBs is obvious to everyone in the field, it is
striking that, once these resources have been established and pub-
licized, subsequently identified variants appear only rarely to be
submitted/catalogued, presumably because of drastically lowered
motivation on the part of the LSDB coordinator coupled with the
lack of sufficient benefit for the potential data submitter. It is there-
fore quite apparent that the scientific community has so far failed
to establish a reliable and effective system to collect and collate this
valuable information as it emerges. Researchers often come up with
many excuses for nonsubmission to LSDBs, and hence they lose the
opportunity to proceed rapidly from a specific genotype to a poten-
tially useful clinical report for a given patient by simply consulting
an up-to-date LSDB. What is needed, in our view, is a meaning-
ful and ongoing reward system that adequately and appropriately
incentivizes both clinicians and academic researchers to place their
findings in the public domain at the earliest possible stage. As it
stands, virtually no credit is received for contributing genome vari-
ation data to mutation databases, and therefore only the most open
access minded actually do so in the absence of journal-mediated
compulsion. Without appropriate attribution, it is likely that much
genetic variation data will continue to languish unpublished in the
bottom drawers of those scientists who have generated the data. In
parallel, scientists and clinicians often face major difficulties in pub-
lishing novel variants identified in exhaustively studied genes, even
if a newly appreciated genotype–phenotype correlation and multi-

ple novel causative variants are presented in the same manuscript.
As a result, a significant proportion of identified genome variation
data, corresponding to both benign and clinically relevant variants,
fails to enter the public domain and therefore fails to contribute
to a broader understanding of the genetic basis of inherited dis-
ease. We believe that this is a trend that will only worsen over
time. Simply founding rafts of new LSDBs [Cotton et al., 2009],
without addressing the fundamental underlying problem of incen-
tivizing potential data contributors, is clearly not going to be the
solution. It is therefore imperative that new and innovative ini-
tiatives are undertaken at the earliest possible juncture to both
encourage and promote the submission of genotype–phenotype
data to genetic databases. Focusing on LSDBs and NEMDBs, such
initiatives would need to operate by introducing some form of
reward system to incentivize individual researchers and research
groups.

This article aims to summarize the various attempts that have so
far been made to tackle this issue, the shortcomings of these unde-
niably well-intentioned efforts, as well as their future potential to be
adopted by the research community as novel publication modalities
that could serve to promote the capture of genome variation data
and make possible their eventual placement in the public domain.

Database Projects Linked to Scientific Journals
Bearing in mind the increasing reluctance of peer-reviewed jour-

nals to publish narrative reports of single (or a few) causative vari-
ants in already well-characterized genes, there is an urgent need
for systems and methodologies to facilitate the collection of hith-
erto unpublished genome variation. The collation of all published
causative variants in LSDBs or central databases is currently almost
exclusively accomplished by literature data mining; a remarkably
small proportion of entries listed in LSDBs are unpublished variants
that have been directly contributed (electronically) to the LSDBs by
the authors and originators.

In 2003, the Human Genome Variation Society (http://www.hgvs
.org) launched the Human Genome Variation System (HGVSYS
[Horaitis and Cotton, 2004]), comprising three stages: (1) The
WayStation (http://www.centralmutations.org), designed to be a
“. . .central point with a consistent interface and format for the sub-
mission and collection of human genetic variation data” [Horaitis
and Cotton, 2004], (2) the Office, comprising Gene Editors, experts
in specific genes who made up the WayStation Review Board whose
role was to peer review and approve submissions, and (3) the Cen-
tral Database, the data warehouse to store the submitted variants
and their corresponding phenotypes approved by the WayStation
Review Board. This system would also have allowed dissemination
to any other database; some entries, published in the journal Human
Mutation as Genome Variation Reports, were indexed in PubMed
and received a PubMed ID. Although the WayStation was well pub-
licized, it never had the impact that had been hoped for. Indeed, in 4
years, it only received 77 submissions (encompassing 129 variants in
103 genes); as a result, this project was quietly abandoned in 2007.

At the same time, the journal Human Genetics piloted a new
approach, taking advantage of its informal affiliation with HGMD
(http://www.hgmd.org). Thus, many hundreds of mutations, all
electronically submitted, were published by Human Genetics and in-
cluded in HGMD, together with very brief phenotypic descriptions.
Hence, authors received scientific credit by obtaining a PubMed
ID for their submissions. This scheme ran for a total of 12 years
from February 1998 but was discontinued in April 2010, owing
to the increasing workload for the publisher (Springer-Verlag)
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Table 1. International Scientific Peer-Reviewed Journals That Are (or Were) Related or Linked to a Genetic Database, Namely, Central
(HGMD), Locus-Specific (LSDBs) or National/Ethnic Genetic Databases (NEMDBs)

Journal Database Description Link References

Central databases
Human Mutation WayStation An attempt to connect a major genetics

journal with a central data repository.
Intended to incentivize genome variation
data submission from the scientific
community.

http://www.hgvs.org/centraldb.html Horaitis and Cotton, 2004

Human Genetics Human Gene
Mutation
Database
(HGMD)

Long standing connectiona between a human
genetics journal and the resource which
acts as the de facto central depository for
human gene mutations associated with
inherited disease.

http://www.hgmd.org NA

LSDBs
Hemoglobin HbVar Connection of one of the main forums for the

publication of hemoglobin research with
the globin gene-specific database.

http://globin.bx.psu.edu/hbvar Patrinos & Wajcman, 2004

NEMDBs
Human Genomics

and Proteomics
FINDbase Interconnection of a genomics journal with an

open access database that documents
clinically relevant genome variation allele
frequencies in various populations
worldwide.

http://www.findbase.org Patrinos and Petricoin, 2009

aNo longer operational (see text for explanation).

and editors, the decreasing benefit to the journal itself, and a
potential detrimental effect on the journal’s impact factor. A
similar publication modality was also implemented for the Hb-
Var database for hemoglobin variants and thalassemia mutations
[http://globin.bx.psu.edu/hbvar] that invited submissions of novel
pathogenic variants in the human globin genes, population-specific
globin gene variation allele frequencies [Patrinos et al., 2004], and
experimental protocols for globin gene variant screening [Giardine
et al., 2007]. In 2004, the journal Hemoglobin introduced a require-
ment to place globin gene variation data into HbVar prior to submis-
sion of a related manuscript to the journal [Patrinos and Wajcman,
2004], which led to a modest increase in data submission to HbVar.
Such an approach has also latterly been adopted by Human Mu-
tation, which now requires all novel genome variation data to be
submitted to (and stored in) an LSDB, prior to acceptance of the
corresponding manuscript for publication. Adoption of this policy
is most unlikely to have a negative effect on the overall impact factor
of the journal.

Perhaps surprisingly (since this is a raison d’être for LSDBs),
population/ethnic-specific genome variation allele frequency infor-
mation is inadequately described in existing LSDBs; in a 2010 survey,
only 1.6% of LSDBs contained this information [Mitropoulou et al.,
2010]. Although the 20+ NEMDBs available to date have filled this
gap to some extent, there is still a need to enrich NEMDB content
with population/ethnic-specific allelic frequency data. Population-
specific mutation datasets are considered to be more complete,
as compared with the characterization of a single or a few novel
genome variants, and as such these datasets may be more attrac-
tive to peer-reviewed journals. On the basis of this assumption,
Human Genomics and Proteomics has affiliated itself with FINDbase
(http://www.findbase.org), an international freely available database
[Georgitsi et al., 2011a; van Baal et al., 2007]. Human Genomics and
Proteomics publishes short descriptions of genetic datasets pertain-
ing to population/ethnic-specific clinically relevant genome varia-
tion allele frequencies, namely, causative variants and pharmacoge-
nomic markers [Georgitsi et al., 2011b]. The affiliation of Human
Genomics and Proteomics with FINDbase allows authors to present
their research on the characterization of causative genomic variation
and/or pharmacogenomic marker frequency spectra to a broad au-

dience [Patrinos and Petricoin, 2009]. The database journal efforts
that have been implemented to date are summarized in Table 1.

Microattribution and Nanopublication:
An Innovative Publication Modality

Traditionally, one of the key measures used in the evaluation of
a researcher’s scientific career is their publication record in inter-
national peer-reviewed scientific journals, assessed on the basis of
the perceived impact of the journal (which is almost inevitably re-
lated to its ISI Impact Factor), the number of citations that each
article attracts, and the H-index, an aggregate measure of the total
number of citations that each of the author’s publications attracts
(http://www.scopus.com). However, there are a multitude of ways,
apart from publishing scientific articles, in which researchers can
contribute to scientific endeavor, one of them being submission to,
and curation of, biological databases.

Microattribution: The Concept
In 2008, the scientific journal Nature Genetics introduced the con-

cept of “microattribution,” in an attempt to introduce an alternative
reward system for scientific contributions, such as database entries
and records. The principle of microattribution is “. . . to produce a
publication workflow that is open to all journals and that draws on
the expertise of all those with a stake in understanding variation at
a particular region in the human genome” [Anonymous, 2008].

Each human variome microattribution review would consist of
the following components: (1) The Public Genome Browser, to dis-
play the actual number of database entries and related articles. In
this way, microattribution introduces the concept of curation of
individual genome variants by gene, in order that data submit-
ters and database curators will obtain all due credit. A prerequi-
site for this is that genomic variants should be deposited in stable,
publicly available, and well-maintained central repositories (e.g.,
National Center for Biotechnology Information [NCBI] and Eu-
ropean Bioinformatics Institute [EBI]) that would run indepen-
dent microattribution services, based on an individual researcher’s
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unique identity, such as is aimed for by the Open Researcher
and Contributor ID consortium (http://orcid.org), ResearcherID
(http://www.researcherid.com), OpenID (http://openid.net), etc.
Depositing genome data as “nanopublications” [Mons and Velterop,
2009], contributed by an individual researcher or research group,
in a stable and accessible format in open repositories would allow
mining for citations associated with this/these authors’ unique IDs.
In other words, a nanopublication is the smallest unit of publishable
information that can be linked to its contributor via their unique
scientific identity, and which can be cited and evaluated in terms of
its impact upon the research community; (2) The Microattribution
Analysis article, a comprehensive high-profile article commissioned
by the journal’s editor and stringently peer reviewed, which would
summarize the features of all variants at a particular locus, such
as phenotypes, clinical findings, allele frequencies, and so on. In
this article, all genome variant contributors who are authors of the
nanopublication collection constituting the Microattribution Anal-
ysis article would be either considered as coauthors or would in the
future receive citations on their individual nanopublications.

There are several advantages to this approach. First of all, the na-
ture of the nanopublication is such that it does not need to be related
to a full scientific article (although this is also an option) but it can
also refer to a database from which it is derived. Moreover, nanop-
ublications can be encoded in the resource description framework
(RDF) to become part of the Semantic Web, and transferred be-
tween computers using extensible markup language (XML). Hence-
forth, nanopublications can be more easily mined, queried, and re-
trieved through the Internet and be subject to computer reasoning,
something that is not feasible for regular articles. Most importantly,
nanopublications have the potential to incentivize potential data
contributors to place their data in the public domain for others
to freely access and optimally exploit, since nanopublications can
be attributed and cited in the same way as regular articles [Mons
et al., 2011]. This can have a significant impact upon future scientific
publication modalities, since it facilitates data mining, enables data
sharing, and therefore increases the likelihood of an article being
retrieved and cited.

In the genetics/genomics world, a nanopublication would consist
minimally of the following elements (Fig. 1A; http://www.nanopub
.org/guidelines/current): The Assertion is the minimal unit of in-
formation that we would like to publish. It contains at least one
statement with three elements: (1) the subject, for instance, the
gene or a genomic variant, (2) the predicate that (for instance) re-
lates the gene or the variant to a specific clinical condition for a
LSDB or a specific allele frequency for a NEMDB, (3) the object
of the relation that either links the subject to another concept (for
instance, a phenotype) or to a feature or value. Finally, Provenance
includes attribution information pertaining to the nanopublica-
tion, such as who made the assertion (the contributing authors),
when it was made by a date/time stamp, or how the assertion can
be (re)used (copyright). Given that the attribution can be linked to
each researcher through their unique identification, this can provide
the basis for the necessary metrics for each scientific microcontri-
bution, in addition to the traditional publication metrics, such as
article number, article citation index, H-index, etc. In addition, a
nanopublication can include supporting information such as the
nature of the data source, experimental conditions, and other con-
textual or “credibility” features that the authors consider essential
evidence for the assertion.

Figure 1 illustrates the minimal nanopublication and two ex-
amples. The first example, derived from an NEMDB, describes a
genome variant (CYP3A4:c.-392A>G; subject) that has (predicate) a
“minor allele frequency” (object) with a value associated in a specific

population (Supporting) and which has been contributed by a spe-
cific researcher (Attribution; Fig. 1B). The second example, derived
from an LSDB, describes a genome variant (HBB:c.92G>C; subject)
that leads to (predicate) β-thalassemia (object), a specific phenotype
(Supporting), and was contributed by a research group (Attribution;
Fig. 1C). According to the latest nanopublication model, the Sup-
porting and Attribution elements consist of the Provenance, while
the subject, predicate, and object consist of the Assertion of the
nanopublication (Fig. 1A). In both cases, the corresponding entries
have been hard linked to, and hence are available for, further detailed
study in the corresponding source databases, for example, FINDbase
(Fig. 1D) and HbVar (Fig. 1E), respectively. Since nanopublications
are fully computer readable, meta-analysis of many nanopublica-
tions pertaining to certain topics can be performed, and linkage of
such data to, for instance, genome browsers becomes an option.
Several large datasets (such as GWAScentral and datasets from the
RIKEN Institute, Japan) have already been defined as candidates for
transformation into nanopublication format. A major international
project, financed by the Innovative Medicines Initiative and called
Open PHACTS, is codeveloping and exploiting the nanopublication
RDF versions in a platform that has been termed Open Pharmaco-
logical Space (http://www.openphacts.org). Data contribution from
the Human Variome Project (http://www.variome.org), the Phar-
macogenomics for Very Nation Initiative (http://www.pgeni.org),
and potentially other worldwide genome variation projects could
serve to accelerate the development of Semantic Web environments
to support both biomedical research areas.

Another example that demonstrates the utility of the nanopub-
lication approach is in querying a specific variant. Currently, one
has to employ a genome browser to identify this variant, by acti-
vating all possible tracks, an approach that is not particularly user
friendly. Once this information becomes available in a nanopubli-
cation format, querying for this particular variant becomes much
easier and more straightforward. The process of aggregating mi-
croattributions is provided in the Supporting Information, while a
potential schema to measure the credit due via the microattribution
process is outlined in Figure 2.

Implementation of Microattribution
The first demonstration of microattribution working in practice

was achieved by Giardine et al. (2011) using HbVar, the globin gene
LSDB, as a model. All causative globin gene variations, their as-
sociated phenotypes and allele frequencies, where applicable, were
comprehensively documented in 37 interrelated LSDBs for the α-
and β-globin genes as well as those genomic loci that when mu-
tated lead to a hemoglobinopathy-related phenotype, for example,
ATRX and KLF1. Each genomic variant in these LSDBs was listed in
four separate Microattribution Tables [Giardine et al., 2011] (Supp
Fig. S1) that include either published variants stored against the
PubMed IDs or unpublished variants contributed by individual re-
searchers or research groups involved in hemoglobin research. In
the latter case, unpublished variants were documented against con-
tributors’ own Researcher IDs. Each variant was linked to its LSDB
accession number and unique IDs for the contributor(s) of the vari-
ant. Subsequently, the Microattribution Tables were deposited in
the NCBI (http://www.ncbi.nlm.nih.gov) public repository in an
effort to measure microcitations for every data contributor or data
unit centrally. In addition, the microattribution article, comprising
51 authors from 35 institutions, was published in Nature Genetics
(Supp. Fig. S2). The microattribution article itself could not con-
tain all variant–phenotype relationships found in the 37 LSDBs.
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Figure 1. A: Outline of the nanopublication (see also text for details). B, C: Examples of nanopublications pertaining to national/ethnic mutation
databases (NEMDB) and locus-specific mutation databases (LSDB), respectively. D, E: The entries corresponding to the nanopublications, as
outlined in B and C, are deposited in FINDbase and the HbVar database, respectively.

However, it was found that the text of the article contained around
600 assertions that could be individually captured as meaningful
nanopublications. In addition, the underlying databases contained
well over 44,000 potentially meaningful nanopublications, thereby
greatly enhancing the computer-enabled citation potential of the ar-
ticle itself as well as each nanopublication individually [Mons et al.,
2011].

Microattribution has been found to contribute significantly to the
increase in data submission rate with respect to HbVar and related
databases, showing between 1.8-fold and 8.2-fold increase of data
submission rate as compared with previous years in which HbVar
was active [Giardine et al., 2011; Supporting Information], even

compared with the official HbVar launch year (2001), emphasizing
the potential impact of microattribution to genome variation data
submission. This does not, of course, imply that this increased rate
of data submission would necessarily be replicated for other genes
should this exercise be repeated, because the novelty of this exercise
(and hence the interest it is likely to generate) may be expected to
diminish quite rapidly as scale-up is attempted.

A number of useful conclusions were nevertheless drawn from
this approach, derived from the clustering of ATRX and KLF1 gene
variants in the gene coding regions, from where new mutation
patterns have emerged [Giardine et al., 2011]. Such conclusions
would not have been possible without such an approach, further
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Figure 2. Schematic depiction of the envisaged impact of microattribution in future scientific publishing. A: Regular narrative publications often
include large data tables, which allow citation metrics by author name and hence can contribute to academic advancement. However, data mining
and data sharing are both limited, while linking contents of the data tables back to the data contributor is trivial and often impossible, since a unique
author ID is missing. B: The introduction of nanopublications allows the unambiguous linking of data tables to data contributor IDs, which in turn
can facilitate data mining. Moreover, data sharing is enabled which increases the likelihood of an article being retrieved and cited. Hence, citation
metrics are also possible for nanopublications, whereas academic credit by microattribution is also possible, thereby contributing to academic
advancement.

demonstrating the value of the immediate contribution of novel
genome variants to databases even though they would not warrant
classical narrative publication on their own.

The Nanopublication Tool
Nanopublication of selected content from genetic databases

should be made as easy and as automated as possible. We de-
veloped an application to enable first-generation nanopublication
from the Leiden Open-Access Variation Database (LOVD version
2; http://www.lovd.nl) and possibly other genetic databases. In or-

der to make a large part of the infrastructure reusable, a process
has been developed that reads a local database and populates a
local triple store first. This process, the “RDF-izer,” has been devel-
oped in such a way that it can be adapted to the various database
systems in existence. For version 2 of LOVD, it takes all data us-
ing the representational state transfer (REST) interface [Fielding
and Taylor, 2002] and stores them as time-stamped triples in a lo-
cal database (Fig. 3). An easy-to-use open source search platform
(SOLR; http://lucene.apache.org/solr) has been selected, which also
supports native full and delta imports (DataImportHandler) from
many existing database management systems, including mappings.
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Figure 3. Depiction of the nanopublication tool, developed for the LOVD database.

After the data are stored in a generic local triple format, the next
step is to aggregate different triples into a proper nanopublication.
The time stamp of the nanopublication is the latest time stamp of
the triples that it aggregates. In this way, it is easy to check if a
nanopublication is out of date. We built an aggregator that com-
bines the triples that deal with the same subject, predicate, object,
and author. It also maps the subjects, objects, and predicates to a
standard vocabulary (for LOVD, a SNP thesaurus has been created,
and mapping to OMIM and EntrezGene has been supplied; this
can be extended). Variants are organized into separate assertions,
and additional information that we obtain from the LOVD2 REST
interface is placed into the provenance part of each nanopublication.

The nanopublications are now stored in a local SOLR database
as well. The content of this local SOLR database can be retrieved in
a Web application. The sole purpose of this application is to give
the database manager a tool to first “internally” publish nanopub-
lications and transfer them individually or in batches at will to a
public nanopublication store. The application keeps track of the
publication status of triples in the local nanopublication store. For
testing purposes, a public nanopublication store has been created.
Any technology (OWLIM, Virtuoso, Sesame) could be used as a
public nanopublication store. For now, a public SOLR database has
been developed that provides the nanopublications in XML format.

A similar nanopublication module has also been developed
for population-specific allele frequency data, allowing allele-
specific frequency data sharing from the FINDbase database
(http://www.findbase.org). First, this module allows data entry and
modification based on the ResearcherID that serves as the registered
user’s identity in the system. Data submissions are possible via the
uploading of a preformatted Excel spreadsheet template and a Web-
based editor that automatically extracts the data from the spread-
sheet into the system. Assessment of data accuracy is performed by
a two-tier approach: (1) automatic assessment by the Web-based

editor that performs specific quality checks in each record submit-
ted (Fig. 1D) and (2) final data approval by the database adminis-
trator or the National coordinator [Georgitsi et al., 2011a], which
allows data integration into the main data collection. Subsequently,
a nanopublication is automatically created per record, allowing the
administrator and/or national coordinator to assemble all nanop-
ublications and then contribute them to a publicly available central
database, for example, dbSNP, Cafe Variome, etc.

Microattribution: Hurdles from Concept
to Implementation

The examples above show how nanopublications can be used in
practice. However, there are several issues that should be addressed
before they can be successfully implemented in practice. The single
most important contribution of microattribution to increase the
rate of data submission is by incentivizing individual researchers or
research groups to submit their newly acquired and unpublished
mutation/variation data to a public repository or database in return
for appropriate credit and attribution.

First of all, microattribution and nanopublication presuppose the
existence of a well-curated LSDB and underlying mutation datasets
as skeleton structures. Researchers will clearly be somewhat less
motivated to submit their mutation data to databases, however well
curated, if these databases lack substantial amounts of previously
published data. One should bear in mind that the success of the
pilot microattribution project involving the globin gene datasets
may be largely attributed to: (1) the well-curated HbVar database,
highly appreciated in the globin research community, long before
the microattribution project was initiated, providing a well-defined
structure through which the new submissions could be shared, (2)
the high novelty value, derived from the pilot nature of the project
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itself, and (3) the enthusiastic backing of a high-profile journal,
viz., Nature Genetics. All these elements probably served as serious
attractors for data submitters. In contrast, one should be aware that
scaling up this project to thousands of genes, for which there are
currently no well-structured LSDBs and significantly less interest,
is likely to be a slow and painstaking process and would probably
have only very limited rewards for the huge number of participants
required.

Furthermore, one would have to envisage that the successful
adoption of the microattribution/nanopublication concept would
require its own form of quality evaluation by international experts,
possibly governed by committees that oversee the smooth imple-
mentation of the microattribution/nanopublication process. Their
members would communicate with data submitters, review and
curate the submitted data where necessary, and chase data con-
tributors for any missing information. In the context of human
genome variation data, a sensible approach would be to base the
whole process around one or more pre-existing and freely avail-
able high-quality centralized databases or database journals. This
could be coupled with publication of microattribution-type articles
at regular intervals in genome research journals (possibly online
only), such that the individual contribution of the data submitters
in a consortium is recognized by their coauthorship. An example is
the microattribution article by Giardine et al. (2011). Such articles
further incentivize researchers to submit data to a central reposi-
tory knowing that they will receive all due attribution, not only by
the nanopublications itself but also by the publication describing
the database and the mutation datasets that it accommodates. In
relation to this approach, serious consideration must be given to
the scale of funding required to run such a venture. As with any
large database project, such a centralized approach would require
very significant funding from the outset but would ultimately need
to be financially self-sustaining. One possible solution would be
partnering of the centralized data repository with a major publish-
ing group(s) along the lines of a database journal-like model (see
above).

Another aspect to be considered is that most of the muta-
tion/variation data that are currently being generated are emerg-
ing from whole-genome sequencing studies of genes and whole
genomes. These are “raw” uncurated data and, as such, have to be
handled in quite a different way from for instance curated data that
involve allele frequencies and (endo)phenotypes. In many cases,
these data have already been submitted to a central database (e.g.,
dbSNP), and hence are freely available, but may still lack sufficient
attribution and credit for the submitters. Such data, for instance,
hundreds of thousands of benign variants and perhaps 50–100 dele-
terious variants per genome [MacArthur et al., 2012], could in prin-
ciple be extracted from publicly available whole genome datasets,
annotated, and introduced into well-curated or even orphan LSDBs
prior to announcing a call for genome variation data submission or
for candidate curators to adopt an LSDB. The latter is particularly
important for genome variation data that are no longer publishable
on their own, for example, by-products of whole-exome or whole-
genome sequencing, and which, in the absence of any appropriate
incentives would in all likelihood remain outside the public domain.
However, the workload involved in extracting these data, annotating
them and introducing them into LSDBs, should be regarded signif-
icant and every effort should be made to ensure that submission
of these data would be made as easy as possible and as profitable
as possible to the submitter. Moreover, particular attention should
be given to indicate the level of data confidence in a clear way, for
example, raw (and perhaps false positive) data versus curated data
of unknown significance or with a clear genotype–phenotype cor-

relation. The provenance and context elements of nanopublication
enable these elements.

Another important issue to consider when implementing mi-
croattribution is that those very people who are responsible for gen-
erating the most mutation/variation data, by definition the leaders
in the field, are going to be among the least likely to be incentivized
by this approach, since they are likely to think exclusively in terms
of high impact traditional publications. Many LSDBs are not cu-
rated by the leaders in their respective fields; rather, they tend to be
initiated by junior and/or transient workers who wish to maximize
their gains in the short term and often have little or no interest in
the task of sustaining the LSDB into the long term [Patrinos and
Brookes, 2005]. One of the underlying reasons for this may be the
uncomfortable fact that submitting mutation data to LSDBs is ex-
tremely laborious with very little obvious reward at the end of it.
Microattribution should therefore be implemented in such a way as
to inspire busy high-profile researchers and their groups to populate
LSDBs with genome variation data. Incentivization could in prin-
ciple operate through the delegation of responsibility for curating
these data repositories to the more junior members of these research
groups.

The above issues must be exhaustively and seriously considered.
When they are adequately addressed at an early juncture, microattri-
bution/nanopublication can be sustained beyond the initial excite-
ment about the novelty of the concept. One way to address all these
issues and, at the same time, to initiate the entire process would be to
organize an international meeting where all interested stakeholders
would participate with the goal of establishing standards, setting pri-
orities, discussing problems and shortcomings, and ways to bypass
them, similar to the way in which MGED developed the Minimum
Information About a Microarray Experiment (MIAME) standard
(Ball et al., 2004). Such a meeting, which might be placed under the
auspices of a major bioinformatics center where the microattribu-
tion data would be gathered, could allow important deficiencies to
be resolved in the early stages, which, in turn, will save time and ef-
fort during the full implementation of the microattribution process
later on.

Discussion
There are numerous ongoing efforts by various groups worldwide

whose laudable aim is to comprehensively document all clinically
relevant human genomic variants. The development and curation
of genetic data repositories, such as LSDBs for a particular hu-
man gene/genetic disease, NEMDBs for a particular population
(unpublished), or even patient registries with microattribution (in
preparation), provide examples of how such repositories might be
established and populated with data in the future. By adopting sev-
eral different approaches to incentivizing data contribution, such as
coupling databases to scientific journals or by implementing the mi-
croattribution process, the rate of accumulation of high quality and
accessible data may be significantly increased. At the same time, as
with many novel initiatives, there are bottlenecks that remain to be
tackled, such as variants that are deposited in central databases (e.g.,
HGMD) or NEMDBs but not LSDBs [Mitropoulou et al., 2010].

Usually, traditional publication modalities do not require sub-
mission of primary data to genomic databases, unless specifically
requested to do so by the journal or the funding agencies. These
examples include submission of DNA sequences and transcription
profiling datasets into public databases (e.g., GenBank, MIAME, and
dbSNP) against their submission accession numbers. Human Mu-
tation now requires novel gene-specific variation data submission to
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LSDBs, prior to manuscript acceptance. We suggest that genetics and
genomics journals could consider adapting their instructions to au-
thors with the aim of enhancing genome variation data capture.
Furthermore, in several journals, where submission of “mutation
updates” is already encouraged, such articles could be coupled to
microattribution so as to increase unpublished genome variation
data capture. On top of that, every paper that has been annotated
for microattribution could be marked as such in PubMed, adding
to the incentive to publish data (e.g., a clearly visible acronym such
as “mA” could be shown). This acronym could also be placed in the
top right hand corner of the print and online versions of the arti-
cle to indicate that microattribution data are available for a given
manuscript. This approach might also inspire the authors to get
their papers marked with such a label.

Other important parameters that must be considered in the con-
text of either database journals or microattribution are data owner-
ship and privacy protection. In principle, existing recommendations
for the curation of human genetic databases [Celli et al., 2012; Povey
et al., 2010] should be adhered to, including policies for data sources
derived both from research and clinical genetic diagnostic settings,
published or unpublished results, special provisions for the pro-
tection of certain cultural and population groups (e.g., Bedouins,
Roma, etc), and removal of sensitive identifying information from
the submitted datasets, the latter being particularly important since
it is clear that the availability of microarray data [Homer et al., 2008]
or even whole-genome sequencing data can no longer guarantee a
person’s anonymity/nonidentifiability.

A fundamental difficulty in capturing all ascertained genome
variation data lies in the incentivization of public and private ge-
netic diagnostic laboratories as well as research groups to contribute
data. Some genomic variant data derived in a clinical diagnostic lab-
oratory setting may never be revealed to the public or the scientific
community because they will probably never be published or docu-
mented in a public database. Private laboratories, in particular, are
not always prepared to place their data in the public domain, one
of their reasons being fear of possible patient identification and of
subsequent litigation, or in other cases, lack of consent to publicly
share patient data; this could also lead to uncomfortable questions
about the company’s strategy for interpreting the data that they
generate. To solve this shortcoming in practice, the necessary con-
sent could be requested from patients upon ordering a genetic test
or alternatively, a policy of concealing their personal details upon
data submission could be adopted. Certain database management
systems have made provisions to contribute patients’ genomic data
without revealing any sensitive personal details, both in the con-
text of individuals [Fokkema et al., 2011] and of culturally sensitive
population groups [Zlotogora et al., 2007, 2009]. Another practi-
cal step that could be implemented to tackle this bottleneck would
be to include data contribution to public repositories as a neces-
sary quality control requirement for the accreditation process of a
genetic laboratory. Such a measure is already being implemented
by the Israeli Ministry of Health [Zlotogora et al., 2009]. Also, the
EQA/accreditation system may be exploited, such that the EQA bod-
ies require database submission of all novel pathogenic mutations
identified by diagnostic laboratories, which should be listed in the re-
port as a reference number. In this context, it is pertinent to mention
that MutaDataBase (http://www.mutadatabase.org), a commercial
publicly available, open access, free online database, has recently
started up with the professed aim of providing standardized infor-
mation on human disease genes including disease-causing variants;
it specifically targets private genetic laboratories with respect to in-
cluding their mutation data, which would otherwise be unlikely to
be placed in the public domain [Bale et al., 2011].

As far as the microattribution process is concerned, it may be
possible not only to track a researcher’s contribution as a means to
provide publication credit but also to establish a microcredit mea-
sure for database development, maintenance, and curation efforts,
involving, for example, manual data content curation and expan-
sion by adding related information from the literature, verification
of data correctness, cross-linking with other databases, and so on (as
already performed by HGMD). At present, such efforts go largely
unnoticed, since they cannot be measured in traditional publica-
tions. In the post-genomic era, in which the submission and cura-
tion of large datasets is one of the most pressing issues, attribution
of both data submission and curation is going to be of the utmost
importance in providing the research community with access to
these datasets. The microattribution/nanopublication approach de-
scribed above enables both data attribution and data citation. It is
important to clearly distinguish these two factors. “Assertional” data,
such as the association between genomic variants and their pheno-
types, when deposited in databases, can be linked and attributed to
their creators/submitters via the provenance described above. Con-
tributors to the data quality control and curation process, including
the curators of LSDBs and NEMDBs, can also be recognized. This is
particularly important since many databases do not annotate their
data appropriately (i.e., by reference to genomic sequence number-
ing), and consequently the quality of the submitted, uncurated data
in many LSDBs is relatively poor. A mechanism to value and assign
these contributions, as well as formally acknowledging mechanisms
to use them as part of the scientific accreditation process, is currently
lacking. Therefore, the actual citation of data elements after pub-
lication as nanopublications can provide significant added value.
First of all, established mechanisms for citation metrics already exist
and hence would be less disruptive to adopt than newly developed
methods would be in assessing the value and extent of databases
and individual depositions in those databases. Thus, for example,
a single database collating DMD gene mutations has received more
than 50 citations of its URL (http://www.dmd.nl) over the last few
years (J. den Dunnen, personal communication). Especially when
a database has been published in a formal scientific journal, cita-
tions of individual nanopublications in that database can be linked
to the paper describing the resource. Citations to microattribution
papers could therefore be significantly enhanced by rendering in-
dividual nanopublications from the underlying databases visible in
computer-readable format. For this to work in practice, these should
become an integral part of modern enhanced Science (e-Science) ap-
proaches, such as computer-aided reasoning over gene and protein
interaction maps and other in silico knowledge discovery methods.
When individual associations are discovered to be part of a wider in-
teraction or causative network, they can receive citations, but these
will also reflect the relevant article(s) describing the databases from
which the nanopublications were derived. Thus, microattribution
articles and nanopublications should mutually reinforce the proper
citation and attribution of individual and batchwise contributions
to the human variome.

It should be emphasized that the technical ability to cite and at-
tribute small yet significant contributions to—omics information in
general—is necessary but not sufficient to change the culture of attri-
bution and reward in the biological sciences. Even though the value
of incremental microcontributions to the scientific knowledgebase
is widely recognized by the research community itself, the reward
systems used by funders and faculty bodies to decide upon issues
of tenure and promotion are not necessarily ready for this dramatic
shift. It is therefore imperative that, alongside technical changes,
social changes that are needed to make the scientific reward system
ready for the next decades should also take into account the crucial
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role that curated resources such as LSDBs, NEMDBs, and central
databases play in modern genetics and translational research. This
may, in turn, facilitate the fundraising efforts of database curators to
ensure the long-term maintenance and sustainability (and hence vi-
ability) of genetic databases, since this would be a significantly more
robust and objective measure of database quality for reviewers to
assess than either the number of citations to the reports describing
the database itself or the database traffic metrics.

Conclusions
Developing an incentivization process for placing human genome

variation data into the public domain, such as by microattribution
or through database journals, is entirely feasible in technical terms
and the first efforts to build such a process are currently underway.
However, the widespread adoption of these efforts will rely on inno-
vative publication approaches, the means to uniquely identify indi-
vidual data contributors as well as the enthusiasm and motivation
of specific research laboratories, funders, and academic institutions
to support these initiatives to the benefit of the wider research com-
munity and, most importantly, the patients and their families. The
unfortunate reality is that persuading busy scientists to contribute
their valuable time to the public good is always going to be prob-
lematic. However, the value of those data currently being gathered
by LSDBs is such that fundamental changes to the culture of data
sharing are necessary for scientific progress to be made.
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