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Cloud-based bioinformatic plat-
forms address the fundamental
demands of creating a flexible
scientific environment, facilitating
data processing and general
accessibility independent of a
countries’ affluence. These plat-
forms have a multitude of advan-
tages as demonstrated by omics
technologies, helping to support
both government and scientific
mandates of a more open
environment.

Moving to the Cloud

Woe are increasingly surrounded by cloud
computing, whether it is private or scien-
tific in nature; thousands of computers
and servers are used to process and han-
dle our information [1]. The benefits of
cloud-based computing over download-
able deskiop-based software include
straightforward data sharing, transfer,
management and archiving, standardized
data formats, distributed data process-
ing, and global access that is indepen-
dent of local high-end hardware [2,3].
Moreover, the cloud provides a universal
platform for data analysis across commu-
nities and locations, enabling outside
researchers to perform modified analyses
and ask new questions utilizing the same
data sets. These cloud-based platforms
also make computational power available
to academic institutions with limited
resources, which otherwise may not be
able to afford the infrastructure required
to analyze complex data sets. This

was recently demonstrated by the estab-
lishment of a low-cost and scalable
experimentation platform to address pro-
fessional training needs in basic biology
[4]. Even high-end labs are starting to
purchase time from cloud providers.
Furthermore, these advantages coincide
with recent government mandates seek-
ing to make science more accessible and
transparent [5].

The advantages of cloud computing are
numerous, though it is not without its
challenges; it requires reliable and fast
Internet connections, creates a time lag
between uploading and processing data,
lacks flexibility and control over resour-
ces, and requires high-level security to
ensure that proprietary information is safe
[6,7]. Particularly, in muHiple applications,
data protection is an ongoing and contro-
versial issue. The user does not know
who might gain access to patient data
and, once uploaded, cannot control its
protection nor track its usage. Moreover,
the missing availability of the source code
can make cloud services a black box. Yet,
even with these challenges, cloud com-
puting has recently emerged as a cost-
effective and more ‘cpen’ way to perform
research in the field of life sciences. In
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fact, bioclogy and cloud computing have
become irrevocably intertwined, particu-
larly for the omics disciplines, which deal
with data sets reaching the terabyte
range [2,7], and driven by the increasing
performance of high-throughput meth-
ods, such as next-generation sequencing
or high-resolution mass spectrometry-
based metabolomics and proteomics
[8]. Responding to the massive amounts
of data generated, National Institutes of
Health initiatives, including ‘Big Data
to Knowledge', and bioinformatics hubs
are now exploring cloud-computing
options.

Here, we describe cloud-based comput-
ing in metabolomics, which is currently
facing the key challenge of integrating
within the broader context of systems
biclogy (Figure 1).

Metabolomics: Leading from
Behind

Metabolomics, a multidisciplinary tech-
nology and the newest and fastest
growing omic domain, aims to decipher
metabolic changes in a given biological
system. Despite overcoming challenges
in its early stages of development and
establishing community standards in the
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Figure 1. Cloud-Based Computing Provides Interconnectedness with Infrastructure, Data Shar-
ing, and the Ability to Integrate Multiple Resources. The muitiomics XCMS Online platform with over 12
500 registered users represents a freely available, cloud-based resource offering data processing, archiving
and sharing, easy-to-use statistical tools, intutive visualization, pathway analysis, and — in combination with the

METLIN database — metabolite identification.
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last decade [9], the field of metabolomics
may still be regarded as an emerging
scientific discipline. Given the scope of
these efforts, significant time and funding
resources are required to establish a
comprehensive metabolomics lab, mak-
ing the technology inaccessible to a large
share of biclogical scientists without the
required instrumentation or substantial
bicinformatic support. To address the
informatic challenge, XCMS Online [10]
and the associated METLIN metabolite
database [11] represent a model of how
community-oriented cloud computing
can be implemented on a global scale.
This free, cloud-based platform for untar-
geted metabolomics data provides users
with data processing tools, data stream-
ing, statistical analysis, metabolite identi-
fication via high-resolution tandem mass
spectrometry library searching, pathway-
based multiomic analysis, and download-
able results for any alternative analyses.
Originally developed as a command-line
driven software (XCMS) [12], the online
version requires neither programming skills
nor expensive hardware. The challenges of
cloud computing can be overcome by
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streamlining data uploads, using redun-
dant grid-based processing and redun-
dant secure data storage, and providing
a user-friendly platform with enterprise-
grade security that is compliant with estab-
lished regulations [6]. Because data trans-
fer still represents a major bottleneck in the
metabolomics arena, we recently launched
XCMS Stream [13]. This data streaming
solution helds the potential to reduce data
analysis time from days to minutes.

The most significant value of the universal
access options provided by cloud com-
puting is the fast and simple sharing of
resources (Figure 2A). In the case of
XCMS Online, uploaded liquid chroma-
tography-mass spectrometry raw data
files, as well as the results of any specific
data processing job including the experi-
mental parameters and settings, can be
shared either privately with any collabora-
tor or publicly with the entire community.
Both options require only a few mouse
clicks. Thus, this type of cloud-based
platform also increases the field’s ability
to compare results with those of publicly
shared jobs. Alongside XCMS Online,
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Figure 2. XCMS Online Exemplifies the Value of Cloud-Based Computing. This resource has
demonstrated an ability to analyze biological systems using multiomic technologies, with its growing usage
aresult of (A) ease of data sharing and (B) significant cost savings. A conservative estimated cost savings (B) to
the community is about US$70 million, as calculated based on the average cost of comparable downloadable
software from different vendors over the last 5 years and the number of XCMS Online users (assuming three
users per purchased program). The increasing importance of data sharing (A) is demonstrated by the ratio of

registered users to shared data sets.
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similar initiatives underpin the expanding
role of cloud-based workflows in metab-
olomics and beyond. For example,
MetaboAnalyst is a valuable collection
of online tools for data analysis and inter-
pretation [14], and Galaxy, a platform with
roots in genomics and transcriptomics, is
currently diversifying into metabolomics
[15]. The recently funded US$8 million
Horizon2020 project ‘PhenoMeNal’ aims
to build a community-supported e-infra-
structure based on cloud resources
for medical metabolomics applications
[Edmunds, S. (2016) https://blogs.
biomedcentral.com/gigablog/2016/07/
19/guest-posting-building-phenomenal-
metabolomics-e-infrastructure]. it will sup-
port data processing and analysis for
molecular phenotype data and leverage
existing cloud infrastructures and data
repositories. Although this platform is so
far dedicated to the European biomedical
community, these efforts again confirm the
potential of cloud computing in the omics
area in general and the primary role of
metabolomics in particular.

Commeoen alternatives to cloud computing
are downloadable, vendor-specific soft-
ware tools to process and evaluate
metabolomic data sets. While these soft-
ware solutions offer advantages, they are
typically very costly and sometimes are
not compatible with data formats
acquired on competitor instruments. With
an XCMS Online user population of over
12 500 scientists in 120+ countries, we
estimate the cost savings of the scientific
community to be over US$70 million since
its launch in 2011 (Figure 2B), while the
cost for development and maintenance of
ACMS Online has been below US$2 mil-
lion, resulting in a community return on
investment of approximately 97%. These
savings are expected to increase to over
US$250 million by 2021 by extrapolating
across the current user base. These
calculations are based on the average
cost from four different vendors over
the course of the last 5 years and the
assumption that there would be one
license for every three XCMS Online
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users. Importantly, these estimates are
conservative, as additional costs for soft-
ware updates or the need for the acquisi-
tion of more than one program were not
taken into account.

It is worth noting that in an altemative
scenario, in which a lab invests in trained
informatics personnel applying open-
source software or creating in-house
scripts, the anticipated budget far
exceeds that of purchased software sol-
utions. In addition, in-house software fur-
ther increases the cost to the field
because many academic developers
release software with little to no docu-
mentation. Besides the financial burden,
exporting and sharing data and results
with colleagues and the public require
additional efforts and are less convenient
or even impossible when using vendor
programs or in-house scripts. Often,
side-step analyses and crucial parame-
ters can be hidden or forgotten, causing
issues for replicating published findings.
Hence, sharing standardized data sets
including underlying raw data utilizing
cloud-based solutions clearly supports
the increasing demand for reproducibility
of scientific data and the request of pub-
lishers and grant bodies to make data and
software publicly accessible.

The Path Upward

Overall, the value of cloud-based bioinfor-
matic platforms goes beyond conve-
nience and addresses the fundamental
demands of putting analytical raw data
into a biological context and creating a
more open scientific environment for rap-
idly translating science. As stated by
Schadt et al. [2], the future success of
the biomedical and life sciences wil
depend on the ability of investigators
to properly interpret large-scale, multidi-
mensional data sets that are generated

by high-throughput technologies. From
this perspective, freely accessible,
cloud-based platforms are invaluable to
facilitate appropriate data processing and
handling. Making more metabolomics
data accessible will trigger integration
with other high-content data sets such
as those in genomics and proteomics.
New software to promote the integration
and analysis of these data sets could
generate more in-depth insights. Having
a central ‘hub’ for these large data sets
and a way to integrate the information
contained would be an invaluable asset
to the scientific community.

The success of metabolomic platforms
will likely evolve and expand into other
fields, such as clinical diagnostics, phar-
macokinetics, imaging, molecular model-
ing, education, and the social sciences, to
name only a few though challenges in
data protection will certainly remain to
some extent. Because cloud-based tools
are inherently easier to access, newly
launched platforms should also stimulate
synergies through smartly connecting
resources. One particularly interesting
possibility is the adoption of these tech-
nologies in less-affluent countries, where
the necessary resources are unavailable.
Given these unique advantages, it is inev-
itable that cloud-based computing will
become an integral part of scientific
communities.
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