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Marine biotechnology can be considered as the use of marine bioresources as the target
or source of biotechnological applications. Despite many successes have been achieved in
marine biotechnology, still many gaps remain to be filled in our basic knowledge on marine
science before it could be fully exploited. Systems biology focuses on complex interactions
within biological systems, using a holistic approach instead of the traditional reductionism.
Marine ecosystems, with different levels of organization at different scales, are ideal
benchmark for designing integrative and systems biology approaches. On the other hand,
except a few pioneering applications to marine ecology, systems biology approach to
marine science is still at its infancy, and marine biotechnology could not benefit from
the blessings of systems biology yet. Here, with its inherent holistic philosophy and
multidisciplinary nature, systems biology perspective was proposed as a new driver
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toward seeking solutions to the grand challenges of marine biotechnology.
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Marine, which is the world’s largest environment covering more
than 70% of the earth’s surface, features several types of extreme
ecosystems and hosts the greatest diversity of life (Sala and
Knowlton, 2006). Marine prokaryotic and eukaryotic organisms
are very diverse and this biodiversity is encountered in many
different habitats and it shapes various abiotic and biotic inter-
actions which influence the operation of the individual compo-
nents of ecosystems and the ecosystems as a whole. Marine has
been considered as a promising resource of biotechnology for
many years (Ngo et al., 2012; Vinothkumar and Parameswaran,
2013), but still harbor an unexpended potential for biotech-
nological applications. For instance, the development of effi-
cient cell factories stands out as one of the major bottlenecks
for further advancement of industrial biotechnology (Knuf and
Nielsen, 2012). Marine, containing a wealth of unexplored habi-
tats and organisms, may provide opportunities for design of
efficient cell factories, and therefore, on its own, harbor a signifi-
cant potential for overcoming the bottlenecks in biotechnological
applications.

Marine biotechnology can be thought of as the use of marine
bioresources as the target or source of biotechnological appli-
cations, and includes marine organisms used as feedstock (i.e.,
for production of food, fuel, materials, or bioactive compounds),
products extracted from marine organisms or developed in lab-
oratories using the knowledge of the natural processes or prop-
erties of marine organisms (including products created from
marine DNA via genetic engineering or synthetic biology), pro-
cesses catalyzed by marine organisms (or derivatives thereof),
ecosystem services (such as biosensors and bioremediation), the
application of biotechnology knowledge to fish health and wel-
fare, and understanding and mapping of ecosystems based on

generic biotechnological tools and knowledge (Pulz and Gross,
2004; Leary et al., 2009).

Many biotechnological advancements have already resulted in
successes in the field of food security (in the form of new vac-
cines and molecular-based diagnostics), human health (biomedi-
cal, pharmaceutical and nutraceutical applications with bioactive
compounds), fisheries (the development of molecular markers
that help to avoid overfishing, etc.), environmental recovery or
restoration (i.e., marine organism based bioremediation) and
energy (by the use of marine organisms to produce sustain-
able and renewable energy). Marine biotechnology has already
helped to increase production, to reduce the use of antibiotics
and improve fish welfare (Sommerset et al., 2005). Biomedical,
pharmaceutical and nutraceutical applications of marine biotech-
nology made significant contributions to human health. Some
marine organisms contain, or produce, bioactive or structural
compounds that can be used to manage pain or reduce inflam-
mation, to treat cancer or other diseases, and also as new mate-
rials for dressing wounds, or to regenerate tissue. Over 20,000
novel marine natural products from marine organisms have been
discovered (Hu et al., 2011). The marine ecosystems are still
untapped reservoir of biologically active compounds, which have
considerable potential to supply food ingredients toward devel-
opment of new functional foods (Kim, 2013). Marine organisms
(algae, invertebrates, vertebrates, and microorganisms) produce a
number of metabolites and active compounds that can be incor-
porated in a range of nutraceuticals containing active ingredients
such as antioxidants, essential oils and vitamins that support good
health. Many biotechnology advances were achieved in produc-
tion of functional ingredients, including enzymes, for the food
industry (Freitas et al., 2012). Examples of applications in energy
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field include the use of micro- and macroalgae for the produc-
tion of biofuel (Rajkumar et al., 2014) and the development of
small bioactive molecules to increase the sustainability of marine
renewable energy sources (Trincone, 2013).

Despite many successes have been achieved in marine biotech-
nology, still many gaps remain to be filled in our basic knowledge
on marine science before it could be fully exploited. Still there
remains a variety of problems that needs to be overcome in
marine science, including understanding the role of biodiversity
and the impact of global change in maintaining the functionality
of ecosystems; understanding relationships between disturbances
owing to human behavior and ecosystems; assessing marine
ecosystems’ health; recovering ecosystem structure and function-
ing through restoration; conserving, protecting and managing
the seas using the ecosystem approach and spatial planning,
and modeling ecosystems for better management (Borja, 2014).
According to Antonio Trincone, the grand challenge of marine
biotechnology in the coming era is to foster knowledge, i.e., to
continue to build our basic knowledge of marine environment
(Trincone, 2014). Only through this understanding, we can fully
understand and make use of what marine organisms have to offer
to society in terms of new technology and applications, and we
owe much of the commercial success of biotechnological devel-
opments and applications to the basic knowledge and academic
research findings garnered across a spectrum of scientific disci-
plines. The specific challenges of marine biotechnology include
improvement of cultivation techniques for certain marine organ-
isms for efficient and profitable production schemes; advanced
researches on organisms’ genetics; bridging the findings of new
strains and their commercial applications; understanding symbi-
otic relationships, the biology and chemistry of defense mecha-
nisms, chemo-ecology of marine invasions; and strategies found
in prokaryotes to adapt to extreme environments (Trincone,
2014).

Historically, researchers have investigated ecosystems focus-
ing on individual or few components of biodiversity and trying
to understand individual component’s roles. However, it became
apparent that understanding the entire ecosystem requires the
study of all biodiversity components, from the genetic structure of
populations, to species, habitats and ecosystem integrity, includ-
ing food-webs and complex biophysical interrelationships within
the system. So, integration of data obtained from different levels
(molecular, cellular, tissue/organ, organism/individual, popula-
tion, community, ecosystem) via principles and tools of vari-
ous scientific disciplines (biology, ecology, mathematics, physics,
computer sciences, etc.) is crucial to fully understand the nature
of an ecosystem and to accelerate the biotechnological achieve-
ments. From this perspective, with its inherent holistic philosophy
and multidisciplinary nature, systems biology not only offers
novel solutions to the grand challenges of marine biotechnology,
but also helps us to protect the ocean and the organisms that
inhabit it through deep understanding of the complexity of the
marine ecosystems.

Within the last decade of systems biology, successful experi-
mental and computational methods for reconstruction and anal-
ysis of advanced biological network models were developed, as
well as the implementation of various design strategies for the

production of fuels and chemicals. As a consequence of various
applications of these systems biology approaches, significant leap
was observed in industrial and medical biotechnologies in the last
decade. Even though marine ecosystems, with different levels of
organization at different scales, are ideal benchmark for design-
ing integrative and systems biology approaches, however, except
pioneering applications of the system biology to marine ecol-
ogy (Karsenti et al., 2011; Mock and Kirkham, 2012), the holistic
approach of systems biology to marine science is still at its infancy,
and marine biotechnology could not benefit from these blessings
of systems biology yet.

THE GENOME SEQUENCING PROJECTS OF MARINE
ORGANISMS SHOULD BE ENCOURAGED

The availability of genome sequences for several organisms
has allowed a transition from molecular biology to systems
biology. Although marine accounts for over 90% of the bio-
sphere and constitutes a major contribution to biodiversity,
the number of genome sequencing projects on marine organ-
isms is very limited, i.e., among the completed sequencing
projects, only 2.3% of them belonged to marine organisms
(Figure 1). In addition, the great majority (97.7%) of these
marine-based genome sequencing projects were microbial. These
marine projects include genomes of marine haloarchaea and
halobacteria, microorganisms from marine oxygen minimum
zones, bacterioplankton clades, dark ocean microorganisms,
marine red alga, marine protista, carbon monoxide oxidiz-
ing thermophiles, marine microbial communities from multiple
species of wood-boring bivalves, hydrocarbon-degrading bac-
teria (including glucose-oxidizing and sulfate-reducing bacte-
ria), ammonia-oxidizing bacteria, bacterial symbionts of gutless
marine worms, actinomycetes, flavobacteria, and other marine
bacterial strains. The recent years have clearly shown that these
genome studies gave important clues on the marine life in terms
of symbiosis (Miiller et al., 2004), defense mechanisms (Thakur
et al., 2005) and biopolymer production (Sogutcu et al., 2012),
and expected to accelerate marine biotechnology especially via
better understanding of the organisms’ genetics and metabolism,
improvement of cultivation techniques for these marine organ-
isms, discovery of novel pathways for energy and carbon use,
development of efficient and profitable production schemes by
use of different hydrocarbons for energy sources, and discovery
of novel commercial applications of marine organisms, in near
future.

GENOME-SCALE METABOLIC MODELS OF MARINE
ORGANISMS WILL ENABLE DEVELOPMENT OF NOVEL
RATIONAL METABOLIC ENGINEERING STRATEGIES

Despite all the significant achievements in microbial improve-
ment in the past few decades, the traditional genetic engineering
strategies cannot meet today’s needs. Rational metabolic engi-
neering strategies based on the genome information are required.
Genome scale metabolic models have proven to be valuable for
predicting organism phenotypes from genotypes (Herrgird et al.,
2008; Henry et al., 2010; Ates et al., 2011, 2013). Being a valu-
able guide for identification and filling of knowledge gaps, once a
metabolic network is reconstructed, mathematical methods such
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FIGURE 1 | Pie distribution of the completely sequenced genomes. Data obtained from Joint Genome Institute Genomes Online Database (Pagani et al.,
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as convex analysis and linear programming can be applied to sim-
ulate the cellular behavior under different genetic and physiolog-
ical conditions, and to develop metabolic engineering strategies
for the construction of strains with desired and improved proper-
ties. The achievements of genome scale metabolic models belong
to different industrial application fields, including food and nutri-
ents, biopharmaceuticals, biopolymers, microbial biofuel, and
bioremediation (Xu et al., 2013). Metabolic reconstructions of
marine organisms and their corresponding models will allow the
formulation of hypotheses about the presence of certain enzy-
matic activities, the production of metabolites, and purposeful
modification of metabolic pathways and other cellular networks
to achieve desired cellular phenotype and performance.

THE COMPLEX COMMUNITY COMPOSITION AND ITS

EFFECT ON FUNCTIONALITY SHOULD BE INVESTIGATED
THROUGH METAGENOMICS PROJECTS

The molecular and ecological details as well as influencing factors
of marine processes are still poorly understood due to com-
plexity of the communities and lack of cultivability of most of
its members. On the other hand, metagenomics technologies,
which have the potential to unravel the underlying complex inter-
species interactions within a community, currently offer new and
promising strategies for marine biodiscovery and biotechnology.
Although marine contains a wealth of unexplored habitats and
communities, 120 marine-based metagenomics projects consti-
tute only one quarter of the published metagenomics studies (a
total of 497 projects), and are mostly dominated by studies on
bacterial communities (Figure 2). The metagenomics projects of
complex marine communities should be encouraged to develop
our limited knowledge of the variation, functioning and ecology
of these communities.

THE FUNCTIONAL GENOMICS DATASETS ARE CRUCIALTO
UNDERSTAND THE DYNAMIC PROPERTIES OF AN
ORGANISM AT CELLULAR AND/OR ORGANISMAL LEVELS
The application of high throughput genome-wide profiling tech-
niques to marine organisms allows the acquisition of functional

genomics datasets, which focuses on the dynamic aspects
such as gene transcription (transcriptome), translation (pro-
teome), protein-protein interactions (interactome), metabolism
(metabolome and fluxome), as opposed to the static aspects of
the genomic information. The promise of functional genomics
is to expand and synthesize genomic, proteomic and metabolic
knowledge into an understanding of the dynamic properties of
an organism at cellular and/or organismal levels. The appli-
cation of functional genomics approaches to marine organ-
isms would provide a more complete picture of how biological
function arises from the information encoded in an organ-
ism’s genome, allow reconstruction of functional interaction
networks, and pave the way for modeling and predicting the
evolution of marine processes under changing environmental
conditions, and also for inspiring and providing some solu-
tions for grand challenges in marine biotechnology. For instance,
metabolome datasets, representing profiles of extracellular and
intracellular metabolites, would give important clues on cell-cell
communication leading to understanding symbiotic relation-
ships, and the biology and chemistry of defense mechanisms
in marine organisms. Differentially expressed genes and pro-
teins, and metabolic/signaling pathways utilized under extreme
conditions could be identified via transcriptome and proteome
datasets in order to understand adaptation strategies found in
marine organisms. In addition, integration of proteomics and
metabolomics data with genome-scale mathematical models will
accelerate the performance of the models in rational design of
microbial cell factories.

COMMUNITY APPROACHES FOR RECONSTRUCTION OF
FUNCTIONAL INTERACTION NETWORKS AND
DEVELOPMENT OF MATHEMATICAL MODELS SHOULD BE
ENCOURAGED

Although we possess general knowledge about the major pro-
cesses within a marine community, we are presently unable
to decipher what role individual (micro)organisms have and
how their individual actions influence others in the community.
Community systems biology approaches (Zengler and Palsson,
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2012) will enable us to decode these complex relationships and
will therefore improve our understanding of individual mem-
bers of the community and the modes of interactions in which
they engage. Investigation of marine systems requires the use
of computer models for a better understanding of the pro-
cesses, functioning and interrelationships among system com-
ponents. In addition, computer models are important design
tools and preliminary testing methods for consortial interactions
which can save time and money. Traditional ecology modeling
approaches have used differential equations, game theory and
stochastic methods to gain systems-based insight. Stoichiometric
modeling methods are attractive in recent years due to their
applicability to the growing genomics and functional genomics
datasets and because they do not require extensive condition-
dependent kinetic parameter sets. These models require only
stoichiometric knowledge of system relevant metabolic reactions
and the assumption of a pseudo steady-state. The two most
widely applied stoichiometric modeling approaches for micro-
bial communities include flux balance analysis (FBA) (Stolyar
et al, 2007) and community elementary flux mode analysis
(cEFMA) (Taffs et al., 2009). Each approach had its theoretical
and computational advantages and disadvantages. Consortium
approach through annotation jamborees, which provide a forum
for bringing researchers together to build an organism-specific
knowledge base, has been proven to be successful in recon-
struction of genome-scale stoichiometric metabolic models for
various model organisms (Herrgard et al,, 2008; Thiele and
Palsson, 2010; Thiele et al., 2013). This approach should be
upgraded to ecosystem/metagenomic-level and be initiated for
marine systems.

MARINE IS AN UNTAPPED VALUABLE RESOURCE FOR
MICROBIAL CONSORTIA ENGINEERING

The methodology of microbial consortia engineering is based on
assembling microbial consortia through enabling, encouraging

or enforcing interactions between distinct cell populations and
their environment. The common aim is to capitalize on both the
capabilities of individual microbes and their interactions to create
useful systems-level emergent properties like enhanced produc-
tivity, stability or metabolic functionality (Bernstein and Carlson,
2012). The adaptation of marine organisms to a wide range of
environmental conditions (temperature, salinity, tides, pressure,
radiation, light) render them an enormous reservoir for biotech-
nological improvements (Trincone, 2014) and marine should be
thought of an untapped resource of microorganisms to develop
artificial microbial consortia, which describe systems composed
of two or more wild-type populations whose interactions do
not typically occur naturally. Two specific examples are the co-
culturing of marine fungus, Pestolotia sp., with gram negative
bacterial strain CNJ-328 to produce an antibiotic (Cueto et al.,
2001), and photoautotrophic microalgae Chlorella vulgaris with
the filamentous fungi Aspergillus niger to produce biofuel (Zhang
and Hu, 2012).

Fostering knowledge on marine ecosystem will accelerate
development of multi-scale artificial microbial consortia since
it requires a priori knowledge of each population’s native eco-
physiology.

Marine systems biology can be defined as the applica-
tion of systems biology approaches to marine biotechnology.
Interestingly, marine ecosystems, with different levels of organiza-
tion at different scales, are ideal benchmark for designing systems
biology approaches. Systems biology should be regarded as the
new driver for marine biotechnology and the systems biology per-
spective may provide a breakthrough in marine biotechnology in
near future.
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