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Foreword

Microbial Cultures are Still Essential in the Era
of High-Throughput Sequencing

We live in an era when it is possible to sequence any sample, taken from any
environment, and to know which organisms are present. It is an extraordinary
achievement. In little over 40 years, from the very innovative scientific advances
initiated by Frederick Sanger and others, and with the equally important develop-
ment of technology, we have a present-day capability to generate metagenomes and
metatranscriptome libraries, and to provide that information to every microbiolo-
gist. Why then, should microbiologists still be interested in isolating microorgan-
isms from the natural environment, manipulating samples to form axenic cultures,
and then working with those cultures in the very artificial environment of the
laboratory? Surely, all the information that anyone could ever require can be
gleaned from sequencing DNA and RNA. Are microbiologists too wedded to a
culturing approach that, although very successful in the past, may now have out-
lived its usefulness? My view is that this is not the case and, more than ever, we
need to bring important microbes into culture. But there is a caveat—we have to be
selective and not attempt to culture everything.

In a sense, high-throughput sequencing has introduced new challenges for
microbiologists. When marine scientists first turned their attention to the microbi-
ology of the oceans, it seemed a relatively tractable problem. Microbiologists, such
as Claude ZoBell, using approaches based on classical microbiology methods,
estimated bacterial number from the colonies that developed on a nutrient agar plate.
A core assumption of microbiologists is that a single bacterial cell will grow to form
a single colony; early marine microbiologists had every expectation that this would
be a very quantitative approach to estimate how many bacteria were in the sea. They
found that there were only a few 100 bacteria per mL of seawater—so suggesting
that bacteria were not at all a significant component of the pelagic ecosystem and
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were apparently much less abundant than phytoplankton. But in the 1970s with the
introduction of epifluorescence microscopy, microbiologists discovered that cul-
turing techniques were underestimating the number of bacteria in the euphotic zone
by 4 or 5 orders of magnitude; i.e., there were not just a few hundred bacteria present,
but millions of bacteria per mL. Most marine bacteria were not growing in the
culture media and the numbers were grossly underestimated.

High-throughput sequencing techniques now allow us to describe that massive
diversity. We can do many things with these data: infer the biogeochemical func-
tion of the bacterial assemblage, track changes in species richness with time, and
describe novel sequences that are not presently in databases. There are the limits to
what sequence data can reveal; but many of these challenges can easily be
addressed if there is access to a laboratory culture. Unfortunately, many families of
bacteria are known only from sequence data generated from natural assemblages
and we do not have any cultured representatives of many of the phyla that are
widely distributed and abundant in the ocean. We may know quite a lot about
bacterial assemblages from sequence data, but we know very little of the basic
biology of these organisms; phenotype cannot be adequately determined from
sequence data. Access to laboratory cultures would be immensely beneficial in
answering important questions about the role of microbes in the sea.

One very contentious issue is what constitutes a bacterial species. It is very
common to approach the problem of phylogeny by using the 16S rRNA gene (or
another genetic locus) to define an operational taxonomic unit (OTU). Although a
pragmatic solution to the problem could describe what may be present in a natural
population, 16S sequence does not encapsulate species information. It does not
answer the basic question of what is this organism; what constitutes this organism;
and how has evolution resulted in this particular biological entity that is the center
of our interest? That entity is the result of many processes; mutation of the nuclear
genome, acquisition and mutation of plasmids, what has been acquired among
others by horizontal gene transfer, pathogenicity and/or genomic islands.

One vivid example of the difficulties faced in describing a bacterial species
comes from medical microbiology and a study of pathogenic Escherichia coli using
comparative genomic analysis (Rasko et al. (2008). E. coli is probably the
best-studied bacterium ever and is the default organism for biochemical and genetic
studies. Probably all microbiologists would recognize E. coli as a single species. As
such, it might be expected that it could be defined precisely on the basis of genomic
similarity. Rasko et al. compared the genomes of a total of 17 cultures, including a
number of pathogenic strains, and found a great diversity. The mean genome size
of the 17 isolates was 5,020 ± 446 genes, and of that total less than half the genes
(2, 344 ± 43) could be considered as to comprise a “conserved core”—genes that
were highly conserved in all 17 isolates. A significant number of genes (ca. 300)
were unique to one isolate, i.e., were present in one, but none of the other 17
genomes. Given such great genetic diversity in our best-studied bacterial species,
what is the likelihood that marine species can be described purely on the basis of
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metagenomic data? At present, it is probable that laboratory cultures are the only
sure way to completely describe a bacterium. It is true that genomic analyses of
single cells, as well as the technology of manipulating single cells from the natural
environment, are making significant progress; but, for those whose research inter-
ests are phylogeny, evolution, and identification, the most cost-effective approach
remains isolation and laboratory culture.

Cultures are also essential for commercially important research. Terrestrial
microorganisms, particularly those derived from soils, have been a source of many
secondary metabolites, enormously profitable for pharmaceutical companies, and
responsible for huge advances in human health. Microbes from the oceans have
been less important to date, not because marine microbes offer fewer possibilities
for biodiscovery, but because they have not received the same attention. The case
for focusing on marine microbes is strong; the seas offer a wide range of unusual
environments in which microbes have evolved. Unusual environments have unu-
sual microbes that do unusual things—many of which are likely to offer real
opportunities for biodiscovery of commercially important products. The pathway
into these new fields is through isolation and culturing of these novel microbes.

Clearly, with tens of thousands of different species of microorganisms, bacteria
and archaea—as well as protists—in seas, we cannot isolate everything. The
challenge is to prioritize, beginning with microbial families that are known to be
abundant in the ocean but for which we have no cultured representative. Sequence
data is clearly an essential tool in that prioritization process. Traditional microbi-
ological approaches, such as dilution to extinction, will continue to be cost-effective
but new culture media need to be devised. My personal belief is that we should
move away from traditional media that are based on yeast extract and peptone,
towards media that better mimic the composition of organic matter in the sea.
Progress may depend on the marine chemists developing better ways to quantify
and describe those organic compounds that are likely to be the major substrates
used by natural assemblages (but which will be present at vanishing low concen-
trations). Evolving technologies, such as the manipulation of single cell, will clearly
be an important aid to successful culturing.

There is no doubt that this is an exciting time for marine microbiology. DNA
sequencing has shown which organisms are present in the seas—and the diversity is
huge. The challenge now is to ascribe function to this diversity—to know who does
what. Isolation and culturing will continue to be very important tools in meeting
these challenges—and this book is an excellent description of the real progress that
is being made.

Ian Joint
The Marine Biological Association

The Laboratory, Citadel Hill
Plymouth, UK
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Preface

When we accepted the invitation by Springer to edit a book on “marine microbi-
ology,” the next thing was to think about the contents of such book and about
possible authors. There have been a fair number of books published on the topic
and we did not want to duplicate any of them. The lucky coincidence was that we
were leading a large European consortium “MaCuMBA,” which stands for “Marine
Microorganisms: Cultivation Methods for Improving their Biotechnological
Applications,” a 4-year one (2012–2016), with 22 partners from 11 European
countries. MaCuMBA is a consortium of industrial and academic partners with
great variety in expertise in marine microbiology. Hence, it seemed obvious to ask
colleagues and principal investigators of the MaCuMBA consortium to contribute
to this book, for which we gave the title: The marine microbiome—an untold
resource of biodiversity and biotechnological potential.

The term “microbiome” is fashionable and is used to describe the whole
microbial community, i.e., all microorganisms and their genetic information in a
certain habitat or environment. The marine microbiome refers to the totality of
microorganisms living in the ocean, its fringing seas, estuaries, and bays and fjords.
This includes the intertidal areas of the coast but also the seafloor and the
sub-seafloor, thousands of meters down in the bottom of the sea. It also includes the
microorganisms living on and in marine animals, plants (seagrasses), and
macroalgae, even though each of them forms its own microbiome.

Microorganisms are basically defined by their size and as a rule of thumb we
consider any organism a microorganism when its size is too small to be observed in
detail by the naked eye. This would mean everything smaller than 1 mm. In
practice, most organisms that we consider as microorganisms are in the micrometer
(lm) (one-thousandth of a millimeter) range, the smallest may be only 0.2 lm, but
the biggest can be several hundreds of lm. Microorganisms comprise all three
domains of life: Bacteria, Archaea, and Eukarya. While the former two domains are
traditionally considered microorganisms (bacteria), all macroorganisms (plants,
animals, macroalgae, and many fungi) are Eukarya. However, what is often for-
gotten that by far most Eukarya are in fact microorganisms (protists).
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Bacteria and Archaea are often referred to as “Prokaryotes,” (organisms without
a nucleus “karyon” in their cells) to distinguish “bacteria” from the eukaryotes that
do have a nucleus. We agree with Norman Pace (‘Time for a change’ Nature 441:
289, 2006, and ‘It’s time to retire the prokaryote’. Microbiology Today, May 2009,
85–87) who argues that a prokaryote is defined by what is does not have (a nucleus)
and that this is not a good criterion. In this book we decided to avoid this term, even
though some authors were not fully convinced. However, as with the knowledge we
have today, there is no doubt that Bacteria and Archaea comprise very different
domains of life, even though you cannot tell much from the morphology observed
under the microscope. The morphology of many microorganisms is anyway devoid
of much resolution. The diversity of microorganisms is in their genome and in what
they do. Using “prokaryote” is often sloppy, because when one starts asking, often
only one of the domains of Bacteria or Archaea is meant. It is therefore more
accurate to name that domain. And in the more rare cases that both domains are
meant, it is not a big deal to name both. That is what we consequently did in this
book.

There is another biological entity that we have not named yet. Viruses are not
representing exactly a domain of life (i.e., not belonging to any of the three domains
of life), but they are surely a biological entity that needs to be considered when
talking about any microbiome. Viruses are not “living” simply by the fact that they
need a living cell to replicate. But viruses play an extremely important role in
maintaining the biodiversity, maintaining the microbial foodweb, and transferring
genetic information between organisms, perhaps even between domains. Recent
discoveries also show that the border between bacteria and virus is vanishing. The
number of viruses in the ocean is overwhelming with an order of magnitude larger
than that of all microorganisms (10 and 1 million per milliliter of seawater,
respectively).

It is exactly 70 years ago when Claude E. ZoBell’s book “Marine Microbiology”
appeared (C.E. ZoBell, Marine Microbiology. A monograph on hydrobacteriology,
Waltham, Massachusetts, USA, 1946, 240 p.). ZoBell was at that time Associate
Professor of Marine Microbiology at Scripps Institute of Oceanography, La Jolla,
California. His monograph is still worth reading and presents us with a remarkably
complete picture of marine microbial life and you could ask yourself how much
more we know today. We hope nevertheless that the present edited volume does
give a taste of what has been achieved in those 70 years and where we stand now.

The marine microbiome is not just interesting from a scientific point of view.
Certainly, with 70 % of the Earth’s surface covered by the ocean and the ocean
probably being the largest continuous habitat, the marine microbiome plays a
prominent role in the biogeochemical cycling of elements, is at the basis of the
marine foodweb, critical for the ecology of the sea, and essential for climate reg-
ulation and counteracting the effects of global change. However, science has also
made great discoveries of bioactive compounds made by marine microorganisms
that have found applications in biotechnology, bioenergy, and pharmacy, and
activities that are displayed by these organisms that find application in bioreme-
diation. Being aware that we might not know most of the microbial diversity that is
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out there, marine microbiology holds a great promise for many more of such
discoveries. Therefore, with this book we also wanted to give a podium for the
application of marine microorganisms, for the legal issues using microbial
resources, and to explain the methods for dissemination to a wider public.

We divided the book into three main sections. The first section contains chapters
that describe the diversity and ecology of marine microorganisms. The second
section contains the chapters about marine habitats, their inhabitants, and biogeo-
chemical cycles and the third is about the marine resources (the hidden treasures).

We would like thank all the authors of the chapters in this book for their
excellent work and for making this book what it is.

Finally, we would like to thank project coordinator of Springer, Dr. Andrea
Schlitzberger, for giving us the opportunity to edit this book and for her help and
patience.

March 2016 Lucas J. Stal
Mariana Silvia Cretoiu
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Chapter 1
What is so Special About Marine
Microorganisms? Introduction
to the Marine Microbiome—From
Diversity to Biotechnological Potential

Henk Bolhuis and Mariana Silvia Cretoiu

Abstract Marine microscopic life varies from single-celled organisms, simple
multicellular, to symbiotic microorganisms encompassing all three domains of life:
Bacteria, Archaea and Eukarya as well as biologically active entities such as viruses
and viroids. Together they form the Ocean’s “microbiome”. Over billions of years
of evolution this microbiome developed a plethora of adaptations and lifestyles and
participates in the fluxes of virtually all chemical elements. The importance of the
marine microbiome for human society and for the functioning of our living planet is
not disputed. In this introductory chapter we bring to your attention some of the
most important features of the marine microbiome and try to answer the question
what distinguishes it from other microbial systems. Our main goal is to urge the
reader to find more information about the taxonomic and functional diversity by
exploring the specific chapters.

1.1 Introduction

Our blue planet is a water-dominated habitat with more than 70 % of its surface
covered by the ocean and seas. With an estimated volume of about 1.332 � 109

km3 and an average depth of 3688 m the ocean is the biggest continuous envi-
ronment with a near unlimited diversity of ecological niches (Charette and Smith
2010). The enormous diversity of niches and extant microbial inhabitants makes a
complete description of “The” marine microbiome an impossible task within the
limits of this book chapter and therefore a certain focus is necessary. We provide
here a basic description of the marine environment, the importance of microor-
ganisms in the cycling of elements, the marine microbial diversity, and their

H. Bolhuis (&) � M.S. Cretoiu
Department of Marine Microbiology and Biogeochemistry,
NIOZ Royal Netherlands Institute for Sea Research and Utrecht University,
PO Box 59, 1790 AB Den Burg, Texel, The Netherlands
e-mail: henk.bolhuis@nioz.nl

© Springer International Publishing Switzerland 2016
L.J. Stal and M.S. Cretoiu (eds.), The Marine Microbiome,
DOI 10.1007/978-3-319-33000-6_1
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potential application for biotechnological purposes. In addition to some historical
considerations we present some of the latest findings on the “microbial” inhabitants
of the marine realm and if applicable refer to the specific topics covered by the
dedicated chapters in this book.

The marine ecosystem includes the open waters of the ocean and of the seas, the
estuaries and other tidal regions, the seafloor and the sub-seafloor, the polar sea ice
masses, and brines. Five major marine water basins are identified and used in
geological and hydrological classifications with no clear separation and boundaries:
Atlantic Ocean, Pacific Ocean, Indian Ocean, Arctic Ocean, and Southern
(Antarctic) Ocean. The Pacific is the deepest and largest ocean, covering more
(28 %) than the total terrestrial area on Earth (Amante and Eakins 2009). The ocean
is a continuous habitat and rather than distinguishing five oceans we consider just
one world ocean. The marginal seas such as the Mediterranean Sea, Baltic Sea,
South China Sea, and many others border this ocean and are more or less connected
to it. Marginal seas influence the oceanic climate and water circulation through their
input of freshwaters, heat, and nutrients.

Almost half of the ocean floor is continental shelf with a central basin interrupted
by three submarine ridges. The continental shelf extends offshore for up to 100 km
and to a depth of 200 m and descends further to the deep continental slope. The
abyssal plain is a mostly flat surface interrupted by undersea mountains, volcanoes,
ridges and trenches that covers the ocean floor (Thurman and Burton 2001). Many
subdivisions have been made in names and country ownership in order to distinguish
the limits of seas and gulfs that have economical, historical and ecological importance.

1.2 The Marine Ecosystem

1.2.1 Gyres, Tides and the Global Ocean Conveyor Belt

The marine and oceanic surfaces are not equally distributed with respect to the
Equator. While the northern hemisphere is mostly covered by land, about 80 % of
the southern hemisphere is ocean. This asymmetry in land–water and the solar
radiation that is received by water influence the atmospheric circulation and global
temperature. Wind belts created by differential heating of air masses induce the
ocean surface currents. Moreover, the planet rotation deflects moving water
(Coriolis Effect) and produces the boundary currents between water masses. Due to
differences in deflection with the Earth velocity and therefore with the position on
the Earth relative to its axe, the Coriolis effect is maximum at poles (closer to Earth
axe) and minimum (considered null) along the Equator (farther from the Earth axe).
Circular gyres moving in opposite direction (clockwise–anticlockwise in the
northern and southern hemispheres, respectively) are generated by the combined
physical effect of planet spinning motion and horizontal and vertical friction of air
masses (the wind curl torque). The gyres mix water bodies with different temper-
ature and influence the distribution of nutrients and organisms in the water column.

4 H. Bolhuis and M.S. Cretoiu



The water moves also due to the tidal currents generated by the interaction of
several factors that form a system named “tidal constituents”. Tidal constituents are
the Earth’s rotation, the position of the Sun and Moon relative to the Earth, the
Moon elevation above the Earth’s equator and the underwater depth (bathymetry).
Water tides are not limited to the ocean and they can appear in estuaries and in the
lower course of rivers. Tides affect also the solid Earth but the moving of the land is
at lower scale (only few centimeters) compared to the moving of water bodies.
Tides exhibit different variation of their period from half of day, days, months and
years. The inertial forces that cause the Coriolis Effect together with all the grav-
itational forces of the tidal constituents conduct the formation of water waves with a
moving pattern around a point with almost no vertical movement named “am-
phidromic point” (point of zero amplitude). Oceanic tides are influenced by the
shape of coastline and near-shore depth and as well influence the geography of
these zones (Cartwright 2000).

The oceanic waters move continuously due to the different currents generated by
the combination of the gyres, winds and restrictions of the lateral movements of
water cause by shorelines and shallow bottoms. In the open ocean and along
coastlines the currents can flow up from beneath the surface and replace the water
blown by the wind in a process known as “upwelling”. The reverse process,
“downwelling”, occurs when the wind makes the coastal waters to build up as a
mass along coastline and eventually to sink toward the bottom. Five types are
described in oceanography: coastal, large-scale wind-driven, associated with
physical obstacles or differences in pressure (eddies), topographically induced and
broad-diffusive limited to some specific zones (such as Australian coasts).
Geographically, five major coastal currents are associated with upwelling zones:
Northwest Africa (Canary Current), Southern Africa (Benguela Current), California
and Oregon (California Current), Peru and Chile (Humboldt Current), and Somalia
and Oman (Somali Current). In the equatorial zone, the upwelling is associated with
the intertropical convergence zone of winds with variation in weather patterns from
stagnant to violent thunderstorms and leads to a remarkably enrichment with
nutrients of the surface waters. Solid evidence was the detection from space of the
equatorial region of Pacific Ocean as a broad line of high chlorophyll concentration
indicating the presence of large phytoplankton populations.

The effect of mixing and wind-generated currents decreases below a depth
of *200 m. Undersea “rivers” and currents that form a circulation system known
as the “global ocean conveyor belt” or “thermohaline circulation” maintain the
mixing of the deep ocean water. The whole circulation system is driven by density
differences of the seawater, a feature dependent on small differences in temperature
and salinity. The “global ocean conveyor belt” starts in the North Atlantic Ocean
where the cold water becomes denser due to ice formation, sinks, and is replaced
with warmer surface water. This process initiates a continuous mix of waters from
the North Atlantic Ocean to the Indian Ocean and the Pacific Ocean. The conveyor
belt moves at a slower speed than currents that are driven by wind or tides.
Estimations reveal that 1 m3 of seawater needs about 1000 years to complete its
journey along the global ocean conveyor belt (Ross 1995). Moreover, the global
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conveyor belt and the upwelling and downwelling processes represent a vital
component of the ocean sea life support system. The whole food chain depends on
circulation of nutrients, organic matter and oxygen between surface waters and
bottom sediments. The conveyor belt and upwelling maintain the ocean/marine
productivity by flowing up to the surface from beneath the vital nutrients and
organic matter. This enrichment of surface waters is coupled with the transfer of
oxygen to the bottom sediments through downwelling. In this way the benthic
deep-sea life can continue to exist not only as anaerobic microorganisms but also in
its aerobic forms.

1.2.2 Oceanic Climate and Zones

Based on the temperature of surface waters, four bio-geographical zones are dis-
tinguished: tropical, warm-temperate (subtropical), cold-temperate and polar (cold).
In the tropical ocean and seas the surface waters can reach 25–30 °C causing a
thermocline at *100 m, below which the temperature decreases to 10 °C or less.
In the absence of wind little mixing of water layers occurs. Further away from the
tropics the surface waters temperature drops to 20–15 °C in subtropical and
cold-temperate zones. This is because of the continuous input of the cold water
from polar regions through the global conveyor belt. Temperate waters have the
largest seasonal variation in the thermocline depth, with extensive mixing of waters
due to strong winds. In polar regions the water is permanently cold and the sea
surface temperature varies from 3 to 0.5 °C. Ice is forming when the water tem-
perature drops below −1.8 °C (salt lowers the freezing temperature) and the
freezing point decreases with the increase of salt concentration ranging from −2.0 to
−2.6 °C. In some regions of the Arctic Ocean the freezing process favors the
accumulation of extreme cold (−1.56 to −1.98 °C) saline (34.04–35.29) waters in
brines. Both poles of the Earth are covered by multilayered ice caps with different
thickness, hardness and color based on salinity, temperature and age. Packed in a
compact form in mid-Pleistocene epoch (0.85 Ma) the polar ice is continuously
exposed to climatic changes. All physical processes that occur in the ocean are
dependent on the chemical composition of the seawater and on solar radiation.
These processes are locally influenced by various factors such as season, geo-
graphic location, cloud cover, polar caps or atmospheric dust (Brown and Mote
2009; Drinkwater 2006; Dyurgerov and Meier 2005).

The gigantic volume of water that is contained in the ocean has been produced
during early Earth in the Hadean (ca. 4.5 Ga b.p.). Comparison of fossilized sea life
and modern living organisms shows similarities between them that support the
hypothesis according to which the composition of seawater ceased to change
drastically at the end of the Proterozoic (ca. 600 Ma b.p.) (Hoffman et al. 1998;
McCarthy and Rubisge 2005).

Seawater differs from river and lake water by its salt concentration (called
salinity), which is on average 34–37 (salinity is often expressed as‰ (weight of the
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total dissolved salts (g) per weight of seawater (kg), and therefore dimensionless).
Salinity may be slightly lower or higher due to local freshwater discharge or
evaporation. Brackish water bodies have considerably lower salinities. The Baltic
Sea has for instance a salinity gradient from almost full salinity seawater where it
connects to the North Sea and almost freshwater in the northern reaches. The whole
Black Sea has a salinity of approximately half seawater concentration.

Seawater is a complex mixture of more than 80 elements, inorganic compounds,
gases, and dissolved organic substances (Table 1.1). Edmond Halley initially
addressed the origin of sea salt in 1715 and proposed that salts and other minerals
were carried from the landmass by rivers and after rainfall a process he termed
“continental weathering”. More recent analyses show an important role for sodium
leached out of the ocean floor when the ocean was formed and outgassing of
chloride from Earth’s interior via volcanoes and hydrothermal vents (Pinet 1996). It
is conceived that the salt composition of the ocean has been stable for billions of
years (Pinet 1996). An extensive list of constituents can be found in the pioneering
work of Turekian (1968). The coastal areas are more prone to mixing with ter-
restrial freshwater discharge and from melting glaciers. Nearly enclosed seas, such
as the Baltic Sea and the Black Sea, became brackish because the discharge of
freshwater exceeded the mixing with full salinity seawater (Feistel et al. 2010). In
the Red Sea, where evaporation exceeds water input, the salinity can increase up to
41. The high salt concentration of seawater is the main difference with freshwater
and terrestrial environments and thus is probably the most important evolutionary
driver of the marine microbiome. Moreover, the ocean is a continuous moving
environment with vertical gradients of light and nutrients. Particularly, light plays
an important role in the life of oceanic microorganisms because it drives photo-
synthesis and primary production that is the basis of the food web. Light is scattered
or absorbed by suspended particles and organisms and is available only in the upper
part of the water column of the ocean (150–200 m), which is termed the euphotic
zone. In coastal areas were the turbidity due to suspended matter is high and
phytoplankton blooms may occur, the euphotic zone may be as shallow as only a
few meters.

Table 1.1 Seawater
chemistry: contribution of the
most important chemical
elements (after Turekian
1968)

Element g/l

Chloride 19.4

Sodium 10.8

Magnesium 1.29

Trace elements *1.000

Sulfur 0.904

Calcium 0.411

Potassium 0.392

Bromine 0.067
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1.3 Diversity in Life Style—Elements and Cycles

1.3.1 Ocean’s Stoichiometry

The marine microbiome is involved in more than half of the Earth primary pro-
duction and global nutrient cycling (Arrigo 2005). Historically, much attention has
been paid to the study of the nutrient stoichiometry in water bodies and the ocean as
well as in different life styles (free, attached, or symbiotic) (Arrigo et al. 1999;
Arrigo 2005; Fanning 1989; Pahlow and Riebesell 2000). Starting with the year
1934 (Redfield 1934) the role of phytoplankton in the ocean life became under the
permanent observation.

Based on measurements of the elemental composition of plankton and the
concentration of dissolved NO�

3 and PO�
4 in seawater, Redfield concluded that the

plankton is “uniform in a statistical sense” regarding its elemental composition and
that the inorganic C, N and P variation in seawater is the “result of the synthesis or
decomposition of organic matter” (Redfield 1958). The carbon–nitrate–phosphate
(C:N:P) ratio of 106:16:1 of marine phytoplankton was considered to be constant
and became known as the “Redfield ratio” (Redfield et al. 1963). Over time,
variations from these values were reported by numerous studies of marine phyto-
plankton directly in the seawater and in laboratory experiments. A long-term dis-
cussion was generated around the question whether N and P can exhibit a
simultaneous influence on phytoplankton growth. Also the role of ocean nutrient
chemistry in controlling the physiology and the chemical composition of the
phytoplankton was intensively and extensively discussed (Goldman et al.
1979, Sardans et al. 2012). The origins of the Redfield ratio were explored at
cellular level and several discussed models (Falkowski 2000; Loladze and Elser
2011) concluded that roots of this stoichiometry were in the protein–rRNA ratio
that every cell needs to maintain in order to maintain its homeostasis.

It was generally agreed that in the ocean all biological processes complement the
geochemical ones and form together the foundation of Redfield ratios. Therefore the
ratio is not a universal biochemical optimum but an average of ratios and
community-specific due to the variation in C, N, and P of different organisms. The
ratio has been extended to other elements (sulfur, potassium, iron) and helped in
developing important ideas with regard to microbial nitrogen fixation, nitrification
and denitrification and in exogenous nutrient changes in the ocean (Moore et al. 2013).

In phytoplankton ecology, three different growth strategies have been proposed
based on N:P ratio measured in the seawater: the “generalist” (N:P ratio near the
Redfield ratio; 16), the “bloomer” (low N:P ratio, <10) and the “survivalist” (high
N:P ratio, >30) (Arrigo et al. 1999; Arrigo 2005; Klausmeier et al. 2004; Pahlow
and Riebesell 2000; Sarmiento et al. 1998; Smetacek 2001).

The N:P ratio (basically the ratio of nitrate and phosphate in the water column) is
often used to judge whether the system is nitrogen or phosphorus limited. A ratio
above Redfield (16) is then considered to indicate phosphorus limited and below
indicates a nitrogen limitation. In the latter case nitrogen-fixing cyanobacteria
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would have a selective advantage. The fixation of N2 would increase the N:P ratio,
both by increasing the fixed nitrogen as well as drawing down the phosphate.
While, when nitrogen (N2) fixation is not possible, the activity of non-diazotrophic
phytoplankton might result in the opposite. It has been proposed that phosphate
would be the ultimate limiting nutrient in the ocean (Tyrrel 1999). However, the
nitrogen cycle is complex. Denitrification may lead to a depletion of bound nitrogen
and whether or not nitrogen-fixing organisms proliferate and N2 fixation occurs
depends on several other factors (Stal and Zehr 2008). In large parts of the ocean
the estimated losses of nitrate as the result of denitrification are consistently higher
than the input of fixed nitrogen by N2 fixation (Middelburg et al. 1996).

Current oceanographic research makes use of the Redfield ratio for estimation of
carbon and nutrient fluxes in global circulation models. The ratio helps in deter-
mining nutrient limitations and to understand the formation of phytoplankton
blooms. Gruber and Sarmiento (1997) introduced a tracer N* that was used to
derive whether different ocean basins were dominated by losses of nitrogen by
denitrification or experienced net input from N2 fixation. N* basically describes the
deviation of nitrate and phosphate concentrations in the seawater from the Redfield
ratio. A low (negative) N* indicates a dominance by denitrification and a high
(positive) value indicates N2 fixation. The advantage of this approach is that it
makes use of extensive databases of nitrate and phosphate concentrations that are
routinely measured during any oceanic research cruise.

1.3.2 Carbon

In the biosphere, the ocean is the largest reservoir of carbon, containing about
4 � 1013 tons of dissolved inorganic carbon (Post et al. 1990). CO2 is highly soluble
in seawater and reacts with water to carbonic acid (CO2�

3 ), which dissociates rapidly
to bicarbonate (HCO�

3 ). Although the absorption of CO2 at the interface between
ocean and atmosphere and the transfer to deeper layers is mainly due to physical
processes such as temperature gradients, surface winds and Earth rotation as well as
the biological pump are major processes involved in the redistribution of the carbon
in the ocean (Heinze et al. 2015; Ridgwell 2011). The development of the “microbial
loop” concept (Azam et al. 1983) helped in better understanding the role of microbes
in nutrient cycling and offered new perspectives in assessing species interactions in
marine ecosystems. The marine carbon cycle is essential for interconversions of
inorganic and organic carbon forms (primary production) that support life on Earth
and depends on photosynthesis and carbon oxidation rates.

Photosynthesis in the euphotic layer drives primary production in the ocean and
this forms the basis of the oceanic food web. Primary production depends on light
and nutrients and their availability is different in different regions of the ocean and
in coastal regions. Important contributors to primary production are the pico-
cyanobacteria Synechococcus and Prochlorococcus, which are responsible for at
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least 20 % of the global carbon fixation (Li 1994). These organisms are common in
the euphotic zones up to depths of 200 m but studies of the South China Sea (North
Pacific) indicate that some Prochlorococcus populations are adapted to the deep
ocean zone (Jiao et al. 2014; Zhang et al. 2014). To what extend these populations
have an impact on ocean carbon cycle and carbon sequestration in the deep sedi-
ments remains to be investigated.

Unicellular eukaryotic organisms (protists) are also contributors to the carbon
cycle by performing photosynthesis and exhibiting life styles that involve carbon
processing (e.g., predation, parasitism, and symbioses). Different ecosystems
biology models investigate how biotic and abiotic factors influence the interaction
between protists and bacteria (Worden et al. 2015). The role of viruses in microbial
communities and their contribution to the microbial loop is also acknowledged.
Locally, primary production by photoautotrophs and secondary production by
chemoautotrophs may be important. Such primary and secondary production can be
found in symbiotic organisms, in hot and cold vents, microbial mats, and seafloor
seeps (Worden et al. 2015).

1.4 Taxonomic Diversity

1.4.1 The Microbial Ocean

Microorganisms are omnipresent in the ocean. They exist as single organisms or as
communities, planktonic or attached to substrates, living outside or inside of other
organisms, and exhibiting different types of interactions among themselves and
with their abiotic habitat. Studying marine microorganisms implies that one needs
to identify their lifestyle as either benthic (attached to a substrate) or pelagic
(free-living in the water column) and their localization in one of the oceanic zones.
These zones have been defined and described based on light input, depth, pressure
and temperature. The zones based on the depth of the water column and light
penetration are the most used when pelagic microorganisms are considered. Below
the water surface five zones are identified: epipelagic (from surface to 200 m),
mesopelagic (between 200 and 1000 m), bathypelagic (between 1000 and 2000 m),
abyssopelagic (between 2000 and 6000 m) and hadalpelagic (below 6000 m, the
trenches) (Fig. 1.1). The average depth of the ocean is 3688 m and the deepest
trenches (Mariana Trench) on Earth have maximum depth of 10,911 m.

Based on the amount of light received from the ocean surface the zones are:
euphotic zone, twilight disphotic zone and aphotic (dark) zone. The maximum
depth of light penetration is 200 m in epipelagic. All these zones are characterized
by microscale heterogeneity in the distribution of nutrients and nearly an infinite
number of life-suitable niches are formed. Microscopic life occupies and inhabits
every thinkable niche. The photosynthetic algae and cyanobacteria are obviously
confined to the euphotic zone. Chemotrophic bacteria and archaea could occupy
even the most hostile environments such as the deep-sea with high hydrostatic
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pressures, kilometers deep into the deep-seafloor, hydrothermal vents, and cold
seeps, and sea ice in the polar waters; they all host a rich diversity of microbial life.

It has been estimated that the global biomass of bacteria exceeds the biomass of
plants and animals and reaches in extremely high numbers (1030 cells, Whitman
et al. 1998) and microorganisms account as much as 90 % of the total oceanic
biomass. When we include the almost 4 billion years of history of Bacteria that
thrived on Earth before multicellular organisms evolved we can only agree with the
late Stephen Jay Gould that we are living on “The Planet of Bacteria” (Gould 1996),
although “Planet of Microorganisms” might have been a more appropriate term
given the large contribution of Archaea and unicellular eukaryotes. Moreover,
phototrophic marine microorganisms are responsible for half of the primary pro-
duction on the planet (Pedrós-Alió and Simó 2002). The marine microbiome as a
whole serves as a catalyst of all biogeochemical cycles in the ocean.

In order to define and understand the concept of the marine microbiome it is
important to know what makes a microorganism marine. Is it because an organism
lives in a marine environment or that it requires elevated salt concentrations that we
consider it as “marine”? Many species of marine fish and halophytic plants have
evolved a life style that allow them to thrive at seawater salinity and with a few
exceptions, most are not able to survive in freshwater due to osmotic imbalance.
However, the existence of real marine species of bacteria has been argued for over
70 years (MacLeod 1965; Stanier 1941; ZoBell and Rittenberg 1938). In the late
thirties and early forties several experiments were performed that showed that

Fig. 1.1 Overview of the major oceanic zones
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marine bacteria can be “trained” to grow at lower salinities but are often less active
(ZoBell and Rittenberg 1938). Stanier (1941) also tried to adapt bacteria to grow at
a lower salinity but found no evidence for a shift to a lower limit of salinity at which
a bacterium could grow when compared to the original strain. MacLeod (1965) was
the first to thoroughly review and questioning the existence of specific marine
bacteria. He argued that “If no differences exist between bacteria in the sea and
their counterparts on land except superficial ones readily lost by training, there
would be little purpose in studying the nutrition and metabolism of the same genera
of bacteria in more than one habitat….and work on marine bacteria, apart from
studies on gross transformations of matter, would have very little point”.

Although salinity is an obvious parameter to be considered when distinguishing
marine from non-marine microorganisms, MacLeod suggested that salt requirement
itself is not a good criterion. Many terrestrial microorganisms such as aerobic
spore-formers and micrococci can tolerate much higher (up to 25 %) concentrations
of salt than most marine bacteria. Nevertheless, most marine species require salts,
especially the cations Na+, K+, and Mg2+ for maintaining cell integrity (MacLeod
and Matula 1962) and for facilitation of growth and metabolism (Rhodes and Payne
1962). Moreover, MacLeod (1965) argues that temperature might be a better
determinant for distinguishing marine from freshwater and terrestrial microorgan-
ism since most marine bacteria are moderately psychrophilic with optimal growth
temperatures around 15 °C. Because the temperature of the ocean does not show
large fluctuations, as is the case in many freshwater and terrestrial environments, the
transition of marine species to a freshwater environment might be a bigger hurdle
than vice versa. In contrast, freshwater microorganisms might experience a greater
barrier in the higher salinity and in the increase of pressure with the depth (up to
1100 bar in the trenches). MacLeod (1965) further concludes that marine bacteria
are unique and can be distinguished from their freshwater and terrestrial relatives by
their requirements for inorganic ions.

Recent studies using molecular genetics approaches to identify the microbial
community composition of different habitats give a better insight in the possible
existence of “marine bacteria”. Several authors concluded that saline and freshwater
ecosystems generally show little overlap in abundant bacterial taxa (Comte et al.
2014; Logares et al. 2009; Lozupone and Knight 2007; Tamames et al. 2010).
Lozupone and Knight (2007) clustered samples based on similarities in the phy-
logenetic lineages found in different types of habitats and concluded that the major
environmental determinant of microbial community composition is salinity rather
than extremes of temperature, pH, or other physical and chemical factors. Although
most families of Bacteria are not confined to one ecosystem, some are significantly
more abundant in marine environments than in freshwater or terrestrial environ-
ments (Table 1.2).

Based on the analysis of hydrothermal vents (Wächtershäuser 2006; Martin &
Russell 2003) it is generally assumed that “cellular life” started with chemoau-
totrophic marine bacteria. Those first organisms migrated to freshwater and ter-
restrial habitats and an infrequent exchange between ocean and land was
maintained (Hou et al. 2011; Hsia et al. 2013). Altogether we conclude that true
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marine bacteria exist, and given the global impact of marine microbial activity, the
study of the marine microbiome is crucial for understanding the biogeochemical
cycles and climate change on Earth. They continue to evolve and diversify their
genomes by interacting with non-organismal entities (viruses), mutations and epi-
genetic modifications. Bacteria–virus interactions are central to the ecology and
evolution of marine microbial communities. Acquisition of immunity against

Table 1.2 Cosmopolitan bacterial taxa observed in the oceanic environment

Phylum Family %a Oceanic environment

Alphaproteobacteria Aurantimonadaceae 69.6 Open ocean

Alphaproteobacteria Rhodobacteraceae 68.9 Symbiont

Alphaproteobacteria Hyphomonadaceae 63.3 Symbiont

Alphaproteobacteria Erythrobacteraceae 47.8 Symbiont

Bacteroidetes Cryomorphaceae 72.8 Open ocean

Bacteroidetes Flavobacteriaceae 59.5 Open ocean

Cyanobacteria Prochlorococcaceae 96.5 Open ocean

Deltaproteobacteria Nitrospinaceae 79.1 Open ocean

Deltaproteobacteria Desulfuromonadaceae 74.1 Sediment

Deltaproteobacteria Desulfohalobiaceae 72.8 Sediment

Deltaproteobacteria Bacteriovoracaceae 63.8 Sediment

Deltaproteobacteria Pelobacteraceae 63.2 Sediment

Deltaproteobacteria Desulfobacteraceae 62.4 Sediment

Deltaproteobacteria Desulfobulbaceae 57.1 Sediment

Epsilonproteobacteria Campylobacteraceae 45.8 Sediment

Firmicutes Halobacteroidaceae 78.6 Sediment

Gammaproteobacteria Colwelliaceae 94.8 Sediment

Gammaproteobacteria Oleiphilaceae 94.4 Open ocean

Gammaproteobacteria Moritellaceae 88.0 Sediment

Gammaproteobacteria Saccharospirillaceae 85.7 Sediment

Gammaproteobacteria Pseudoalteromonadaceae 81.6 Open ocean

Gammaproteobacteria Alteromonadaceae 80.7 Sediment

Gammaproteobacteria Psychromonadaceae 78.1 Sediment

Gammaproteobacteria Vibrionaceae 75.9 Symbiont

Gammaproteobacteria Oceanospirillaceae 68.0 Open ocean

Gammaproteobacteria Idiomarinaceae 65.0 Sediment

Gammaproteobacteria Shewanellaceae 59.7 Sediment

Gammaproteobacteria Ectothiorhodospiraceae 59.5 Sediment

Gammaproteobacteria Halomonadaceae 58.8 Sediment

Gammaproteobacteria Piscirickettsiaceae 56.9 Hydrothermal
aThe % abundance represents the percentage of this family found in their most optimal
environment based on distribution of 16S rRNA gene analysis reported by different studies
summarizing 499 samples stored in the GenBank database with the environmental feature
“saline-water” (adapted from Tamames et al. 2010). For example, 56.9 % of all identified
Piscirickettsiaceae sequences were retrieved from hydrothermal oceanic waters
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viruses through the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) occurs in pelagic and benthic bacteria and archaea irrespective of their
preferred metabolism. CRISPRs are widespread in cyanobacteria with the exception
of Prochlorococcus and Synechococcus (Cai et al. 2013), in deep-sea
ammonia-oxidizing archaea (Park et al. 2014) and in actinomycetes of the genus
Salinispora (Wietz et al. 2014), but hitherto they have not been found in symbiotic
bacteria.

Using an imaginary transect from land to the sea, we identify the coastal zones
and estuaries inundated by seawater. Together with the continental shelf these
ecosystems are influenced by the tides and are driven by photosynthesis. In contrast
to the deep sea they contain larger plants such as kelp (Laminaria sp.) and see
grasses (e.g., Posidonia oceanica and Zostera marina). Mudflats and beaches are
sometimes covered by microbial mats, which are among the richest microbial
ecosystems on earth (Bolhuis et al. 2014). Microbial mats are small-scale
self-sustaining ecosystems where photolithoautotrophic, chemolithoautotrophic,
and chemoorganoheterotrophic communities form a complex food web in a layer of
only a few millimeters (see Chap. 10). Cyanobacteria and diatoms are the primary
producers in the top layer of the sediment while immediately below at less than
5 mm depth sulfate reducers prevail similar to the deep-sea sediments.

Amongst the most abundant marine photosynthetic organisms are the pico-
cyanobacteria Prochlorococcus spp. and Synechococus spp., with an estimated total
number of 1027 cells. These unicellular cyanobacteria (diameter 3 to*0.6 µm) fuel
an important part of the ocean’s food web via different trophic levels up to the
major predators such as fish, whales and other marine mammals. The euphotic
realm contributes through photosynthesis up to 50 % of Earth primary production
(Field et al. 1998) and plays a critical role in global oxygen production and in
carbon sequestration from the atmosphere (see Chaps. 3 and 7). The photosyn-
thetically produced organic matter is transported from the surface to the deeper
layers in the form of sinking particles such as fecal pellets, phytodetritus, and
marine snow (Turner 2015). Marine snow in itself is a unique marine mini
ecosystem (Alldredge et al. 1986; Silver 2015; Stocker 2012), an aggregate with its
own dense community of bacteria, protists, and other microorganisms. The density
of these marine snow communities is 2–5 orders of magnitude higher than in the
surrounding seawater. However, because of the low density of the marine snow
particles the bacteria in these aggregates represent less than 4 % of the total
microbial biomass in the sea. The bacterial biomass in marine snow provides food
for bacterivorous flagellates and other protozoans (Caron 1987) whereas dissolved
organic matter released from marine snow particles is a substrate for free-living
bacteria. Molecular analysis of marine snow from the North Atlantic Ocean
revealed the accumulation of members of various phyla: Bacteroidetes,
Cyanobacteria, Gammaproteobacteria (Alteromonas and Pseudoalteromonas),
Alphaproteobacteria (Roseobacter) and Planctomycetes (Thiele et al. 2014).
Surprisingly, the most abundant organism found by Thiele et al. (2014) was
Synechococcus and this discovery provided evidence for the initial recruitment of
these picocyanobacteria in marine snow at the surface but also leaving us with a
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puzzle because it is unlikely that these phototrophic organisms will be metaboli-
cally active or even survive in the aphotic deep sea.

In the water column the microbial communities change with depth (Wu et al.
2013). Crenarchaeota, Euryarchaeota, Thaumarchaeota together with
Actinobacteria, Firmicutes, Beta-, Delta-, and Gammaproteobacteria emerge while
Bacteroidetes and Alphaproteobacteria decrease in importance. It is not known how
these shifts in the microbial community composition are linked to light, tempera-
ture, pressure and available food and energy sources.

In addition to absence of solar radiation, a constant low temperature and a high
hydrostatic pressure are important characteristics of the abyssopelagic (Lauro and
Bartlett 2008). This physically uniform environment has a low abundant but highly
diverse community (see Chap. 9). Hot spots of activity and abundance are around
hydrothermal vents (Prieur et al. 1995), whale falls (Smith and Baco 2003), anoxic
hypersaline basins (Daffonchio et al. 2006; van der Wielen et al. 2005) and cold
seeps (Elvert et al. 2000). The community composition of the warm (14 °C) deep
Mediterranean (3000 m) was more similar with that of the mesopelagic (500–
700 m) in the Pacific Ocean where the water temperature was in the same range
than with the community composition at 3000 m where the water temperature is 2 °
C (Martín-Cuadrado et al. 2007). These authors concluded that after light, tem-
perature is the second major factor that determines community composition, and
that depth (hydrostatic pressure) is less important.

Although photosynthesis may still contribute indirectly to the food web as a
result of sinking particles from the photic zone, metabolism in these special envi-
ronments is dominated by chemoautotrophy and is fueled by the oxidation of
reduced inorganic compounds such as hydrogen sulfide or methane. These pro-
cesses are confined at or near the seafloor, which is another distinct habitat. In
contrast to the various microbial hotspots and special environments mentioned
above, most of the deep seafloor appears to be uniform and is low in diversity and
abundance of microorganisms. At the interface between seawater and seafloor a
sharp oxic/anoxic transition zone is present that allows a wide variety of
microorganisms to co-exist and interact. The top part mainly consists of fine muddy
sediment with a sometimes a high percentage of accumulated organic material from
the photic zone.

Heterotrophic bacteria initially transform the organic matter and use up the
available oxygen resulting in anoxic conditions at only a few millimeters depth in
the sediment (Goffredi and Orphan 2010; Orcutt et al. 2011). In the anoxic sediment
anaerobic metabolism will take over and can persist to more than hundred meters
below the seafloor (Orcutt et al. 2011). In regions with low microbial activity,
oxygen is not completely metabolized and can penetrate much deeper in the sed-
iment floor where it can support aerobic respiration albeit at extremely low rates
(D’Hondt et al. 2015; Røy et al. 2012) (see Chap. 8). Bacteria that are commonly
found include members of the Gamma-, Delta- (especially families
Desulfobacteraceae and Desulfobulbaceae), Epsilonproteobacteria, Firmicutes, and
Bacteroidetes. These bacteria are able to perform simultaneous fermentation and
sulfate reduction and create the conditions for methanogenesis.
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1.5 Biotechnological Potential of Marine Microbes

1.5.1 Marine Microbes—Treasures of the Ocean

The short generation times and the nearly 4 billion years of evolution of (marine)
microorganisms has resulted in an enormous biodiversity. Marine microorganisms
evolved a plethora of metabolic pathways and are the exclusive drivers of bio-
geochemical cycling. A considerable part (estimated 80 %) of marine microor-
ganisms so far remains uncultured and therefore their potential remains hidden in
the abysses of marine microbial diversity. The progress made by marine bio-
prospecting is strongly linked to the development of “omics”-based methodologies.
Numerous genomics and metagenomics-based studies investigated the marine
microorganisms and habitats for their enzymatic potential (Kennedy et al. 2008;
Trindade et al. 2015). A massive interest was directed also to produce optimized
enzymes that are active under a broad range of harsh conditions so they can be used
in wastewater treatment or as inhibitors of causative processes in different
pathologies. Marine polysaccharides are being increasingly used in coatings,
adhesives, feed stocks, substrates, foods, pharmaceuticals and biotechnological
separations, as the gene pools of marine bacteria are tapped by recombinant DNA
technology to increase polysaccharide yield. Rapid developments in the field of
chemistry allowed the fast screening of many underexplored marine habitats such
as cold seeps, deep-sea hypersaline basins, deep-sea hydrothermal vents, but also
the endosymbionts of marine invertebrates (sponges, tunicates and corals). One of
most cited successes of bioprospecting is the anti-cancer drug trabectedin obtained
from Candidatus Endoecteinascidia frumentensis, a symbiotic gammaproteobac-
terium in the sea squirt Ecteinascidia turbinate. This drug is now produced in a
semisynthetic process and is heavily used for the treatment of sarcomas and ovarian
cancer. Marine microbiome derived molecules showed the high utility as industrial
products or enhancers of industrial processes. New enzymes with high substrate
specificity and stability in environments affected by anthropogenic pollution or new
biopolymers and biomaterial with high thermo-stability are examples of high-value
compounds targeted by marine biotechnology.

Many scientific articles have been written to address the biotechnological
potential of marine microorganisms (Debnath et al. 2007; Kim 2015;
Santos-Gandelman et al. 2014). Marine biotechnology is coined as “Blue
Biotechnology” and as an efficient and sustainable contribution to the global
economy. The European Union commissioned a study (European
Commission-Marine Biotechnology ERA-NET) to assess the impact and growth
potential of Blue Biotechnology. Blue Biotechnology is being defined as “the
application of science and technology to transform marine bioresources (raw
materials derived from living organisms) by biotechnological processes for use in
the sectors health, cosmetics, food, aquaculture, energy and marine environmental
services. It is estimated that the growth rate of Blue Biotechnology will be in the
order of 6–8 % during the coming 5 years, which could lead to annual revenue up
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to one billion euros. The ultimate goal is a fast return of the investments to the
society under the format of sound products and knowledge. Therefore, multidis-
ciplinary initiatives and joint ventures of the public and private sectors, combining
fundamental and applied research, are urgently required to develop blue biotech-
nology and to uncover the hidden treasures in the sea.

1.6 Conclusion

The ocean not only covers more than 70 % of our planet, it is also critical for the
regulation of climate and the Earth system as a whole. The response of the ocean to
climate change is far from understood, but it is certain that the marine microbiome
plays a central role. The genetic diversity of the marine microbiome is untold. The
microbiome is responsible for the biogeochemical cycling of virtually all elements
and therefore critical for the marine ecosystem function.

The marine ecosystem is as immense as it is diverse with respect to potential
niches, metabolic capacity, environmental fluctuations, geochemical composition,
microbiome composition, and potential use for biotechnological applications. Many
unidentified microorganisms, their genetic make-up, potential novel metabolic
routes, their contribution to the major element cycles, and potential novel bioactive
compounds for pharmaceutical and biotechnological purposes are yet to be
uncovered and require an intricate collaboration between fundamental and applied
sciences.
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Chapter 2
Marine Bacteria and Archaea: Diversity,
Adaptations, and Culturability

Jörg Overmann and Cendrella Lepleux

Abstract With an estimated total number of 6.6 � 1029 cells, Bacteria and Archaea
in marine waters and sediments constitute a major fraction of global microbial
biomass. Most marine bacterial communities are highly diverse and individual
samples can comprise over 20,000 species. Different marine habitats such as coastal
surface waters, subsurface open ocean waters and sediments are colonized by dis-
tinct bacterial communities. Consequently, global marine bacterial diversity must be
very high but has remained largely uncharted to date. One major obstacle that needs
to be overcome is the persisting difficulty to culture most of the dominant marine
bacterial and archaeal phylotypes. Typically, these difficulties relate to an insufficient
appreciation of the specific physiological requirements and adaptations of marine
Bacteria and Archaea. In many marine environments, concentrations of readily
utilizable dissolved organic carbon (DOC) compounds or inorganic nutrients are
present at submicromolar concentrations whereas suspended marine particles con-
stitute spatially discrete hot spots of growth substrates. Known bacterial adaptations
to oligotrophic growth conditions include high affinity uptake systems, low growth
rates and cell sizes, streamlined genomes, little regulatory flexibility, physiological
specialization and low loss rates due to grazing and viral lysis. On the opposite,
lineages adapted to exploitation of nutrient hot spots are motile, chemotactically
active, have large cells, adhere to particles, employ specialized uptake systems for
high molecular weight substrates, excrete exoenzymes, and feature a broad substrate
spectrum. Besides these canonical types of adaptations, interesting novel traits have
been discovered over the past years, like the widely distributed proton-pumping
bacteriorhodopsins, a multitude of carbohydrate-active enzymes, TonB-like recep-
tors, thiosulfate oxidation, methylotrophic pathways, carbon monoxide oxidation,
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metabolism of compatible solutes, and heavy-metal resistance. In order to retrieve
and study representatives of not-yet-cultured bacterial lineages in the laboratory,
future culture attempts need to be modified according to this improved knowledge of
the specific adaptations of marine Bacteria and Archaea.

2.1 Introduction

Bacteria and Archaea represent major drivers of the biogeochemical cycles in the
marine environment due to their large abundance, high cell-specific activity, and
their unique metabolic capabilities that include, among others, nitrogen fixation,
(anaerobic) ammonia oxidation, and methane oxidation. Laboratory analyses of
isolated marine Bacteria and Archaea reveal their metabolic features and the evo-
lutionary mechanisms underlying bacterial diversification. Vice versa, a better
understanding of the activities and diversity of marine Bacteria and Archaea in their
natural environment is the key to their successful cultivation. Finally, novel
applications of microorganisms in bio-economy rely on an improved access to
novel bacterial and archaeal isolates.

This chapter focuses on the extent, patterns and controls of bacterial and archaeal
diversity in the marine environment, then reviews and discusses the current state of
knowledge of their functions in situ and the underlying specific adaptations, and
finally contrasts this information with available concepts and approaches for their
cultivation.

2.2 Biomass, Diversity and Phylogenetic Composition
of Marine Bacterial Communities

Total numbers of bacterial cells of 1.0 � 1029, 1.7 � 1028 and 1.0 � 1026 have
been calculated for the marine pelagic, surface sediments and coastal waters,
respectively (Whitman et al. 1998). The global bacterial biomass in the sub-seafloor
biosphere is estimated as 5.4 � 1029 cells (Parkes et al. 2014), representing*24 %
of the global number and biomass of bacteria and archaea (recalculated based on the
numbers of Whitman et al. 1998). These numbers demonstrate that the global
bacterial biomass of the open ocean and the marine subsurface is similar to that of
what is present in soils (2.6 � 1029 cells) and that marine Bacteria and Archaea
constitute a considerable part of the microbial biomass on Earth.

Across their different habitats, marine bacteria are distributed rather unequally.
Surface seawater harbors between 104 and 107 cells ml−1 with an average of 5 � 105

cells ml−1 for epipelagic and coastal shelf waters. Deeper water layers on average are
colonized by 5 � 104 cells ml−1 (Whitman et al. 1998). In the sediment surface,
however, cell densities range from 108 to 109 cells cm−3. Coastal sediments contain
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higher cell numbers than those of the open ocean (Orcutt et al. 2011). In sub-seafloor
sediments down to almost 2 km depths, numbers range between 1010 and 103 (the
detection limit) cells cm−3 depending on the location (Parkes et al. 2014). The lowest
numbers (103–104 cells cm−3) were found in the first 10 m of sediments underlying
the extremely low productivity South Pacific Gyre that receives extremely low
organic carbon input through sedimentation (D’Hondt et al. 2009).

Next generation sequencing of 16S rRNA genes from 193 marine samples
collected within the framework of the Tara Oceans project yielded a total species
richness of 37,470 for marine Bacteria and Archaea (Sunagawa et al. 2015). These
data corroborate earlier findings of highly diverse bacterial communities in indi-
vidual samples that were estimated to harbor up to 23,315 species even in the
deep-sea water column despite its supposedly energy-poor conditions (Sogin et al.
2006). In a worldwide comparison across all major habitat types, sediments con-
tained the most diverse bacterial communities (Lozupone and Knight 2007).
Accordingly, the species richness of marine environments is similar to those esti-
mated for soils using comparable experimental approaches (Roesch et al. 2007).
The total species diversity of marine Bacteria and Archaea most likely is under-
estimated by the above. This is suggested by the fact that a significantly higher
number of 799,581 of 16S rRNA gene sequences in GenBank is of marine origin
(Benson et al. 2013).

The differences in bacterial community composition are most pronounced
between pelagic and sediment environments. Pelagic and benthic marine habitats
share only 7.1 % of the bacterial species inventory (corresponding to 9900 species)
based on a global comparison of 509 samples from the International Census of
Marine Microbes (ICoMM) project (Zinger et al. 2011). Marine sediments harbor
the phylogenetically most divergent bacterial communities, which maybe related to
their highly stratified nature that provides very different ecological niches. Bacterial
communities in the marine pelagic are much less even in species composition than
the benthic environment (Zinger et al. 2011). Within the pelagic, bacterial com-
munities in coastal surface waters, subsurface open ocean waters and anoxic
habitats differ the most (Lozupone and Knight 2007). In a detailed comparison of
marine bacterial communities across all latitudes, pelagic communities from the
polar Southern and Arctic Oceans were distinct, but more similar to each other than
to the bacterioplankton of lower latitudes. Mid-latitude open ocean communities
resembled each other across the different oceans. Similarly, the deep ocean com-
munities exhibited a composition that resembled that of other regions but was
distinct from the respective surface communities (Ghiglione et al. 2012).

Open ocean surface marine bacterioplankton typically consists of a few domi-
nant (sub)-phyla that decrease in abundance in the order Alphaproteobacteria >
Gammaproteobacteria > Flavobacteria and Cyanobacteria. Additional groups that
are usually detected at low abundances are the Betaproteobacteria, Firmicutes and
Actinobacteria. At the level of genera/species, the diversity of marine bacterio-
plankton appears to follow a bimodal abundance distribution. Whereas few taxa
almost invariantly occur at high abundance, the majority of the taxa typically are
rare (Yooseph et al. 2010). Thus, members of the alphaproteobacterial SAR11 clade
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are ubiquitous and represent the most abundant marine organism in the oceans.
They constitute about one third of all Bacteria and are the dominant bacterial
heterotrophs (Morris et al. 2002; Sunagawa et al. 2015; Zinger et al. 2011). Another
group of the Alphaproteobacteria, the Roseobacter clade-affiliated (RCA) cluster of
the family Rhodobacteraceae, can constitute up to 35 % of the total bacterio-
plankton in temperate and polar oceans (Giebel et al. 2013). Additional abundant
phylotypes belong to the gammaproteobacterial SAR86-clade and the
Actinobacteria (Yooseph et al. 2010). Even across 41 different marine and coastal
ecosystems in the Atlantic, Caribbean and Pacific that varied substantially with
regard to salinity, nutrient content, temperature, and other environmental condi-
tions, only 60 highly abundant ribotypes were identified by a metagenomic
approach (Rusch et al. 2007). Based on the fragment recruitment of metagenomic
sequences, Pelagibacter, Prochlorococcus and Synechococcus genomes constitute
a large fraction of the bacterial community in the Sargasso Sea (Rusch et al. 2007;
Venter et al. 2004). This typical composition has also been determined in the most
ultra-oligotrophic waters of the South Pacific Gyre (Yin et al. 2013). In the latter,
Archaea are two orders of magnitude less abundant than Bacteria and are dominated
by Euryarchaeota of Marine Group II.

In oceanic deep waters, Gammaproteobacteria, Deltaproteobacteria and
Actinobacteria occur in higher relative abundances than at the surface. In coastal
waters, however, the relative proportion of Flavobacteria is significantly higher
(17 %) than in all other marine pelagic habitats (Zinger et al. 2011). Other bacterial
phyla such as the Marine Group A or Chloroflexi are less frequent, but still con-
sistently present in pyrosequencing or Illumina rRNA sequence datasets from the
marine pelagic. Marine members of these groups represent particularly interesting
targets for future cultivation attempts since the physiology of cultivated relatives
does not match the environmental conditions of the marine pelagic. It is therefore
not surprising that attempts to isolate typical representatives of the marine pelagic
Chloroflexi such as the SAR202 group have failed so far (Orcutt et al. 2011).

In oxic surface sediments, Gammaproteobacteria and Deltaproteobacteria are
dominant groups; in addition Alphaproteobacteria, Acidobacteria, Actinobacteria
and Planctomycetes are abundant. The diversity of Archaea at the sediment surface
is low where marine group I Thaumarchaeota dominate (Orcutt et al. 2011). In the
first meters below the sediment surface, the high phylum level diversity of bacterial
communities persists, and also comprises Epsilonproteobacteria, Chloroflexi and
Thaumarchaeota (Parkes et al. 2014).

In contrast, bacterial communities in the deep marine biosphere are dominated by
Gammaproteobacteria, Chloroflexi, and members of the candidate phylum JS1,
which together contribute an average of >50 %of all 16S rRNAgene sequences. Over
half of the Archaea present in the deep marine biosphere belongs to the so-far
uncharacterized groups the Miscellaneous Crenarchaeotal Group and the Marine
Benthic Group B of Crenarchaeota. Thaumarchaeota, South African Gold Mine
Euryarchaeotal Group and the Marine Benthic Group D of the Crenarchaeota rep-
resent the next most abundant groups (Parkes et al. 2014). Different types of sub-
surface sediments (seeps, hydrate-associated, shelf, ash, carbonates, turbidites)
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contain different percentages of the groups listed. The candidate phylum JS1 and
members of the Miscellaneous Crenarchaeotal Group are the dominant microbial
groups of the organic-rich subsurface sediments. Chloroflexi, but also
Planctomycetes dominate the abyssal sediments of the oligotrophic oceanic pro-
vinces. In contrast, deltaproteobacterial sulfate reducers, Epsilonproteobacteria (in-
cluding lithotrophic sulfur-oxidizers) and Archaea belonging to the anaerobic
methanotrophic (ANME) group and methanogenic Methanosarcinales dominate the
strongly reducing cold seeps that are characterized by cycling of sulfur and methane.
Members of the candidate phylum JS1 andCrenarchaeota ofMarine Benthic Group B
are the predominant groups in gas hydrates (Orcutt et al. 2011; Parkes et al. 2014).

The estimates of the bacterial species richness even of individual marine samples
are twice as high as the total number of species that has so far been validly
described (<11,000; Overmann 2015). In line with this low coverage of marine
bacterial diversity by culture collections, extensive metagenomic datasets from a
large variety of water samples contain only few sequences of the genomes available
for cultivated bacterial species (Rusch et al. 2007). As a result, the major fraction of
marine Bacteria and Archaea is poorly characterized with respect to ecology,
physiology, biochemistry, and possible applications. The probable cause of the low
coverage of marine microbial diversity obtained by cultivation-based approaches is
the labor-intensive character of enriching and isolating marine bacteria on multiple
different media. However, cultivation trials usually do not yield the numerically
dominant bacterial phylotypes (Eilers et al. 2001; Uphoff et al. 2001) and marine
members of entire candidate phyla, or other high rank taxa continue to resist cul-
tivation (e.g., Gammaproteobacteria cluster SAR86, Chloroflexi cluster SAR202,
Deltaproteobacteria cluster SAR324, candidate phylum Marine Group A, and the
marine Actinobacteria). Several explanations for these discrepancies have been
offered, including dormancy, substrate-accelerated death at high substrate concen-
trations, a viable-but-not-culturable state of the cells, the presence of lysogenic
phages, obligate oligotrophy, or the dependence on other microorganisms for
growth (summarized in Overmann 2013). During the past two decades, some of
these challenges have been successfully addressed and the culture success has been
considerably improved in some instances (Bruns et al. 2002; Button et al. 1993;
Cho and Giovannoni 2004). However, the currently available isolates of marine
Bacteria and Archaea cover only a minute fraction of the existing diversity (see last
section below). For a better representation of the marine microbial diversity, culture
approaches need to be developed further based on a state-of-the-art analysis of the
physicochemical and biological determinants of the marine microbial community
composition and based on an improved knowledge of the specific adaptations of the
not-yet-cultured lineages.

2 Marine Bacteria and Archaea: Diversity, Adaptations … 25



2.3 Patterns and Potential Drivers of Marine Bacterial
Diversity

Correlating phylogenetic similarity of marine bacterial communities or the relative
abundance of particular target phylotypes of Bacteria and Archaea with the
physicochemical characteristics of their respective environment can yield initial
information about potential drivers of bacterial diversity and the niches of indi-
vidual phylotypes.

Based on analyses of similarities between metagenomic sequences of marine
bacterioplankton communities, water temperature and salinity were identified as the
major environmental factors that correlated with community composition. Water
depth, primary productivity and proximity to land constituted additional relevant
factors (Rusch et al. 2007).

Salinity was identified as the major environmental determinant of community
composition on a global scale (Lozupone and Knight 2007). Salinity is also the
major environmental variable that is associated with the phylogenetic differences of
bacterial communities in freshwater, brackish and marine sediments (Wang et al.
2012) and constitutes an important driver of the composition of bacterioplankton in
inland waters (Wu et al. 2006). Marked changes in the relative abundance of
bacterial subphyla have been documented along salinity gradients in estuaries and
in the Baltic Sea. With increasing salinity, the abundance of Alphaproteobacteria
and Gammaproteobacteria increases whereas that of Betaproteobacteria,
Actinobacteria and Verrucomicrobia decreases (Cottrell and Kirchman 2003;
Herlemann et al. 2011; Zhang et al. 2006). The bacterioplankton in brackish waters
of the Baltic Sea appears to be autochthonous and also harbors sequence types
unique to this environment, e.g., an uncharacterized member of the
Spartobacteriaceae (Verrucomicrobia). Unlike multicellular organisms, however,
bacterial diversity in brackish waters is not decreased compared to marine or
freshwater communities (Herlemann et al. 2011). The distinct community compo-
sition suggests that marine Bacteria and Archaea have specifically adapted to the
environmental conditions of their habitat, such as salinity or compounds typically
found in seawater like the osmolyte dimethylsulfoniopropionate (DSMP). In fact,
bacteria of the typically marine Roseobacter clade have an absolute requirement for
sodium ions due to their sodium-based transporters (Brinkhoff et al. 2008). 16S
rRNA gene-based studies as well as genome comparisons show that marine
members of the Chlorobiaceae (green sulfur bacteria) requiring NaCl concentrations
>1 % (w/v) form separate clusters that are distinct from freshwater or brackish
water lineages (Bryant et al. 2012; Imhoff 2003). Furthermore, various clades of
marine bacteria, like the SAR116 group or the Roseobacter clade, have been shown
to be capable of DMSP degradation (see next section).

Within the photic zone, temperature constitutes an important driver of microbial
community composition (Sunagawa et al. 2015). While relatives of the alphapro-
teobacterial SAR11, the gammaproteobacterial SAR86, Prochlorococcus,
Synechococcus, andAcidimicrobidae clades occurwidespread acrossmarine habitats,
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distinctly different SAR11 sub-clades are adapted to high latitude, low temperature
(<10 °C) polar waters (see next section). Prochlorococcus spp. are absent from
cold-water regions of the ocean and occur between latitudes of 40°N and 40°S where
they reach cell abundances of >105 ml−1 and account for up to 43 % of the photo-
synthetic biomass (Johnsonet al. 2006; Scanlan et al. 2009).On the opposite,members
of the RCA clade are abundant in temperate but not in tropical waters (Rusch et al.
2007). Members of the gammaproteobacterial SAR86 occur in cold as well as warm
oceanic waters (Yooseph et al. 2010). Sequence similarity determined between
metagenomes from different marine environments showed consistent patterns with
largely dissimilar bacterial metagenomes between tropical and temperate samples
(Rusch et al. 2007). Similarly, single cell genomes were distinctly different between
temperate regions and subtropical gyres, with temperature and latitude representing
major determinants (Swan et al. 2013).While this differentiation can be detected at the
genomic level, it is not apparent at the level of 16S rRNA gene sequence types that do
not exhibit consistent latitudinal differences. This emphasizes the need to analyze the
micro-diversity of individual phylogenetic lineages of marine bacteria (see below).

When analyzing the patterns of fragment recruitment of metagenomes against a
suite of single cell genomes, it becomes evident that the effect of geographic
latitude on the composition of bacterial communities is not the result of their
biogeographic isolation (Swan et al. 2013). Even within the clades of numerically
dominant planktonic bacteria like Prochlorococcus marinus or P. ubique individual
genotypes do not follow a biogeographic pattern (Rusch et al. 2007). Obviously,
dispersal rates in the different marine environments are high enough to prevent
biogeographic isolation of bacterial species or even lineages within species. Since
the time of overturn of the global ocean by surface currents and thermohaline
circulation ranges between 1000 and 2000 years (Doos et al. 2012), geographic
isolation is expected only when genotypes arise over shorter time periods, which
are apparently too short for lasting genetic isolation of diverging lineages of marine
bacteria. Consequently, speciation and geographic isolation are not major drivers of
microbial diversity on a local scale.

Across a wide variety of sampling locations, water depth explains the major part
of variance in community composition, indicating that vertical stratification deter-
mines most of the differences in the composition of bacterial communities
(Sunagawa et al. 2015). Ecological theory predicts that competition for limiting
resources decreases diversity and ultimately can lead to ecological instability,
whereas strong predator-prey interactions enhance the number of coexisting species
and dampen their fluctuations in abundance (Allesina and Tang 2012; Loreau and
de Mazancourt 2013). Because of the severe energy limitation of deeper oceanic
water layers, it was rather unexpected to find an increase of species richness with
depth in the ocean (Sunagawa et al. 2015). This finding is suggestive of the
presence of a considerable diversity of ecological niches that are created by the
pronounced stratification of the mesopelagic zone. For example, anaerobic
ammonia oxidizing (anammox) bacteria typically occur in oxygen minimum zones
of coastal upwelling regions (Dalsgaard et al. 2012). The peak abundance of
Group I and pSL12-like marine Crenarchaeota is below the photic zone at the
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position of the nitracline where nitrate concentrations are above several µM. The
deltaproteobacterium Nitrospina shows a similar vertical distribution. In contrast,
marine Euryarchaeota peak in oceanic surface waters (Mincer et al. 2007).
Moreover, metagenomic analysis of bacterial communities revealed specific adap-
tations of the bacterial lineages that prevail in deeper water layers (see next section).

The high diversity of deep-sea bacterioplankton may also be related to specific
strategies towards energy limitations. In multicellular organisms, higher energy
availability is thought to enable a higher species richness, since it allows a larger
number of individuals to coexists and hence more species to maintain viable popu-
lations (Gaston 2000). Following this concept for microorganisms, coastal sediments
and surface waters in upwelling regions would thus be expected to harbor more
diverse bacterial assemblages than deep-sea sediments or the bathypelagic. However,
this concept will hold true for microorganisms only if different species have similar
(high) energy requirements, if the growth yield for microbial growth substrates is
more or less constant (given that productivity or energy availability is typically
determined by bulk parameters such as organic carbon content), and if energy supply
is more or less constant. Thus, vastly different growth yields of different physiological
types of microorganisms, or particular adaptions to survival such as endospores or
extremely low maintenance energy requirements (Marschall et al. 2010) would dis-
turb this relationship. Also, highly productive marine systems typically are charac-
terized by high temporal variability. This fact has been used to explain why metazoa
diversity does not increase with productivity in this realm (Gaston 2000).

In addition to the mostly abiotic factors mentioned so far, the activity of predators
like viruses and protists also modifies bacterial community structure. Protists can
create a shift in marine bacterial communities, leading to the development of rare
bacteria (Suzuki 1999) or the replacement of strains (Hahn and Höfle 1999). Larger
celled and fast-growing copiotrophic bacteria are selectively removed and kept at
low abundances (Pernthaler 2005; Rodriguez-Brito et al. 2010). This seems to be
particularly the case for Gammaproteobacteria including Alteromonas spp. (Lebaron
et al. 2001). As a result, the contribution of low abundance copiotrophic bacteria to
bacterial biomass production and carbon flux through the microbial loop may be
substantial despite their low abundance. The analysis of the effect of bottom-up
factors (temperature, nutrient concentration, chlorophyll a) and of top down factors
(viral abundance and mortality caused by bacteria and viruses) on the phylogenetic
diversity of marine bacteria in coastal waters of the Mediterranean Sea showed that
viral activity was more pronounced than protistan grazing (Boras et al. 2015). In this
case of severe viral predation, viral lysis was a stronger factor in shaping the bacterial
community than temperature or light.

In order to be culture-based approaches successful, the key biogeochemical
parameters and processes that determine the composition of the natural bacterial
communities and the abundance of target bacteria in their environment need to be
taken into account and reproduced during laboratory incubations. During the past
decade this strategy has been increasingly successful (compare sections below).
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2.4 Life Strategies and Adaptation Mechanisms of Marine
Bacteria and Archaea

2.4.1 Environmental Conditions and Canonical Life
Strategies of Marine Bacteria and Archaea

Recent advances in molecular and analytical techniques have enabled a deeper
elucidation of the metabolic potential and in situ physiological activity of marine
Bacteria and Archaea (Fig. 2.1). This novel information provides the basis not only
for a better understanding of their specific adaptations and ecological niches, but
also for improving strategies for their cultivation.

The dominant primary producers in the nutrient limited euphotic zone of the
open oceans are cyanobacteria of the genera Synechococcus and Prochlorococcus
(see Chap. 3). Prochlorococcus is present between latitudes of 40°N and 40°S and
absent in waters with temperatures <15 °C. Distribution patterns along environ-
mental gradients and genome comparisons have been used to infer ecological

B
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Fig. 2.1 Conceptual representation of the canonical adaptations of marine Bacteria and Archaea,
including the copiotrophic lifestyle on marine aggregates (A), chemotaxis towards higher nutrient
concentrations liberated from marine aggregates (B), and the adaptation to oligotrophic conditions
in the free water (C)
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niches of its different phylogenetically defined clades (Johnson et al. 2006; Rocap
et al. 2003). The vertical distribution of different ecotypes of Prochlorococcus can
be related to the specific adaptation to either high light and low nutrient or low light
high nutrient conditions (Moore et al. 1998). Genomic streamlining (down to a size
of 1.66–2.41 Mbp), i.e. selective genome reduction through loss of genes of central
metabolic (e.g., nitrate utilization), signaling, and regulatory functions is one
strategy for adaptation of Prochlorococcus to limiting nutrient concentrations. The
discovery of a widespread, nitrogen-fixing cyanobacterium (‘Candidatus
Atelocyanobacterium thalassa’; UCYN-A) with a genome size of only 1.44 Mbp
illustrates a second type of genome streamlining in marine cyanobacteria that
resembles that known from obligate parasitic bacteria such as Mycoplasma: the
small genome of UCYN-A encodes numerous regulatory and metabolic features but
lacks many biosynthetic pathways (Tripp et al. 2010).

In the ocean, heterotrophic bacterioplankton plays the key role in the alteration
and consumption of organic matter (Pomeroy et al. 2007) and consumes the major
part of the daily primary production (Ducklow 2000). Primary production by
microalgae and cyanobacteria constitutes the main source of organic carbon sub-
strates of bacteria in the open ocean. However, concentrations of carbohydrate
monomers and amino acids that can be taken up directly are only in the nanomolar
range (Kirchman et al. 2001; McCarthy et al. 1996). Part of the photosynthetic
products are already released by living cells and encompass up to 60 % of organic
carbon >1 kDa. Up to one third of cellular organic carbon is released as dissolved
organic carbon (DOC) compounds during grazing and viral lysis. Polysaccharides
constitute the major fraction of high molecular weight dissolved organic matter
since they represent about 70 % of the dry weight of algae. These compounds
comprise anionic polysaccharides with sulfate and carboxyl groups, which distin-
guishes them from polysaccharides that occur in terrestrial environments (Mann
et al. 2013). Marine bacteria rapidly utilize polysaccharides but proteins show lower
decay constants and lipids are degraded even slower (Benner and Amon 2015).

Bacteria mineralize high molecular weight DOC more rapidly than the smaller
size classes (Benner and Amon 2015). The DOC that is not degraded becomes
increasingly refractive (Lou et al. 2010). The remaining small dissolved molecules
represent the dominant organic carbon compounds in the marine environment and
may persist either due to their inherent refractory nature, their inaccessibility due to
embedding in gel-like structures, or because of their chemical diversity that lowers
the encounter rates with bacterial transporter molecules or enzymes to the point that
microbial growth is not possible (Azam and Malfatti 2007; Benner and Amon
2015). As a result, the majority of total organic carbon (TOC) in the ocean (77 %)
occurs in the size fraction <1 nm, which corresponds to a molecular weight of
1 kDa. Only 22 % of the TOC is bigger than 1 nm and comprises macromolecules
(up to 1000 kDa). Particulate organic carbon (POC) is operationally defined by
retention on filters (typically with pore sizes 0.1–0.2 µm), accounts for <2 % of the
TOC (Benner and Amon 2015) and ranges in size up to centimeters (Simon et al.
2002). Macro-aggregates or marine snow range between 5 to several tenths of mm
and originate from coagulation of dead or senescent phytoplankton cells or fecal
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pellets of zooplankton. Macrogels and transparent exopolymer particles range
between mm and µm in size, and microgels and colloidal nanogels range from the
micro- to the nano-meter scale. This transparent matter contains polymers of
microbial origin such as mucus (Azam and Malfatti 2007).

The direct uptake of DOC is limited to molecules below 600–800 Da when taken
up through porins (Blanvillain et al. 2007). Alternatively, TonB-dependent receptors
bind extracellular substrates before uptake and allow uptake also of molecules that
are >800 Da and participate for instance in the uptake of glycans. Besides in
Bacteroidetes, TonB-type receptors occur in marine Alphaproteobacteria (particu-
larly the Sphingomonadales) and Gammaproteobacteria (e.g., Alteromonadales such
as Alteromonas macleodii) (Neumann et al. 2015; Tang et al. 2012). For the uti-
lization of degradable particulate and higher molecular dissolved organic matter,
bacteria have to synthesize and exudate depolymerizing ectoenzymes before the
bacterial cell can take up the degradation products. Extracellular enzyme activity is
therefore highly relevant for the marine carbon cycle (Arnosti 2011) and bacterial
exoenzymes are highly active on marine particles that contain large amounts of
polymeric substrates (Smith et al. 1992) (Fig. 2.1). The hydrolysis of laminarin,
chondroitin, xylan, pullulan, arabinogalactan and fucoidan was detected in coastal
water, whereas the spectrum of hydrolyzed polysaccharides was narrow in offshore
waters (D’Ambrosio et al. 2014). Exoenzymes can be exuded into the medium or
stay bound to the surface of the cell. Modeling of diffusive losses of enzymes and the
generated monomers has demonstrated that the production of free (non cell-bound)
exoenzymes pays off only at concentrations of polymeric substrates >3.3 µM,
whereas the expression of surface-attached exoenzymes becomes energetically
profitable already at substrate concentrations of 0.4 nM (Traving et al. 2015).
Production of free exoenzymes is also favorable if cells occur in denser populations
and can degrade polymers cooperatively. In several bacterial species the expression
of extracellular enzymes is regulated by quorum sensing (Chernin et al. 1998; Hmelo
et al. 2011). Addition of inducers may therefore stimulate enzyme production at low
cell densities and enable the utilization of polymers in laboratory enrichments which
might explain the improved cultivation success upon addition of signaling molecules
observed in some cases (Bruns et al. 2002).

Two canonical trophic strategies of bacteria are distinguished based on their very
different adaptations towards substrate supply (Koch 2001). Copiotrophic bacteria
are adapted to rapid growth upon encountering high substrate levels, e.g. during
phytoplankton blooms or on detrital aggregates whereas they just persist in low
abundances under severe substrate limitation. This so-called ‘feast and famine
strategy’ involves rapid substrate uptake and high maximum growth rates (>1 h−1),
high cell volumes (>1 µm3) in rich media, a high diversity of specific substrate
transporters, reductive (rpoS-dependent) cell division upon starvation, cell motility
and chemotaxis. At least some species maintain a high intracellular ribosome
content and thereby can react quickly to sudden increases in growth substrates
(Beardsley et al. 2003; Eilers et al. 2000). In contrast, oligotrophic bacteria are often
highly abundant, possess few broad-spectrum uptake systems, have low growth
rates (<0.2 h−1) that are independent of high substrate concentrations, are

2 Marine Bacteria and Archaea: Diversity, Adaptations … 31



small-celled (<0.1 µm3), lack motility, and have streamlined genomes and little
regulatory flexibility (Lauro et al. 2009). The transcriptomes also reflect these two
life strategies and show that the fast-growing bacterial taxa in bacterioplankton
represent metabolic generalists and are strongly controlled by top-down mecha-
nisms. In contrast, slow-growing, abundant taxa are characterized by metabolic
specialization (Gifford et al. 2013).

2.4.2 Adaptations to Temporal and Spatial Heterogeneity

Marine Bacteria and Archaea with a copiotrophic lifestyle proliferate at high sub-
strate and nutrient concentrations. Examples of typical marine copiotrophs are
found in the genera Alteromonas, Pseudoalteromonas, Photobacterium, and Vibrio
(Lauro et al. 2009; Yooseph et al. 2010). In the ocean, higher substrate and nutrient
concentrations are found on the continental shelves (<150 m water depth) that
cover *7 % of the surface area of the world ocean but due to their often higher
productivity harbor a much larger proportion of the global number of bacterial cells
(Kallmeyer et al. 2012). Under energy-replete conditions, e.g. during phytoplankton
blooms, copiotrophic bacteria can form distinct blooms and reach cell numbers of
107 ml−1. Most notably, copiotrophs show specific adaptations to the spatially
heterogeneous distribution and transient availability of their substrates, and to the
polymeric nature of carbon substrates that are produced by marine phytoplankton.

While satellite images as well as shotgun metagenomic analysis demonstrated
that patchiness of microbial populations exist on scales of tens of kilometers
(Venter et al. 2004), microscale spatial heterogeneity has been demonstrated in
coastal seawater where the abundance of different bacterial cell types varies more
than tenfold over horizontal distances of millimeters (Seymour et al. 2004). These
patterns are due to the effects of (living or dead) organic particulates (Fig. 2.1).

Direct colonization of marine aggregates by bacteria occurs at high densities
(108–109 ml−1; Azam and Malfatti 2007) and can constitute up to 20 % of all
bacterial biomass in ocean water (Teeling et al. 2012). Because of the high abun-
dance of micro- and macro-gels that reaches 1000 ml−1 (as compared to 1–10
marine snow particles ml−1), numerous immotile marine bacteria may adhere to
them and thereby concentrated from the surrounding water. This might explain the
high abundance of immotile or gliding bacteria (Bacteroidetes) on marine snow
particles that form through aggregation of micron-sized gels (Azam and Malfatti
2007). Alternatively, encounter by chance and rapid multiplication stimulated by
high substrate concentrations could lead to the colonization of the larger particles.

On the aggregates, bacteria highly express ectoenzymes such as proteases, lipases,
chitinases and phosphatases (but less so glucosidases) (Smith et al. 1992). During
degradation, members of the Flavobacteriales (Zobellia, Polaribacter, Gramella,
Formosa, Cellulophaga), Planctomycetes, the genus Roseobacter, Alteromonadales
(Alteromonas, Marinobacter, Moritella, Pseudoalteromonas), Oceanospirillales
(Thalassolituus,Kangiella,Alcanivorax)Methylophaga,Cycloclasticus,Rheinheimera,
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and Deltaproteobacteria are enriched whereas Archaea constitute less than 10 % of the
microbial assemblages on particles (Fontanez et al. 2015). The presence of presumptive
chemoautotrophic sulfur-oxidizers (Sulfurimonas, Sulfurovum, Sulfuricurvum), sulfur-
or nitrate-reducing heterotrophs (Sulfurospirillum), and chemolithotrophic
hydrogen-oxidizing denitrifiers (Nitratifractor,Nitratiruptor) in marine particles maybe
related to an active sulfur cycling and the presence of anoxic microniches such as
intestinal tracts of zooplankton carcasseswithin the large particles (Fontanez et al. 2015).

Exudation by active phytoplankton cells, lysing cells, or degradation of marine
snow particles create small patches of dissolved organic matter (Blackburn et al.
1998). Since the bacteria attached to aggregates do not incorporate or respire all
liberated monomers, their ectoenzymatic activity produces a plume of readily uti-
lizable carbon substrates behind sinking marine snow (Azam and Malfatti 2007). In
a turbulent environment such patches persist at dimensions of up to 300 µm and
hence can be exploited by motile Bacteria and Archaea at their typical swimming
speeds of up to 40 µm. Motility thus confers a selective advantage over non-motile
competitors as long as the energy gained through substrate uptake exceeds the
energetic costs of locomotion (Fig. 2.1). The benefit of motility and chemotaxis for
high swimming speeds of up to 170 µm s−1, as they occur in marine bacterio-
plankton, is the higher substrate uptake (up to 133 %) compared to non-motile cells,
but this advantage rapidly vanishes at lower frequency and size of nutrient patches
(Taylor and Stocker 2012). The fact that up to 70 % of the bacterial cells in coastal
waters are motile indicates the relevance of this adaptation for bacteria in this
particular habitat (Grossart et al. 2001). At the typical concentrations of aggregates
in the marine epipelagic, freely swimming bacteria will encounter an aggregate in
less than one day, which will provide sufficient substrate to entirely support the
growth of these bacteria (Kiørboe et al. 2002). Although marine aggregates occupy
only a small fraction of the marine water volume they can support substantial
growth of free-living bacteria in their solute plume at growth rates of 1–10 d−1.
Since mean growth rates of bacterioplankton range between 0.05 and 1.0 d−1

(Ducklow 2000) degradation of aggregates can promote a considerable part of the
heterotrophic bacterial production (Kiørboe and Jackson 2001).

Typical copiotrophic marine bacteria appear to be involved in the transformation
of high-molecular DOC in the sea. High-molecular-weight organic matter to con-
centrations of around 300 µM DOC elicits bacterial growth and specifically stim-
ulates transcription in bacteria affiliated with the genera Alteromonas and
Idiomarina, followed by Methylophaga. The first two groups show increased
expression of TonB-associated transporters and nitrogen assimilation genes (of the
glutamine synthase cycle) (McCarren et al. 2010). Besides genes involved in
alginate and fucose utilization, Alteromonas cells associated with marine snow
particles have also encode heavy-metal resistance genes (the czsABCD efflux pump
for cobalt, zinc, cadmium, the cusAB and cusRS copper efflux and copper
two-component sensor systems, and the mercury resistance and transport merABR
and merTP systems) (Fontanez et al. 2015). Degradation of marine polysaccharides
seems to be mediated also by other Gammaproteobacteria such as Reinekea and
SAR92, as well as the Alphaproteobacteria of the RCA, which reach high
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abundances during late stages of phytoplankton blooms (Teeling et al. 2012).
Reinekea features a broad substrate spectrum typical for a generalist type of bac-
terium. In contrast, Methylophaga-associated genes involved in methanol and
formaldehyde oxidation/assimilation were also detected in association with marine
particles and expression of genes for C1-compounds (methylotrophic pathways)
was demonstrated (McCarren et al. 2010). Since 15 % of the carbohydrates present
in DOM consist of methyl sugars, this temporal pattern of transcription suggests
that the initial degradation through Alteromonas and Idiomarina generates metha-
nol or formaldehyde that is subsequently utilized by Methylophaga at the end of
this aerobic food chain (McCarren et al. 2010).

The Bacteroidetes constitute an abundant marine bacterial group and can reach
up to 30 % or even 55 % of the total number of bacterial cells in coastal waters
(Hahnke and Harder 2013). Their members have genomes with a particularly large
percentage of genes for peptidases and glycoside hydrolases (Fernández-Gómez
et al. 2013). Due to the gliding motility and the capacity to form biofilms, members
of the Bacteroidetes accumulate on detritus such as fecal pellets and surfaces of
living organisms such as phytoplanktonic algae, macroalgae or invertebrates. Many
Bacteroidetes are capable of degrading algal cell wall and storage polysaccharides
such as agarose, alginate, arabinan, fucosides, laminarins, mannan, porphyran,
xylans and carrageenans. They take up and utilize mono-, di-, and trisaccharides
that constitute typical algal polysaccharides (arabinose, xylose, galactose, glucose,
fructose, mannitol, mannose, rhamnose, N-acetylglucosamine; trehalose, sucrose,
maltose; raffinose) (Mann et al. 2013). The genes of many of the
carbohydrate-active enzymes (CAZymes, that include carbohydrate-binding mod-
ules, glycoside hydrolases, polysaccharide lyases, carbohydrate esterases and gly-
cosyltransferases) together with those of TonB-type receptors, sensor kinases,
transporters and sulfatases form particular polysaccharide utilization loci (PULs)
that constitute the characteristic genomic features of these bacteria.

The Flavobacteriales genera Zobellia, Gramella, Formosa, and Cellulophaga are
specifically adapted to the degradation of algal-derived organic matter (Teeling
et al. 2012). This trait appears to have emerged within this phylogenetic group
(Thomas et al. 2012). Accordingly, these bacteria can be enriched on exudates and
decay products of algae (Nelson and Carlson 2012; Sarmento and Gasol 2012) and
many grow readily on solid media (Hahnke and Harder 2013). The facultative
anaerobe Formosa agariphila features a 4.23 Mbp genome and is capable of mixed
acid fermentation and denitrification, the degradation of algal polysaccharides and
the utilization of the resulting mono-, di- and trisaccharides (Mann et al. 2013). The
Flavobacterium lineage MS024-2A expresses genes for the oxidation of hydrogen,
that might provide supplemental energy for growth, but also expresses genes for
alkaline phosphatase, polysulfide reductase, and gliding (Gifford et al. 2013).

Polaribacter represents one of the most abundant Bacteroidetes in marine
samples (Fernández-Gómez et al. 2013; Yooseph et al. 2010). While Polaribacter
or Dokdonia also contain glycoside hydrolases and peptidases like other
Bacteroidetes specialized in the degradation of polymeric algal matter in
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nutrient-rich environments, they possess much smaller genomes (*3 Mbp), are
lacking certain genes for carbohydrate utilization, are not capable of fermentative
growth, but contain proteorhodopsins as well as an increased fraction of genes
involved in anaplerotic CO2 fixation. Since the latter two features enable additional
energy gain in the light (Gómez-Consarnau et al. 2007) they may represent a key
adaptation of the two genera to life in illuminated but oligotrophic pelagic waters
(Fernández-Gómez et al. 2013).

Since genes for CAZymes typically constitute 2 % and rarely more than 5 % of
bacterial genomes, the specific enzyme composition determines the distinct types of
polysaccharides that are used for growth of individual Bacteroidetes (Mann et al.
2013). As a result, specialized populations of different members of the
Bacteroidetes participate during the decomposition of diatom blooms and hence are
specialized to distinct ecological niches (Teeling et al. 2012). A fivefold increase in
the abundance of Flavobacteria has been documented during a spring phyto-
plankton bloom and a succession of Ulvibacter, Formosa and Polaribacter was
observed (Teeling et al. 2012). Because of the specific spectrum of polysaccharides
utilized by different Bacteroidetes, this property could theoretically be used to
enrich and isolate particular types of Bacteroidetes. It should be kept in mind,
though, that marine Bacteroidetes from temperate waters encode many more pep-
tidases than glycoside hydrolases and hence seem to be specialized even more to the
degradation of proteins (Fernández-Gómez et al. 2013).

Members of the genera Cycloclasticus, Thalassolituus, Alcanivorax and
Marinobacter are often obligate hydrocarbonoclastic, which might explain their
occurrence on marine particles that contain adsorbed hydrocarbons and lipids as
well as hydrocarbons of the alga present.

Vibrionales, most notably Vibrio, are specifically adapted to a lifestyle in
association with eukaryotes. This involves genes for chitin binding and utilization,
chemotaxis (towards N-acetylglucosamine), quorum sensing and anaerobic meta-
bolism, in particular trimethyl ammonium oxide (TMAO, an abundant osmolyte of
marine eukaryotes) utilization (Fontanez et al. 2015). The genes for hemolysins,
RTX toxins, vibriolysin, and non-ribosomal peptide synthase detected in particular
matter are affiliated with Vibrio and may reflect the adaptation of this and other
species to the association with surfaces and intestinal tracts of zooplankton
(Fontanez et al. 2015). Also, siderophore biosynthesis is typically found in taxa
associated with eukaryotes and is required for colonization by the bacteria (Miethke
and Marahiel 2007).

Members of the marine Roseobacter group have been classified as moderate
copiotrophs to oligotrophs (Lauro et al. 2009). They typically utilize a wide array of
organic carbon substrates and can oxidize reduced inorganic sulfur compounds such
as sulfite or thiosulfate as well as carbon monoxide to supplement heterotrophy.
Some members are capable of aerobic anoxygenic photosynthesis and DMSP
demethylation. Genomes range between 3.5 and 5 Mbp and encode multiple genes
for sensing and reacting to the environment, and for uptake and utilization of
numerous substrates including peptides and amino acids. Members of the group
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also harbor a large number of conjugative plasmids and prophages (Brinkhoff et al.
2008). Roseobacter sp. and Citreicella sp. appear to utilize reduced inorganic sulfur
compounds through the sox-pathway and take up amino acids and polyamines.
Citreicella sp. may also use urea (Gifford et al. 2013).

POM that settles down constitutes the main source of organic carbon for dark,
deep-water layers. The deep sea represents another habitat of copiotrophs as indi-
cated by the dominance of genomic features of copiotrophs in deep-sea bacterial
metagenomes (Konstantinidis et al. 2009). Occasionally, growth maybe possible for
copiotrophs, e.g., in high nutrient patches surrounding sinking marine snow, but
less so this is the case for oligotrophs (Yooseph et al. 2010).

2.4.3 Adaptations to Permanently Low Substrate
and Nutrient Concentrations

The low productivity regions of oceanic gyres constitute 42 % of the world ocean
(Kallmeyer et al. 2012) and hence represent a major habitat type to which olig-
otrophic marine bacteria have adapted. Nutrient concentrations in the most
ultra-oligotrophic waters of the South Pacific Gyre are 0.5 µM for nitrate, 20 nM
for ammonia and 50 nM for phosphate (Yin et al. 2013).

Culture-independent genome analysis suggests that oligotrophy represents a life
strategy that is not only limited to the genera Prochlorococcus and Pelagibacter
(SAR11) but also prevails in other groups such as some members of the
Roseobacter group or the SAR116 clade (Swan et al. 2013) (Fig. 2.1). These highly
abundant, often cosmopolitan taxa of marine bacterioplankton typically have
smaller genomes and appear to be capable only of slow growth but cannot readily
sense and adapt to substrate-rich environments. Many regulatory genes, particularly
for transcriptional regulation, as well as numerous functional genes, including those
encoding energy-linked sugar and amino acid uptake, siderophore synthesis or
uptake, molybdate uptake and processing, efflux systems, extracellular enzymes,
anaerobic- or micro-aerobic metabolism (including the cytochrome bd complex,
genes for nitrate reduction or the regulators 54r (sigma factor) and arcBA), motility,
sensory proteins, chemotaxis and quorum sensing are missing or greatly dimin-
ished. Genomes of oligotrophic representatives from various phylogenetic groups
are characterized by a low GC content (average of 41 single cell genomes, 37.9 %;
Swan et al. 2013), which may reflect adaptation to nitrogen limitation (Grzymski
and Dussaq 2012) or the absence of effective DNA repair systems (Giovannoni
et al. 2005a). Since the low GC content also affects the first two nucleotides of
codons it leads to a strong bias towards utilization of tyrosine, phenylalanine,
isoleucine, glutamate, asparagine, lysine and serine. Since photolyases are over-
represented in the genomes, photodamage seems to exert a selective pressure on the
surface-dwelling oligotrophic bacteria (Yooseph et al. 2010). The genomic and
regulatory streamlining of oligotrophic bacteria results in a decreased demand for
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nutrients and energy and enables the cells to replicate under most limiting nutrient
conditions. The fact that Clustered Regularly Interspaced Short Palindromic Repeat
(CRISPR) arrays and Cas genes are under-represented in the genomes of olig-
otrophic bacteria suggests a low selection pressure of lytic bacteriophages. It has
been suggested that the constitutively slow growing, small-celled bacterial taxa
with small genomes cannot adapt to changing environmental conditions, but avoid
grazing by protists or infection and lysis by bacteriophages and hence can maintain
densities of 105 cells ml−1.

Canonical marine oligotrophs such as members of the SAR11 clade lack the
genes for several essential cell constituents such as reduced sulfur compounds
(Carini et al. 2013; Tripp et al. 2008). SAR11 bacteria express light-dependent
proteorhodopsin proton pumps and systems for the uptake and metabolism of the
compatible solutes glycine betaine, ectoine and hydroxyectoine (Gifford et al.
2013). Growth of an isolate of the SAR11 clade is significantly improved by
glycine betaine (Tripp et al. 2009). Osmolytes and amino acids may constitute
important carbon substrates for these bacteria (Giovannoni et al. 2005b; Tripp et al.
2008, 2009). Single cell genomic studies of the alphaproteobacterial SAR116 group
suggests that CO and reduced inorganic sulfur compounds might represent growth
substrates for this marine bacterium (Swan et al. 2013). As another oligotrophic
representative of the marine Alphaproteobacteria, Sphingopyxis alaskensis grows
only slowly but has the ability of maintaining a constant specific growth rate also on
substrate concentrations (Cavicchioli et al. 2003). Using thiosulfate as an additional
electron donor besides glucose allowed the isolation of the first representative of the
gammaproteobacterial sulfur oxidizer SUP05 group (Marshall and Morris 2013),
supporting the view that ambient thiosulfate present in marine waters is utilized by
ubiquitous sulfur-oxidizing marine planktonic bacteria. Other isolates of obligate
oligotrophic marine Gammaproteobacteria cannot multiply at organic carbon con-
centrations above 30 µM and only part of the isolates tested grew on nutrient poor
solid media such as 1/10 strength R2A agar after acclimatization to laboratory
conditions. The temperature optima for growth were typically between 16 and
20 °C and most isolates could not grow above 25 °C (Cho and Giovannoni 2004).

2.4.4 Other Types of Adaptations

Other unique features suggested by high coverage transcriptional profiling of
marine Bacteria and Archaea encompass the use of substrates such as methane-
sulfonate, taurine, tartrate and ectoine, as well as alternative energy conservation
pathways such as by proteorhodopsin (Gifford et al. 2013).

Organosulfur compounds are relevant growth substrates for marine bacterio-
plankton and might serve as carbon and sulfur source or solely as sulfur source in the
absence of an assimilatory sulfate reduction pathway. Whereas in coastal waters
members of the Roseobacter clade cleave the osmolyte dimethylsulfoniopropionate
(DMSP), bacteria of the SAR116 clade are responsible for the DMSP degradation in
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the euphotic zone of oligotrophic oceanic regions (Choi et al. 2015). In the marine
euphotic zone, members of the SAR116 clade can constitute over 10 % of the
bacterial community. “Candidatus Puniceispirillum marinum” was the first cultured
representative of the alphaproteobacterial SAR116 clade. Besides genes for prote-
orhodopsin, the small (2.75 Mbp) genome of ‘Candidatus Puniceispirillum mar-
inum’ encodes aerobic-type carbon monoxide dehydrogenase, DMSP demethylase,
DMSP lyase and dimethylsulfoxide reductase, genes for C1-metabolism (of
methanol, formaldehyde, formate, formamide, methanesulfonate, and a gene for
glycine/serine hydroxymethyltransferase), and a high-affinity ABC-type phosphate
uptake system, polyphosphate kinase and exopolyphosphatase (Oh et al. 2010). This
indicates the capability of chemoheterotrophic growth on DMSP and an adaptation
to the low inorganic nutrient conditions in oligotrophic waters. Metatranscriptomic
studies have shown that relatives of “Candidatus Puniceispirillum marinum” seem
to be motile and express genes of the degradation pathway of protocatechuate, and
for the transport and utilization of nitrate and polyphosphate (Gifford et al. 2013).
Since protocatechuate is the central intermediate during the degradation of aromatic
compounds such as lignin, its biochemical features may enable “Candidatus
Puniceispirillum marinum” to participate in the mineralization of complex organic
matter. Notably, “Candidatus Puniceispirillum marinum” is infected by a novel type
of double stranded DNA bacteriophage that constitutes up to 25 % of the oceanic
virome and maybe capable of altering the metabolism of its host through expression
of a putative methanesulfonate monooxygenase (Kang et al. 2013). Another example
for the adaptation to a specific substrate is the discovery of autotrophic,
ammonia-oxidizing members of the planktonic marine Crenarchaeota that catalyze
the major part of ammonia oxidation in many marine environments (Nitrosopumilus
maritimus; Könneke et al. 2005).

Genomes of numerous but different bacterial phylotypes have been found to
encode bacteriorhodopsin that allows a non-chlorophyll-based utilization of light
energy. After its initial discovery in a marine gammaproteobacterium (Beja et al.
2000), hundreds of different and phylogenetically divergent homologs of bacteri-
orhodopsin were identified by using metagenomics (Venter et al. 2004). To date,
bacteriorhodopsin has been found in the SAR11 clade, marine Bacteroidetes, and
Euryarchaeota (Frigaard et al. 2006).

Mesopelagic blooms of bacteria of the SAR11 sub-clades Ib and II,
Actinobacteria, and the SAR202 and OCS116 clades (Morris et al. 2005) maybe
specifically adapted to degrade semi-labile DOM that is exported from upper water
layers (Carlson et al. 2009). Based on metagenomic and metatranscriptomic data,
several groups of Bacteria and Archaea in oceanic deep waters are adapted to
suboxic zones of the deep ocean and capable of chemolithotrophic growth. Thus,
representatives of the SAR324 group of the Deltaproteobacteria contain sulfur
oxidation and carbon fixation genes. A population of these bacteria in and in the
vicinity of a hydrothermal plume expressed genes for alkane oxidation such as
hydrocarbon monooxygenase, enzymes involved in the degradation of the respec-
tive alcohols and fatty acids, but also formate dehydrogenase and nitrite reductase.
The considerable metabolic versatility of these representatives of the SAR324
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group may explain their ubiquity in the marine environment (Sheik et al. 2014).
Bacteria of the candidate phylum Marine Group A (that encompasses the previous
cluster SAR406, related to the genus Fibrobacter and the phylum Chlorobi) occur
ubiquitously in the ocean. Members of this group are adapted to low oxygen
concentrations (down to concentrations of 1–20 µM) and hence are associated with
the oxyclines of oceanic oxygen minimum zones or stratified anoxic basins where
they attain mean relative abundances of up to 11 % of total cell numbers. Besides
low oxygen concentrations, these oxygen minimum zones are also characterized by
lower water temperatures and elevated concentrations of nitrate and phosphate
(Allers et al. 2013). In suboxic environments, bacteria of the Marine Group A might
participate in a cryptic marine sulfur cycle since metagenomics has revealed the
presence of genes involved in sulfur-based energy metabolism, in particular poly-
sulfide reductase that may catalyze either dissimilatory polysulfide reduction to
hydrogen sulfide or dissimilatory sulfur oxidation (Wright et al. 2014).

Finally, deep-sea sediments constitute a highly specific habitat to which different
lineages of Bacteria and Archaea have been adapted. The Planctomycetes and
Thaumarchaeota that inhabit deep-sea surface sediments down to 2 m below the
seafloor maybe involved in the anaerobic or aerobic oxidation of ammonium,
respectively (Parkes et al. 2014). The sub-seafloor Chloroflexi that dominate below
the surface of many deep-sea sediments, belong to different subgroups. Members of
the Anaerolinea, like their cultured relatives, maybe organoheterotrophs, whereas
other deep-sea lineages are related to the Dehalococcoides that encompass obligate
anaerobic reductive dehalogenating bacteria. Yet, at least one representative of this
group from Baltic Sea sediments, based on single cell genomics, seems to be
metabolically more versatile and may utilize fatty acids and aromatic compounds
but does not contain genes known to be involved in reductive dehalogenation
(Wasmund et al. 2013). Archaea of the Miscellaneous Crenarchaeotal Group may
degrade detrital proteins (Lloyd et al. 2013). These examples stress that the phys-
iology of so-far-uncultured bacterial phylotypes cannot directly be inferred from the
known phenotype of phylogenetically close relatives.

The deeper, sub-seafloor sediments are characterized by mostly recalcitrant
organic matter, low temperatures and elevated pressure and hence constitute a
particular type of habitat with bacterial cells so far detected down to 1922 m of
sediment depth. Bacteria and Archaea might even exist in deeper layers, only
limited by temperatures higher than 122 °C (Parkes et al. 2014). Although the
energy available in this habitat is 1000 times lower than the energy requirements
determined in laboratory cultures (Hoehler and Jørgensen 2013), the majority of
Bacteria and Archaea present appear to be active (Schippers et al. 2005). Evidently,
such organisms must have adapted to the subsurface habitats with respect to
mechanisms of substrate utilization, maintenance energy requirements, and sur-
vival. Higher bacterial cell numbers in layers rich in diatomaceous organic matter,
higher hydrolytic exoenzyme activities and anaerobic glucose degradation rates
suggest that some supposedly recalcitrant organic matter may actually provide
substrates to the bacterial populations present (Coolen et al. 2002).
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2.5 Microdiversity, Population Genetics and Ecotypes
of Marine Bacteria

It is well established that phylogenetically closely related strains of the same species
may occupy different ecological niches and hence represent different so-called
ecotypes. Even strains with identical 16S rRNA gene sequence can exhibit con-
siderable genetic and phenotypic differences (Jaspers and Overmann 2004).
Large-scale metagenomic analysis revealed a small population size of clonal bacteria
(below 1 % relative abundance in the bacterial communities) in different marine
environments (Rusch et al. 2007). Across different genomic regions, nucleotide
sequences differ by 3–5 %. While many of these differences are silent and hence
neutral with respect to selective processes, Prochlorococcus, the SAR11 clade, as
well as other marine bacteria, represent physiologically highly diverse populations
of phylogenetically related bacteria (Rusch et al. 2007; Venter et al. 2004). These
findings are corroborated by analyses of single cell genomes of highly similar
bacterial ribotypes that revealed substantial differences between their entire genomes
(Swan et al. 2013). The micro-diversity within the clades of dominant bacterio-
plankton influences the productivity and nutrient cycling in the ocean. Therefore,
isolation and characterization of the adaptations of sub-clades is of relevance for the
modeling the biogeochemical cycling in the ocean (Follows et al. 2007).

The alphaproteobacterial SAR11 clade (Pelagibacter ubique) has served as a
model for the study of ecotypes (Giovannoni et al. 2005a) and comprises at least 4
distinct sub-clades with sequence divergence between 3 and 11 %. Genomic vari-
ation in the clade is not unstructured but consists of distinct subtypes in terms of
sequence similarity, gene content and distribution; the individual genotypes may
have diverged already millions of years ago (Rusch et al. 2007). The loss of the
mutLS mismatch repair system may have caused this extensive sequence divergence
of the clade (Viklund et al. 2012). Co-occurring members of three of the sub-clades
diverge by >4 % in their 16S rRNA gene sequences, exhibit distinct vertical and
seasonal patterns, and different adaptations to nutrient limitation and UV stress
(Carlson et al. 2009). These patterns indicate the existence of (non-geographical)
barriers of genetic exchange (Rusch et al. 2007). Surface-dwelling members of the
SAR11 clade express high-affinity uptake systems for phosphate, amino acids and
carbohydrates and outcompete other bacteria for amino acids, sugars, aromatic
monomers and DMSP (Malmstrom et al. 2004; Mou et al. 2007). Members of
SAR11 that are adapted to high latitude, low temperature (<10 °C) polar waters
contain specific genes for cell wall/membrane/envelope biogenesis, for inorganic ion
transport and metabolism, and for energy production and conversion (Brown et al.
2012). Numerous genes like those encoding glycosyl transferases and glycosyl
synthetases, Lpx, or FtsZ show indications for positive selection and have been
related to the adaption of the cells to lower ambient temperatures.

The evolutionary mechanisms that underlie the segregation of ecotypes are
different. For example, the sequences of the two spectral variants of prote-
orhodopsin in SAR11 form coherent, but multiple clusters. This phylogeny
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indicates several independent (convergent) adaptation events to the specific light
environment in blue open ocean and green coastal waters with subsequent evolution
within the separate sub-clades. Conversely, the presence of the high-affinity inor-
ganic phosphate transporter PstS is entirely independent of the phylogeny of
SAR11. Thus, complex physiological properties like light-dependent generation of
a proton motive force by proteorhodopsin seems to be less rapidly acquired or lost
by horizontal gene transfer than single genes/gene clusters. As a result, certain
phenotypes (e.g. of phosphate acquisition) may occur across different ecotypes with
otherwise distinct physiological properties (Rusch et al. 2007).

Niche separation of phylogenetically closely related lineages is also well doc-
umented for the genus Prochlorococcus. This genus represents a genetically diverse
group that consists of several distinct ecotypes. Phylogenetic clades with a diver-
gence of <3 % of the 16S rRNA gene are adapted to different temperatures, light
intensities, and show distinct pigmentation, maximum growth rates, nutrient pref-
erences, and metal tolerances (Coleman et al. 2006; Johnson et al. 2006; Mann et al.
2002; Moore and Chisholm 1999; Moore et al. 2002) and these different ecotypes
show distinct differences in abundance patterns along environmental gradients.
Distinct patterns were even observed for two clades that differed in their 16S rRNA
gene sequence by less than 1 % (Johnson et al. 2006).

Several other bacterial species such as Vibrio splendidus (Hunt et al. 2008) may
contain a considerable number of up to 15 of micro-diverse clusters that are phy-
logenetically closely related (>99 % sequence similarity of the 16S rRNA genes)
but nevertheless adapted to distinct ecological niches (Hunt et al. 2008). In these
cases, ecological differentiation could even be detected for sequence types that
differed by as little as one selectively neutral base substitution in a protein-coding
housekeeping gene. Similarly, ecotypes within the marine Roseobacter group
appear to correspond to sequence clusters with � 1 % divergence (Buchan et al.
2005). These micro-diverse sequence clusters may represent evolutionary units that
actually correspond to a species.

Based on this cumulative information, single isolates of bacterial species will
only insufficiently represent the full ‘micro’-diversity present in the marine envi-
ronment. A more extensive isolation effort is highly likely to yield strains differing
in physiology, ecology, virulence, or biotechnological relevance. This emphasizes
the necessity to improve and extend culture-based approaches for the study of
marine microbial diversity. Because of the considerable diversity within similar or
identical 16S rRNA-phylotypes, alternative, high resolution, but still generally
applicable detection techniques are required. This will help to detect the different
sub-clades, to deduce their potential ecological niches, and to follow their enrich-
ment in laboratory media. Internally transcribed spacer (ITS) sequences have been
used to distinguish sub-clades and to determine potential ecological niches because
of their high sequence variability that maybe similar to that of protein-coding genes
(Brown et al. 2012). However, since databases for ITS sequences are currently
much smaller than for 16S rRNA genes, ITS sequences will have to be determined
for the natural subpopulations of most bacterial target groups.
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2.6 The Cultivation-Based Approach Towards Marine
Microbial Diversity

2.6.1 The Current Public Archive of Cultivated Marine
Bacteria and Archaea

Despite ongoing efforts to isolate marine Bacteria and Archaea, only a minor
fraction of the currently estimated *40,000 marine species and *800,000 marine
phylotypes could be isolated to date. The Global Catalogue of Microorganisms
(GCM; Wu et al. 2013) currently lists 1604 of the 350,758 strains in 77 culture
collections as originating from “water”; hence an even smaller fraction is expected
to be of marine origin. Based on the strain-associated data of the collections hosted
by the Leibniz-Institute DSMZ, a total of 1356 strains of Bacteria and 74 strains of
Archaea deposited at DSMZ were isolated from marine environments. Only 870 of
these strains have a larger set of meta-data associated with them as documented in
the bacterial meta-database BacDive (Söhngen et al. 2015). The small fraction of
marine Bacteria and Archaea in culture collections, their low absolute numbers, and
the even smaller number of strains that are well documented, emphasize the need
for innovative, more extensive, and much better documented, culture efforts in
marine research. An improved coverage of marine microbial diversity by
well-characterized isolates is a precondition for a profound understanding of
microbial processes in the largest ecosystems on Earth.

2.6.2 Current Improvements in Cultivation Technology

Previous reviews (e.g., Overmann 2013) provide an overview of the challenges of
culturing-based approaches and possible improvements in culturing technology.
The following discussion therefore focuses on the specific aspects of the culturing
of marine Bacteria and Archaea.

A pronounced discrepancy between phylotypes recovered by culturing and those
decisive for the oceans biogeochemical cycles has been recognized early on.
Despite recent advancements (see below), the challenges in obtaining relevant
Bacteria and Archaea continue to persist and are particularly relevant for the
nutrient-limited surface layer of the open ocean as also demonstrated by the results
of metagenomics studies (Rusch et al. 2007). Most of the marine isolates obtained
so far represent copiotrophs. If suboptimal growth conditions are established in
culturing attempts, only rare, but potentially rapid growing bacteria overgrow the
dominant species. Thus, even for the most ultra-oligotrophic open ocean samples,
standard approaches involving plating on Marine Agar or Marine R2A media yield
only typical copiotrophic species, mostly Gammaproteobacteria (Yin et al. 2013).

While it is evident that the media composition and incubation conditions should
mimic the physicochemical conditions of the natural habitat of previously
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uncultured Bacteria and Archaea, the life strategies and adaptations deduced from
metagenomic data can be used as guidelines for improving culturing approaches
further. Although many of the specific adaptations of dominant planktonic bacteria
remain unresolved to date, the consequent application of low-nutrient media
together with high-throughput culturing technology and specific substrate amend-
ments have successfully been applied over the past decade to isolate obligate
oligotrophic marine bacteria.

By scaling up the dilution to extinction method (Button et al. 1993), Connon and
Giovannoni (2002) were able to culture two strains of the abundant SAR11 clade.
Miniaturized culturing plates and liquid handling robots were combined with using
natural seawater as low substrate concentration medium. Subsequently, using the
dilution to extinction method in natural seawater amended with phosphate (0.1 µM)
and ammonium (1 µM), 11 strains of the SAR11 clade were isolated (Rappé et al.
2002). Notably, adding natural DOC in or from seawater provides only very little
readily utilizable organic carbon substrates in a pM to nM concentration range for
bacteria (see Sect. 2.4.2). Subsequent improvements of the culture media recipe
included the addition of a source of reduced sulfur such as methionine or DMSP
(Tripp et al. 2009) as well as glycine (Carini et al. 2013; Tripp et al. 2009). Some of
the SAR11 strains required glucose as carbon source but the majority required
pyruvate or a precursor of pyruvate such as oxaloacetic acid (Carini et al. 2013).
Culturing approaches can exploit the fact that SAR11 members are able to produce
energy from the oxidation of C1-moieties of methylated compounds (Sun et al.
2011) and can use sunlight (Giovannoni et al. 2005b).

Planktomarina temperata, the first representative of the RCA clade, was isolated
from high dilution steps of seawater inoculums in liquid media consisting of
autoclaved seawater supplemented with 10 mM thiosulfate, vitamin- and trace
element solutions, or alternatively on nutrient poor R2A agar (Giebel et al. 2013).
Long incubation times (1–2 months) and incubation temperatures between 15 and
20 °C also were a key for growth of the target bacteria. In artificial media, so-far
unidentified growth factors other than vitamins but present in yeast extract or
peptone were required for growth and similar requirements have been detected for
two other members of the Roseobacter clade (Giebel et al. 2013). Growth of these,
as well as some other fastidious marine bacteria continues to be unpredictable even
on nutrient-poor agar plates. As a consequence, enrichment and subsequent cul-
turing has to be performed in liquid media (Giebel et al. 2013).

A similar application of high-throughput methodology that combined dilution to
extinction approaches with the use of very low nutrient growth media yielded
numerous novel types of marine Gammaproteobacteria that were previously only
known from culture-independent surveys (Cho and Giovannoni 2004).

Other high-throughput methods like the encapsulation method coupled with flow
cytometry (Zengler et al. 2002) or the filtration-acclimatization method (Hahn et al.
2004) successfully permitted the isolation of novel types of marine bacteria. The
encapsulation of single cells in agar beads enables their growth separated from the
other cells and at environmental nutrient concentrations when the agar beads are
suspended in a flow-through column. Subsequently, gel droplets containing
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micro-colonies are detected by flow cytometry and sorted into a micro-plate for
further culturing. Bacteria of the SAR11 and SAR116 clades, and Bacteroidetes
were cultured by this method (Zengler et al. 2002). Similarly, diffusion chambers
constructed from sandwiches of membrane filters permit an exchange of low
molecular compounds with the environment while preventing the cells to escape.
This allows the enrichment of bacteria in their quasi-natural environment. When
inoculated with intertidal sediments and incubated in an aquarium with natural
seawater, new species of Bacteroidetes were enriched (Kaeberlein et al. 2002).

While some representatives of dominant phylogenetic clades were isolated from
nutrient-poor oceanic waters using improved culturing approaches, single cell
genomic studies revealed that many dominant representatives of the alphapro-
teobacterial Roseobacter or SAR116 clades differ from the isolates by their
streamlined genomes, high AT-content, and lower numbers of genes for tran-
scription, signal transduction and non-cytoplasmatic proteins (Swan et al. 2013).
These features have been taken as evidence for specific adaptations of the different
marine planktonic bacterial species to an oligotrophic life style (Giovannoni et al.
2005a) and emphasize that culturing approaches towards marine oligotrophs require
substantial improvement. For instance, abundant oligotrophic marine bacteria seem
to use non-chelated ferrous or ferric iron but cannot take up siderophores (Yooseph
et al. 2010). Therefore, strongly chelated iron, as present in some trace element
solutions, should not be used when enrichments or isolation of these types of
bacteria is attempted. In addition, the lack of extracellular enzymes suggests that
these bacteria are not adapted to the utilization of polymeric extracellular substrates
or to biofilm formation (Yooseph et al. 2010).

Bacteria andArchaea that were retrieved from sub-seafloor sediments are affiliated
with Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes as well as with
Methanoculleus and Methanococcus. Although some of the Proteobacteria (e.g.,
Pseudomonas, Halomonas, Marinobacter or Rhizobium) are also detectable by
culture-independent techniques in the marine subsurface sediments, typical inhabi-
tants of surface sediments are usually not recovered by the existing enrichment and
isolation approaches, despite some adjustments of substrate concentrations (Parkes
et al. 2014). Another discrepancy between the results of culture-independent and -
dependent studies of sediments is the frequent isolation of Actinobacteria and
Firmicutes that maybe the result of insufficient detection of endospores by molecular
techniques and/or the rapid growth of endospores of Firmicutes when encountering
the favorable growth conditions in laboratory cultivation trials (Parkes et al. 2014).

Culturing success for samples from sub-surface sediments have often been
extremely low (0.0003 % of total cell numbers; Parkes et al. 2014), which corre-
lates with the unusual environmental conditions of these habitats. The pronounced
energy limitation of the sub-seafloor is probably the reason for the very low cul-
tivation success of resident Bacteria and Archaea in standard laboratory media.
Accordingly, decreasing the concentrations of substrates below mM concentrations
can increase the culturing success by up to 10,000 fold (Sub et al. 2004). It has been
suggested that new approaches such as continuous-flow-type bioreactors or cul-
turing at sub-nanomolar H2 concentrations are required for the growth of bacteria
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from the deep sub-surface (Parkes et al. 2014). A culture apparatus for maintaining
H2 at sub-nanomolar concentrations was designed (Valentine et al. 2000) and the
maintenance of H2 concentrations at *10 pM permitted culturing of the
ethanol-oxidizing Pelobacter acetylenicus. New isolates of the Chloroflexi phylum
and the genus Spirochaete were isolated using a continuous-flow-type bioreactor
filled with polyurethane sponges mimicking the porous layers of the sub-seafloor
sediments (Imachi et al. 2011).

Similar to the lifestyle of free-living oligotrophs, the specific adaptations to a
spatially heterogeneous distribution of substrates (see Sect. 2.4.2) can be exploited
for the selective culturing of Bacteria and Archaea.

The cultivation success of marine Flavobacteria was significantly improved by
using solid media based on artificial seawater, complex carbon sources (yeast
extract, peptone or casamino acids) or defined carbohydrates, washed agar, low
incubation temperature (11 °C) and extended incubation times (up to 110 days).
Similar to oligotrophic bacteria, high throughput dilution culturing (here by using a
96-pin replicator; Hahnke and Harder 2013) proved highly successful. Furthermore,
addition of kanamycin at concentrations of 50 µg ml−1 resulted in the selective
growth of Flavobacteria.

The selective enrichment of bacteria capable of adhesion in cultured biofilms has
been proven to yield novel, previously unknown phylotypes (Gich et al. 2012). The
marine heterotrophic bacterial communities colonizing glass slides under limiting
concentrations of organic carbon are distinctly different, and also exhibit a con-
siderable higher diversity than the accompanying planktonic communities. The
higher diversity of biofilm communities is due to the enrichment of phylotypes with
low abundance in the planktonic community and may be caused by a higher
diversity of the biofilm habitat with respect to oxygen, nutrient and pH gradients
(Pepe-Ranney and Hall 2015). The biofilm enrichment approach thus should yield
novel types of bacteria especially under limiting supply of organic carbon substrates
(e.g. at a molar ratio of C:P � 100).

Naturally forming particles can be exploited for the selective culturing of target
bacteria. Transparent exopolymeric particles (TEP) forming after an algal bloom
(Engel 2000) are enriched in carbon and appear to be a key element in the fluxes of
organic matter in oceanic environment (Engel et al. 2004). Mesocosms filled with
post-bloom seawater, amended with nutrients (N, P and Si) and submitted to tur-
bulence showed an increased bacterial colonization of TEP. Cytophaga-
Flavobacterium members were the most abundant on TEP amounting up to 59 % of
the total cells (Pedrotti et al. 2009).

Theoretically, an enrichment of bacteria adapted to the hydrolysis of exopoly-
mers should be possible on polymeric substances that are kept under continuous
flow to eliminate other, free-living bacteria that exploit monomers liberated. This
could also be done by using gel beads inoculated with single cells and kept in a
continuous flow and in a monolayer.

Alternatively, motile, chemotactically active bacteria can be enriched from
marine samples using a chemotactic assay (Tout et al. 2015). This has been shown
to yield previously unknown bacteria (Tout et al. 2015). This strategy is particularly
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powerful to rapidly screen the chemotactic response to numerous substrates in order
to determine potential substrates for subsequent cultivation trials (Overmann 2005).
Tout et al. (2015) demonstrated that some taxa were enriched using only one
chemo-attractant. These specialists included taxa belonging to Endozoicomonaceae,
Alteromonadaceae and Vibrionaceae families.

In their natural environment, many marine bacteria interact with accompanying
(micro)organisms. Since the obligate syntrophic co-culture of an ethanol-oxidizing
organism (S organism) and a hydrogen-utilizing methanogenic microorganism
(Methanobacillus omelianskii) was documented for Methanobacterium omelianskii
(Bryant et al. 1967), it has been suggested to consider biotic interactions also in
other culture attempts. The co-culturing of the unicellular cyanobacterium
Synechococcus with the heterotrophic bacterium Ruegeria pomeroyi allowed the
latter to produce a set of secreted proteins for shaping the possible interaction
between these organisms (Christie-Oleza et al. 2015). The alphaproteobacterium
Phaeobacter inhibens in co-culture with the marine microalga Emiliana huxleyi
secretes hormones and antibiotics for the algae as long as the latter provides it with
food. Upon senescence of E. huxleyi, the bacterium produces roseobactericides to
kill the alga (Seyedsayamdost et al. 2011, 2014). The culturing of the alphapro-
teobacterium Dinoroseobacter shibae was strongly improved by the presence of its
host, the dinoflagellate Prorocentrum minimum (Wang et al. 2014). Another
example is the effect of the addition of signaling compounds such as cAMP to
enrichment media that could improve the culturability of microorganisms from
natural samples (Bruns et al. 2002).

Based on the distinct composition of bacterial communities in different marine
habitats, it could theoretically be concluded that the origin of a marine inoculum
chosen for culturing attempts should determine the success of growing particular
target bacteria. Yet, given the rapid dispersal of bacteria and the capability of many
bacteria to survive unfavorable environmental conditions, even bacterial phylotypes
with very low abundance and inactive phylotypes can be obtained from natural
samples when employing highly selective enrichment conditions. An example for
the recovery of unexpected types of bacteria is the successful enrichment and
isolation of thermophilic sulfate-reducing bacteria from permanently cold surface
sediments of the Arctic (Hubert et al. 2010). In order to physically separate and
pre-enrich rare bacteria prior to cultivation attempts, sucrose density centrifugation
may be employed as successfully demonstrated for different taxa of actinomycetes
(Xiong et al. 2013). As an alternative, isoelectric focusing of entire bacterial cells
provides another means for separating different types of bacterial cells according to
their surface charge (Jaspers and Overmann 1997).

2.6.3 Ex Situ Preservation of Marine Bacteria and Archaea

Bacterial strains that are kept as continuously growing cultures will change due to
the accumulation of genetic changes such as spontaneous point mutation, loss of
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plasmids or transposons, or selection of mutants by laboratory growth and storage
conditions. The feasibility of cryo-preservation (down to −190 °C) without loss in
viability was already demonstrated at the end of the nineteenth century (Macfadyen
1899). The detrimental effects of repeated freeze-and-thaw cycles (Rivers 1927) and
the method of freeze-drying (Swift 1921) were described two decades later.

In most research laboratories today, bacterial isolates are stored at −80 °C for
convenience and financial reasons. The concentration of the inoculum and the type
of cryoprotectant employed are important for the survival and regrowth of the
preserved strains when using this approach. After 12–18 months, the viability of
common pathogenic bacterial species stored without cryoprotectant decreases to
<20 %, while adding blood serum raised the viability to 80–90 % (Hubàlek 2003;
Moore and Shaw 2001). Similarly, the survival of a cryo-preserved culture of
Haemophilus influenzae after 1 year at −20 °C and in a mixture of cryoprotectant
(skim milk, glucose, glycerol, yeast extract) was >80 % (De Saab 2001). Additional
cryoprotectants that are currently in use include dimethyl sulfoxide (DMSO), serum
albumin, peptone, saccharose, methanol, polyvinylpyrrolidone (PVP), sorbitol and
malt extract (Hubálek 2003). Most commonly now, 10–25 % (v/v, final concen-
tration) glycerol or 5–10 % (v/v, final concentration) DMSO are used for cryop-
reservation (Prakash et al. 2013). Because frequent freezing and thawing may
decrease the viability of a strain (Harrison 1955; Squires and Hartsell 1955; Walker
et al. 2006) glass or plastic beads are added to bacterial cultures before freezing.
The bacterial cells will coat the beads and individual beads may be removed after
freezing, avoiding thawing of the remainder of the sample. Typically, strains can be
then stored at −20 °C for one to three years, at −80 °C for one to ten years, and in
liquid nitrogen at least for up to 30 years (De Paoli 2005).

Freeze-drying (lyophilization) techniques are used by public collections to
preserve microorganisms and quickly deliver strains on demand. This method
comprises freezing of the bacterial cell pellet and then the removal of the ice and
then residual water by vaporization under vacuum. The freeze-dried sample can
then be stored at temperatures between 5 and 10 °C in ampoules sealed under
vacuum. Although this technique is efficient for many bacteria, some strains cannot
be freeze-dried. Finally, the storage of bacterial cultures in liquid nitrogen and in the
presence of cryoprotectant (usually DMSO) within hermetically sealed, thin glass
capillaries remains the method of choice to preserve and keep the vast majority of
bacterial isolates over extended periods of time, i.e. decades (Tindall 2007).

As outlined in this chapter, the enrichment and isolation of phenotypically and
genetically novel types of marine bacteria require a major effort and need the input
of a considerable number of person hours. A detailed compilation of all actual costs
that are associated with the isolation and characterization of a fastidious bacterial
strain yielded a monetary value of 9836 Euro per isolate (Overmann 2015). This
estimate includes costs for personnel, consumables, and the depreciation of the
equipment, but not the costs for sampling. In countries with an emerging economy
and lower wages (e.g., India), this monetary value would be somewhat lower (5042
Euro; Overmann 2015). In contrast, the costs for depositing and curating of
microbial resources are modest. The deposit of a bacterial strain in a culture

2 Marine Bacteria and Archaea: Diversity, Adaptations … 47



collection comprises the culturing and initial preservation (liquid nitrogen and
freeze-drying), identification and quality control (e.g., by 16S rRNA gene
sequencing, MALDI-TOF, biochemical testing, fatty acid analysis and micro-
scopy), which together incur costs of 918 Euros. Costs for the long-term preser-
vation and maintenance of live cultures, are much lower and amount to 3.60 Euro
per strain and year, which represents less than 0.1 % of their overall monetary
value. A deposit of available isolates at public culture collections therefore repre-
sents a cost-effective way of maintaining the monetary value of isolated strains
(Overmann 2015) and hence is essential not only from a scientific, but also from an
economical perspective.
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Chapter 3
Phototrophic Microorganisms: The Basis
of the Marine Food Web

Wolfgang R. Hess, Laurence Garczarek, Ulrike Pfreundt
and Frédéric Partensky

Abstract Although numerous marine microorganisms can exploit solar energy for
photosynthesis or photoheterotrophy, cyanobacteria andmicroalgae are the only ones
able to perform oxygenic photosynthesis and to produce organic carbon, an essential
brick of life that sustains the whole marine trophic web. Here we review recent
advances in the investigation of marine oxygenic microorganisms, with a special
focus on cyanobacteria. We discuss novel insights into the ecology, evolution and
diversity of Synechococcus and Prochlorococcus, the two most abundant and cer-
tainly the best known oxyphototrophs at all scales of organization from the gene to the
global ocean. A particular emphasis is also made on diazotrophic cyanobacteria,
which constitute an important source of bioavailable nitrogen to oceanic surface
waters, possibly the most important external nitrogen source, before atmospheric and
riverine inputs. Diazotrophic cyanobacteria are polyphyletic and display a remark-
ably large range of physiologies and morphologies. These include both multicellular
cyanobacteria, such as the colonial Trichodesmium or the heterocyst-forming
Calothrix, Richelia and Nodularia, and unicellular cyanobacteria belonging to three
major groups: the symbiotic Candidatus Atelocyanobacterium thalassa (UCYN-A),
the free-living Crocosphaera sp. (UCYN-B) and the UCYN-C cluster that notably
encompasses Cyanothece. Whereas some of these species can form immense blooms
(Nodularia, Trichodesmium), others can also have a major ecological impact even
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though they represent only a minor fraction of the bacterioplankton (UCYN-C). After
about one billion years of evolution, which led them to colonize any single marine
niche reached by solar light, cyanobacteria appear as truly fascinating organisms that
constitute a major component of the marine microbial communities and are the matter
of an ebullient research area. The considerable amount of omics information recently
becoming available on both isolates and natural populations of marine oxypho-
totrophs provide a solid basis for investigating their molecular ecology, their con-
tribution to biogeochemical cycles, as well as their possible utilization in
biotechnology, data mining, or biomimetics.

3.1 Introduction

Phototrophs have been defined by Eiler as organisms capable of using electro-
magnetic energy (photons) as a source of energy to produce chemical energy (ATP
and organic compounds) (Eiler 2006). Marine phytoplankton accounts for a net
primary production of about 48.5 Pg (1015) C year−1, which is close to the
56.4 Pg C year−1 calculated for terrestrial plants (Field et al. 1998). Whilst the
ability to use light energy was long thought to be a functional trait restricted to
phytoplankton in marine systems, there is now compelling evidence that a large
proportion of bacteria inhabiting the upper lit layer of oceans is able to exploit to
some extent solar energy for photosynthesis and/or (facultative) photoheterotrophy
(Béjà and Suzuki 2008; Béjà et al. 2000; Ferrera et al. 2015). There are indeed three
main types of phototrophs in marine microbial communities:

(i) Cyanobacteria and microalgae perform ‘oxygenic photosynthesis’ using two
photosystems (PSI and PSII) connected via an electron transfer chain, like in
plants (Falkowski and Raven 2013). Photons are collected by antenna
complexes coupled to photosystems and transferred to special chlorophyll
(Chl) molecules (generally Chl a, except in the atypical cyanobacteria
Prochlorococcus and Acaryochloris; see below) located in the photosystem
core. Photon energy is used to break water molecules and produce electrons
and protons as well as reducing power in the form of nicotinamide adenine
dinucleotide phosphate (NADPH). In this process, oxygen is only a
by-product. NADPH is ultimately used to synthesize organic carbon mole-
cules from carbon dioxide via the Calvin-Benson-Bassham cycle. It is
important to note that the cyanobacteria Prochlorococcus and Synechococcus
are not strict photoautotrophs since they are also capable of photo-
heterotrophic uptake and assimilation of considerable amounts of organic
molecules, such as amino acids or dissolved organic matter (Björkman et al.
2015; Gómez-Pereira et al. 2013; Sharma et al. 2014; Zubkov 2009).

(ii) Aerobic anoxygenic photosynthetic bacteria (AAnPB) perform photo-
heterotrophy thanks to a single (type II) reaction center containing bacteri-
ochlorophyll a. These bacteria do not produce oxygen since they use
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compounds other than water (e.g., hydrogen, hydrogen sulfide, thiosulfate)
as electron donors (Eiler 2006). AAnPB are polyphyletic, with members
belonging to either Alpha-, Beta- or Gammaproteobacteria, and are wide-
spread in the upper layer of the ocean, constituting up to 15 % of the total
bacterial community (Béjà et al. 2002; Boeuf et al. 2013; Cottrell et al. 2010;
Koblížek 2015). Their anaerobic counterparts, so-called AnAnPB, are
restricted to oxygen-free habitats, such as sediments and mats (see e.g.,
Hubas et al. 2011).

(iii) Proteorhodopsin-containing bacteria (PRB) possess a light-driven proton
pump that generates membrane potential used for ATP synthesis and notably
confers cells enhanced survival during starvation (Akram et al. 2013;
Fuhrman et al. 2008; Gómez-Consarnau et al. 2010). Proteorhodopsin
absorption properties are tuned to match the surrounding environment, i.e.,
green light in surface and blue light at greater depths (Béjà et al. 2001; Man
et al. 2003). PRB are abundant and phylogenetically diverse, encompassing
members of the abundant and ubiquitous marine groups SAR11
(Alphaproteobacteria) and SAR86 (Gammaproteobacteria) as well as
Flavobacteria (Béjà and Suzuki 2008; Béjà et al. 2001).

Even though AAnPB and PRB are important components of marine photo
(hetero)trophic communities (for recent reviews, see, e.g., DeLong and Béjà 2010;
Evans et al. 2015; Koblížek 2015), this chapter will focus on marine microorgan-
isms performing oxygenic photosynthesis and make an overview of some recent
advances on their biology, ecology, evolution, and exploitability. Cyanobacteria
and microalgae are well known for their ability to assimilate CO2 and synthesize
organic carbon, a key function that place them at the basis of the marine food web,
but they also perform several other important functions within the marine ecosys-
tem. For instance, many marine cyanobacteria are diazotrophs, i.e., capable to
uptake atmospheric dinitrogen (N2) and transform it into ammonium that is
assimilated and can be transferred to other members of microbial communities. The
latter can be either free-living planktonic microbes, benthic organisms co-occurring
with cyanobacteria in microbial mats or even eukaryotic partners in symbioses,
these mutually beneficial associations being frequently encountered in
nutrient-depleted areas of the ocean (see Chap. 11 for details). Marine oxygenic
phototrophs also constitute a unique resource for biotechnological applications.
Among bacteria this is illustrated by the identification of Cyanothece strains
(cyanobacteria) with the natural potential for high yield hydrogen production
(Bandyopadhyay et al. 2010; Melnicki et al. 2012), the discovery a biosynthetic
pathway for short-to-medium chain alkanes in Prochlorococcus (Lea-Smith et al.
2015; Schirmer et al. 2010), or marine cyanobacteria producing beneficial
metabolites (Jones et al. 2011; Mevers et al. 2014; Salvador-Reyes and Luesch
2015; Shao et al. 2015). Eukaryotic marine microalgae are frequently considered as
promising feedstock for developing functional foods, bioactive pharmaceuticals,
and cosmetics (Desbois et al. 2009; Fu et al. 2015), as a rich source of beneficial
metabolites such as natural antioxidants (Xia et al. 2014), for biomass (Stengel and
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Connan 2015) or for biofuel production (Daboussi et al. 2014; Matsumoto et al.
2010). However, some microalgae can develop harmful blooms, impacting on other
forms of marine life as well as on fisheries, aquaculture and tourism (Anderson
et al. 2012). Last but not least, marine diatoms have been providing inspiration for
biomimetic approaches (Nichols 2015; You et al. 2014).

3.2 Phytoplankton Biodiversity and the Next Generation
Sequencing Revolution

The availability of complete genome sequences from representatives of the major
groups of marine phototrophic microorganisms is of uttermost importance to
understand the physiological and ecological potential of these organisms at the most
fundamental level. The first published complete marine cyanobacterial genome
sequences were those of three different strains of Prochlorococcus (Dufresne et al.
2003; Rocap et al. 2003) and one Synechococcus (Palenik et al. 2003), while the
first marine eukaryotic genome, Thalassiosira pseudonana CCMP 1335 appeared
only one year later, allowing unprecedented insights into the metabolic capabilities
of this cosmopolitan centric diatom (Armbrust et al. 2004). In fact, the very first
published sequence from a marine phototroph was that of the tiny nucleomorph of
the cryptophyte alga Guillardia theta (Douglas et al. 2001). Nucleomorphs are
remnants of the secondary endosymbiont’s nucleus in cryptophyte and chlo-
rarachniophyte algae. The complete draft nuclear genome of G. theta and of the
chlorarachniophyte Bigelowiella natans became available in 2012, shedding further
light on nucleomorph functions and fate (Curtis et al. 2012).

Since these pioneer works, there is a steady increase in the number of available
genome sequences (Fig. 3.1), with a clear acceleration since 2012, in part due to the
sequencing of many different isolates of Prochlorococcus and Synechococcus. Still,
the true biodiversity of these picocyanobacteria might exceed vastly the information
obtained from the genomic analysis of laboratory strains (Biller et al. 2015; Kashtan
et al. 2014). At the time of writing, 186 genome sequences of marine oxypho-
totrophic microorganisms were publicly available, among which 167 were of
cyanobacteria and 19 of eukaryotic microalgae, but these numbers are moving
targets as sequencing efforts continue. This intense sequencing effort focused on
laboratory cultures is nowadays often complemented by the genomic analysis of
single amplified genomes (SAGs) from the environment (see, e.g., Kashtan et al.
2014; Malmstrom et al. 2013) and genome assemblies from whole metagenomes
(see, e.g., Rusch et al. 2010; Shi et al. 2011; Vaulot et al. 2012). Single cell genome
sequencing highlighted the impressive heterogeneity within Prochlorococcus
populations, revealing hundreds of coexisting subpopulations (Kashtan et al. 2014).
This work was a major step towards understanding the global success of these small
cyanobacteria by showing how population-level adaptability can be maintained
even for organisms with such tiny genomes.
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Whereas cyanobacterial genomic information is steeply increasing, genome
sequencing of marine eukaryotic phototrophs is progressing rather slowly, despite
their global importance to CO2 sequestration and nutrient cycling, especially in
environments drastically impacted by climate change like the polar regions
(Smetacek and Nicol 2005). Part of this is due to the fact that, compared to Bacteria
and Archaea, eukaryotic nuclear genomes are larger (sometimes considerably, e.g.,
in the case of dinoflagellates), contain substantially longer non-coding regions,
including introns of variable number and size within gene sequences, and
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Fig. 3.1 Sequencing effort for marine phototrophic microorganisms. The number of sequenced
genomes is shown separately for cyanobacteria and photosynthetic eukaryotes. For bacterial
genomes, numbers are based on data available at the Integrated Microbial Genomes (IMG, Joint
Genome Institute) database in January 2016 with manual selection of marine species where no
metadata was published, plus 32 yet unpublished Synechococcus genomes sequenced by the
Genoscope (Evry, France) and the Center for Genome Research (Liverpool, UK) at the initiative of
the Roscoff Biological Station (France) and the Warwick University (David J. Scanlan, Coventry,
UK). For eukaryotes, numbers are based on manual inspection of the Phytozome database (Joint
Genome Institute) and the NCBI database of eukaryotic genomes. We are aware that there are
probably more unpublished genomes that thus are not part of this analysis. Please note that the >90
partial single cell genomes (SAGs) of wild Prochlorococcus (Kashtan et al. 2014) are not present
in IMG yet and thus are not included here. Parts of this figure were provided by Geoff McFadden
(Bigelowiella natans), the Alfred-Wegener-Institut Bremerhaven (Thalassiosira pseudonana) and
the International Nanoplankton Association (Emiliania huxleyi), with the courtesy of the authors,
institutions and photographers.
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frequently include high numbers of sequence repeats. Nevertheless, the available
sequences for eukaryotic microalgae are representative of some of the most eco-
logically relevant groups, including Ostreococcus, Micromonas and Bathycococcus
(Mamiellophyceae) (Marin and Melkonian 2010), diatoms (Armbrust et al. 2004;
Bowler et al. 2008), but also Pelagophyceae, Cryptophyta, Chlorarachniophyceae
(B. natans) (Curtis et al. 2012) as well as coccolithophores (Emiliania huxleyi)
(Read et al. 2013). Yet, this is still far from covering the about 4000 (range: 3444–
4375) species of marine phytoplankton that had been formerly described by the end
of the 80’s (Sournia et al. 1991), and this estimate did not take into account the wide
cryptic diversity existing within the picophytoplankton (Simon et al. 2009). In this
context, the sequencing of *1.7 million V9 18S rRNA gene reads from 334
samples of the Tara Oceans expedition by de Vargas and collaborators revealed the
occurrence of around 110,000 distinct eukaryotic operational taxonomic units
(OTUs) along the transect (de Vargas et al. 2015). The global eukaryotic plankton
richness was estimated to be about 150,000 OTUs, although this represented likely
a lower-boundary estimate, given the limited taxonomic resolution power of the V9
18S rRNA gene marker. Yet, among these OTUs, less than 20 % were assigned to
photosynthetic eukaryotes, including dinoflagellates that have huge genomes and
are often heterotrophic.

The tremendous power of next generation sequencing technologies associated
with rapid progresses in bioinformatics and data processing is currently revolu-
tionizing our view of the genetic and functional diversity of marine oxyphototrophs
(and marine plankton at large) and there is little doubt that this field will evolve
considerably in the forthcoming years. Another relevant aspect is that transcrip-
tomic approaches provide the expressed share of a genome, leaving out large
chunks of non-expressed or repetitive genomic DNA. Therefore, it is highly pro-
ductive to complement the ongoing efforts in analyzing the genomes by sequencing
the transcriptomes (Keeling et al. 2014).

3.3 Eukaryotic Phytoplankton

Through their physiology, which is based on oxygenic photosynthesis and carbon
fixation, eukaryotic phytoplankton plays a key role in the marine food web and
within the global biogeochemical processes (Falkowski et al. 2004; Jardillier et al.
2010; Worden et al. 2004, 2015) and in the export and the sequestration of organic
carbon to the deep ocean (Richardson and Jackson 2007). Most marine algae are
unicellular (then also referred to as protists), but there are also multicellular forms
(macroalgae), e.g., Florideophyceae (Rhodophyta) and Ulvophyceae (Chlorophyta).
Small eukaryotic unicellular phytoplankton is of bewildering morphological and
phylogenetic diversity (Fig. 3.2). It includes species within most of the eukaryotic
super-groups (Archibald 2012; Not et al. 2012). There is a substantial number of
lineages without cultured representatives and there have been new groups being
discovered also in recent years, such as the Rappemonads (Kim et al. 2011), or
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Chromera veolia (Moore et al. 2008) and Vitrella brassicaformis (Oborník et al.
2012), two apicomplexan marine algae whose discovery raised substantial interest
because they are the phototrophic relatives of apicomplexan parasites (Oborník and
Lukeš 2015).

Eukaryotic microalgae are paraphyletic. Green and red algae are the only two
classes with primary endosymbionts, i.e., their plastids and mitochondria are
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Fig. 3.2 Marine algae within the tree of eukaryotic life. All plastid-containing eukaryotic lineages
are highlighted in green, and those containing marine algae are additionally labeled by a blue star.
The numbers in small grey circles refer to the plastidial 16S rRNA gene sequences available from
the PhytoREF database (Decelle et al. 2015). Note that the shown taxa are of different taxonomic
ranks. SAR, the group encompassing Stramenopiles, Alveolata and Rhizaria (Archibald 2009).
The phylogenetic tree was drawn according to recent phylogenomics and morphological evidence
(Burki and Keeling 2014) and the figure was provided by Johan Decelle (CNRS Station
Biologique de Roscoff, France, now at the Helmholtz Center for Environmental Research Leipzig,
Germany) and is modified from Fig. 2 in Decelle et al. (2015), with the courtesy of the author and
the publisher.
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surrounded by double membranes and can phylogenetically be directly traced back
to the primary endosymbiosis with a cyanobacterium or alphaproteobacterium.
Typical green algae widely represented throughout marine environments are
Mamiellophyceae such as Bathycoccus, Ostreococcus andMicromonas. In contrast,
most microalgal lineages originated from secondary endosymbiosis, i.e., different
heterotrophic eukaryotic host cells took up another photosynthetic eukaryote. As a
consequence, plastids resulting from secondary endosymbiosis are frequently sur-
rounded by four, sometimes by three (e.g., Dinoflagellates) membranes. Examples
for important marine primary producers include diatoms, pelagophytes, haptophytes
and dinoflagellates. Many different additional groups exist, among them chlo-
rarachniophytes, cryptophytes, stramenopiles, dinoflagellates, and apicomplexans.
As a consequence of the multiple and paraphyletic origin of eukaryotic microalgae,
a bewildering diversity of morphologies, lifestyles, genome content and incredible
metabolic versatility has evolved. Moreover, the results obtained during the Tara
Oceans expedition suggest the existence of several more lineages that have not been
accounted for (de Vargas et al. 2015). To add to this further, an impressive variety
of symbiotic to parasitic interactions between different eukaryotic and bacterial
unicellular microorganisms has evolved that led to cell consortia that can be pho-
tosynthetic under some circumstances and heterotrophic when without the pho-
totrophic partner. On example of high ecological importance is the symbiosis
between the diazotrophic cyanobacterium candidatus Atelocyanobacterium thalassa
and the unicellular prymnesiophyte Braarudosphaera bigelowii (Hagino et al.
2013; Krupke et al. 2015; Thompson et al. 2014; Zehr 2015).

To be able to track microalgae in their respective environment and to interpret
lineages only known through environmental sequences, or potentially novel lin-
eages, molecular markers are required. The chloroplast 16S rRNA gene is such a
marker. The recently developed PhytoREF database (http://phytoref.fr) organizes
chloroplast 16S rRNA gene reference sequences from various sources representing
all known major photosynthetic lineages (Decelle et al. 2015). The information is
provided in the context of a curated and normalized taxonomy and allows exploring
the total diversity of photosynthetic eukaryotes in any given ecosystem.

Marine microalgae are of extreme heterogeneity and therefore it is not surprising
that they have evolved also specific mechanisms to cope with different environ-
mental cues. Phototrophic microorganisms can be limited by different factors. In the
contemporary ocean, the amount of bioavailable iron is frequently a limiting factor.
Therefore, eukaryotic microalgae have special mechanisms developed to specifi-
cally scavenge this mineral. Metatranscriptomic studies revealed the genes and
molecular responses fundamental for the physiological responses to varying iron
availability in the diatom community (Chappell et al. 2015; Marchetti et al. 2012;
Morrissey et al. 2015). Laboratory studies with the diatom Phaeodactylum tricor-
nutum then uncovered the function of a previously uncharacterized
surface-associated protein, ISIP2a, which concentrates and facilitates uptake of Fe
(III), which is then reduced by the activity of ferrireductase to Fe(II), the biologi-
cally active form (Morrissey et al. 2015). The comparison of the Phaeodactylum
ISIP2a sequence against available genome sequences of other marine algae reveals
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that similar proteins exist also in diverse other marine phytoplankton taxa, including
E. huxleyi, the haptophyte Chrysochromulina, and also in the brown alga
Ectocarpus siliculosus. Studying metatranscriptomic datasets from Antarctica and
Monterey Bay further showed that homologs of ISIP2a are expressed by algae from
diverse marine lineages (including diatoms, haptophytes, and dinoflagellates) in situ
(Morrissey et al. 2015). Furthermore, the authors found a similar gene expressed in
marine green algae, illustrating the ecological significance of ISIP2a further
(Morrissey et al. 2015).

3.4 Cyanobacteria

3.4.1 Cyanobacterial Origin and Evolution

Cyanobacteria are the most ancient microorganisms capable of oxygenic photo-
synthesis and were undoubtedly responsible for the ‘Great Oxidation Event’ (GOE),
i.e. the first sharp rise of atmospheric O2 concentration in Earth history, which
occurred ca. 2.4–2.1 billion years (Gyr) before present (Lyons et al. 2014). Yet,
there is still a vivid controversy about when exactly oxygenic photosynthesis
started, with estimates spanning from 3.7 (Rosing and Frei 2004) to 2.3 Gyr ago
(Kirschvink and Kopp 2008), based on geological or geochemical evidence. For
instance, a study of the distribution of chromium isotopes and redox-sensitive
metals in paleosols indicated that there were already appreciable levels of atmo-
spheric oxygen (i.e. 3 � 10−4 times present levels) about 3.0 Gyr ago, suggesting
that ancestral cyanobacteria (hereafter ‘procyanobacteria’) might have evolved by
this time (Crowe et al. 2013).

One may also wonder how these procyanobacteria looked like and where they
first occurred: in the ocean or on land? Among the most reliable early cyanobacterial
microfossils are colonial ellipsoids that have been assigned to the modern genus
Gloeobacter (Golubic and Seong-Joo 1999), a coccoid, rock-dwelling organism that
has the unique ‘primitive’ property to lack thylakoids (Mareš et al. 2013; Rippka
et al. 1974). Thus, it is reasonable to assume that procyanobacteria were terrestrial
Gloeobacter-like coccoids and many phylogenetic analyses indeed use Gloeobacter
to root their trees (see, e.g., Blank and Sánchez-Baracaldo 2010; Larsson et al. 2011;
Shih et al. 2013). Yet, filamentous forms of cyanobacteria must have evolved soon
after (possibly during or just after the GOE) since they were prominent components
of microbial mats during most of the Proterozoic Eon (2.5–0.54 Gyr; Knoll and
Semikhatov 1998). Comparative genome analyses of present-day cyanobacteria tend
to confirm hypotheses about their terrestrial origin. Indeed, the facts that marine
lineages (i) are not monophyletic within the cyanobacterial radiation but dispersed
among terrestrial species (see Fig. 3.3) and (ii) display distinct morphological
complexity and habitats, strongly suggest that cyanobacteria appeared first on land
(either on rock or in freshwater) and that their descendants colonized the marine
environment later on, most likely through several independent colonization events
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Fig. 3.3 Maximum-likelihood phylogeny of published sequenced cyanobacteria. Branches are
color-coded according to morphological subsection. Taxa names marked with blue dots
correspond to marine species. Phylogenetic subclades are grouped into seven major subclades
(a–g), some of which are split into smaller subgroups. Nodes supported with a bootstrap of
� 70 % are indicated by grey dots. Adapted with permission from Fig. 1a in Shih et al. (2013)
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(Blank and Sánchez-Baracaldo 2010; Coelho et al. 2013; Larsson et al. 2011).
A recent phylogenomic study (Sánchez-Baracaldo 2015) proposed that, while
marine benthic cyanobacteria arose early during the evolution of the phylum, the first
marine planktonic cyanobacterial lineages were diazotrophic and evolved only
during the Neoproterozoic (0.54–1.0 Gyr), possibly explaining why the open ocean
remained anoxic during most of the Proterozoic Eon (Reinhard et al. 2013).

Representative strains of all major marine planktonic genera known to date have
been sequenced in recent years, including the free-living Prochlorococcus,
Synechococcus, Crocosphaera, Trichodesmium, and Nodularia as well as the
uncultured symbionts UCYN-A (provisionally called Candidatus
Atelocyanobacterium thalassa; (Thompson et al. 2012), Richelia and Calothrix (the
latter two are missing in Fig. 3.3, but see (Hilton et al. 2013). Comparative genomic
analyses brought several insights into how cyanobacteria have adapted to the
marine habitat. In particular, it seems that adaption to salinity has been made
possible by the development of specific machineries allowing cells to actively
export ions (the “salt-out-strategy”) and to increase the cellular osmolarity by
accumulating small organic molecules, called compatible solutes (Klähn et al. 2010;
Pade and Hagemann 2014; Scanlan et al. 2009). In agreement with the polyphyly of
marine genera, the nature of these compatible solutes strongly varies depending on
lineages, with glucosylglycerol in halotolerant species, glycine betaine in halophiles
and stromatolite-forming cyanobacteria, sucrose and glucosylglycerate in
Prochlorococcus and trehalose in Crocosphaera watsonii, while no known com-
patible solute biosynthesis genes have been identified so far in the Trichodesmium
genome (Pade and Hagemann 2014).

The second important parameter that has strongly influenced the evolution of
marine cyanobacteria is the availability of nutrients. Nitrogen (N) is the main
limiting element in the global ocean, although limitation by phosphorus or iron also
occurs (Canfield et al. 2010; Falkowski 1997; Karl et al. 1997; Moore et al. 2001).
Cyanobacteria have developed two main strategies to deal with N limitation: either
fixing atmospheric N2 or decreasing their cell and genome size in order to limit their
cellular requirement for N. The first one has led to many different physiological and
morphological adaptations that aim at circumventing the main drawback of N2

fixation, i.e. the oxygen sensitivity of nitrogenase, the key enzyme of this process.
In Trichodesmium, N2 fixation is separated spatially and temporally from oxygenic
photosynthesis (Berman-Frank et al. 2001). Early results pointed to a split of
functions inside colonies between peripheral nitrogenase-lacking cells that solely
perform oxygenic photosynthesis and nitrogenase-containing cells in the central
part of colonies that fix dinitrogen but not CO2 (Carpenter and Price 1976).

The unicellular Crocosphaera has opted for a much more stringent temporal
separation between photosynthesis and N2 fixation, restricted to day and night,
respectively (Compaoré and Stal 2010; Shi et al. 2010). The endosymbiotic fila-
mentous Richelia and Calothrix both form heterocysts, thick-walled cells special-
ized in N2 fixation without the oxygen-evolving photosystem II. These heterocysts
occur at the basis of the trichomes of Richelia and Calothrix and differentiate from
typical, CO2-fixing cells (Hilton et al. 2013). At last, the symbiotic UCYN-A
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literally lost its photosystem II, making it the sole cyanobacterium known so far that
is incapable of oxygenic photosynthesis, while it is an efficient N2-fixer (Tripp et al.
2010; Zehr et al. 2008). The second strategy, consisting in drastic decrease in cell
size, a process conferring an advantage for nutrient uptake by increasing the
surface/volume ratio, is observed in the marine coccoid picocyanobacteria
Synechococcus (average cell diameter *1 µm) and is pushed to its limits in all but
one Prochlorococcus lineages that have an average small cell size cell diameter of
only about 0.6 µm. This decrease in cell size goes hand in hand with genomic
streamlining. Prochlorococcus genomes decreased in size by about 30 % compared
to their ancestral size via an extensive streamlining process (Dufresne et al. 2005;
Kettler et al. 2007; Partensky and Garczarek 2010; Scanlan et al. 2009).

Another factor that primitive cyanobacteria had to deal with during their adaption
to the marine habitat is the wide range of photosynthetically available radiation
(PAR) in the water column, spanning from red wavelengths in turbid subsurface
coastal waters to blue wavelengths in deep open ocean waters (Kirk 1994). Most
cyanobacteria possess large, extrinsic light-harvesting complexes, called phycobili-
somes, constituted of a core of allophycocyanin surrounded by rods with variable
phycobiliprotein composition, i.e. either phycocyanin (PC) alone or in combination
with phycoerythrocyanin (PEC), phycoerythrin-I (PEI) and/or phycoerythrin-II
[PEII; (Sidler 1994; Six et al. 2007)]. These phycobiliproteins exhibit distinct
absorption properties that directly depend on their respective assemblages of cova-
lently bound chromophores (phycobilins): phycourobilin (PUB; Amax: 495 nm),
phycoerythrobilin (PEB; Amax: 550 nm), phycoviolobilin (PVB; Amax: 590 nm)
and/or phycocyanobilin (PCB; Amax: 620 nm). While all cyanobacterial phycobili-
somes contain PCB, PEB is found only in PE-containing cells and is the major
phycobilin in habitats where green light is predominant. PVB is specific of
PEC-containing cells, a pigment type found in soils, freshwater, hot springs, and some
marine benthic habitats. In contrast, PUB, which is the phycobilin best suited to
collect blue photons, is strictly marine; it is often bound to PE-I and is the major
phycobilin in PE-II, a Synechococcus-specific phycobiliprotein located at the
extremity of rods (Ong et al. 1984; Six et al. 2007). While both PCB and PEB derive
from biliverdin IXa and exist as free pigments, PVB and PUB necessarily result from
the binding and isomerization of PCB and PEB, respectively (Blot et al. 2009; Shukla
et al. 2012; Zhao et al. 2000). Interestingly, although PVB and PUB occur in different
organisms, the lyase-isomerases PecE-F and RpcG that catalyze these binding and
isomerization reactions at the equivalent binding site (a-84) of PEC and PC,
respectively, are chemically similar and phylogenetically related. This is a nice
example of adaption to blue light resulting from lateral gene transfer followed by a
change in gene function (Blot et al. 2009). All genera of free-living cyanobacteria that
thrive in the open ocean possess phycobilisomes with high (Crocosphaera,
Synechococcus) or intermediate PUB to PEB ratios (Trichodesmium), while sym-
bionts such as Richelia have a low PUB:PEB, that possibly better complement the
absorption properties of their microalgal host (Neveux et al. 1999, 2006; Ong and
Glazer 1991; Six et al. 2007). In this context, Prochlorococcus constitutes an
exception among open ocean cyanobacteria in that it has no phycobilisomes but
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instead possesses membrane-intrinsic antenna complexes binding divinyl derivatives
of Chl a and b, a unique pigment complement that allows this microorganism to
collect with even more efficacy than PUB the blue wavelengths prevailing at the
bottom of the lit layer in clear oceanic waters (Goericke and Repeta 1992; Morel et al.
1993; Ting et al. 2002). It remains enigmatic that, in addition, Prochlorococcus has
retained a small set of phycobiliprotein genes that are expressed and from which
chromophorylated phycoerythrin is produced (Hess et al. 1996, 1999, 2001; Steglich
et al. 2003, 2005).

After about one billion years of evolution, which led them to colonize any single
marine niche reached by solar light—and even below since live Prochlorococcus
cells have been observed in the aphotic zone (Jiao et al. 2014)—, cyanobacteria
appear as truly fascinating organisms that are the matter of an ebullient research
area, and the following paragraphs will detail some of the recent advances on these
major components of microbial communities.

3.4.2 Marine Picocyanobacteria

Despite their recent discovery by the end of the twentieth century (Chisholm et al.
1988; Waterbury et al. 1979), the non-diazotrophic, marine unicellular cyanobacteria
Prochlorococcus and Synechococcus are nowadays most certainly the best known
marine cyanobacteria at all scales of organization from the gene to the global ocean
(Biller et al. 2015; Coleman and Chisholm 2007; Flombaum et al. 2013; Scanlan et al.
2009). Indeed, they have a number of advantages that make them particularly relevant
models for ecological, physiological and evolutionary studies, including their
abundance and ubiquity and thence strong contribution to global marine primary
productivity (Flombaum et al. 2013; Partensky et al. 1999a, b), their culturability
(Moore et al. 2007; Morris et al. 2008), allowing refined physiological characteri-
zation of representative isolates (see e.g., Berube et al. 2015; Blot et al. 2011; Humily
et al. 2013; Krumhardt et al. 2013; Mella-Flores et al. 2012), as well as their small
genome size with little gene redundancy, which favored the acquisition of a large
number of genomes, SAGs, and metagenomes within the last decade (see e.g., Biller
et al. 2014a; Kashtan et al. 2014; Malmstrom et al. 2013; Scanlan et al. 2009).

With cell densities reaching up to 2–3 � 105 cells mL−1 in the upper layer of
warm, nutrient-poor central gyres, and a distribution area extending between 40°S
and 45°N, Prochlorococcus is undoubtedly the most abundant photosynthetic
organism on Earth (Flombaum et al. 2013; Partensky et al. 1999b). It generally
co-occurs with Synechococcus, but the latter is even more widespread, since its
distribution extends to sub polar areas and brackish waters such as the Baltic Sea
(Cottrell and Kirchman 2009; Haverkamp et al. 2008; Larsson et al. 2014;
Partensky et al. 1999a). Synechococcus abundance is typically two orders of
magnitude lower than Prochlorococcus in central gyres, but it often outcompetes
Prochlorococcus in nutrient-rich regions and can even reach cell densities above
106 cells mL−1 in the Costa Rica Dome, likely due to high concentrations of cobalt
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and iron (Ahlgren et al. 2014; Saito et al. 2005). Using a regression-based modeling
approach to analyze the Tara Ocean metagenomes and their associated metadata,
Guidi et al. (2016) suggested that Synechococcus and their phages, but surprisingly
not Prochlorococcus, would be key players of the plankton networks driving car-
bon export and thence the oceanic biological pump.

Marine Synechococcus and Prochlorococcus are phylogenetically closely related
and together with Cyanobium form a monophyletic branch that long diverged from
all other cyanobacteria, including several freshwater Synechococcus (Fig. 3.3;
Coutinho et al. 2016; Shih et al. 2013). Members of this branch, which so far
account a single freshwater representative (Synechococcus sp. PCC 6307), all share
the property to have alpha-carboxysomes encapsulating a Form-IA
ribulose-bisphosphate carboxylase oxygenase (RuBisCO; Badger and Price
2003). Genes encoding these different components are phylogenetically more
related to those coding for the microcompartments of chemoautotrophic pro-
teobacteria, such as thiobacilli, than to those encoding beta-carboxysomes and
Form-IB RuBisCO found in all other cyanobacteria. Yet, a recent comparative
study has revealed no obvious functional differences between these two types of
carboxysomes (Whitehead et al. 2014).

The marine Synechococcus radiation is divided into three main groups called
subclusters 5.1–5.3 (Dufresne et al. 2008). The first one is much more widespread
and diversified than the other two, with subcluster 5.2 encompassing halotolerant
strains thriving in estuaries and near coastal areas (Chen et al. 2006), while sub-
cluster 5.3 members are strictly oceanic and can constitute locally an abundant
component of Synechococcus communities, e.g., in the Mediterranean Sea or in the
Gulf of Mexico (Fig. 3.4c; see also Chen et al. 2006; Farrant et al. 2016; Huang
et al. 2012; Sohm et al. 2015). A major diversification event seemingly occurred
within subcluster 5.1 soon after its divergence from 5.2 and 5.3, producing the large
genetic diversity known nowadays within this group, with 12–19 distinct clades,
depending on the resolution power of different genetic markers (Ahlgren and Rocap
2012), which can be further split into about 30 subclades (Mazard et al. 2012). This
event seemingly occurred near simultaneously with the advent of the
Prochlorococcus genus and possibly generated it (Urbach et al. 1998).

The evolutionary history of marine picocyanobacteria has been strongly influ-
enced by environmental factors (Biller et al. 2015; Scanlan 2012; Scanlan et al.
2009). For Prochlorococcus, Moore and co-workers were the first to demonstrate
the key role played by light in the vertical niche partitioning of high-light
(HL) adapted ecotypes in the upper lit layer and low-light (LL) ecotypes further
down (Moore et al. 1998). Yet, more recent studies have considerably refined this

b Fig. 3.4 Relative abundance of Prochlorococcus and Synechococcus clades in surface (a–b) and
global distribution along the Tara Oceans expedition transect of ecologically significant taxonomic
units (ESTUs, defined as within-clade 94 % OTUs sharing a similar distribution pattern; c–d). The
size of circles is proportional to the number of Prochlorococcus or Synechococcus reads at the
corresponding station. Reproduced with permission from Farrant et al. (2016) (a–b) or drawn
using data from this study (c–d)
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simplistic picture, by showing that while some LL clades (LLII-VI) are confined to
the bottom of the euphotic layer, with LLV-VI being specific of oxygen minimum
zones (Lavin et al. 2010), the LLI clade is more photo-tolerant (Johnson et al. 2006;
Malmstrom et al. 2010; Partensky and Garczarek 2010). In warm, stratified olig-
otrophic areas, LLI thrives at the base of the upper mixed layer, whereas in tem-
perate mixed waters it can stand temporary exposure to high irradiance (Johnson
et al. 2006; Malmstrom et al. 2010). Other physicochemical parameters have been
critical for the diversification of clades within the HL branch (Martiny et al. 2015).
Iron availability has likely conditioned the differentiation between the HLI-II clades
that thrive in iron-replete waters, and HLIII-IV clades that co-occur in warm,
iron-depleted areas, notably in high-nutrient low-Chl (HNLC) areas of the Pacific
Ocean (Farrant et al. 2016; Rusch et al. 2010; West et al. 2011). This area has been
largely explored during the Tara Oceans expedition, explaining the large proportion
of HLIII-IV clades in this global metagenome dataset, even though HLII remains
globally the most abundant clade (Fig. 3.4a). Thereafter, temperature would have
favored the separation between HLI, which predominates at high latitudes and HLII
that dominates in warm, oligotrophic waters, but it is worth noting that the minor
ecotype is never outcompeted to extinction (Chandler et al. 2016; Farrant et al.
2016). Such shifts between HLI- and HLII-dominated communities can also occur
over short geographical distances, along sharp temperature gradients, e.g., between
the core and outside of Agulhas rings, huge anticyclonic eddies formed in the
southern Indian Ocean and that then drift across the South Atlantic Ocean (Villar
et al. 2015). Lastly, the availability of nitrogen and phosphorus, which are limiting
factors in wide expanses of the ocean, has also played a role but only in the recent
evolutionary history of the Prochlorococcus genus. A number of studies have
indeed shown that some P-depleted HLII populations can acquire genes involved in
the metabolism or regulation of P uptake by lateral gene transfer (Martiny et al.
2006, 2009a) and a similar phenomenon has also been observed for nitrite and/or
nitrate assimilation (Berube et al. 2015; Kent et al. 2016; Martiny et al. 2009b;
Villar et al. 2015). Despite this apparent solid relationship between
Prochlorococcus phylogeny and community structure, several recent studies have
shown the occurrence of a large genetic microdiversity, and identified different sets
of within-clade phylogenetic groups exhibiting distinct distribution and/or seasonal
patterns. Indeed, Kashtan et al. (2014) showed that Prochlorococcus HLII popu-
lations are actually composed of hundreds of closely related subpopulations pos-
sessing distinct genomic ‘backbones’, each consisting of a different set of core
genes associated with a defined set of accessory genes. These discrepancies are
sufficient to allow differentiated responses of these subpopulations to seasonal
changes in the environment. Interestingly, the occurrence of minor within-clade
subpopulations exhibiting drastically distinct ecological niches from that of the
dominant population occurs in other clades and are even more pronounced for HLI
and LLI than for HLII (Farrant et al. 2016; Larkin et al. 2016). This includes some
LLI populations, which are adapted to iron-limited surface waters, much like
HLIIIA-IVA, as well as HLI sub-populations that thrive not only in cold temperate
waters, as do the more typical HLI, but also in warm subtropical waters, thus
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extending the global niche occupied by these clades. Even though this deviant
behavior concerns only minor components of the Prochlorococcus population,
these observations constitute a piece of evidence for the ongoing diversification
within Prochlorococcus clades.

For Synechococcus, the temporal succession of physicochemical parameters that
have driven the evolution of this genus is difficult to establish because of the rapid
diversification of lineages (Urbach et al. 1998) that has resulted in a much fuzzier
relationship between phylogeny and adaptation to specific environmental factors
than for Prochlorococcus. Temperature has seemingly played a major selective
role, since clades I and IV mainly occur in cold, nutrient-rich waters, while clades II
and III preferentially thrive in warm, oligotrophic waters (Zwirglmaier et al. 2008).
Like for Prochlorococcus HLI and HLII (Johnson et al. 2006; Zinser et al. 2007),
these differences in latitudinal distributions can be explained by the different tem-
perature growth ranges of these phylotypes, as demonstrated on representative
isolates (Mackey et al. 2013; Pittera et al. 2014; Varkey et al. 2015). Yet, phylo-
genies made from 16S rRNA or other core genes do not split apart cold and
warm-adapted clades, since clade I and IV strains generally fall in distantly related
branches (see e.g., Dufresne et al. 2008; Scanlan et al. 2009). Furthermore, the
study of the global distribution of Synechococcus at high taxonomic resolution
(Fig. 3.4d) showed that a minor ecologically significant taxonomic unit (ESTU)
within clade II, ESTU IIB, was able to colonize cold niches and that CRD1 and
EnvB clades encompassed three distinct ESTUs exhibiting distinct thermal pref-
erences (Farrant et al. 2016). As for Prochlorococcus, several recent studies have
indicated that iron availability could also be an important driving factor of the
composition of Synechococcus communities, since CRD1, CRD2 and/or EnvB
clades—the latter two have been defined with ITS and petB markers, respectively,
and might correspond to the same lineage—were shown to co-dominate in
iron-depleted areas (Ahlgren et al. 2014; Farrant et al. 2016; Sohm et al. 2015). At
last, phosphorus availability also seem to have influenced Synechococcus genetic
diversification because ESTUs IIIA and 5.3A appear to be adapted to P-limited
conditions, notably occurring in the Mediterranean Sea and Gulf of Mexico
(Fig. 3.4d). Thus, unlike Prochlorococcus, the co-occurrence in similar niches of
Synechococcus genotypes belonging to phylogenetically distant clades indicates
that adaptation to specific environmental parameters (temperature, iron and/or
phosphorus availability) has likely happened several times independently during the
evolution of the Synechococcus radiation through convergent evolution.

The availability of numerous genomes and metagenomes of marine pico-
cyanobacteria brings further important insights into their biology and the evolution
of genome structure in this radiation (Fig. 3.3). A striking peculiarity of this group
is that even though the 16S rRNA gene of all marine picocyanobacterial strains
sequenced so far share >95 % identity, there is a remarkable genome divergence
between and within Prochlorococcus and marine Synechococcus, as measured by
average nucleotide identity (ANI) (Coutinho et al. 2016; Dufresne et al. 2008;
Zhaxybayeva et al. 2009). Indeed, ANI values, observed between and within clades,
are often significantly lower than the value of 94 % ANI thought to be equivalent to
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the bacterial species threshold of 70 % DNA-DNA hybridization (Konstantinidis
and Tiedje 2005), with e.g., only 91.3 % ANI between the two clade IV
Synechococcus strains BL107 and CC9902 that are identical at the 16S rRNA level
(Dufresne et al. 2008).

The evolutionary history of the Prochlorococcus genus is characterized by a
major genome streamlining event that has affected all but one lineages, while no
comparable decrease has seemingly occurred during the evolution of marine
Synechococcus (Dufresne et al. 2005; Kettler et al. 2007; Partensky and Garczarek
2010). This process has led to an overall decrease of about one third of the
Prochlorococcus genome size—corresponding to about 930 genes—with regard to
its most recent common ancestor with Synechococcus, with a concomitant drop of
the G + C content down to ca. 30 % in HL clades (Dufresne et al. 2005; Kettler
et al. 2007; Partensky and Garczarek 2010). While many gene gains and losses have
taken place in all Prochlorococcus lineages, this gene flow was balanced in the
basal LLIV lineage, whose members have a genome size around 2.45 Mb—i.e. in
the range of Synechococcus genome sizes: 2.1 to >3.0 Mbp— but strongly
unbalanced toward losses in all other lineages that have genome sizes between 1.64
and 1.86 Mbp (Biller et al. 2014a; Kettler et al. 2007). Only*130 genes are absent
from all streamlined Prochlorococcus genomes compared to LLIV and
Synechococcus genomes, indicating that the different Prochlorococcus lineages
have lost different sets of genes. In both picocyanobacteria, genomes are constituted
by a core genome shared by all strains, which encompasses 1050 ± 50 and
1350 ± 50 genes in Prochlorococcus and Synechococcus, respectively, and an
accessory genome of variable size, mainly due to the presence of unique (i.e.
strain-specific) genes that can constitute from 1.6 to 33.2 % of the gene repertoire
(Kettler et al. 2007; Dufresne et al. 2008; Scanlan et al. 2009; Garczarek and
Partensky, unpublished data). A large fraction of these unique genes, most of which
being uncharacterized, is localized in hypervariable regions called genomic islands
(Coleman et al. 2006; Dufresne et al. 2008), and might be involved in specific
adaptations to the local environment, such as resistance to grazers or phage attacks
(Avrani et al. 2011; Dufresne et al. 2008; Palenik et al. 2006). In Prochlorococcus,
some genomic islands are specialized in nitrogen and phosphate uptake (see above),
while in marine Synechococcus strains, some island genes code for ‘giant’ proteins
(>1 MDa) that owe their huge size to a high number of repeats, such as the
cell-surface located protein, SwmB that is required for a special form of motility,
found only in clade III members (Dufresne et al. 2008; McCarren and Brahamsha
2007).

While the core genome of picocyanobacteria is fairly small, their pangenome is
huge, since each new sequenced genome contains, on average, 277 new genes
(Baumdicker et al. 2010). Using a quantitative, evolutionary model for the dis-
tributed genome, Baumdicker et al. (2012) predicted that the pangenome is finite
and would contain 57,792 genes, although in a more recent study based on many
more genomes, this number climbed to 84,872 genes (Biller et al. 2015). Yet, this
vast ‘collective genome’ might still miss some important gene functions, since
Prochlorococcus cells were shown to depend upon free-living ‘helper’ bacteria
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from their immediate environment, e.g., to fight against oxidative stress using
catalases released by such helpers (Morris et al. 2008). This exchange might not be
one-way since Prochlorococcus can itself release lipid vesicles containing proteins
and nucleic acids that might be used for transferring material to their helper bacteria
but also possibly be used as lures for phages (Biller et al. 2014b).

Another advantage of this wealth of genomes is to inform us about the ability of
marine picocyanobacteria to synthesize products of potential biotechnological
interest. Due to their decreased genome size, picocyanobacteria possess few genes
involved in the biosynthesis of secondary metabolites compared to their larger size
marine, freshwater or extremophile counterparts (Mandal and Rath 2015). Yet,
picocyanobacteria not only possess and express alkane biosynthesis genes (Klähn
et al. 2014), but also produce and accumulate hydrocarbons, which may constitute
between 0.02 and 0.37 % of their dry cell weight (Lea-Smith et al. 2015; Schirmer
et al. 2010). Thus, at the global ocean scale, picocyanobacteria produce about 540
million tons of hydrocarbons annually. A number of genes that are involved in cell
defense mechanisms are also worth mentioning. These include antibiotic resistance
genes (Hatosy and Martiny 2015), a possible toxin–antitoxin system that might be
beneficial for cell survival under unfavorable growth conditions (Steglich et al.
2008) and genes involved in allelopathy (Paz-Yepes et al. 2013). Other potential
exploitable products include phycobiliproteins that are used in a number of
fluorescence applications. Phycoerythrin-II, which is specific of marine
Synechococcus (Ong et al. 1984; Six et al. 2007) might constitute interesting
molecules to exploit for these technologies, especially forms binding large amounts
of PUB (see above), a chromophore whose absorption properties fits well with blue
lasers.

3.4.3 Nitrogen-Fixing Cyanobacteria

Nitrogen is the predominant limiting nutrient for primary productivity within the
euphotic zone of much of the surface low-latitude oceans (Canfield et al. 2010;
Falkowski 1997; Moore et al. 2013). By assimilating dinitrogen (N2), the simplest
and most abundant form in the atmosphere and in seawater, diazotrophs constitute
an important source of bioavailable nitrogen to oceanic surface waters, possibly the
most important external nitrogen source, before atmospheric and riverine inputs
(Deutsch et al. 2007). In the North Pacific Subtropical Gyre, arguably the largest
biome on Earth, N2 contributed *50 % of ‘new nitrogen’ (Dugdale and Goering
1967) to the euphotic zone, substantially increasing export production (Karl et al.
1997). Accordingly, microbial diazotrophy is a major and crucial biogeochemical
process in the ocean that compensates bioavailable nitrogen lost due to processes
such as denitrification and anaerobic ammonium oxidation and allows new primary
production (Zehr and Kudela 2011).
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Even though cyanobacteria are not the sole N2-fixers in marine ecosystems, the
contribution of heterotrophic diazotrophs such as some Gammaproteobacteria and
Deltaproteobacteria is poorly understood (Turk-Kubo et al. 2014; Zehr and Kudela
2011) and will not be addressed further in this chapter. Comparative genomic
analyses provided evidence that the genes encoding the N2 fixation machinery are
frequently clustered and in some cases may have been transferred laterally, causing
diazotrophy to occur in taxa that are otherwise not known to fix nitrogen, such as in
Microcoleus chthonoplastes (Bolhuis et al. 2010) or in an isolate of the Chl
d containing genus Acaryochloris (Pfreundt et al. 2012).

3.4.3.1 Filamentous Marine Diazotrophs

Multicellular, filamentous marine diazotrophs are cyanobacteria belonging to the
genera Trichodesmium (non-heterocystous, free-living) (Capone 1997; Ehrenberg
1830; Gomont 1892; Karl et al. 2002), heterocystous Richelia living symbiotic with
diatoms of the genera Rhizosolenia (Het-1) or Hemiaulus (also referred to as Het-2)
(Foster and Zehr 2006; Foster et al. 2009; Goebel et al. 2010; Janson et al. 1999;
Villareal 1991, 1992, 1994; Zeev et al. 2008), and the heterocyst-forming Calothrix
(Het-3) associated with the diatom Chaetoceros (Carpenter and Foster 2002; Foster
and Zehr 2006; Goebel et al. 2010). Additional filamentous diazotrophs are found
in coastal and reef environments, among them the non-heterocystous Lyngbya
(Omoregie et al. 2004; Woebken et al. 2015) and in brackish water environments
such as the Baltic Sea, the heterocystous Nodularia (Ploug et al. 2011).

Trichodesmium, a Diazotroph of Tropical and Subtropical Marine Waters

Diazotrophic cyanobacteria of the genus Trichodesmium can form huge surface
blooms of tens of thousands of km2 (Dupouy et al. 1988) in the tropical and
subtropical ocean and constitute an important source of new nitrogen to these
oligotrophic environments (Capone 1997; Davis and McGillicuddy 2006; Mahaffey
et al. 2005).

Trichodesmium is taxonomically close to filamentous cyanobacteria of the genus
Oscillatoria (Larsson et al. 2011). Unique for diazotrophic filamentous cyanobac-
teria is that Trichodesmium expresses the oxygen-sensitive nitrogenase and fixes N2

during the day (Dugdale et al. 1961) at the same time when also photosynthetic
oxygen evolution takes place. Whereas other diazotrophs such as Calothrix,
Nodularia or Anabaena develop heterocysts, differentiated cells specialized for
nitrogen fixation (Muro-Pastor and Hess 2012), Trichodesmium uses a different, not
terminally differentiated and not fully understood cell type for this purpose, called
diazocyte (Berman-Frank et al. 2001; El-Shehawy et al. 2003; Sandh et al. 2009,
2012). In addition, Trichodesmium can form colonies or multicellular aggregates of
surprisingly varying morphologies, including threads (trichomes), radial puffs,
vertically aligned fusiform tufts, and bowties (Hynes et al. 2012; Olson et al. 2015;
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Post et al. 2002; Webb et al. 2007). Although the physiological relevance of these
morphologies is not well understood, there is clear evidence for true multicellular
behavior of Trichodesmium colonies, e.g., in the acquisition of mineral-rich dust
particles (Rubin et al. 2011).

Different factors have been discussed to influence termination of Trichodesmium
blooms, including bacteriophage-induced lysis (Hewson et al. 2004; Ohki 1999) or
grazing by copepods (O’Neil 1998; O’Neil and Roman 1994). An important factor
seems to be the activation of an autocatalytic mechanism leading to a programmed
cell death, resembling apoptosis in metazoans. Programmed cell death is a docu-
mented process in marine phototrophs (Bidle and Falkowski 2004; Franklin et al.
2006) but many of the involved details have remained enigmatic. In
Trichodesmium, programmed cell death may be triggered by several environmental
factors, such as P or Fe starvation, high irradiance, or oxidative stress
(Berman-Frank et al. 2004, 2007) and involves the activation of caspase-like
activity (Berman-Frank et al. 2004). The analysis of a Trichodesmium bloom in
oligotrophic lagoon waters of New Caledonia demonstrated an increased
caspase-like activity during bloom demise, including the specific activation of 11
out of 12 predicted metacaspase genes (Spungin et al. 2016) that previously were
defined in Trichodesmium (Asplund-Samuelsson 2015; Asplund-Samuelsson et al.
2012; Berman-Frank et al. 2004).

The full genome sequence of the reference strain Trichodesmium erythraeum
IMS101 with a length of 7.75 Mb and 4451 annotated genes belongs to the larger
cyanobacterial genomes (Shih et al. 2013). Very different to the genome sequences
of other free-living cyanobacteria with an average coding capacity of *85 %, only
64 % of the T. erythraeum genome encodes proteins (Larsson et al. 2011). This
unusual high non-coding genome share appears to be conserved in the genus
Trichodesmium, supported by several metagenomic datasets (Walworth et al. 2015).
Transcription from such non-coding genome space can produce non-coding RNAs
(sRNAs), which frequently have a regulatory function (Storz et al. 2011), also in
cyanobacteria (Georg et al. 2014; Klähn et al. 2015; Kopf and Hess 2015). Indeed,
the analysis of the primary transcriptome (the sequencing of enriched nascent
transcript starts) of T. erythraeum IMS101 revealed that at least 40 % of all pro-
moters active under standard laboratory conditions produce non-protein-coding
transcripts and that these accumulate in much larger amounts than mRNA (Pfreundt
et al. 2014).

Amongst those non-coding transcripts is an unusually high number of
retroelement-like genetic elements resembling group II introns, an actively splicing
twintron (Pfreundt and Hess 2015), and also a Diversity Generating Retroelement
(DGR) for the targeted mutation of specific genes. DGRs were first described in a
phage of Bordetella where modification of a single target gene ensures inducible
receptor diversity for host recognition and have the potential to create protein
diversity in the order of the human immune system (Liu et al. 2002). These ele-
ments consist of at least two components, the first being a non-coding RNA called
template repeat (TR) RNA that serves as a template for the second element, an
error-prone reverse transcriptase that converts this template into cDNA for
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recombination into the protein-coding region of the target gene(s) (Doulatov et al.
2004; Guo et al. 2008). Thus, the identification of the TR RNA is essential to
identify the target genes of this mechanism. Although there was previous evidence
for the existence of this mechanism in Trichodesmium (Doulatov et al. 2004), the
target gene(s) remained unknown. The primary transcriptome enabled the exact
definition of the DGR components in Trichodesmium and revealed 12 putative
target genes (Pfreundt et al. 2014), an unprecedented potential for in vivo protein
diversification in bacteria. Although none of these genes possesses a clear func-
tional assignment, some appear connected to putative signaling proteins (kinases),
possibly constituting their receptor component. Two target genes are in close
proximity to the rest of the DGR elements, but the remaining 10 genes are dis-
tributed all over the genome. It can be speculated that at least some of the targeted
proteins are involved in the defense against bacteriophages by systematic variation
of a surface receptor. It is further possible that this system is involved in generating
phenotypic variability by diversifying a few key genes. This could play a role, for
instance, in the cell-cell recognition required for multicellular behavior and colony
formation.

Nodularia, a Bloom-Forming Cyanobacterium Specifically Adapted to
Salinity Gradients

Almost every summer, massive blooms of toxic cyanobacteria occur in the central
regions of the Baltic Sea. These cyanobacteria cope well with the salinity gradient
and brackish conditions that characterize the Baltic Sea. The dominating organism
within these blooms is Nodularia spumigena, a filamentous cyanobacterium that
produces several bioactive metabolites. Among these compounds is the hepatotoxin
nodularin (Fewer et al. 2013; Mazur-Marzec et al. 2012) and protease inhibitors of
the pseudoaeruginosin family (Liu et al. 2015). Nodularia is diazotrophic using
heterocysts for this process (Ploug et al. 2011; Sivonen et al. 2007). Excess
phosphorus combined with low nitrogen concentrations are thought to favor the
growth and bloom formation of diazotrophic cyanobacteria in summer (Sellner
1997), most pronounced under stably stratified warm water conditions. Then, gas
vesicles that provide buoyancy to Nodularia and related cyanobacteria lead to the
formation of large surface scums in the absence of mixing.

Thus, Nodularia appears to have a selective advantage under the conditions of
the Baltic Sea (Möke et al. 2013). The question what these advantages could be
were followed by transcriptomic analyses of laboratory cultures after exposure to
high light and oxidative stress, mimicking the extreme environmental conditions in
the surface layer of the Baltic Sea in summer (Kopf et al. 2015). As the basis for this
work served the draft genome sequence for N. spumigena strain CCY9414 (Voss
et al. 2013). Genes encoding enzymes for the synthesis of toxins were among the
up-regulated genes, implying that these compounds may play an important role in
the cellular acclimation to conditions of bloom formation, consistent with similar
observations for the freshwater cyanobacterium Microcystis (Zilliges et al. 2011).
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The measured photosynthetic activity in the tested N. spumigena CCY9414 tri-
chomes remained high also at the highest light intensities of 1200 µmol photons
m−2 s−1, and showed signs of an increase in photorespiratory flux (Kopf et al.
2015). This observation is of interest for understanding the acclimation of
cyanobacterial trichomes to the combination of high light, high oxygen partial
pressure and low nutrients, including low iron and CO2 in the surface layer.
Photorespiration cooperates with Mehler-like reactions catalyzed by flavodiiron
proteins to dissipate excess absorbed energy in cyanobacteria (Allahverdiyeva et al.
2011, 2013; Hackenberg et al. 2009). The observed activation of photorespiratory
flux to a physiologically meaningful level was furthermore consistent with the
observation of many up-regulated genes encoding photorespiratory enzymes and
flavodiiron proteins. Thus, specialized phototrophs such as Nodularia may have
evolved a mechanism involving activation of photorespiratory flux to be able to
cope with the high light and oxidative stress conditions during the Baltic Sea
summer. The work by Kopf et al. (2015) identified many additional, previously
unknown, stress-regulated genes, some of which encoding proteins of known
functions in metabolism, transport, DNA stability and structure, but the majority
were of entirely unknown function. These results suggested the existence of
stress-related mechanisms in the surface layer cyanobacterial blooms that remain to
be identified and which operate in addition to the observed activation of pho-
torespiratory flux (Kopf et al. 2015).

Richelia and Calothrix

Whereas for Richelia symbiosis is obligatory, for Calothrix (Het-3) an epiphytic
lifestyle with Chaetoceros was reported (Carpenter and Foster 2002) and that it can
also grow free-living (Foster et al. 2010). These differences between obligatory or
facultative interaction with their respective diatom host match distinct differences in
the genetic capacity of these two cyanobacteria in a dramatic way. Whereas the
genome of a marine Calothrix rhizosoleniae SC01 isolated from outside the frustule
of Chaetoceros was at least 6.0 Mb and similar to those of free-living
heterocyst-forming cyanobacteria, Richelia intracellularis HH01 isolated from
inside the siliceous frustule of Hemiaulus was decreased to a size of only 3.2 Mb.
Moreover, the Richelia genome sequence lacked genes for ammonium transporters,
nitrate/nitrite reductases and glutamine:2-oxoglutarate aminotransferase (Hilton
et al. 2013). With these features, the decreased genome size of R. intracellularis
HH01 shows clear signs of adaptation as an obligate symbiont. Despite some
evidence of genome size decrease, it is currently unknown whether Richelia that
occurs in association with the diatom Rhizosolenia (then also called Het-1) is an
obligate symbiont as well (Hilton et al. 2013; Villareal 1992).
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3.4.3.2 Unicellular Marine Diazotrophs

Marine unicellular cyanobacterial diazotrophs are phylogenetically divided into
three different groups. The uncultivated UCYN-A (Tripp et al. 2010; Zehr et al.
2001, 2008) which live in association with the prymnesiophyte alga B. bigelowii
(Hagino et al. 2013; Thompson et al. 2012, 2014); the free-living Crocosphaera
sp. (also referred to as unicellular group B or UCYN-B); and the unicellular group
C (UCYN-C), to which several free-living cyanobacteria belong, including group C
TW3 (Taniuchi et al. 2012) and Cyanothece sp. ATCC 51142 (Reddy et al. 1993).
The latter strain has become a major model organism in biotechnology and syn-
thetic biology (Aryal et al. 2013; Bandyopadhyay et al. 2013; Bernstein et al. 2015;
Červený et al. 2013; Chou et al. 2015; Melnicki et al. 2012).

Symbiotic interactions are important for major sources of fixed nitrogen in the
world’s ocean. Particular insight on the relevance of symbiotic interactions has been
gained from the analysis of Candidatus Atelocyanobacterium thalassa (UCYN-A).
UCYN-A and its prymnesiophyte (haptophyte) host are abundant and widely dis-
tributed (Krupke et al. 2014). Therefore, UCYN-A are ecologically relevant players
in the marine biogeochemical cycles (Cabello et al. 2015; Goebel et al. 2010;
Jardillier et al. 2010; Montoya et al. 2004; Zehr and Kudela 2011). The UCYN-A
group consists of at least three distinct clades (Thompson et al. 2014), called
UCYN-A1, UCYN-A2 and UCYN-A3 and the whole group is monophyletic within
the clade that includes also the UCYN-B and UCYN-C species Crocosphaera
sp. and Cyanothece sp. (Bombar et al. 2014).

In a pioneering work, the streamlined genome of UCYN-A was determined after
flow cytometry based cell sorting. The most striking result was the lack of all genes
encoding the photosystem II complex, the Calvin-Benson-Bassham cycle for car-
bon fixation, as well as other pathways that are normally essential (Tripp et al.
2010; Zehr et al. 2008). Thus, it appeared logical that UCYN-A lives in a symbiotic
interaction, an assumption that now has been confirmed (Hagino et al. 2013;
Thompson et al. 2012, 2014). In this mutualistic relationship, UCYN-A provides
fixed nitrogen to its host in exchange for fixed carbon. The details of this interaction
are intricate. Before any carbon is transported from the haptophyte to UCYN-A,
transfer of nitrogen is required from UCYN-A to the haptophyte (Krupke et al.
2015).

UCYN-B, C. watsonii and related cyanobacteria are unicellular and free-living
diazotrophs, but also capable of colonial aggregation (Foster et al. 2013) and to
form symbioses with the diatom Climacodium frauenfeldianum (Carpenter and
Janson 2000; Foster et al. 2011). Otherwise, it is a typical unicellular N2-fixing
cyanobacterium in the sense that it is photosynthetic during the day and fixes N2

during the night.
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3.4.4 Abundance and Contribution of the Different
Diazotroph Taxa to the Biogeochemical Cycle

A small share of diazotrophic cells in the total microbial population can have a
substantial impact. During the VAHINE mesocosm experiment performed in 2013
in the shallow water of the New Caledonia lagoon (Bonnet et al. 2016b), N2 fixation
rates reached >60 nmol N L−1 d−1, which are among the highest rates reported for
marine waters (Bonnet et al. 2016a; Luo et al. 2012). Evidence from 15N isotope
labeling analyses indicated that the dominant source of nitrogen fueling export
production shifted from subsurface nitrate assimilated prior to the start of the
23 day experiment to N2 fixation by the end (Knapp et al. 2015). During days 15–
23 of the VAHINE experiment, N2 fixation rates increased dramatically (Bonnet
et al. 2016a) and N2-fixing cyanobacteria of the UCYN-C type dominated the
diazotroph community in the mesocosms (Turk-Kubo et al. 2015). Based on rela-
tive 16S rRNA gene copy numbers that were normalized by comparison against the
flow cytometry counts of abundant marine picocyanobacteria, a maximum of only
500 cells mL−1 was calculated for Cyanothece-like diazotrophs (Pfreundt et al.
2016). This matched reasonably well to the maximum of 100 UCYN-C nifH copies
mL−1 determined for the same population (Turk-Kubo et al. 2015), especially when
taking into account that Cyanothece spp. usually have two to three 16S rRNA gene
copies per cell compared to nifH, which is a single-copy gene. The total number of
bacteria (heterotrophs and picocyanobacteria) was between 5 and 7 � 106

cells mL−1, hence Cyanothece-like diazotrophs had a share of <0.01 % in the total
microbial population but impacted its biogeochemical properties in a profound way.

3.5 Photoheterotrophy and Phototroph-Heterotroph
Interactions

Interactions within marine microbial populations and especially between pho-
totrophic and heterotrophic organisms are of considerable complexity and may
involve metabolic factors as well as specific regulatory signals. These interactions
are likely to impact the physiology of both partners, the chemistry of their envi-
ronment, and shape ecosystem diversity, but details are only slowly emerging.

Sulfitobacter-related bacteria impact the cell division of marine diatoms via
secretion of indole-3-acetic acid (Amin et al. 2015), an otherwise well studied plant
hormone. Its synthesis by these Sulfitobacter-related bacteria depends on endoge-
nously produced tryptophan as well as on tryptophan of diatom origin, adding an
additional facet to this interaction.

Auxotrophy for the soluble B vitamins (B1, B7, and B12) is well-known for
marine autotrophs as well as for heterotrophs, both in oligotrophic and eutrophic
environments (Sañudo-Wilhelmy et al. 2014). Especially vitamin B12 is an essential
factor that has been implicated in several examples of phototroph-heterotroph
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interactions (Kazamia et al. 2012). Remarkably, dissolved vitamin B12 can be
measured in surface waters at concentrations useful for possibly auxotrophic species
(Bonnet et al. 2013).

Experimental exoproteome analysis of marine Synechococcus showed transport
systems for inorganic nutrients and an interesting array of strain-specific exopro-
teins likely involved in mutualistic or hostile interactions (i.e. hemolysins, pilins,
adhesins), and exoenzymes with a potential mixotrophic goal (i.e. exoproteases and
chitinases) (Christie-Oleza et al. 2015a). Exoproteomic analysis of especially
designed synthetic communities in which specific Roseobacter strains (Ruegeria
pomeroyi DSS-3, Roseobacter denitrificans OCh114, and Dinoroseobacter shibae
DFL-12) were combined with two different cyanobacteria (Synechococcus
spp. WH7803 and WH8102) revealed the set of hydrolytic enzymes secreted by
Roseobacter, that is thought to degrade the biopolymers of cyanobacterial origin
outside the cell (Christie-Oleza et al. 2015b). Evidence is growing that many
eukaryotic microalga but also marine cyanobacteria are photoheterotrophs or
mixotrophs, i.e., they can photosynthesize but also feed on various sources of
organic carbon (Gómez-Baena et al. 2008; Gómez-Pereira et al. 2013;
McKie-Krisberg and Sanders 2014; Muñoz-Marín et al. 2013; Unrein et al. 2014).
These examples illustrate the complexity of lifestyles and organismic interactions
between marine phototrophic microorganisms and within the greater microbial
community, but it is very likely that the majority of these interrelationships still
await their discovery.
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Chapter 4
Marine Fungi

Vanessa Rédou, Marine Vallet, Laurence Meslet-Cladière,
Abhishek Kumar, Ka-Lai Pang, Yves-François Pouchus,
Georges Barbier, Olivier Grovel, Samuel Bertrand, Soizic Prado,
Catherine Roullier and Gaëtan Burgaud

Abstract Marine fungi have long been considered as exotic microorganisms fas-
cinating only a few scientists. However, during the last two decades there has been
an increasing interest in marine fungal communities resulting in a considerable
advance in our knowledge of marine fungi. Marine fungi have been retrieved from
various marine habitats, ranging from coastal waters to the deep subseafloor, and
their ecologically important roles have been demonstrated. The purpose of this
chapter is to review the increasing amount of culture-based and molecular-based
data along with metabolomics and to summarize our current knowledge of the
diversity, adaptive capabilities, functions, ecological roles, and biotechnological
potential of marine fungi. The availability of this amount of complementary data
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allows a revision of the consensual but likely out-of-date definition of marine fungi.
Since the field of marine fungal natural products continues to expand rapidly,
another aim of this chapter is to provide some innovative approaches to optimize
the search for novel bioactive compounds using genomics and metabolomics.

4.1 Introduction

The ocean harbors a tremendous diversity of habitats ranging from coastal waters to
deep-sea chemosynthetic-based environments where microorganisms are the major
actors of the biogeochemical cycling of elements. Bacteria, Archaea, and some
microbial Eukarya (mostly micro-algae) are the most commonly studied microor-
ganisms in the marine environment. However, recent studies strongly support the
idea that marine microbial communities comprise also fungi as an important
component. We will not propose another exhaustive summary of marine fungal
diversity and classification (for that, see Jones et al. 2015; Nagano et al. 2010;
Richards et al. 2012), but rather to consider marine fungi from a different angle.
Ideas here are (i) to take advantage of the huge advances in omic-based methods to
better understand the function, role, and biotechnological potential of marine fungi
and (ii) to give clues about how to access to the untapped marine fungal metabo-
lome, in particular the secondary metabolites (SM).
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4.2 Toward a New Consensual Definition of Marine
Fungi? Let’s Think Outside the Box!

(Micro)biologists need definitions to precisely describe their model organisms,
usually proposing a concept and debating ideas in order to try glimpsing a con-
sensual rationale, a process that may take many years. Marine fungi have not
escaped such a long debate. Barghoorn and Linder (1944) initiated the first
exhaustive study of marine fungi, demonstrating the occurrence of an ‘indigenous
marine mycota’ on submerged wood. However, it took marine mycologists almost
two decades to suggest a definition of marine fungi based on their physiology
(Johnson and Sparrow 1961), i.e., their ability to grow at certain seawater con-
centrations. This postulate was later criticized by Kohlmeyer and Kohlmeyer
(1979), who argued that terrestrial fungi are able to cope with low water activity,
including salinity tolerance up to concentrations that equal those in the marine
environment. Based on this strong adaptive tolerance, many authors debated on the
physiology-based definition of marine fungi and suggested a broad double box
ecological definition dividing marine fungi into obligate and facultative marine
organisms. Obligate marine fungi are those that grow and sporulate exclusively in a
marine or estuarine habitat while facultative marine fungi are those from freshwater
or terrestrial habitats able to grow and possibly to sporulate in the marine envi-
ronment (Kohlmeyer and Kohlmeyer 1979).

This consensual definition, widely accepted by the scientific community, has
however generated a split between obligate marine fungi and the “ugly duckling”
group of facultative marine fungi. Indeed, research on marine mycology has pri-
marily been focused on obligate marine fungi revealed by the direct microscopic
observations of fruiting structures (ascomata, basidiomata) and subsequent micro-
scopic identification of spores with prominent oil globules and appendages which
keep them suspended and increase their chance of attaching to a substrate
(Kohlmeyer and Kohlmeyer 1979). Advocates of this method always tended to
consider facultative marine fungi (i) as common dust and windborne forms that
seem to occur as dormant spores or (ii) as terrestrial fungi occurring on the vertical
portion of salt marsh plants that occasionally receive seawater splash (Kohlmeyer
and Volkmann-Kohlmeyer 2003a). The term “marine-derived” has also been pro-
posed to define fungi isolated from marine samples that could not be classified as
obligate or facultative marine fungi (Osterhage et al. 2000). However, this
“marine-derived” term seems to be used only by scientists interested in bioactive
compounds and who are not interested to know whether their fungal strains are
adapted or not to the marine environment. Such an artificial “catchall” group does
not help defining marine fungi, but has quite the opposite effect because it enhances
complexity of the definition.

Numerous obligate marine fungi have been described and studied in the twen-
tieth century, but it appears that studies dealing with facultative marine fungi are
now totally outshined. A recent count reports only 1112 species of marine fungi
retrieved exclusively from the marine environment (Jones et al. 2015). Taking the

4 Marine Fungi 101



actual global culture collections of fungi that contain 74,000–120,000 species
(Hawksworth 2001; Kis-Papo 2005), marine fungal diversity may account for 0.93–
1.50 %. Richards et al. (2012) reported a close value of 0.6 % [with 467 species of
obligate marine fungi as reported by Kis-Papo (2005)], and discussed about the
meaning of such small percentage knowing that the ocean covers more than 70 %
of the Earth’s surface and that fungal communities have been reported from air–
water surface interface up to thousands of meters below the seafloor (Ciobanu et al.
2014; Rédou et al. 2014; Kis-Papo 2005). The question whether we are overlooking
a large proportion of marine fungi should be answered with yes if we only consider
the obligate marine organisms.

Numerous studies targeting microeukaryotes in different marine habitats high-
lighted unexpected fungal communities, ranging from new species to ones close to
terrestrial representatives using both molecular and culture-based approaches (see
Burgaud et al. 2014; Mahé et al. 2013; Richards et al. 2012). Modern
high-throughput omic methods now allow targeting and sequencing rRNA and
mRNA including that obtained from deep marine sediments (Orsi et al. 2013a;
Rédou et al. 2014). Such an approach has been used to uncover fungi as the
dominant organisms among microeukaryotes (Edgcomb et al. 2011). Most of these
fungi were close to terrestrial representatives and could be defined as facultative
marine fungi, according to Kohlmeyer’s definition. However, these fungi seem to
show high activity and biotic interactions with other microbial communities. For
example these fungi synthesize antimicrobial compounds and degrade complex
organic matter (Orsi et al. 2013a). Culture-based approaches coupled with eco-
physiological analyses reveal the ability of many fungal isolates to cope with
various abiotic factors that shape different marine habitats such as temperature,
salinity, and high hydrostatic pressure. For instance, fungal isolates have been
obtained from an almost 2000 m deep sediment core (Rédou et al. 2015). Different
fungal species that were close relatives of terrestrial organisms were obtained from
different sediment depths. Surprisingly, the strains obtained from the greatest depths
were much better adapted to their habitat conditions compared to the same species
isolated from shallower depths. As elaborated by Rédou et al. (2015), the shift from
terrestrial adapted to marine-adapted lifestyles along the sediment depth may
indicate a transition from shallow layers, where fungi are not specifically adapted
but are able to survive, to deeper layers, where fungi are better adapted to higher
temperature and higher salinity. Such ecophysiological analyses provide concrete
and relevant data that highlight specific fungal adaptations and that help to
understand the true activities and roles of fungi in different marine habitats.
Compiling these approaches may provide the current missing pieces of the puzzle
of the nature of marine fungi. Facultative marine fungi seem to be much more
important than expected with respect to their structural diversity as well as their
functional implications.

So, let us think outside the box regarding this consensual but potentially
out-of-date definition of marine fungi of Kohlmeyer. The fact that some terrestrial
fungi seem to be able to adapt to the marine environment emphasizes the com-
plexity of using a box-based definition. Mahé et al. (2013) proposed a new
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definition of marine fungi based on 3 levels of occurrence with (i) strict endemic
active marine fungi, (ii) ubiquitous fungi, metabolically active in marine habitats,
and (iii) ubiquitous fungi, metabolically inactive in marine habitats. However, a
simple “box less” definition of marine fungi integrating the notions of activity and
time would be much more user-friendly. Here follows an attempt for a new defi-
nition in an omics context: “Marine fungi display long-term presence and metabolic
activities in a marine habitat, as revealed by their adaptations (ecophysiological
profile), active metabolism (rRNA), gene expression (mRNA), catalytic functions
(proteome), or specific metabolites (metabolome) resulting from their biotic and
abiotic interactions.” Such a simple definition should be completed with more
detailed analyses such as for instance comparative omics. The idea is to process
comparative genomics, transcriptomics, proteomics, and metabolomics from dif-
ferent representatives of the same species isolated from marine and terrestrial
habitats in order to identify specific markers of fungal adaptation to marine habitats.
Such omics approach would also help to demonstrate that obligate marine fungi are
never encountered in any terrestrial habitat.

4.3 From Broad-Scale to Habitat Specific Distribution
Patterns of Marine Fungal Communities

4.3.1 From Culture-Based to Next-Generation Sequencing
Methods to Barcode Marine Fungal Life

Fungi are known from different marine environments ranging from shallow waters
to the deep-sea, using various approaches such as (i) morphology-based observa-
tions, (ii) culture-based plating techniques, and (iii) molecular methods, including
next-generation sequencing. In the following part, only information obtained from
culture- and molecular-based methods is summarized.

Culture-based approach. The first exhaustive investigation of culturable fungal
communities in seawater was from the northwestern subtropical Atlantic Ocean
(Roth et al. 1964). Since then, it was estimated that a milliliter of average seawater
contains over one thousand fungal cells (Gao et al. 2008). Marine fungi have been
reported from mangroves, marine algae, and salt marshes, mostly in association
with marine invertebrates. Sponges are the most studied habitat for marine fungi.
Consequently, the largest number of marine fungi was obtained from sponges
(Bugni and Ireland 2004), e.g., sponges from the Atlantic Ocean (Baker et al. 2009;
Menezes et al. 2010), from the Mediterranean Sea (Paz et al. 2010; Wiese et al.
2011), from the Indian Ocean (Thirunavukkarasu et al. 2012), from the South China
Sea (Ding et al. 2011; Liu et al. 2010; Zhou et al. 2011), from the Pacific Ocean (Li
and Wang 2009; Wang et al. 2008), and from the Antarctic Sea (Henriquez et al.
2014). Sponge inner tissue was usually homogenized with artificial seawater and
spread onto nutrient-rich culture media at different dilutions. These
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sponge-inhabiting fungi belong mostly to the Ascomycota (e.g. Leotiomycetes,
Dothideomycetes, Eurotiomycetes and Sordiaromycetes) and few Basidiomycota
(e.g. Agaricomycetes and Wallemiomycetes), and Zygomycetes (e.g. early
diverging fungal lineages affiliated to the order Mucorales). However, it should be
noted that such studies were dedicated to biotechnology and authored by chemists
who did not investigate such habitats exhaustively and thus a conclusion regarding
fungal diversity on sponges is challenging.

Going deeper into the ocean from the epipelagic to the abyss, numerous studies
reported fungal communities in the deep-sea. Some fungal communities were found
in extreme habitats such as deep-sea hydrothermal vents, where fungi were
retrieved in association with endemic animals at Mid-Atlantic Ridge and East
Pacific Rise (Burgaud et al. 2009, 2010; Gadanho and Sampaio 2005; Le Calvez
et al. 2009). Conventional culture media enriched with glucose, maltose, peptone,
and supplemented with sea salts and sometimes sulfur were used. Indeed, elemental
sulfur is abundant in hydrothermal vents and is usually incorporated in culture
media employed for the isolation of bacteria and archaea in order to mimic their
natural environment (Gadanho and Sampaio 2005). Numerous filamentous fungal
strains have been isolated and were mostly indigenous species (Burgaud et al.
2009). Only Ascomycota and Basidiomycota belonging to the Dothideomycetes,
Eurotiomycetes, Sordariomycetes, and Exobasidiomycetes classes were retrieved.
A large fraction of the yeast taxa found in the Mid-Atlantic Ridge represents new
phylotypes and seems to be composed of autochthonous species (Gadanho and
Sampaio 2005). Only Candida oceani and Rhodotorula pacifica, endemic yeasts
occurring in hydrothermal vents, have been analyzed (Burgaud et al. 2011;
Nagahama et al. 2006) but some others remain to be described (Gadanho and
Sampaio 2005). Yeast diversity in deep-sea hydrothermal vents is represented by
the Candida, Debaryomyces, Exophiala, Hortaea, Phaeotheca, and Pichia genera
among the Ascomycota and the Cryptococcus, Rhodotorula, Rhodosporidium,
Sporobolomyces, and Trichosporon ones among the Basidiomycota.

Again, going deeper into the oceans, from the abyss to the subseafloor, some
recent studies discovered some “buried but not dead” culturable fungal commu-
nities in sediments. Fungi retrieved belong exclusively to the Dikarya and mostly to
the Ascomycota phylum. No representative of basal fungal lineages was reported
although molecular signatures suggested their presence (Nagahama et al. 2011;
Nagano et al. 2010). The method that is conventionally used for the isolation of
marine fungi is the particle plating technique (Cathrine and Raghukumar 2009;
Damare et al. 2006; Jebaraj et al. 2010; Singh et al. 2011, 2012; Zhang et al. 2013),
which consists of spreading sediment slurry onto Petri dishes. This strategy usually
selects for ubiquitous fast-growing organisms and needs to be combined with
dilution plating (Damare et al. 2006; Mouton et al. 2012; Raghukumar et al. 2004;
Rédou et al. 2015; Singh et al. 2011, 2012; Zhang et al. 2014) that allows the
isolation of slow-growing microorganisms and results in higher sensitivity and
cultivation efficiency. Because the habitability in deep subseafloor sediments is set
by a variety of physical and chemical characteristics, including elevated hydrostatic
pressure, culture methods involving incubation under pressure has been performed.
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The recovery of fungal isolates obtained using enrichments under elevated hydro-
static pressure was better compared to conventional methods, suggesting that
hydrostatic pressure is a key physical parameter for deep subseafloor fungal growth
(Damare et al. 2006; Rédou et al. 2015; Singh et al. 2011, 2012). Numerous
filamentous fungal and yeast strains closely related to terrestrial species have been
isolated. Ascomycota and Basidiomycota retrieved belong to the classes
Dothideomycetes, Eurotiomycetes, Saccharomycetes, Sordariomycetes, and
Agaricomycetes, Exobasidiomycetes, Microbotryomycetes, Tremellomycetes,
respectively.

Several attempts to decipher the culturable fungal communities occurring in
deep-sea ecosystems have been performed, but only a minor fraction of the
microbial community has been isolated using conventional selective media (Alain
and Querellou 2009). Most of the marine microorganisms are indeed refractory to
culturing and the estimated culturing efficiency of endemic microorganisms using
the standard plating techniques is between 0.1 and 0.25 % (Amann et al. 1995;
D’Hondt et al. 2004). Thus, culture collections of microorganisms isolated by using
conventional methods do not reflect the functional and phylogenetic diversity of
marine habitats. Most of the culture-based methods used are biased due to the
elimination of cell-to-cell communication, dormant spores germination induced by
starvation or other stress, or too short incubation time. Recent culture strategies,
including the refinement of culture media based on cell-to-cell communication and
the development of high-throughput culture methods, aim at limiting the biases
inherent to traditional culture methods and increase the isolation efficiency to bring
into culture the uncultured. Traditionally, the concentration of nutrients in synthetic
culture media is much higher than that typically found in marine environments and
this represents an important issue for the culturing of marine oligotrophic
microorganisms that are adapted to low concentrations of substrates. To decrease
the stress related to the exposure to massive amounts of substrate, dilution of culture
medium has been used for the isolation of fungal strains (Damare et al. 2006; Rédou
et al. 2015; Singh et al. 2011). Connon and Giovannoni (2002) have developed a
high-throughput culturing method based on the concept of dilution to extinction
culturing to isolate cultures in small volumes of low-nutrient media. This technique
allowed the isolation of four unique cell lineages that belong to previously uncul-
tured and not described marine clades of proteobacteria. This high-throughput
bacterial culturing method was adapted to isolate terrestrial fungi and to generate
large numbers of fungal dilution to extinction cultures from forest litter (Collado
et al. 2007), leaves (Unterseher and Schnittler 2009), and sub-Antarctic soil (Ferrari
et al. 2011). These novel culturing approaches have hitherto not yet been applied
for the isolation of fungi from marine environmental samples and they could
therefore become a promising tool for the isolation and culturing of not yet cultured
marine fungi. Another culturing issue is cell-to-cell communication.
Microorganisms are normally living associated with other microorganisms or
macroorganisms, establishing complex relationships that can be allegorized as a
complex puzzle of molecules. However, the paradox of the microbiologist is that he
aims at obtaining pure cultures (Alain and Querellou 2009). To isolate cells and
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preserve the endogenous cell-to-cell communication mechanisms, Zengler et al.
(2002) developed an encapsulation technique of single cells in gel microdroplets for
massive parallel microbial cultivation under low nutrient flux conditions, followed
by flow cytometric sorting of microdroplets containing microcolonies of microor-
ganisms. This high-throughput cultivation method can provide more than 10,000
bacterial and fungal isolates per environmental sample (Zengler et al. 2005).
Ingham et al. (2007) developed a Petri dish divided into millions compartments,
called the MicroDish Culture Chip (MDCC), in which nutrients are supplied
through a porous membrane. Theoretically, this technique would allow the growth
and screening of millions of strains and is an efficient method to overcome the
effects of intercellular competition and allows growth of microorganisms often
inhibited by opportunistic fast-growing organisms (Alain & Querellou 2009). This
innovative method is used for the screening and isolation of marine bacteria and
could be adapted for the isolation of marine fungi.

Culture-independent approach. Analysis of environmental samples using
culture-independent methods, such as cloning-sequencing or next-generation
sequencing paired with taxonomic and phylogenetic analysis, brings another view to
the microbial diversity of marine ecosystems. Recent advances in marine molecular
ecology have allowed to revealing anastonishingdiversity ofmicroorganisms.Analysis
of environmental clone libraries in order to assess fungal diversity usually targets the
small subunit (SSU) rRNA. Diez et al. (2001) analyzed eukaryotic clone libraries from
five surface samples taken from three distant marine regions, i.e., the Mediterranean
Sea, the Southern Ocean, and the North Atlantic Ocean. Among a total of 225 clones,
only 5 belonged to fungi representing 2.2 % of the total eukaryotic diversity. This low
fungal diversity in surface waters was confirmed by the study of Massana and
Pedrós-Alió (2008) who sampled 23 coastal water libraries and 12 open ocean libraries
and revealed a total of only 16 fungal clones, representing 0.8 % of the eukaryotic SSU
rRNA gene sequences. Using shallow and deep-sea water samples from different parts
of the world ranging depths from 250 to 4000 m, Bass et al. (2007) reported a fungal
diversity largely represented by ascomycetes and basidiomycetes but also suggested
that fungal diversity in deep-sea ecosystems is low. The dominance of Dikarya in
marine habitats is well established (Richards et al. 2012), and molecular marine fungal
signatures belong to classes such as the Dothideomycetes, Eurotiomycetes,
Leotiomycetes, Saccharomycetes, Sordariomycetes of the Ascomycota, and the classes
Agaricomycetes, Agaricostilbomycetes, Atractiellomycetes, Cystobasidiomycetes,
Exobasidiomycetes, Microbotryomycetes, Tremellomycetes, Ustilaginomycetes,
Wallemiomycetes of the Basidiomycota. Few sequences of Glomeromycota,
Chytridiomycota, and other early fungal lineages have been found.

The occurrence of highly divergent fungal sequences in deep-sea marine envi-
ronments is evidenced from the analysis of SSU rRNA-based clone libraries.
Indeed, the identification by molecular methods of new phylotypes representing
mainly basal fungal lineages was done in samples obtained from deep oceans,
hydrothermal vents, oxygen-depleted regions, and deep-sea sediments (Bass et al.

106 V. Rédou et al.



2007; Jebaraj et al. 2010; Le Calvez et al. 2009; Nagahama et al. 2011; Nagano
et al. 2010). These new phylotypes may have unique ecophysiological features,
which would explain why no representatives have been already obtained by cul-
tivation methods (Nagahama and Nagano 2012). The internal transcribed spacer
(ITS) region was recently validated as DNA barcode marker for the identification of
fungal species for its variability and thus its high resolution for taxonomic
assignment (Schoch et al. 2012). However, the ITS of the rRNA operon has a low
phylogenetic resolution and it seems that the combination with the SSU RNA gene
could improve the phylogenetic placement of many orphan environmental ITS
sequences (Richards et al. 2012). Sequencing of the clone libraries of the ribosomal
ITS and SSU rRNA gene, has revealed the fungal diversity in deep-sea sediments of
the Central Indian Basin (Singh et al. 2012). Even though fungal diversity may
appear low in the water column, some deep-sea marine environments have been
identified as habitats for filamentous fungi and yeasts. Indeed, a total of 42 fungal
OTUs was recovered out of 192 clones and represented distinct phylotypes,
belonging to Ascomycota and Basidiomycota. This indicated the presence of a high
diversity of fungi at the sampling site (Singh et al. 2012). Several studies have
shown the dominance of fungal communities among deep-sea microeukaryotes
(Ciobanu et al. 2014; Edgcomb et al. 2011; Orsi et al. 2013a, b; Rédou et al. 2014).
Sequencing of both the ribosomal ITS and the 18S rRNA gene V1-V3 diversity tags
from the subseafloor sediments of the Canterbury basin using 454 pyrosequencing
hinted to fungal communities that belong exclusively to the Dikarya (Rédou et al.
2014). These fungal communities occurred at record depths in deep-sea sediments
albeit at a low phylogenetic diversity.

Most of the fungi that were recovered in diversity studies are closely related to
known terrestrial groups, raising interesting ecological questions regarding their
origin and abilities to adapt to deep subseafloor conditions. Several studies
emphasized that fungi are metabolically active in deep groundwater of crystalline
rock fractures and up to hundreds of meters below the seafloor (Edgcomb et al.
2011; Orsi et al. 2013b; Sohlberg et al. 2015). The application of metatranscrip-
tomics in samples from the deep biosphere demonstrated the occurrence of
microbial activity, including fungal activity, in the subsurface, (Orsi et al. 2013b).
This activity was inferred from transcripts that were estimated to represent 20 and
5 % of the whole metatranscriptome at 5 and 159 m below the seafloor, respec-
tively. Fungi in deep sediments appeared to be involved in carbohydrate, amino
acid, and lipid metabolism, indicating a potentially important role in organic carbon
turnover in sub-seafloor sediments. Eventually, the analysis of fungal transcripts
from various geographical areas will provide a more accurate view of the
involvement of fungal communities in the active part of the deep biosphere.
However, it should be noted that none of the existing molecular tools are free from
limitations such as PCR- and cloning biases, sequencing errors, low phylogenetic
resolution of marker genes, lack of taxonomic annotation, and errors in taxonomic
assignments of databases. The current era of metagenomics and metatranscrip-
tomics coupled with high-throughput culture-based methods, as outstanding tools,
will allow integrated analyses to obtain a more precise picture of marine fungal life.
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4.3.2 Habitat Specific Community Structure
or Over-Dispersion?

The picture of marine fungal diversity remains largely pixelated even when in the
last decades ecological studies shed new light on this group of organisms. This new
data allows us to catch a glimpse of distribution patterns. Answering the question
whether marine fungi are overdispersed or endemic would help to better understand
the broad-scale habitat and geographic differences among marine fungal
communities.

The first exhaustive analysis of marine fungal distribution patterns was based on
temperature-determined biogeographical zones: temperate, subtropical, tropical,
arctic, and antarctic (Hughes 1974). Different fungal species were only retrieved in
a specific zone, e.g., Spathulospora antarcticum was only retrieved from the red
algae Ballia callitricha in Antarctic seawater. Some other species were retrieved in
different zones as Corollospora maritima, Halosphaeria appendiculata, or
Lignicola laevis each occurring in both temperate and tropical waters (Jones 2000).
These examples strongly support the idea that marine fungal communities can be
divided into habitat/substrate-specific species and overdispersed species. Panzer
et al. (2015) generated an 18S rRNA gene sequence reference dataset using all
publicly available marine fungal 18S rRNA gene sequences. Fungal taxonomic
composition of different marine habitats varied considerably suggesting the exis-
tence of habitat-specific biomes for marine fungal communities, with some specific
habitats differing more than others, e.g., hydrothermal vents, sediment, and sea-
water. Phylogenetic differences between habitats indicate that the type of habitat
strongly affects fungal community structure and thus that environmental factors are
the main drivers, rather than competition between species. In order to better
understand marine fungal distribution patterns at habitat-scale, the following sec-
tions focus on three distinct marine habitats, namely plant-based habitats, algae, and
the deep-sea.

Plant-based habitats. Saprophytic fungi occurring on plant substrates are the
most well-studied group of marine fungi. Since the monumental study of
wood-inhabiting fungi by Barghoorn and Linder (1944), many new species of marine
fungi have been described from wood from diverse habitats, including wood buried
in sandy beaches, decaying wood in mangroves, and drift or trapped wood on rocky
shores. Wood-inhabiting marine fungi form fruiting bodies on wood and cause
soft-rot decay mainly by producing cellulases and laccases (Bucher et al. 2004).
Marine Dothideomycetes and Sordariomycetes belonging to the Ascomycota are
dominant with few Basidiomycota. These observations were based on the identifi-
cation of fruiting bodies and also on culture-independent techniques using
tag-encoded 454 pyrosequencing of the ribosomal ITS and of the 18S rRNA gene
(Arfi et al. 2012; Jones et al. 2015). Marine lignicolous basidiomycetes are mainly
intertidal species and belong to the Agaricomycetes with reduced and enclosed
fruiting bodies, loss of ballistospory, and evolution of spore appendages (Hibbett and
Binder 2001). Marine lignicolous ascomycetes are phylogenetically diverse, but
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mainly belonging to the Pleosporales in the Dothideomycetes and Microascales
(Halosphaeriaceae) in the Sordariomycetes class, forming exposed or immersed
perithecia (Jones et al. 2015). As revealed by Rämä et al. (2014), Hypocreales and
Helotiales also represent important taxonomic groups in which fungal communities
from Arctic intertidal and seafloor logs were obtained using culture techniques.
Apothecium-type of ascomata is uncommon with only 10 described species (Baral
and Rämä 2015), possibly due to the inability to withstand wave action (Suetrong and
Jones 2006). These ascomycetes have also evolved diverse morphologies to adapt to
a marine lifestyle, i.e., deliquescing asci and ascospore appendages of different
morphology and ontogeny (Fig. 4.1a–c) (Pang 2002). Two of the largest lineages of
marine lignicolous ascomycetes, the Halosphaeriaceae and the Lulworthiales, were
inferred to have derived from terrestrial ancestors (Spatafora et al. 1998). Recent
phylogenetic studies of the ribosomal RNA genes revealed further independent
lineages into the marine environment in the Ascomycota: Dyfrolomycetales (Hyde
et al. 2013), Tirisporellales, Torpedosporales (Jones et al. 2015), Savoryellales
(Boonyuen et al. 2011), confirming their high diversity on wood substrates.

Marine fungi also grow on the decaying intertidal part of saltmarsh plants, such
as Spartina spp., Juncus roemerianus and Phragmites australis, and the palm Nypa
fruticans; many species being host-/substrate-specific (Calado and Barata 2012;
Pilantanapak et al. 2005). In particular, fungi associated with Spartina spp. have
been well studied in US and Portuguese salt marshes, where they are involved in
nutrient cycling (Newell and Wasowski 1995). Diverse laccase genes were detected
from the fungal community associated with Spartina alterniflora, which may
suggest their involvement in lignin mineralization (Lyons et al. 2003). A total of
132 species of marine fungi are documented living saprophytically on Spartina
spp.; the dominant groups belonging to the Dothideomycetes and Sordariomycetes
(Calado and Barata 2012). Phaeosphaeria halima, Phaeosphaeria spartinicola,
Mycosphaerella sp., Byssothecium obiones, and Buergenerula spartinae are com-
mon taxa living on Spartina spp. in US saltmarshes (Buchan et al. 2002; Newell
et al. 1996; Walker and Campbell 2010). Many of these species have fully func-
tional asci for forcible expulsion of spores (Newell 2001). These species are also
common in Portuguese saltmarshes along with Natantispora retorquens (Fig. 4.1e)

Fig. 4.1 Plant-inhabiting marine fungi from diverse habitats. a Ascospore of Ebullia octonae with
a sheath. b Ascospore of H. appendiculata with polar and equatorial spoon-shaped appendages.
c Ascospore of Halosphaeriopsis mediosetigera. d Clavate-shaped ascospore of Buergenerula
spartinae. e Ascospore of Natantispora retorquens with bipolar unfurling appendages.
f Ascospore of Lignincola laevis (Scale bar 10 lm)
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(Barata 2002; Calado et al. 2015). Based on an automated ribosomal intergenic
spacer analysis (ARISA), the fungal community composition of J. roemerianus
appears to be different from the one of Spartina alternifora in the US saltmarsh.
This suggests a host/substrate specificity of these plants (Torzilli et al. 2006).
A total of 136 taxa have been recorded on J. roemerianus (Calado and Barata
2012); many of them are not marine but grow on the terrestrial, exposed parts of the
plant. Common taxa on J. roemerianus include Loratospora aestuarii, Papulosa
amerospora, Aropsiclus junci, Anthostomella poecila, Physalospora citogerminans,
Scirrhia annulata, Massarina ricifera, and Tremateia halophile (Newell and Porter
2000). Intertidal P. australis support 109 species of marine fungi, although over
300 fungal species have been documented on this plant (Calado and Barata 2012).
Common fungi are Cladosporium spp., Collectotrichum sp., Didymella glacialis,
Halosarpheia phragmiticola, L. laevis (Fig. 4.1f), Phaeosphaeria sp., Phoma sp.,
Phomatospora berkeleyi, Phomopsis sp., Septoriella spp., and Trichoderma
sp. (Luo and Pang 2014), most of which are asexual fungi.

N. fruticans is a palm tree that can be found at low salinity areas of estuaries.
Hyde (1992) discovered 43 species on such substrates in Brunei, while a recent
figure report 135 species with 90 Ascomycota, 3 Basidiomycota, and 42 asexual
fungi (Loilong et al. 2012). A higher fungal diversity occurred on leaf base com-
pared to the other tissues of this intertidal plant, including inflorescence, leaf, leaf
midrib, rachis, and aerial parts (Hyde and Alias 2000). Host specificity is pro-
nounced with an estimated 40 endemic species (Hyde and Alias 2000). For
example, Aniptodera intermedia and Linocarpon appendiculatum was found only
on N. fruticans although this palm grows alongside other mangrove tree species
(Besitulo et al. 2010; Loilong et al. 2012).

Sea grasses have also been examined for endophytic fungi albeit colonization
frequency and diversity were relatively low compared to terrestrial plants (Alva
et al. 2002; Devarajan et al. 2002). This can be attributed to the unfavorable
physical (low oxygen) or chemical (high salinity) conditions of seagrass beds
curbing fungal infection, or interference competition with other marine microor-
ganisms such as diatoms and bacteria (Venkatachalam et al. 2015). Ascomycetes
mostly belonging to the Eurotiales, Hypocreales, and Capnodiales appear dominant
on seagrasses, (Sakayaroj et al. 2012; Venkatachalam et al. 2015). Frequent genera
are Aspergillus, Cladosporium, Paecilomyces, and Penicillium, which are common
asexual fungi of seawater and sediment (Sakayaroj et al. 2012; Venkatachalam et al.
2015). The few basidiomycetes found on Enhalus acoroides may represent myc-
orrhizal relationships (Sakayaroj et al. 2010), suggesting that fungal communities
occurring on plant-based habitats are diverse and play different ecological roles.

Algae. Marine macroalgae form a diverse and ubiquitous group of photosyn-
thetic organisms that contribute importantly to global primary production. They
have essential functions in nutrient cycling and represent a specific habitat strongly
impacting marine life from the ocean surface to the seafloor (Dayton 1985). Indeed,
as other eukaryotic organisms, macroalgae harbor associated microorganisms and
evidence is accumulating that macroalgae interact with microbial communities for
their growth, defense, development, and nutrient supply (Dittami et al. 2014).
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Based on these findings emerged the concept of holobionte, defined as a “super-
organism,” which includes the entity of the macroalga and its associated microbial
communities (Egan et al. 2013). While the vast majority of studies related to the
microbiome of macroalgae are focusing on bacteria, other host-associated microbes
have also been described, including fungi. Indeed, after sponges algae represent the
second most important source of fungi that are responsible for the production of a
huge diversity of natural products (Bugni and Ireland 2004; Schulz et al. 2008).

The biotic interactions between fungi and their algae host are highly diverse,
ranging from parasitism to symbiosis (Jones and Pang 2012; Potin et al. 2002). Up
to now, pathogenic and saprophytic fungi associated with seaweed have been
described (Kohlmeyer and Demoulin 1981; Kohlmeyer and Volkmann-Kohlmeyer
2003b) and many diseases and infections in the marine environment have been
assigned to fungi (Zuccaro and Mitchell 2005). Thus, the well-known fungal
pathogens Lindra thalassiae induce the softening and collapsing of the air vesicles
in brown algae Sargassum sp. (Kohlmeyer 1971) while Guignardia gliopeltidis is
responsible for the well-known black dot disease (Andrews 1976). The fungus
Haloguignardia irritans associated with the inner tissue of the Cystoseira sp. and
Halidrys sp. brown algae induce galls formation in its hosts (Harvey and Goff
2010), whereas Phycomelaina laminariae cause the stipe blotch in kelps (Schatz
1983). Finally, marine protists belonging to the Labyrinthulomycetes class are
among the most described fungal-like pathogens of algae, infecting the green algae
Cladophora sp. and Rhizoclonium sp. (Raghukumar 1986).

Fungi also maintain symbiotic relationships with algae as in the mycophyco-
biosis of Stigmidium ascophylli (formerly Mycophycias ascophylli, Aproot 2006)
and the brown algae Pelvetia caniculata and Ascophyllum nodosum (Fig. 4.2)
(Jones and Pang 2012). In such interactions, host and fungus appear to depend on
each other for their survival, as they never occur separately in nature (Kingham and
Evans 1986). It is hypothesized that the fungus protects the algae host from des-
iccation (Garbary and MacDonald 1995). In the same vein, the ascomycete
Turgidosculum ulvae was specifically found associated with the inner algal tissue of
the green alga Blidingia minima, causing black discolorations, which are never
eaten by grazers (Kohlmeyer and Volkmann-Kohlmeyer 2003c). Historically, the
asymptomatic fungi associated with algae were mainly described through micro-
scopy study and in situ observations (Kohlmeyer and Demoulin 1981). The

Fig. 4.2 Isolation of a marine fungus from Ascophyllum nodosum. a A. nodosum. b Receptacle of
A. nodosum. c Marine fungus growing on the A. nodosum receptacle. d Culture of a marine fungal
isolate. Scale bars a 10 cm, b, c 1 cm, d 1.5 cm
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development of molecular identification has become a powerful tool for the iden-
tification of fungi. This has led to the identification of the Ascomycetes and
anamorphic fungi as the dominant fungal endophytes of seaweeds. However,
description of the biodiversity of asymptomatic marine fungi associated to algae
remains an underexplored topic (Flewelling et al. 2013; Fries 1979; Harvey and
Goff 2010; Loque et al. 2010; Zuccaro et al. 2003, 2008) and still relies mainly on
culture-based approaches. Molecular analyses based on the large subunit rRNA
PCR-DGGE of healthy and the decaying Fucus serratus allowed the identification
of representatives of the Halosphaeriales, Lulworthiales, Hypocreales, and
Pleosporales (Zuccaro et al. 2003, 2008) and this started a new era in the study of
the fungal community associated to algae. Thus, our current understanding of
algal-fungus relationships is still limited and the ecological role of fungi associated
to algae in their health and function is speculative and is largely unknown. This lack
of knowledge opens attractive new perspectives for deciphering the chemical
ecology of fungi associated with algae using multidisciplinary approaches.

Deep-sea. Deep-sea environments harbor a large diversity of fungal species,
some endemic such as the recently described C. oceani (Burgaud et al. 2011) or R.
pacifica (Nagahama et al. 2006) isolated from deep-sea hydrothermal vents or the
deep sunken wood-associated Alisea longicolla (Fig. 4.3a, b) and Oceanitis scuti-
cella (Fig. 4.3c, d) (Dupont et al. 2009), but a large fraction of the fungal species or
sequences are ubiquitous organisms. DNA signatures of the genus Malassezia have
been predominantly retrieved from deep-sea samples (Bass et al. 2007; Jebaraj et al.
2010; Lai et al. 2007; Le Calvez et al. 2009; Lopez-Garcia et al. 2007; Nagahama
et al. 2011; Singh et al. 2011; Sohlberg et al. 2015; Stock et al. 2012; Xu et al. 2014).
Ribosomal RNA-based approaches also revealed metabolic activities of the genus
Malassezia in deep-sea sediments (Edgcomb et al. 2011; Rédou et al. 2014).
Phylogenetic analysis has demonstrated the occurrence and diversity ofMalassezia-
like sequences from marine environments (Richards et al. 2012). However, to date
no isolates of Malassezia have been cultured using marine environment samples.
Malassezia is a well-known genus from terrestrial environments and known as
causative agent of skin diseases (Amend 2014). An emerging hypothesis is that

Fig. 4.3 Deep-sea marine fungi on sunken wood. a Superficial ascomata of the deep-sea fungus
Alisea longicolla. b Cylindrical ascospore of A. longicolla. c A parafilm section showing
thick-walled ascoma of the deep-sea fungus Oceanitis scuticella. d Cylindrical ascospore of O.
scuticella with a unipolar unfurling appendage. Scale bars a 500 lm, b–d 10 lm
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deep-sea Malassezia species may be opportunistic pathogens of deep-sea marine
invertebrates. Indeed, Gao et al. (2008) revealed a high diversity of Malassezia
lineages associated with marine sponges. Future studies are required to reveal
knowledge about the ecological role ofMalassezia in the marine environment. Other
examples of ubiquitous fungi in deep-sea habitats include species belonging to the
well-known Cryptococcus and Rhodotorula genera. Cryptococcus has been reported
from deep-sea environments including polar regions (Connell et al. 2008; Turchetti
et al. 2008), cold seeps (Takishita et al. 2006, 2007), hydrothermal vents (Burgaud
et al. 2010; Le Calvez et al. 2009), sediments (Burgaud et al. 2013; Edgcomb et al.
2011), or the deep biosphere (Orsi et al. 2013a; Rédou et al. 2014). Almost half of
the sequences recovered from RNA-based libraries from deep-sea sediment cores
were closely related to Cryptococcus and that suggests that this phylotype is highly
abundant but also metabolically active in these sedimentary ecosystems (Edgcomb
et al. 2011). This is consistent with another molecular analysis of microeukaryotic
diversity in deep-sea methane-rich sediments that showed that the yeast
Cryptococcus curvatus with a closely related genotype to those recovered from deep
sediments (Edgcomb et al. 2011) can dominate deep-sea microbial eukaryotic
communities (Takishita et al. 2006). Positive correlation of representative sequences
of the Cryptococcus genus with methane/ethane has been found in the deep bio-
sphere. This supports the idea that such basidiomycetes might be indirectly involved
in the deep subseafloor methane cycle (Rédou et al. 2014) and interact with deep-sea
methanogenic/ethanogenic archaea/bacteria (Hinrichs et al. 2006). Rhodotorula
mucilaginosa appears widely distributed and common in deep-sea environments
(Bass et al. 2007; Burgaud et al. 2010; Gadanho and Sampaio 2005; Nagahama et al.
2001; Singh et al. 2011). This (red) yeast, known as halotolerant (Lahay et al. 2002),
was the most abundant one in this environment (Rédou et al. 2015). Cultivation of
Rhodotorula rubra under simulated deep-sea conditions has shown growth at
40 MPa, corresponding to the pressure present at depths of 4000 m (Lorenz and
Molitoris 1997). Although representative yeasts belonging to Rhodotorula are
ubiquitous, they are able to withstand high hydrostatic pressures and thus seem to be
adapted to deep-sea conditions (Burgaud et al. 2015).

4.4 Adaptation of Marine Fungi

Fungi have been found in different marine habitats, from coastal waters to the deep
subseafloor. The detection of numerous fungi related to known terrestrial groups is
striking and suggests effective adaptive capabilities to many biotic and abiotic
stresses. Adaptation is here defined as any adjustment of an organism that makes it
better suited to live in the environment to which it adapted. As the deep-sea is
characterized by many environmental constraints, we summarize the adaptation
strategies of fungi that allow them to cope with deep-sea environmental conditions
and thrive in this model habitat.
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Deep-sea habitats are extreme environments where harsh in situ conditions may
be summarized by (i) high hydrostatic pressure, (ii) extreme temperature gradient,
and (iii) variable sea salt concentrations (from 3 % to close to saturation).

(i) Many factors influence the biodiversity in the marine environment, but
hydrostatic pressure appears as a key physical parameter in deep-sea ecosystems
(deep ocean, cold seeps, hydrothermal vents, and deep sediments). Pressure
increases gradually with 10 MPa for every kilometer of depth and affects all bio-
logical reactions that involve volume modifications. Although piezophilic fungi
have not yet been isolated from deep-sea environments, some deep-sea fungal
isolates need enrichment at elevated hydrostatic pressure in order to initiate growth
(Rédou et al. 2015). Few studies have examined spore germination and mycelial
growth of ubiquitous filamentous fungi and yeasts under elevated hydrostatic
pressures (Damare and Raghukumar 2008; Damare et al. 2006; Lorenz and
Molitoris 1997; Raghukumar and Raghukumar 1998; Singh et al. 2011).
High-pressure effects on biological processes are diverse such as for instance
pressure-sensitive lipids that modify fluidity, and permeability and cell membrane
functions. Some fungi adapt to elevated hydrostatic pressure by actively setting up
defense mechanisms that counteract the pressure effects. Membrane composition
modifications have been observed in Saccharomyces cerevisiae, a model yeast that
increased the proportion of unsaturated fatty acids and ergosterol (Simonato et al.
2006). After 30 min of high (200 MPa) hydrostatic pressure, S. cerevisiae upreg-
ulated ole1 and erg25 gene expression in order to increase the proportion of
unsaturated fatty acids and ergosterol biosynthesis, respectively (Fernandes et al.
2004). This strategy aims to increase membrane fluidity and to maintain the
functionality of cell membranes, suggesting that unsaturated fatty acids and
ergosterol could be important for this process.

(ii) In the ocean, temperature decreases with depth until 2–4 °C, whereas in the
subseafloor sediments the average thermal gradient is 25–30 °C/km (Oger and
Jebbar 2010). Most fungi are mesophilic (growing at moderate temperatures).
However, few fungal species can grow at low or high temperature (Deacon 2005).
Many fungi are able to adapt to cold environments such as polar regions (Robinson
2001) or the ocean (Kohlmeyer and Kohlmeyer 1979) with a stable temperature of a
few degrees Celsius. High concentrations of low-molecular solutes such as tre-
halose often accumulate in psychrophilic or psychrotrophic fungi in response to low
temperatures. Trehalose is thought to act as a general stress protectant in the cytosol
and is known to stabilize membranes during dehydration. Cryoprotectants, polyols
such as glycerol and mannitol also tend to accumulate in response to stress con-
ditions (Robinson 2001). Thermal stress also involves modifications in the fatty
acid composition of the membrane lipids to ensure optimal membrane fluidity for
the functional integrity of membrane transporters and enzymes. In response to high
temperatures, heat-shock proteins can be synthesized in high concentrations. These
proteins act as chaperones ensuring that the cell proteins are correctly folded to
prevent from protein damages (Deacon 2005).

(iii) Some of the most extreme marine ecosystems known are the Deep
Hypersaline Anoxic Basins (DHABs) (Stoeck et al. 2014). Indeed, the combination
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of extreme physicochemical parameters, including high-hydrostatic pressure,
anoxia, high-sulfide concentration, and nearly saturated salt concentration that
results in low water activity, were thought to be hostile for life. However, over the
last decade, these DHABs have been shown to harbor communities of bacteria and
archaea (See Daffonchio et al. 2006; La Cono et al. 2011; van der Wielen et al.
2005; Yakimov et al. 2007a, b) and microbial eukarya (Edgcomb and Orsi 2013).
Small subunit rRNA sequence analyses based on amplification of environmental
cDNA identified fungi as the most abundant and diverse taxonomic group of
Eukarya in the lower haloclines of DHAB water columns (Pachiadaki et al. 2014;
Stock et al. 2012). Such studies revealed only sequences belonging to Ascomycota
and Basidiomycota phyla with basidiomycetes as the dominant group. To date, no
fungal cultures have been isolated from DHABs. However, many species such as
Debaryomyces hansenii, Hortaea werneckii, andWallemia ichthyophaga have been
isolated from natural hypersaline environments (Gunde-Cimerman et al. 2009),
suggesting that it may be possible to isolate halophilic/halotolerant fungal strains
from DHABs. Such species have developed different strategies to cope with ion
concentration toxicity and low water availability. Ecophysiological and molecular
methods allowed the identification of specific adaptations. Indeed, isolated fungi
were able to synthesize and accumulate glycerol or different polyols as compatible
solutes for maintaining their intracellular concentrations of Na+ below the toxic
levels for the cells (Hohmann 2002). Changes in the membrane composition and
properties also have important functions in the adaptation to osmotic stress. Indeed,
an increase in sterol-to-phospholipid ratio and fatty acid unsaturation increases the
membrane fluidity (Turk et al. 2004, 2007).

Fungi are highly adaptive microorganisms able to withstand many physico-
chemical stressors that shape various marine habitats. The many ways of coping
with pressure, temperature, and salinity seem to explain why so many ubiquitous
fungal species have been retrieved from numerous marine habitats, including the
deep-sea. Such adaptations and the fact that marine habitats are governed by
complex biotic interactions that can be allegorized as a chemical war with a huge
diversity of bioactive compounds, clearly position marine fungi as an interesting
untapped resource of biodiversity and biotechnological potential of secondary
metabolites.

4.5 Inferring Ecological Roles and Dynamics of Marine
Fungal Communities Using Omics

4.5.1 Secondary Metabolites, a Definition

Living organisms produce small molecules called natural products that are gener-
ally biosynthesized by enzymes from simple building blocks available in the cell.
Such natural products can be classified into primary and secondary metabolites
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(SMs). Primary metabolites are essential to drive the activities of the cells and
involve metabolic pathways more or less common to all living organisms.
Secondary metabolites fulfill other functions and are thought to be beneficial to the
producing organism and exhibit an astonishing chemical diversity. These com-
pounds have a much more limited distribution in nature compared to primary
metabolites and are only found in specific organisms or taxonomic groups.
Although the function of most of these secondary metabolites is unknown, it is
commonly accepted that some of them play a vital role in the well being of the
producing organism.

Specific enzymes encoded by biosynthetic gene clusters (BGCs) produce in most
cases fungal secondary metabolites. These enzymes assemble simple building
blocks derived from the primary metabolism to complex and reactive chemical
compounds. Fungi derived from marine sources are considered to represent a huge
reservoir of biologically active secondary metabolites and are often produced by
multifunctional enzyme complexes such as PolyKetide Synthases (PKSs) and
Non-Ribosomal Peptide Synthetases (NRPSs). Rapid progress in metabolomics and
genome mining stimulates the full characterization of BGCs and rationalizes the
search for effective producers of secondary metabolites. Indeed, the advent of
metabolomics and genomics dedicated to marine fungi has already demonstrated
that their genome encode for the biosynthesis of many unknown metabolites and
thus represent an untapped resource of new natural compounds.

4.5.2 New Methods to Access the Marine Fungal
Metabolome

It is generally admitted that a small part of the marine fungal metabolic potential is
observed with classical experiments consisting of cultivating a fungus as axenic
culture in a common medium over a certain period of time. Under laboratory
conditions, only subsets of fungal biosynthetic pathways encoding for secondary
metabolite production are ever expressed. This is greatly limiting the potential of
drug discovery from fungi (Brakhage 2013). Since marine fungal DNA features
many secondary metabolites clusters coding for the biosynthesis of yet unidentified
products, antisilencing approaches could be essential to trigger their production by
fungi in the laboratory and thus help to identify their nature and biological effects.

Many research teams have investigated ways to unravel cryptic biosynthetic
pathways in order to access a wider chemodiversity (Gram 2015; Pettit 2011; Reen
et al. 2015). Different methods, either directly or indirectly targeting transcription
and translation processes in the cells, have been applied with interesting results as
reported below (and summarized in Fig. 4.4). Such approaches may generate large
amounts of data, which need considerable computer power to analyze the meta-
bolome. This corresponds to the advent of the “metabolomics” and “genomics”
studies for which bioinformatics is essential for data mining.
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4.5.2.1 Methods, not Based on Culture, to Access the Marine Fungal
Metabolome

Recent advances in DNA sequencing technologies have enabled multiple genomes
to be sequenced rapidly and inexpensively. First focusing on Bacteria and Archaea,
these technologies now have been extended to microbial Eukarya such as fungi
including those of well-known producers of secondary metabolites, such as
Aspergillus oryzae and Penicillium chrysogenum (Ma and Fedorova 2010). This
has shined new light on the synthetic capabilities of these organisms, revealing
metabolic pathways that are silent under standard culture conditions. Discovering
this hidden metabolism is one of the major goals to reach an exhaustive description
of the marine fungal chemodiversity and the non-culture-based approaches to
achieve this are promising (Brakhage and Schroeckh 2011; Brakhage et al. 2008).

– Genome mining: silent biosynthetic gene clusters screening

Between 2006 and 2014, hundreds of new chemical structures have been
described from marine fungi (Ebada and Proksch 2015; Rateb and Ebel 2011).
While the major compounds in fungi were polyketides, peptides, and terpenoids,
now novel alkaloids, lipids, and shikimates were newly discovered. The pathways
responsible for the biosynthesis of these major metabolites have been identified and
characterized, and key biosynthetic genes encoding enzymes such as PKSs, NRPSs,
or TerPene Synthases (TPSs) (Medema et al. 2011; Yamada et al. 2012; Ziemert
and Jensen 2012) are now well described.

BGCs can be screened using PCR-based approaches. Different primers have
been designed to target specific genes involved in the synthesis of secondary
metabolites such as type I PKS (Amnuaykanjanasin et al. 2005; Bingle et al. 1999;
Proctor et al. 1999), TPS (Kawaide et al. 1997), NRPS (Amnuaykanjanasin et al.

Fig. 4.4 Example of the recent strategies used to discover novel fungal secondary metabolites by
the activation of cryptic gene clusters. P promoter; TF transcriptional factor. All the molecules
presented here correspond to molecules previously cited in the text
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2009; Slightom et al. 2009), and hybrids PKS/NRPS (Nicholson et al. 2001) as
described in Table 4.1. A screening for the presence/absence of such genes in a
sample/microbial community/strain allows estimating its putative biotechnological
potential, i.e., the synthesis potential of putatively interesting secondary metabolites
(Rédou et al. 2015). As a complementary approach, amplification and sequencing
of such genes coupled with a phylogenetic analysis allow determining the functions
and/or novelty of BGCs (Bushley and Turgeon 2010; Cacho et al. 2014). However,
because the presence of genes does not give evidence of their expression, this
approach needs to be complemented by semiquantitative RT-PCR or transcriptomic
analyses in order to ensure the expression of the targeted genes under one or several
specific culture conditions (Fisch et al. 2009; Umemura et al. 2013). Another
approach called “The Natural Product Proteomining” has been proposed (Gubbens
et al. 2014) with the aim to combine metabolomics and quantitative proteomics in
order to identify relevant BGCs and to better associate gene clusters with natural
products.

– Genetic engineering

Following genome mining resulting in the identification and location of a silent
biosynthetic gene cluster, the key issue for the success of such approaches is to find
ways to induce or enhance their expression. Different methods have been reported
for microorganisms and will be discussed here, with regard to their potential
application to fungi.

Table 4.1 Primers used to amplify targeted genes

Primers Targeted
gene

Sequence (5′–3′) References

KAF1 PKS I GAR KSI CAY GGI ACI GGI AC Amnuaykanjanasin
et al. (2005)KAR1 CCA YTG IGC ICC RTG ICC IGA RAA

XKS1 PKS/NRPS TTY GAY GCI BCI TTY TTY RA Nicholson et al.
(2001)XKS2 CRT TIG YIC CIC YDA AIC CAA A

CHS1 PKS III GAY-TGG-GCI-VTN-CAY-CCB-GGI-GGD Rédou et al. (2015)

CHS2 YTC-NAY-NKT-RAK-VCC-IGG-VCC-RAA

AUG003 NRPS CCGGCACCACCggnaarcchaa Slightom et al.
(2009)AUG007 GCTGCATGGCGGTGATGswrtsnccbcc

TPS1 TPS GCI TAY GAY ACI GCI TGG GT Kawaide et al.
(1997)TPS2 RAA IGC ATI GCI GTR TCR TC

LC1 PKS I GAY CCI MGI TTY TTY AAY ATG Bingle et al. (1999)

LC2c GT ICC IGT ICC GTG CAT TTC

Degenerated bases and inosine are described: R = A/G, Y = C/T, B = no A (C/G/T), K = G/T,
N = A/T/G/C, W = A/T, S = C/G, I = Inosine, M = A/C, H = no G (A/T/C), V = no T (A/C/G),
D = no C (G/T/A)
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Heterologous expression

One method that has been successfully applied to bacteria and yeast is
heterologous expression of the targeted gene clusters in organisms such as
Escherichia coli or S. cerevisiae. A 67-kb NRPS biosynthetic gene cluster from the
marine actinomycete Saccharomonospora sp. CNQ-490 was expressed in this way
and allowed the discovery of the lipopeptide antibiotic taromycin A (Yamanaka
et al. 2014). Another study focused on silent biosynthetic polyketide gene clusters
in fungi belonging to Trichophyton and Arthroderma genera and led to the isolation
of neosartoricin B after heterologous expression in Aspergillus nidulans (Yin et al.
2013). However, the application of this strategy shows some limitations such as
difficulties in handling large gene clusters or finding appropriate expression hosts.
Especially in fungi, the heterologous production of biosynthetic enzymes can be
cumbersome, emphasizing the need to find alternative or complementary techniques
(Schümann and Hertweck 2006). Although, it may take a while until fungal BGCs
heterologous expression techniques expand as much as those for bacterial, it is an
emerging field which promises to be highly rewarding.

Homologous expression

Silent gene clusters can be awaken in a given organism by activating gene
transcription using inducible promoters or promoter exchange in homologous
recombination experiments, as performed by Chiang et al. (2009) leading to the
novel polyketide asperfuranone in A. nidulans. Bypassing the limitations of
homologous recombination, overexpression of a transcription regulator by ectopic
integration is also an interesting way to express silent gene clusters as successfully
applied by Bergmann et al. (2007). The latter approach allowed the identification of
novel PKS-NRPS metabolites, Aspyridone A and B, from A. nidulans.

Gene knockout and epigenetics

The manipulation of global regulators, including enzymes involved in
post-translational modifications, can also be used to unravel the secondary meta-
bolome. Deletion of N-acetyltransferase gene in A. nidulans led to the formation of
novel pheofungins (Scherlach et al. 2011). Another prominent example of manip-
ulation of a global regulator is the overexpression of laeA, which led to increased
production of various secondary metabolites in several fungi, such as penicillin in
A. nidulans and P. chrysogenum (Bok and Keller 2004; Kosalková et al. 2009),
aflatoxin in A. flavus (Kale et al. 2008), and T-toxin in Cochliobolus heterostrophus
(Wu et al. 2012). So far, most of these concepts and molecular biology approaches
have been applied and proved successful on model organisms such as A. nidulans.
They may apply in the future to many other fungi including marine fungi. However,
the requirements for complex gene manipulations in those approaches have
restricted their applications in general microbial product research.
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– Mutagenesis/Ribosome engineering

The concept of bacterial ribosome engineering was introduced by Ochi (2007)
and arose from observations of bacteria in stress conditions. The experiments
suggested that bacterial gene expression can be altered by modulating ribosomal
proteins or rRNA, which can lead to the activation of dormant genes. One way to
modulate the ribosome is the use of drug-resistance mutation techniques, such as
the streptomycin resistance conferred by an altered ribosomal S12 protein. This has
been well studied in bacteria and has led to the discovery of different new com-
pounds such as piperidamycins (Hosaka et al. 2009; Ochi and Hosaka 2012). This
strategy has been applied to fungi and more specifically also to marine fungi.
Introduction of gentamicin resistance in Penicillium purpurogenum G59 altered its
secondary metabolome leading to compounds that had never been reported from
this organism before (Chai et al. 2012). The deep-sea A. versicolor ZBY-3 with
acquired resistance to neomycin was also reported to produce new metabolites
including the new phenethyl 5-oxo-L-prolinate (Dong et al. 2014). Finally, diethyl
sulfate mutagenesis of the marine fungal strain Penicillium purpurogenum G59 led
to three new chromone derivatives, epiremisporine B, epiremisporine B1, and
isoconiochaetone C (Xia et al. 2015). With less technical constraints, this modu-
lation of ribosomal function by mutagenesis may be applicable to a variety of other
fungi and elicit their potential secondary metabolism.

4.5.2.2 Culture-Based Methods to Access the Marine Fungal
Metabolome

– Epigenetic modifiers

Modulation of the structure of the chromatin organization is critical for the
regulation of gene expression, since it determines the accessibility and the
sequential recruitment of regulatory factors to the underlying DNA. The less
compacted euchromatin regions are thus most accessible for transcription, whereas
highly compacted heterochromatin regions are refractory to transcription.
Accordingly, the same gene sequence can be either well expressed or transcrip-
tionally silent depending on whether it lies in euchromatin or heterochromatin.

Depending on the transcriptional states, the structure of the chromatin may be
altered, among others, by covalent modifications of its constituents such as DNA
methylation at cytosine residues, and post-translational modifications of histone
tails. These stable alterations are named “epigenetic” because they are heritable in
the short term but do not involve mutations of the DNA itself.

Fungi are biosynthetically talented organisms capable of producing a wide range
of chemically diverse and biologically intriguing small molecules. In addition,
recent genome sequencing of fungi showed that many putative natural product
BGCs exist in a heterochromatin state whose constitutive genes are often tran-
scriptionally controlled by administering small-molecule epigenetic modifiers
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(Williams et al. 2008). Accordingly, the uses of compounds able to inhibit DNA
and histone, post-translational modifying proteins have thus emerged as a seductive
approach to manipulate the fungal metabolome. Indeed, many small molecules
acting as epigenetic modifiers have been reported and their addition to growth
media leads to the production of new natural products and/or to enhanced level
expression of secondary metabolites from fungi (Cichewicz 2010).

The field of marine fungal metabolomics has not escaped such approach even
though few examples have been reported. For instance, addition of 5-azacytidine (a
DNA methyltransferase inhibitor) to the culture medium to grow an
Atlantic-Forest-Soil-Derived Penicillium citreonigrum fungus, resulted in a broth
that was highly enriched in meroterpenoids and azaphilones compounds (Wang
et al. 2010). In another case, the addition of the histone deacetylase inhibitors
suberoylanilide hydroxamic acid (SAHA) turned on the biosynthesis of EGM-556,
a new cyclodepsipeptide of hybrid biosynthetic origin produced by fungus
Microascus sp., isolated from marine sediment from Florida (Vervoort et al. 2011).
Finally, sodium butyrate (another histone deacetylase inhibitor) has also been
successfully used as an epigenetic modifying agent for the modulation of the
metabolome of marine fungi (Beau et al. 2012).

The addition of different types of elicitors or chemical agents in culture media,
for which the mechanism of action is not well described, could fall into this cat-
egory of epigenetic modifiers as they may also interfere with this type of regulation.
However, classification of these agents is not straightforward as they could also,
depending on their concentration, just impose stress on the organisms. When added
in huge amounts they lead to dramatic changes in the growth medium composition
and act in the same way as nutrients changes, which can be used in the OSMAC
(One Strain MAny Compounds) approach (described below). Nevertheless, the use
of elicitors or chemical agent addition in culture media is also an interesting field to
investigate to access cryptic gene clusters of fungal secondary metabolites
(Pimentel-Elardo et al. 2015).

– OSMAC approach

The regulation of expression of fungal biosynthetic enzymes by nutrients is a
well-known phenomenon. It has been shown that ammonium ions greatly affect the
production of b-lactam antibiotics, whereas L-asparagine and L-arginine enhance
their yields (Shen et al. 1984). A number of polyketide biosyntheses is repressed by
high contents of nitrogenous compounds in the culture medium (Rollins and
Gaucher 1994). On the contrary, manganese ions are mandatory for the expression
of the isoepoxydon dehydrogenase gene implicated in the synthesis of patuline
intermediates (Puel et al. 2010; Scott et al. 1986).

Manipulating the growth conditions of marine fungi in order to stimulate the
production of secondary metabolites encoded by silent BGCs and/or to enhance the
production of constitutively produced secondary metabolites has been the initial
postulate of the group of Axel Zeeck (University of Oldenburg, Germany). His
group developed the concept of what is now a paradigm in fungal natural products
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research: the One Strain MAny Compounds (OSMAC) approach (Bode et al.
2002). This methodology resulted from the observation that even small changes in
the cultivation conditions may completely shift the metabolic profile of microor-
ganisms. This general statement depends on the species of microorganism but is
particularly relevant for actinomycetes and fungi. In a screening program, the
systematic alteration of culture parameters is now routinely used as an effective way
to expand the structural diversity of metabolites in a single fungal strain. These
culture parameters may include a change from static to agitated fermentation, the
use of liquid or solid media, variations of pH, temperature, light quality (UV) and
quantity, oxygen supply, nitrogen and carbon source, use of more or less mineral or
metallic salts, or addition of precursors. The use of both seawater and distilled water
alternatively is also of interest when revealing the chemical machinery of marine
fungi. In this way, it has been shown that employing 8–12 culture conditions for
each strain statistically enhances the probability of triggering the production of
unusual compounds (Bills et al. 2008).

Since the initial publication by Bode et al. (2002), numerous results obtained
using the OSMAC approach have demonstrated its effectiveness, not only in terms
of discovery of new compounds, but also of novel chemical skeletons. In this way,
Guo et al. (2013) showed that, when changing from static to agitated fermentation
condition, the production of meleagrin and roquefortines by a deep-sea strain of
Penicillium sp. was stopped, whereas various sorbicillinoids alkaloids appeared in
the HPLC chromatograms. Investigating a single strain of a sponge fungus
Stachylidium sp. and with only small changes in the duration of fermentation (40 vs.
60 days) and the concentration of biomalt (10 g or 20 g/L) added to the agar, the
group of Gabriele König isolated either prenilated phtalides [marilones A-C
(Almeida et al. 2011a)], O-prenilated tyrosine-derived compounds [stachylines A-D
(Almeida et al. 2011b)], or a series of unusual phtalide-related polyketides [cy-
clomarinone, maristachones and marilactone (Almeida et al. 2013)]. The use of
another culture medium yielded a fully different series of phtalimidine derivatives
(Almeida et al. 2012). Lin et al. (2009) described for the first time the production of
two types of cytochalasins, macrocyclic polyketides bearing a cyclized amino acid
feature, by a single marine Spicaria elegans strain. By manipulating the culture
conditions (a panel of 10 media was screened), these authors observed a selective
regulation of the use of the amino acids involved in the biosynthesis of cytocha-
lasans, leading to the inclusion of a phenylalanine residue for one type, and a
leucine one for the other (Lin et al. 2009). In this way, they showed that one of the
media abolished the production of cytochalasins but induced the biosynthesis of
spicochalasin A and aspochalasins. A strain of Penicillium sp. isolated from a green
alga and cultivated on a yeast extract-based seawater medium produced two dif-
ferent classes of novel alkaloids, communesins (Numata et al. 1993) and
penochalasins (Numata et al. 1996). The replacement of yeast extract by malt
extract and seawater by distilled water led to the discovery of completely different
major compounds produced by the same Penicillium sp., the polyketide penostatins
(Iwamoto et al. 1998; Takahashi et al. 1996). Applying a similar strategy, the same
research group shifted the steroid metabolism of a Gymnascella dankaliensis
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isolated from a Halichondria sponge by using soluble starch instead of glucose in a
malt-yeast extract medium (Amagata et al. 2007). These authors isolated dankas-
terones, intriguing novel steroids based on a rare four-ring skeleton, whereas the
also unusual steroid alkaloid gymnasterone A and steroids gymnasterones B-D
were initially obtained. Several studies pointed out the importance of using
host-derived or sample-derived media (meaning adding to culture growth media a
sample or an extract from the sampling site of the fungal strain) to mimic the
environmental conditions and then reveal its influence on the expressed metabo-
lome (Geiger et al. 2013; Overy et al. 2005).

– Cocultivation

The marine environment, which is characterized by its salinity, temperature,
hydrostatic pressure, and which hosts a multitude of living macro- and microor-
ganisms can be considered as harsh and competitive. It can be assumed that marine
fungi coming from such environment invest a lot of efforts in secondary metabolites
production in order to be able to survive. Indeed, they may have to produce
compounds for their defense such as antibacterial, or they may use metabolites to
communicate and establish beneficial relationships with other organisms. However,
under standard laboratory growth conditions these metabolites are often not
expressed and the corresponding BGCs may remain silent. One strategy to mimic
the natural environment of these fungi is to grow them in the presence of other
microbes. These mixed fermentations, while used for centuries in food and bev-
erage production, have only been applied to the field of natural product discovery,
since the last decade (Pettit 2009). One notable exception is the unintended
co-culture of Penicillium notatum (now recognized as Penicillium chrysogenum)
and Staphylococcus aureus in the same Petri dish that marked the discovery of
penicillin, the world’s first antibiotic (Fleming 1929). Recent reviews on co-cultures
have discussed this approach in detail (Bertrand et al. 2014b; Goers et al. 2014;
Marmann et al. 2014; Netzker et al. 2015). Most experiments co-culture two fungi
or a fungus and a bacterium using liquid or solid media. In some cases, no contact
between the colonies seems to be required to stimulate the production of new
compounds (Bertrand et al. 2013a) while in other cases, intimate physical inter-
action between the organisms is required to elicit a response (Schroeckh et al.
2009). Different reports of new compounds produced through co-culturing suggest
a specific response to the competing organism rather than a general reaction (Ola
et al. 2013). Some successful examples from marine fungi include pestalone pro-
duced by a marine fungus in response to bacterial challenge (Cueto et al. 2001),
emericellamides A and B (Oh et al. 2007), libertellenones A-D (Oh et al. 2005),
marinamide and methyl marinamide (Zhu et al. 2013; Zhu and Lin 2006), asper-
gicin (Zhu et al. 2011), (−)-Byssochlamic acid bisdiimide (Li et al. 2010), a xan-
thone derivative (Li et al. 2011), and new cyclopeptides (Li et al. 2014).
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– Time-scale studies

The above-mentioned approaches to stimulate the fungal metabolism through
culture modulation usually compare the metabolic profiles generated after a selected
period of time. However, in every organism biochemical processes vary with time.
Most organisms acclimate their metabolism to the prevailing environmental fluc-
tuations such as diurnal changes. Most biosynthetic processes are time-dependent
because the enzymes needed for the various reactions involved have to be syn-
thesized, modified, or degraded depending on the prevailing condition.
Consequently, since many metabolites are the products of enzyme-catalyzed
reactions and have a finite half-life, it is safe to assume that these metabolites will
naturally vary in a dynamic way. The metabolome expressed by cultured fungi may
therefore also vary considerably just depending on the factor time. Time-course
metabolomics studies would therefore be an interesting approach to browse the vast
array of metabolites, an organism which is able to produce and then to access a
wider chemodiversity. Moreover, elucidating temporal relationships among genes
and metabolites in relation to the growth of the fungus and its culture conditions
could also lead to a better understanding of the way biosynthetic processes occur.

Time-series metabolomics studies then appear to be an interesting field to
investigate with regard to the potential insights into the metabolism and biosyn-
thetic pathways and complement the information obtained from proteomics and
transcriptomics (Alam et al. 2010; Soanes et al. 2011). Many examples are given in
the literature for diverse organisms and in different contexts. Most of the time, these
examples consist of targeted analyses (on selected compounds), which purpose is to
follow the behavior of an organism after a treatment or after imposing stress (Jones
et al. 2010; Kim et al. 2007; Mahdavi et al. 2015; Sato et al. 2008; Zulak et al.
2008). So far, few studies investigated metabolic profiles of cultured fungi overtime
(Bertrand et al. 2014a; Choi et al. 2010). When co-culturing strains belonging to
Fusarium and Aspergillus, Bertrand et al. (2014a) observed two features that were
only detected after 4 and 7 days of culturing and not detected after 9 days. When
growing Cordyceps militaris on germinated soybeans, Choi et al. (2010) also
showed differences in the metabolite composition overtime and this led to the
identification of novel compounds. These studies confirm the dynamic nature of
fungal metabolism and the potential novelty hidden in the time frame.

However, because time-course measurements are not independent, meaning the
same compounds can be observed for multiple times in several time points, they are
complex to analyze and multivariate modeling of dynamic metabolomics data
remains challenging as discussed hereafter (Berk et al. 2011; Jansen et al. 2005;
Peters et al. 2010; Xia et al. 2011).

4.5.2.3 Data Mining and Metabolomics

Various strategies can be applied in order to induce secondary metabolite pro-
duction. This may lead to the discovery of new chemical compounds. In some
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cases, the metabolite overproduction is striking and can be easily monitored by
traditional targeted approaches (quantification of particular compounds) such as
thin layer chromatography (TLC) (Peiris et al. 2008), high-performance liquid
chromatography with UV detector (HPLC-UV) (Dashti et al. 2014; Ola et al. 2013;
Van der Molen et al. 2014; Wu et al. 2015), or gas chromatography (GC) (Do
Nascimento et al. 2013; Dos Santos Dias et al. 2015). However, this overproduction
is rare and therefore various analytical strategies must be applied, such as differ-
ential metabolite profiling and metabolomics or mass spectrometry (MS) imaging
(Wolfender et al. 2015).

Metabolomics approaches are based on an untargeted metabolite profiling of
fungal extract replicates using mainly direct ionization-MS (DI-MS), GC-MS,
LC-MS, or nuclear magnetic resonance (NMR) (Bertrand et al. 2014b; Wolfender
et al. 2015). These advanced analytical methods use generic approaches, which are
devised to be simple (such as linear gradient in HPLC) and non-specific to any type
of compounds. They aim at being as comprehensive as possible to be able to detect
any changes in the chemical composition of the fungal extract in relation to applied
induction strategies. The resulting data have to be carefully examined in order to
detect secondary metabolites that are either produced de novo (induced compound
which was not present/detected in “normal” conditions) or are up- or
down-regulated as the result of the induction strategies. De novo induction can
generally be easily detected by qualitative comparison of the recorded profiles (Ola
et al. 2013), such as the apparition of a new peak in an HPLC-UV chromatogram.
Similarly, strong up- or down-regulation is most of the time easy to reveal by
qualitative exploration of the data. However, weak modification can only be
highlighted by a careful analysis of the data based on simple differential analyses or
advances chemometric analysis (Nguyen et al. 2012; Wolfender et al. 2013). The
differential analysis generally used to detect metabolic changes in relation to direct
or indirect induction strategies generally consist of univariate or multivariate data
analysis applied to the selection of metabolic features (detected ions or chemical
shifts) related to the “normal” or “induced” state. For that purpose, traditional
statistical approaches are used, such as principal component analysis (PCA), partial
least squares regression coupled with discriminant analysis (PLS), or orthogonal
projections to latent structure (OPLS) coupled with discriminant analysis
(DA) (Gromski et al. 2015; Vinaixa et al. 2012). In addition, specific statistical
approaches may be needed for the analysis of time-dependent series (Bertrand et al.
2014a; Boccard et al. 2011; Soanes et al. 2011). A particular case is represented by
fungal co-culture where the resulting induced extract consists of the mixed fungal
metabolome. Therefore, the analysis could be either analyzed by traditional
approach (PCA, (O)PLS-DA) (Bertrand et al. 2013b; Combès et al. 2012; Peiris
et al. 2008) or by more innovative strategies taking into account the particular
experimental design, such as the Projected Orthogonalized CHemical Encounter
MONitoring (POChEMon) approach (Jansen et al. 2015). Both strategies lead to
complementary results. Alternatively, such as in the case of co-culture, the
induction of metabolites is usually highly localized to the confrontation zone.
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Therefore, molecular imaging approaches are well suited to visualize their induction
(Moree et al. 2013).

Once evidence of a modified metabolome is obtained, the identification of the
induced compounds from their observed features is still challenging (Creek et al.
2014), even though large databases with more than 250,000 natural compounds
exist (Chapman & Hall 2014). In the case of NMR spectral features, the structural
information provided (chemical shifts, spin–spin coupling, and peak intensity) is
sometimes sufficient for direct identification of compounds from an extract (Bingol
and Brüschweiler 2014; Breton and Reynolds 2013; Pauli et al. 2014) or for
identification by comparison with databases (Alm et al. 2012). In the case of
GC-MS features, the identification is easier due to robustness and reproducibility of
electronic impact (EI) ionization. Therefore, the comparison of the EI-MS spectra
with reference compounds and data provided by database is usually sufficient
(Peiris et al. 2008). For LC-MS features, identification remains much more chal-
lenging unless a large library of already identified compounds is available
(Klitgaard et al. 2014). However, dereplication strategies based on mass and
spectral accuracy combined with MS/MS interpretation in regards to database
search remain an efficient but rather time-consuming strategy to identify com-
pounds or at least find previously unreported structures (Wolfender et al. 2015).
Ultimately, when compound identification is in doubt, the only solution that
remains is the isolation and structural identification by NMR. Recently,
software-driven protocol optimization combined with LC-MS-targeted isolation
drastically accelerated the purification procedures and speeded up the identification
of unknown compounds and valorization process (Bertrand et al. 2013a).

4.5.2.4 Valorization of Marine Fungal Natural Products

The search for new bioactive metabolites in marine fungi began in the late 1990s
(Fig. 4.5), with a unique exception, i.e., the discovery of cephalosporin C by
Giuseppe Brotzu in 1945 from a marine Acremonium chrysogenum (Bugni and
Ireland 2004). Since, that time an increasing number of novel bioactive molecules
has been isolated. This was mainly attributed to the development of the new
techniques and methods. These bioactives were subsequently evaluated for phar-
macological applications such as anticancer, antiviral, antidiabetic, antiinflamma-
tory, antiplasmodial, antioxidant, or neuritogenic products (Gomes et al. 2015;
Moghadamtousi et al. 2015). One of the major interests of marine fungal natural
metabolites is the diversity, the originality, and sometimes the complexity of their
chemical skeletons, suggesting that they could support new mechanism of actions
or new types of interaction with pharmacological targets.

The diketopiperazine halimide was the first—and still the only one—that
allowed the development of a candidate drug, plinabulin (NPI-2358). It was isolated
in the late 1990s from cultures of an Aspergillus strain collected from the green alga
Halimeda lacrimosa. This compound acts as microtubule-disrupting and vascular
disrupting agent (Nicholson et al. 2006; Yamazaki et al. 2010). Plinabulin has
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reached phase II clinical trials for the treatment of advanced non-small cell lung
cancer (Newman and Cragg 2014). Although it appears that clinical trials are
suspended for the moment, studies on this molecule continues since some new
plinabulin analogs exhibit increased activity to cancer cells (Hayashi et al. 2014).
One can also mention other promising compounds, such as herqueidiketal, an
original difuranonaphtoquinone, which was isolated in 2013 from a Penicillium
strain collected in marine sediments in Korea. It exhibits activity against sortase A,
an enzyme essential for the virulence of S. aureus and could therefore inspire the
development of new antibiotics (Julianti et al. 2013). A strain of Scopulariopsis
brevicaulis isolated from a marine sponge collected in Croatia, produces some
unusual lipocyclodepsipeptides, scopularides A and B, patented in 2008 for their
ability to decrease the proliferation of various cancer cell lines, (Imhoff et al. 2009;
Yu et al. 2008). The nitrone-containing prenylated indole alkaloid avrainvillamide,
isolated from a marine Aspergillus sp. strain, is also an example of intriguing
skeletons rare in nature. The dimeric analog stephacidin B is especially active
against testosterone-dependent prostate LNCaP cancer cells, possibly via a new
mode of action, and has shown in vivo activity in preclinical models (Fenical et al.
2000; von Nussbaum 2003). Besides the valorization of marine fungal natural
products for pharmacology, there are other kinds of industrial relevant compounds
from marine fungi, including the development of alternative biocides for antifouling
paints (Fusetani 2011) as well as ingredients for the cosmetic industry, such as
fungal carotenoids used as natural pigments, or kojic acid employed as a
skin-whitening component (Hong et al. 2015).

Fig. 4.5 Marine fungal natural products chemistry as a young but fast-growing science, as
revealed by the annual amount of new compounds isolated from marine-sourced fungi. Adapted
from Blunt et al. (2013)
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4.5.3 Hints for Ecological Roles Inferred from Secondary
Metabolites

Fungi are responsible for many diseases and infections in the marine environment,
many of them being induced by well-know terrestrial fungi (Richards et al. 2012).
For instance, the Caribbean sea-fan (Gorgonia spp.) mortality has been attributed to
an infection by pathogenic strains of Aspergillus sydowii, a well-known species in
terrestrial habitats (Alker et al. 2001; Smith et al. 1996). To date, the chemical
factors that mediate such host-pathogen relationships have not been elucidated. In
contrast with the well-characterized mycotoxins involved in plant diseases, the
secondary metabolites produced by marine fungal pathogens have not yet been
investigated. Moreover, whether or not phylogenetically related strains from ter-
restrial and marine habitats produce the same chemicals remains an open question.
We can assume that marine fungi are physiologically adapted to their environment
and thus produce secondary metabolites characteristic of their habitat. Accordingly,
biosynthetic pathways, silent in their terrestrial counterpart, could be activated as
the result of the drastically different conditions in marine habitats, such as salinity
and presence of halide. An additional unresolved question is whether or not fungi
are living inside their host-tissue and, if so, whether the marine environment affects
the metabolic production of these fungi. Further studies focusing on the detection of
secondary metabolites or the fungal gene expression in situ will provide further
clues to solve these issues.

Fungi are able to maintain mutualistic relationships with their host such as algae
or sponges (Höller et al. 2000). Thus, fungi belonging to the Koralionastes genus
are always found in close association with incrusting sponges (Kohlmeyer and
Volkmann-Kohlmeyer 1990). Unfortunately, no chemical mediation in this inter-
action has been described. Even when few data suggest the involvement of
chemical mediators in the relationship between marine fungi and their hosts, it is
likely that such mediations represent an untapped resource of chemical diversity
with a supposed wide range of biological activities, e.g., antimicrobial, cytotoxic,
and antioxidant activities (for a review, see Ebada and Proksch 2015). Linking
biological activities detected in the laboratory to any ecological role remains a
difficult task. However, the amazing range of bioactivities of marine fungi suggests
that these secondary metabolites could be defensive compounds and therefore is
likely to play important roles in competition with other organisms in their habitats.

Aside from such host-fungi interactions in the mutualism–parasitism continuum,
the concept of the holobiont, defined as an entity restricted to the host and its
associated mutualistic symbionts, has emerged. It is now recognized that many
other interactions within the microbiome exist and involve chemical mediators. In
this context, it has been demonstrated that crude extracts of a collection of fungal
strains isolated from aquatic habitats in Mexico displayed a potent effect on bac-
terial quorum sensing, a phenomenon that involves cell-to-cell communication and
growth control processes (Martín-Rodríguez et al. 2014). Thus, cocultivation of
marine fungi has been used to mimic a natural ecological situation, where microbes
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coexist within a complex microbial community and this approach has led to the
production and isolation of numerous new natural compounds (Marmann et al.
2014). Furthermore, competition for limited resources and antagonism are char-
acteristics of these microhabitats and thus responsible for the activation of various
defense mechanisms, leading to the production of compounds displaying potent
cytotoxic and antimicrobial activities.

The study of chemical mediation between host and fungus in the marine
microbiome and the comprehension of the ecological role of fungal secondary
metabolites remains one of the most challenges to overcome in the future. The
advent of increasingly powerful and sensitive technologies (e.g. high field NMR
and mass spectrometry) along with the use of more comprehensive approaches such
as metabolomics and metagenomics provided a considerable improvement in the
progress made in this subject. Further efforts aiming at mimicking in vivo processes
in laboratory conditions and deciphering the mechanisms of what is happening
in situ should provide more clues about the chemical communication mediated by
fungal secondary metabolites.

4.5.4 From Genomes to Bioactive Molecules

Rapid progresses in DNA-sequencing methods in the last decade from Sanger
sequencing to various types of high-throughput short-read sequencing have allowed
modern biology and biotechnology reaching a point where exploring genetic
information of any species of interest has become quest of a few months. This era of
genome sequencing is often called “Desktop Genomics.” These short-read
sequencing methods are also known as next-generation sequencing
(NGS) methods and are based on different platforms such as Roche GS-FLX 454
pyrosequencer, MiSeq, HiSeq, and Genome Analyzer II platforms (Illumina),
SOLiD system (Life Technologies/Applied Biosystems), Ion Torrent and Ion
Proton (Life Technologies), and the PacBio RS II (Pacific Biosciences) (Culligan
et al. 2013; Metzker 2010).

Fungal genome sequencing and analyses have started with yeasts (Goffeau 2000;
Goffeau et al. 1996). Neurospora crassa was sequenced as a model filamentous
fungus (Galagan et al. 2003) and within the next 14–15 years, about 50 fungus
genomes were sequenced using Sanger sequencing. In 2010, Sordaria macrospora
genome sequencing was performed using more than one NGS method (Nowrousian
et al. 2010). This accelerated other fungal genome sequencing projects using NGS
methods. To date, hundreds of fungal genomes have been sequenced, covering all
major groups of fungi (1000 Fungal Genome Consortium 2014) and now allowing a
detailed search for SM-encoding genes. Fungi are generally producing four dif-
ferent types of secondary metabolites, namely PolyKetides (PKs), Non-Ribosomal
Peptides (NRPs), terpenoids, or hybrid molecules such as PKs-NRPs or
PKs-terpenes (Keller et al. 2005). The majority of the fungal secondary metabolites
are derived from either NRPSs or PKSs, while only few fungal secondary
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metabolites are hybrid NRPS-PKS (Brakhage 2013). These include toxins like
aflatoxins or fumonisins, and drugs like penicillin, cephalosporin, or cyclosporine.

Generally, SM-encoding genes are organized in discrete clusters in Dikarya
(Brakhage 2013; Keller et al. 2005), which are called BGCs. A typical genome of a
filamentous fungus possesses up to 70 BGCs encompassing a region from 30 to
80 kb on the fungal chromosome or scaffolds (Bok et al. 2015). Production of SMs
is regulated by cluster-specific transcription factors and global regulators within the
BGC (Brakhage 2013; Keller et al. 2005). SMs are highly relevant for drug dis-
covery, particularly for new antibiotics and pharmaceuticals (Newman and Cragg
2007). Such a huge potential in producing bioactive compounds in fungi serves the
future of drug discovery (Montaser and Luesch 2011). With genome sequencing
becoming cost-effective, genome-based mining of BGCs has become attractive
although only few examples of marine fungi exist. Three marine fungal genomes
(S. brevicaulis, Pestalotiopsis sp., and Calcariosporium sp.) were sequenced and
analyzed. Their BGCs were mined for further genetic engineering and production of
selected bioactive compounds (Kramer et al. 2015; Kumar et al. 2015; Lukassen
et al. 2015). We propose a general workflow of marine fungal genome mining for
the characterization of the BGCs (Fig. 4.6).

The first step is to establish a collection of fungal strains from the marine
environment. A metagenomic approach can also be performed when the aim is to
study not yet cultured fungi. The second step consists of DNA extraction, which
can be performed with known methods with little modifications (see as an example
Kumar et al. 2015). The third step is genome sequencing using NGS methods, such
as Illumina (HiSeq 2000), which is currently the predominant player in the market
and also a budget choice. However, a hybrid assembly of two or more sequencing
methods is recommended. As an example, the marine fungus S. brevicaulis LF580
has recently been sequenced using three methods (Kumar et al. 2015). Step four is
genome assembly, which consists in assembling small reads into genomic frag-
ments (contigs or larger scaffolds). Genome assembly can be achieved by broadly
two ways: (i) de novo genome assembly, when a closely related fungal genome is
not known, or (ii) reads assembled by genome assemblers without prior knowledge
of chromosomes. Alternatively, when the genome of a closely related fungus is
known, smaller reads can be mapped to the chromosomes of the known genome.
This method is called genome mapping. When more than one type of genome
sequencing reads are collected, a hybrid genome assembly can be performed. There
are several genome assemblers known, and should be chosen depending on the
specific requirements and type of genomic reads. A good example is documented in
Kumar et al. (2015) with an initial genome assembly performed on Roche 454 reads
using Newbler assembler (Margulies et al. 2005). Additionally, several genome
assemblies can be processed using de Bruijn graph-based method by de novo
assembly tool such as the CLCBio Genomic workbench using different types of
reads from Illumina and Ion-Torrent. The genome assembly normally gives contigs
that can be joined to form scaffolds, a method known as genome scaffolding. As an
example, Kumar et al. (2015) performed genome scaffolding of S. brevicaulis
LF580 using the genome-finishing module of the CLCBio Genomic workbench.
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The detection of repeats and masking repetitive elements is an essential 5th step,
because these elements may hamper gene predictions in the next step. RepeatMasker
and RepeatProteinMasker software programs (Smit, Hubley & Green RepeatMasker

Fig. 4.6 Overview of next-generation sequencing strategies for the genome mining of bioactive
compounds from marine fungi. This strategy can be applied to whole genome sequencing as well
as metagenome sequencing

4 Marine Fungi 131



Open-4.0.0 1996–2013 http://www.repeatmasker.org) were used to detect and mask
repeats using the fungal transposon species library as input. Gene prediction can be
performed as a 6th step using either Augustus (Stanke and Morgenstern 2005) or
within MAKER 2.0 pipeline (Cantarel et al. 2008). Gene annotation can be per-
formed as a 7th step with the help of homology detection tools such as BLAST
homology searches (Altschul et al. 1997), BLAST2GO tool (Götz et al. 2008), and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al. 2010).
Predicted proteins of a given genome can be scanned for protein domains using Pfam
(Finn et al. 2014) and Interpro (Hunter et al. 2012) protein domains collections using
HMMER 3.0 (Finn et al. 2011). Additionally, gene annotation can be performed
when the objective of the analyses is clear.

After general annotation, detection of BGCs is performed as a 8th step using four
different ways. Initially, putative biosynthetic genes are identified using either
BLAST (Altschul et al. 1997) or HMMER 3.0 (Finn et al. 2011). This scanning step
is performed using a collection of known biosynthetic genes. Second, two
state-of-the-art tools namely Secondary Metabolite Unique Regions Finder
(SMURF) (Khaldi et al. 2010) and antibiotics and Secondary Metabolite Analysis
SHell (antiSMASH) (Blin et al. 2013; Weber et al. 2015) are recommended to be
used for whole genome scanning of putative BGC. Alternatively, the MIDDAS-M
method, allowing a motif-independent de novo detection of BGCs, can be used
(Umemura et al. 2013). Furthermore, the functional domains of PKSs and NRPSs
can be identified as previously described (Hansen et al. 2014), using a combination
of tools namely antiSMASH, NCBI Conserved Domain Database (Marchler-Bauer
et al. 2015), InterPro (Hunter et al. 2012), and the PKS/NRPS Analysis Web-site
(Bachmann and Ravel 2009). Pattern-based approaches can be employed using
cluster finder modules within antiSMASH. Phylogenetic and comparative genome
methods can also be used for BGC detection and analysis with the help of genome
browsers and specialized tools such as EvoMining (Cruz-Morales et al. 2015).

Based on sequence and domain similarities, the BGCs can be grouped into
families of similar BGCs in a 9th step. Mass-spectroscopy based networking
approaches will the help in the direction of scanning molecules from genomes.
Predictions of small molecule structure from knowledge of BGCs are notorious
tasks, although antiSMASH makes an attempt to predict. It is challenging as our
knowledge of fungal BGC is poor and a rigorous classification and indexing system
of BGC does not exist. The scientific community decided for a standard for careful
cataloging of BGCs and potentially important enzyme and structural records, which
are dispersed into the literature. This will be part of the genome standard as the
Minimum Information about a Biosynthetic Gene cluster (MIBiG) data standard
(Medema et al. 2015). This will improve to obtain an accurate picture of the
genome to molecule approach. Further details for genome mining of BGC can be
found in Boddy (2014) and (Medema and Fischbach 2015).

As an example, the genome sequence of the marine S. brevicaulis LF580 revealed
18 BGC clusters including one hybrid NRPS-PKS cluster (Fig. 4.7), which produces
anticancerous scopularides (Kumar et al. 2015). During this study, this cluster and
remaining clusters were characterized using UV-mediated mutagenesis for
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production of SM compounds using RNA-sequencing, proteomics, and comparative
genomic approaches (Kramer et al. 2015; Kumar et al. 2015; Lukassen et al. 2015).
Two other marine fungi, Pestalotiopsis sp. and Calcariosporium sp. have genomes
with a total of 67 and 60 BGC clusters, respectively, producing several SM-encoding
genes for putative bioactive production.

Computational genome mining approaches alone cannot solve all problems
associated with the fungal BGCs. Several BGC are silent under standard laboratory
conditions, leaving out a plethora of uncharacterized bioactive compounds
(Brakhage 2013). Hence, testing different salinity conditions and other stressors to
marine fungi is essential to activate the silent clusters.

The “genome mining to BGC mining” approach holds great potential. Initial
genome mining reveals different types of BGCs in marine fungal genomes. Also,
heterologous expression systems have already been developed for the entire set of
intact fungal BGC using fungal artificial chromosomes (Bok et al. 2015). Thus,
based on this proof of concept it is a matter of time when scientists will start
characterizing marine fungal BGCs in heterologous systems. This holds the key for
the future of drugs where genome mining of BGCs will be instrumental in fast and
cost-effective roles in the field of marine fungal natural products.

The fungi harbor, a huge diversity of organisms occurring in numerous habitats
and having different kind of lifestyles, e.g., they may be saprophytes, symbionts, or
parasites/pathogens. Fungal lifestyles can be allegorized as the legendary movie

Fig. 4.7 An example of genome mining strategies for marine-derived fungal strain Scopulariopsis
brevicaulis LF580 illustrates production of anticancerous scopularides by the hybrid BGC of
NRPS1 (five modular M1-M5) and PKS2. Modified from Kumar et al. (2015) (Lukassen et al.
2015)
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“The Good, The Bad and The Ugly.” Indeed, some fungi are involved in nutrient
recycling, food fermentation, synthesis of some of the gold standard drugs used in
human medicine such as antibiotics as penicillins, immunosuppressive agents such
as cyclosporin and mycophenolic acid, or cholesterol-lowering medications such as
statins (The Good). Other fungi are involved in plant/crop diseases, food spoiling,
and parasitism (The Bad). For the Ugly, just type “mycosis” in Google Images.
While terrestrial fungi are well described, marine fungi still constitute an under-
explored topic when compared to other marine microorganisms. This is mostly due
to scientists who consider fungi terrestrial microorganisms. Now, we have become
aware of the diversity, activity, function, and ecological role of marine fungi in
almost all marine habitats, from coastal waters to the deep subseafloor. We now
start to realize that these organisms are capable of synthesizing an astonishing array
of bioactive compounds. The aim of this chapter was to establish a state-of-the-art
of marine fungi, from the diversity and biotechnological points of view. This
chapter specifically emphasized omic-based approaches that can be used to mod-
ulate and stimulate the marine fungal metabolome. This could increase the chance
to reveal an original chemodiversity made of putative novel bioactive compounds.
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Chapter 5
Marine Viruses

Corina P.D. Brussaard, Anne-Claire Baudoux
and Francisco Rodríguez-Valera

Abstract With an estimated global abundance of 1030, viruses represent the most
abundant biological entities in the ocean. There is emergent awareness that viruses
represent a driving force not only for the genetic evolution of the microbial world but
also the functioning marine ecosystems. Culture studies advance our understanding
how viruses regulate host population dynamics, but retrieving virus and host in pure
culture can be difficult. Recent developments in high-throughput sequencing provide
insights into the diversity and complexity of viral populations. This chapter describes
current milestones in the burgeoning field of marine viral ecology, including the
different aspects of marine viral action, viral diversity, ecological and biogeochemical
implications of marine viruses, the cultivation of virus-host systems, and biotech-
nological applications of these astonishing microorganisms.

5.1 Introduction

Marine viruses are like any other viruses defined as small infectious agents, con-
sisting of a core of nucleic acids (RNA or DNA) in a protein coat, that replicate
only in the living cells of a host. A lipid envelope may be found outside or inside of
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the capsid. In the strict sense, complete viral particles found outside host cells and
constituting the infective form are called virions, however, throughout this chapter
the term viruses will be used for both the intracellular and extracellular forms.
Viruses are classified by their genome type (DNA or RNA, single or double
stranded, segmented or not, circular or linear) and size (from few Kbp to 2.5 Mbp),
particle structure (e.g., icosahedral or helical) and size (from *20 to 500 nm),
capsid coat protein composition, whether it is enveloped or not, the replication
strategy, the latent period (i.e., the time until progeny viruses are released from the
host cell), sensitivity to physicochemical factors (e.g., temperature, pH, UV), and
last but not least the host they infect. There are no universal oligonucleotide primers
for marine viruses due to their huge genetic diversity, but the presence of specific
conservative genes aids to the detection and classification of marine viruses, e.g.,
primers for fragments of the conserved cyanophage structural gene g20, or for the
DNA polymerase gene (polB) are used to detect large dsDNA algal viruses (Chen
and Suttle 1995; Short and Suttle 2005).

Unable to replicate without a host cell, viruses are generally not considered
living organisms or alive (Forterre 2010). The finding of large genome-sized viruses
displaying a localized viral factory in the host’s cytoplasm where the viral genome
is replicated and virions are produced (La Scola et al. 2003; Santini et al. 2013),
together with the discovery of viruses infecting the viral factory (c.q. virophages
meaning virus eaters; La Scola et al. 2008; Fischer and Suttle 2011), renewed the
discussion as to whether viruses are alive. Both ways, viruses have the ability to
pass on genetic information to upcoming generations and as such they play an
important role in biodiversity and evolution. Due to their mode of replication,
viruses can take some genetic material from their host in their progeny but can also
add their own genetic material to the host, thereby increasing genetic diversity and
biodiversity as a whole. Actually, viruses can in a way be considered part of the
genetic reservoir of their host, i.e., the genomes of viruses are part of the larger
pan-genome (e.g., Bacteria or Archaea) like other extra-chromosomal elements.
Given their rapid reproduction rates, and often high mutation rate, viruses represent
an important source of genetic innovation. Besides the enormous reservoir of
uncharacterized genetic diversity (Suttle 2007), viruses have the potential to be
interesting material for biotechnological use (Sánchez-Paz et al. 2014).

The research on marine viruses, their population dynamics, diversity and eco-
logical relevance has expanded exponentially over the last years. Marine viruses are
the most abundant biological entities in the seas and oceans, ranging between 1 and
100,000 � 106 L−1, whereby the higher abundances are generally found in the
more coastal, eutrophic surface waters and the lowest numbers in the deep ocean.
Per unit volume, viruses in marine sediments (benthic viruses) with the higher load
of bacterial hosts exceed pelagic viruses by one or more orders of magnitude
(Danovaro et al. 2008; Glud and Middelboe 2004; Hewson et al. 2001). The
numerically dominant hosts are the marine microorganisms belonging to all three
domains of life, i.e., Bacteria, Archaea, and Eukarya. With the development of
sensitive nucleic acid-specific dyes in combination with epifluorescence micro-
scopy (Noble and Fuhrman 1998), pelagic viruses could be more easily counted
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than by transmission electron microscopy (Fig. 5.1). Moreover, the availability of
fluorescent dyes allowed counting of the total viral community and not just the
infectious viruses for specific hosts in culture as determined traditionally by plaque
assay (using agar plates) and most probable number (end-point dilution of liquid
cultures). More recently, staining of the viral nucleic acids combined with flow
cytometry allowed a more objective and faster analysis (Brussaard et al. 2000;
Brussaard 2004a) opening further the research field of marine viruses to a better
spatial and temporal sample coverage, as well as higher degree of replication.
Besides these methods for direct detection of virus particles, there are molecular
approaches helping to identify and quantify (by qPCR) marine viruses (Sandaa and
Larsen 2006; Tomaru et al. 2011a, b, c). Combining techniques such as, for
example, flow cytometry sorting of virus and/or infected host with molecular
sequencing will further advance prospective research aiming at answering questions
on viral diversity and adaptation (Labonté et al. 2015; Martínez-Martínez et al.
2014; Zeigler et al. 2011). Metagenomic analysis has even revealed new virus
families, e.g., ssDNA viruses infecting a wide range of marine hosts (Labonté and
Suttle 2013a, b).

Although essential, quantification and identification by itself is not enough to
answer the major research questions in marine viral ecology, e.g., who infects
whom, what is the impact of viral infection on host population dynamics and
subsequent species succession, and how do viruses affect ecosystem efficiency and
consequently biogeochemical fluxes? One needs to be able to determine actual viral
infection and lysis rates in the field. At the same time, there is need to isolate and
bring into culture more (and new) virus-host model systems in order to allow
optimal understanding of the mechanisms underlying successful infection and
alterations in virus–host interactions due to change in environmental factors.

Fig. 5.1 Different techniques to detect marine viruses, i.e., epifluorescence microscopy upon
staining the viral nucleic acid (left panel), transmission electron microscopy (TEM) thin section of
host cell showing virions PgV infecting the phytoplankton Phaeocystis globosa (virus 150 nm
diameter; mid upper panel), TEM of free bacteriophage (virus head diameter 100 nm, tail length
180 nm; mid lower panel), and flow cytometry of natural seawater sample showing several virus
clusters (right panel)
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The outcome of viral infection has implications for ocean function and it is an
exciting time of discovery (some milestones are listed in Table 5.1). This chapter
describes some of the milestones in marine viral ecology (Table 5.1) and outlines
the different aspects of marine viral action, i.e., the different viral infection strate-
gies, horizontal gene transfer, viral diversity, ecological influence on host mortality,
microbial biodiversity, food web structure, organic carbon and nutrient cycling, the
culturing and storage of virus-host systems, and concludes with several biotech-
nological applications.

5.2 Viral Infection Strategies

Microbial host cells and their viral predators have been evolving together for bil-
lions of years. At first glance, one might think that their interactions are simpler
than those of other predator or parasite-host pairs but they are actually extremely
complex. The main predators of microbes typically discriminate for prey size, along
rough lines of taxonomy and morphology and can eat many individual prey of
diverse genomic make up throughout its individual cell life span (Sintes and Del
Giorgio 2014). In contrast, viruses are single opportunity killers and highly
host-specific. One virus particle has only one chance to reproduce and requires a
refined adjustment to the cell machinery on which it depends for ultimate repli-
cation and virion component. Therefore, viruses are specialized parasites that are
fine-tuned to the host structure and metabolism (Leggett et al. 2013). Actually, the
delicate discriminatory power of viruses has been used classically for typing, for

Table 5.1 Overview of some of the milestones obtained in marine virus ecology during the last
1–2 decades

Milestone Impact

Counting viruses using
sensitive dyes

Opened up the field as it allowed for more replicates and better
spatial and temporal coverage

Viral lysis rates in the
field

Demonstrate that virally induced mortality at least as important as
traditional loss by grazing

New dsRNA virus family Unique dsRNA virus infecting marine protist

Use of PCR primers Specific virus groups can be detected

Full genome sequencing Discovery of new metabolic pathways

Metagenomics Deep coverage of viral diversity and discovery of new virus
families (e.g., ssDNA viruses)

Large genome-sized virus
discovery

With their huge size (1–2.5 Mb) and cellular trademark genes,
these viruses are evolutionary challenging

Virophages Viruses infecting viruses, thereby decreasing mortality of the host
organism

Viral shunt Realization that viral activity promotes flux of organic carbon and
nutrients, making remineralized nutrients directly available for
phytoplankton
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example, bacteria. Precise host cell recognition is an essential step in the life cycle
of any virus. Accordingly, viruses have refined molecular recognition modules that
allow discrimination of encountered cells before the infection process in triggered
(Garcia-Doval and van Raaij 2013). These molecular recognition devices are
among the most sensitive in nature and match in complexity, and probably in
diversity as well, the vertebrate immune system (Fraser et al. 2007). Mirroring this
diversity, host cells have an enormous diversity of virus potential receptors. They
can be any outermost exposed structure of the cell, frequently proteins such as
pillins, porins or transporters but, above all, polysaccharides or the glycosidic
moiety of glycoproteins. Actually, the interaction with viruses might be behind the
commonality of polysaccharides and glycoproteins in exposed structures of
Bacteria, Archaea, and Eukarya.

Through the lytic cycle, viruses can reproduce inside the host cell directly upon
penetration, causing destruction of the host cell to release the progeny viruses into
the surrounding water. Alternatively, viruses may integrate into the host genome as
a provirus and propagate together with the host. Thus, in contrast to lytic viruses,
these temperate (or latent) phages establish a stable, but reversible, relationship with
their host, which is termed lysogeny. For the prophage being inside the host pro-
vides protection against virion decay by environmental factors (Mojica and
Brussaard 2014). Although at first glance it does not seem beneficial for the host to
carry a prophage, it generally protects from infection by similar and related phages.
Furthermore, prophage may provide useful genes and improve host fitness (Paul
2008). This transfer of genes via prophages is a form of horizontal gene transfer
(HGT) that aids to the genetic diversity within the host species. The prophage can
be released again by an inducing event triggering a lytic cycle. The environmental
factors responsible for the transition from a lysogenic to a lytic cycle are not well
identified. UV and pollution have been reported to induce the lytic stage, potentially
to produce progeny viruses before potential cell death of the host (Paul et al. 1999).
Alternatively, the triggering factor may represent more optimal growth conditions
for the host (e.g., release of P-limitation; Wilson et al. 1996), whereby the shift from
prophage to lytic phage is a favorable one as many more progeny viruses can be
produced than under the lysogenic life style (one progeny every time the host
divides). In agreement with this potential mechanism, the percentage lysogeny of
total mortality of bacteria was found highest under oligotrophic conditions with low
host abundance, both geographically as well as seasonally (McDaniel et al. 2002;
Weinbauer et al. 2003).

Besides lytic and lysogenic cycles, the host cell can also release viruses by
continuous or intermittent budding or extrusion without its immediate lysis. This
replication strategy, known as chronic cycle or carrier state, is far less investigated
in marine environments, yet it has been described for viruses that infect marine
eukaryotic photoautotrophs (Mackinder et al. 2009; Thomas et al. 2011), but also
for archaeal viruses (Geslin et al. 2003; Gorlas et al. 2012).
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5.3 Virus Characteristics

The characterization of virus isolates typically includes a phenotypic analysis
(particle morphology, symmetry and size; genome type and size; composition of
structural proteins) in order to assign a taxonomical status to these isolates.
Additionally, parameters related to virus life cycle, specificity pattern, environ-
mental stability or resistance, are other important viral features. The information
generated by one-step growth experiments, also referred to as “single burst
experiments,” have proven essential in this respect. This classical procedure
developed by Ellis and Delbrück (1939) is designed to quantitate and monitor the
growth of lytic viruses and it provides two fundamental viral properties: the latent
period (that is the duration between virus adsorption and extracellular release from
the infected host cell) and the burst size (that is the number of progeny viruses
released per infected host cell). These viral parameters vary depending on the virus
isolate and the host they infect. Collectively these variables constitute important
components to model virus–host interactions in the ocean. For example, the
infection strategy of a given virus largely determines the ecological impact of virus
interactions. Gaining fundamental knowledge on the infection strategy of relevant
virus-host model systems, the conditions that induce the transition between these
different modes of infection, and the potential influence environmental factors have
on the intensity and the kinetics of infection are thus a prerequisite for under-
standing the impact of viral infection on microbial assemblages.

The infection range (the range of action of a phage measured in terms of the
varieties of bacteria in which it can grow) has been a major conundrum of virus
studies. The host specificity of bacteriophages (i.e., viruses that infect bacteria;
there are also referred to as phage or bacteriovirus) was recognized very soon after
their discovery in the early twentieth century (Abedon 2000). The idea of phage
therapy was based on this early discovery and was the main driver of the original
interest on bacteriophages, later displaced by the enormous role played by phages in
the development of genetics and molecular biology. The success or failure of
adsorption and subsequent lysis of the host typically, but not always, determines the
host infection range. There is a wide diversity of mechanisms within the cell to
prevent phage replication, including receptor variation, restriction–modification,
abortive infection, lysogenic immunity, or innate immunity conferred by CRISPRs
(see for example Stern and Sorek 2011). In the laboratory, host specificities are
determined by pairwise infection, in which a clonal virus lineage is added to a
collection of host cultures, infection is scored positive if lysis occurs. These
infection assays suggest that marine viruses exist along a continuum of specialists
to generalists. The specialist viruses can only infect a restricted range of strains,
sometimes even only the one used for their initial isolation. The generalist viruses
can infect many different strains and occasionally can infect also isolates from
different species and even different genera (e.g., Baudoux et al. 2012; Johannessen
et al. 2015; Matsuzaki et al. 1992; Sullivan et al. 2003; Suttle et al. 1995). However,
in general the genus is the taxonomic unit that encompasses the most sensitive
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strains for the vast majority of phages. It is sensible to say that the boundary of
natural host range of most phages is the genus.

Cross-infections between virus and hosts are challenging to interpret. In spite of
25 years of investigation, there is as yet no consensus on either the global pattern of
viral infection or the environmental drivers that shape these patterns of interactions.
For example, to what extent does virus–host infection vary in space and/or time, are
there factors that favor generalists upon specialists, and are virus–host interactions
structured at all (Avrani et al. 2012)? It is presently inconceivable to bring into
culture and test the specificity pattern of all individual virus-host model systems
dispersed in marine systems. As an alternative, theoretical approaches that rely on
empirical data have been proposed to study of virus–host interactions as networks
(Flores et al. 2011, 2013; Weitz et al. 2013). Network-based analysis tests whether
virus–host interactions are structured (i.e., they possess a structured pattern) or
random. The most common patterns in ecological networks are being nested or
modular. Nested virus–host interaction networks are characterized by a hierarchy of
resistance among hosts and infection ability among viruses (Flores et al. 2011;
Weitz et al. 2013). This pattern is thought to result from coevolutionary arms race
(Red Queen hypothesis) where viruses evolve to broaden host ranges and hosts
evolve to increase the number of viruses to which they are resistant (Flores et al.
2011). In contrast, modularity is characterized by groups of viruses and hosts
(referred to as modules) that preferentially interact with another (Flores et al. 2011;
Weitz et al. 2013). This ecological pattern should emerge if virus–host interactions
result from evolutionary processes that lead to specialization.

A network-based analysis of cross-infections of 215 phages against 286 bacteria
collected across the Atlantic Ocean (Moebus and Nattkemper 1981) revealed that
infection network possessed a multiscale structure (Flores et al. 2013). At a global
network scale, virus–host interactions network displayed a modular structure. This
modularity was explained, at least in part, by geography. In other words, viruses
isolated from a given sampling site were more likely to infect cooccurring hosts,
supporting the need to account for biogeography in the analysis of viral diversity.
However, individual modules were either further modular or nested, which suggests
that different coevolutionary processes drive virus–host interaction at different scale
(Flores et al. 2013). Network-based analyses of virus–host interactions have
emerged quite recently. Yet, these analyses represent a promising tool to quantify
the functional complexity of viral infections in natural systems and to identify the
drivers of microbial species interactions.

5.4 Virus and Host Diversity

The role of viruses in shaping the evolution of their hosts is acquiring new
dimensions both as selective pressure that keeps populations diverse (Rodriguez-
Valera et al. 2009) and as sources of genetic innovation (Suttle 2007). Viruses may
carry metabolic genes of the host to enhance infection performance, but can also
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introduce genetic diversity to the cognate pathways. Microbiology has failed to
provide a sensible representation of the diversity of microbes using only the pure
culture approach. Although great advances are being made, until recently the vast
majority of microbes in nature has been inaccessible to microbiologists. If this is the
situation of cellular microbes, the status of the viruses preying on them is even
direr. Most of what we know about viruses derives from the studies of human, cattle
and plant crop viral pathogens. Lately large efforts to sequence more virus genomes
of different hosts have been made (Pope et al. 2015), and the approaches based on
high-throughput sequencing metagenomics and single cell genomics are also
applied to marine viruses (Angly et al. 2006; Rodriguez-Brito et al. 2010).

The advent of high-throughput sequencing technologies permitted to determine
the complete genome sequence of more than one hundred cultured marine viruses
over the past 15 years and many more are currently being analyzed. Virus genomics
provides invaluable insights into the understanding of how viral infection and virus
evolutionary relationships function. One notable feature is that marine viruses
encode remarkable panoplies of biological functionalities. They display core genes,
found in most viruses, involved into the replication of viral DNA and the structure
and the assembly of virions. Genome analyses also indicate that viruses encode and
transfer a variety of auxiliary metabolic genes (AMG) derived from their hosts
(Rohwer et al. 2000; Sullivan et al. 2005; Wilson et al. 2005). Although the ability
to shuffle genetic information through HGT is commonly reported in viruses, the
repertoire of host-derived genes encode by marine viruses differ from those of
non-marine origins. The most emblematic AMG is probably the psbA photosyn-
thesis gene reported in cyanophage genomes (Mann et al. 2003; Sullivan et al.
2005). This gene encodes the protein D1, which forms part of the photosystem II
reaction center in the host cell. During the course of viral infection, the D1 proteins
derived from the host decline dramatically while those encoded by the cyanophages
increase (Clockie et al. 2006). This led to the hypothesis that the expression of
virus-derived psbA helps maintaining photosynthesis throughout the lytic cycle,
which, in turn, ‘boosts’ the host metabolism to support virus replication. The
analysis of AMG in virus genomes suggests that marine viruses have evolved a
wide range of strategies to hijack host metabolism towards their own replication
(Hurwitz et al. 2013). AMG are widespread and they appear to be involved into
phosphate scavenging, carbon, or nitrogen metabolism (Brum and Sullivan 2015;
Hurwitz et al. 2013; Rohwer et al. 2000; Sullivan et al. 2005). The genome analysis
of viruses that infect the bloom-forming alga Emiliania huxleyi (EhV) also revealed
a unique cluster of sphingolipid biosynthetic genes (Wilson et al. 2005) that
facilitate virus replication and assembly (Rosenwasser et al. 2014). Genomics of
marine virus isolates provides unprecedented knowledge about complex metabolic
pathways that play a pivotal in role in host–virus interactions.

In parallel to genome analysis of cultured isolates, the development of
culture-independent tools was a breakthrough in virus ecology in the ocean.
Metagenomics largely contributed to unveil the extent of viral diversity and the
dynamics of viral communities (Angly et al. 2006; Breitbart et al. 2004; Brum et al.
2015). The genome sequence of relevant virus models is thus essential to build a
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reference database in order to identify the members of the viral communities and,
importantly, whom they infect (Kang et al. 2013; Zhao et al. 2013). Despite its
success, a general problem in the application of metagenomics techniques is that
although the number of viral particles is high, the amount of viral DNA in natural
environments is much smaller than cellular DNA. Therefore, since the beginning,
DNA amplification approaches were applied to retrieve the required amount for
Next Generation Sequencing (NGS) (Angly et al. 2006). In addition, the short NGS
reads complicate enormously the already shaky grounds of viral genome annota-
tion. Finally, one classical major limitation of viral metagenomics or metaviromics
was assembly. By assembly of high coverage metagenomes large genome contigs
can be reconstructed that are much more reliably annotated and classified.
However, for unknown reasons, assembly works much more poorly with phage
genomes in metaviromes. This problem can be partially by-passed by using cellular
metagenomes. Cellular DNA is also rich in viral DNA derived from cells that are
undergoing the lytic cycle. In metabolically active communities such as the deep
chlorophyll maximum (DCM) 10–15 % of the bacterial and archaeal DNA derives
from such phages (Ghai et al. 2010). For example, by using advanced binning
approaches, a bacteroidetes phage that seems to be extremely widespread and
conserved in the human microbiome could be assembled (Dutilh et al. 2014). By
using metagenomic fosmid libraries Mizuno et al. (2013) described large genomic
fragments from more than a 1000 viral genomes obtained from a single sample
from the Mediterranean DCM. Fosmids have similar size to typical Caudovirales
genomes and many of these could be retrieved. They could be gathered by genome
comparison into 21 major sequence groups and a vast genomic diversity was
present within each group. Host could be assigned to some of the 10 totally novel
groups by comparison to putative host genomes what allowed assigning the first
phages detected to marine Verrucomicrobia and the recently described marine
actinobacteria Actinomarinales (Ghai et al. 2013). This work also revealed high
microdiversity among the highly related sequence groups (Rodriguez-Valera et al.
2014), particularly in the host recognition modules. Specific single stranded
(ss) DNA amplification has allowed the reconstruction of ssDNA viruses that are
prevalent in marine habitats and have small genomes that simplify their recon-
struction from metaviromes (Labonté and Suttle 2013a, b). The newly developed
technology of single cell genomics is also providing data about viruses taking
advantage of the same phenomenon, i.e., sorted cells are often undergoing lysis and
eventually the active virus genome is abundantly represented in the resulted
amplified genome (Labonté et al. 2015). This technique allowed the description of
the first genome of a virus preying on the ubiquitous group I marine archaea or
Thaumarchaeota.
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5.5 Ecological Importance

Under natural conditions the richness of microbial species is high, while laboratory
research indicates that competition for the same resources ultimately will lead to the
dominance of the best competitor and the extinction of the other competitor(s). The
most renowned example is the Plankton Paradox (Hutchinson 1961), whereby
according to the competitive exclusion principle only a small number of plankton
species should be able to coexist on the growth-limiting resources while in reality
large numbers of plankton species are found to coexist within small regions of open
sea. Because ecological factors stay hardly ever constant, spatio-temporal hetero-
geneity, but also selective grazing, symbiosis and commensalism have been sug-
gested as factors responsible for resolving the Plankton Paradox. Another top-down
controlling factor more recently acknowledged is viral infection. Marine viruses
have typically narrow host ranges, which makes them highly relevant as underlying
cause of coexistence of microbial species (Suttle 2007; Thingstad 2000). As viral
infection is dependent on contact with the host, higher abundances of susceptible
host species are expected to favor successful infection. This Killing-the-Winner
(KtW) model describes how the abundance of the competition strategist is
top-down controlled by viruses, thereby ensuring coexistence of competing species
since the growth-limiting resources can be used by others (Thingstad 2000). Then
again, a high abundance of host is not necessarily the result of rapid growth as host
species might be resistant to top-down control (by zooplankton predators and/or
viral lysis), or there might be substantial loss of viral infectivity or virus particles
that prevent further infection of the developing host population. The traditional
rank-abundance curves (illustrating the relative abundance of species) have to be
read differently then, i.e., the least abundant taxa are not rare (or dormant) but are
instead actively growing but at the same time also predated and/or lost by viral lysis
(Suttle 2007). They illustrate r-selection, with high reproductive output, while the
few most abundant taxa are K-selected with low maximum growth rates, better
competitors for resources and less sensitive to cell loss (Suttle 2007; Våge et al.
2013). At the same time, the marine viruses rank-abundance curve shows a con-
trasting pattern with most viruses r-selected, being virulent with small genome sizes
and high decay rates. The low abundance virus taxa are K-selected with larger
genomes, longer-lived, and potentially forming stable associations with their host.

Blooms of phytoplankton exemplify situations where there is an unbalance
between growth and loss processes, either because the algal species is able to
outgrow infecting (at least temporarily) or because it is (largely) resistant to
infection. Blooms of E. huxleyi illustrate the concept of KtW well, because during
the development of the bloom the percentage of infected cells is increasing to a
point that causes the collapse of the bloom (Bratbak et al. 1993; Brussaard et al.
1996a; Martínez-Martínez et al. 2007). Interestingly, the cell morphotype of E.
huxleyi seems to affect the chance of infection. A laboratory study showed that the
diploid calcifying coccolith-bearing cells were virally infected but the haploid cells
were not (Frada et al. 2008). This finding led to the proposition of the Cheshire Cat
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escape strategy, where viral infection indirectly promotes a resistant haploid phe-
notype and thus sexual cycling (Frada et al. 2008). However, the genetically distinct
communities of the E. huxleyi host and the co-occurring viruses under natural
conditions were stable over several years, which seems to be inconsistent with the
Cheshire Cat hypothesis (sexual reproduction would actually reshuffle the genes in
E. huxleyi; Morin 2008). Moreover, a study of a natural bloom of E. huxleyi showed
that the haploid organic scale-bearing cells (haploid by nature, Laguna et al. 2001)
were also visibly infected by viruses (using transmission electron microscopy;
Brussaard et al. 1996a). It needs to be seen whether these differences between the
studies (1) indicate that sex does not act as an antiviral strategy (Morin 2008),
(2) are due to growth-controlling factors (i.e., the natural bloom was nitrogen
depleted while the laboratory study used nutrient replete cultures), (3) different
virus types (the natural study showed co-infection of two different viruses),
(4) genetically distinct algal host strains (and thus potentially different sensitivity to
infection), or (5) the haploid E. huxleyi cells in the laboratory study being different
than the natural scale-bearing cells.

Another example of how blooms are formed by (largely) viral infection-resistant
cell morphotypes is the algal blooms of the phytoplankton genus Phaeocystis
(Brussaard et al. 2005). Phaeocystis can make colonies provided that there is enough
light available to allow the excess organic carbon to be excreted in the form of
carbohydrates forming a colonial matrix (Schoemann et al. 2005). The colonial cell
morphotype has a much lower chance of becoming infected (or grazed) than a single
cell (Jacobsen et al. 2007; Ruardij et al. 2005) and therefore a considerable increase in
biomass is possible. At the moment, the cells become shed from the colonial matrix
(due to low light or nutrient depletion; Brussaard et al. 2005) the liberated single cells
are readily infected and eaten and the bloom crashes (Baudoux et al. 2006).

Viruses can be so specific that they only infect certain strains. This provides the
potential for intraspecies succession of host and virus within a phytoplankton bloom
(Baudoux et al. 2006; Tarutani et al. 2000). For example, the different sensitivities
of Heterosigma akashiwo clones to viral infection resulted not only in changes in
the total abundance of the virus infecting H. akashiwo but also the clonal diversity
of the algal host. Another example of high differential sensitivity to viral infection
within a species is the blooms of Synechococcus spp. that were composed of many
(genetically) different populations of host and cyanophage (Mühling et al. 2005;
Suttle and Chan 1994; Waterbury and Valois 1993). Differences in infectivity
properties of the host strains may be directly due to changes in the composition of
the attachment sites on the host’s cell surface (Marston et al. 2012), or may be the
indirect result of altered virus proliferation as a consequence of variation in host cell
metabolic traits between the host strains (Brussaard, unpublished data). Resistance
is thought to come with a cost, i.e., a resource competitive disadvantage compared
to viral infection susceptible strains (Lenski 1988; Thingstad et al. 2015).
Furthermore, host growth-controlling factors have been shown to affect virus latent
period, viral burst size, the level of infectivity of the viral offspring, and even viral
life strategy (Baudoux and Brussaard 2008; Bratbak et al. 1998; Maat et al. 2014;
Wilson et al. 1996). Altogether, variations in host susceptibility to viral infection
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and viral production rate and yield add not only to biodiversity but also to spatial
and temporal variability of microbial hosts and viruses.

Although many studies have indicated that viral infection is a significant loss
factor, accurate measurements of viral lysis rates of microorganisms in the field are
still few (Suttle 2005). Furthermore, rates of virally mediated mortality are assessed
using different approaches (results are therefore not necessarily comparable), and
most methods rely on different assumptions and conversion factors. The first
approach, using visibly infected cells obtained from transmission electron micro-
scopy analysis, is dependent on good estimation of the proportion of the lytic cycle
during which virus particles are visible in the infected host cells (Brussaard et al.
1996a; Proctor and Fuhrman 1990). This factor is difficult to assess as the lytic virus
growth cycle is highly variable between viruses and it can also differ within a virus
depending on host metabolism. Estimating viral lysis rates using (fluorescent) virus
tracers requires estimates of burst sizes (Heldal and Bratbak 1991; Noble and
Fuhrman 2000; Suttle and Chen 1992). Using viral decay rates to estimate pro-
duction rates also requires the assumption that there is a steady-state situation. The
use of synthesis rates of viral DNA requires many conversion factors (Steward et al.
1992). Measuring viral production rates is most widely used but does need an
estimate of burst size and comes with substantial sample handling (Weinbauer et al.
2010). Many of these methods, except the visibly infected host cell assay, measure
viral lysis of the total community, because the different virus (and often also host)
populations cannot be discriminated. Because algal viruses typically represent a few
percent of the total virus abundance, the same methods are not well suited for
phytoplankton viral lysis rate estimates unless the algal virus can be separately
counted. For phytoplankton, viral lysis rate can be assessed using a modified
dilution assay (Baudoux et al. 2006; Evans et al. 2003; Kimmance and Brussaard
2010), but here the restriction is that the algal host cells are newly infected and
lysed within the time of incubation (typically 24 h because of synchronized cell
division of many phytoplankton species).

The available viral lysis rate measurements in the field demonstrate that viral
lysis is similar to predation rates (Baudoux et al. 2006, 2007; Mojica et al. 2015).
The pathways of cellular organic matter and energy through the food web will,
therefore, follow different ways (Suttle 2005). Upon predation organic carbon and
nutrients are transferred to higher trophic levels, while upon viral lysis the host’s
cellular content is released into the surrounding waters as dissolved and detrital
particulate organic matter. Viruses are as mortality agents causing accelerated
transformation of organic matter from the particulate (lysed host cells) state to the
dissolved phase, upon which heterotrophic microbial communities mineralize the
largely (semi-) labile organic matter directly (Lønborg et al. 2013). The diversion of
organic matter towards the microbial loop (microbial recycling) results in enhanced
respiration (Suttle 2005). Cell lysis of microorganisms has been reported to sustain
the heterotrophic bacterial carbon demand (Brussaard et al. 1995, 1996b, 2005).
Globally, viral lysis seems to negatively affect the efficiency of the biological pump
(i.e., the transfer of photosynthetically fixed carbon to the deep ocean as dead
organisms or feces). The rapid release and remineralization of nutrients in the photic
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zone may increase the ratio of carbon relative to nutrients exported to the
deep. Conversely, viral lysis may potentially short-circuit the biological pump by
stimulating the formation of transparent exopolymer particles (TEP) and aggregates
(Brussaard et al. 2008; Mari et al. 2005), as well as release elements that could as
such stimulate primary production (e.g., ligand-bound iron and organic phosphorus;
Gobler et al. 1997; Løvdal et al. 2008; Poorvin et al. 2004). With respect to the
global anthropogenic climate change (greenhouse effect but also alterations in the
physicochemical characteristics of the water masses, e.g., temperature, salinity,
light, nutrients), it is urgent to improve our understanding of how viral activity
affects the processes involved in the natural sequestration of carbon dioxide.
A study in the northeast Atlantic Ocean showed for instance that the share of viral
lysis (as compared to grazing) of phytoplankton increased under conditions of
temperature-induced vertical stratification (Mojica et al. 2015).

5.6 Isolation, Culture, and Characterization
of Marine Viruses

Almost from their first discovery in 1917, cultured virus–host systems (VHS) were
viewed as relevant models for microbiologists and geneticists who investigated the
nature of genes and heredity. This early era of virus research constituted the
foundations of molecular biology. It was not until the mid-1950s that marine
viruses were discovered with the isolation and the description of a phage lytic to the
fish gut associated bacterium, Photobacterium phosphoreum (Spencer 1955).
Although the potential of bacteriophages to control host populations emerged quite
rapidly, virus isolation from oceanic settings was only reported sporadically and
most studies focused on the biology rather than the ecological implications of these
model systems (Hidaka and Fujimura 1971; Hidaka 1977; Spencer 1960). The
breakthrough discovery that viruses are the most abundant biological entities in the
ocean marked a turning point in the field of virus ecology and literally renewed
interest in isolating, culturing, and characterizing marine viruses.

Several protocols describing procedures for the isolation of lytic viruses have
been reported from various laboratories. These protocols include three main steps:
(1) A natural sample is added to a selection of prospective host cultures, (2) the
lysis of this host is visualized and, (3) in case of positive lysis, the lytic agent is
cloned and stored appropriately until characterization. In the following section, we
provide a thorough description of these steps and recommendations to optimize
successful virus isolation. Although these features are applicable to most viruses,
viral strains may differ in their development, and therefore isolation protocols may
have to be adapted accordingly. In theory, at least one, and usually multiple,
viruses, can infect any given organism. However, empirical data have shown that
some strains are more permissive to viral infection than others. It is, therefore,
preferable to use several clonal host lineages in order to increase the chance of
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successful isolation. When possible, one should isolate the host strains just prior to
virus isolation from the same location in order to increase success rate in case the
virus has a narrow host range. Furthermore, owing to their parasitic nature, viruses
largely rely on the metabolism of their hosts for production. In most cases,
well-growing hosts tend to be more susceptible to viral infection.

Prior to the isolation, it is recommended to remove particles larger than viruses
by low-speed centrifugation and/or pre-filtration through low protein binding
membrane filters (e.g., polycarbonate, polyethylsulfone, polyvinylidene fluoride)
with a preferable pore size of 0.45–0.8 µm (filtration through 0.2 µm could exclude
larger virus particles). However, this may result in loss of viruses and therefore it is
recommended to also use a non-treated sample. For sediment or any other type of
porous samples, viral particles need to be transferred into a buffer solution prior to
centrifugation and/or pre-filtration (Danovaro and Middelboe 2010). If the targeted
virus population is expected to be low in abundance, tangential flow filtration/
ultrafiltration or ultra-centrifugal units with a retention cutoff of at least 100 kDa
can concentrate viral particles. As an alternative to these techniques that can
become time consuming and costly, the host-enrichment technique also increases
the probability of successful isolation considerably. This enrichment step consists
of amending the viral community to be screened with 1–5 prospective host strains
and host growth medium. Upon incubation this mixture, viruses lytic to these hosts
should propagate and hence this procedure facilitates isolation. After incubation, the
suspension can be clarified by centrifugation or pre-filtration and, if necessary,
further concentrated by ultrafiltration as described above. Once prepared, the
extracted viral community can be stored at 4 °C until the isolation procedure.

5.6.1 Detection of Lytic Viral Lysis and Virus Purification

There are several approaches to visualize cell lysis of the targeted host due to lytic
viral infection. One common technique is the plaque assay, which has been suc-
cessfully applied to the isolation of viruses of bacteria and microalgae (Fig. 5.2).
This technique relies on combining an inoculum of the viral sample and the targeted
host culture in soft agar overlay on agar plates. On incubation, the host develops a
homogenous lawn, except where virus lysis occurs, resulting in localized translu-
cent plaques, referred to as a plaque-forming unit (PFU, Fig. 5.2). PFU typically
originates from one infectious virus and displays a well-defined morphology.
Different viruses infecting the same host can coexist in the same sample. It is
therefore recommended to pick as many individual plaques as possible and to repeat
the plaque assay for another two times to produce as many clonal lineages of these
isolates. Alternatively, the lysis of infected host can be detected in liquid medium.
In this case, the propagation of viruses is not limited by the diffusion in semi-solid
agar media. Upon attachment on a susceptible host, the viral progeny is released in
liquid medium and the newly produced virions can initiate another lysis cycle and
propagate until complete lysis of the cultured host. Lysis is detected by complete
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clearing of the host suspension as shown in Fig. 5.3. The resulting lysate can
comprise a mixture of viruses that need to be separated as soon as possible to obtain
clonal viral lineages. This can be achieved by extinction dilution methods in
multiwell-plates (Fig. 5.3). The principle of this procedure is to serially dilute
(usually using tenfold dilution increment) the lytic agents in vigorously growing
host culture until complete extinction (i.e., no lysis detected anymore). The lysed
culture from the most diluted dilution is selected and the complete procedure is
repeated twice to ensure a clonal virus. While the plaque assay can lead to the
isolation of several viral strains infecting the same host, isolation in liquid medium
generally selects for the most abundant viral strain lytic for the targeted hosts.
However, this latter procedure requires only non-specialized equipment, consum-
ables and minimal sample handling.

Fig. 5.2 Petri dish showing a plaque assay for viruses infecting the picoeukaryotic phytoplankton
Micromonas sp. (photo courtesy Nigel Grimsley)

Fig. 5.3 Aquatic serial dilution set-up using microwell plates whereby a suspension of
Micromonas virus RCC4265 was diluted from �101 down to �10−14 in Micromonas host
culture RCC829. Lysis is scored positive until dilution �108. Non-infected controls (first column)
were taken along for reference
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5.6.2 Isolation of Temperate Viruses

The most common procedure to induce lysogens and isolate temperate viruses
consists of inducing lysogens with the antibiotic mitomycin-C (Paul and Weinbauer
2010). The recommended mitomycin-C concentration varies depending on the
lysogen strains but usually ranges between 0.1 and 2 µg mL−1. This treatment
usually induces the collapse of lysogenized culture and the release of temperate virus
within 12 h. Cellular debris and larger particles can be clarified from the suspension
by low-speed centrifugation and/or filtration through 0.45 µm low protein binding
membrane filters. The filtrate containing temperate viral isolates can then be stored at
4 °C in the dark until further characterization. Alternatively, lysogens can also be
induced upon short (30 s) exposure to UV-C radiation (Jiang and Paul 1998; Lohr
et al. 2007; Weinbauer and Suttle 1996). These procedures demonstrated that
lysogeny was frequent among cultured marine bacteria (Jiang and Paul 1998;
Lossouarn et al. 2015; Stopar et al. 2004) yet it has been seldom reported in
microalgae (Lohr et al. 2007) and archaea. However, one should bear in mind that
lysogeny represents a complex and stable relationship between the virus genome and
that of its hosts. The induction of lysogens upon chemical or physical induction does
not take into account the biological principle of this symbiosis (Paul 2008). It is thus
likely that some lysogens are not induced following these treatments.

5.6.3 Isolation of Chronic Viruses

Chronic viruses that are released by the host cell by continuous or intermittent
budding or extrusion are less investigated than their lytic and temperate counter-
parts, yet they have been reported in marine eukaryotic photoautotrophs Emiliania
huxelyi (Mackinder et al. 2009) and Ostreococcus sp. (Thomas et al. 2011), but also
for viruses of the hyperthermophilic euryarchaeote Pyrococcus abyssi (Geslin et al.
2003) and Thermococcus prieurii (Gorlas et al. 2012). Chronic viruses are typically
detected by the examination of host culture by transmission electron microscopy.
The isolation of these viruses mostly relies on extracting the virus particles from the
host culture. This can be done either by low-speed centrifugation and/or filtration
through low protein binding membrane filters with pore size ranging from 0.2 to
0.45 µm.

5.6.4 Maintenance and Storage

The most common procedure to store virus stocks is to keep them refrigerated (4 °C)
in the dark. However, viral strains differ considerably with respect to their stability in
the cold. While some isolates can be kept for years, others decay when stored
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refrigerated. Therefore, appropriate storage conditions should be designed for each
individual type of virus. For the most challenging isolates, repeated transfers into
fresh host culture can be considered for maintaining viruses. Finally, cryopreser-
vation can be an alternative for, at least, some isolates. Bacteriophages affiliated to
the order Caudovirales are often stored at −80 °C in 10–20 % sucrose, 10-20 %
dimethyl sulfoxide (DMSO). These concentrations of cryoprotectant were also
appropriate to store viruses of phytoplankton; however, storage temperature has to
be modified according to the isolate stability (Nagasaki and Bratbak 2010).
Conversely, to viruses pathogenic to human, animals or plants, marine virus isolates
are rarely deposited in culture collections. Except for the Roscoff Culture Collection
(RCC), which curates and supplies viruses of marine microbes, most VHS are
maintained in personal culture collections of individual laboratories.

5.7 Marine Virus-Host Model Systems in Culture

During the past three decades few hundreds of viruses have been isolated from
marine systems and brought into culture. Cultured viral isolates have been reported
for many species emblematic of heterotrophic and phototrophic marine bacteria
such as Proteobacteria, Bacteroidetes, Cyanobacteria (e.g., Holmfeldt et al. 2013,
2014; Moebus and Nattkemper 1983; Sullivan et al. 2003, 2005, 2009) and algae
(Brussaard and Martínez-Martínez 2008; Short 2012; Tomaru et al. 2015 and ref-
erences therein), whereas thus far only few viruses infecting archaea (Geslin et al.
2003; Gorlas et al. 2012), or heterotrophic protozoa (Arslan et al. 2011; Fischer
et al. 2010; Garza and Suttle 1995) were brought into culture. Among the latter, the
virus of the protozoa Cafeteria roenbergensis (CroV) was even parasitized by a
small virophage (Mavirus) during CroV host infection (Fischer and Suttle 2011).

The isolation and characterization of these VHS unveiled an extraordinarily high
level of morphological, taxonomical, and functional novelty. The characterization
of 31 cellulophages demonstrated considerable divergence with known counterparts
(Holmfeldt et al. 2013). The morphological and genomic analysis of these isolates
showed that they represent 12 novel genera globally distributed in the ocean and
together they comprise the largest diversity of phages associated to a single marine
host (Holmfeldt et al. 2013). Likewise, marine protists host a wide diversity of viral
pathogens. The majority of these viruses is complex, possesses a large dsDNA
genome, and belongs to the Nucleo-Cytoplasmic Large DNA Viruses (NCLDV),
for which the order Megavirales has been proposed (Colson et al. 2013). NCLDV
from marine environments belong to 2 main families. The Phycodnaviridae family
includes the majority of viruses that infects photosynthetic protists among which
the haptophytes E. huxleyi (Schroeder et al. 2002; Wilson et al. 2005), P. globosa
(Baudoux and Brussaard 2005; Brussaard et al. 2004b), the prasinophytes
Micromonas, Bathycoccus, and Ostreococcus (Baudoux et al. 2015; Derelle et al.
2008, 2015; Martínez-Martínez et al. 2015; Zingone et al. 2006), or the raphido-
phyte H. akashiwo (Nagasaki et al. 1999).
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Marine NCLDV also classify within the Mimiviridae family. This clade, named
after the discovery of Mimivirus (Raoult et al. 2004), originally included viruses
with exceptionally large dsDNA genomes. With a sophisticated shell 0.7 µm and a
huge genome of 1.2 Mb,Megavirus chilensis, isolated from coastal waters of Chile,
represents the largest Mimiviridae and it surprisingly propagates on a freshwater
acanthamoeba (Arslan et al. 2011). Viruses with smaller genome sizes but sharing
several genetic features with these giant viruses were added to this virus family;
Mimiviridae includes now the virus CroV that infects the marine protozoa Cafeteria
roenbergensis (750 kb, Fischer et al. 2010), but also viruses that infect photosyn-
thetic protists such as the haptophytes Phaeocystis pouchetii (485 kb, Jacobsen
et al. 1996), Phaeocystis globosa (460 kb PgV-16T, Santini et al. 2013), Haptolina
ericina (formely named Chrysochromulina ericina, 530 kb, Sandaa et al. 2001;
Johannessen et al. 2015), Prymnesium kappa (507 kb, Johannessen et al. 2015), the
prasinophyte Pyramimonas orientalis (560 kb, Sandaa et al. 2001) and the
pelagophyte Aureococcus anophagefferens (371 kb, Moniruzzaman et al. 2014) are
awaiting assignment to this virus family. The discovery of Mimiviridae initiated
intensive debates on the concept virus. Their huge and astonishingly complex
genome was found to encode trademark cellular functions, which literally blurs the
boundaries between viruses and cellular organisms. The upper limits of the viral
world both in terms of particle size and genome complexity have been pushed out
with the isolation of Pandoraviruses from coastal marine waters and a freshwater
pond (Philippe et al. 2013). These amoeba viruses exhibit dsDNA genome of
2.5 Mb lacking similarities with known NCLDV.

Not all protist viruses are of the dsDNA type. The prasinophyte Micromonas,
which hosts many Phycodnaviridae, can also be infected by dsRNA virus
(Brussaard et al. 2004b). This reovirus displays unusual morphology and genetic
features compared to known Reoviridae, which led to the proposition of a new
genus, Mimoreovirus, within the family Reoviridae (Attoui et al. 2006). Moreover,
diatom viruses exhibit tiny particle diameter (< 40 nm) compared to Phycod
naviridae and belong to two main groups: the Bacilladnavirus (ssDNA viruses,
Kimura and Tomaru 2013, 2015; Nagasaki et al. 2005; Tomaru et al. 2008, 2011a,
b, 2013b) and the Bacillarnavirus (ssRNA, Kimura and Tomaru 2015; Nagasaki
et al. 2004; Shirai et al. 2008; Tomaru et al. 2009, 2012, 2013a).

Together, these novel VHS demonstrate that we have barely scratched the sur-
face of viral diversity. Characterizing these model systems is essential to gaining
knowledge about the functional role of this tremendous taxonomic diversity.
Importantly, marine environments have been inadequately sampled. Most VHS
cultured thus far originate from temperate coastal marine environments, while
open-ocean, tropical and extreme marine systems have been largely under-explored.
Likewise, VHS mostly include dsDNA virus that infect emblematic marine bacteria
or protists. By comparison archaeal viruses, RNA viruses, or ssDNA are
under-represented while some of these groups seem to comprise an important
fraction of the viral community (Culley et al. 2006; Labonté and Suttle 2013a, b;
Labonté et al. 2015). Hence, there is no question that more efforts for isolating
novel viruses need to be pursued.
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5.8 Marine Viruses and Biotechnological Applications

Metagenomic studies of marine viruses reveal the presence of many new genes and
novel proteins and as such the vast amount of genetically diverse marine viruses is a
largely untapped genetic resource for biotechnological applications. Interesting
findings from studying marine viruses thus far involve the algal virus EhV infecting
E. huxleyi, which has a unique cluster of seven genes that are involved in the
sphingolipid biosynthesis, leading to ceramide formation (Wilson et al. 2005).
Ceramides are the key structural lipids of skin, nails and hair as an effective epi-
dermal barrier against water evaporation and entry of microorganisms. Use of
ceramides by the cosmetic industry depends still largely on biomolecules obtained
from natural sources, and thus the expression and production of viral ceramides
may be a promising alternative source of natural ceramides (Wilson et al. 2005).

Other exciting recent discoveries are the viruses infecting viruses which showed
that the infection with such virophage (‘eaters of viruses’) not only helps the
survival of the cellular organism by decreasing the yield of the larger virus, but it
also illustrated the potential of the virophages as source of biotechnologically
interesting features (Fischer and Suttle 2011; La Scola et al. 2008). For example, the
name of the virophage Mavirus is derived from Maverick virus as its genome
encoding 20 predicting coding sequences of which seven have homology to the
Maverick/Polinto family of DNA transposons. Furthermore, the DNA genome of
the virophage Sputnik contains genes related to those in viruses infecting the three
domains of life, and may as such serve the transfer of genetic material among
viruses.

In the marine aquaculture industry, viruses are typically directly linked to (lethal)
diseases and therefore are considered a major economic burden (Suttle 2007).
However, the beneficial use of lytic viruses as mortality agents and source of lytic
enzymes has been explored for multiple purposes. In aquaculture, Chlorella viruses
were exploited to improve the extraction efficiency of algal lipids for biodiesel
production (Sanmukh et al. 2014). The stringent host specificity of virus is another
feature that has been exploited in aquaculture. Cultured fish, shellfish, or crus-
taceans, like any animal, are the target of bacterial infections that can have a
dramatic economic impact. The use of chemotherapy is a rapid and efficient way to
limit these infections. Yet these treatments are also lethal for beneficial bacteria and,
importantly, they have led to the evolvement of multidrug-resistant bacterial strains
that are a serious threat for farming industries. By comparison, lytic viruses are
efficient antimicrobial agents that specifically infect and propagate on a limited
number of host strains, leaving the co-occurring microbial community untouched.
They have thus emerged as potential therapeutic agents to prevent and treat bac-
terial infections. Phage therapy has already been implemented to treat several fish
pathogens and its effectiveness is currently tested for the treatment of other cultured
animals in experimental conditions (Karunasagar et al. 2007; Martínez-Díaz and
Hipólito-Morales 2013; Nakai and Park 2002; Oliveira et al. 2012 and references
therein).
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The application of viruses as therapeutic agents goes beyond aquaculture. In
natural ecosystems, the combined effect of anthropogenic pressure and global
change severely threatens the health of coral reefs. The increased surface temper-
ature and pollution has been associated with the development of infectious diseases
that lead to the demise of infected reefs. Phage therapy reached a new milestone
with promising tests accomplished on the scleractinian corals Favia favus infected
by Thalassomonas loyana, the causative agent of the white plague disease (Atad
et al. 2012). Inoculation of the marine phage BA3 (Efrony et al. 2007, 2009) with
diseased corals prevented the progression of the white plague disease and its
transmission to healthy corals in the Gulf of Aqba, Red Sea. This promising study
constitutes the first application of phage therapy to cure diseased corals in situ.

Another emerging field of interest is the detection and identification of viruses in
ballast water. Ballast water discharges from ships are responsible for introducing
invasive species and their viruses to other marine regions. The knowledge of marine
microorganisms spread by ballast water discharge is still largely understudied but
has potential of spreading disease agents. There are a few examples (already) of
specific viruses that were introduced via ships’ ballast water, i.e., the Infectious
Salmon Anemia Virus (ISAV) in salmon farms of Scotland were linked to vessel
visits, and marine cyanophages were introduced to the Great Lakes, USA (Murray
et al. 2002; Wilhelm et al. 2006). Given the increasing volume of shipping and
rapidly growing aquaculture industry, introduction of pathogenic viruses to
near-coast ecosystems and aquaculture farms is a realistic threat. At the same time,
increasingly strict regulations on ballast water discharge force the shipping industry
to make use of on-board ballast water treatment systems in order to decrease the
abundance of organisms and viruses. Effective methods of virus concentration and
virus detection are needed to comply with the new quality standards.

The high yield genes found as AMG can be used by synthetic biology to create
more efficient artificial cells in the future. It is clear that the vast genetic diversity
contained in the viral biosphere compartment will eventually be used for biotech
applications or nanotechnology (Fischlechner and Donath 2007).

5.9 Future Perspectives

Viruses play a major role in the natural history and population dynamics of most
living organisms and this is even truer for Bacteria, Archaea, and protists. Marine
viruses might contribute decisively to the marine ecosystem functioning and to the
stability and performance of the microbial communities. Therefore, it is important
to strive to get a meaningful representation of all the groups involved in the
community behavior and that includes viruses. If we are to understand the biology
of these microbes we have to advance in the knowledge of their viruses.
Culture-independent approaches are allowing fast advances, but do not exclude the
need for in situ viral lysis rate measurements, as well as experimental studies of
viral–host interactions.
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Viruses are probably the largest reservoir of novel genes in the biosphere and
this novelty is important for their host biology. The role that viruses play in the
evolution of microbes is considered to be fundamental. Cells can outsource their
most innovative evolutionary experiments to their viruses that are not under the
pressure of optimizing growth parameters to compete. The number of genes shared
by (microbial) hosts and their viruses has been continuously increasing. As more
viral genomes become available, the list of AMG genes increases and is now
including multiples aspects of the host physiology (Breitbart 2012).

It has been proposed that viruses are a part of the bacterial and archaeal
pan-genomes (Rodriguez-Valera and Ussery 2012) and that as such are impossible
to extricate from the cellular lineages from an evolutionary perspective, i.e., to form
a single selection unit. In the formidable task that microbiologists face when
struggling to describe microbial diversity and its ecological function, viral diversity
and activity can be considered the last but important frontiers that need to be
overcome.
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Chapter 6
Biogeography of Marine Microorganisms

Viggó Þór Marteinsson, René Groben, Eyjólfur Reynisson
and Pauline Vannier

Abstract Marine microbial biogeography describes the occurrence and abundance
of microbial taxa and aims to understand the mechanisms by which they are dis-
persed and then adapt to their environment. The development of novel technolo-
gies, such as Next-Generation Sequencing (NGS) in combination with large-scale
ocean sampling campaigns, generated a vast amount of taxonomic data that allowed
for in-depth analyses of biogeographic patterns. Globally occurring groups of
microorganisms were detected that dominate the marine environment (e.g., SAR11,
SAR86, Roseobacter, and Vibrio), however, NGS data revealed the presence of
distinct eco- and phylotypes inside these clades and genera that showed clear
ecological niche adaptation and different biogeographic distributions. Genome
analyses of these marine microorganisms helped to understand potential adaptive
mechanisms that could explain why certain taxa are occurring ubiquitously and
others are limited to certain regions and ecosystems. Marine microorganisms can
employ a vast variety of adaptive mechanisms to deal with environmental param-
eters such as temperature, light or nutrient availability, for example through
exploitation of specific energy sources or protective mechanisms against UV
radiation or viruses. The availability or lack of physiological pathways and traits in
ecotypes is then responsible for shaping the marine microbial biogeography.
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6.1 Introduction

Biogeography can be defined as the spatial and temporal distribution of taxa, or
more elaborate and detailed: “Biogeography is the study of the distribution of
biodiversity over space and time. It aims to reveal where organisms live, at what
abundance, and why” (Martiny et al. 2006). While this topic has been studied for all
kinds of larger, multicellular organisms, like higher plants and animals [review
articles include, e.g. (Davies et al. 2011; Cowman 2014; Wang and Ran 2014)],
investigations have more recently also included microorganisms, like bacteria,
archaea and protists, e.g. (Angel et al. 2010; Foissner 2006; King et al. 2010;
Nemergut et al. 2011). More than 70 % of Earth’s surface is covered by the ocean
with an average depth of 3800 m and a maximum depth of 10,790 m at the
Marianas Trench. The microbial communities in this enormous water column and
the connected sediments have a preponderant role in marine and even global bio-
geochemical cycles such as for carbon, nitrogen, oxygen availability, phosphorus,
sulfur, and iron (Azam and Malfatti 2007; Fuhrman 1999; Huber et al. 2007).
Marine microorganisms include both primary producers like photoautotrophs and
chemoautotrophs and also secondary producers such as heterotrophs. The under-
standing of life-sustaining biochemical fluxes, such as global carbon and nitrogen
cycles, is very much linked to the identification and characterization of the
microorganisms present in the community and of their physiological capabilities.
Therefore, marine microbial biogeography is an important aspect of understanding
local and global biochemical cycles. In addition to their importance on these cycles,
marine microorganisms also play an important role in marine food webs and in
shaping ecological niches and ecosystems (Azam et al. 1983; Azam and Malfatti
2007), and again, knowledge about the distribution of marine microorganisms is
paramount for our understanding of ecosystem functions.

Biogeography studies of marine microorganisms are complicated by a number of
specific methodological problems. First, the environment of study is highly
dynamic and sampling and biogeographic analyses require from scientists to deal
with a three-dimensional water column that is constantly changing due to large and
small scale impacts, like ocean currents, mixing of water layers and turbulences.
This open and dynamic system is therefore at risk to be undersampled (Shade et al.
2009), because the physical movements of currents, eddies, fronts, up- and
down-welling regions can cause different prevailing environmental conditions and
give rise to different microbial communities, even at small spatial scales (Seymour
et al. 2012) or at a single location during short time spans (short temporal scales)
(Needham et al. 2013). On larger scales, surface currents could constrain microbial
community biogeographic structure by affecting their physical limits and therefore
contribute to microbial dissemination in the upper layers of the oceans (Selje et al.
2004; Wilkins et al. 2013a). Second, microorganisms are less easy to study than
multicellular organisms due to their small size and often lack of easily identifiable
morphologic features. These methodological challenges were the reason for the
previous lack of marine microbial biogeographic research, and the surge of new
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publications on that topic (Brown et al. 2014) appeared when these hurdles were
overcome by the availability of new technologies. In the early days of marine
microbiology, cell identification was normally based on the isolation and culturing
of strains and their characterization through morphological traits and metabolic
abilities. Most studies of the diversity of marine microorganisms focused therefore
on the culturing and identification of specific groups of organisms, those that were
possible to culture and those that showed well-defined morphological or metabolic
characteristics that allowed for an easy taxonomic identification. For example,
among the first described marine bacteria were members of the genus
Photobacterium, as they were easy to culture on complex media and easy to
identify (Beijerinck 1889). Following this methodology, many more marine bac-
terial taxa were characterized and formally described in the nineteenth and twen-
tieth century which covered a good part of the—cultivable—marine microbiome.
ZoBell and Upham (1944) performed one of the first surveys of the diversity of
marine microbes by describing 60 new bacterial species isolated from the marine
environment. This early study generated bacterial strains that were used to describe
many of the genera of marine bacterial cultivated in later studies. These studies
focused on particular groups of Bacteria using numerical taxonomy to rigorously
define genera and species. Later studies included work on, e.g., Alteromonas
(Gauthier 1976), Oceanospirillum, Pseudomonas, Deleya (now Halomonas),
Alteromonas, Vibrio, Photobacterium (Baumann et al. 1971, 1972; Baumann and
Baumann 1977; Baumann et al. 1983; Reichelt and Baumann 1973), Cytophaga,
Microscilla, and Flavobacterium (Lewin 1969; Lewin and Lounsbery 1969).
During this period other groups of bacteria were isolated and classified on the basis
of specific metabolic abilities or morphologic traits, like methylotrophs (Janvier
et al. 1985; Sieburth et al. 1987), budding bacteria (Poindexter 1964; Staley 1973)
and nitrifying bacteria (Watson 1965; Watson and Mandel 1971). Eukaryotic
microorganisms, especially phytoplankton, were often easier to identify and
describe as they show more diverse and distinct morphologic characteristics that
can be seen by standard light microscopy, such as silicate cell walls (diatoms),
calcium carbonate scales (coccolithophores) or flagella (e.g., dinoflagellates).
However, subsequent investigations sometimes revealed cryptic speciation,
emphasizing the limits of morphology-based identifications (Saez et al. 2003).

The dependence on culturing and simple light microscopy largely limited the
possibilities of a thorough analysis of the marine microbial diversity and therefore a
wide-spanning microbial biogeography. Technological and methodological
advancements, like e.g. epifluorescence microscopy and direct counting methods,
flow cytometry and molecular biology, opened up the field of microbiology
beyond culture-based identification methods for bacteria and archaea and micro-
scopy for microbial Eukarya. The advent of novel technologies, especially of
“Next-Generation-Sequencing” (NGS) methodologies that are capable of generat-
ing millions of sequences from an environmental sample, and the corresponding
bioinformatics tools that allow for their analysis, made it possible to obtain a picture
of the marine microbial biogeography (Tseng and Tang 2014; Wood et al. 2013).
Today, nearly all publications in the field of marine microbial biogeography are
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based on sequences of the small subunit (SSU) of the ribosomal RNA gene (16S
rRNA gene for Bacteria and Archaea, 18S rRNA gene for Eukarya). These ribo-
somal genes are one of the standards for molecular taxonomic identification and
phylogenetic analyses, although further improvements in NGS technologies will
allow for the use of whole genomes and metagenomes for taxonomic and phylo-
genetic analyses.

Another way of analysis of microbial biogeography, remote sensing, is set to
become a key component in biological oceanography and marine microbial ecology
studies in the same way as it has long been the case in physical and chemical
oceanography. It is now possible to estimate biomass, composition and even some
community trait characteristics, such as diversity of cell size in the photoautotrophic
community (Alvain et al. 2008). However, it is difficult to foresee how such
technique could also cover heterotrophic microorganisms.

6.2 The Concept of “Microbial Biogeography”

The study of microbial biogeography is of course only logical and necessary if such
a feature really exists. The often cited statement ‘alles is overall: maar het milieu
selecteert’ (Everything is everywhere: but the environment selects) (Baas Becking
1934) has for a long time guided microbiologists with respect to their view in
regard to the distribution of microbial taxa and communities. In contrast to larger
organisms, dispersal of small, unicellular microorganisms was seen as ubiquitous
through, for example wind and, in the case of marine microorganisms, currents.
Finlay and coworkers described globally ubiquitous distributions of certain protist
morphospecies (Finlay 2002; Finlay and Fenchel 2004; Finlay et al. 2006). Based
on their observations and taking into account the even larger population sizes of
bacteria and archaea, Finlay and coworkers extrapolated that these globally ubiq-
uitous distributions would also apply to these organisms, and that distribution of
microorganisms in general would be driven by random dispersal and therefore
microbial species would be globally ubiquitous (Finlay and Fenchel 2004). If this is
true then microbial ecology would be very much different from general ecological
principles derived from larger, “higher” organisms. Only part of the biogeography
definition of Martiny et al. (2006) would apply (abundance, but not the “where”,
would be relevant to microbial organisms) and not all of the general mechanisms
that have been identified to determine biogeographic distributions of organisms (see
below) would apply to microorganisms. However, one should remember that we
can address the concept of biogeography at different taxonomic levels, from mor-
phospecies, as Finley and coworkers did (Finlay 2002), down to subgroups and
phylotypes, as we see for example among the SAR11 clade (Brown et al. 2012).
Therefore, what seems to be a globally ubiquitous distribution of a taxon can show
clearly defined biogeographic patterns when more information, e.g. specific DNA
sequences, like internal transcribed spacers (ITS), are taken into account that
characterize organisms at lower taxonomic levels.
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In an effort to give insights into the great microbial diversity in different geographic
locations of the sea, various national and international sampling expeditions have
been launched (Karsenti et al. 2011; Kopf et al. 2015; Rusch et al. 2007; Sunagawa
et al. 2015). A large step forward in the understanding of biogeographic patters of
marine microorganisms has been made due to these large-scale sampling and data
collection initiatives (Fig. 6.1) such as the “The Sorcerer II Global Ocean Sampling
expedition” (Nealson andVenter 2007; Rusch et al. 2007), the International Census of
Marine Microbes (ICOMM; http://icomm.mbl.edu/) (Amaral-Zettler et al. 2010),
Tara Oceans (http://oceans.taraexpeditions.org/) (Pesant et al. 2015), Malaspina
expedition (http://scientific.expedicionmalaspina.es/), or one of the latest events, the
Ocean Sampling Day (OSD) (Kopf et al. 2015). Another portal has also been estab-
lished (http://www.megx.net/) for geo-referenced databases and tools for the analysis
of marine bacterial, archaeal and phage genomes and metagenomes (Kottmann et al.
2010).As an example, data consisting ofmore than 7.7 million sequencing reads from
41 sampling sites on a 8000 km route, from theNorthAtlantic southwards through the
Panama Canal and onwards toward the South Pacific, has revealed more new genes,
proteins and biodiversity than might have been thought possible (Nealson and Venter
2007). Yet this is only a fraction of the total biological diversity that is present in the
ocean at greater depths and in other geographical areas and that awaits discovery.

These initiatives and other research projects greatly benefit from the use of NGS
technologies for the identification and characterization of microbial taxa. Sequencing
data have shown that previously identified morphospecies of microorganisms often
consist of genetically different organisms (Saez et al. 2003) and that this cryptic

Fig. 6.1 Overview of selected large-scale marine microbial sampling and data collection
initiatives showing sampling sites and routes
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diversity means that the idea of cosmopolitan microorganisms can be artificial and
disappears when lower taxonomic levels (e.g., ecotypes) are taken into account (Bass
et al. 2007; Paasche 2001). However, while the scientific discussion about ubiquitous
versus local distribution of microorganisms is still ongoing, more and more evidence
has been gathered that supports the theory that microorganisms display similar bio-
geographic patterns as multicellular organisms (Brown et al. 2012, 2014; Fuhrman
et al. 2008; Martiny et al. 2006). It has been suggested (van der Gast 2015) to use a
combined model of microbial biogeography, in which some organisms show a cos-
mopolitan distribution, while others are restricted to certain locations.

6.3 Environmental Factors Shaping Microbial
Biogeography

Biogeography is impacted by temporal but also spatial variations (Fuhrman et al.
2015). Communities can be altered by physicochemical parameters such as tem-
perature, UV light, high hydrostatic pressures, pH, and salinity, but also by nutrient
supply, interspecies competition, and viral infection. The microbial dispersion in
the upper layer of the water column or the photic zone (*10–400 m), which is
approximately 10 % of the ocean by volume, depends on the season and avail-
ability of sunlight. Ocean features, such as light intensity, may influence the dis-
tribution of a community, such as the vertical distribution of organisms in the water
column based on their UV tolerance (DeLong et al. 2006). Below the photic zone or
in the deeper waters, which make up 90 % of the ocean system, there is a physical
separation of water bodies, driven by temperature and density, called thermocline.
The different, separated water bodies caused by the thermocline contain each their
own circulation and different microbial communities (Agogue et al. 2011).

An interesting case in regard to the dispersal of marine microorganisms and their
biogeography comes from polar research and ocean currents (Fig. 6.2). Pole-to-pole
studies revealed that dissemination of microbial communities by surface ocean
currents is unlikely but that these microbial communities could possibly disseminate
with deep water currents between the poles on a timescale of hundreds or possibly
several thousands of years (Ballarotta et al. 2014; Cavicchioli 2015; Matsumoto
2007; Rahmstorf 2003; Zika et al. 2012). Although the marine environment is
continuous between Antarctica and the Arctic, environmental factors exist that affect
the dissemination of microbes. Surface water has not only little connectivity by
major currents, it is also characterized by large changes in temperature (<0 °C at the
poles but >30 °C at the equator), salinity, nutrients, and sunlight hours. Moreover,
both poles are enclosed. The Antarctic Circumpolar Current isolates Antarctica and
the continents Eurasia and North America enclose the Arctic Ocean (Fig. 6.2).
Several factors seem to impact surface versus deep ocean communities, with surface
communities being more influenced by local environmental factors and deep ocean
communities more influenced by dispersal (Ghiglione et al. 2012).
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Arctic Ocean communities differ noticeably from those in the Southern Ocean,
having only *15 % of microbial species in common which are represented by
members of the typical marine taxonomic groups Alphaproteobacteria,
Gammaproteobacteria, and Flavobacteria (Ghiglione et al. 2012). It seems that the
limited dispersal of the marine communities at the poles exert more distinction on
surface water community composition versus deep ocean communities. This indi-
cates rather more influence of surface water dynamics on community composition
than environmental selection (Sul et al. 2013b). It has also been demonstrated that
physical transport with ocean currents affects microbial community composition in
the Southern Ocean (Wilkins et al. 2013b). All the major Southern Ocean water
masses, from the surface to *6 km depth and latitudinal separation of up to
*3000 km, were covered in these analyses and the effect of dissemination or
advection was tested by methods that included an ocean model using environmental
factors and distance (Wilkins et al. 2013b). The effects of distance and environment
on advection have been demonstrated in other marine studies (Fuhrman et al. 2008;
Galand et al. 2009; Ghiglione et al. 2012; Giebel et al. 2009; Lauro et al. 2007; Sul
et al. 2013a) but without testing the role of advection in shaping the composition of
marine microbial communities. These studies concluded that dispersal in the ocean
has physical limitations and ocean currents increase the opportunity for microor-
ganisms to colonize new locations. However, it should be mentioned that single-cell
genomics studies of cultured and uncultured marine bacteria tend to differ markedly
and led to the conclusion that the surface ocean distribution is unlikely to limit
dispersal (Swan et al. 2013).

Fig. 6.2 Overview of major global ocean currents

6 Biogeography of Marine Microorganisms 193



Nutrient and energy availability are also factors that shape microbial biogeog-
raphy. Primary production done by phototrophic microorganisms in the photic zone
is quickly used and remineralized by heterotrophs. The resulting organic matter can
be exported in the deep sea by sinking of aggregates and fecal pellets. Those steps
induce a modification of the microbial diversity depending on the nutrients and
oxygen availabilities. Thus, microbial communities are different close to the surface
than in deeper water. The deep sea waters are considered oligotrophic environments
due to the rapid degradation of the organic matter along the water column.
Exceptions are for instance hydrothermal vents, upwelling zones, cold seeps, and
carcasses on the seafloor (see Chaps. 8 and 9). Three steps exist under anoxic
conditions for the mineralization of complex organic matter (Schink and Stams
2013). First, oligomers and monomers are formed from the hydrolysis of complex
molecules and then these substrates are fermented in reduced organic compounds
(short chain fatty acids and alcohols). These reduced compounds can be used by
sulfate-reducing bacteria in sulfate-rich sediments, whereas in sulfate-depleted
sediments strains can ferment them to acetate, formate, H2, and CO2. Then,
methanogenic archaea can use those last substrates to produce CH4 (Schink and
Stams 2013; Stams and Plugge 2009). Consequently, microbial diversity changes
along the water column from the sea surface to the deep sea waters (Brown et al.
2009; DeLong 2006; DeLong et al. 2006; Zinger et al. 2011). Depending on the
study and on the site where it was conducted, some research has demonstrated less
taxonomical diversity in the deep sea (Agogue et al. 2011; Brown et al. 2009),
whereas other studies have shown higher diversity (Kembel et al. 2011; Pommier
et al. 2010). These differences seemed to be related to the oxygen and nutrients
content at the studied sites. Microbial diversity fluctuations were also detected in
the water column and in sediments. Due to lack of nutrients and oxygen, it appears
that sediments from continental margins and estuaries harbor a higher microbial
diversity than deep sea sediments (Feng et al. 2009; Lozupone and Knight 2007).

6.4 Dominant Groups of Microorganisms in the Ocean

Originally, the dominating bacterial species of the ocean were thought to be
members of Vibrio, Alteromonas and Pseudomonas to name a few, based on the
culturing of the microbiota from seawater and marine fish. However, molecular
biology, genomics, and information technology have changed our understanding
and have revealed unforeseen levels of microbial diversity and metabolic potential
in the seawater column and sediments (DeLong 1997; Venter et al. 2004). NGS
technology has, for example, revealed unknown microbial diversity by deep
sequencing the unexplored “rare biosphere” (Sogin et al. 2006). Evidence has been
published that indicates a complex and diversified community composition in the
ocean. The research unveils a large microbial diversity and led to spectacular
discoveries of previously unknown marine microorganisms with new metabolic
processes (Karsenti et al. 2011; Sogin et al. 2006; Sunagawa et al. 2015; Venter
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et al. 2004; Whitman et al. 1998). Although microbial diversity is huge, in most
natural assemblages only a small number of phylogenetic groups dominate the
community (Giovannoni and Stingl 2005). Among bacterial and archaeal taxa,
Schattenhofer et al. (2009) reported the dominance of about 11 marine phyla in the
upper water layers along a transect across the Atlantic Ocean from South Africa
(32.9°S) to the UK (46.4°N). The alphaproteobacterial clade SAR11 is one such
dominant bacterial group that may comprise between 24 and 55 % of microbial
cells in the Atlantic Ocean (Malmstrom et al. 2004; Mary et al. 2006; Schattenhofer
et al. 2009) and the coastal North Sea (Alonso and Pernthaler 2006). The clade was
first observed and described from the Sargasso Sea (Giovannoni et al. 1990) and
probably represents the most abundant heterotrophic bacterial group in pelagic
marine environments (Morris et al. 2002). Another example of a globally abundant
and ecologically important taxon is the cyanobacterium Synechococcus (see
Chap. 3). The question of dominance is an important aspect of biogeography and
the determination of factors that cause this dominance is of utmost importance in
understanding marine microbial biogeography.

6.4.1 SAR11

The most dominant heterotrophic bacterial taxon in the ocean, SAR11, was origi-
nally discovered by sequencing 16S rRNA gene clone libraries of environmental
samples without previous culturing or microscopic identification (Britschgi and
Giovannoni 1991; Giovannoni et al. 1990; Mullins et al. 1995). These early
molecular analyses of marine bacterial diversity found a number of novel linages
that were widely distributed in ocean surface waters, of which the most abundant
one was called SAR11. Phylogenetic analyses identified this new lineage as a
deeply branching alphaproteobacterial clade (Britschgi and Giovannoni 1991; Field
et al. 1997; Giovannoni et al. 1990; Mullins et al. 1995; Rappe et al. 2000). After its
discovery by molecular methods in the 1990s, the culturing of strains from this
clade was first described in 2002 (Rappe et al. 2002).

Inside the SAR11 clade, Morris et al. (2005) identified four subgroups based on
distinct 16S rRNA gene sequences which were later further divided into phylotypes
using internal transcribed spacer (ITS) sequences (Brown and Fuhrman 2005;
Brown et al. 2012; Garcia-Martinez and Rodriguez-Valera 2000). The biogeogra-
phy of SAR11, its subgroups and phylotypes shows ecological niche adaptation as
well as a strong correlation with temperature and/or latitude (Brown et al. 2012).
SAR11 subgroups 1a, 1b, and 2 are most abundant in ocean surface waters, whereas
subgroup 3 seems to be mainly found in coastal or brackish environments,
including polar and warm waters (Brown et al. 2012; Carlson et al. 2009; Morris
et al. 2005). While subgroup 1b seems to be found only in warm waters (>18 °C),
subgroups 1a and 2 have a cosmopolitan distribution. However, different phylo-
types in those two subgroups occur in different environments according to tem-
perature: the three phylotypes in subgroup 1a each occur either in tropical,
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temperate or polar waters, while subgroup 2 contains two phylotypes, each of
which can dominate ocean surface waters depending on a temperature above or
below 10 °C (Brown and Fuhrman 2005; Brown et al. 2012; Carlson et al. 2009;
Morris et al. 2005). A third phylotype of subgroup 2 shows a more
latitude-independent distribution at lower depths (Field et al. 1997; Garcia-Martinez
and Rodriguez-Valera 2000). While temperature seems to be the most important
factor in shaping the biogeography of SAR11 subgroups and phylotypes, other
environmental parameters, such as water mixing, influence the abundance of these
clades as well (Brown and Fuhrman 2005; Brown et al. 2012; Carlson et al. 2009).

While it is not clear why SAR11 is so successful and globally ubiquitous, it has
been suggested, that its small size and its streamlined genome, both decreasing
nutrient requirements, play a proponent role (Giovannoni et al. 2005). These and
other traits may also give competitive advantages in nutrient uptake and defense
against viruses (Zhao et al. 2013). Another finding was that the expression of
proteorhodopsin, for which genes were found in all sequenced SAR11 genomes, is
part of a mechanism that helps the cell under low carbon conditions (Sun et al.
2011). Proteorhodopsin is a light-harvesting pigment and it has been suggested that
it may help covering part of the energy demand of the organism. In general, it
seems that the ecological success and widespread distribution and dominance of
SAR11 is linked to its ability to handle limitations in nutrient availability, some-
thing that might be found in many oceanic environments and conditions.

6.4.2 SAR86

The second most common group of marine heterotrophic bacteria according to the
Global Ocean Sampling (GOS) datasets is the gammaproteobacterial SAR86 clade
(Yooseph et al. 2010). SAR86 strains show similar adaptation to an oligotrophic,
nutrient-limited environment as SAR11 (Lauro et al. 2009), including metabolic
streamlining (Dupont et al. 2012; Swan et al. 2013) and the presence of prote-
orhodopsin genes (Sabehi et al. 2004). These similarities between the two globally
most dominant groups of heterotrophic marine microorganisms strongly support the
importance of these features for the success of the organisms. Differences between
SAR86 and SAR11 include their use of various carbon sources. While SAR11
utilizes dicarboxylic acids and simple peptides, SAR86 seems to grow mainly on
lipids and polysaccharides as a carbon source, and it is speculated that these dif-
ferent mechanisms allow for the co-occurrence of the two clades, possibly avoiding
competition for resources (Dupont et al. 2012).

While sequence analyses showed some phylogenetic sub-clades within SAR86,
it is not clear yet whether they represent distinct ecotypes (Treusch et al. 2009).
However, some research indicates that this might be the case (Dupont et al. 2012).
SAR86 sequences from sampling sites representing the open ocean, colder coastal
areas, and warmer coastal areas were mainly recruited into different genomes during
assembly and might represent three different ecotypes (Dupont et al. 2012). Further
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research is needed on this ubiquitous bacterial clade, which is hampered by the fact
that there are currently no cultured representatives.

6.4.3 Roseobacter

Different lineages among marine bacteria use different strategies for adaptation to
their environment, which can nevertheless be equally successful (Luo and Moran
2014). The ubiquitous clades SAR11/SAR86 and the also globally widespread
marine alphaproteobacterial genus Roseobacter are examples for successful
strategies of adaptation. While SAR11 and SAR86 use genomic and metabolic
streamlining to decrease nutritional requirements, Roseobacter strains have large
genomes that code for a wide variety of traits, including chemotaxis, motility, and
other functions for finding and utilizing nutrients (Newton et al. 2010). These two
ecological strategies are often called “free living” (SAR11 and SAR86) and “patch
associated” (Roseobacter) (Luo and Moran 2014). The genus Roseobacter consists
of a phylogenetically broad group of species/strains and the differences in their
genomes are also reflected in their versatility with specific metabolic pathways only
available to certain strains (Azam and Malfatti 2007; Newton et al. 2010). These
different metabolic capacities lead then to different trophic strategies, niche adap-
tation and therefore ecotypes that are weakly but nevertheless significantly corre-
lated to genome sequences and the phylogeny of the group (Newton et al. 2010).
An example for the link between specific metabolic pathways and the biogeography
of Roseobacter strains is the abundance of high affinity phosphorus uptake systems
known to function at low phosphate concentrations in Atlantic strains, while uptake
systems known to operate in high phosphorous conditions occur more prominently
in Pacific strains, which reflects phosphorous concentrations in these oceans
(Newton et al. 2010).

6.5 Alternative Vectors of Marine Microbial Dispersal—
The Hitchhikers

Although the free-floating currents in the ocean are the main way of dispersion of
marine microorganisms, there are also other means of dissemination. One possible
vector of distribution, and a niche for various kinds of marine microbial commu-
nities, is the association with marine animals and plants, in the form of attached
biofilms or as gut content of marine animals. Microbial biofilms can also be
attached to and distributed by abiotic supports, like ship hulls or plastic waste.
A large number of species have been isolated from various marine environments,
which have been distributed among four different families, i.e., Enterovibrionaceae,
Photobacteriaceae, Salinivibrionaceae, and Vibrionaceae (Thompson et al. 2004).
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The genus Vibrio, belonging to the family Vibrionaceae is an example of a genus
containingmanymarine bacteria that are dispersed both by oceanic currents and other
vectors such as marine animals. The genus is ubiquitous in the aquatic environment,
both planktonic and associated to multicellular hosts, and is easy to culture. Vibrio is,
therefore, very well suited as a model of global biogeography of culturable bacteria
versus bacterial clades that are only or mainly known based on NGS data. Vibrio is
highly abundant worldwide. This genus is found in estuaries, marine coastal waters,
and sediments and it has also been detected in tissues or organs of variousmarine algae
and animals, e.g., corals, sponges, shrimp, zooplankton, abalones and other bivalves,
and fish (Barbieri et al. 1999; Heidelberg et al. 2002; Ortigosa et al. 1989, 1994;
Rehnstam et al. 1993; Thompson et al. 2004; Urakawa et al. 2000). One of the most
studied species of Vibrio, is V. cholera, a marine bacterium that enters into a dormant
“viable but non-culturable” state when conditions are unfavorable for growth. Indeed,
the first identified Vibrio species was V. cholera, the causative agent of the deadly
disease cholera. Subsequently, and after Robert Koch (1843–1910) obtained pure
cultures on plates, numerous studies have been performed on this group of bacteria
(Thompson et al. 2004). Colwell and colleagues have researched Vibrio species
extensively and demonstrated that various vectors, including zooplankton (e.g.,
copepods), chironomid insects and cyanobacteria, play major roles in its dissemina-
tion (Colwell and Huq 1999; Islam et al. 2004; Nicolas et al. 1996). The association of
V. cholera with plankton has established the link between plankton blooms and
epidemic patterns of cholera in countrieswhere it is epidemic. The sporadic and erratic
nature of cholera epidemics can now be related to climate and specific climate events,
such as El Nino (Colwell and Huq 1999). Thus, cholera outbreaks can be correlated to
environmental factors that influence microbial dissemination, such as high tides and
raising sea temperatures. In Bangladesh, data has shown the existence of two annual
peaks of Vibrio abundance in coastal waters that are associated to the number of
cholera outbreaks occurring each year in the country.

Biofilms on fish skin, in gills, and in the gut content of marine fish contain
naturally high numbers of bacteria, which are dispersed into the water column.
Large shoals of pelagic fish migrate seasonally between oceans and in situ studies
of fish microbiota have shown evidence that the composition of skin community is
specific both for the host species, e.g., for cod and killifish (Larsen et al. 2013) and
for their sampling locations (Larsen et al. 2015; Wilson et al. 2008). It has been
estimated that herring shoals in the North Atlantic can occupy up to 4.8 km3 with
fish densities between 0.5 and 1.0 fish m−3, totaling in about three billion fish in a
single shoal (Radakov 1973). Microbes are therefore likely to hitchhike in these
travels of larger animals and spread to different geographical locations. It has also
been proposed that large pelagic fish shoals can contribute indirectly to altered
microbial processes, e.g., by decreasing oxygen availability (Gilly et al. 2013). The
microbiome of lionfishes showed similar variations in diversity when compared
between different geographic locations (Stevens and Olson 2015).

There is data available in the literature on microbial communities associated with
fish that was caught in different geographical locations and from different species.
This data might give insight into host-specific microbial ecology. However, the
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primary objective of these studies was to study the microbiome of fish with regard
to food production, shelf life and quality of the final product, rather than to doc-
ument marine microbial diversity per se. The microbes that became dominant
during various storage conditions of caught fish were mostly rare species in situ
when attached to living fish in the ocean. Examples of such studies are from, e.g.,
cod (Reynisson et al. 2009), halibut (Hovda et al. 2007), mackerel (Svanevik and
Lunestad 2011) and many more.

Besides being associated with mobile animals for dispersal, bacteria are also
associated with abiotic pollutants such as plastic waste, which has become an
environmental threat. The term “plastisphere” has been proposed for microbial
communities on marine plastic debris and it has been shown that it harbors distinct
microbial communities from surrounding surface water (Zettler et al. 2013). The
plastic debris may not be one of the main dispersal driving forces but certainly adds
another vector for microorganisms that are attached to these surfaces as biofilm.
Further anthropogenic vectors for microbial dispersal are ship hulls and the ballast
waters they carry (Al-Yamani et al. 2015; Ruiz et al. 2015).

6.6 Conclusion

Marine microbial biogeography has come a long way since the first marine
microorganisms were characterized in the nineteenth century and is only currently
developing its full potential through the availability of novel technologies, partic-
ularly NGS that allows for extensive full genome analyses and metagenomic studies
of microbial communities. While some marine microorganisms exhibit a global
distribution, recent molecular analyses showed nevertheless biogeographic patterns
and niche adaptations at lower taxonomic levels, such as eco- and phylotypes inside
these ubiquitous groups. Genome analyses of these eco- and phylotypes groups
displaying biogeographic distributions can help us to understand which genes and
physiological pathways are responsible for the adaptation to a particular global
region or ecological niche. Our understanding of the factors that are shaping marine
microbial biogeography, both through dispersal mechanisms (for instance currents,
wind, anthropogenic transport) and microbial adaptation to environmental condi-
tions (for instance nutrients, temperature, light), are still growing at steady pace.
Given the importance of marine microorganisms for global biogeochemical cycles
and food webs, it is of paramount importance for us to understand the mechanisms
of adaptation, dispersion, and the resulting biogeographic patterns, in order to be
able to predict and possibly even mitigate negative effects of climate change and
other anthropogenic influences on marine microbial communities.
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Chapter 7
The Euphotic Realm

Lucas J. Stal

Abstract The euphotic realm of the ocean is defined as the zone that receives
enough light to allow photosynthesis. The bottom of the euphotic zone is often set
as the depth at which 1 % of the incident sunlight is still available, which is in the
open oligotrophic ocean approximately 200 m below the surface. In more turbid
coastal waters, the euphotic zone ends at much shallower waters. Whether or not
photosynthesis occurs at 1 % of the incident light intensity depends first on the
actual value of the latter, on the sun angle, and not in the last place on the organism
considered. Even among the same species low and high-light adapted ecotypes
exist. The euphotic realm is important because it provides the primary production
for the food web of the whole ocean. The microbiome of this realm is therefore
characterized by microorganisms that use light. The composition of the microbiome
and the ecology is intimately associated with the physicochemical characteristics of
the euphotic realm.

7.1 Introduction

The oceanic water column (‘the pelagic’) is subdivided in five major realms. The
epipelagic extends from the surface to a depth of 200 m and is defined by the layer
that receives enough sunlight for photosynthesis. This is followed by the meso-
pelagic that extends to 1000 m depth, the bathypelagic that covers the depths
between 1000–4000 m, and everything deeper is called the abyssal or abyssope-
lagic. The mesopelagic zone is also known as the twilight or disphotic zone, which
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receives insufficient light for photosynthesis but plays a role for organisms that
migrate in a day–night rhythm to the surface (Orcutt et al. 2011). Below the
mesopelagic zone there is no sunlight at all. The bathypelagic is defined as the zone
that starts at the edge of the continental shelf to the depth where the water tem-
perature is constant 4 °C. The uniform environmental conditions below the
bathypelagic define the abyssal where the temperature is 4 °C. The trenches are
even deeper and are called the Hadal zone. The epipelagic is also known as the
euphotic or photic zone, which means “well-lit.” As a rule of thumb the euphotic
depth is taken as the depth at which still 1 % of the incident sunlight reaches
(Cullen 2015). The euphotic depth is also often taken as equal to the compensation
depth where the oxygen produced by photosynthesis equals the oxygen con-
sumption by heterotrophic activity. The depth of 200 m as the bottom of the
euphotic zone is a bit arbitrary because it depends largely on the turbidity of the
water. Turbidity is obvious much higher in coastal areas, seas, bays, and estuaries
when compared to the oligotrophic open ocean. Because photosynthetic primary
production takes place in the euphotic realm of the marine ecosystem and forms the
basis of the food web, most of the sea life is concentrated here.

Organic matter produced in the euphotic realm is generally biologically labile,
which means that it is degraded within hours to days while it is residing inside the
euphotic realm (Carlson et al. 2008). Degradation of this biologically labile material
leaves behind semi-labile organic matter (degraded in weeks to months) and
compounds that are more recalcitrant to degradation, which degrade from decades,
to thousands of years, and even to ten thousands of years. These compounds sink in
the water column and with depth the composition of the organic material increases
towards more recalcitrant molecules.

Mixing of the surface water column determines its productivity. When surface
waters receive nutrients by an upward flux caused, e.g., by upwelling, the region
may be termed eutrophic and is distinguished from oligotrophic regions that lack
such nutrient input. Primary productivity and phytoplankton abundances are usually
high in eutrophic regions and low in oligotrophic surface waters. However, situa-
tions have been reported in which the chlorophyll content in the euphotic layer was
lower than expected from the high nutrient concentrations. These regions are
known as HNLC (high nutrient low chlorophyll) regions. These phenomena have
been attributed to iron limitation (Nolting et al. 1998; Wagener et al. 2008).

In this Chap. I will briefly review the characteristics and importance of the
euphotic realm in the marine environment.

7.2 Light

Photosynthetic organisms use light and in many cases this represents their only
source of energy. In the ocean’s water column, light is absorbed by the water and by
the living and non-living particles that are suspended in the water column causing
light attenuation with depth in an exponential way. Therefore, light penetrates only
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to a certain depth below which the environment is permanently veiled in darkness.
The euphotic realm is the water column in which enough light penetrates to allow
photosynthesis and is as a rule of thumb set at 1 % of the incident sunlight irra-
diation at the surface, which marks the bottom of this water layer (Cullen 2015).
However, photosynthetic organisms vary widely with respect to their photosyn-
thetic capacities and the light levels that allow net photosynthesis differ between
species and even ecotypes. Some ecotypes are low-light adapted while others are
high-light adapted as for instance is the case of Prochlorococcus, a group of uni-
cellular cyanobacteria (Hess et al. 2001). At night, when the euphotic realm is also
veiled in darkness, phototrophic organisms switch to chemoheterotrophic metabo-
lism. Most species utilize internally stored carbohydrate, such as starch, glycogen
and chrysolaminarin, which is synthesized during the daytime, respire it aerobi-
cally, and use the generated energy to cover their maintenance requirements
(Deschamps et al. 2008; Kromkamp 1987). Some organisms may even continue to
grow uninterrupted and at the same rate as in the light, using the intermediates of
carbohydrate degradation as building blocks for synthesis of structural cell material
(van Liere et al. 1979). Obviously, the integrated day–night balance of photosyn-
thesis and dark respiration of an obligate photoautotrophic organism needs to be
positive when the organism wants to maintain itself. The daily integral of light
where photosynthesis and respiration are in equilibrium is called the compensation
point. The daily-integrated euphotic depth equals the depth of the compensation
point. The critical depth is where the cumulative daily photosynthetic integral
becomes negative (Stal and Walsby 2000). These authors noted that neither the
euphotic nor the critical depths were dependent on temperature. However, it should
be noted that organisms differ widely in the light intensities at which they reach
their compensation point and their critical depths. These depths can also be defined
based on the whole photosynthetic community activity rather than for a single
population.

Sunlight intensity follows a sinus during the day, starting with sunrise in the
morning and sunset in the afternoon. While this will not change the attenuation of
the light in the water column, it will affect the actual available light. Hence, the 1 %
rule as a measure for the euphotic realm (defined as the realm in which photo-
synthesis takes place) will not stand up. Moreover, the sinus course of light during
the day is in many places on Earth an exception rather than a rule. Overcast and
clouds cause large fluctuations of the incident light and therefore cause large
changes in the availability of light in the water column. Another important variable
is the day length. Except for the equator, where the day and night both last *12 h
during the whole year, at the higher latitudes the day length and thus the
daily-integrated incident light changes seasonally. Also, in winter the sun angle
(winter solstice) is low, which causes a large part of the sunlight reflecting at the
water surface rather than penetrating the water column. In summer the sun angle
(summer solstice) is high resulting in a much higher proportion of the light pene-
trating the water column. Finally, stratification of the water column and turbulence
are important factors that determine the amount of light that photosynthetic
plankton will be able to absorb. When the mixing depth exceeds the critical depth,
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the photosynthetic community will not be able to grow (Stal and Walsby 2000). It is
likely that the daily-integrated sunlight in the euphotic realm is the critical factor for
photosynthesis and primary production (Stal and Walsby 2000). This is supported
by extensive measurements of phytoplankton biomass and rates of primary pro-
duction in the South Atlantic Ocean that showed a bloom in the austral summer that
collapsed although nutrients were not depleted (Holm-Hansen and Mitchell 1991).
The phytoplankton in that study was low-light adapted and the compensation point
was only 1 lmol m−2 s−1.

Due to molecular vibrations, water molecules absorb light of specific wave-
lengths. Although this absorption is barely visible in the absorption spectrum of
pure water, it produces large gaps in the light spectrum with greater depth. This
results in a set of spectral niches underwater that correspond with the absorption
spectra of photosynthetic microorganisms (Stomp et al. 2007a). These authors
concluded that the absorption of light by the water molecule was a major factor for
the selection of pigmentation of phototrophic microorganisms.

Water turbidity is also an important factor that selects for the pigmentation of
picocyanobacteria (Stomp et al. 2007b). Waters with low concentrations of gilvin
and tripton (dissolved and particulate organic matter, respectively) and therefore
low turbidity such as in the oligotrophic ocean select for red (phycoerythrin) pig-
mented picocyanobacteria, while waters with very high content of these suspended
particles such as in peat lakes select for green (phycocyanin) pigmented
cyanobacteria. Waters with intermediate turbidity have coexisting populations of
red and green picocyanobacteria. The fraction of each of these groups agrees with
the degree of turbidity.

Although coastal waters are characterized by high concentrations of gilvin and
tripton and therefore high turbidity relative to the open ocean, the seafloor of a
substantial (33 %) part of the global shelf area receives enough light to support net
community production by benthic primary producers (Gattuso et al. 2006). Net
primary production can even happen deeper than 200 m and the minimum
daily-integrated photon irradiance varies from 0.4 to 5.1 mol m−2. The compen-
sation point in these communities ranges from 0.24 to 4.4 mol m−2.

7.3 Subsurface Chlorophyll Maximum Layers

In many cases the highest concentration of chlorophyll in the water column is not at
the surface where the light intensity is highest but in the subsurface. The highest
chlorophyll concentration in the subsurface is called the ‘subsurface chlorophyll
maximum layer’ or SCML and also known as ‘deep chlorophyll maximum’ or
DCM (Cullen 2015). This phenomenon is usually present in tropical waters and is
more variable elsewhere, although DCMs have also been reported from the
Antarctic (Holm-Hansen and Hewes 2004). The DCM is not necessary coinciding
with the subsurface biomass maximum layer (SBML) because shade-adapted
phytoplankton may accumulate a high content of chlorophyll. Hence, in that case a

212 L.J. Stal



relatively low amount of biomass may contain a large amount of chlorophyll. The
mechanisms that lead to an SBML include subsurface production of phytoplankton
and surface nutrient depletion by sinking living or dead particles (Beckmann and
Hense 2007). The depth of the SBML can be described in terms of optimum growth
rate (Cullen 2015). Growth is nutrient limited above the SBML and light limited
below.

The DCM or SBML may be located close to the bottom of the euphotic zone
where a thermocline exists, beneath which the nutricline exists. An SBML forms
only in stable, stratified water columns. In oligotrophic waters deep mixing of the
water column usually prevents the formation of an SBML. Differences in light and
mixing may cause very different phytoplankton bloom developments; even when
the compensation point and other (geographical) factors were the same (Lacour
et al. 2015). The availability of nutrients in the deep water and shade-adapted
phytoplankton results in the accumulation of chlorophyll. The location of the
nutricline is therefore determined by the SBML and its thickness (Beckmann and
Hense 2007). The upper nutricline is the area with the highest productivity in a
stratified water column. Feedback loops lead to a steady state of an SBML.
A change in light intensity will affect the growth rate, which will affect the nutri-
cline, which will affect growth rate, which will eventually stabilize the SMBL.
When a DCM is found below the euphotic zone it usually is formed by sinking cells
or by water transport phenomena.

Herbland and Voituriez (1979) reported strong correlations between the depth of
nitracline (above which the concentrations of nitrate are very low) and the depth of
the chlorophyll maximum in the tropical Atlantic Ocean. They also observed a
negative correlation of the chlorophyll concentration at the chlorophyll maximum
and the depth where it occurred (greater depth, less chlorophyll) and, consequently,
a lower depth integrated productivity with increasing depth of the nitracline.

7.4 UV Light

Although seawater absorbs UV light, UV-B (280–315 nm) can penetrate as deep as
60 m particularly in the Southern Ocean where the atmosphere seasonally contains
very low levels of ozone (Smith et al. 1992). UV-B light is deleterious for life as it
causes damage to DNA especially by forming pyrimidine dimers (Buma et al. 1996,
2001). During the Archean (4.0–2.5 Ga) the atmosphere was devoid of oxygen and
ozone and UV light could reach unhindered the surface of the ocean causing an
estimated three orders of magnitude more DNA damage than at the present day
(Cockell 2000). This might have seriously limited the viability of microorganisms
and thereby diversity of life in the upper part of the sunlit ocean, although it might
also have contributed to genetic variation. However, at 30 m depth the UV level
was predicted to be similar as today’s ocean surface, which would have allowed
developing a diverse microbial community below the mixed layer and above the
depth of the compensation point, i.e., the SBML. Moreover, some microorganisms,
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including phototrophic species, have developed efficient DNA repair mechanisms
allowing them to survive and thrive at high levels of UV light. Another conse-
quence of UV-B incidence is the reduction of ferric iron (Fe3+) to ferrous iron (Fe2+)
(Rijkenberg et al. 2005). In the present-day oxygenated ocean, iron is mainly
present in the oxidized (ferric) form, which is virtually insoluble (Liu and Millero
2002). Reduced (ferrous) iron is soluble but quickly oxidized to the insoluble ferric
form. UV-B light reduces ferric iron to ferrous iron thereby overcoming iron lim-
itation of the microorganisms (Rijkenberg et al. 2005). Particles of ferric iron may
also be attached to the extracellular layers of some microorganisms (composed of
polysaccharide-rich extracellular polymeric substances, EPS) and this may have a
double function: it protects against UV light and it provides bio-available ferrous
iron. A phototrophic organism that is dependent on light cannot always avoid
exposure to UV light. Such organisms sometimes produce specific pigments that
absorb UV light, which protect the organism from UV damage (Gao and
Garcia-Pichel 2011). Some cyanobacteria are known to produce an extracellular
pigment with a unique dimeric indole-phenolic structure named scytonemin which
acts as sunscreen by absorbing the UV-A. Other cyanobacteria produce secondary
metabolites such as microsporin-like amino acids (MAA) that absorb in a wide
range of wavelengths. Many eukaryotes produce MAA but except in cyanobacteria
they have not been found in Bacteria or Archaea (Gao and Garcia-Pichel 2011).
Melanines are UV-B sunscreens found in fungi. All of these sunscreens are found in
terrestrial microorganisms and not in aquatic environments. Carotenoids may also
protect against UV-B and are in some aquatic organisms induced upon exposure to
UV-B.

7.5 Biogeochemical Cycling

7.5.1 Carbon

The carbon cycle in the euphotic realm is dominated by the fixation of inorganic
carbon (CO2, bicarbonate) into organic carbon by photosynthetic microorganisms
(cyanobacteria and microalgae). These organisms use the Calvin–Benson–Bassham
pathway in which the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) is the key enzyme and responsible for the fixation of CO2. To some
extent chemosynthesis may also contribute to CO2 fixation and the production of
organic material (Orcutt et al. 2011).

The organic matter produced by the photosynthetic organisms in the form of
their own biomass (primary production) serves as the basis of the (microbial) food
web. There are a number of ways by which this organic matter becomes available to
the community. Grazing by protists and viral lysis represent the most important
processes for the recycling of organic matter (Worden et al. 2015). However,
exudation of organic matter by phototrophs can also be considerable, especially

214 L.J. Stal



under low CO2 and high O2, when RuBisCO’s oxygenase activity dominates and
glycolate is excreted (Latifi et al. 2009). Large amounts of extracellular polymeric
substances are also formed under nutrient limitation when no structural cell material
can be synthesized (Wotton 2004). Dissolved organic matter that is produced by
phytoplankton under nutrient limited conditions may coagulate to large particles
known as transparent exopolymer particles (TEP) (Mari et al. 2001). TEP may
measure several millimeters in size and are found in the euphotic realm of many
marine environments.

The chemotrophic community degrades the organic matter that becomes avail-
able after viral lysis of the phototrophs or by the production of fecal pellets by the
grazers. Most of the (easily) degradable organic matter is decomposed within the
euphotic zone. The more recalcitrant material sinks and is more slowly degraded in
the deeper realms of the ocean. The growth and activity of chemotrophic
microorganisms in the euphotic realm strongly depends on the availability of
nutrients.

Polymeric compounds need first to be decomposed to low-molecular weight
compounds that can be taken up and used as substrate for the chemoheterotrophic
microorganisms. This process requires the activity of exo- or ectoenzymes that
decompose the polymers (Sass et al. 2001). These enzymes are produced by some
but not all chemoheterotrophs and those that do not possess them may benefit
nevertheless from the activity of the others. Exoenzymes are exuded into the
medium where they attack the polymers. Ectoenzymes remain associated with the
exterior layers of the organism, which may be beneficial when other organisms do
not benefit from their activity. Besides the enzymatic activity, UV light may also
degrade polymers (Wetzel et al. 1995).

The free-living chemoheterotrophic microorganisms decompose the organic
matter aerobically to CO2 (Del Giorgio and Duarte 2002). Anaerobic decomposi-
tion of organic matter using alternative electron acceptors (nitrate/nitrite) or fer-
mentation may be confined to particles such as marine snow and fecal pellets (Ploug
et al. 1997).

Calcification is the precipitation of calcite and other related minerals when the
activities of calcium and carbonate ions exceed its solubility product (Zavarzin
2002). Coccolithophoric microalgae form coccoliths that are composed of calcite
(O’Brien et al. 2016). The production of these coccoliths is continuously going on.
The coccoliths that are of an amazing beautiful morphology fall off and sink to the
seafloor. It is thought that by producing carbonate from bicarbonate, which is the
dominant form of inorganic carbon in seawater, the organism raises the concen-
tration of CO2, the substrate of RuBisCO, according to the following reactions
(Borman et al. 1982):

2HCO3
� ! CO2 þ CO3

2� þH2O and Ca2þ þCO3
2� ! CaCO3

For example, chalk cliffs such as those that are found in Dover (UK) find their
origin in these calcifying algae. Another form of calcite formation is the so-called
whitings. Whitings are massive calcite formations in the euphotic zone caused by
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blooms of picocyanobacteria in warm shallow waters (Obst et al. 2009). The pic-
ocyanobacteria withdraw the CO2 from the seawater, raising the pH to above 9 and
then producing such high concentrations of carbonate ion that it exceeds the sol-
ubility product of calcite, resulting in a massive precipitation of small calcite
needles that float in the water and rendering the surface a milky white appearance.

7.5.2 Nitrogen

Nitrogen occurs in various oxidation states from the most oxidized in nitrate to the
most reduced in ammonia. Nitrogen is a quantitatively and qualitatively important
element for organisms. Its share in the dry weight biomass amounts to *10 % and
it can be found in proteins, nucleic acids, pigments, and cell walls. In these cell
components nitrogen is present in the reduced (amino) form. Microorganisms can
take up nitrogen in different forms such as nitrate, nitrite, ammonium, urea, organic
nitrogen, and dinitrogen gas (N2), depending on the organism. Nitrate, nitrite, and
N2 need to be reduced in the cell to ammonium (assimilatory nitrogen reduction).
Nitrate and nitrite require special uptake transporters/uptake mechanisms and
enzymes to reduce (nitrate- and nitrite reductase) and assimilate it. N2 is a gas that
diffuses into the cell, where it is fixed by the nitrogenase enzyme complex to
ammonium, which is subsequently assimilated. Reduced nitrogen sources need to
be transported into cell and can be directly assimilated into cell material. Ammonia
is a gas and diffuses in (and out, futile cycle, Kleiner 1985) the cell.

Cellular nitrogen becomes available to other organisms due to grazing or viral
lysis or other processes that lead to the death and disintegration of the cell. This
reduced organic nitrogen may be directly recycled or deaminated. The latter results
in the formation of free ammonium that is directly recycled by the primary pro-
ducers in the euphotic zone. Nitrogen released by organisms that sink below the
euphotic zone is oxidized to nitrite and subsequently to nitrate in dissimilatory
processes (nitrification). Below the euphotic zone, recycling by assimilation of
ammonium or nitrate is less important because primary production by photoau-
totrophs does not take place. Some production, however, will take place by
chemoautotrophic organisms. The oxidation of ammonium to nitrite (nitritification)
is performed mainly by ammonium oxidizing Thaumarchaeota (Santoro and
Casciotti 2011). The fate of the nitrite may be several. It can be further nitrified to
nitrate (nitratification), it can be denitrified to N2, or used as electron acceptor in
anaerobic ammonium oxidation (anammox), also leading to the formation of N2

(Lam and Kuypers 2011). Denitrification and anammox take place in oxygen
minimum zones that can be found in various locations in the ocean, or in aggregates
(marine snow) that comprise anoxic zones.

Below the euphotic zone and above the oxygen minimum zone (if present)
nitrate accumulates. Upwelling or other physical processes such as vertical fluxes,
local stratification and temperature differences bring this nutrient-rich water into the
euphotic zone where it fuels primary production (Zehr and Kudela 2011). The
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nitrate that is transported from the deep waters is also known as “new nitrogen” to
distinguish it from nitrogen that is recycled in the euphotic zone.

Denitrification and anammox catalyze the transformation of nitrate/nitrite to N2

(and to some extend to N2O), which is dissolved as gas in the water or escapes to
the atmosphere. N2 is inaccessible for all but a few specialized bacteria (and even
fewer archaea). The triple bond that bind the two nitrogen atoms makes it almost
inert and the biological fixation requires a large amount of energy and low-potential
electrons as well as a dedicated enzyme complex (nitrogenase). These prerequisites
force the bulk of oceanic N2 fixation in the euphotic zone, where it is carried out by
a number of different cyanobacteria that combine the fixation of N2 with that of
CO2 and are really the drivers of new production (Zehr 2011). However, this
cyanobacteria-mediated N2 fixation in the ocean seems to be confined to the warmer
(tropical and subtropical) ocean (Stal 2009). It is not clear how primary production
in the temperate and cold ocean is supplied by nitrogen. This may be by transport
from the warm ocean by surface gyres, by recycling in the euphotic zone or by
upwelling (Hansell et al. 2004). The contribution of N2 fixation by heterotrophic
diazotrophs is debated. Although these organisms have been detected by their nifH
genes (structural gene for nitrogenase), their activity is uncertain and they belong to
(facultative) anaerobic organisms that only express nitrogenase activity under
anoxic conditions (Riemann et al. 2010). N2 fixation does occur in oxygen mini-
mum zones and it is likely that it also plays a role in marine aggregates. However,
these aggregates sink and hence will play a minor role in the euphotic realm.

7.5.3 Phosphorus

Phosphorus is after nitrogen the second-most important nutrient for primary pro-
duction in the euphotic zone (ignoring carbon). Although phosphorus may exist in a
few oxidation states, dissimilatory redox reactions are not known to support energy
metabolism in microorganisms. Most of the phosphorus is present in the oxidized
form: free phosphate or bound to organic matter. Since N2 fixation in theory gives
access to an infinite source of this element (most of the nitrogen on Earth is present
as N2 in the atmosphere), it has been suggested that phosphorus is the final limiting
nutrient for primary producers (Tyrrell 1999). This is, however, still debated
because the fixation of N2 in the ocean is globally not equally distributed and even
in the tropical and subtropical areas of the ocean where N2 fixation takes place, this
process may not be running optimally because of the sensitivity of the process for
oxygen. Hence, nitrogen or iron may still be the limiting nutrient in vast areas of the
ocean.

The source of phosphorus in the ocean is mostly riverine and to a lesser extent
atmospheric. The cycle of phosphate is one of the uptake and assimilation in
structural cell material and its release after cell death. The released phosphate is
bound to organic matter but alkaline phosphatases convert them to free phosphates,
which is the preferred source of phosphorus by most (phototrophic)
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microorganisms (Dyhrman et al. 2007). In the euphotic realm of the ocean phos-
phate is usually present at such low concentrations that some microorganisms also
utilize other sources of phosphorus. Phosphonates are compounds in which phos-
phorus is chemically bound to carbon and have been proven to be a key component
of organic carbon in the ocean. In structural cell material phosphonates may occur
in lipids and proteins. Several organisms including picocyanobacteria possess genes
that encode for enzymes that break the P–C bond and have been shown to be
capable of utilizing phosphonates. The source of phosphonates is microorganisms
that produce them among which some Trichodesmium species (Dyhrman et al.
2009) and some archaea (Metcalf et al. 2012).

7.6 The Microbial Loop

The phytoplankton thriving in the euphotic realm photosynthesizes and fixes CO2

into organic structural cell material. These cells are grazed by zooplankton that
produce fecal pellets or the phytoplankton cells are lysed by viral attack. The
dissolved organic matter that is liberated in this way into the environment is
decomposed by bacteria and archaea and respired back to CO2 (Azam and Malfatti
2007). The bacteria and archaea are also exposed to viral attack and grazed by
protozoa that are subsequently grazed by zooplankton. These processes mineralize
the organic matter and recycle nutrients that are taken up by the phytoplankton.
This short cut in the euphotic realm is also known as the microbial loop. The viral
loop is a component of this microbial loop, basically after a lytic cycle directly
returning the dissolved organic matter back to the bacteria/archaea. The microbial
loop is recycling much faster than the classical food web where zooplankton serves
as food for higher trophic levels.

7.7 The Carbon Pump

Organisms, particulate organic matter, fecal pellets, and other suspended material
may aggregate to larger particles that sink rapidly below the euphotic zone and
eventually part of it will reach the seafloor. During its journey to the seafloor the
organic matter in the aggregates will be further degraded. Most of the organic
matter is decomposed and the nutrients recycled within the euphotic zone. The
material that eventually is deposited on the seafloor is extremely recalcitrant and
depleted in nitrogen and phosphorus (Carlson et al. 2008). Hence, there is a net
transport of fixed carbon from the euphotic zone to the deep sea where it becomes
buried and subsequent diagenetic processes take place at the geological timescale.
The removal of fixed CO2 to the deep sea is known as the carbon pump and is one
of the mechanisms by which the anthropogenic induced increase of atmospheric
CO2 is counteracted (Azam and Malfatti 2007).
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7.8 The Microorganisms in the Euphotic Realm

The Sorcerer II Global Ocean Sampling Expedition (GOS) revealed that the number
of dominant genera of free-living microorganisms in the surface waters of the ocean
is only 10–20 (Rusch et al. 2007). Three of those have been cultured
Synechococcus, Prochlorococcus, and Pelagibacter ubique. Other common groups
were related to Alphaproteobacteria, Acidimicrobidae, Cytophaga, Rhodospirillum,
Roseobacter, SAR86, and SAR116. However, the DNA from which these con-
clusions were drawn was extracted from water samples that were filtered in the size
range of 0.1–0.8 lm, which would contain only the smallest bacteria (and Archaea
and a few Eukarya). A common group of marine bacteria such as Vibrio appears in
very low numbers (if at all) in seawater but reaches high abundances in aggregates
and particles or as symbionts and pathogens (Nealson and Venter 2007). To make a
census of microbial life one has to take into account the sampling strategy that was
chosen and realize that perhaps only a fraction of marine microbial life is freely
suspended in the water. Moreover, the census of marine microorganisms consists of
countless populations that occur in very low abundances, which has been termed
the ‘rare biosphere’ (Pedrós-Alío 2006, 2007). This rare biosphere may serve as a
‘seed bank’ presenting an almost infinite source of natural genetic innovation,
insuring an optimum function of the ecosystem under fluctuating environmental
conditions.

The euphotic realm is an environment with many peculiar conditions and
properties and therefore it comes as no surprise that it is inhabited with a specific
community of microorganisms. Since it is the realm where light is available and
photosynthesis is possible, phototrophic microorganisms are a key functional
group.

Cyanobacteria are oxygenic phototrophic bacteria that have a plant-like photo-
synthetic apparatus with two photosystems in series. They use water as electron
donor and evolve oxygen as a consequence. Light is harvested by phycobiliproteins
and chlorophyll a and the light energy is used to fix CO2 through the Calvin–
Benson–Bassham cycle. Many species are capable of fixing N2 (diazotrophs; dia-
zote = dinitrogen, troph = feeding on) (Stal 1995). Trichodesmium spp. are fila-
mentous, non-heterocystous, diazotrophs which are widespread in the warmer
tropical ocean (Bergman et al. 2013). They possess gas vesicles, which makes them
buoyant. They can form surface blooms that are visible from space. Trichodesmium
spp. occur as single trichomes or as aggregates (tufts and puffs). They are
responsible for the bulk of the fixation of N2 in the euphotic realm of the ocean.
Nevertheless, the contribution of unicellular diazotrophic cyanobacteria may also be
considerable. They form three phylogenetic groups indicated as UCYN-A,
UCYN-B, and UCYN-C (unicellular nitrogen-fixing cyanobacteria) (Moisander
et al. 2010; Mulholland et al. 2012). UCYN-A (Candidatus Atelocyanobacterium
thalassa) is hitherto uncultured but known by its genome sequence and lives
symbiotic with a picoeukaryotic unicellular Prymnesiophyte alga (Zehr 2013). This
symbiosis seems to be widespread and although also confined to warmer waters, it
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has a wider temperature distribution than Trichodesmium. UCYN-A is an unusual
cyanobacterium because it lacks among others photosystem II and does not fix CO2.
UCYN-B cyanobacteria are free-living (related to Crocosphaera) and UCYN-C is
related to Cyanothece and are probably benthic or epiphytic rather than free-living
in suspension. Heterocystous cyanobacteria occur in the open ocean only as sym-
bionts of certain diatoms (Foster et al. 2011). In the marine environment, free-living
heterocystous cyanobacteria are only found in brackish waters such as the Baltic
Sea or as benthic and epiphytic organisms in microbial mats, coral reefs, seagrass
meadows and rocky shores.

The most abundant cyanobacteria in the euphotic realm are the picocyanobac-
teria with cell sizes ranging from 0.5 to 3.0 lm and can reach cell numbers as high
as 105–106 cells per milliliter of seawater (Scanlan et al. 2009). Prochlorococcus is
the genus with the smallest cell sizes among the picocyanobacteria. They are
unusual cyanobacteria because they do not use phycobiliproteins for light har-
vesting and contain instead divinyl derivatives of chlorophyll a and
b. Prochlorococcus spp. come in a variety of ecotypes, roughly divided into
high-light adapted ecotypes that thrive at the surface layers and low-light adapted
ecotypes that thrive at the bottom of the euphotic realm (Moore and Chisholm
1999). Prochlorococcus spp. are all confined to warmer extremely eutrophic ocean
waters. Synechococcus spp. are picocyanobacteria that have a wider distribution
and can also be found in temperate seas, more turbid waters, and at higher nutrient
concentrations. They have evolved an enormous diversity and adapted to the pre-
vailing light conditions by changing the content and ratio of phycobiliproteins with
different chromophores (Six et al. 2007). Several strains are capable of changing
their pigmentation (various forms of complementary chromatic adaptation).

Although their numbers are much smaller compared to cyanobacteria, microal-
gae are an important component of the microbial community in the euphotic realm
(Worden et al. 2015). Diatoms (Heterokontophyta) and dinoflagellates
(Dinoflagellata) are characterized by a much higher turnover because they are
heavily grazed by protists. This keeps their numbers low but their productivity rival
that of the cyanobacteria. Also, eukaryotic phototrophs are extremely diverse and
cover a wide range of life strategies (Worden et al. 2015). Diatoms are a highly
diverse and important group of primary producers with approximately 200,000
species described (Armbrust 2009). It has been estimated that 20 % of the total
primary production on Earth is attributed to this group of organisms. Diatoms are
surrounded by two valves that are made of silicate (frustules). Diatoms are either
single cells or form chains of cells. Diatoms have a complex reproductive cycle
depending on their morphology (pennate or centric) and many of them alternate
vegetative reproduction (mitosis) with the sexual one (meiosis). They divide
mitotically but sexual reproduction occurs as well and is a necessary event in the
life cycle of the diatom. Diatoms also vary in size from a few micrometers to a few
millimeters. They grow rapidly and the cells sink quickly out the euphotic realm.
A considerable number may reach the seafloor where it is stored over geological
periods of time. Some species can control buoyancy and use this property to
migrate from the bottom of the euphotic zone where nutrients concentrations are
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high to the surface for photosynthesis. Diatoms are distributed worldwide from the
poles to the tropics, in marine as well as in freshwater settings.

Coccolithophorids are a clade within the Haptophytes. These algae form coc-
coliths that are made of calcite. Coccolithophorid algae occur worldwide in the
euphotic zone of the ocean. In the temperate ocean, they may form massive surface
blooms that due to the scattering of the calcite give a milky appearance to the water.
The coccoliths sink to the seafloor and form locally large calcite deposits. The
highest diversity is found in the low latitude areas of the ocean. Light and tem-
perature are the environmental factors that best predict their growth (O’Brien et al.
2016). Due to the fact that these algae depend on calcite formation it has been
suggested that this group of organisms may be strongly affected by ocean acidifi-
cation (Riebesell et al. 2000).

Dinoflagellates are another group of algae that thrive in the euphotic zone of the
ocean. They represent the largest group of eukaryotic phytoplankton after the
diatoms and belong to the phylum Alveolata. More than 2000 species have been
described (Caron et al. 2009). Some species are toxic and produce saxitoxin that is
also known as paralytic shellfish poisoning (PSP) and blooms of such organisms
may cause serious health and environmental problems. The behavior may be
photoautotrophic, heterotrophic or mixotrophic. Dinoflagellates possess two flag-
ella, which allow them to swim at rates up to 0.5 mm s−1. They migrate in a daily
rhythm and swim down at night and up to the surface during the day (Bresolin de
Souza et al. 2014; Follows and Dutkiewicz 2011). This allows these organisms to
take advantage of the nutrients available at the bottom of the euphotic zone and
light during the day.

Picoeukaryotes are the smallest protists and are similar in size as bacteria. By
definition their size class ranges from 0.2 to 2.0 lm, although sometimes investi-
gators prefer 3.0 lm as the size limit (Worden et al. 2015). These organisms are
found worldwide in the euphotic zone of the ocean and exhibit a high diversity. Just
like the picocyanobacteria, picoeukaryotes do not sink. Picoeukaryotes may be
photoautotrophic, heterotrophic, or mixotrophic. Phototrophic picoeukaryotes in the
ocean belong to three divisions: Chlorophyta, Heterokonta, and Haptophyta.
Common genera belonging to the Chlorophyta include Bathyoccus, Micromonas,
and Ostreococcus. Some of these possess flagella and are able to swim.
Representatives of the Heterokonta include Pelagomonas, Pelagococcus,
Aureococcus, Bolidomonas, Nannochloropsis, and Pinguiochrysis. Haptophyta
include Imantonia and Phaeocystis. A detailed review of the ecology and diversity
of picoeukaryotes can be found in Worden and Not (2008).

Aerobic anoxygenic phototrophic bacteria (AAnPB) are abundantly present in
the euphotic realm and may account to *10 % of the total microbial community
(Kolber et al. 2001), but in some cases 30 % has been reported (Shiba 1991). These
organisms belonging to Alpha-, Beta-, and Gammaproteobacteria possess bacteri-
ochlorophyll a, which is located in chromatophores in the cytoplasmic membrane
and are facultative photoheterotrophs (Eiler 2006). The best-known marine strains
are the Alphaproteobacteria Erythrobacter and Roseobacter. They metabolize
organic substrates but can use light energy as an additional energy source. The
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genome sequences of some representatives suggest that they may live as autotrophs
or as mixotrophs because CO2 fixation pathways were found, but none of the
isolates have been shown to grow autotrophically. RuBisCO is absent in all cultured
isolates so far.

Other microorganisms that use light without being autotrophic are those that
have the pigment proteorhodopsin. Proteorhodopsin has been shown in Alpha-
(SAR11) and Gammaproteobacteria (SAR86 and Vibrio sp. AND4) and in
Flavobacteria. This protein is a light-driven proton pump that is common in marine
Proteobacteria, including the Alphaproteobacterium SAR11 (Pelagibacter ubique).
Bacteria belonging to SAR11 may make up to 35 % of the bacterial community and
this indicates that light harvesting by proteorhodopsin may represent an important
advantage. There is a great diversity of proteorhodopsins that possess distinct light
absorption spectra and there is evidence that the organisms are tuned to the quality
of light that they experience in their environment (Béjà et al. 2001). A single amino
acid residue change switches the absorption maximum of the pigment from green
(525 nm) to blue (490 nm) wavelengths (Man et al. 2003). Genes coding for
proteorhodopsin are ubiquitous in the euphotic realm, emphasizing the important
fact that light may help to overcome energy limitation in otherwise heterotrophic
microorganisms (Akram et al. 2013; Gómez-Consarnau et al. 2010). Nevertheless,
in only few cases it has been shown that proteorhodopsin harvested light indeed
accelerated growth.
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Chapter 8
Exploring the Microbiology of the Deep
Sea

Mohamed Jebbar, Pauline Vannier, Grégoire Michoud
and Viggó Thór Marteinsson

Abstract In this chapter the current knowledge of the diversity of piezophiles
isolated so far is reviewed. The isolated piezophiles originated from high-pressure
environments such as the cold deep sea, hydrothermal vents, and crustal rocks.
Several “stress” conditions can be experienced in these environments, in particular
high hydrostatic pressure (HHP). Discoveries of abundant life in diverse
high-pressure environments (deep biosphere) support the existence and an adap-
tation of life to HHP. At least 50 piezophilic and piezotolerant Bacteria and Archaea
have been isolated from different deep-sea environments but these do not by far
cover the large metabolic diversity of known microorganisms thriving in deep
biospheres. The field of biology of piezophiles has suffered essentially from the
requirements for high-pressure retaining sample containments and culturing labo-
ratory equipment, which is technically complicated and expensive. Only a few
prototypes of HHP bioreactors have been developed by a number of research
groups and this could explain the limited number of piezophiles isolated up till now.
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8.1 Introduction

The ocean accounts for 70 % of the Earth’s surface with an average depth
of *3800 m, i.e., an average hydrostatic pressure of 38 MPa (380 bars). Indeed,
hydrostatic pressure increases with depth with 10 MPa per km in the ocean and
30 MPa per km in the oceanic crust. The deepest site in ocean is the Deep
Challenger that is located in the Mariana trench at 10,998 m where the high
hydrostatic pressure (HHP) reaches 110 MPa. However, on Earth, the ocean, and
more particularly the deep ocean and the subsurface biosphere, constitutes the last
microbiological frontier to be studied and it still remains one of the unexplored
biospheres due to severe technological constraints (Oger and Jebbar 2010).

The study and characterization of marine biodiversity are essential to gain a
better insight into the functioning of the Earth system. Bacteria constitute the largest
diversity reservoir, the main primary producers, as well as the creatures that have
evolved for the longest period (Whitman et al. 1998). From global estimates of
volume and numbers of cells, the upper 200 m of the ocean contains a total of
3.6 � 1028 bacterial and archaeal cells of which 2.9 � 1027 cells are autotrophs.
Ocean water below 200 m depth contains 6.5 � 1028 Bacteria and Archaea
(Whitman et al. 1998). Although the number of bacterial and archaeal species is
estimated from as low as 104–105 to as high as 106–107 (Hammond 1995) there are
only 12,260 species (451 Archaea and 11,809 Bacteria) whose taxonomy has been
validated and that have been described (Euzeby 2013).

Despite the remarkable work carried out by the “Census of Marine Life” over the
last decade to highlight numerous prospects, the current knowledge about the
biodiversity in the marine environment is still limited with respect to the one in
terrestrial habitats, and this is more crucial for the deep ocean and the deep-sea
biosphere (below the sea-floor). The discovery of living microorganisms at the
deepest location in the ocean (Mariana Trench), in deep-sea hydrothermal vents,
cold seeps, and in the deep-sea subsurface (1600–2500 mbsf) has extended the
geographical limits of life on Earth, and has driven scientists to assume that
microbial biomass in the deep-sea biosphere might exceed the one in the water
column and Earth surface (Ciobanu et al. 2014; Inagaki et al. 2015; Roussel et al.
2008).

In the biological sciences history, the discovery of deep-sea ecosystems, more
than 30 years ago, whose food web relies on microbial chemosynthesis, is of a
recent date (Corliss and Ballard 1977; Jannasch and Taylor 1984). These deep-sea
ecosystems constitute extreme environments with a strong endemism composed of
communities frequently dominated by complex biological assemblages where pri-
mary producer microorganisms (e.g., chemolithoautotrophs) are often associated
with one or several producers that have coevolved in these pressurized habitats.
Being mainly situated in accretion zones (ocean ridges), passive continental mar-
gins and subduction zones, these microbial communities are associated to sources
of reduced chemical compounds (hydrogen, sulfide, methane, or simple hydro-
carbons). These unique spots on the ocean floor have high emission of biologically
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rich media that turns them into an oasis in an otherwise extremely oligotrophic
desert. These isolated islands are densely populated by a variety of communities
thriving in this HHP environment. These communities are dependent on a
time-varying resource and unaffected by seasonal variations. This resource is
composed of fluids that are expelled towards the ridges and continental margins at
the limit of ocean plates. Other deep-sea ecosystems, more dispersed and
short-lived, display close features and depend on unpredictable supplies of organic
matter (corpses of large animals, e.g., whales, wood falls, and other organic sub-
strates), which, while decaying, feed a food chain based on the degradation of
sulfides (and/or methane) by microorganisms.

Until recently, only the deep oceans were known to harbor microorganisms that
grow at these depths and love HHP. Initially, these microbes were called “bar-
ophiles” but recently renamed to piezotolerant or piezophilic (“piezo” is derived
from the Greek ‘piezein’ which means to squeeze or to press, and “phile” means
love) microorganisms that are able to grow at HHP. The first records for deep-sea
bacteria were made by Certes (Certes 1884) who cultured microorganisms from
water samples collected at depths down to 5000 m during the cruises of the ships
«Le Travailleur» and «Talisman» in 1882–1883. Although Certes’ experiments
were not performed under HHP, his report unlocked the way of deep-sea micro-
biology. Indeed, HHP tools for collecting samples at great depth and then culture
microorganisms from these samples under high hydrostatic pressure did not exist at
that time.

One of the first questions addressed in the second half of the twentieth century
concerned the assimilation of organic matter under conditions of low temperature
and high pressure. Zobell, Morita, Jannasch (see Prieur and Marteinsson 1998 for
review) and others tackled this problem and after hundreds of experiments it was
concluded that heterotrophic metabolism of marine microorganisms isolated from
surface waters as well as from deep waters proceeded at a considerably lower rate
under low temperature and high hydrostatic pressure. These early investigators also
concluded that probably no free-living bacteria adapted to deep-sea conditions
exist. However, Schwarz, Colwell, Deming and Yayanos (see Prieur and
Marteinsson 1998 for review) demonstrated the existence of deep-sea piezophilic
psychrophiles mainly in free-living state or associated to the digestive tracts of
deep-sea invertebrates. Later, many hyperthermophilic microorganisms
(Topt � 80 °C) were also isolated from deep-sea hydrothermal vents. Some of
them appeared to be piezotolerant, piezophiles, and even obligate piezophiles,
depending on the depth from which they originated.

This chapter focuses on deep-sea microbiology and in particular on the latest
available data about piezophilic microorganisms that have been isolated and
characterized from various deep biospheres, which are still poorly explored.
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8.2 What are the Technical Limits of Isolation
and Culturing Piezophiles?

The field of biology of piezophiles has suffered largely from the need of
high-pressure retaining sample containments and laboratory culturing equipment.
The first HHP-adapted bacteria were isolated from deep-sea sediments in 1949 by
ZoBell and Johnson (1949). The first obligate piezophiles, i.e., organisms that
cannot develop at atmospheric pressure and ambient temperature, were isolated in
1981 (Yayanos et al. 1981). Since the time of Zobell and other pioneering
researchers in the field of piezomicrobiology researchers have been aware that
piezophiles are sensitive to hydrostatic pressure shifts and that special equipment is
required.

Culturing piezophiles under aerobic or anaerobic conditions at various temper-
atures requires specific equipment. At the laboratory scale, batch cultures are
usually carried out in syringes that are pressurized in stainless steel bioreactors
(Marteinsson et al. 1997). Typically, culture of hyperthermophilic Archaea or
Bacteria is prepared under anaerobic conditions. Selecting medium is prepared
along with the addition of a reducing agent (Na2S�9H2O) in order to remove traces
of oxygen. The culture medium is inoculated with 1–2 % exponential phase
growing cells. Culturing is performed in sterile gas-tight glass syringes sealed with
needles inserted in a rubber stopper. Subsequently, the syringes are transferred into
a high-pressure and high-temperature incubation system. The temperature and
pressure of the vessel are controlled independently. A hydraulic pump typically
generates the required pressure and cold tap water serves as the hydraulic fluid. In
the case of the HP/HT (high pressure/high temperature) reactor described by
Marteinsson et al. (1997) the maximum working pressure is 60 MPa and the
maximum temperature is up to 200–300 °C (Fig. 8.1a).

However, these devices do not allow for production of a large amount of bio-
mass, or subsampling for time series experiments. HP/HT bioreactors can be cat-
egorized into two types: hydrostatic and hyperbaric. Hydrostatic bioreactors, in
which the reactor contains only a liquid phase, are usually easy to build and operate
and these devices have been used to perform many types of laboratory analyses and
experiments including microbial enrichment and isolation and measurement of
microbial activity under HHP (Zhang et al. 2015b). In contrast to the hydrostatic
bioreactor, the hyperbaric bioreactor allows an adequate supply of substrate gases
for the culture of autotrophs that need H2, CO2, or other gases (Miller et al. 1988;
Park and Clark 2002).

Complex devices such as the “DEEPBATH” have been designed for the above
purposes by the Japanese Agency for Marine-Earth Science and Technology
(JAMSTEC). This DEEP-sea BAro-piezophile and THermophile isolation and
culturing system consists of four separate devices: (1) a pressure-retaining sampling
device, (2) dilution device under pressure conditions, (3) isolation device, and
(4) culturing device (Kato 2006). The DEEPBATH system is controlled by central
regulation systems and the pressure and temperature ranges from 0.1 to 65 MPa and
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from 0 to 150 °C, respectively. The capacity of the culturing devices (2 sets) is 1.5 l
each and, therefore, cultures of up to 3 l can be obtained. This sophisticated
equipment may overcome the issue of repeated decompression and repressurization
processes, which might affect the quality of the growth results. DEEPBATH is
currently the only system available that permits sampling without a change in
pressure and temperature. Using this system, growth experiments of hyperther-
mophiles piezotolerants and piezophiles have been performed under high pressure
and temperature conditions (HP-HT). Other systems have been developed to allow
culturing of microorganisms in hyperbaric conditions. Indeed, many hyperther-
mophiles are autotrophic microorganisms that require gaseous substrates such as H2

and CO2. In this regard, hydrostatic HP/HT bioreactors can be inadequate to grow
autotrophic hyperthermophiles because initially there is a limited amount of gas-
eous substrate dissolved in the liquid medium (Park et al. 2006). The group of
Douglas Clark developed a bioreactor that is equipped with a thermocouple and a
heating belt for temperature control and has a total volume of 1.15 l. It can operate
at up to 88 MPa and 200 °C, and pressurization from 0.78 to 50 MPa can be
achieved within 10 min. The main difference between the two kinds of HP biore-
actors is the utilization of a gas compressor in the hyperbaric bioreactor, which is
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needed to achieve the pressurization of the reactor (Park et al. 2006) (Fig. 8.1b).
Also, Parkes et al. (2009) has proposed a device for recovering and processing
sediments under in situ pressure conditions. This equipment allows performing
experiments without depressurization under mild temperature and low hydrostatic
pressures.

8.3 Piezophilic Microorganisms from the Cold Ocean

To decipher the functional diversity of deep-sea microorganisms from the ocean
water column, culture-dependent approaches were combined with
culture-independent methods, i.e., the use of molecular approaches including
metagenomics and single cell genomics (Eloe et al. 2011a; Lasken and McLean
2014; León-Zayas et al. 2015).

Most of the deep-sea microorganisms isolated so far are psychrophiles (Jebbar
et al. 2015). In fact, except for a few sites such as the deep-sea hydrothermal vents,
the deep ocean has an average temperature of 2 °C. Only few microorganisms have
been isolated from the deepest site on Earth: the Deep Challenger, and the first one
was Pseudomonas bathycetes (Morita 1976). After this discovery of life existing in
such an extreme environment, more studies focused on piezophilic microorganisms.
Colwellia sp. strain MT41 was one of the first piezophile that was isolated and
studied. This strain originated from an amphipod sampled at 10,476 m (Yayanos
et al. 1981). Most of the psychro-piezophilic microorganisms isolated so far belong
to three phyla: Actinobacteria, Firmicutes and Proteobacteria (Fig. 8.2a).

8.3.1 Bacteria

8.3.1.1 Actinobacteria

Despite the fact that numerous studies have shown the presence of Actinobacteria in
deep sediments (Zhang et al. 2015b) or in the deep-water column, only one strain
has been isolated so far from the deep biosphere. This isolate is Dermacoccus
abyssi MT1.1T and was isolated from sediment sampled from the deepest site on
Earth: the Deep Challenger in the Mariana Trench (Pathom-Aree et al. 2006). This
strain was cultivated at 28 °C and atmospheric pressure but it still grew at 40 MPa.

8.3.1.2 Firmicutes

Firmicutes represent at least 6 % of the microbial diversity found in the sediments
from the Okinawa trench (Zhang et al. 2015b). Carnobacterium sp. strain AT12
and AT7 were isolated from Aleutian Trench from an amphipod kept at HHP
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(Lauro et al. 2007). Their optimum growth temperatures are 2 and 20 °C, respec-
tively, with a pressure range from 0.1 to 60 MPa and an optimum pressure of
15 MPa (Yayanos and DeLong 1987). These strains are chemoorganoheterotrophic
and were the first Gram-positive piezophilic bacteria described.

8.3.1.3 Proteobacteria

Proteobacteria represent the largest microbial diversity (more than 35 %) discov-
ered in deep sediments from the Okinawa Trench as was concluded from
culture-independent methods (Zhang et al. 2015a). Rhodobacterales strain PRT1
was the first psychro-piezophilic organism isolated by using the dilution-extinction
method using a natural seawater medium (Eloe et al. 2011b). This study showed
that increasing the concentration of the carbon source might decrease the ability of a
microorganism to grow. For instance, PRT1 has a higher growth rate with 0.001 %
of a defined mixture of organic carbon compounds than with 0.01 or 0.1 %.
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8.3.1.4 Colwellia Genus

Colwellia spp. are defined as facultative anaerobes and psychrophilic bacteria
(Deming et al. 1988). So far, only five piezophilic species belonging to Colwellia
have been isolated in pure culture and described.

Colwellia sp. strain MT41 was the first obligate piezophilic microorganism that
was isolated in 1981 from the Mariana Trench from the amphipod Hirondellea
gigas (Yayanos et al. 1981). Colwellia piezophila strains Y223GT and Y251ET are
obligate piezophiles with a pressure range for growth from 10 to 80 MPa at 4 °C
and from 40 to 80 MPa at 10 °C. The higher growth (yield and rate) was observed
at 10 °C and 60 MPa. These strains are chemoorganotrophic facultative anaerobes
(Nogi et al. 2004). Colwellia hadaliensis BNL-1T can grow from 30 to 102 MPa at
2 °C and from 50 to 102 MPa at 10 °C. This strain is an obligate piezophile and
lysis happens at 2 °C and HHP <20 MPa and at 10 °C with a HHP <40 MPa
(Deming et al. 1988). Colwellia sp. strain KT27 (Lauro et al. 2007) is closely
related to strain MT41 and was isolated from the Kermadec Trench in the Southern
hemisphere at 9858 m at 1.8 °C. This strain is still able to grow at the in situ
pressure of 98 MPa.

8.3.1.5 Psychromonas Genus

Most of the Psychromonas species were isolated from polar environments and also
from deep-sea environments. All members are psychrophilic Gram-negative and
only five strains were described as piezophilic.

Psychromonas profunda 2825T (Xu et al. 2003a) was isolated from Atlantic
sediments and grows optimal at 15–20 MPa and 6 °C and about 25 MPa at 10 °C.
Psychromonas kaikoae strains JT7301 and JT7304T are obligate piezophiles with
an optimum growth at 10 °C and 50 MPa (Nogi et al. 2002). Psychromonas
sp. strain CNPT3 was isolated from decaying amphipods sampled at 5700 m in the
Central North Pacific Ocean and grows optimal at 50 MPa at 2 and 4 °C (Yayanos
et al. 1979). Psychromonas hadalis K41GT is an obligate piezophile isolated from
7542 m depth in the Japan Trench and grows optimal at 6 °C and 60 MPa (Nogi
et al. 2007).

8.3.1.6 Moritella Genus

Moritella is a genus name gathering the most common psychrophilic microor-
ganisms isolated from marine environments. Only five piezophilic strains belonging
to Moritella were isolated so far. Moritella japonica DSK1 was isolated from the
Japan Trench at 6356 m with optimal temperature and pressure conditions for
growth at, respectively, 15 °C and 50 MPa (Nogi et al.1998a). This strain was the
first to be described as a piezophile belonging to the genus Moritella. Moritella
profunda strain 2674T isolated from Atlantic sediment at 2815 m close to the
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African coast showed an optimal growth at 10 °C and 20–24 MPa (Xu et al.
2003b). Moritella abyssi strain 2693T was isolated from Atlantic sediment and is
also a piezophile with an optimal growth at 30 MPa and 10 °C (Xu et al. 2003b).
Moritella sp. strain PE36 is a facultative piezophile isolated from the California
coast at 3584 m showing optimal growth at 10 °C (Yayanos 1986). Moritella
yayanosii strain DB21MT-5 was isolated from sediment sampled at the deepest
ocean site: Challenger Deep. Its optimal parameters for growth are 10 °C and
80 MPa (Nogi and Kato 1999).

8.3.1.7 Shewanella Genus

A large number of Shewanella species were isolated from the deep-sea because this
genus is widespread in aquatic and marine environments (DeLong 1997).
Shewanella is divided into two groups: Group 1 harboring psychrophilic or psy-
chrotolerant piezophiles and producing eicosapentanoic acid (EPA) and comprises
the species: Shewanella benthica, Shewanella piezotolerans, Shewanella profunda
and Shewanella violacea and Group 2 comprising the mesophilic pressure sensitive
species, producing no or only small amounts of EPA (Kato and Nogi 2001). S.
benthica has been isolated from different sites from which at least eight strains have
been described: KT99, F1A (Wirsen et al. 1987), DB6101, DB5501, DB6705,
DB6909 (Kato et al. 1995), DB172R and DB172F (Kato et al. 1996), and
DB21MT-2 (Kato et al. 1998). S. benthica KT99 was the first Shewanella species
that was found in the Southern hemisphere and acquired from a depth of 9856 m
with an in situ temperature of 1.8 °C in the Kermadec Trench (southwest Pacific
Ocean).

S. piezotolerans WP2T and WP3T were isolated from deep-sea sediment located
in the west Pacific (Xiao et al. 2007). These strains are facultative anaerobic rods,
Gram-negative and motile. They are able to grow from 0.1 to 50 MPa with an
optimal growth at 20 MPa at 10–15 °C for WP2 and 15–20 °C for WP3. S. pro-
funda LT13a was isolated from a deep sediment sample in the Nankai Trough and
has an optimal growth at 10 MPa at 25–30 °C Toffin et al. (2004). S. violacea
DSS12 was isolated from the Ryukyu Trench at 5110 m. This strain is a
Gram-negative rod using a polar flagellum to move and able to produce a violet
pigment. This strain can grow from 0.1 to 70 MPa and from 4 to 15 °C with an
optimal growth at 30 MPa and 8 °C (Kato et al. 1995). It has been found that the
d-type cytochrome, a respiratory protein, plays a crucial role for the growth at HHP
of this strain (Tamegai et al. 2011).

8.3.1.8 Photobacterium Genus

Photobacterium is a genus of marine bacteria found in all oceans (Ruby and
Nealson 1978). Two strains from the species Photobacterium profundum are pie-
zophilic: DSJ4 and SS9. P. profundum DSJ4 was also isolated from the Ryukyu
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trench at 5110 m. This strain grows optimally at 10 MPa and 10 °C (Nogi et al.
1998b). P. profundum SS9 is one of the piezo-psychrophilic bacteria most
described with more than 20 publications and the first of which the genome has
been sequenced (Vezzi et al. 2005). Optimum growth parameters of this strain are
25 MPa and 15 °C (Bartlett et al. 2008).

8.3.1.9 Profundimonas Genus

Profundimonas piezophila strain YC-1 is a psychro-piezophilic member of the
Oceanospirillales (Gammaproteobacteria) (Cao et al. 2014). This strain changes its
morphology depending on the hydrostatic pressure. P. piezophila strain YC-1
grows optimal at 50 MPa at 8 °C. It is unable to grow below 20 MPa or above
80 MPa. MUFAs are the predominant fatty acid of its membrane.

8.3.1.10 Piezophilic Bacteria and Archaea from Deep-Sea
Hydrothermal Vents

More than one hundred species of Bacteria (17 phyla, 72 genera, and 113 species)
and Archaea (3 phyla, 17 genera, and 62 species) have been isolated from deep-sea
hydrothermal vents (Jebbar et al. 2015). However, in contrast to the cold ocean only
a few of the microorganisms that have been isolated and characterized are in fact
piezophilic (Fig. 8.2b).

8.3.1.11 Proteobacteria

Amongst the bacterial phylum of Proteobacteria, only four piezophilic species were
isolated from hydrothermal vents, Piezobacter thermophilus 108, Desulfovibrio
hydrothermalis AM13, Desulfovibrio piezophilus, and Thioprofundum lith-
totrophica 106 (Alazard et al. 2003; Khelaifia et al. 2011; Takai et al. 2009).

P. thermophilus 108was isolated from a black smoker chimney of the TAG field in
the Mid-Atlantic Ridge (MAR) (Takai et al. 2009). This strain is a facultative
anaerobic and chemolithoautotrophic, piezophilic, thermophilic, and neutrophilic
marine bacterium. The genus Piezobacter is related to members of the family
Rhodobacteraceae within the Alphaproteobacteria. This non-motile, short oval rod
can grow optimally at 50 °C, 35 MPa, at pH 6.5–7.0 at anNaCl concentration of 2 %.

D. hydrothermalis AM13T was isolated from a hydrothermal chimney at a depth
of 2600 m at 13° N from the East Pacific Rise (Alazard et al. 2003). The organism
is motile, Gram-negative, vibrio-shaped or sigmoid. It grows optimal at 35 °C, at
26 MPa and at pH 7.8.

T. lithtotrophica 106 was isolated from a black smoker chimney of the TAG
field in the MAR (Takai et al. 2009). This strain is a facultative anaerobic, ther-
mophilic, and piezophilic rod that grows optimal at 50 °C, pH 7, and 15 MPa. The
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genus Thioprofundum is related to the endosymbionts of the deep-sea animals
within the Gammaproteobacteria.

8.3.1.12 Firmicutes

The only piezophilic species isolated from deep-sea hydrothermal vents that
belongs to the Firmicutes order is Anoxybacter fermentans DY22613 (Zeng et al.
2015). The type strain, DY22613T was isolated from a hydrothermal sulfide sample
collected from an East Pacific Ocean hydrothermal field at a depth of 2891 m (Zeng
et al. 2015). The organism is motile and the cells are round-ended rods with flagella.
The organism grows optimal at 60 °C, 20 MPa, pH 7, and 35 g l−1 of sea salts. A.
fermentans DY22613 reduces insoluble Fe(III) compounds, including amorphous
Fe(III) oxyhydroxide (pH 7.0), amorphous iron (III) oxide (pH 9.0), goethite
(a-FeOOH; pH 12.0), and Fe(III) citrate to Fe(II).

8.3.1.13 Thermotogales

The bacterial order of Thermotogales is broadly represented in deep biosphere
ecosystems, especially in deep-sea hydrothermal vents. This order consists of
mesophilic and hyperthermophilic, anaerobic, chemoorganotrophic microorganisms
(Bonch-Osmolovskaya 2008; Nesbø et al. 2012). Among this order, the only three
known piezophilic species are Thermosipho japonicus IHB1T, Marinitoga piezo-
phila KA3T, and Kosmotoga pacifica SLHLJ1T. T. japonicus IHB1T is a
Gram-negative rod with optimal growth at 72 °C, pH 7.0–7.5, 20 MPa, and
40 g l−1 of sea salts. The type species was isolated from a deep-sea hydrothermal
vent chimney at the Iheya Basin, in the Okinawa area, Japan (Takai and Horikoshi
2000). M. piezophila KA3T (Alain et al. 2002) (= DSM 14283T = JCM11233T)
was isolated from a hydrothermal vent sample, under 30 MPa hydrostatic pressure
at 65 °C, from the East Pacific Ridge, 13° N, at a depth of 2630 m. This strain is an
obligate anaerobe, whose optimal growth is at 30 g l−1 of sea salts, pH 6.0,
40 MPa, and 65 °C. Under optimal conditions the cells appear as short rods (1–
1.5 lm long, 0.5 lm wide), single, or in short chains of fewer than five cells. This
organism shows cellular deformations, becoming twisted and elongated, when
cultured at low hydrostatic pressure. It is the only known piezophilic microor-
ganism available in pure culture that harbors a provirus in its genome (Lossouarn
et al. 2015). High-pressure conditions do not seem to affect the virus production.
A virus-mediated plasmid exchange was reported presenting the first molecular
piracy system in deep-sea hydrothermal vents. K. pacifica SLHLJ1T was isolated
from sediments of an active hydrothermal vent on the East Pacific Rise (L’Haridon
et al. 2014). Cells are Gram-negative non-motile short rods or ovoid cocci. Optimal
growth occurs at 70 °C and 30 MPa (unpublished data). Growth occurs under
strictly anaerobic and obligate chemoorganoheterotrophic conditions.
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8.3.2 Archaea

Methanocaldococcus jannaschii JAL-1T renamed by Stackebrandt et al. (2002),
was formally described as M. jannaschii and isolated from sedimentary material
from a “white smoker” submarine hydrothermal vent, East Pacific Rise, at a depth
of 2600 m (Jones et al. 1983). This strain has been reported to grow between 50 °C
(Jones et al. 1983) and 90 °C (Miller et al. 1988). In previous experiments
employing hyperbaric helium, M. jannaschii exhibited faster growth at 86 and 90 °
C with increasing pressure up to 75 MPa (Miller et al. 1988). These cocci are
osmotically fragile and easily lysed in solutions of low osmolality. Optimal growth
occurs at 85 °C and pH 6.0. Being an obligate anaerobe, the organism grows
autotrophically using H2 + CO2 as substrate while forming CH4.

Methanothermococcus thermolithotrophicus is an autotrophic thermophilic
motile coccoid methanogen and was isolated from geothermally heated sea sedi-
ments close to Naples, Italy. Growth occurs at the expense of H2/CO2 or formate
and the organism grows optimally at 65 °C, 4 % NaCl (Huber et al. 1982). High
hydrostatic pressure of up to 50 MPa increased the growth rate without extending
the temperature range of viability (Bernhardt et al. 1988).

Methanopyrus kandleri 116 is a hyperthermophilic methanogen that is charac-
terized by growth under high temperature and hydrostatic pressures. Elevated
hydrostatic pressure extends the temperature maximum for proliferation from 116 °
C at 0.4 MPa to 122 °C at 20 MPa, providing the potential for growth even at
122 °C under an in situ high pressure. This strain was isolated from a water column
sample of Aleutian Trench, at 2500 m depth (Takai et al. 2008).

Palaeococcus ferrophilus DMJT was isolated from a black smoker sample
obtained from the Myojin Knoll in the Ogasawara-Bonin Arc, Japan, at a depth of
1,338 m (Takai et al. 2000). The irregular cocci grow optimally at 83 °C, pH 6.0,
and a sea salts concentration of 43 g l−1 at 30 MPa.

Palaeococcus pacificus DY20341T was isolated from a sediment sample col-
lected from an East Pacific Ocean hydrothermal field at a depth of 2737 m (Zeng
et al. 2013). Cells are irregular cocci and grow optimally at 80 °C, pH 7.0, 3.0 %
NaCl, and at 30 MPa.

Pyrococcus abyssi GE5 was isolated from hot fluid from an active chimney at a
newly discovered deep-sea vent with a temperature up to 296 °C at 2000 m depth
in the North Fiji Basin (SW Pacific) (Marteinsson et al. 1997). Cells are
Gram-negative slightly irregular cocci. Elevated hydrostatic pressure (20 MPa)
increased the maximal growth temperature of strain GE5 by at least 3 °C, i.e., from
102 °C (determined under about 0.2 MPa of N2) to 105 °C.

Pyrococcus yayanosii CH1T was isolated from an active deep-sea hydrothermal
chimney at the mid-Atlantic Ridge (Ashadze site at 4100 m depth (Birrien et al.
2011). Optimal growth occurs at 95 °C, 52 MPa, at pH 7.5–8 and 3.5 % NaCl. No
growth was recorded at any temperature at hydrostatic pressures below 20 MPa
meaning that CH1 is the only anaerobic hyperthermophilic archaeon isolated so far
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to be strictly piezophilic. The pH and NaCl ranges for growth are 6–9.5 and 2.5–
5.5 %, respectively.

Pyrococcus kukulkanii NCB100T was isolated from the flange of an active
deep-sea hydrothermal chimney at the depth of 1997 m at the Rebecca’s Roost site
on the Guaymas Basin (Callac et al., unpublished). The organism is a motile
irregular rod with an optimal growth at 105 °C, pH 7.0, and an NaCl concentration
of 2.5–3 %. The strain NCB100T is also able to grow at 20 and 30 MPa at 110 °C.

Thermococcus aggregans TYT is a coccoid Archaea isolated from marine sed-
iments at the Guaymas Basin hydrothermal vent site (2000 m depth) in the Gulf of
California (Canganella et al. 1998). This strain is a Gram-positive, non-motile,
chemoorganotrophic, and strictly anaerobic organism. Optimum growth occurs at
pH 7.0, 88 °C with an NaCl concentration of 2.5 %, and 20 MPa.

Thermococcus guaymasensis TYST was isolated from marine sediments at the
Guaymas Basin hydrothermal vent site (2000 m depth) in the Gulf of California
(Canganella et al. 1998). This coccoid Archaea is Gram-positive, non-motile,
chemoorganotrophic, and strictly anaerobic. Optimum growth occurs at pH 7.2,
88 °C, 3.0 % NaCl, and 20–35 MPa.

Thermococcus peptonophilus OG-1T was isolated from a marine hydrothermal
vent in the western Pacific Ocean, in the Izu-Bonin and South Mariana Trough
areas (González et al. 1995). The organism is a coccus, motile, strictly anaerobic
with an optimum growth at 85 °C, pH 6, and 3 % NaCl. The results of HP-HT
growth studies showed that the temperature for growth of T. peptonophilus could be
increased under higher-pressure conditions and its growth profile appeared piezo-
philic (optimum hydrostatic pressure 30–50 MPa).

Thermococcus eurythermalis A501T was isolated from the chimney sample of a
deep-sea hydrothermal vent site located at a depth of 2007 m in the Guaymas Basin
(Zhao and Xiao 2015). Cells are irregular cocci and motile. Optimal growth occurs
at pH 7.0, at 2.5 % NaCl, at 85 °C, and with a hydrostatic pressure range of 0.1–
70 MPa (optimal growth at 0.1–30 MPa), which narrows down to 0.1–50 MPa
(optimal growth at 10 MPa) at 95 °C. This strain is strictly anaerobic and
chemoorganotrophic.

Thermococcus barophilus MPT was isolated from a chimney wall, under
40 MPa hydrostatic pressure at 95 °C, from the Mid-Atlantic Ridge Snakepit at a
depth of 3550 m (Marteinsson et al. 1999b). Cells are regular to irregular cocci that
are obligate anaerobic and chemoorganotrophic. Its optimal growth was obtained at
2–3 % NaCl, pH 7.0, at 85 °C, and 40 MPa. This type strain becomes a strict
piezophile between 95 and 100 °C and requires 15.0–17.5 MPa in order to be able
to grow at these temperatures.
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8.4 Adaptations to HHP

The effect of high hydrostatic pressure on the microbial physiology was initially
largely studied in mesophilic model microorganisms (Escherichia coli and
Saccharomyces cerevisiae). This showed that high pressure affects most of the
cellular functions (Bartlett 2002). Later, the exploration of these mechanisms was
extended to a few piezophilic and piezotolerant microorganisms. Currently,
P. profundum SS9, a moderate piezophilic and psychrophilic bacterium, represents,
so far the most well studied model for the characterization of the molecular and
physiological mechanisms involved in the response to HHP (Simonato et al. 2006).

The first function modified by high hydrostatic pressure is the transport of
molecules through the membrane due to a loss of membrane fluidity. Furthermore,
it seems that psychrophilic piezophilic strains have a larger genome size than their
surface counterparts (DeLong et al. 2006; Eloe et al. 2011a; Konstantinidis et al.
2009; Lauro and Bartlett 2008; Thrash et al. 2014). A new method to counteract the
need of culturing using HHP incubators is the single cell genomic technique
(Lasken 2012; Lasken and McLean 2014). This technique permitted the sequencing
and analyzing of four psychrophilic strains from the hadal zone (6000 m to the
bottom of the ocean) belonging to Alpha- and Gammaproteobacteria, Bacteriodetes,
and Planctomycetes (León-Zayas et al. 2015). Nitrosopumilus of the group I.1a of
Thaumarchaeota, SAR11, Marinosulfonomonas, and Psychromonas are also groups
found using the single amplified genomes (SAG) method in Puerto Rico Trench
(PRT) at 8000 m (León-Zayas et al. 2015).

The first study that analyzed the evolutionary behavior of 20
psychro-piezophiles established that both piezophiles and their closest relative
non-piezophiles share high similarity of their 16S rRNA gene sequences (Lauro
et al. 2007). Colwellia, Psychromonas, and Moritella are genera found only in cold
waters (Lauro et al. 2007). Cold piezophile representatives could be the descendants
of a mesophilic strain.

One of the most important effects of HHP on microorganisms is the higher
rigidity of the plasma membrane, which is caused by the compaction of the con-
stituent lipids. DeLong and Yayanos (1985) have shown that deep-sea organisms
harbor an unusually high proportion of mono- and polyunsaturated fatty acids. This
leads to highly disordered phospholipid bilayers that are less permeable to water
molecules. Hence, this maintains the membrane in a functional liquid crystalline
state despite the effect of pressure. The genes responsible for unsaturated lipid
synthesis are up regulated by HHP in the moderate piezophile P. profundum strain
SS9 and induced as part of the HHP induced stress response in yeast.

Lipid membrane composition is different among psychro-piezophilic strains.
Indeed, different long-chain polyunsaturated fatty acids (PUFAs) were found in
different genera. Photobacterium, Shewanella, Colwellia, and Moritella piezophilic
strains have a high proportion of eicosapentaenoic acid (EPA, C20:5) and
docosahexaenoic acid (C22:6) suggesting an important role of these PUFAs in the
maintenance of membrane fluidity (DeLong et al. 1997). Nevertheless, PUFAs are
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not required for high-pressure growth in P. profundum SS9, even though these fatty
acids are produced in larger amounts, in contrast to the monounsaturated fatty acid
(MUFA) cis-vaccenic acid (C18:1) (Allen et al. 1999). However, in S. violacea
strain DSS12, EPA is required for high-pressure growth (Usui et al. 2012).

As a confirmation that the membrane plays an important role in HHP adaption
P. profundum SS9 possesses two distinct flagella, polar and lateral. These flagella
show fine-tuning of the high-pressure adaptation. Considering that motility is one of
the most pressure sensitive cellular processes in mesophilic microorganisms, it does
not come as a surprise that piezophilic bacteria possess uniquely adapted motility
systems to maintain movement under high pressure (Eloe et al. 2008). Indeed, the
lateral flagella seem to be activated when the cell is placed under HHP conditions.
One of the hypotheses is that contrary to polar flagella lateral flagella would allow
the cells to migrate on a surface. In deep-sea environments where the amount of
organic carbon is low microorganisms may attach to particles or animals, such as
the amphipod from which P. profundum SS9 was isolated (Nogi et al. 1998b).
Similarly to P. profundum SS9, the piezotolerant S. piezotolerans WP3 also pos-
sesses two types of flagella. However, unlike P. profundum SS9, the genes coding
for the two flagella in S. piezotolerans WP3 are differentially expressed as a
function of temperature and pressure. The genes encoding the lateral flagella are
overexpressed at low temperature (4 vs. 20 °C) and under-expressed at high
pressure, while it is the opposite for the polar flagella (Wang et al. 2008). This
shows that even though both organisms do not have the same regulating mecha-
nism, they appear to have developed mobility strategies enabling them to adapt to
their environment, especially HHP. Interestingly, in T. barophilus, a piezophilic
Archaea, which only possesses one type of flagella (polar one), the genes respon-
sible for its formation are down regulated at atmospheric pressure, which is con-
sidered to be stressful for this organism (Vannier et al. 2015).

Another cellular process that is strongly affected by HHP in piezophilic
microorganisms is respiration. Most piezophilic bacteria studied are aerobes or
facultative anaerobes and possesses cytochromes that are affected by HHP. As an
example, S. benthica possesses two respiratory systems, one that is activated at low
hydrostatic pressure and the other under HHP conditions. These two respiratory
systems involve three enzymatic complexes (NADH-dehydrogenase, a bc1 com-
plex, and a cytochrome c oxidase). At low pressure the NADH-dehydrogenase
oxidizes NADH to NAD resulting in two electrons that are transferred to the bc1
complex by a quinone Q. The transfer by the bc1 complex of electrons to a
membrane-bound cytochrome (c-551) gives rise to the formation of a proton gra-
dient across the membrane. The subsequent transfer of electrons to the cytochrome
c oxidase will also result in a proton gradient due to the reduction of oxygen (Kato
and Qureshi 1999) (Fig. 8.3). Under HHP conditions, the bc1 complex and the
cytochrome c oxidase are under-expressed, whereas the quinol oxidase is overex-
pressed (Qureshi et al. 1998; Tamegai et al. 1998). In this case, the electrons
coming from the NADH-dehydrogenase are transferred by quinone Q to quinol
oxidase, which possesses the same function as the cytochrome c (Kato and Qureshi
1999) (Fig. 8.3). S. violacea DSS 12 seems to possess another adaptive system and
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expresses a specific cytochrome protein complex at high pressure (Tamegai et al.
1998). This suggests that S. violacea DSS 12 adapts its respiratory mechanism
during growth. Under HHP, the cytosolic cytochrome c is repressed while the
membrane-bound cytochrome d is expressed. This suggests a shift in the electron
transport chain and the respiration system even though there is no difference in
oxygen consumption (Chikuma et al. 2007). For P. profundum SS9, a higher
piezotolerant terminal oxidase activity was observed although, contrary to
Shewanella, pressure did not alter the cytochrome content and expression of the
genes encoding terminal oxidases, suggesting different adaptation mechanisms by
these two species (Tamegai et al. 2011). piezophilic Archaea such as T. barophilus
hydrogenases and sulfhydrogenases are the main constituents of anaerobic respi-
ration. A transcriptomic study has shown that when T. barophilus is placed under
stressful conditions, compared to the optimum pressure of 40 MPa, numerous genes
coding for hydrogenases and sulfhydrogenases are overexpressed suggesting that
the rigidity of the membrane affects the activity of theses enzymes and therefore an
increase of these enzymes may be one way to counterbalance the loss of activity
(Vannier et al. 2015). These authors proposed that adaptation to HHP mainly
involves the fine-tuning of gene expression and protein synthesis of a common gene
set, or function, (e.g., energy conservation, amino acids metabolism) in piezophiles.

Several membrane proteins whose regulation changes drastically under different
hydrostatic pressure such as the proteins ToxR/S and OmpL/OmpH have been
studied (Welch and Bartlett 1996, 1998). The OmpL/OmpH porines-like proteins
are differentially expressed under HHP. It has been suggested that OmpH, which is
expressed under HHP, could serve as a nutrient transporter in the deep sea (Oger
and Jebbar 2010). In P. profundum SS9 transporters are mainly up regulated at
0.1 MPa (compared to the pressure optimum of 28 MPa). It was speculated that
SS9 transporters might have evolved a particular protein structure to adapt to
elevated pressure. The up-regulation of these transporters at 0.1 MPa could com-
pensate for a decrease of functionality (Campanaro et al. 2005; Vezzi et al. 2005).
However, because the cells possess several copies of the same transporter and since
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some of them are down regulated, it is difficult to generalize. Similarly, in T.
barophilus or D. piezophilus, a piezophilic sulfate-reducing anaerobe, many
transporter genes were up regulated under stressful pressure (Pradel et al. 2013;
Vannier et al. 2015). Among those, many are involved in the transport and the
metabolism of amino acids, like those transporting glutamine in D. piezophilus or
D. hydrothermalis (Amrani et al. 2014). Indeed, the regulation of the transporters
under HHP seems to be correlated with the capacity of the cell to produce amino
acids and to take up substrate inside its cytoplasm. The first example studied was a
strain of the piezotolerant eukaryote S. cerevisiae that lost the capacity to synthesize
tryptophan. Abe and Horikoshi (2000) showed that growth of S. cerevisiae was
greatly affected by HHP and that the addition of a plasmid containing the TAT2
gene coding for a high-affinity tryptophan permease enabled growth under
HHP. HHP has also a major impact on amino acid metabolism in T. barophilus,
which increased from three amino acids required at atmospheric pressure to 17 at
40 MPa, the optimal pressure for growth in this organism (Cario et al. 2015).

8.5 Conclusions and Trends

In order to decipher the universal HHP adaptation mechanisms from genetic,
genomic, evolutionary, and physiological point of view it is mandatory to put more
efforts on the isolation and characterization of new piezophilic microorganisms
possessing a larger diversity of metabolic features. The phylogenetic and metabolic
diversity of piezophilic microorganisms isolated so far from both cold and hot
deep-sea environments are limited and do not at all reflect the large metabolic
diversity that is expected in the deep biosphere. Autochthonous microorganisms of
the deep biosphere are inherently “adapted” to the extreme conditions of their
environment, i.e., to the high-pressure, low- or high temperature, low or high pH,
anoxic or aerobic, oligotrophic conditions found throughout deep-sea ecosystems.
In order to isolate new piezophiles from deep-sea ecosystems, it requires (i) de-
velopment of adapted and specialized high-pressure equipment to retain and
transfer samples at in situ pressure and temperature, (ii) enhance knowledge and
imagination about the geochemistry of the environment in which the organisms
thrive and to recreate these conditions in the laboratory, and (iii) to develop
high-throughput culture equipment that works under a large range of temperature
and hydrostatic pressure. All these requirements are mandatory when one wants to
grow and isolate true piezophilic microorganisms. It has been shown that piezo-
philes do not tolerate atmospheric pressures or at best only for a short period of
time. Piezophiles can be resilient when they are kept under good growth conditions
i.e., temperature but not kept under their in situ hydrostatic pressure during sample
collection or enrichments (Marteinsson et al. 1997, 1999a). Indeed, Yayanos (1986)
speculated that microorganisms collected from deeper than 6000 m would be
resilient and the true piezophiles may thrive at this and greater depth. Indeed, all
piezophilic psychrophiles were isolated from depths greater than 4000 m and
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obligate piezophiles deeper than 6000 m (Prieur 1997). For thermophilic piezo-
philes, it has been established that increasing temperature permits a higher optimum
HHP. Indeed. T. barophilus, which for long time was the only known true ther-
mophilic piezophile, originated from 3550 m depth and is an obligate piezophile at
95 °C (Marteinsson et al. 1999b). At that time this was the greatest depth of known
hydrothermal vents and the hypothesis of Yayanos (1986) was verified a few years
later for thermophilic piezophiles. Indeed, the discovery of P. yayanosi CH1
originated from 4200 m and this organism is an obligate piezophilic hyperther-
mophile (Zeng et al. 2009) and this confirms that true piezophiles are found below
4000 m. Hence, it is obvious that depth of sampling, the in situ pressure of the
microorganism, and containments of the sample conditions are crucial criteria for
successful isolation of piezophiles.
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Chapter 9
Extreme Marine Environments
(Brines, Seeps, and Smokers)

Francesca Mapelli, Elena Crotti, Francesco Molinari,
Daniele Daffonchio and Sara Borin

Abstract Several different extreme environments—characterized by geochemical
and physical extremes—are found in the ocean and in seas and many of them
appeared to be hot spots for microbial abundance and diversity, thanks to the
overwhelming presence of substrates and energy sources that support microbial
metabolism. The most studied oceanic extreme environments are the vent ecosys-
tems, such as the hot deep-sea hydrothermal vents (DSHVs) or cold seeps and mud
volcanoes, and the hypersaline ecosystems such as the deep anoxic hypersaline
lakes, brine lakes on mud volcanoes, and brines contained within sea ice. However,
new fascinating extreme habitats for microbial life in the ocean are being discov-
ered continuously such as water droplets entrapped in oil deposits. These envi-
ronments comprise a large variety of extreme physicochemical conditions, which
contribute importantly to the composition and shaping of the residing microbial
communities and select for extremophile populations of microorganisms. These
extremophiles are the key players of the element cycles in these environments, often
responsible for primary productivity, and endemic. Many of the extremophiles have

F. Mapelli � E. Crotti � F. Molinari � D. Daffonchio � S. Borin (&)
Department of Food, Environmental and Nutritional Sciences (DeFENS),
University of Milan, 20133 Milan, Italy
e-mail: sara.borin@unimi.it

F. Mapelli
e-mail: francesca.mapelli@unimi.it

E. Crotti
e-mail: elena.crotti@unimi.it

F. Molinari
e-mail: francesco.molinari@unimi.it

D. Daffonchio
e-mail: daniele.daffonchio@unimi.it

D. Daffonchio
Biological and Environmental Sciences and Engineering Division,
King Abdullah University of Science and Technology,
Thuwal 23955-6900,
Kingdom of Saudi Arabia

© Springer International Publishing Switzerland 2016
L.J. Stal and M.S. Cretoiu (eds.), The Marine Microbiome,
DOI 10.1007/978-3-319-33000-6_9

251



not yet been obtained in pure culture. The study of the microbiota associated with
extreme marine environments confirmed that they constitute an important source of
Bacteria and Archaea with biotechnological potential, producing enzymes and
metabolites—“extremozymes” and “extremolytes”—that might find industrial
application.

9.1 Extreme Marine Environments: Hot Spots
of Microbial Diversity Possessing
Biotechnological Potential

The ocean and adjacent seas host habitats characterized by geochemical and
physical extremes at the edge of compatibility with life, which have been assigned
as “extreme environments.” The assignment “extreme” is anthropocentric since
microbiologists have discovered that these environments host communities of
specialized microorganisms, the so-called “extremophiles” (Macelroy 1974).
Extremophiles are physiologically adapted to grow under what would be for
humans and for many other organisms harsh physicochemical conditions. Many
extreme marine environments are the result of a particularly tight geosphere–bio-
sphere interaction. For instance, vents are environments in which gases and reduced
chemicals from the deep subsurface geoactive layers reach the seafloor, and deep
hypersaline anoxic lakes (DHALs) came into being when deeply stratified evap-
oritic rocks were exposed to seawater. Moreover, DHALs are environments sepa-
rated from the overlying seawater. This separation is due to the difference in density
of the brine and the overlying seawater that prevents their mixing. Some extreme
environments are considered to be analogues for the conditions on early Earth and it
has been hypothesized that life arose in environments such as hydrothermal vents
(Cockell 2006; Shock 1992). The specific features of extreme environments con-
tribute to the selection and enrichment of peculiar bacterial and archaeal commu-
nities that are highly adapted to the prevailing physicochemical conditions. Life is
divided into three domains: the Bacteria, the Archaea, and the Eukarya. The former
two have a simpler cell structure compared to the latter, but are metabolically highly
diverse and able to use almost any form of chemical energy-rich compounds.
Autotrophic microorganisms are pioneers that colonize the barren environments,
because they utilize atmospheric gases as C and N sources, oxidize inorganic
reduced chemicals as energy source through chemosynthesis (the so-called “black
energy”, which is crucial in dark ecosystems), and use alternative electron acceptors
when oxygen is not available. All environments, even the most extreme in terms of
physicochemical conditions, which provide sufficient amounts of reduced substrate
as energy source, appear to be hot spots of microbial diversity and give rise to
microbial communities with highly abundant populations of microorganisms.
Therefore, the study of these extremophile microbial communities is of special
interest in order to (i) understand the limits of life on our planet, (ii) speculate about
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the origin of life on Earth and elsewhere in the universe (astrobiology), and
(iii) access to new biotechnological applications.

Despite the recent and remarkable technological and molecular advances in the
description of microbial communities associated to extreme marine environments,
the relevance of culture-dependent methods should not be underestimated (Joint
et al. 2010; Prakash et al. 2013). Although culture-dependent methods have an
important drawback when used to describe the biodiversity associated with a
complex ecosystem, these methods are necessary to assess the microbial metabolic
potential, the ecology of the microorganisms and their function in the geochemical
element cycles of that particular habitat. Isolation and culturing of the microor-
ganisms of a given ecosystem is also indispensable when the exploitation of
microbes or the products they generate is the aim. Marine extremophile microor-
ganisms have a great potential in industrial biotechnology because their metabolic
and physiological adaptation to habitats characterized by extreme and harsh con-
ditions hold promise for enzymes and metabolites that are active when those from
other organisms fail. Extremophiles indeed withstand extreme physicochemical
conditions such as low or high temperatures, low or high pH, high ionic strength,
and high hydrostatic pressure. These adaptations are the result of a natural directed
molecular evolution aiming at structural and chemical adaptations to the specific
extreme environment. Hence, marine extremophile microorganisms may show
improved efficiency for producing valuable products (mostly enzymes and
metabolites) of practical interest for industrial processes. For this reason, the
extensive study of the microbiology of extreme marine environments offers to
biotechnologists new resources of inestimable potential.

9.2 Environmental Challenges and Microbial Diversity
in Extreme Marine Habitats

9.2.1 Vent Environments

9.2.1.1 Hot Environments: Deep-Sea Hydrothermal Vents

DSHVs represent one of the most fascinating extreme environments on Earth. Since
their discovery in late 70s, microbiologists have been attracted to this particular
habitat aiming at investigating the microbial diversity associated to these highly
productive ecosystems and characterizing the functioning of the entire system. In
these oases of life on a deserted ocean floor, the primary role is played by
microorganisms, which provide the basis for a rich ecosystem that supports also
macroorganisms (Sievert and Vetriani 2012).

Hydrothermal vents originate from volcanic activity below the ocean floor.
Water seeping through fissures of the Earth’s crust becomes enriched with metals
and minerals and, heated to high temperature, rises back through the ocean floor.
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The contact of this fluid with cold and oxidized seawater results in the formation of
hydrothermal plumes and in the precipitation of the dissolved minerals and metals,
creating chimneys around the vents (Dick et al. 2013). DSHVs are globally dis-
tributed in many submarine habitats, such as mid-ocean ridges, back-arc basins, hot
spot volcanoes, seamounts, and off-axis locations. Up to now, more than 500
hydrothermal vents have been discovered. The East Pacific Rise and the
Mid-Atlantic Ridge are the preferential targets of scientific cruises (Godet et al.
2011). Unfortunately, a large part of the mid-ocean ridges, mainly localized in the
Artic and Southern ocean, remains still unexplored (German et al. 2010).

Deep-sea vents influence the chemistry of global oceans considerably (Elderfield
and Schultz 1996). They comprise a wide variety of niches and energy sources for
microorganisms that through chemolithoautotrophy (chemosynthesis) and
heterotrophy sustain benthic communities. Various endemic organisms such as
giant tubeworms, shrimps, crabs, and fishes thrive in these environments, thanks to
the existence of microbes and their metabolic activities (Sievert and Vetriani 2012).
In these deep-sea vents, chemolithoautotrophic microorganisms produce organic
matter from inorganic carbon sources (chemosynthetic CO2 fixation), while
obtaining energy from the oxidation of reduced inorganic compounds (Sievert and
Vetriani 2012). The different reduced compounds in the hydrothermal fluid, such as
H2, H2S, Fe2+, CH4, and NH4

+, determine the microbial diversity (Takai and
Nakamura 2011). Microbial life encompasses free-living organisms within the
hydrothermal plume, biofilm communities attached to the sediment, and obligate
symbionts within invertebrate hosts such as tubeworms (Takai et al. 2006). Steep
physicochemical gradients of temperature, salinity, hydrostatic pressure, and
availability of oxygen are the main drivers of the DSHV microbiota. Samples
collected from DSHVs allowed the isolation of extremophile bacteria and archaea,
including hyper/thermophiles, psychrophiles, acidophiles, piezophiles, and mod-
erate halophiles (Jebbar et al. 2015). As an example, hyperthermophilic and bar-
ophilic microorganisms isolated from these environments recorded the upper limit
for life ever detected so far in terms of high temperature (122 °C) and pressure
(120 MPa), respectively (Takai et al. 2008; Zeng et al. 2009).

Although the accessibility of the sampling sites is extremely difficult, archaeal
and bacterial communities associated to DSHVs have been thoroughly investigated
(Huber et al. 2007; Sievert and Vetriani 2012). Epsilonproteobacteria and
Aquificales are the predominant bacterial taxa in DSHVs and are abundantly pre-
sent. These taxa are known for their versatile metabolism and therefore they are
ubiquitously found in deep-sea vents worldwide. Epsilonproteobacteria oxidize
hydrogen and sulfur compounds, reduce oxygen, nitrate, and sulfur compounds and
use the reverse TCA (tricarboxylic acid) cycle for carbon fixation. They inhabit
structures build of sulfide minerals and hydrothermal sediments and fluids.
Moreover, Epsilonproteobacteria colonize the surface of deep-sea vent metazoans
in episymbiotic associations. Endosymbiotic associations have been also described:
an example is the association between Epsilonproteobacteria and a gastropod
mollusk, Alviniconcha hessleri (Sievert and Vetriani 2012; Suzuki et al. 2006).
Bacteria of the order Aquificales utilize electron donors and electron acceptors
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similar to those used by Epsilonproteobacteria. Aquificales are globally widespread
in deep-sea vents, but differ in their distribution from Epsilonproteobacteria, which
flourish at temperatures between 20 and 60 °C, while the former prefer higher
temperatures, i.e, 60–80 °C. Other bacteria found in deep-sea vent environments
include members of the Firmicutes, the Verrucomicrobia, the Thermales, and the
Cytophaga–Flexibacter–Bacteroides (CFB) group (Takai et al. 2006).

Archaea in DSHVs comprise lineages such as the Thermococcales, Archaeoglo-
bales, Desulfurococcales, Ignicoccales, Methanococcales, Methanopyrales, Halo-
bacteriales, Thaumarchaeota, DHVE2 (Deep-sea Hydrothermal Vent Euryarchaeota
group 2), and the MCG (Miscellaneous Crenarchaeota Group), which constitute the
major part of themicrobial communities inDSHVs (Jebbar et al. 2015;Takai et al. 2006;
Takai and Nakamura 2011). DSHVs, together with freshwater habitats, have been
pointed out as the main reservoirs of archaeal diversity worldwide (Auguet et al. 2010).
In deep-sea vent ecosystems, Archaea colonize specific portions of the chimney
structures, such as the inner parts of sulfide chimneys, aswell as thefluids and sediments
(Takai and Nakamura 2011).

Steep physicochemical gradients create in DSHVs a number of niches for
microorganisms that possess peculiar characteristics that ultimately influence the
richness and distribution of microbial communities. Anderson et al. (2015), using
metagenomics, investigated the distribution of abundant and rare microorganisms
associated to several hydrothermal vent systems. The vast majority of archaeal
lineages were rare and, together with the bacterial ones, were geographically
restricted. Abundant archaeal operational taxonomic units (OTUs) were widely
distributed and many of them belonged to Marine Groups I and II. These
microorganisms are typically found in the deep sea and are pointed out as organ-
isms that are able to exploit deep-sea currents and colonize new DSHVs systems
(Anderson et al. 2015).

The ability of microorganisms to form biofilm in deep-sea vent ecosystems has
attracted much attention (Sievert and Vetriani 2012). At present, little is known
about the ability to form biofilms in deep-sea vents, nor about the mechanisms that
underpin this process. Biofilms have been observed in many niches in deep-sea
vents, e.g., the white microbial mats on basalt close to deep-sea vents or the
microbial matrices covering invertebrates. Attention has been also given to
microbial genes expressed when growing as a biofilm, with particular reference to
genes related to quorum sensing and to those involved in the production of
polysaccharides (Campbell et al. 2009; Giovannelli et al. 2011; Nakagawa et al.
2007). However, whether or not a microbial life in a biofilm is advantageous
compared to a planktonic lifestyle in these extreme environments is not known and
has received little attention.

A biofilm growing on the surface of a black smoker chimney in the Loki’s Castle
Vent Field has been studied in order to unravel the functional interactions at the
base of the colonizing microbial consortium (Stokke et al. 2015). Taking advantage
of a multidisciplinary approach (based on microscopy and -omics techniques,
including metagenomics, metatranscriptomics, and metaproteomics), Stokke et al.
(2015) investigated the structure and the metabolic potential associated to the
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biofilm. In Loki’s Castle Vent Field, lithoautotrophic Epsilonproteobacteria of the
genus Sulfurovum produce long and sheathed threads (>100 lm) made up of stable
sugar polymers, on which organotrophic rod-shaped Bacteroidetes grow as
episymbionts. The filamentous nature of these organisms facilitates their attachment
to the chimney wall, thereby contributing to the biofilm formation. This biofilm
consortium of microorganisms represents a link between the primary producers
(Sulfurovum) and consumers (Bacteroidetes). Moreover, the detection of an
acetyl-CoA synthetase expressed by Sulfurovum suggests the ability of this
organism to grow also heterotrophically, recycling organic matter through acetate
assimilation. The metabolism of Sulfurovum and Bacteroidetes is also linked in
regard to nitrogen cycling. Sulfurovum assimilates nitrogen mainly as ammonia, but
both bacterial taxa cooperate in the denitrification process (Stokke et al. 2015).

In the marine environment the microbial contribution to the nitrogen cycle is
highly relevant. In DSHVs, nitrate is present in the deep-seawater, while the
hydrothermal fluids are deprived of it, resulting in a nitrate concentration gradient at
the interface between these two habitats. Nitrate reductase is responsible for nitrate
reduction. Besides the cytoplasmic nitrate reductase, which is not linked to respi-
ratory electron transfer, this enzyme can be divided into two types, according to its
affinity to nitrate and to its cellular localization: (i) the membrane-bound nitrate
reductase (Nar), which is preferentially expressed in nitrate-rich environments,
because it possesses a low affinity for nitrate and (ii) the nitrate reductase complex
(Nap), located in the periplasmic space, which has a higher affinity for nitrate.
DSHVs microorganisms benefit from a shorter doubling time and gain energy
through the coupling of nitrate reduction to the oxidation of hydrogen, rather than
using sulfur (Pérez-Rodríguez et al. 2013; Vetriani et al. 2004). Pérez-Rodríguez
et al. (2013) found that in deep-sea vents the nar gene is likely expressed in
temperate and less reducing environments, enriched with Alpha- and
Gammaproteobacteria and with a nitrate concentration similar to that in
deep-seawater. In vent fluids where Epsilonproteobacteria are abundant, the nap
gene is expressed to overcome the low nitrate availability. Specifically, vent
Epsilonproteobacteria have been shown to encode a conserved and widespread nap
gene cluster (Vetriani et al. 2014). Furthermore, nap diversity in bacterial com-
munities associated with deep-sea vents with different temperature and redox status
has been investigated (Vetriani et al. 2014). The distribution of the nap gene
showed that Epsilonproteobacteria were different in vents with moderate temper-
ature when compared to those associated to black smokers, which are characterized
by high temperatures, or associated to substrate-attached communities at low
temperatures (Vetriani et al. 2014).

Hydrothermal plumes of deep-sea vents represent an environment that is special
but yet little explored. Hydrothermal plumes have indeed received less attention in
regard to the characterization of the microbial diversity and, consequently, to the
ecological role of the microorganisms in this habitat (Dick et al. 2013). Plumes are
formed by the injection of hydrothermal fluids into the cold seawater and can be
transported even kilometers away from the vent (Dick et al. 2013). The study of the
plume microbial diversity was aiming at the elucidation of the origin of its
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microbiome by evaluating as potential bank the plume itself, the surrounding water,
and the seafloor and subsurface communities (Dick et al. 2013). The plume
microbiome showed a dynamic behavior in terms of time and space, differing from
those of the seafloor or subsurface, but also maintained some features in common
with them (Dick et al. 2013; Dick and Tebo 2010; Lesniewski et al. 2012). For
example, the microbial communities of Guaymas Basin hydrothermal plumes in the
Gulf of California has been investigated in detail and compared to those of the
background waters above the plume and in the nearby Carmen Basin (a basin
located 100 km away from Guaymas Basin and without vent activity) (Lesniewski
et al. 2012). The active microbiomes of plumes and background waters were
similar, with the presence of the same groups of methanotrophs and
chemolithoautotrophs as abundant microorganisms. Microorganisms typical of
seafloor environments were not found. This led to the conclusion that microbial
groups typically inhabiting the water column rather than the seafloor are active in
these hydrothermal plumes (Lesniewski et al. 2012). Furthermore, plumes have
been pointed out as vectors for dispersal of microbial communities between seafloor
vents (Dick et al. 2013).

Several research groups spent much effort in the isolation of microorganisms
from DSHVs, and as a result many archaeal and bacterial extremophiles have been
obtained in pure culture (Takai and Nakamura 2011). The DSHV bacterial com-
munity is dominated by Epsilonproteobacteria and Aquificales and soon after their
detection by molecular tools efforts to isolate members of these two groups were
successful (reviewed by Sievert and Vetriani 2012). One of the first enrichments of
Epsilonproteobacteria from DSHV samples was performed in 2001 (Campbell et al.
2001) and since then many different new Epsilonproteobacteria such as Sulfurovum
lithotrophicum, Thioreductor micantisoli, Nautilia lithotrophica, and Caminibacter
profundus have been isolated. From the Aquificales Persephonella marina,
Desulfurobacterium thermolithotrophum and Thermovibrio ammonificans were
obtained in culture (Sievert and Vetriani 2012), just to mention a few examples.
Besides Epsilonproteobacteria and Aquificales several other bacteria have been
isolated. The new anaerobic, piezophilic, and thermophilic bacterial strain
Anoxybacter fermentanswithin the class Clostridia was isolated from a DSHV (Zeng
et al. 2015). Among the Archaea, several extremophiles were isolated from DSHVs
that have very high temperature optima (90–105 °C), i.e., Ignicoccus pacificus,
Methanopyrus kandleri, and Pyrolobus fumarii (Sievert and Vetriani 2012).

9.2.1.2 Cold Environments: Seeps and Mud Volcanoes

On the seafloor a peculiar extreme environment is represented by cold seeps (CSs).
CSs are characterized by the seepage into the ocean of dissolved and gaseous phase
compounds (methane, petroleum, other hydrocarbon gases and gas hydrates) at the
same temperature of the nearby seawater (Suess 2014). By pressure, these fluids are
forced to pass through the seafloor sediments and their release results in a wide
array of geological and sedimentary structures such as pockmarks, mounds, brine
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pools, and mud volcanoes. The simplest manifestation of a cold seep is bubbles
escaping from the seafloor (Levin 2005). CSs are typically found at geologically
active and passive continental margins with fluids released more slowly than in
hydrothermal vents (Suess 2014). The deepest cold seep habitat ever found is
located in the Sea of Japan at the depth of 7300 m. Since its first description
30 years ago CSs have attracted the attention of scientists and studies aimed at
unraveling their microbial diversity have been performed. Similar as in
hydrothermal vents, CSs comprise a rich benthic community that is sustained by
chemolithoautotrophic processes fueled by reduced chemical species like sulfides,
methane, and hydrogen (Levin 2005; Niemann et al. 2013).

Methane seeps are found worldwide, patchy distributed, and are characterized by
highly reduced sediments in which oxygen is limited to the first few millimeters or
centimeters of the sediment layer. In this oxygenated layer aerobic oxidation of
methane (AeOM) takes place. Below this layer, microbial consortia of anaerobic
methane-oxidizing archaea (ANME) and sulfate-reducing bacteria (SRB) oxidize
the methane anaerobically (AOM) coupled to sulfate reduction (Suess 2014).
Several studies aimed at elucidating the carbon and sulfur cycling pathways in CSs.
For instance, Ruff et al. (2015) analyzed the microbiomes associated with 23
methane seeps distributed worldwide and compared these with the bacterial and
archaeal communities associated with 54 other habitats on the seafloor. Microbial
communities inhabiting methane seeps were less diverse and characterized by a
high level of endemism when compared to other seafloor habitats. The authors
showed that methane seeps are inhabited by few OTUs that resulted more abun-
dantly and widely distributed, while the majority of OTUs was rare and locally
restricted. Moreover, it was suggested that the abundant microorganisms play an
important role in the ecosystem, mediating methane oxidation and impacting
methane emission in the ocean (Ruff et al. 2015).

Metagenomics and metaproteomics have also been used to explore the microbial
community associated to the Nyegga cold seep field, localized on the
mid-Norwegian margin, and to investigate its microbial physiology (Stokke et al.
2012). Using 454-deep sequencing a high abundance of Euryarchaeota was dis-
covered in the CS microbial community. More than half of the sequences were
related to ANME-1 (a lineage included into ANME, distantly affiliated to the
Methanosarcinales and Methanomicrobiales). Using a metaproteomic approach the
interactions of microorganisms and their adaptation to the environment was eval-
uated. It revealed that the vast majority of the metabolic pathways is involved in
sulfate-dependent AOM. Proteins were related to cold adaptation and to production
of gas vesicles, underling the ability of ANME-1 to adapt to cold habitats and to
position themselves at specific depths of sediment (Stokke et al. 2012).

Besides carbon and sulfur cycling, microbes in CSs participate also in the
cycling of nitrogen. Anaerobic ammonium oxidizing (anammox) bacteria were
found to be abundant and diverse in CSs, whereas ammonia-oxidizing archaea
(AOA) were present but at low diversity (Cao et al. 2015; Shao et al. 2014). Cao
et al. (2015) used the ammonia monooxygenase subunit A (amoA) as the genetic
marker to investigate AOA from samples collected at the Thuwal seepage site in the
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Red Sea. These authors included into the analysis samples from the seepage point
as well as from the adjacent area. Hence, the analyses included marine sediments of
the brine pool, marine sediments and water outside the brine pool, and benthic
microbial mats. The aim was to elucidate the changes in the microbial community
along this gradient from seepage sites to its margins. Deep sequencing of the 16S
rRNA gene has also been performed resulting in the detection of a large number of
reads that were unclassified at genus level. This suggests the presence of potentially
novel microbial groups in these CSs (Cao et al. 2015). AmoA analysis showed that
AOA from seeps and marine waters were different from those associated with
microbial mats and marine sediments. It was therefore conceived that variations in
ammonia-oxidizing archaeal community might depend on modification of envi-
ronmental factors along the environmental gradient such as salinity and oxygen
concentration (Cao et al. 2015).

Seepage manifestations at the seafloor include mud volcanoes (MVs) (Boetius
and Wenzhöfer 2013). These marine structures, with variable diameters of
1–10 km, are typically elevated on the seafloor and originate from eruptions of
muds and gases from the Earth’s subsurface. They can be pointed, flat or show a
crater-like structure on the top (Boetius and Wenzhöfer 2013). Fluids released by
MVs comprise gases among which methane is predominant, and material compo-
nents, known as “mud breccia.” Besides methane, other compounds commonly
found in the eruptions are wet gases, hydrogen sulfide, carbon dioxide, and pet-
roleum products. MVs are considered dynamic features, subjected to changes in
space and time, in consequence to modifications of fluids’ fluxes and eruptions.
This could thus influence the structure and function of the associated microbial
community.

Microbial investigations on sediments of MVs showed high bacterial and low
archaeal diversity (Pachiadaki et al. 2011). For instance, an active site of the
Amsterdam mud volcano, located in the East Mediterranean Sea, has been char-
acterized through the establishment of 16S rRNA gene clone libraries (Pachiadaki
et al. 2011). These authors studied the stratification of the bacterial and archaeal
communities along a spatial gradient of depth and pointed out the presence of low
number of archaeal phylotypes and a high number of bacterial ones, at all depths.
Especially, anaerobic methanotrophs of ANME-1, -2, and -3 groups have been
retrieved supporting the importance of anaerobic oxidation of methane in this
environment, which is particularly enriched in methane. 16S rRNA gene clone
libraries revealed a more complex bacterial community than that of the Archaea.
Indeed, in contrast to the Archaea, the bacterial diversity was not fully recovered
and this suggested that other metabolisms may occur in this peculiar habitat, such as
those related to nitrogen and sulfur conversions. The main bacterial phylotypes
were recovered and revealed a community dominated by Proteobacteria, in par-
ticular Gammaproteobacteria (Pachiadaki et al. 2011). Comparison of the microbial
community of the Amsterdam MV with data obtained from the Kazan MV of the
same field showed that a high number of archaeal phylotypes and a low number of
bacterial phylotypes were shared between the two sites, suggesting that some
phylotypes are endemic to MVs (Pachiadaki et al. 2011).
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Methanogens represent another important microbial group in the MV environ-
ment. In the center of the Amsterdam MV, methanogenesis and the archaeal
community were investigated along a vertical transect using measurements with
14C-labeled substrates, archaeal 16S rRNA gene PCR-Denaturing Gradient Gel
Electrophoresis (DGGE) and mcrA gene clone libraries (mcrA encodes for the alpha
subunit of methyl coenzyme M reductase, which catalyzes the final reaction of
methane formation) (Lasar et al. 2012). The main component of the MV fluid is
methane, which originates partially from the activity of methanogenic archaea. It
was demonstrated that this methanogenesis is relevant for MVs. However, contrary
to what has been reported for other CSs, in the Amsterdam MV sediments acetate
methanogenesis was more important than hydrogenotrophic methanogenesis. This
is probably due to the availability of acetate that is produced abiotically in the deep
part of the mud volcano (Lasar et al. 2012).

Besides the application of molecular methods to describe the microbial assem-
blages colonizing CSs and MVs, also cultivation-dependent methods have been
applied on samples collected from these environments. The moderate halophiles,
Halobacillus profundi and Halobacillus kuroshimensis, have been cultivated from a
carbonate rock at a methane cold seep in Japan (Hua et al. 2007) and
Altererythrobacter epoxidivorans, a bacterial strain showing epoxide hydrolase
activity (with potential application in enantioselective biocatalysis) has been iso-
lated from the sediment of another Japanese cold seep (Kwon et al. 2007).
Marinobacter alkaliphilus was isolated from samples collected from the Mariana
forearc serpentinite mud volcanoes (Takai et al. 2005) and piezophilic strains
belonging to the species Psychromonas kaikoae were obtained from the deepest
cold seep sediments in the Japan Trench, at a depth of 7434 m (Nogi et al. 2002).

9.2.2 Hypersaline Environments

9.2.2.1 Deep Anoxic Hypersaline Lakes

Brine lakes located in the deep sea are among the most challenging environments
described on Earth, distinguished by multiple physical and chemical parameters,
which values were once considered so harsh that they would hamper their habit-
ability. DHALs have been discovered few decades ago on the seafloor in the Gulf
of Mexico (Joye et al. 2005; LaRock et al. 1979), in the Red Sea (Hartmann et al.
1998), and the Eastern Mediterranean Sea (Camerlenghi 1990; Jongsma et al.
1983). It is intriguing that the discovery of new DHALs in the Mediterranean Sea is
still ongoing as for instance the recent exploration of the Thetis and Kryos basins
(La Cono et al. 2011; Yakimov et al. 2015). The formation of DHALs is driven by
tectonic events that cause the dissolution of evaporitic rocks trapped in the sub-
surface for millions of years. Since the 1970s, DHALs are known to host active
microbes (LaRock et al. 1979). Despite their location in different geographical
areas, DHALs share some common features such as the presence of brines with
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salinity 7–10 times higher than the overlying seawater (La Cono et al. 2011). The
brine and the seawater column above do not mix due to their different densities and
are separated by a well-defined interface. The brine–seawater interface hosts stable
gradients of salinity, oxygen, and temperature (e.g., Daffonchio et al. 2006; Eder
et al. 2001; LaRock et al. 1979) and are normally 1–3 m deep (Borin et al. 2009;
Daffonchio et al. 2006; Eder et al. 2001; Yakimov et al. 2015). Besides containing
sharp oxy- and haloclines, within the thick interface it is possible to measure
gradients of nutrients concentrations, indicating their production/consumption
within this ecological niche (Borin et al. 2009; Bougouffa et al. 2013; Daffonchio
et al. 2006; Eder et al. 2001). A high precision sampling was designed allowing
separating the interface of DHALs in fractions of increasing salinity and subse-
quently the geochemistry and microbiology were studied (Daffonchio et al. 2006).
The results showed that the interfaces are hot spots of microbiological abundance
and activity. The specific conditions in these interfaces selected for unusual
assemblages of Bacteria and Archaea (Borin et al. 2009; Bougouffa et al. 2013;
Daffonchio et al. 2006; La Cono et al. 2011; Yakimov et al. 2013) as exemplified by
the molecular fingerprints shown in Fig. 9.1. The bacterial and archaeal commu-
nities thriving in the brine of DHALs are different from those of the layers above.
van der Wielen et al. (2005) focused on Eastern Mediterranean Sea DHALs
investigating four basins (i.e., Bannock, Discovery, L’Atalante, and Urania), which
are characterized by diverse geochemical settings. They unraveled that specific and
different microbial communities colonized each basin. The four brines were indeed
colonized by different microbial assemblages and the cluster analysis that was
performed on the microbial dataset showed that the distribution of microorganisms
perfectly fitted the geochemical data (van der Wielen et al. 2005). Based on the 16S
rRNA signatures the authors also demonstrated the possibility of life in the
Discovery brine, which according to the high concentration of MgCl2 (5 M) is
considered as one of the most extreme environments on Earth (Wallmann et al.
2002). Because of its chaotropicity such high concentration of manganese in the
absence of other compensating ions has been postulated to be unsuitable for life
(Hallsworth et al. 2007). Another study displayed nearly saturated MgCl2 brine in
the newly discovered Lake Kryos, which made it the biggest athalassohaline for-
mation on our planet (Yakimov et al. 2015). Differently from Discovery, Kryos also
contains sodium and sulfate ions. The first evidence has been reported that
microbial life exists and is active in lake Kryos (Yakimov et al. 2015).

Similarly to what is occurring in many extreme ecosystems, most of the studies
performed on DHALs during the last two decades were based on
cultivation-independent approaches and aimed at unveiling their hidden ecological
processes. The main research focus was on the seawater–brine interface that acts as
a trap for nutrients, minerals, and microbial cells, and creates environmental gra-
dients of paramount interest for clarifying the limits of life. These studies tested
whether specific metabolic pathways occur at the conditions typical of these
oxic/anoxic boundaries (e.g., high pressure and high salinity). In this regard, DHAL
interfaces are precious natural laboratories that are being colonized by microbial
communities that occur sharply stratified and are actively involved in
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Fig. 9.1 Automated ribosomal intergenic spacer analysis (ARISA) fingerprinting of the 2-m thick
seawater–brine interface in the Bannock DHAB. The interface was fractionated immediately after
recovery in layers exhibiting increasing salinity values, reported as %salinity (as estimated by hand
refractometer) on the right side of each panel. The fingerprints show that the bacterial communities
are stratified along the interface, with specific populations confined at defined salinity intervals
(Daffonchio et al. 2006)
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biogeochemical processes (Daffonchio et al. 2006). Sulfur and carbon cycles have
been widely recognized as crucial metabolisms in DHAL interfaces and brines, and
this was confirmed by activity measurements and the detection of phylogenetic
groups involved in such processes (Borin et al. 2009; Daffonchio et al. 2006; Joye
et al. 2009; La Cono et al. 2011; Yakimov et al. 2007a, b). Novel phylogenetic
groups were detected in DHALs located both in the Mediterranean and the Red Sea.
The novel bacterial phylogenetic lineage KB1 from the Kebrit lake in the Red Sea
was described by Eder et al. (1999), and it was later also detected in the Shaban
deep (Eder et al. 2002) and in the Mediterranean DHALs (van der Wielen et al.
2005; Yakimov et al. 2015). New archaeal and bacterial lineages, named MSBL-1
and MSBL-2 (Mediterranean Sea Brine Lakes), respectively, were detected at
Bannock, Urania, L’Atalante, and Discovery (van der Wielen et al. 2005). The
bacterial groups MSBL 3–6 were subsequently identified at Bannock interface
(Daffonchio et al. 2006). MSBL-2 is phylogenetically related to the division SB1
(Daffonchio et al. 2006) and detected in the interface of the Shaban lake (Eder et al.
2002). Besides these DHAL-specific lineages, Proteobacteria of the epsilon,
gamma, and delta subclasses are widely spread in the DHAL interfaces and brines,
where they occur stratified according to the gradients of different sulfur compounds.
The Proteobacteria are involved in sulfate reduction (Deltaproteobacteria) and in
sulfur oxidation (Epsilon- and Gammaproteobacteria) (Borin et al. 2009;
Daffonchio et al. 2006; Ferrer et al. 2012; Yakimov et al. 2007a, b). The archaea
MSBL-1 was hypothesized to possess a methanogenic metabolism (van der Wielen
et al. 2005) and was found to be highly abundant in different brine lakes such as
Urania and Medee (Borin et al. 2009; Yakimov et al. 2013). Additional prevailing
archaeal populations in DHALs belong to the Crenarchaeota and are involved in
sulfur metabolism, and ANME lineages, which are responsible for anaerobic
methane oxidation (Borin et al. 2009; Daffonchio et al. 2006; Yakimov et al. 2013).

Besides overall community studies, bacterial and archaeal populations were
characterized using specific gene markers such as dsrA for sulfate-reducing bacteria
(Joye et al. 2009; van der Wielen and Heijs 2007), aprA for both sulfate-reducing
bacteria and sulfide-oxidizing bacteria (La Cono et al. 2011) and mcrA for
methanogenic and methane-oxidizing archaea (Joye et al. 2009; La Cono et al.
2011; Yakimov et al. 2013). The expression of the cbbL gene, encoding for the
large subunit of ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCo), was
measured in L’Atalante Lake and detected across the halocline, providing evidence
for CO2 fixation (Yakimov et al. 2007b). The cbbL sequences were highly similar
to those detected in the body of the brine of other lakes and of various other
hydrothermal vents and, combined with 16S rRNA data, pointed to the possible role
of Gammaproteobacteria in CO2 fixation at L’Atalante (Yakimov et al. 2007b). The
nitrogen cycle in DHALs was also investigated to some extent (Borin et al. 2013;
Ngugi et al. 2015; Yakimov et al. 2007b). The distribution of AOA and bacteria
was analyzed at L’Atalante Lake by PCR-amplifying the amoA gene, which
encodes the ammonia monoxygenase alpha subunit. This showed the prevalence of
sequences belonging to Crenarchaea (Yakimov et al. 2007b). The distribution of
amoA sequences along water column above the L’Atalante interface was related to
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depth although the abundance of the amoA gene in the interface was low (Yakimov
et al. 2007b). In the Bannock and L’Atalante lakes the gradients of ammonium
concentration plotted versus salinity were concave, differently from what observed
for chemical species with a conservative behavior, indicating its active consumption
by microorganisms (Daffonchio et al. 2006; Yakimov et al. 2007b). Anaerobic
ammonium oxidation (anammox) is a process that takes place at oxic–anoxic
boundaries and the bacteria of the order Planctomycetales responsible for this
process were identified for the first time less than 20 years ago (Strous et al. 1999).
The occurrence of anammox bacteria was investigated in DHALs located at the
Eastern Mediterranean Sea (Borin et al. 2013). Anammox had never been reported
to occur at salinity values higher than seawater. The presence of anammox bacteria
was assessed at the Bannock and L’Atalante haloclines from clone libraries and
Fluorescent In Situ Hybridization (FISH) using specific primers and probes, and by
detecting anammox activity. Analysis of the 16S rRNA dataset demonstrated that
the anammox community in the two lakes was diverse and stratified according to
the increase of salinity (Borin et al. 2013). The majority of the anammox sequences
retrieved in the Bannock Lake was affiliated to Scalindua brodae, a known
anammox bacterium. The remaining sequences in Bannock and all sequences
detected at L’Atalante belonged to a cluster that does not match with any known
anammox bacteria but were previously reported in samples from deep hydrothermal
vents where anammox occurred (Borin et al. 2013). Anammox activity was
detected in the halocline of L’Atalante with salinity of 6–9.2 %, suggesting that the
anammox-related phylotypes retrieved here may be new branches of anammox
bacteria, specifically adapted to high salinity (Borin et al. 2013). Previously, the
presence of anammox was also suggested in the Urania interface at salinity values
ranging from 5.1 to 13.9 % (Borin et al. 2009). Moreover, in Bannock and
L’Atalante, the functional gene hszA, encoding for the hydrazine synthase involved
in anammox was detected (Borin et al. 2013). The 16S rRNA signatures of
anammox bacteria were also detected by an extensive pyrosequencing study in the
Red Sea, at the Atlantis II and Discovery DHALs (Bougouffa et al. 2013) showing
that anammox is possible at salinities well above that of seawater.

Although molecular surveys demonstrated that DHALs (i) contain habitats (i.e,
interfaces) with high abundance and diversity of Bacteria and Archaea, (ii) show
evidence of complete biogeochemical cycles, and (iii) host novel phylogenetic
lineages that are often highly DHAL-specific, few strains belonging to those novel
microbial taxa have been brought into culture. Eder et al. (2001) were the first to
report the isolation of microorganisms from DHALs, which presence was until then
inferred exclusively through biochemical data (Dickins and Van Vleet 1992;
LaRock et al. 1979). The halophilic bacterium Halanaerobium sp. strain KT-8-13
was isolated from the interface and brine of the Kebrit lake in the Red Sea (Eder
et al. 2001). A few months later in 2001, the bacteria Alteromonas macleodii and
Halomonas aquamarina were isolated also from the interface of Urania Lake in the
Mediterranean Sea, where they were also detected by molecular methods (Sass et al.
2001). The new species Haloplasma contractile was isolated from the Shaban lake
located in Northern Red Sea (Antunes et al. 2008). Culturing approaches were
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applied during the last years leading to the selection of different bacteria and
archaeal species (Borin et al. 2009; Daffonchio et al. 2006; Sorokin et al. 2015).
Genomic studies are now available for some of the bacteria and archaea isolated
from DHALs, such as the gammaproteobacterium Salinisphaera shabanensis
(Antunes et al. 2011) and the euryarchaeon Halorhabdus tiamatea (Werber et al.
2014), shedding a new light on traits potentially involved in habitat-specific
adaptation and opening the way toward their biotechnological exploitation.

9.2.2.2 Mud Volcanoes Brine Lakes

During the last decades geologists described a number of mud volcanoes
(MVs) filled with muddy brine in the Eastern Mediterranean Sea, within the
Mediterranean Ridge (Dupré et al. 2007, 2014; Zitter et al. 2005). The muddy brine
of MVs represents a distinctive ecosystem colonized by active extremophiles.
Microbial investigations of MV-associated brines have been performed on the mud
fluids collected below the Urania DHAL (Yakimov et al. 2007a), at the Napoli MV
(Lazar et al. 2011), and at the Menes Caldera located in the Nile deep-sea fan
(Omoregie et al. 2008).

The Urania DHAL has a horseshoe shape and hosts on one of its edges a
hypersaline anoxic brine-filled lake called “mud pit” which has been indicated as
one of the most sulfidic water bodies on Earth (Yakimov et al. 2007a). The presence
of mud underneath the lake is caused by the activity of a mud volcano, which
releases fluids from the sedimentary reservoir. The Urania mud is rich of methane
and shows a higher temperature and lower salinity than the overlying brine from
which it is separated due to the clay content and the differences in density (Yakimov
et al. 2007a). Molecular analysis based on reverse transcription of 16S rRNA genes
from the Urania mud revealed active bacterial and archaeal communities. Using
clone libraries, three taxonomic groups belonging to euryarchaeota and ten
classes/subclasses within the Bacteria were retrieved (Yakimov et al. 2007a). The
archaeal sequences were all affiliated to uncultured organisms and included rep-
resentatives of the Anoxic Methane-oxidizing Euryarchaeota group 1 (ANME-1),
suggesting the occurrence of anaerobic methane oxidation (Yakimov et al. 2007a).
Moreover, the archaeal MSBL-1 group, typically found in DHABs (Borin et al.
2009; Daffonchio et al. 2006; van der Wielen et al. 2005), was also detected by
Yakimov et al. (2007a) in the muddy fluid below the Urania Lake. The bacterial
communities of the warm and oxygenated mud of the Urania Lake were highly
diverse and differed from those occurring in the above hypersaline anoxic brine
(Yakimov et al. 2007a). The Proteobacteria, particularly the epsilon and delta
subclasses, were the prevalent divisions in the clone libraries, but Alpha- and
Betaproteobacteria, Actinobacteria, Bacteroides, Deinococcus-Thermus, and KB1
and OP-11 candidate divisions were also detected (Yakimov et al. 2007a).

Archaeal sequences related to uncultured lineages were also detected in the
RNA-based analyses of the mud samples collected at the Napoli volcano, a MV
located on saline deposit from which the brine moves up to the overlying seawater
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(Lazar et al. 2011). These authors investigated the microbiology of
orange-pigmented mats of the Napoli MV, which ejects a mixture of brine and mud
enriched with biogenic methane, focusing particularly on the microorganisms
involved in methane cycling. Clone libraries of the mcrA gene, encoding for the
methyl coenzyme M reductase, a key enzyme in methanogenesis and in anaerobic
oxidation of methane (AOM), suggested the occurrence of AOM in the sediments
of Napoli MV (Lazar et al. 2011). These results, together with the enrichment of
coccus-shaped methanogens from the sediments, led to infer the presence of an
active microbial assemblage involved in methane production and consumption
under hypersaline conditions in the mats of Napoli’s brine.

Besides methane, sulfide is another key substrate for bacterial and archaeal
growth in the MV ecosystem. Sulfide is the result of sulfate reduction coupled to
AOM or anaerobic oxidation of higher hydrocarbons. Mat-forming gammapro-
teobacteria of the genera Beggiatoa, Thiomargarita, and Arcobacter oxidize these
hydrocarbons in the sediment layers where sulfate and hydrocarbons meet (Grünke
et al. 2011; Omoregie et al. 2008). The brine pool at the Chefren active mud
volcano contains a hypersaline fluid rich of methane and sulfide (Dupré et al. 2014)
and white and orange mat patches were identified at a brine emission point located
along a steep slope of the Chefren MV, about 3000 m below sea level (Omoregie
et al. 2008). The biogeochemical cycles driven by the microorganisms in the muddy
saline fluid fuel a complex ecosystem that flourishes as pigmented microbial mats,
which are populated by higher organisms such as tubeworms, crabs, and poly-
chaetes (Omoregie et al. 2008). The bacteria detected in these mats by
culture-independent approaches were mostly represented by the Deltaproteobacteria
involved in sulfate reduction, and by the Gammaproteobacteria able to oxidize iron,
sulfide, and methane (Omoregie et al. 2008). The archaeal community was mainly
constituted of anaerobic methane oxidizers (ANME) of the clusters ANME-2 and
ANME-3, which accounted for 55 and 74 % of the total detected sequences in the
white and orange mats, respectively (Omoregie et al. 2008). The microbiological
investigations performed on these warm muddy brine lakes on the seafloor of the
Eastern Mediterranean Sea provided consistent results, indicating the presence of
microbial communities involved in the metabolic pathways that, according to the
lake geochemistry, are of primary importance in this ecosystem. However, the
isolation of the key microbial players from MV brine lakes is still lacking.

9.2.2.3 Sea Ice Brines

At first sight, sea ice appears as a homogeneous solid phase. However, in fact sea ice
includes a wide network of pores and channels containing fluid brine. The brine is the
result of the freezing process during sea ice growth, through which saline water
undergoes cryoconcentration, hence resulting into salinities of up to three times those
typical of seawater (Thomas and Dieckmann 2002). The brine-filled channels rep-
resent a habitat where well-adapted extremophile organisms flourish. These extre-
mophiles may include all three domains of life and are resistant to multiple stressors
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such as high salinity, subzero temperature, and dark and anoxic conditions. Among
the Eukarya, diatoms are abundant components of this peculiar ecosystem, together
with metazoans and other protists. Their numbers exceed those of seawater (Thomas
and Dieckmann 2002). Besides microalgae, metabolically active bacterial commu-
nities have been studied in Arctic and Antarctic sea ice brines, where they play key
roles in the biogeochemical cycles (Díez et al. 2012; Mikucki and Priscu 2007;
Mikucki et al. 2009; Møller et al. 2010; Murray et al. 2012). Various bacterial genera
have been isolated from sea ice brines (Junge et al. 1998; Mikucki and Priscu 2007).
This resulted in the identification of a new species within the Planococcus genus
(Junge et al. 1998) and even to the characterization of a mercury-resistant bacterial
strain (Møller et al. 2010). Other studies that focused on the bacterial diversity of sea
ice brines are based on culture-independent approaches. Díez et al. (2012) reported for
the first time the occurrence of diazotrophic bacteria in the brine of the Greenland Sea
and Fram Strait, where the number of viable cells was 0.6 � 109 cells/L. The
investigation of the nifH gene, coding for dinitrogenase reductase, one of the com-
ponents of the enzyme complex nitrogenase and responsible for nitrogen fixation,
allowed the detection of several sequences affiliated to marine bacteria, including
cyanobacteria (Díez et al. 2012). About 52 % of the clones obtained from the arctic
brine were related to Alpha- and Gammaproteobacteria, while the rest of the
sequences belonged to cyanobacteria. Although the authors did not assess the meta-
bolic activity of the detected diazotrophs, they reported the possibility ofN2fixation in
Arctic seawater and ice brine.

The most fascinating story about sea ice brine takes place at the McMurdo Dry
Valleys (Antarctica) and tells about the episodically outflow events at the Taylor
Glacier, on which surface the so-called Blood Falls appear. The name of this unique
phenomenon is due to the drainage, from below the Taylor Glacier, of subglacial
brine rich of salt and the iron mineral goethite, which swiftly precipitates after
meeting the atmosphere (Mikucki et al. 2009). It is estimated that the brine
emerging at the Blood Falls remained isolated for 1.5 million years before its
release. However, the hydrology of the system is poorly understood (Mikucki et al.
2009). Using an electromagnetic sensor system, designed for hydrogeophysical
research, it was demonstrated that a highly saline liquid is present within the
permafrost below glaciers and lakes of the McMurdo Dry Valleys, implying the
presence of a widespread habitat suitable for life of extremophiles (Mikucki et al.
2015). The presence of extremophiles was also shown by the microbiological
studies performed on the brine emerging at the Blood Falls. Heterotrophic activity
was demonstrated through the measurement of 3H-thymidine incorporation
(Mikucki et al. 2009), and the detection of about 6 � 104 microbial cells per
milliliter (Mikucki et al. 2015). A culturing approach allowed the isolation of strains
belonging to phyla belonging to the Proteobacteria and Bacteroidetes from the
discharged brine (Mikucki and Priscu 2007). Molecular studies indicated that
bacteria inhabiting the Blood Falls brine are related to phylotypes of marine origin.
These studies supported the presence of microorganisms able to grow
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chemoautotrophically and chemoorganotrophically, and revealed the high abun-
dance of the genus Thiomicrospira, which is also an important player in
hydrothermal vent ecosystems (Mikucki and Priscu 2007). Further analyses con-
firmed the occurrence of metabolically active bacterial assemblages involved in the
sulfur cycle, which is crucial in order to allow the oxidation of organic matter using
ferric iron as the electron terminal acceptor (Mikucki et al. 2009).

It is widely recognized that global warming is severely hampering the cryo-
sphere, eventually influencing the time and space available for life of sea ice
organisms thriving in the brine (Vincent 2010). The role of compounds of microbial
origin affecting the physical structure of the sea ice is still poorly known.
Exopolymers, mainly constituted of polysaccharides, and proteins are of paramount
interest from the biotechnological perspective, as well as for the ecological impli-
cations of their production and accumulation in the brine. An experimental study
performed on the sea ice of the Arctic and Antarctic showed the high level of
expression of eukaryotic ice-binding proteins (Uhlig et al. 2015). These proteins,
which are encoded by genes occurring in distantly related microbes, enhance the
retention of liquid brine inside the ice. Exopolymers alter the sea ice microstructure
and they have been found in brine inclusions where they likely operate as cry-
oprotectants (Krembs et al. 2002). The impact of exopolymers produced by the
diatom Melosira arctica var. krembsii on the ice permeability was demonstrated in
laboratory experiments (Krembs et al. 2011). The exopolymers probably acted by
clogging of pores inside the ice and increase brine viscosity.

9.2.3 Low Water Extreme Marine Environments: Life in Oil

Various marine extreme ecosystems are rich in hydrocarbons (HCs) and due to
plate tectonics sometimes represent a source of HCs in the seabed. Oil reservoirs
can be abundant in deepwater areas worldwide and represent an extreme habitat
with an unknown microbiology. Innovative research on deep subsurface oil basins
has been performed in the framework of microbiological oil degradation in the hope
to discover and design new strategies for oil recovery (Head et al. 2003).
Microorganisms have been isolated from oil well producing waters, but there were
doubts as to the indigenous origin of these microbes. About a decade ago the
common opinion was that oil degradation takes place only at the oil–water interface
(Head et al. 2003). However, a groundbreaking study analyzed samples collected at
the largest asphalt lake of natural origin on Earth, the Pitch lake in Trinidad and
Tobago, and showed life in water droplets dispersed in oil (Meckenstock et al.
2014). Salinity and isotopic data ascertained the origin of the water droplets and
indicated their provenience from ancient seawater and brine. Motile cells were
microscopically visible and the resident microbial community was studied in single
droplets showing active microorganisms thriving in a HCs-saturated fluid at
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seawater salinity (Meckenstock et al. 2014). 16S rRNA pyrosequencing analysis
detected Bacteria and Archaea, mainly halophiles and phylotypes typical of oil
environments. Moreover, the characterization of HCs in water droplets demon-
strated the occurrence of microbial populations transforming oil components, which
implied that this newly detected space for life is of paramount importance for oil
degradation in subsurface reservoirs (Meckenstock et al. 2014). This study dis-
covered a new habitat for microorganisms, and its exploration promises exciting
discoveries about the limits of life under saline and hydrocarbon rich conditions.
The extremophiles retrieved in this habitat may hold promise for their biotechno-
logical exploitation.

9.3 Biotechnological Exploitation of Marine Extremophile
Microorganisms: Products and Perspectives

Marine extremophile microorganisms produce a wide range of enzymes and
metabolites with attractive biological and chemical diversity; this structural diver-
sity has proved to be potentially useful in various fields of application (Litchfield
2011). Enzymes derived from marine extremophile microorganisms are often
effective biocatalysts with higher activity, greater stability, and higher salt and
solvent tolerance. Different strategies of adaptation to the salinity of marine envi-
ronments have evolved. By accumulating inorganic solutes (K+ and Na+) in the
cytoplasm osmotic stress is relieved and osmotic equilibrium is achieved (“salt-in”
strategy); this strategy is common among many groups of marine microorganisms,
such as many Halobacteriaceae. Alternatively, halophiles accumulate low molec-
ular weight organic molecules (osmolytes) in the cytoplasm in order to compensate
for high ionic strength; these molecules can be charged (anionic or zwitterionic), or
even uncharged (“salt-out” strategy). Based on these general arrangements, different
bioproducts can be expected: metabolites produced for balancing the osmotic
equilibrium will be the primary products of strains adopting the “salt-out” strategy,
whereas molecules adapted to high ionic stress (i.e., halophilic proteins) will be
mostly found within microorganisms utilizing the “salt-in” strategy.

An interesting perspective concerns the use of marine extremophile microor-
ganisms as cell factories for improving the performance of bioproduct preparation
by metabolic engineering; the ongoing availability of new genomes will provide
new tools for specific genetic manipulation and heterologous expression and this
will open the possibility of improving the performances of marine extremophile
microorganisms for industrial biotechnology. Hence, marine extremophile
microorganisms can be industrially attractive for:

– discovery of new bioactive agents (mostly secondary metabolites)
– discovery of new enzymes
– development of strains and/or enzymes with improved tolerance toward harsh

conditions, similar to industrial environments
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9.3.1 Extremolytes

Secondary metabolites from marine extremophiles are often known as “ex-
tremolytes” and, in the case of marine extremophile microorganisms, salinity may
be crucial for the biosynthesis of these molecules. We refer to Pettit (2011) for a
review on the state of the art of the discovery of new bioactive secondary
metabolites from cultured extreme-tolerant and deep-sea microbes. Secondary
metabolites have been isolated from marine extremophile microorganisms, showing
a wide array of chemical structures having often interesting properties as
chemotherapeutic agents.

Osmolytes are metabolites synthesized and intracellularly accumulated to avoid
shrinking of the cell due to external osmotic pressure. Intracellular osmolytes can
reach concentrations up to 2 M. Ectoines (ectoine and 5-(S)-hydroxyectoine,
Fig. 9.2) are intracellular solutes produced and accumulated by halophilic and
halotolerant bacteria in response to osmotic and heat stress. Ectoines have been
applied as an ingredient of cosmetics. These extremolytes are accumulated to a high
concentration and may make up 25 % of cell dry mass (Lentzen and Schwarz
2006). This allows for large-scale production and industrial production of ectoines
has been accomplished using Halomonas elongata ATCC 33173 under high salt
conditions (15–20 % w/v NaCl) (Sauer and Galinski 1998). Ectoines were easily
recovered by osmotic shock, which causes the rupture of the inner membrane of the
bacterium and subsequent release of the product into the medium. Alternatively,
ectoines were produced at a large scale under anaerobic conditions using
Pyrococcus furiosus at 98 °C (Lentzen and Schwarz 2006).

Ectoine production from lignocellulosic biomass-derived sugars by engineered
Halomonas elongata has also been developed (Tanimura et al. 2013). Optimization
of the preparation of ectoine and hydroxyectoine was achieved using the halophile
bacterium Chromohalobacter salexigens. A recombinant strain of C. salexigen was
constructed in which the three genes involved in ectoine biosynthesis were over-
expressed and fermentation was carried out at 4.35 % NaCl (Rodríguez-Moya et al.
2013). Two continuous bioreactors were employed in order to produce ectoines. In
the first bioreactor high cell density was achieved at 37 °C in the presence of
108 g/L of NaCl. Ectoines (2.1 g/L) were recovered after osmotic downshock using
distilled water in the second reactor (Van-Thuoc et al. 2010).

Fig. 9.2 Chemical structure
of ectoine (1) and 5-(S)-
hydroxyectoine (2)
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Haloferax mediterranei produces polyhydroxyalkanoate (PHA) a polymer that
can be used for the production of biodegradable plastics (Quillaguaman et al. 2010).
Distinctive advantages linked to the use of the archaeal halophilic H. mediterranei
include the possibility of transforming agricultural wastes and lignocellulose resi-
dues in general (i.e., rice bran, vinasse and stillage) with high yields into PHA. The
halophilic characteristics of H. mediterranei makes this strain suitable for per-
forming fermentations with poorly diluted biomass hydrolysates and high salt
concentration, which minimizes medium contamination. An excellent example of
biorefinery is the waste stillage of rice-based ethanol industry for the production of
poly-3-hydroxybutyrate-hydroxyvalerate (PHBV) by H. mediterranei
(Bhattacharyya et al. 2014). This process was carried out in a plug flow reactor of
the activated sludge process, giving a final yield of 63 % PHA of dry cell weight,
corresponding to 13.12 PHA/L. An interesting feature of this bioprocess is the cost
of sludge desalinization: PHBV production was estimated as US$2.05 /kg using the
current methods of desalination, whereas the cost of PHBV production could be
lowered to US$1.30 /kg, using innovative and cheaper desalination technologies
(Bhattacharyya et al. 2015). Moreover, cell lysis of H. mediterranei can be obtained
by simple treatment with water (like many haloarchaea), making PHA recovery
easy and cheap, and potentially decreasing the recovery costs up to 50 %, compared
to other extractions in conventional fermentations (bacteria, yeasts).

Besides for the production of PHA, H. mediterranei has been also exploited for
other processes such as the preparation of anionic polysaccharides (applied as
gelling agents and emulsifiers, or for enhanced oil recovery) (Anton et al. 1988).
Marine extremophile microorganisms are particularly attractive for oil recovery by
microbial remediation (Banat et al. 2000). Petroleum reservoirs are featured by high
ionic strength conditions and halophilic bacteria able to secrete high concentrations
of surfactants help lowering the tension at the interface between oil and solid
materials (Martinez-Checa et al. 2007).

Metatranscriptomic analyses have revealed a substantial presence of fungi in the
deep marine subsurface (Orsi et al. 2013). In particular, marine fungal secondary
metabolites have been investigated (Rateb and Ebel 2011). Screening for genes
involved in secondary metabolite synthesis among marine fungi from deep sub-
seafloor sediments revealed their potential for the production of bioactive
metabolites (Rédou et al. 2015). Interestingly, marine yeasts proved to be effective
in the production of astaxanthin (Fig. 9.3), a carotene derivative, which is approved
by the United States Food and Drug Administration (USFDA) as food colorant in
animal and fish feed and by the European Commission as a food dye. A marine
strain of Rhodotorula glutinis was isolated and was capable of producing 2.7 mg/L
of astaxanthin under optimized conditions. This concentration is similar to what is
reported from terrestrial strains (Ambati et al. 2014).
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9.3.2 Extremozymes

Because of their ability of catalyzing chemical reactions under nonstandard con-
ditions proteins produced by marine extremophile microorganisms (extremozymes)
are of great interest for industrial application, where aggregation, precipitation, and
denaturation decrease the activity of most nonextremophilic enzymes (Trincone
2011). Haloarchaea, which adopt a “salt-in” strategy, have evolved intracellular
halophilic enzymes able to tolerate salt concentrations of up to 5 M. Variation of
protein charges and increased hydrophobicity are the two most common features of
halophilic proteins compared to regular proteins. The proteomic analysis of
Halobacterium sp. NRC-1 showed an overall preponderance of proteins with
negative charges, which is the result of the predominance of acidic over basic amino
acids (Kennedy et al. 2001). The analysis of a number of genomes of halophilic
bacteria isolated from marine hypersaline environments confirmed that these
organisms produce proteins with an overall negative charge (Capes et al. 2012).
Another general property of many halophilic proteins is the occurrence of
hydrophobic residues (phenylalanine, isoleucine, and leucine) on their surfaces. The
extent of negative charge of the proteome is somehow associated with the degree of
halophilicity of the microorganisms; moderate halophilic microorganisms generally
contain proteomes, which are less acidic than more extreme halophiles (Oren 2013).
In conditions of high salinity/low water activity, interactions between water and
negatively charged residues become crucial for establishing functional hydration of
the protein. Extremophilic enzymes often remain active in solution even when
liquid water is limiting by maintaining a tight hydration shell, even in the presence
of high ionic concentrations and/or with water close to the freezing point. Hence,
halophilic proteins are often characterized by slow refolding, resistance to organic
solvents, and high aqueous solubility. These properties may be advantageous for
industrial applications.

Seawater has been suggested as an alternative medium for sustainable biopro-
cesses and halophilic enzymes seem to be suited for these applications (Domínguez
de María 2013; Zambelli et al. 2015). In particular, hydrolases have been thor-
oughly studied (e.g., glycosidases, carboxylester hydrolase, amidases, and pro-
teases), since they catalyze valuable reactions, while working without organic

Fig. 9.3 Chemical structure of astaxanthin
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cofactor under mild conditions of pH, temperature and pressure. These hydrolases
are also often chemo-, regio-, and stereoselective. Marine-derived hydrolases are
particularly interesting for their robustness under harsh conditions, such as high
organic solvent content. Dalmaso et al. (2015) have reviewed the use of marine
extremophiles as a source of hydrolases for biotechnological applications.

Organic-solvent-tolerant bacteria are an interesting group of marine extremo-
phile microorganisms of potential interest for the biotechnology industry.
Organic-solvent-tolerant bacteria are over 100 times more abundant in deep-sea
samples than in terrestrial soils. The b-galactosidase from the cold-adapted halo-
philic Halorubrum lacusprofundi, which is active over a large temperature range of
5–70 °C and at a salt concentration of 5 M NaCl, is also active in concentrated
methanolic and ethanolic solutions (Karan et al. 2013). Typical industrial appli-
cations of halophilic enzymes include the use of cellulase for hydrolysing ligno-
cellulosic biomass (Ogan et al. 2012) or chitin. Chitin is the second most abundant
natural polymer after cellulose and is the major waste from the seafood industry. H.
mediterranei is able to use colloidal and powdered chitin for the production of
PHBV, having powerful and highly stable chitinases (Hou et al. 2014).

Deep-sea hypersaline anoxic basins (DHALs) extremophile microbiome showed
to be an innovative source of marine-derived enzymes with interesting application
in stereoselective biocatalysis. A screening among bacteria isolated from DHABs
water–brine interface of the Eastern Mediterranean allowed the selection of various
strains able to enantioselectively hydrolyse racemic esters of anti-2-oxotricyclo
[2.2.1.0]heptan-7-carboxylic acid, a key intermediate for the synthesis of pros-
taglandins. An esterase from Halomonas aquamarina 9B catalyzed the kinetic
resolution of the racemic substrate, while the strain Bacillus hornekiae 15A gave
highly stereoselective reduction of the same substrate. The two approaches fur-
nished enantiomerically pure unreacted (R)-substrate, which could be easily
recovered and purified (De Vitis et al. 2015).

9.3.3 Extremophiles Potential in Bioenergy Processes

Microbial fuel cells (MFC) have been applied using seawater microorganisms
found in sediments for bioelectricity production. MFCs have been reported to
operate in closed and in open marine systems (Logan 2005), showing higher per-
formances when operated in high salinity environments. Hence, halophilic archaea
have been exploited as biocatalysts for establishing MFC under conditions of
critical high ionic strength for having high efficient electrofermentations (Abrevaya
et al. 2011). Mathis et al. (2008) showed that marine sediments inhabit thermophilic
electricity-generating bacteria and that a thermophilic microbial fuel cell was able to
generate electricity using cellulose. The Gram-positive thermophile, Thermincola
carboxydophila was isolated from biofilms formed on the graphite anodes of fuel
cells, constructed with marine sediment. This microorganism proved to be efficient
as electrode-reducing bacteria. Moreover, the use of this marine thermophile
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bacterium under thermophilic conditions provided higher electrical currents than
what is normally obtained using mesophilic microorganisms (Mathis et al. 2008).

Marine yeasts have been studied as alternative cell factories for the production of
bioethanol (Kathiresan et al. 2011). These authors were attracted by the use of
marine biomass hydrolysates (e.g., seaweed and sea lettuce) as substrate for bioe-
thanol fermentation. These hydrolysates contain high concentrations of salts and
thus marine yeasts that are able to perform the conversion of sugars into ethanol
under high salinity are the best suited for these bioprocesses, since no pretreatment
involving desalinization is necessary, which saves energy. Zaky et al. (2014)
summarize the best results obtained with a marine strain of conventional
(Saccharomyces cerevisiae) and nonconventional yeasts (Candida, Debaryomyces,
Rhodotorula). These yeasts were able to convert different hydrolysates into ethanol
with satisfactory yields, albeit lower than the best producer strains described in
literature. It should be pointed out that also nonmarine hydrolysates of lignocel-
lulosic residues often contain high amounts of salts causing severe osmotic stress.
This is because it contains inorganic ions from the lignocellulose hydrolysates
derived from the original biomass, chemicals added during pretreatment, hydroly-
sis, and conditioning. A good bioethanol producer strain of S. cerevisiae grows in
synthetic media up to 1.5 M NaCl, but an even more crucial parameter is the ratio
between intracellular [Na+]/[K+], which should be as low as possible.

9.4 Conclusions

Many studies performed during the last decades on extreme environments are
discussed in this chapter. These studies represent exciting proofs that the seafloor is
still having surprises for oceanographers and marine microbiologists. The discovery
of new extreme habitats hosting rich microbial communities and complex eco-
logical networks calls for more research because of the potential impact on the
functioning of global biogeochemical cycles and the possibility of finding new
compounds or processes that can be applied in biotechnology.

Despite the great efforts to elucidate the microbial diversity, ecology, and
functioning of the various extreme marine ecosystems presented in this chapter,
many questions remain open. Particularly, questions await answers referring to the
main microbial players of key reactions, the metabolic pathways, the reaction rates,
and the overall microbial productivity and role in these ecosystems. Many powerful
techniques are now available and will contribute to answer to the aforementioned
questions, including “omic” methodologies, single-cell tools, thermodynamic
modeling, and the possibility to use in situ instrumentation to measure reaction rates
and nutrient concentrations. Moreover, metagenomic techniques are providing an
incredible amount of data and the same can be said for metatranscriptomics and
metaproteomics.

More efforts are still required to bring into culture the majority of the key
extremophile microorganisms and explore their biotechnological potential. Many of
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these microorganisms have been identified by molecular surveys. Now new
methods for the isolation, culturing, and genetic manipulation of marine extremo-
phile microorganisms have been developed. This will allow expanding the use of
these organisms and the quest for more robust and sustainable bioprocesses. The
combined use of novel marine extremophile microorganisms and evolved molec-
ular techniques will furnish tailored microorganisms for bioprocesses to be per-
formed under harsh conditions.
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Chapter 10
Coastal Sediments: Transition
from Land to Sea

Lucas J. Stal

Abstract Coastal habitats differ greatly from the open sea and the ocean. The coast
is a transition zone from the land to the sea and is therefore influenced by both.
Coastal habitats are also very productive environments and therefore vulnerable to
disturbances. The coast protects the land behind from flooding and it often keeps
pace with sea-level changes. The coasts of most seas and the ocean are exposed to
the tides and waves, and locally to ice cover and drifting ice. The tidal influence in
some enclosed seas is less or even negligible. On the other hand, tidal influence
may reach more than 100 km upstream of estuaries and rivers. The ecosystems of
coastal habitats are complex and as everywhere microorganisms play a crucial role
in maintaining ecosystem functions and keep the biogeochemical cycles going.
There is a great variety of different coastal habitats. They may be intertidal or
sublittoral. It is impossible to review all those different coastal habitats and there-
fore this chapter treats only three different intertidal coastal microbial ecosystems as
representative cases for the microbiology of coastal sediments. Intertidal mudflats
are dominated by diatoms, which are important primary producers and exude
extracellular polymeric substances (EPS). These exopolymers may increase the
erosion threshold of the mud and also forms the basis of the microbial food web.
The second case is microbial mats that are formed by benthic cyanobacteria on
sandy beaches. They are thought to be the modern representatives of the world’s
earliest ecosystem, the Precambrian stromatolites. The third case is mangrove
forests that are important ecosystems in tropical and subtropical regions. The
mangrove trees and shrubs form the basis of productive ecosystems that provide
food for a plethora of local fauna, and protect the land behind. Mangrove
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ecosystems export a considerable amount of carbon to the ocean. The activity of
diverse microbial communities is responsible for maintaining the major ecosystem
functions and the cycling of the major element.

10.1 Introduction

Coastal seas and coastal environments are in general distinguished from open ocean
by higher nutrient levels and consequently by higher primary productivity (Heip
et al. 1995). These environments receive the nutrients mainly from run-off of the
land and from river discharge and to a lesser extend from wet and dry deposition.
The high primary productivity results in a high input of organic matter in coastal
zones. Because of the shallowness of most coastal waters, much of the organic
matter deposits on the seafloor, where microorganisms decompose it, while
microbial decomposition in the shallow water column is less important.

Most coastal areas are exposed to strong tidal movements and currents, although
there are also examples of closed seas where the tide is negligible such as the
Mediterranean-, Black-, and Baltic Seas. Tidal movements cause salinity gradients
in river estuaries and deltas. At high tide, the saline seawater enters the river
upstream and at low tide the fresh river water reaches the mouth of the river and,
depending on the volume of the discharge, dilutes the seawater well beyond the
river mouth. Tidal movement may reach the river much farther upstream than the
seawater, leading to purely freshwater tidal areas, such as is the case in the Scheldt
river (Belgium, The Netherlands), where the tides are present 180 km upstream
(up to the city of Ghent, Belgium). Other tidal estuaries in Europe include the Elbe
and Weser (Germany), and the Humber (UK). The more dense seawater also causes
a salinity wedge in which the seawater dives underneath the lighter freshwater,
causing a more or less strongly stratified vertical salinity gradient. Tides also cause
tidal influenced areas along the coast and along the borders of estuaries and river
deltas (de Boer et al. 1988).

Life may have started in the ocean, possibly near a deep-sea hydrothermal vent
(Cockell 2006). DNA sequence analysis points to a hyperthermophilic aquatic
microorganism as the common ancestor of life. The reduced chemicals that may
have provided the energy for the earliest forms of life and the steep temperature
gradients from the vent to the cold seawater may have provided excellent conditions
for life to develop. However, the earliest fossil evidence of life is found in stro-
matolites that developed in shallow coastal areas about 3.5 billion years before
present (Schopf 2006). Stromatolites are laminated rocks that were formed by
photosynthetic microbial mats that fixed CO2 and precipitated silicate (and car-
bonate). The lamination originates from different layers of microbial mats of which
growth and activity may have varied seasonally. The growth of some stromatolites
followed sea-level rises. Modern stromatolites are formed in extreme environments,
such as alkaline environments where they are protected from grazing. Today,
stromatolites in shallow coastal environments can be found in the Exuma Cays
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(Bahamas) and Shark Bay (Western Australia) (Reid et al. 2000). Marine
microalgae (Eukarya) evolved in the ocean and have given rise to the evolution of
land plants and perhaps most terrestrial animals may have originated from the sea.
Hence, coastal areas have always functioned as the area of transition of life from the
sea to the land and it should therefore not surprise that these areas still harbor life
that is versatile and adapted to extreme variations in environmental conditions.

The littoral zone is usually defined as the intertidal zone, covering the part of the
coast that is rarely inundated at spring tide to rarely exposed at neap tide. This
so-called eulittoral (meaning ‘real littoral’) zone can be divided in an upper-, mid-,
and lower littoral. Above the littoral is the area called supralittoral, which is
influenced by the sea and by seawater through splash, or during storms or excep-
tional high tide. Likewise, the sublittoral starts where the eulittoral stops at the low
shore and is never exposed, apart from exceptional cases (storms, exceptional low
tide, tsunamis), but still under influence of the tide (waves and currents). In many
coastal areas the sublittoral inhabit seagrass meadows. Seagrasses such as
Posidonia, Thalassia, and Zostera, are marine flowering plants that returned from
the land to the sea (Klap et al. 2000). Some species such as Zostera noltii may
thrive in intertidal sediments. Seagrasses are associated with abundant microbial life
occurring as epiphytes on the leaves and in the rhizosphere (Isaksen and Finster
1996; Welsh et al. 1996). This chapter is limited to a few examples of microbial
ecosystems in the eulittoral with tidal sediment flats. Tidal flats can be situated on
the continental shelf, in delta- or estuarine areas or on exposed coast. In this chapter,
I present three different tidal sediment ecosystems, the intertidal mudflats, microbial
mats, and mangrove forests.

10.2 Intertidal Mudflats

Intertidal sediments are coastal areas that reach from the low tide mark to the high
tide mark and the sea therefore irregularly inundates parts of these areas. Irregularly,
because inundation depends on several factors such as the tidal range, which is not
constant and varies from neap tide and spring tide in a month’s cycle, and also
varies in a year cycle. Another important factor is the wind direction and force,
which may push the water far landward or the opposite. When inundated, the
seawater brings nutrients, sand, silt and clays, and marine life to the sediment.
When exposed, the sediment may experience desiccation, with the consequence of
increase in salinity of the pore water, large temperature changes, and nutrient
depletion. Rain (wet deposition) may cause considerable salinity changes but also
add nutrients (especially nitrogen). Therefore, intertidal areas are dynamic systems
where sediment may be deposited from the seawater or eroded by currents or wind.
Intertidal areas may be composed of mud and silt (mudflats) or of fine sand or any
mixture of these. Beaches are often composed of fine and coarse sand. The sediment
properties of intertidal areas depend on the physical forces that exert on them.
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In high-energy areas silt and clays will remain in suspension while sand is
deposited, while in low energy areas the smaller particles will deposit.

Mudflats are composed of a mixture of mud and sand. Mud is a term that
collectively addresses silt and clays and other fine mineral compounds. These
particles are charged and tend to stick together and therefore these sediments are
said to be cohesive. Sand is usually composed of silicate (except for carbonate sand
that is found on beaches of coral reefs) and is composed of uncharged grains that
are noncohesive. Mudflats contain enough mud to be cohesive, but the amount of
sand may vary between but also within mudflats. The upper mudflats usually
contain the highest proportion of very fine clays, the middle mudflats are composed
of silt and the lower mudflats contain the highest amount of fine sand (Shi and Chen
1996). Fine or coarse sandy sediments as found on beaches are noncohesive.

Intertidal mudflats are found globally and are geographically subdivided in those
found at low-latitude (arid and tropical areas), mid-latitude (temperate areas), and
high-latitude (influenced by ice cover) (Dionne 1988). The most important dis-
criminator of a tidal flat is tidal range (the difference between neap and spring tide
or highest tide and lowest tide), with subdivisions of exposure to waves and the
mudflat slope, the latter is low when <0.04, steep when >0.04 and very steep when
*0.16 (Dyer et al. 2000). A tidal range of 2–6 m is characteristic of meso-
and macrotidal mudflats that can be further subdivided according to their
sediment density. Low-density mudflats contain <600 kg m−3, medium density
600–1000 kg m−3 and high-density >1000 kg m−3.

Sediment type and grain size are the best descriptors for the biology of the upper
mudflats while no descriptors can be given for the biology of the middle and lower
mudflats (Dyer et al. 2000). Microbial communities on mudflats favor fine-grained
sediments, which in turn stabilize the sediment surface and increase porosity and
water content. Hence, organic content and nutrients are inversely correlated with
sediment grain size, i.e., increase with decreasing grain size.

Intertidal mudflats in estuaries and deltas or exposed coasts are usually charac-
terized by the occurrence of biofilms of benthic (bottom dwelling) diatoms. Diatoms
are microalgae that possess a silica frustule as cell envelope. Diatoms are photo-
synthetic and use light as the source of energy with which they fix inorganic carbon
(CO2) to synthesize organic matter for growth. Benthic diatoms are well adapted to
the dynamic regime of mudflats. They are motile and this allows the organism to
migrate fast. When the mudflat is exposed, diatoms migrate to the surface, while
during inundation they migrate down into the sediment. This migration into the
sediment serves probably two goals. By doing so, the diatoms escape grazing by
marine life that comes with the water. But also, nutrient concentrations are higher
deeper into the sediment. At low tide, the diatoms move to the sediment surface
allowing them to photosynthesize, at least when low tide is at daytime. Hence,
benthic diatoms will have only a short window of time during each 24-h day when
low tide and daylight co-occur. This can be as short as a few hours during which they
will have to photosynthesize and store carbohydrate to survive the rest of the day in
darkness. The dense diatom biofilm will deplete rapidly the available nutrients
present in the very limited volume of pore water in the biofilm, making the balanced
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synthesis of cell material quickly impossible. This will result in so-called unbalanced
growth during which the photosynthetic products of the diatom will be diverted to
carbohydrate. The intracellular pool of the storage compound of diatoms, chryso-
laminarin, a polymer of glucose is filled up. Excess carbohydrate is exuded as EPS.
This EPS can be taken up again by the diatom and used as carbon- and energy source
in the dark (De Brouwer et al. 2002; Staats et al. 2000).

There are usually two operational fractions of EPS distinguished in diatom
biofilms. These fractions depend very much on the protocol used to extract them
and are therefore called ‘operational’. Warm (30 °C) water extraction of the bio-
film, or intertidal sediment, yields ‘water-soluble’ EPS, also termed mucilage (less
often ‘slime’), or colloidal EPS, and is usually loosely associated with the diatoms
and is the matrix in which the diatoms are embedded. This EPS is glucose rich. The
other operational fraction is usually extracted from the sediment using EDTA, and
is also known as EDTA-extractable EPS. This EPS is apparently tightly bound to
the sediment. It is low in glucose and rich in acid residues such as uronic acids,
sulfated sugars, pyruvate, and other acid organic groups. These charged groups are
interacting with each other and with the charged silt and mud particles. This EPS
therefore renders stability to the sediment. It has been argued that the
EDTA-extractable EPS is in fact derived from the colloidal fraction after it has been
depleted of glucose (Stal 2010). The diatoms themselves are metabolizing their own
EPS in the dark (De Brouwer et al. 2002). It is unclear whether the intracellular
storage compound, chrysolaminarin, is metabolized in the dark in addition to the
EPS since this intracellular reserve compound did not show such dynamics in an
axenic culture (Staats et al. 2000).

But this colloidal EPS should also be available as carbon- and energy source to
other microorganisms in the mudflat sediment. Also these microorganisms may
utilize preferentially the glucose component of EPS that is hydrolyzed from the
polymer by exo- or ectoenzymes, leaving a complex, highly branched acidic
polymer behind, which might be recalcitrant to further degradation, or at least is
degraded at much lower rate. Degradation of this recalcitrant material is more
efficient at higher temperature (Middelburg et al. 1996) and therefore more
important in summer and in (sub)tropical mudflats. However, it cannot be excluded
that EDTA-extractable EPS is directly synthesized as such by the diatoms (as well
as perhaps by other microorganisms in the mudflat) rather than being the product of
degradation of colloidal EPS as was speculated by Stal (2010). It can also not be
excluded that diatoms produce other types of EPS. There may be a polysaccharide
sheath tightly associated with the cell frustule. Moreover, benthic diatoms are
motile and migration goes together with the exudation of EPS.

The operational fractions of EPS from diatom cultures are different from those
from sediments. When the diatom culture is centrifuged, the acidic fraction is found
in the supernatant. This highly charged EPS is water-soluble in the absence of
charged sediment particles. In the muddy sediment, this fraction seems to be
strongly bound to the silt and clay particles and can only be removed using EDTA.
The warm (30 °C) water extracts from axenic diatom cultures and from natural
diatom biofilms seem to yield the same operational fraction of glucose-rich EPS.
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Hence, in the intertidal mudflat, EPS fractions serve various functions. They
form the matrix in which the biofilm organisms are embedded and render stability
to this biofilm. There are several other important aspects connected to this matrix.
The EPS may bind and provide the microorganisms with rare but essential trace
elements or scavenge toxic compounds (heavy metals, xenobiotics, antibiotics)
(Gutierrez et al. 2012; Tourney and Ngwenya 2014). The matrix may protect the
biofilm from grazing and from desiccation, when exposed at low tide. EPS may also
serve as substrate for other microorganisms, although its food quality is low, since it
does not contain nitrogen or phosphorus. Hence, only when nutrients are available,
bacteria may utilize EPS as substrate for growth.

Diatom biofilms may cover large areas on intertidal mudflats but have a patchy
distribution. This patchiness is obvious at different scales, from the micro- to the
macroscale (Benyoucef et al. 2014). The highest standing stock density of micro-
phytobenthos is usually seen in the upper- and mid-littoral and the seasonality
seems to be controlled by temperature.

The bacterial component of intertidal mudflats has not received much attention.
The mostly unknown bacteria in mudflat sediments may possess unexpected
properties with respect to the production of novel antimicrobial compounds and
new bioactive non-ribosomal peptides (Tambadou et al. 2014). It has also been
conceived that the bacterial component and the interactions of diatoms with bacteria
are fundamental to the formation of benthic diatom biofilms on intertidal mudflats
(Bruckner et al. 2011).

The copious amounts of EPS produced by the benthic diatoms on intertidal
mudflats form an excellent substrate as carbon- and energy source for other
microorganisms. This EPS is also transported to deeper sediment layers due to the
vertical migration of diatoms in the tidal- and day–night rhythm. Taylor et al. (2013)
estimated that a turnover of 52–369 % of EPS was required in order to explain its
content in the mudflats taking into account the microphytobenthic biomass, its
photosynthetic activity, and the production rate of EPS. Degradation is rapid and
experiments with 13C-labeled EPS showed that it ended up in phospholipid fatty
acids of Gram-positive and Gram-negative bacteria but also in diatoms (Taylor et al.
2013). The latter could be taken as support for the idea that diatoms take up (their
own) EPS as was demonstrated in axenic cultures, although the label could also have
been taken up from degradation products of EPS. It is anyway likely that these
polymers are partly degraded extracellular by exo- or ectoenzymes. Alpha- and
Gammaproteobacteria seemed to be specialists for growth at the expense of EPS as
was concluded from their high labeling of rRNA (Taylor et al. 2013). The addition of
colloidal EPS to mudflat samples resulted in an increase of beta-glucosidase activity
and in a shift of the bacterial community towards Gammaproteobacteria, notably
Acinetobacter (Haynes et al. 2007), but it seems likely that a complex community of
heterotrophic mudflat bacteria are required for the hydrolysis of the polymers and the
subsequent degradation of EPS (Hofmann et al. 2009). Also, anaerobic conditions
seem to be required for the degradation of high-molecular EPS. Clostridium and
Bacteroidetes were held responsible for the hydrolysis of the polymers and a joint
venture of sulfate-reducing bacteria and methanogens further decomposed the
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hydrolyzed and fermented EPS (McKew et al. 2013). Under oxygenated conditions
degradation did not occur.

The organic matter content depends on the sediment composition and porosity
and this in turn determines the sulfate reduction rate, which also strongly depends
on temperature. Highest activities are thus observed in muddy sediments with the
highest content of organic matter and in spring, summer, and autumn (Al-Raei et al.
2009). The abundance of functional genes for sulfate reduction (dsrAB) follows
exactly this pattern (Leloup et al. 2005).

Using Mag-SIP (stable isotope probing of 16S rRNA) Miyatake et al. (2013)
also showed that cyanobacteria and diatoms took up glucose under dark anoxic
conditions and assumed that these organisms survived by anaerobic fermentation.
In the top 2 cm layer of the sediment, diatoms and cyanobacteria took up all offered
substrates (acetate, propionate, glucose, and amino acids), while deeper in the
sediment it was mainly glucose and propionate that were used by these organisms.
In the deeper (2–5 cm) sediment layer, it was mainly sulfate-reducing bacteria that
were active. In the top layer, all major groups of bacteria were using the offered
substrates (Miyatake et al. 2013). The sulfate-reducing bacteria did not take up
glucose. Gammaproteobacteria fermented glucose and subsequently the
sulfate-reducing bacteria end-oxidized the fermentation products.

Different groups of microorganisms in the mudflat are resuspended into the
water at different shear forces (friction velocities) and the threshold of resuspension
was a function of the organism’s association with or binding to the sediment.
Hence, free-living viruses, bacteria, and some nanoflagellates are resuspended at
low shear force, while those attached to the sediment come into suspension at
higher forces, together with the muddy sediment bed and the diatoms smaller than
60 lm. Larger diatoms need higher velocities of 5.5–6.5 cm s−1 (Dupuy et al.
2014; Montanié et al. 2014a, b). The resuspension of the sediment microphyto-
benthos has been considered an important supply to the food web of the (estuarine)
water column. However, Guizien et al. (2014) demonstrated that grazing predom-
inated over resuspension and that even import of picocyanobacteria from offshore
waters was grazed before erosion transfer could happen.

Diatoms may accumulate dimethylsulfoniopropionate (DMSP). It is still debated
whether this compound serves as osmoprotectant to compensate the osmotic
pressure of the cytoplasmic to the prevailing salinity, cryoprotectant, or as storage
for excess reducing equivalents and energy in a situation of unbalanced growth
(Stefels 2000). Upon a salinity down-shock (e.g., when a rain shower occurs while
the sediment is exposed at low tide), the diatoms must quickly exude the super-
fluous DSMP. The first step in the fate of this DMSP in the sediment is its con-
version to acrylate and the gaseous dimethyl sulfate (DMS) (which renders the sea
its typical ‘smell’), which is emitted into the atmosphere where it has been sug-
gested to play a role in climate change feedbacks (Gypens et al. 2014). There is a
variety of bacteria that possess DMSP lyase and degrade this rather unstable
compound. Some planktonic algae such as Phaeocystis also possess DMSP lyase
and may thereby regulate intracellular DMSP levels. It is not known whether
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benthic diatoms contain DMSP lyase. Acrylate is also known to serve as an
antioxidant for the microalgae, deterrent of grazers, inhibit viral infection.
When DMSP lyase is activated as a response on grazing, the production of acrylate
would protect the benthic diatoms. Acrylate is further metabolized by a variety of
heterotrophic bacteria.

The nitrogen (N) cycle is prominently present in any microbial ecosystem. It
consists of oxidation and reduction reactions, transforming nitrogen from its most
oxidized state (nitrate, NO3

−) to its most reduced state (ammonium, NH4
+).

Denitrification and anaerobic ammonium oxidation lead to the formation of dini-
trogen (N2) and nitrogen fixation transforms it back to ammonium. Until recently, it
was thought that Bacteria and Archaea are predominantly responsible for running
the nitrogen cycle but it has now become clear that Eukarya play a far more
important role. Many marine microbial Eukarya, among which benthic diatoms, are
capable of storing nitrate intracellular, and are able to use it as an electron donor
under anaerobic or oxygen-limiting conditions in the dark (Kamp et al. 2015). In
intertidal sediments, diatoms are the major component of the microphytobenthos
and also the organisms that are predominantly storing nitrate in these environments.
Other Eukarya such as foraminifers and gromiids or large sulfur bacteria such as
Beggiatoa or Thioploca, all known to store nitrate, were not important (Stief et al.
2014). Diatoms store up to 274 mM nitrate in their cells and respire this to
ammonium, probably using the dissimilatory nitrate reduction to ammonium
(DNRA) pathway. Benthic diatoms on intertidal sediments are forced to live
chemotrophically for a considerable part of the day. When migrating into the
sediment they will experience anoxic conditions and nitrate respiration would
increase their metabolic efficiency considerably and be close to aerobic respiration.
However, it is not clear whether this nitrate respiration is really part of the dark
metabolism in these diatoms or only serves short-term survival. The genes coding
for the dissimilatory nitrate reduction have not yet been identified in these diatoms.
Nitrate uptake, however, occurs only under aerobic conditions and is
temperature-dependent in the way that the rate decreases with increasing temper-
ature. The nitrate is stored in vacuoles.

10.3 Microbial Mats and Stromatolites

Fine sandy intertidal sediments, beaches, and coastal wetlands are often charac-
terized by colonization of cyanobacteria (Bolhuis et al. 2014). Cyanobacteria are
oxygenic phototrophic bacteria that exhibit a plant-like photosynthesis. They use
water as the electron donor, splitting it and evolve O2. The sun light energy and the
electrons from water are used to fix CO2 into organic matter that is used for growth.
Many species are also capable of fixing atmospheric nitrogen gas (N2), making
these organisms both carbon and nitrogen autotrophs (Severin and Stal 2008). Most
cyanobacteria are low-light-adapted organisms and have modest nutrient require-
ments. Apart from being able to use the ubiquitous dinitrogen from the air, they are
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capable of luxury uptake of phosphate storing it intracellular as polyphosphate
(Gomez-Garcia et al. 2013), and possess carbon concentration mechanism
(CCM) that accumulates inorganic carbon in the carboxysomes, allowing them to
fix CO2 when this is in low supply (Kaplan et al. 1991). The sediment precipitates
and accumulates iron and the seawater is rich in sulfate, which further satisfies the
demand of cyanobacteria. Many cyanobacteria resist extreme environmental fluc-
tuations such as temperature, salinity, alkalinity, and desiccation (Stal 2007).
Cyanobacteria are metabolically versatile, flexible, and reactive. Besides being
oxygenic photoautotrophic they may also live as anoxygenic photoautotroph, and in
the dark perform aerobic respiration or fermentation under anaerobic conditions and
switch rapidly between these different modes. These properties make cyanobacteria
preeminently the perfect organism to colonize low-nutrient coastal fine sandy
sediments (63–200 lm grain size) and cope with the physicochemical gradients that
are characteristic for microbial mats.

Cyanobacteria are usually not found on muddy sediments probably because of
the strong attenuation on light and because they will lose the competition with
diatoms who will take better advantage of the higher nutrient concentrations and
there efficient chemotrophic metabolism that is important in the highly dynamic
mudflats (Watermann et al. 1999). Cyanobacteria are also not found on coarse sand
because the large silicate sand grains may damage the cells. Another factor is
temperature. Benthic diatoms grow better at lower temperature and cyanobacteria
thrive best at higher temperature. In annual microbial mats normally diatoms appear
early in the year, subsequently being taken over by cyanobacteria when the tem-
perature increases (Watermann et al. 1999).

The cyanobacteria enrich the sediment with organic matter that forms the sub-
strate for a diverse microbial community. The organic matter becomes available
through a variety of mechanisms (Stal 2001). The cyanobacteria may excrete
glycolate as a product of photorespiration and exude EPS. The latter forms the
matrix of the mat in which the microorganisms are embedded, gives stability to the
sediment, protect the organisms from grazing and desiccation, and immobilize
toxins or accumulate nutrients (Stal 2012). In addition, it can serve as organic
substrate for a variety of microorganisms. In the dark under anoxic conditions,
cyanobacteria may excrete low-molecular fermentation products such as acetate,
lactate, and ethanol, which serve as substrate for sulfate-reducing bacteria. Last but
not least, organisms may lyse, being grazed or subjected to viral attack, all of which
result in a liberation of a plethora of organic compounds and nutrients.

The organic matter is degraded by a large variety of microorganisms. While
during the day, photosynthesis supersaturates the top few millimeters of the mat
with oxygen, this disappears within the mere time of minutes, rendering anoxic
sediment up to the surface. Any oxygen diffusing into the sediment from the air or
overlying water is immediately consumed and aerobic metabolism is diffusion
limited and anaerobic metabolism is dominant. Fermentative processes provide
low-molecular organic acids and alcohols that are end-oxidized by sulfate-reducing
bacteria that produce sulfide. In the light, the sulfide is oxidized back to sulfate by
anoxygenic phototrophic bacteria. Purple sulfur bacteria often form a distinct purple
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layer beneath the layer of the cyanobacteria, although sometimes also green sulfur
bacteria are found. These bacteria use light from the far infrared spectrum that is not
absorbed by the cyanobacteria and least attenuated by the sediment. Colorless sulfur
bacteria may oxidize sulfide independent on light, either using oxygen or nitrate.
Moreover, also chemical oxidation of sulfide is possible. The sulfur cycle in the mat
is complex. A mini sulfur cycle of reduction of elemental sulfur (or polysulfide) to
sulfide and oxidation back to elemental sulfur is probably cycling much faster.
There are many redox stages between the most oxidized state of sulfur, sulfate
(SO4

2−) and the most reduced form sulfide (S2−) and they all play a role in the
sulfur cycle in the microbial mat. Several sulfur compounds with intermediate
redox states can be disproportionated, i.e., one part is oxidized while the other is
reduced. Disproportionation is a form of fermentation and yields energy, but since
sulfur disproportionation is a process involving an inorganic substrate, the dis-
proportionating organisms are usually autotrophs and use CO2 as carbon source.
Chemotrophic CO2 fixation in mats can be considerable since a variety of
chemoautotrophic microorganisms are active in these microbial mats. Sulfide can
also chemically react with iron and form iron sulfide (FeS), which renders the
anoxic sediment the typical black color. When sulfide reacts with oxidized (ferric,
Fe3+) iron, iron will be reduced to ferrous (Fe2+) iron and sulfide oxidized to
elemental sulfur, which may further react to form the stabile mineral pyrite FeS2.
Hence, the iron cycle is intimately associated with the sulfur cycle and cycling
between the ferrous and ferric form, both chemically as well as biologically.
Ferrous iron may also serve as electron donor in anoxygenic photosynthesis by
some specialized purple bacteria.

Bolhuis et al. (2013) investigated the diversity of a coastal mat developing on the
North Sea beach of the Dutch barrier island Schiermonnikoog. They sampled with
high spatial resolution a transect perpendicular to the coast and representing a natural
salinity gradient. The highest salinity and least developed mats were found near the
low water mark, while mature mats were found towards the dunes. Using denaturing
gradient gel electrophoresis (DGGE) the 16S rRNA diversity was determined.
Bolhuis et al. (2013) found three structurally different types of microbial mats along
this transect. Stal et al. (1985) already described the structure, physiology, and
cyanobacterial composition of these three types of mats from a German barrier
island. The high spatial resolution along this tidal transect and the high resolution of
the DGGE fingerprints confirmed the presence of three different mat types for the
domains Bacteria and Archaea. The cyanobacteria as key organisms for these
microbial mats and belonging to the Bacteria followed the same clustering. The
Archaea split into two subgroups of mats close to the low water mark. The Eukarya
clustered into four groups but in large also followed the pattern of the other two
domains. The diversity of all groups (Shannon diversity index) increased with dis-
tance from the low water mark and was usually highest in the mature microbial mats
found in the intermediate or upper tidal ranges. The photosynthetic pigments fol-
lowed the same pattern with a dominance of diatoms at the low water mark,
cyanobacteria in the intermediate, and green algae in the upper littoral. Bolhuis et al.
(2013) found strong evidence that the clustering was salinity driven.
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Bolhuis and Stal (2011) revealed the diversity of Bacteria and Archaea in these
three mats during three different seasons using 454-pyrosequencing of 16S rRNA
gene tag sequencing. They concluded that these coastal mats were among the most
diverse marine ecosystems studied so far. Coastal microbial mats were also strik-
ingly more diverse than their counterparts from more extreme environments such as
hypersaline and hot spring microbial mats (Bolhuis et al. 2014). Obviously,
diversity decreases with increasing environmental extremes. The differences
between the three structurally different mats were again confirmed, but there were
no major differences between the seasons. This means that the community com-
position at one site does not change during the year, although this does not exclude
that different groups of microorganisms are active at different times of the year.
Since this investigation did not look at ribosomal RNA and proteins, this remains to
be seen. Another remarkable result was that these microbial mats are predominantly
bacterial systems and that Archaea play a minor role. Average Chao richness was
2853 for Bacteria and 182 for Archaea. Proteobacteria were the most dominant
group. Alphaproteobacteria dominated in the upper littoral while in the lower lit-
toral Delta- and Gammaproteobacteria were more important. In the mid-littoral
zone, these distributions were also intermediate. Betaproteobacteria were virtually
absent in the lower littoral. Other important groups included Bacteroidetes,
Actinobacteria, Planctomycetes, and Cyanobacteria. The latter were especially
important in the upper and intermediate mats. Cyanobacteria catch the eye when
observing these mats in the field and under the microscope and it is striking why
these organisms are not more represented in this sequence database. This has also
been observed in other microbial mats systems such as the hypersaline microbial
mats of Guerrero Negro, Mexico (Ley et al. 2006). Microbial mat cyanobacteria are
much larger than most other bacteria (or archaea) and are more conspicuous when
doing microscopy, however, they do not possess more copies of 16S rRNA gene
compared with the smaller microorganisms. Also, mat-forming cyanobacteria are
notorious difficult to extract DNA from and this may also give a bias against
cyanobacteria. Fact is that, these microbial mats are built and maintained by
cyanobacteria but it is striking that so many other microorganisms contribute to the
mat system’s function.

Although microbial mats are mainly bacterial systems, Archaea are certainly
present as well and predominantly represented by Euryarchaeota. The mid-littoral
mat was dominated by Halobacteria, which can be explained by high salinity of the
pore water after desiccation. Another important group is the methanogenic bacteria,
which are especially dominant in the upper littoral. Sulfate-reducing bacteria are
responsible for most of the end oxidation of the organic matter as a consequence of
the seawater sulfate. However, the upper littoral is more influenced by freshwater
and the availability of sulfate may be less. Moreover, there are also non-competitive
substrates in the marine environment that are used by methane bacteria and cannot
be degraded by sulfate-reducing bacteria such as methylamines.

When analyzing the functional groups of bacteria in the microbial mats it strikes
that chemoorganotrophic bacteria represent half of all functional groups.
Photoautotrophs and photoheterotrophs are other large functional groups in addition
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to sulfate-reducing bacteria and sulfur-oxidizing bacteria. It should be noted that a
considerable number of sequences belong to hitherto unknown Bacteria and
Archaea, and, consequently, also their functions are unknown.

All microbial mats that have been investigated for it are capable of fixing
atmospheric nitrogen (dinitrogen, N2) (Severin and Stal 2010b). Nitrogen is an
important element for organisms as it represents *10 % of the dry weight of living
biomass. Most organisms obtain this essential food supply as bound nitrogen.
Seawater is usually low in supply of bound nitrogen (i.e., nitrate/nitrite, ammonium,
organic nitrogen). The bulk of nitrogen on Earth is present as N2 in the atmosphere,
but this molecule is inaccessible for most organisms, except some specialized
Bacteria and even fewer Archaea. No representative of the Eukarya is known that is
capable of using N2, except in symbiosis with bacteria. In order to form a mat with a
dense biomass, it should not surprise that the supply of bound nitrogen from the
seawater is limiting and that N2 fixation is an important process for the formation of
a microbial mat. Cyanobacteria are well known as a group with many diazotrophic
(N2-fixing) species, but many other bacteria possess this capacity as well, including
anoxygenic phototrophic bacteria and sulfate-reducing bacteria (Zehr et al. 2003).
Since nitrogenase is sensitive to oxygen and cyanobacteria are oxygenic bacteria, it
has been a debate for some time which organisms were actually responsible for the
observed N2 fixation. Measurements that followed the day–night variations of
nitrogenase activity in microbial mats gave many different patterns (Severin and
Stal 2008; Villbrandt et al. 1990). Sometimes, nitrogenase activity was confined to
the dark (to avoid oxygenic photosynthesis and oxygen super saturation), some-
times activity peaks were observed at sunrise and sunset that was explained as
benefiting from the presence of light (as energy source) while oxygen saturation as
low. But also, nitrogenase activity during daytime has been observed, especially
when heterocystous cyanobacteria were involved. Severin and Stal (2008) showed a
clear light-dependency of nitrogenase activity in the Dutch barrier islands coastal
mats, even when most of the activity was measured during the night. It was also
concluded that the mats maximized nitrogenase activity and that the total
daily-integrated nitrogenase activity was independent on the daily-integrated pho-
ton flux density.

Severin et al. (2010) showed that cyanobacterial nifH genes contributed for 50 %
of the total pool of this gene. Gamma- and Deltaproteobacteria contributed for 25 %
and the rest was unidentified. Cyanobacterial nifH transcripts dominated during
most of the day–night cycle (60–80 %), while Gammaproteobacteria were the
second-most important organisms. Especially during the early morning,
Gammaproteobacteria seemed to be more important than the cyanobacteria. It is
likely that the diazotrophic Gammaproteobacteria were anoxygenic phototrophic
bacteria that equally as the cyanobacteria use light as the source of energy for the
fixation of N2. The contribution of diazotrophic Deltaproteobacteria may be by
sulfate-reducing bacteria, some of which are known to be diazotrophs. However,
caution must be taken since the discovery of a deltaproteobacterial nif cluster in
the genome of the cosmopolitan mat-forming cyanobacterium Microcoleus
(Coleofasciculus) chthonoplastes (Bolhuis et al. 2010). Studies of the expression of
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the nifH gene in these mats confirmed the important role of cyanobacteria for N2

fixation. Salinity is an important factor. Increased salinity worked against N2 by
cyanobacteria mostly through a lower proportion of nif gene expression (Severin
et al. 2012). A complicating factor was, however, the fact that day–night gene
expression patterns did not follow actual nitrogenase activity (Severin and Stal
2010a). Such a relationship is perhaps also not logic or necessary since gene
expression is not necessarily one-to-one related to the presence of enzyme activity.
Even when an active enzyme is present, environmental and physiological factors
may prevent it from exerting activity.

The fate of this fixed N in microbial mats has not been extensively investigated as
N2 fixation. Denitrification is certainly an important loss factor, although the rates
seem to be considerably lower (order of magnitude) than N2 fixation (Fan et al.
2015a). Denitrification occurs more or less at the same time as N2 fixation with
highest rates during summer, although seasonality of denitrification is much less
pronounced than is the case with N2 fixation. Anaerobic ammonium oxidation
(anammox) does not seem to play a role. The denitrifier community was diverse with
more or less equal contributions of nirS and nirK genotypes and an average Chao
richness of *75 (Fan et al. 2015a). The diversity of the denitrifying community in
the three mat types along the tidal gradient followed the same pattern as the whole
microbial community (Bolhuis and Stal 2011). This was also the case with the
nitrifying (ammonium-oxidizing) community. Although the functional gene amoA,
the alpha subunit of ammonia monooxygenase, of both ammonium-oxidizing bac-
teria (AOB) and ammonium-oxidizing archaea (AOA) were detected, it was con-
cluded that the latter did not play a major role in nitrification (Fan et al. 2015b).
Contrary to denitrification, ammonium oxidation was highest in autumn and winter
and therefore temporally separated from N2 fixation and denitrification. It is likely
that nitrifiers are competing for ammonia when the primary producers of the mat are
most active.

Nitrogen and the nitrogen cycle are key factors for the development microbial
mats. The fact that all microbial mats fix dinitrogen emphasizes that these systems
are basically limited in this essential nutrient. Moreover, the mostly
non-heterocystous cyanobacteria, and the oxygen super saturation of the mat during
the day and anoxic conditions during most of the night are seriously limiting the
possibilities of efficient nitrogen fixation. Stal (2003) calculated that these coastal
mats fix 80 % of carbon in excess to what can be accommodated for balanced
growth, i.e., synthesis of structural cell material. Most of this excess carbon is
exuded as EPS, which forms the matrix in which the mat microorganisms are
embedded. This EPS serves many important purposes. It protects against grazing
and desiccation, while EPS may immobilize toxic elements and scavenge nutrients.
EPS also renders stability to the sediment and is therefore important for the
establishment of the microbial mat. It has also been conceived that EPS binds
calcium (Ca2+) ions to the charged moieties of the polymer. This would lead to a
considerable lower calcium concentration and prevent the precipitation of calcium
carbonate (Westbroek et al. 1994). This might be the reason that modern coastal
microbial mats do not form carbonate rock and do not form stromatolites, their
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presumed fossil counterparts. Kremer et al. (2008) discovered that the coastal mats
of the Dutch barrier island Schiermonnikoog showed strong calcifying activity.
This calcification was associated with degrading EPS. Apparently, the massive
amount of calcium carbonate that precipitated in these mats dissolved subsequently
due to microbial activity and therefore these annual mats did not form carbonate
rock. Modern coastal stromatolites that are found in the Bahama’s Exuma Cays are
formed following the same principles. Calcium ion is initially bound to EPS.
This EPS is degraded by microorganisms and calcium ion is massively liberated
causing calcium carbonate precipitation. Dissolution and re-precipitation of the
calcium carbonate forms micrite that cement the calcium sand grains, forming a
solid calcium carbonate layer. The process repeats resulting in a layered lithified
structure, the stromatolite (Reid et al. 2000). It is questionable whether these
modern coastal stromatolites are true analogs of those of the Archaean fossil record
(Kazmierczak and Kempe 2004).

10.4 Mangroves

Mangrove forests or swamps are found in intertidal areas in the tropics and sub-
tropics. They are important coastal ecosystems that can cope with sea-level rise and
coastal protection. Most of the mangroves are found between the 5°N and 5°S
latitudes in Asia, Africa, America, and Oceania and comprise about 60 species of
halotolerant species of trees (Holguin et al. 2001). Mangroves are also found in
estuaries and arid environments with little supply of freshwater. Plants of the family
among others, Rhizophoraceae, comprising shrubs and short trees, form mangrove
forests along the coast or the borders of estuaries where they are protected from
wave action. The environment is therefore depositional and the sediment contains
high amounts of organic matter. These sediments are usually anoxic except for the
top few millimeters (Kristensen et al. 2008). The plant roots are adapted to high
saline and anoxic conditions. Mangroves are highly productive systems that provide
food for a variety of invertebrates such as crabs and other animals such as fish and
fish larvae (Bouillon et al. 2002; Hsieh et al. 2002; Kieckbusch et al. 2004). The
removal of litter by these animals is important for clearing the surface and allowing
benthic photosynthesis. Kristensen et al. (2008) estimated a total net primary pro-
duction of mangroves of 149 mol C m−2 year−1, including the leaf litter, wood, and
root production. Leaf litter probably represents only 25 % of the total net primary
production. Gross production is obviously much higher and losses through root
exudation may be considerable. Microphytobenthic production ranges between
7 and 73 mol C m−2 year−1 and of macroalgae 110–118 mol C m−2 year−1 (see
Kristensen et al. 2008). The contribution of phytoplankton to primary production in
mangrove ecosystems varies considerably depending on the type and environment
of the mangrove ecosystem, but may be substantial. From data of d13C of the
organic matter, Kristensen et al. (2008) concluded that mangrove litter is an
important source of organic matter but that there may also be a considerable import
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from external sources such as from phytoplankton or seagrass or from the dense
microbial mats of microphytobenthos that are inherent of many mangrove
ecosystems (Wooller et al. 2003).

Although mangrove ecosystems occupy only 0.5 % of the global coastal area,
they store 10–15 % of the coastal carbon (24 Tg C year−1) and the tides cause a
draining of the mangrove area resulting in an export of 10–11 % of the particulate
terrestrial derived carbon to the ocean (Alongi 2014). The most important microbial
processes involved in the decomposition of the organic material are aerobic res-
piration and sulfate reduction each of which makes up approximately 50 % (Alongi
et al. 1998).

Invertebrates and infauna are important components driving the microbial
remineralization processes (Dye and Lasiak 1986; Schrijvers et al. 1998).
Burrowing of these organisms introduce oxygen into the otherwise anoxic sedi-
ments. This allows the re-oxidation of reduced compounds such as sulfide and iron.
Oxygen availability also helps to degrade recalcitrant polymers such as cellulose
and lignin (Marchand et al. 2005).

Mangroves are hot spots of microbial diversity and among the most-productive
ecosystems in the world (Andreote et al. 2012; Thatoi et al. 2013). Mangroves
inhabit a variety of different functional groups of bacteria such as phosphate sol-
ubilizing organisms (Bacillus, Paenibacillus, Xanthobacter, Vibrio proteolyticus,
Enterobacter, Kluyvera, Chryseomonas, and Pseudomonas sp.) and anoxygenic
photosynthetic bacteria (Chloronema, Chromatium, Beggiatoa, Thiopedia,
Leucothiobacteria sp.). Microorganisms are found as biofilms on the exposed roots
and other plant surfaces of the mangrove trees such as the leaves (phyllosphere),
inside and on the soft soil as microbial mats, and in the water, where they are
involved in the biogeochemical cycling of elements, notably, carbon, nitrogen,
sulfur, phosphorus, and iron. Nevertheless, few studies reported on the microbial
diversity of mangrove ecosystems and actually investigated their roles in bio-
chemical cycling and ecosystem function (Holguin et al. 2001).

Marine algae belonging to groups such as Chlorophyta, Chrysophyta,
Phaeophyta, Rhodophyta, and Cyanobacteria are common in mangrove ecosystems.
However, surprisingly little information is available on cyanobacteria from man-
grove ecosystems although they are known to be abundantly present, e.g., on the
roots of mangrove trees but also as mats on the soft surface in the upper intertidal,
depending on the shadowing of the plants. Cyanobacteria are also reported from the
mangrove phyllosphere (Rigonato et al. 2012). Cyanobacteria are photoautotrophic
bacteria that contribute to carbon and nitrogen fixation. These organisms also may
store large amounts of phosphate as polyphosphate granules and as such represent a
storage and retention for this important nutrient. The composition of the
cyanobacterial community in mangrove ecosystems depends on environmental
parameters (Rigonato et al. 2013). Rigonato et al. (2013) reported picocyanobac-
teria (Synechococcus and Prochlorococcus) inhabiting near-shore sites but it is
more likely that these are not native residents, as these cyanobacteria are known
from the oceanic phytoplankton. Rigonato et al. (2013) also reported slightly acidic
conditions in the mangroves they studied, which is usually not promoting
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cyanobacterial growth. Alvarenga et al. (2015) gave an extensive list of
cyanobacteria reported from mangrove ecosystems, which included all five sections
of this group, including many known diazotrophic species. Many species seem to
be related to hitherto unknown (i.e., not described by their 16S rRNA gene
sequence) cyanobacteria.

In general, only low rates of N2 fixation have been reported from mangrove
forests. This is remarkable, since in many environments diazotrophic cyanobacteria
provide fixed nitrogen to the microbial community and even to the plants. Many
chemotrophic diazotrophic bacteria have been reported from the soils (Azospirillum,
Azotobacter, Rhizobium, Clostridium, Klebsiella). They may fix N2 using the
abundantly present organic matter in the soil as energy substrate but their actual
contribution to the nitrogen budget varies among different mangrove ecosystems and
among various sub-habitats within the ecosystem (Holguin et al. 2001). However,
the ecosystem may also receive sufficient nitrogen from terrestrial run-off.

Fungi are another important component of the microbiome of mangrove
ecosystems that are considered ‘hot-spots’ for this group of organisms (Shearer
et al. 2007). These organisms produce extracellular enzymes that help in the
degradation of plant polymers such as lignin and cellulose. A variety of fungal
enzymes have been found such as those with pectinolytic, proteolytic, and amy-
lolytic activities (Holguin et al. 2001; Thatoi et al. 2013).

The reconstruction of metabolic pathways for the carbon-, nitrogen- and sulfur
cycles from the metagenomics information of mangrove sediments show that
methanogenesis is important and that the methanogenic organisms use formalde-
hyde and CO2 as substrate. For the nitrogen cycle, the dissimilatory reduction of
nitrate, denitrification, and ammonia oxidation (ammonia-oxidizing bacteria) are
predominantly present. For the sulfur cycle, sulfate reduction and oxidation are
important. The organisms involved in these metabolic processes include
Burkholderiaceae, Planctomycetaceae, Rhodobacteraceae, and Desulfobacteraceae.
Microbial activity in the anoxic soil cause loss of nitrogen, iron, and phosphate by
denitrification, iron reduction, and solubilizing of phosphate, respectively, which
tends to make the soil nutrient poor. Sulfate reduction and methanogenesis decrease
the organic content of the soil.

Proteobacteria make up approximately 50 % of the bacterial community with a
dominance of Delta- and Gammaproteobacteria. But also Alpha- Beta and
Epsilonproteobacteria are quite common. Firmicutes, Actinobacteria, Bacteroides,
and Chloroflexi each may account for 5–10 %. Minor groups are represented by
Planctomycetes, Cyanobacteria, Acidobacteria. Archaea play a minor role. As in
any marine frequently anoxic sedimentary environment, the biogeochemical sulfur
cycle is prominently present in the mangrove microbiome. This explains the
prominence of the Deltaproteobacteria that comprise the sulfate-reducing bacteria
(e.g., Desulfovibrio, Desulfotomaculum, Desulfosarcina, and Desulfococcus).
Sulfate-reducing bacteria are capable of oxidizing more complex and
high-molecular substrates. Mangrove sediments contain high amounts of pyrite and
elemental sulfur but low amounts of iron sulfide (Holmer et al. 1994).
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Iron respiration may be more important for anaerobic decomposition of organic
carbon than sulfate reduction, especially when infauna burrows and mangrove roots
oxidize iron, and as such contribute to high amounts of this potent electron acceptor
(Nielsen et al. 2003). Iron respiration may account for as much as 80 % of the
anaerobic decomposition of organic carbon in mangrove ecosystems as in other
marine sediments (Jensen et al. 2003).

The oxygen concentration in the top layer of the sediments may be highly
variable and support nitrification by mainly ammonium-oxidizing bacteria. These
may provide the nitrite that serves as the substrate for anaerobic ammonium
oxidation.

Our knowledge of the diversity and ecology of Archaea in mangroves is limited
(Bhattacharyya et al. 2015). These authors reported Thaumarchaeota (Marine Group
I) and Euryarchaeota (Marine Group II). The former group is known for aerobic
chemolithotrophic ammonia oxidation (nitrification) in the marine environment.
Dias et al. (2011) found ammonia-oxidizing archaea but whether these aerobic
organisms are important for ammonium oxidation remains to be seen. Luo et al.
(2014) showed that dissolved oxygen was a main factor controlling ammonium
oxidation in an estuarine wetland. Ammonium-oxidizing bacteria were more
affected by dissolved oxygen than ammonium-oxidizing archaea. Luo et al. (2014)
found higher nitrification rates in the mangrove sediments compared to bare mud and
this correlated with a higher abundance and diversity of ammonium-oxidizing
archaea. From the group of Euryarchaeota, representatives of the Thermoplasmatales
and Halobacteria are common as well as Methanomicrobia and Methanobacteria.
The latter groups are methanogens but may also be involved in sulfate reduction. The
presence of the methanogenic archaea Methanococcoides methylutens has been
reported from mangrove forest sediments. The importance of methanogenesis in
mangrove sediments is uncertain but it is most likely low. Often this process cannot
be detected at all (Alongi et al. 2005), although this does not necessarily mean that it
is absent since methane may be removed by anaerobic methane oxidation (Canfield
et al. 2005). Most of the organic matter is probably end-oxidized by sulfate-reducing
bacteria, but the presence of non-competitive substrates such as methanol, mono-,
di-, and trimethylamine may allow some methanogenesis. Also, in case sulfate is
depleted, methane may be produced from acetate or CO2 and H2.

Considering the high microbial diversity and the small portion of this diversity
being known and described, mangrove ecosystems may be hot spots of novel
bioactive compounds, enzymes, new drugs and antimicrobial substances, and
source of food and feed. Particularly, actinomycetes and fungi are among the most
promising organisms for biotechnological applications (Hong et al. 2009; Polizeli
et al. 2005), but also algae are producers of polymers such as agar, carrageenan, and
alginate (Shanmugam and Mody 2000).
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Chapter 11
Photosymbiosis in Marine Pelagic
Environments

Fabrice Not, Ian Probert, Catherine Gerikas Ribeiro, Klervi Crenn,
Laure Guillou, Christian Jeanthon and Daniel Vaulot

Abstract Photosymbiosis is a symbiotic relationship between two or more
organisms, one of which is capable of photosynthesis. Like other forms of sym-
biosis, photosymbioses can involve the full spectrum of trophic interactions from
mutualism through commensalism to parasitism. As in marine benthic environ-
ments (e.g., coral reef ecosystems), photosymbiotic associations are frequently
encountered in marine pelagic environments and can involve various combinations
of microalgae with bacteria, protists, or metazoans. Here, we aim to provide a brief
overview of current knowledge on the diversity of the organisms involved in
pelagic photosymbioses, their ecological role, and their relevance for the ecosys-
tem. This chapter focuses on mutualistic interactions occurring between photo-
synthetic protists and bacteria, between two protists and between microalgae and
metazoans, as well as on photosymbiotic interactions involving parasitic protists.
A section reviewing the most common and recent approaches used to study pelagic
photosymbioses and presenting general perspectives in the field concludes the
chapter.

11.1 Introduction

While studying the formation of lichens in the 19th century, H.A. de Bary first
coined the term “symbiosis” as “the living together of unlike organisms” (de Bary
1879). This definition is broad and technically includes any distinct taxa, from any
kingdom of life that are physically in contact and that have an enduring relationship
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over multiple generations. Symbiosis therefore includes the full spectrum of trophic
interactions, from mutualism through commensalism to parasitism.

Photosymbiosis is a symbiotic relationship between two (or more) organisms,
one of which is capable of photosynthesis. Photosynthesis originated in
cyanobacteria and has since spread across the eukaryotic tree of life by multiple
serial endosymbiotic events, leading to the evolution of multiple lineages of algae,
one of which (the Chlorobionta) was at the origin of the ‘higher’ terrestrial plants.
Photosymbiosis has thus been, and still is, a highly relevant evolutionary process,
but is also a key ecological interaction for ecosystem functioning both on land and
in the ocean (Thompson 1999). Terrestrial plants are involved in many well-known
photosymbiotic relationships, both mutualistic (e.g., with nitrogen-fixing bacteria in
root nodules) and parasitic (e.g., with the oomycete Phytophthora infestans causing
the disease known as potato blight). Unicellular algae are also involved in some
prominent symbiotic relationships in terrestrial environments, notably in partner-
ship with filamentous fungi in lichens.

The best-known photosymbiotic relationship in the marine environment is the
association of cnidarian corals with unicellular algae from the dinoflagellate genus
Symbiodinium. This photosymbiotic relationship structures and sustains benthic
reef ecosystems and has been extensively studied, notably in relation to the negative
impact of stresses linked to environmental change (‘coral bleaching’, e.g., Sampayo
et al. 2008). Unicellular algae are involved in mutualistic symbiotic relationships
with a number of other benthic hosts in the marine environment, including other
cnidarians such as sea anemones, molluscs such as the giant clam Tridacna, and
acoel flatworms (Bailly et al. 2014). Benthic seaweeds are known to have a number
of bacterial, unicellular eukaryotic (=‘protistan’) and macroalgal parasites, and
some unicellular algae have been reported to parasitize benthic invertebrates
(Trench 1993).

Photosymbiotic associations are also frequently encountered in the marine
pelagic environment and can involve various combinations of microalgae with
bacteria, protists, or metazoans (Anderson 2012; Decelle et al. 2015; Jephcott et al.
2015; Nowack and Melkonian 2010; Stoecker et al. 2009; Taylor 1982). Despite,
the independently recognized key roles of oceanic plankton on the one hand and
symbiosis on the other hand, the nature, diversity, and importance of pelagic
photosymbioses are still poorly understood. In this chapter, we aim to provide a
brief overview of the current knowledge of the diversity of the organisms involved
in pelagic photosymbioses and their ecological role and importance in the
ecosystem. The review will focus on mutualistic interactions occurring between
photosynthetic protists and bacteria, between two protists and between microalgae
and metazoans, as well as on photosymbiotic interactions involving parasitic pro-
tists. An overview of the most common approaches used to study pelagic photo-
symbioses and general perspectives in the field will conclude this chapter.
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11.2 Symbioses Between Phytoplankton
and Cyanobacteria

11.2.1 Symbiotic Nitrogen Fixation

Nitrogen is a major limiting factor in oceanic ecosystems (Moore et al. 2013).
Eukaryotes can only obtain nitrogen through the uptake of dissolved forms (mainly
nitrates and ammonia), whereas some bacteria and a few archaea have the ability to
fix dinitrogen (N2) and convert it into particulate organic nitrogen. Land plants have
developed symbioses with N2-fixing bacteria such as Rhizobium (Franche et al.
2009; Santi et al. 2013) and similar symbioses exist in eukaryotic phytoplankton.
The earliest reports were from diatom-diazotroph associations (DDAs), with the
cyanobacterial symbionts (‘cyanobionts’) Richelia (Ostenfeld and Schmidt 1902)
and Calothrix (Lemmerman 1905). More recently, the unicellular N2-fixing
cyanobacteria UCYN-A has been shown to form an unusual symbiosis with a
unicellular haptophyte alga (Thompson et al. 2012). Diazotrophic cyanobacteria
have also been documented to form symbiotic partnerships with a wide variety of
eukaryotic marine organisms, like sponges, ascidians (although N2 fixation in
ascidians can be linked to Rhizobiales, see Erwin et al. 2014), flagellated protists,
dinoflagellates, radiolarians, macroalgae, and tintinnids (Carpenter 2002; Foster
et al. 2006, and references therein).

11.2.2 Symbioses Between Cyanobacteria and Diatoms

DDAs involve either filamentous heterocystous (e.g., Calothrix rhizosolenia and
Richelia intracellularis) or unicellular (e.g. Cyanothece sp.) nitrogen-fixing
cyanobacteria (Rai et al. 2002). DDAs are non-obligate endosymbioses between
diatoms from several different genera (notably including Hemiaulus, Rhizosolenia,
and Chaetoceros) and diazotrophic cyanobacteria. The diatom hosts and the
cyanobacterial symbionts can be found free living in the ocean, and horizontal
transfer between cells and vertical transmission from host to daughter cell are both
common. In diatom–Richelia associations, cyanobiont hetR sequences from the
same host species vary by less than 1 % which suggests a high degree of specificity,
probably linked to vertical transmission of the cyanobiont during the host division
process (Janson et al. 1999). When in association, the diazotrophs appear to be
localized in different regions of the diatom depending on the host species (Foster
and O’Mullan 2008). After a long period in isolation, Calothrix trichomes start to
change their morphological features, indicating host control of cyanobiont char-
acteristics (Foster and O’Mullan 2008).

The metabolic influence of DDA symbioses on the cyanobiont has been
observed in recent studies. Foster et al. (2011) estimated that symbiotic Richelia
fixes up to 651 % more N2 than required for its own growth. Symbiont genome
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reduction can be an evolutionary consequence of long-term nutrient exchanges
pointing to an increasing dependency between symbiont and host. Genome
streamlining of cyanobionts has been reported for Richelia in intracellular associ-
ation with Hemiaulus (Hilton et al. 2013), with genome reduction mainly affecting
genes related to nitrogen metabolism: symbionts have a decreased capability to
assimilate urea or nitrate (lack of ammonium transporters, nitrate and nitrite
reductases and glutamine: 2-oxoglutarate aminotransferase), thus favoring N2 fix-
ation (Hilton et al. 2013). Diazotrophic cyanobacteria have evolved several
mechanisms (both spatial and temporal) to overcome the deleterious effect of
oxygen, a photosynthetic by-product, for the nitrogenase enzyme (Berman-Frank
et al. 2001; Fay 1992; Thompson and Zehr 2013). In Richelia intracellularis in
symbiosis with Rhizosolenia clevei, nitrogenase is protected by spatial separation,
being confined to the heterocysts, the thick-walled, specialized N2-fixation cells
(Janson et al. 1995). In addition to spatial separation, a pronounced day-night
periodicity of N2 fixation was observed for Richelia-Rhizosolenia associations at
the ALOHA station (Church et al. 2005, Foster and Zehr 2006). Unicellular
Cyanothece sp. separate temporally the processes of carbon and nitrogen fixation
(Reddy et al. 1993), and were found in association with the diatom Climacodium
frauenfeldianum (Carpenter and Janson 2000).

11.2.3 Symbioses Between Cyanobacteria and Haptophytes

Using HISH-SIMS (halogenated in situ hybridization nanometer-scale secondary
ion mass spectrometry) imaging, Thompson et al. (2012) observed a loose
cell-surface association between the diazotrophic cyanobacterium UCYN-A and an
apparently non-calcifying microalgal host. The host partial 18S rRNA gene
sequences were >99 % identical to sequences obtained from sorted picoeukaryotic
cells from South Pacific Ocean samples (BIOSOPE T60.34) (Shi et al. 2009) related
to sequences of Braarudosphaera bigelowii (an atypical coccolithophore that
produces pentalith-shaped coccoliths) and the non-calcifying haptophyte
Chrysochromulina parkeae (Thompson et al. 2012). Using transmission electron
microscopy Hagino et al. (2013) observed spheroidal bodies within B. bigelowii
which were determined to be intracellular cyanobacterial symbionts belonging to
the UCYN-A clade. Hagino et al. (2013) suggested that C. parkeae might be an
alternate life-cycle stage of B. bigelowii, the former being an elongate, motile,
unicellular organism with non-calcified organic scales (Green and Leadbeater
1972). B. bigelowii seems to comprise a set of pseudo-cryptic species, consisting of
at least five 18S rRNA genotypes that correspond to morphotypes that differ slightly
in size (Hagino et al. 2009). As B. bigelowii has a coastal distribution and the
haptophyte related to BIOSOPE T60.34 was recovered from an open ocean site (Shi
et al. 2009; Thompson et al. 2012), it has been hypothesized that the intracellular
UCYN-A symbiosis in B. bigelowii was acquired after separation of those
coastal/open ocean haptophyte ancestors (Hagino et al. 2013). Adding further
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complexity, three clades of UCYN-A, with distinct but overlapping distributions,
can be distinguished based on nifH sequences (Thompson et al. 2014), forming a
monophyletic group with the marine cyanobacteria Crocosphaera sp. and
Cyanothece sp. (Bombar et al. 2014). UCYN-A1 is mostly found in the open ocean
(Thompson et al. 2012) and its host is smaller than that of UCYN-A2, which has
coastal distribution and whose host is B. bigelowii (Hagino et al. 2013). Little is
known about the host and spatial distribution of UCYN-A3. A global study by
Cabello et al. (2016) has provided evidence that these cyanobacterium-haptophyte
symbioses are mandatory for the hosts. UCYN-A cells were reported to transfer up
to 95 % of newly fixed nitrogen to their hosts (Thompson et al. 2012). UCYN-A
has a reduced genome that lacks the genes involved in carbon fixation, such as
those for RuBisCO (ribulose-1,5-bisphosphate carboxylase-oxygenase) (Zehr et al.
2008) and the tricarboxylic acid (TCA) cycle responsible for the biosynthesis of
amino acids (Bombar et al. 2014; Tripp et al. 2010). Such modifications in the
genome of symbionts are analogous to the situation for cellular organelles with
specific metabolic functions such as the chloroplast or the mitochondrion, although
there are still no reports on the existence of a “diazoplast” (Thompson and Zehr
2013). Tripp et al. (2010) observed that the reduced genome of UCYN-A
(1.44 Mb) structurally resembles those found in most chloroplasts (as well as in
some bacteria), which may indicate a similar evolutionary path. In addition, the lack
of the oxygen-evolving pathway (Tripp et al. 2010; Zehr et al. 2008) de facto
prevents nitrogenase damage.

11.2.4 Symbioses Between Cyanobacteria
and Dinoflagellates

Little is known about symbioses between cyanobacteria and dinoflagellates despite
the fact that they were first observed more than 100 years ago (Schütt 1895). In
most known cases, such as for the dinoflagellates Ornithocercus and Histoneis
(Farnelid et al. 2010), the cyanobacteria are ectosymbionts (i.e., associated to the
cell surface) located in the cingulum of the dinoflagellate cell. These cyanobacteria
appear to be nitrogen-fixers (Foster et al. 2006), but more than one type can occur in
association with a single dinoflagellate cell (Farnelid et al. 2010; Foster et al. 2006).
Surprisingly, sequences recovered from dinoflagellate symbionts corresponded to
cyanobacteria that are not known to fix nitrogen such as Prochlorococcus or to
other types of bacteria, suggesting the complexity of the associations between
dinoflagellates and bacteria.
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11.2.5 Ecological Relevance of Symbioses Involving
Diazotrophs

New production in oligotrophic areas is largely dependent on N2 fixation, since
upward nutrient fluxes are limited in these regions. Several studies have highlighted
the importance of symbiosis between diazotrophic bacteria and photosynthetic
eukaryotes in the marine environment, both in terms of the abundance of the
organisms involved and of the impact on overall N2 fixation (Foster et al. 2009;
Goebel et al. 2010; Montoya et al. 2004; Turk et al. 2011). Goebel et al. (2010) and
Foster et al. (2007) found high abundances of Richelia-Hemiaulus symbiosis in the
western equatorial Atlantic under the influence of the Amazon River plume, while
during the circumnavigating Malaspina expedition, Richelia-diatom associations
were mostly found in the South Atlantic Gyre and Indian South Subtropical Gyre
(Fernández-Castro et al. 2015). The nitrogen fixed by DDAs may be an important
source of nutrients to other, non-diazotrophic planktonic groups. Villareal (1990)
reported evidence of release of newly fixed N to the environment in Rhizosolenia-
Richelia symbiosis under culture conditions. Due to their size and aggregation
capability, diatoms sink rapidly. Therefore, DDAs might account for an important
part of the downward flux of carbon linked to new production (Scharek et al. 1999),
representing an important link between nitrogen and carbon cycles in the ocean
(Foster and O’Mullan 2008). Goebel et al. (2010) observed that UCYN-A was the
second most abundant diazotrophic organism in tropical Atlantic waters. UCYN-A
N2 fixation was the highest among diazotrophic groups in both coastal and olig-
otrophic waters of the eastern North Atlantic (Turk et al. 2011). The widespread
distribution of UCYN-A cells throughout the tropical and subtropical ocean
observed by Cabello et al. (2016) indicates that the symbioses involving these
unicellular cyanobacteria may have an important, and thus, far underestimated
impact on the nitrogen cycle in these environments. This unicellular
cyanobacteria-Prymnesiophyceae association may also be responsible for important
contributions to vertical carbon fluxes.

11.3 Symbioses Between Phytoplankton
and Heterotrophic Bacteria

11.3.1 Diversity and Dynamics of Microalgal-Bacterial
Interactions

Interactions between phytoplankton and heterotrophic bacteria in marine environ-
ments are numerous, varied and often complex (Amin et al. 2012; Bell and Mitchell
1972; Ramanan et al. 2015). Some bacteria are loosely associated with algae, while
others are associated more closely and colonize algal surfaces (Kaczmarska et al.
2005). Interactions range from obligate to facultative, as well as from mutualistic to
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parasitic, and can be mediated by cell-to-cell attachment or through the release of
allelopathic compounds (Doucette 1995; Geng and Belas 2010; Seyedsayamdost
et al. 2011).

The development of molecular biology tools has facilitated the study of links
between phytoplankton and bacteria in natural communities (Grossart et al. 2005;
Rooney-Varga et al. 2005) and from culture collections (Abby et al. 2014; Green
et al. 2004; Jasti et al. 2005; Sapp et al. 2007). A molecular survey of bacterial
diversity from cultures of six diatom genera (Ditylum, Thalassiosira, Asterionella,
Chaetoceros, Leptocylindrus, and Coscinodiscus) revealed distinct bacterial phy-
lotypes associated with each genus. Alphaproteobacteria related to the genera
Sulfitobacter, Roseobacter, Ruegeria, and Erythrobacter, members of the
Bacteroidetes and to a lesser extent Betaproteobacteria were the most prominent
bacteria in the diatom cultures examined (Schäfer et al. 2002). Of these, members of
the Roseobacter clade are commonly found in natural assemblages with marine
algae, and have been shown to increase in abundance during phytoplankton blooms
(Allgaier et al. 2003; Buchan et al. 2014; Mayali et al. 2008). Several molecular
microbial surveys using the 16S rRNA gene marker have shown that key bacterial
phylogenetic groups such as Bacteroidetes and Alpha- and Gammaproteobacteria
actively respond to the decay of algal blooms (Pinhassi and Hagstrom 2000;
Pinhassi et al. 2004; Riemann et al. 2000). Succession of bacterial taxa was
observed during a bloom of centric diatoms in the North Sea and their occurrence
patterns were linked to their capacity to degrade algal-derived organic matter
(Teeling et al. 2012). The final phase of the bloom favored the dominance of
Bacteroidetes with Ulvibacter and Formosa during early and mid-stages of the
decline, and Polaribacter in the final stages. The latter metagenomic analysis
demonstrated that the bacterial response to coastal phytoplankton blooms was more
dynamic than previously thought and consisted of a succession of different bacterial
populations with distinct functional and transporter profiles.

11.3.2 Parasitic Interactions

Bacteria can control microalgal populations by inhibiting growth or by active lysis
of algal cells. Reports of algicidal bacteria have mainly focused on bacteria acting
against bloom forming algae known to produce toxins that can affect human health
(Mayali and Azam 2004; Paul and Pohnert 2011). The most common algicidal
bacteria belong to the Gammaproteobacteria (mainly the genera Alteromonas and
Pseudoalteromonas) and the Bacteroidetes (mainly the genera Cytophaga and
Saprospira) (Mayali and Azam 2004). The algicidal activity can be caused either by
the release of dissolved algicidal compounds or by the lysis of microalgal cells after
attachment. Only few compounds or enzymes responsible for the algicidal effect
have been identified. Different levels of specificity have been reported from algi-
cidal bacteria. Selective activity against one algal species and universal activity
against all tested species in a given taxon have been reported as well as all
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intermediate forms of specificity (Mayali and Azam 2004). Several studies indicate
that some algicidal bacteria can kill their algal prey by releasing proteases (Lee et al.
2000; Paul and Pohnert 2011). Other algicidal bacteria directly attach to the
microalgal cells in order to lyse them (Furusawa et al. 2003).

11.3.3 Mutualistic Interactions

Mutualistic partnerships between bacteria and marine microalgae based on the
exchange of metabolites and nutrients are common (see Cooper and Smith 2015 for
a recent review). Identifying chemical compounds involved in these trophic inter-
actions between bacteria and phytoplankton is essential for our understanding of
marine elemental cycles. Amin et al. (2009) found that several clades of the
gammaproteobacterial genus Marinobacter provide an enhanced supply of Fe(III)
to the dinoflagellate Scripsiella trochoidea, and, in return, the bacterium depends on
organic matter produced by the alga. Durham et al. (2015) established a model
microbial system in which the marine alphaproteobacterium Ruegeria pomeroyi had
an obligate trophic dependency on the diatom Thalassiosira pseudonana for carbon
while the diatom obtained vitamin B12 from the bacterium. A transcriptional
analysis of cocultures of T. pseudonana and R. pomeroyi using RNA-seq revealed
that many transcripts up-regulated in R. pomeroyi were involved in the transport
and metabolism of 2,3-dihydroxypropane-1-sulfonate (DHPS), a sulfur compound
produced by the diatom with no currently recognized role in marine microbial food
webs, but which, like dimethylsulfoniopropionate (DMSP), is produced in large
amounts by many marine algae. Amin et al. (2015) combined transcriptomic
analysis with microbiological and biochemical experiments to study the mutualistic
interactions between the coastal diatom Pseudonitzschia multiseries and its asso-
ciated bacteria. Among 49 bacterial strains isolated from P. multiseries cultures,
members of the genus Sulfitobacter (Rhodobacterales) had the largest positive effect
on the growth of the alga. A Sulfitobacter species promoted diatom cell division via
secretion of the auxin indole-3-acetic acid (IAA), while this bacterium used both
diatom-secreted and endogenous tryptophan. This study also detected levels of IAA
in five coastal North Pacific sites equivalent to that found in laboratory cocultures
and presented transcriptomic evidence from natural samples for multiple IAA
biosynthesis pathways. Amin et al. (2015) proposed that tryptophan and IAA are
signaling molecules to recognize and sustain beneficial partners. Another study of
Phaeobacter inhibens BS107, a member of the Roseobacter clade, and Emiliania
huxleyi, a dominant marine phytoplankton found in large algal blooms, revealed
that interaction between algae and Roseobacter could be mutualistic, antagonistic,
or shift between both (Seyedsayamdost et al. 2011). The bacterium initially pro-
vided a growth enhancing effect by producing an auxin and an antibiotic that
protected the alga from other bacteria. This mutualistic relationship shifted to a
pathogenic relationship when the algal senescence signal p-coumaric acid released
by aging E. huxleyi cells elicited the production by the bacterium of algicidal
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compounds termed roseobacticides that increase cell death of E. huxleyi. A similar
effect was also observed in co-cultures of the dinoflagellate Prorocentrum minimum
and Dinoroseobacter shibae, suggesting that a shift from mutualism to parasitism is
a common feature in Rhodobacterales-based symbiosis (Wang et al. 2014).

11.4 Mutualistic Photosymbioses Between Eukaryotes

In pelagic environments, photosymbiotic interactions between eukaryotes include
relationships that involve microalgae with other protists or with metazoans. Often
assumed to be mutually beneficial or commensal because of the presumed trophic
exchanges and recycling of nutrients between the host and symbionts, the exact
nature of the partnership is often difficult to formally demonstrate. Eukaryotic
epibionts (i.e., cells living on the surface of other organisms) are common in benthic
environments and are also encountered in pelagic ecosystems, such as the associ-
ation between the centric diatom Thalassiosira sp. and the coccolithophore
Reticulofenestra sessilis (Decelle et al. 2015; Taylor 1982). However, planktonic
photosymbioses between eukaryotes most often involve a photosynthetic symbiont
that lives intracellularly within a heterotrophic host (Anderson 2012; Decelle et al.
2015). The most common host taxa in marine plankton are Radiolaria,
Foraminifera, ciliates and dinoflagellates (Stoecker et al. 2009). Microalgal sym-
bionts, often collectively referred to as “zooxanthellae,” have long been thought to
all be rather similar, but recent studies have revealed more diversity in this group.

11.4.1 Radiolarian Hosts

Based on current knowledge, Radiolaria is the most diverse group of planktonic
hosts harboring eukaryotic microalgal symbionts. All main radiolarian lineages
(Spumellaria, Collodaria, Nassellaria, Acantharia) include numerous species har-
boring obligate eukaryotic microalgal symbionts (Suzuki and Not 2015). It is
assumed that these symbiotic species have to specifically acquire their symbionts
from the environment at each host generation (i.e., horizontal transmission). In the
Spumellaria, Collodaria, and Nassellaria, the most commonly occurring symbiont
appears to be the dinoflagellate Brandtodinium nutricula that was first described (as
Zooxanthella nutricula) over a century ago (Brandt 1881), but which was only
recently cultured and morphologically characterized, leading to placement in the
new genus Brandtodinium (Probert et al. 2014). The exact identity of the microalgal
symbionts of the main monophyletic clade of symbiotic Acantharia was recently
revealed to be members of the well-known haptophyte genus Phaeocystis (Decelle
et al. 2012). In apparent contrast to the symbionts of other radiolarians, based on
phylogenies performed on the 18S rRNA and D1–D2 region of the 28S rRNA gene
sequences, acantharian symbionts have the exact same genetic identity as species
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that are abundant in the plankton in their free-living stage, and display a lack of
species-level host specificity (e.g., symbiont geography rather than host taxonomy
is the main determinant of the association). Acanthochiasma, an early branching
clade of Acantharia, has been found to simultaneously harbor multiple symbiotic
microalgae, including distantly related dinoflagellates (Heterocapsa sp.,
Pelagodinium sp., Azadinium sp., and Scrippsiella sp.) as well as a haptophyte
(Chrysochromulina sp.) (Decelle et al. 2013).

Acantharia is widely distributed throughout the world’s ocean and typically
outnumber planktonic Foraminifera and other Radiolaria in oligotrophic open ocean
waters. Environmental molecular diversity surveys of protistan communities in
pelagic ecosystems have demonstrated the ubiquitous occurrence of radiolarian
sequences and notably those of Collodaria (de Vargas et al. 2015; Not et al. 2009).
The Collodaria are large, fragile, colony-forming Radiolaria that have been esti-
mated, using in situ imaging tools, to contribute significantly to total oceanic carbon
standing stock in the upper 200 m of the water column (Biard et al. 2016). Along
with other heterotrophic protists harboring microalgal endosymbionts, their pre-
dominance in surface waters of the intertropical ocean is likely linked to their
photosymbiotic character, illustrating the significance of acquired phototrophy for
global marine ecology (Stoecker et al. 2009).

11.4.2 Foraminiferal Hosts

Only 5 of the nearly 50 species of planktonic Foraminifera described to date harbor
microalgal symbionts, yet these five species correspond to 50–90 % of
Foraminifera individuals found in surface waters of the tropical and subtropical
ocean (Caron et al. 1995; Stoecker et al. 1996). Each host cell can contain up to
20,000 symbionts. These five species, belonging to the genera Globigerinoides,
Globigerinella, and Orbulina, form a monophyletic clade within the Foraminifera
based on 18S rRNA gene phylogenies and they all possess spines along which
symbionts are positioned during the day (Spero 1987). In contrast to benthic
Foraminifera that have a wide diversity of microalgal symbionts, all planktonic
symbiotic species form associations with the recently described dinoflagellate genus
Pelagodinium (Siano et al. 2010), which is related to Symbiodinium in the order
Suessiales. Other microalgal symbionts belonging to the haptophyte genus
Chrysochromulina have been reported (Gast et al. 2000), but this relationship is less
well characterized.

11.4.3 Ciliate Hosts

Symbiotic associations between ciliates and eukaryotic microalgae (e.g.,
Paramecium bursaria and Chlorella sp.) are well known and abundant in
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freshwater ecosystems (Kodama et al. 2014). In marine environments ciliates
preferentially associate with cyanobionts (e.g., Codonella sp.) or perform klepto-
plastidy (retention of plastids only rather than the whole cell) such as the
well-known Mesodinium rubrum which sequesters plastids from a cryptophyte
algae and can form massive blooms (Johnson and Stoecker 2005), or Oligotrichida
ciliates which harbor klepto-chloroplasts from green algae in estuarine environ-
ments (Stoecker et al. 1989a). An original pelagic photosymbiosis between a cal-
cifying ciliate host and the dinoflagellate Symbiodinium was recently described
from surface ocean waters (Mordret et al. 2015). The host is a new ciliate species
closely related to Tiarina fusus (Colepidae) and phylogenetic analysis of the
symbionts revealed that they are novel genotypes of Symbiodinium, closely related
to clade A, that do not seem to associate with any benthic host. Based on molecular
diversity surveys, this symbiotic partnership occurs globally, in particular in
nutrient-poor surface waters.

11.4.4 Dinoflagellate Hosts

Photosynthetic dinoflagellates can be symbionts of other large protists (e.g.,
Foraminifera or Radiolaria), but heterotrophic dinoflagellates can also harbor
photosynthetic symbionts. These symbionts are mainly cyanobionts (see above),
but in some cases can be eukaryotic microalgae. For instance, the genus
Amphisolenia has been described to simultaneously harbor both cyanobionts and
pelagophyte microalgae (Daugbjerg et al. 2013). The bioluminescent dinoflagellate
species Noctiluca scintillans lives in symbiosis with a green prasinophyte alga,
described from its morphology as Pedinomonas noctilucae (Sweeney 1976), and
can harbor up to 10,000 symbionts that swim freely within large vacuoles in the
host cell. The Noctiluca–Pedinomonas association is common in tropical and
subtropical areas of southeast Asia, in the Indian Ocean, the Pacific Ocean, and the
Red Sea where it regularly forms extensive blooms (called “green tides”) reaching
densities of up to 5 � 106 cells L−1 (Harrison et al. 2011). Diatoms (“dinotoms”)
and other symbionts of uncertain affiliation can be found in symbiosis with
dinoflagellate hosts, but these are less well described (Imanian et al. 2010).

11.4.5 Metazoan Hosts

Endosymbiotic microalgae are also found in association with large multicellular
metazoan plankton, such as jellyfish and acoel flatworms. Among the most studied
jellyfish, the scyphozoan Cassiopea has been described in symbiosis with the
dinoflagellate Symbiodinium microadriaticum, but the specificity of the relation-
ships between host and symbiont are currently unclear as morphological, bio-
chemical, and physiological differences between strains cultured from different
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hosts have been observed (Arai 1997). Other dinoflagellates, namely Gymnodinium
linuchae and Scrippsiella vellelae, have been isolated and described from the
scyphozoan Linuche unguiculata and the hydrozoan Vellela vellela, respectively
(Trench and Thinh 2007). S. vellelae was redefined as B. nutricula and is the same
symbiont found in the majority of radiolarians (Probert et al. 2014). All species of
pelagic acoel flatworms collected over a 13 year sampling effort in surface waters
of the open oceans harbor microalgal endosymbionts (Stoecker et al. 1989b). From
this latter study, three types of oceanic flatworms were discriminated: a “bright
green” and a “dark brown” acoel presumably belonging to the host genus
Convoluta and both harboring a green prasinophyte-like symbiont identified based
on ultrastructure. The “dark brown” flatworm was mostly observed on the surface
of colonial radiolarians and other gelatinous plankton. The third type of acoel was
referred to as “golden” and harbors a dinoflagellate symbiont of uncertain taxo-
nomic affiliation. Dinoflagellate endosymbionts of the pelagic acoel Amphiscolops
sp. were identified as belonging to the genus Amphidinium (Lopes and Silveira
1994). Acoel flatworms with algal endosymbionts depend on both autotrophic and
heterotrophic nutrition and are a widespread, though sporadic component of the
plankton in the upper water column in warm, oceanic waters. Jellyfish harboring
photosymbionts are frequently observed in the environment and besides a trophic
relationship that is presumably advantageous in oligotrophic environments (i.e.,
recycling of nutrients between the host and symbionts), the exact role of the pho-
tosymbiosis is not well understood. It has been suggested that symbiosis enhances
the rate of strobilation, being potentially involved in the host cell cycle (Arai 1997).

11.5 Parasitic Photosymbioses Between Eukaryotes

Parasitism is a non-mutual symbiotic relationship that can be neutral to lethal (i.e.,
never beneficial) for the host. The parasite has an obligate physical association with
its host, at least during a part of its life cycle. Parasitic photosymbioses include
heterotrophic protists infecting microalgae and microalgae infecting larger animals.
All marine protists involved in parasitic photosymbioses have a similar life cycle
that typically includes three stages which allow the parasite to fulfill three essential
functions: infection of the host via an actively swimming zoospore, acquisition of
energy via a feeding stage (the trophont), and sporulation by a sporocyst which
produce zoospores used for propagation (i.e., they are all zoosporic parasites).
These parasites are thus horizontally transmitted, meaning that the host is newly
infected from the surrounding environment at each generation.

All of these parasites can be classified based on their impact on their host, their
localization on their host and their mode of transmission (Lafferty and Kuris 2002,
Poulin 2011). Parasites infecting microalgae generally kill their host and these
highly virulent parasites are called parasitoids. The impact of microalgal parasites
infecting larger animals is generally lower. Beside their negative impact on host
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populations, zoospores of parasites are actively grazed by predators and should also
be considered as an important trophic resource in marine pelagic systems.

11.5.1 Heterotrophic Parasites Infecting Microalgae

All known protistan parasites of marine microalgae infect either diatoms or
dinoflagellates. Protistan parasites infecting other important marine microalgal
lineages exist in freshwater, e.g., the perkinsoan Rastrimonas subtilis infecting the
cryptophyte Chilomonas paramecium (Brugerolle 2002), but have never been
reported in marine habitats. Parasites of marine diatoms include chytrids, aphelids,
stramenopiles (including the genus Pirsonia, oomycetes, labyrinthuloids, and
hyphochytrids), dinoflagellates, cercozoans, and phytomyxids (for a review see
Scholz et al. 2016). Parasites of dinoflagellates include chytrids (different from
those infecting diatoms), Syndiniales (Amoebophryidae) and Perkinsozoa (for a
review see Jephcott et al. 2015). The trophont of these parasites develops either
outside (ectoparasites) or inside (endoparasites) their host. Ectoparasites may par-
tially penetrate inside the host (part of the cytoplasm, and even the mitochondrion,
Lepelletier et al. 2014a), but the nucleus always remains outside the host.
Ectoparasites of microalgae use different strategies to penetrate their host. Fungi
produce a germ tube that penetrates into the dinoflagellate host through gaps
between thecal plates (Lepelletier et al. 2014a, b). Most ectoparasites of microalgae,
however, are active phagotrophs and feed either by endocytosis, pinocytosis or
phagocytosis. The heterokont Pirsonia spp. and the cercozoans Pseudopirsonia
mucosa and Cryothecomonas longipes infect diatoms using a pseudopodium-like
cytoplasmic strand that either pierces the diatom frustule, generally in the girdle
region, or passes through natural orifices of centric diatoms (Schnepf and Kuhn
2000; Schweikert and Schnepf 1997). Paulsenella is a dinoflagellate ectoparasite of
diatoms that pierces the host plasmalemma by a feeding tube (called the pedoncule)
and gradually sucked out the host cytoplasm, resembling drinking through a straw.
The prey’s cytoplasm is deposited in a food vacuole where it is digested. This mode
of endocytosis (called myzocytosis, Schnepf and Deichgräber 1984) is a feeding
mode exclusively observed in alveolate parasitoids.

When the nucleus of the parasite enters inside the host, the parasite is considered
as an endoparasite. There are several advantages to being an endoparasite. First, the
endoparasite remains protected by the external envelope of its host during its whole
maturation. Second, an endoparasite more efficiently exploits its host than an
ectoparasite. While in the case of ectoparasites, the host nucleus and enough of the
cytoplasm can be left to allow the host to survive the infection (Kühn et al. 1996;
Schnepf and Melkonian 1990; Schweikert and Schnepf 1997), endoparasites always
kill their host and can digest them entirely, including the nucleus. However,
endoparasites need to overcome two major difficulties: bypassing the natural
defenses of the host to enter the cell and finding a way to leave the cell after
maturation. Different strategies are used by endoparasites to enter and develop
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safely inside their host. Like ectoparasites, the aphelid Pseudaphelidium drebessi
(Karpov et al. 2014) and the cercozoan Cryothecomonas aestivalis (Drebes et al.
1996) produce a pseudopodium-like structure and squeeze into the interior of the
diatom frustule. Inside the diatom frustule, these parasites are in intimate contact
with the host plasma membrane, but never pierce it (Schweikert and Schnepf 1997).
Apicomplexans and relatives (Syndiniales and Perkinsozoa) use an apical complex
derived structure to penetrate their host (Leander and Keeling 2003). The host of
Parvilucifera spp. is rapidly immobilized at the penetration of the parasite that then
feeds by osmotrophy by producing external enzymes that totally digest its host. In
contrast, Amoebophrya ceratii is an endoparasitic phagotroph that preserves its host
alive (swimming in the water column) until the very end of the maturation process.

The intracellular trophont often distorts the host cell. Dinoflagellates infected by
A. ceratii become much larger than healthy cells (Hanic et al. 2009; Kim et al.
2004). For sporulation, C. aestivalis forms slightly amoeboid flagellate spores that
are discharged by slipping with their posterior pole foremost through the diatom
frustule (Drebes et al. 1996). Oomycetes and chytrids infecting the diatom Pseudo-
nitzschia pungens (Hanic et al. 2009) produce similarly shaped discharge tubes
through the host cell wall. In A. ceratii the sporocyst makes a complex evagination
to leave its host (Cachon 1964) and once outside the cell becomes an elongated
multicellular flagellated structure (the vermiform stage). Within hours, each cell
forming this vermiform is released from this multicellular structure and is available
to infect a novel host.

Several parasites are known to produce resting stages, e.g., Pirsonia
spp. (Drebes and Schnepf 1988; Kühn et al. 1996), aphelids (Karpov et al. 2014) or
C. aestivalis (Drebes et al. 1996). Whether these resting stages are the result of a
sexual reproduction is unknown. Mature zoospores will be released via several
opercules that will be opened possibly after activation by water-borne signals
(Garcés et al. 2013). A. ceratii may enter into dormancy in its host resting cyst and
new infections are initiated after germination of the host cyst (Chambouvet et al.
2011a). This strategy allows a perfect physical coupling in time and space of the
parasite with its host.

11.5.2 Microalgal Parasites Infecting Larger Organisms

Microalgae may be obligatory and/or facultative parasites of marine metazoans in
benthic and pelagic ecosystems (Rodriguez et al. 2008). Members of the
dinoflagellate genus Blastodinium are endocommensal of copepods (Skovgaard
et al. 2012). They are directly ingested by their hosts as food particles and once
inside the copepod gut, they develop and produce one to several large (several
hundreds of microns) trophont or sporocyst individuals surrounded by the same
outer mother membrane. Infected copepods are generally smaller, less fit, and less
fecund than healthy ones as a consequence of a physical blocking of the alimentary
tract in the gut of the animal and competition for food uptake.
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11.5.3 Detection of Parasites in Environmental Genetic
Surveys

In molecular surveys of plankton diversity, Amoebophryidae, also known as
Marine ALVeolate group II or MALV II (López-García et al. 2001), always rep-
resent a large fraction of the sequences retrieved from marine habitats, from surface
waters to deep hydrothermal vents, but have never been found in freshwater. This
family includes a single genus, Amoebophrya, with seven species, all described by
Cachon (1964). Environmental surveys based on sequencing the SSU rRNA gene
have revealed an impressive diversity within this lineage, including more than 40
genetic clusters identified, most composed of several distinct subclusters that
potentially correspond to separate species (Guillou et al. 2008). All Amoebophrya
are parasites, infecting either radiolarians (A. acanthometrae and A. sticholonchae),
ciliates (A. tintinni), dinoflagellates (A. ceratii and A. leptodisci) or other parasites
(i.e., the hyperparasites A. grassei and A. rosei). A. ceratii infects most, if not all,
phototrophic dinoflagellates (Cachon 1964; Siano et al. 2011). This wide host range
may explain the ecological success of this parasitic group. MALV II are predom-
inantly detected in the smallest picoplanktonic size fractions by metabarcoding
(Massana et al. 2015) and from environmental DNA rather than RNA (Massana
et al. 2015; Not et al. 2009). Environmental genetic surveys are likely to detect
preferentially zoospores, which are actively swimming propagules that do not
reproduce mitotically. Their viability in marine water is at most a few days, even in
culture (Cachon 1964; Coats and Park 2002). One infection potentially releases
hundreds of zoospores that, like spermatozoids, have a high nucleus/cytoplasm
ratio. The genetic trace of these zoospores is likely detectable long after they die as
a part of free environmental genetic material. Not all marine parasites are prefer-
entially detected in the smallest size fractions. Blastodinium spp. environmental
sequences are more prevalent within the mesoplanktonic fraction (180–2000 µm;
de Vargas et al. 2015), leading to the conclusion that these parasites are mainly
detected within their hosts. Less destructive methods, such as Fluorescent In Situ
Hybridization (FISH) techniques, have been used to confirm that infections of
dinoflagellates by A. ceratii and of copepods by Blastodinium spp. occur from
coastal environments to the most oligotrophic areas of the planet (Alves-de-Souza
et al. 2011; Siano et al. 2011).

11.6 Methods for Studying Pelagic Symbioses

11.6.1 Microscopy and Related Approaches

Marine pelagic photosymbiotic associations were first discovered soon after light
microscopes started to become widely available in the latter half of the 19th cen-
tury. Only two years after de Bary (1879) coined the term symbiosis, K. Brandt
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used light microscopy to recognize that the “yellow cells” inside radiolarians,
actinian corals, and hydrozoans were in fact symbiotic microalgae (Brandt 1881).
Symbiotic associations between diatoms and cyanobacteria were first described
from light microscope observations by Karsten (1907). In the second half of the
20th century, increasingly sophisticated microscopy-related methods were
employed to discover and describe pelagic symbiotic relationships. The develop-
ment of transmission electron microscopy in the 1960s allowed more precise
localization and sometimes taxonomic identification of symbionts inside host cells
(e.g., Hollande and Carré 1974; Taylor 1971). Characterization by electron
microscopy of the morphology and/or ultrastructure of symbionts either within the
host cell ‘in hospite’ (Hagino et al. 2013; Miller et al. 2012; Yuasa et al. 2012) or
outside, ‘ex hospite’ or ‘free living’ (Probert et al. 2014), remains central to the
study of these associations. When coupled with immuno-labeling, electron micro-
scopy allows precise intracellular localization within host and/or symbiont cells of
specific proteins such as nitrogenase (Foster et al. 2006). From the 1980s onwards,
epifluorescence microscopy has been widely used to assess the type of pigment
present in the symbionts (and thus general taxonomic assignation). For example,
fluorescence microscopy permits easy distinction of chlorophyll-containing
eukaryotes from phycoerythrin-containing cyanobacteria (Stoecker et al. 1987) or
Syndiniales parasites within dinoflagellates based on their specific green fluores-
cence (Chambouvet et al. 2011a). The subsequent development of molecular probes
coupled with fluorescent labels (FISH) using amplification approaches, such as
Tyramide Signal Amplification (TSA), necessary in many cases because of the low
ribosomal signal of the symbionts or parasites compared to their hosts, allows
determination of the taxonomical affiliation of hosts and/or symbionts (e.g., Biegala
et al. 2002; Cabello et al. 2016; Chambouvet et al. 2008). Nanoscale secondary ion
mass spectrometry (Nano-SIMS; Musat et al. 2012) is a powerful emerging tech-
nique which allows assessment of the cellular localization and metabolic fluxes of
compounds such as nitrogen or carbon (Foster et al. 2011; Thompson et al. 2012).
Flow cytometry allows characterization and physical separation of cells based on
their size and fluorescence and has been used, for example, to sort small eukaryotes
associated to nitrogen-fixing cyanobacteria in order to determine their taxonomic
affiliation (Thompson et al. 2012) or to study pico- and nano-phytoplankton
associations with fungi (Lepère et al. 2015).

11.6.2 Ex Situ Laboratory Culture

The successful maintenance of planktonic organisms in ex situ laboratory culture
greatly facilitates in depth morphological, genetic and physiological studies.
Culturing of organisms that are capable of living in isolation from other species is a
challenge in itself (Stewart 2012). The co-culture of organisms involved in sym-
biotic associations tends to be even more complex. For pelagic photosymbioses,
most success to date has come from separating the partners and culturing one
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(or more rarely both) as a free-living organism. For mutualistic symbioses involving
unicellular photosynthetic organisms as symbionts, separation of the partners by
manual micropipetting has been increasingly successful (e.g. Decelle et al. 2012;
Probert et al. 2014; Siano et al. 2010). This method involves disintegration
(crushing) of the host cell with a micropipette under an inverted microscope to
release the symbionts, which are subsequently individually isolated into an
appropriate culture medium in which they develop as a culture of the free-living
form. Disintegration methods are often used to release microalgal symbionts from
corals and anemones, but induction of the release of symbionts by physical (e.g.
heat, light, or salinity shock) and/or chemical (e.g. 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) or menthol) treatment has also been reported for these
benthic metazoan hosts (Wang et al. 2012). The viability of the symbionts released
using these physical or chemical treatments may vary for a given method between
host species (Wang et al. 2012). The fact that microalgal symbionts are typically
maintained within host cells in a simplified (‘protoplasmic’) state with considerably
altered phenotype (for example, lack of flagella and/or theca, abnormally large cell
size) facilitates single-cell isolation once the cells are released, but can mean that
cells are more prone to deleterious physicochemical shock when released from the
host. There is undoubtedly considerable scope for better mimicking the physico-
chemical environment within the host in order to increase the success of isolation of
symbionts, particularly for those with specific physiological capacities such as N2-
fixation. It has been possible to maintain the N2-fixing cyanobacterial symbiont
Calothrix in culture outside its host diatom Chaetoceros (Foster et al. 2010), but
Richelia can only be maintained within its host. Neither the host diatom
Rhizosolenia (Villareal 1990) or the haptophyte hosts of UCYN-A N2-fixing
cyanobacterial symbiont have been cultivated to date (Fig. 11.1).

Co-culturing of host and symbiont (the ‘holobiont’) is required to conduct
experiments to develop a mechanistic understanding of the functioning of symbiotic
relationships. Many symbiotic coral species can be maintained in culture for long
periods of time with colonies growing by asexual reproduction. However, mas-
tering the sexual reproduction of corals in ex situ culture has proven much more
difficult, particularly for species that have separate mating types and that expel
(rather than brood) their gametes. Some pelagic organisms harboring microalgal
symbionts can be maintained for short periods (up to a few weeks) in laboratory
conditions, particularly if kept in circulating seawater aquarium systems that
maintain them in suspension. However, the almost total lack of knowledge about
asexual and sexual reproduction processes of host organisms from the pelagic
environment has prevented successful long-term culture of these organisms. Most
heterotrophic hosts are known to undergo sexual reproduction and release
aposymbiotic (i.e., without symbiont) gametes at some point in their life cycle, but
nothing is known about the processes of gamete recognition, fusion, and subsequent
establishment of a daughter generation that would need to reacquire symbionts from
the environment (horizontal transmission). The culture of pelagic photosymbiotic
holobionts will require considerable advances not only in the technology of culture
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systems, but also in knowledge of the undoubtedly complex life cycles of these
organisms.

The majority of parasites cannot be maintained in culture without their host.
Generalist parasites (infecting a large range of hosts) are typically much easier to
isolate than specialist parasites (having a narrow host range). For specialists, it is
recommended to first establish the host strain in culture from the locality where the
parasite will be isolated. The main bottleneck for their cultivation remains the labor
intensiveness of their maintenance, as parasites of phytoplankton typically have
rapid life cycles and have to be regularly transferred into a fresh host culture (as
frequently as twice per week). Some parasites of microalgae, such as Parvilucifera
spp., can be stored for longer periods at 4 °C and/or cryopreserved (Lepelletier et al.
2014a, b).

11.6.3 Molecular Approaches

The introduction of molecular techniques into plankton research has allowed much
better characterization of the nature and diversity of hosts as well as symbionts
using marker ‘barcode’ genes such as 18S or 16S rRNA (e.g., Chambouvet et al.
2011b; Decelle et al. 2012; Thompson et al. 2014) or functional genes linked to the
key role of the symbiont such as nifH or hetR involved in N2-fixation (Foster and
Zehr 2006). In light of the difficulty of culturing pelagic photosymbiotic associa-
tions, one big advantage of molecular techniques is that they can usually be
employed in culture-independent studies. In recent years, new “omics” approaches
(genomics, transcriptomics, and their meta- declinations when dealing with
uncultured organisms) have increasingly been employed to study the nature of
symbiotic relationships. For example, determination from flow cytometry sorted
cells of the genome sequence of the symbiotic cyanobacterium UCYN-A

b Fig. 11.1 Illustrations of pelagic photosymbioses. a and b Scanning electron microscopy images
of heterotrophic bacteria associated to the diatom Pseudonitzschia multiseries (from Kaczmarska
et al. 2005, scale bars = 1 µm). c Symbiosis between the cyanobacterium Richelia and the diatom
Rhizosolenia drawn from microscopic observations (Karsten 1907). d TEM images of the
prymnesiophyte algae Braarudosphaera bigelowii showing nucleus (N), chloroplasts (Chl), lipid
globules (L), pentaliths (P), mitochondria (mt) and cyanobacterial symbiont (S) (from Hagino et al.
2013, under CC BY license). e Planktonic Foraminifera in association with its dinoflagellate
symbiont Pelagodinium beii, insert shows the Foraminifera test broken and symbiotic algae
released (small golden dots). f One large Radiolaria cell (Collodaria), displaying its dinoflagellate
symbionts (Brandtodinium nutricula) on the outer part (numerous small golden dots). g Left,
optical microscopy image of a copepode (Clausocalanus type) infected by the microalgae
Blastodinium contortum, and right, same specimen observed under epifluorescence showing the
chlorophyll autofluorescence (red) of its algal parasitic endosymbiont. h The dinoflagellate species
Heterocapsa triquetra infected and noninfected cells from a natural sample collected in the Penzé
estuary, France. The parasites is detected by a FISH using the ALV01 probe (green), the host
parasite is stained in red by propidium iodine and the host theca stained in blue by calcofluor
(photo credit. C. Alves-de-souza, scale bar: 20 µm)
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highlighted the absence of photosystem II in this organism and therefore its
inability to fix carbon (Zehr et al. 2008) for which it has to rely on its host
(Thompson et al. 2012). Genome sequencing also revealed that Richelia, a
cyanobacterial symbiont of diatoms, lacks key N metabolism genes (Hilton et al.
2013). Transcriptomic approaches are currently more accessible than full genome
sequencing for eukaryotes and these have been used, for example, to identify genes
potentially involved in symbiosis or parasitic attack such as those coding for lectins
(Balzano et al. 2015; Lu et al. 2014).

Interactions between marine protists and bacteria have been demonstrated using
single-cell sorting by flow cytometry and further sequencing SSU rRNA genes of
the individual protist and the bacteria physically associated with it (Martinez-Garcia
et al. 2012). In particular, the latter pilot study suggested the discovery of novel
symbionts, distantly related to Rickettsiales and the candidate divisions ZB3 and
TG2, associated with cercozoan, and chrysophyte hosts. Although further studies
are required to unequivocally determine whether these newly discovered associa-
tions represent parasitic or mutualistic relationships, single-cell sequencing is a
promising approach for the analysis of ecological interactions between uncultured
protists and bacteria.

11.7 Concluding Remarks

Only in recent years scientists have started to realize the full extent of the critical
roles and services provided by symbioses across ecosystems and scales, from
molecular to ecological (McFall-Ngai 2008). It has long been recognized that
symbiotic interactions exist in the marine pelagic environment, but the pace of
discovery has increased in recent years through the application of both classical
techniques and novel methodologies such as high-throughput sequencing associ-
ated to bioinformatic analysis of interaction networks (Guidi et al. 2016;
Lima-Mendez et al. 2015; Thompson et al. 2012; Worden et al. 2015). Several new,
ecologically important pelagic photosymbiotic associations have been discovered
and at least partially characterized and it would not be surprising to see this trend
continue and even intensify in the near future. It is clear that future studies aiming to
model nutrient and energy budgets in the ocean must take into account the
importance of pelagic symbiotic associations for the input of new nitrogen, as well
as for the downward flux of carbon in the water column.

In order to progress toward a holistic understanding of the marine microbiome
(Dubilier et al. 2015), it is important to further complement descriptive studies of
the nature of photosymbiotic interactions with understanding of the physiological
and molecular mechanisms involved. Despite promising developments in
culture-independent methods (e.g., single-cell approaches), ex situ culturing, and
experimentation remains a critical step to comprehensively understand any bio-
logical system. The establishment of new, ecologically relevant, culturable
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biological model systems to study pelagic photosymbioses is one of the main
challenges facing researchers in this field in coming years.
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Part III
Marine Resources—The Hidden Treasure



Chapter 12
Marine Microbial Systems Ecology:
Microbial Networks in the Sea

Gerard Muyzer

Abstract Next-generation sequencing of DNA has revolutionized microbial
ecology. Using this technology, it became for the first time possible to analyze
hundreds of samples simultaneously and in great detail. 16S rRNA amplicon
sequencing, metagenomics and metatranscriptomics became available to determine
the diversity and activity of microbial communities. Moreover, the huge amount of
data that is obtained made it possible to build statistically significant networks from
which ecological (or metabolic) interactions amongst microbes and between
microbes and their environment could be inferred. Here I give an overview of the use
of next-generation sequencing and network analysis in marine microbial ecology.

12.1 Introduction

Bacteria are everywhere and they are present in large numbers. For instance, there
are more bacteria in the human gut (1013; Sears 2005), than stars in the sky
(4 � 1011; Cain 2013). It has been estimated that the total number of bacterial cells
on Earth is between 4 � 1030 and 6 � 1030 (Whitman et al. 1998). To study these
bacteria, microbiologists have tried to isolate them in pure culture. But unfortu-
nately only less than 1 % of the bacteria that could be seen and counted by
microscopy were growing as colonies on solid media, a phenomenon which is
known as the “Great Plate Count Anomaly” (Staley and Konopka 1985). To answer
important questions on the diversity and activity of microorganisms, molecular
techniques, such as cloning and community fingerprinting of PCR-amplified 16S
rRNA gene fragments (e.g., SSCP, Lee et al. 1996; T-RFLP, Marsh 1999; DGGE,
Muyzer 1999) were used. The results of investigations using these molecular
techniques showed that microbial diversity was enormous, and that most of the
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bacteria that could be detected in nature had not been isolated in pure culture and so
were not described. However, although successful, these techniques were mainly
detecting predominant community constituents leaving rare members, the “rare
biosphere” (Sogin et al. 2006), undetected (Pedrós-Alió 2006). In addition, these
methods were limited in the number of samples that could be studied simultane-
ously, which made it difficult to perform statistical analysis. The application of
next-generation sequencing technologies (Maclean et al. 2009) revolutionized the
field of microbial ecology; now it became, for the first time, possible to study
hundreds of samples of microbial communities at the same time (Hamady et al.
2008) and in great detail. This made it possible to perform co-occurrence analysis
resulting in microbial association networks consisting of nodes and edges from
which ecological relationships between different microorganisms, and between
microorganisms and their environment could be inferred (Fig. 12.1; Faust and Raes
2012; Faust et al. 2015; Fuhrman et al. 2015). Positive relations between different
microorganisms could be interpreted as mutualism, while negative relations could
point to competition. Nodes with many links are assumed to be “keystone” species.
Co-occurrence analysis has been used to study the ecological interactions of
microbes in lakes (Eiler et al. 2012; Peura et al. 2015), soils (Barberán et al. 2011),
streams (Widder et al. 2014), the human microbiome (Faust et al. 2012), and the
marine environment (see below).
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Fig. 12.1 Co-occurrence network showing positive (green) and negative (red) relations between
different bacteria. The size of the nodes is an indication of the number of links. The network has
been calculated from 16S rRNA amplicon data using the software program CoNET (Faust and
Raes 2012) and drawn in Cytoscape (Shannon et al. 2003)
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Here I will give an overview on the use of next-generation sequencing and will
argue for the use of a systems biology approach to study marine microbial
ecosystems. I will limit this review to microorganisms (Bacteria, Archaea, protists,
and viruses) in the water column that play an essential role in the cycling of carbon
and nutrients in marine ecosystems (Falkowski et al. 2008). These microorganisms
are part of the “microbial loop,” whereby dissolved organic carbon (DOC) is
processed and consumed and returned into the marine food web, where it becomes
available to higher trophic levels (Azam et al. 1983). Although much research has
been done on the microbial loop, and key species have been identified, little is
known about the interactions between the different community members, and the
environmental factors that might influence the diversity and activity of these
microorganisms. However, this information is essential for a comprehensive
understanding of the consequences of short- and long-term perturbations such as
eutrophication and global warming on the microbial loop and the marine ecosystem
as a whole. Only by using an integrated or holistic approach with knowledge and
technologies of different disciplines this information can be obtained (Karsenti et al.
2011). Such a systems biology approach allows the possibility to model these
ecosystems and finally to predict the effects of perturbations (Raes and Bork 2008).

12.2 16S rRNA Amplicon Sequencing

Fuhrman and colleagues (Steele et al. 2011) used network analysis to reveal eco-
logical relationships between Bacteria, Archaea, and protists and the environmental
parameters that might influence these relationships. They took monthly samples
over a period of three years from the deep chlorophyll maximum layer at the San
Pedro Ocean Time Series (SPOT) site off the coast of California. Different
molecular techniques (i.e., ARISA and T-RFLP combined with cloning and qPCR)
were used to identify the community members and to monitor their dynamics over
time. In addition, several environmental parameters, such as temperature, salinity,
dissolved oxygen, nutrients, pigments, and total abundance of bacteria and viruses
were measured. Steele et al. (2011) found different networks in which particular
OTUs, such as for instance SAR11, played a central role. These highly connected
OTUs can be regarded as “keystone” species. Positive correlations between
microorganisms and water density indicated a preference of these organisms for
cold water. Positive correlations without time delay showed that organisms were
growing under similar conditions, while positive correlations with a time delay
indicated a succession. Negative correlations between protists and bacteria pointed
to grazing, and a negative correlation between the cyanobacterium Synechococcus
and the green alga Ostreococcus indicated competition. In a subsequent study,
Chow et al. (2014) used network analysis to determine the effect of viral lysis and
protistan grazing (‘top-down” controls) on the bacterial community structure. These
authors found more associations between viruses and bacteria than between protists
and bacteria, indicating host specificity and nonselective interactions, respectively.
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In another publication, they described the differences in microbial associations
within and between different water depths (Cram et al. 2015).

Gilbert et al. (2012) studied the seasonal dynamics of microbial communities
over a period of 6 years. They collected water samples between January 2003 and
December 2008 from a long-time series station in Western English Channel.
Different environmental parameters (e.g., temperature, salinity, length of the day,
nutrient concentrations, abundance of phyto- and zooplankton) were measured, and
16S rRNA gene tag pyrosequencing was used to identify the community members
and to monitor their succession over time. Members of the Rickettsiales, such as
SAR11 (currently placed in the order Pelagibacterales (Ferla et al. 2013)), and the
Rhodobacterales, both within the Alphaproteobacteria, were the most dominant
community constituents. These populations showed strong seasonal dynamics;
SAR11 was most abundant in winter, when primary productivity was low, while
members of the Roseobacter clade were abundantly present in spring and autumn,
when primary productivity was high. Gilbert et al. (2012) found, to their surprise,
that the most explanatory parameter for bacterial richness was day length.
Co-occurrence network analysis showed that interactions within domains (e.g.,
Bacteria) were stronger than between domains (i.e., Bacteria and Eukarya), or
between bacterial taxa and environmental factors.

12.3 Metagenomics

Apart from using one gene as a molecular marker (e.g., 16S rRNA gene), scientists
also used the complete collection of genes, the “metagenome,” to study the structure
and function of marine microbial communities. Within the Tara Oceans project
(Karsenti et al. 2011) a consortium of scientists from different disciplines studied the
bacterial and archaeal (Sunagawa et al. 2015), picoeukaryal (Lima-Mendez et al.
2015) and viral (Brum et al. 2015) communities using a holistic or systems biology
approach. About 35,000 water samples from different depths and across the globe
were collected and used for morphological, genetic, and environmental analysis.
Sunagawa et al. (2015) used metagenomics to study the microbial communities in
243 water samples from 68 locations and three different depths. From this infor-
mation they generated an Ocean Microbial Reference Gene Catalog consisting of
more than 40 million mostly novel sequences. Moreover, they showed in 139
bacteria-enriched samples that (i) the most dominant community members were
affiliated to the Alphaproteobacteria (SAR11) and the Gammaproteobacteria
(SAR86), (ii) that richness increased with sample depth, and (iii) that temperature
was the main driver of community composition in the epipelagic layer (up to 200 m
depth). The ocean core metagenome, i.e., present in all 139 samples, consisted of
5755 clusters of orthologous groups (OGs). Comparative analysis of the ocean core
OGs with the human gut core OGs showed a large overlap of functions (i.e., 73 %
for the ocean core OGs and 63 % for the gut core OGs). Nevertheless, differences in
the abundance of different functional groups were present, such as OGs involved in
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defense mechanisms and carbohydrate metabolism, which were more abundant in
the gut core, while those for transport mechanism and energy production were more
abundant in the ocean core. Although the taxonomic composition between different
ocean regions was variable, the functional variability was more or less stable,
indicating functional redundancy. Furthermore, nearly all of the OGs present in the
epipelagic layer were also present in the mesopelagic layer (between 200 and
1000 m depth, although some functions were more enriched in the mesopelagic
layer, such as those involved in aerobic respiration for remineralization of organic
matter produced in the epipelagic layer, and flagella assembly and chemotaxis to
colonize sinking particles and marine snow.

In the same Tara Oceans project Lima-Mendez et al. (2015) studied the influ-
ence of biotic and abiotic factors on the interaction network (“interactome”) of
oceanic plankton. They collected 313 plankton samples (from viruses to small
metazoans) from two water depths at 68 stations across eight oceanic provinces
around the globe. They used different network inference methods and machine-
learning techniques to construct interactions networks from metagenomic (mitags,
Logares et al. 2014) and 18S rRNA amplicon sequences, and environmental vari-
ables. The results showed that environmental variables only had a limited effect on
community structure. The integrated network contained 81,590 biotic interactions,
for which 72 % were positive and 23 % were negative interactions. Most interac-
tions resulted from dinoflagelates (i.e., Syndiniales and Dinophyceae) and from
arthropods. Examples were the positive interaction of Syndiniales with tintinnid
ciliates, and the association of diatoms and Flavobacteria. The authors emphasized
the role of top-down biotic interactions, such as parasitic or phage-microbe inter-
actions, in the epipelagic zone. They concluded that the presented interactome
could be used to predict the structure and dynamics of ocean ecosystems.

Apart from Bacteria, Archaea, and micro-eukaryotes the Tara Oceans project
also studied viruses. Brum et al. (2015) used metagenomics of double-stranded
DNA (dsDNA) viruses (‘viromes’) and virus morphology to determine the patterns
and ecological drivers of ocean viral communities. They established a dataset of 43
viromes from the epipelagic layer of seven oceans and seas (Tara Oceans Viromes
(TOV) dataset). Analysis of sequence similarity-based protein clusters (PC) showed
a pan virome of a million PCs, which only slightly increased after the analysis of 20
viromes. Brum et al. (2015) found that oceanic currents transported viral commu-
nities and that local environmental factors stimulating microbial hosts indirectly
also structured these viral communities, thereby confirming the “seed-bank”
hypothesis posed by Breitbart and Rohwer (2005).

The results obtained by Brum et al. (2015) nicely complemented the results
found by Hurwitz and Sullivan (2013) who studied, over different seasons, the
viromes of different stations, and various depths in the Pacific Ocean. These authors
obtained a dataset of 456,000 PCs (Pacific Ocean Virome (POV) dataset) and found
that functional diversity decreased from deep to surface water, from winter to
summer, and with distance from the shore. In a subsequent study Hurwitz et al.
(2014) used the POV dataset for comparative metagenomics and network analysis
to determine the ecological drivers of viral community structure. The results
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showed that the 32 viromes clustered in eight groups, three in the photic and five in
the aphotic zone, with geographic location, depth, and proximity to shore as the
main predictors of the network. However, analysis of sub-networks of viromes,
such as those obtained from samples along the LineP transect, showed that depth,
season, and oxygen were significant drivers of the viral community structure.

12.4 Metatranscriptomics

So far, most research has been focused on DNA, i.e., on the presence of
microorganisms using 16S rRNA amplicon sequencing or metagenomics. However,
for a comprehensive understanding of the complete marine microbial ecosystem the
expression of genes using metatranscriptomics and metaproteomics needs to be
studied as well. DeLong and coworkers were pioneers in gene expression analysis
of marine microbial communities. In their first study, they amplified small amounts
of RNA to produce enough cDNA for pyrosequencing. Subsequently, the reads
were compared to the metagenome of the same sample (Frias-Lopez et al. 2008).
The results showed expression of genes involved in photosynthesis, carbon fixation
and nitrogen acquisition, genes encoding hypothetical proteins, as well as many
genes (ca. 50 %) that had never been detected before. In subsequent studies the
authors designed a strategy to collect and preserve samples automatically by a
robotic system, and investigated gene expression of bacterioplankton over time
(Ottesen et al. 2011, 2013). Using transcriptomic network analysis, Aylward et al.
(2015) demonstrated that gene expression of microbial plankton communities was
orchestrated by the 24-h metabolic cycle of the photoautotrophs Ostreococcus and
Prochlorococcus.

Baker et al. (2013) used a slightly different approach in studying gene expression
of microbial populations from a hydrothermal plume in the Guaymas Basin, Gulf of
California. They performed de novo assembly of the reads into “mRNA” contigs
that were subsequently annotated; this approach has the advantage that it might
detect gene expression in less abundant, but highly active populations. Most tran-
scripts belonged to genes involved in the oxidation of sulfur, ammonia, and
methane, as well as genes encoding ribosomal proteins. In addition, they found
novel genes involved in nitrite oxidation (nxr) in novel Nitrospira-like organisms.

12.5 Metaproteomics

Metaproteomics or community proteomics (Verberkmoes et al. 2009) is another
powerful tool to determine the activity of microbial community members. In
metaproteomics proteins are extracted from microbial communities, digested with
trypsin, separated by liquid chromatography, and analyzed by tandem mass spec-
troscopy (LC-MS/MS). Subsequently, the peptides are identified after comparison
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with genes in a database. Although this approach is still in its infancy several
studies have used this approach to study marine microbial communities (see Wang
et al. 2014 and Williams and Cavicchioli 2014). Teeling et al. (2012) studied the
response of bacterioplankton to a diatom bloom in the North Sea using a suite of
molecular tools. CARD-FISH and 16S rRNA amplicon sequencing showed the
dominance of different members of the Flavobacteria, Alphaproteobacteria, and
Gammaproteobacteria, and their succession during the different stadia of the dia-
tom bloom. Furthermore, metaproteogenomics (i.e., metaproteomics combined with
metagenomics) showed the expression of different enzymes for degrading algal
polysaccharides, different transporters for taking up the produced oligo- and
monosaccharides, and diverse phosphate acquisition strategies. Metatranscriptomic
analysis by RNA sequencing confirmed these results and showed that
Flavobacteria were involved in degrading algal polymers during the diatom bloom
(Klindworth et al. 2014) while they were not active before the bloom started (Knopf
et al. 2015). These results nicely showed the niche differentiation of these bacterial
populations in a homologous habitat as the marine water column.

Metaproteomics was also used to study the survival of bacteria, in particular
SAR11, in the surface layer of the Sargasso Sea during summer and autumn, when
nutrient (nitrogen and phosphorus) concentrations were extremely low (Sowell
et al. 2009). The results showed an increase of periplasmic proteins for transport of
amino acids, phosphate, phosphonate, sugars, and spermidine, as well as proteins
involved in protein refolding and protection to oxidative stress. In a subsequent
study, Sowell et al. (2011) used the same approach to study gene expression of
bacterioplankton under nutrient-rich conditions. Water samples were collected from
surface water off the coast of Oregon during summer when nutrient concentrations
were high. Genes involved in transportation of amino acids, glycine-betaine,
polyamines, and taurine were highly expressed, but genes involved in phosphate
acquisition were not expressed, which is in contrast with the results found for the
Sargasso Sea. Apart from bacterial proteins also viral proteins were detected,
indicating the importance of viral infection of bacterioplankton members in this
coastal region. Morris et al. (2010) performed comparative metaproteomics of
membrane proteins from microbial communities of 10 different places along a
natural gradient of nutrient concentrations, i.e., from the low-nutrient South Atlantic
gyre to the high-nutrient Benguela upwelling region. Dominant proteins were
transporters, such as TonB-dependent transporters (TBDT), involved in transport-
ing nutrients across the outer membrane, and microbial rhodopsins (light-driven
proteins that pump protons and other ions (Na+, Cl−) across the membrane).
Detection of TBDT proteins and rhodopsins in the same taxonomic lineage might
suggest the presence of light-driven transport activities, which might be an excellent
adaptation to nutrient-limited conditions. TBDT proteins from low-nutrient sites
were related to Alpha- and Deltaproteobacteria, and from high-nutrient sites to
Gammaproteobacteria and Bacteroidetes. Apart from these proteins, viral proteins
were detected in all samples, and archaeal amoA was detected in nutrient-rich
samples.
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12.6 Concluding Remarks

We have seen in the preceding sections that next-generation sequencing of
DNA/RNA and high-resolution mass spectroscopy of peptides can be used to
determine the diversity and activity of microbiology communities, and to infer
ecological interactions between community members and their environment.
However, for obtaining a comprehensive understanding of the structure and func-
tion of microbial communities and their role in nature we need to use a systems
biology approach, in which experiments are combined with mathematical modeling
(Hanemaaijer et al. 2015; Raes and Bork 2008; Thiele et al. 2013; Zengler and
Palsson 2012). The resulting models will generate novel questions and hypotheses
that will be answered and tested in new experiments. To reach this goal integration
of datasets obtained from different “omics” approaches is essential (Franzosa et al.
2015; Muller et al. 2013). Although this is a big challenge it will not take long
before it is possible to produce the first detailed models that can predict the response
of microbial communities to different environmental conditions and to get insight
into the complex interactions between community constituents.
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Chapter 13
Screening Microorganisms for Bioactive
Compounds

Sonia Giubergia, Carmen Schleissner, Fernando de la Calle,
Alexander Pretsch, Dagmar Pretsch, Lone Gram
and Mariane Schmidt Thøgersen

Abstract Novel bioactive compounds are in high demand due to the development
of microbial antibiotic resistance, increase in age-related diseases, and requirements
for optimized manufacturing processes. The bioactive compounds can act as
specific antitumor, anti-inflammatory, and antifungal compounds as well as phar-
maceuticals against metabolic diseases. Bioprospecting from marine microorgan-
isms has a tremendous potential for the discovery of novel bioactive compounds as
enzymes and complex secondary metabolites for industrial as well as for biotech-
nological and therapeutic applications. A bioprospecting process usually begins
with the isolation of a native microorganism, extraction of compounds from a
culture sample, or with the isolation of environmental DNA for either heterologous
expression or sequencing. Extracts from live microorganisms can be screened for
bioactivity in function-based screening assays, while DNA from either the isolated

S. Giubergia
Novo Nordisk Foundation Center for Biosustainability, Technical University
of Denmark, Kogle Allè 6, 2970 Hørsholm, Denmark
e-mail: sogiu@biosustain.dtu.dk

C. Schleissner � F. de la Calle
PharmaMar, Avenida de los Reyes 1, 28770 Colmenar Viejo, Madrid, Spain
e-mail: cschleissner@pharmamar.com

F. de la Calle
e-mail: fdelacalle@pharmamar.com

A. Pretsch � D. Pretsch
SeaLife Pharma GmbH, Technopark 1, 3430 Tulln, Austria
e-mail: pretsch@sealifepharma.com

D. Pretsch
e-mail: dagmar.pretsch@sealifepharma.com

S. Giubergia � L. Gram (&) � M.S. Thøgersen
Department of Systems Biology, Technical University of Denmark,
Matematiktorvet 301, 2800 Kgs. Lyngby, Denmark
e-mail: gram@bio.dtu.dk

M.S. Thøgersen
e-mail: marsm@bio.dtu.dk

© Springer International Publishing Switzerland 2016
L.J. Stal and M.S. Cretoiu (eds.), The Marine Microbiome,
DOI 10.1007/978-3-319-33000-6_13

345



microorganisms or from the environment can be screened with sequence-based
screening methods or genome mining. Once a desired activity has been detected,
the bioactive compound should be purified, the structure should be elucidated, and
preferably its mechanism of action should be described. In this chapter, we give an
overview of the bioprospecting process with special focus on compounds with
therapeutic properties from marine microorganisms, and we evaluate some of the
most commonly used strategies that have been used at different steps in the bio-
prospecting processes when searching for novel bioactive compounds.

13.1 The Need for Novel Bioactive Compounds

During the last century, microorganisms have emerged as a valuable source of
bioactive compounds with a wide range of biotechnological applications. Two major
groups of such compounds are enzymes and compounds with bioactivity on bac-
terial, archaeal, or eukaryotic cells. Enzymes of microbial origin are used as bio-
catalyzers in many different industries such as feed, detergent, textile, chemical, and
biofuel industries. Polymer-degrading enzymes such as cellulases and xylanases can
be used for bioremediation and food processing purposes (Adrio and Demain 2014;
Schmid et al. 2001). Compounds exhibiting bioactivity on bacterial, archaeal, and
eukaryotic cells (from now on referred to as bioactive compounds) include microbial
secondary metabolites with therapeutic properties such as antibiotic, antitumor, or
anti-inflammation activity. Secondary metabolites belong to several different
chemical classes of compounds, which among others include polyketides,
non-ribosomal peptides, terpenes, and terpenoids. Bioactive compounds of micro-
bial origin also include bacteriocins and bacterial polysaccharides. Bacteriocins are
ribosomal peptides produced by bacteria to kill or inhibit the growth of closely
related bacteria and are used in for example dairy and food industries to prevent food
spoilage (Cleveland et al. 2001), however bacteriocins are also increasingly being
recognized as potential alternatives to classical antibiotics (reviewed in Reen et al.
2015). Bacterial polysaccharides are used in food, cosmetic, and pharmaceutical
industries as well as in bioremediation and for the development of biomaterials and
bioplastics (Nicolaus et al. 2010; Sutherland 2001).

The United Nations’ Convention on Biological Diversity (CBD) defines bio-
logical prospecting, or just bioprospecting, as “the exploration of biodiversity for
commercially valuable genetic and biochemical resources” (https://www.cbd.int).
In other words, bioprospecting is the search for any product from nature, such as
genes, enzymes, chemical compounds, or organisms for commercial purposes. In
this chapter, we will focus on bioprospecting for small molecules of microbial
origin with therapeutic properties.

The need for novel bioactive compounds is best exemplified by the rapid
development and spread of antibiotic resistance in bacteria caused by the wide-
spread use of antibiotics in both the clinic and the food production sector. Infections
caused by antibiotic resistant bacteria are increasing (World Health Organization
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2014) and this is of great concern and a threat to human and animal health, since
known antibiotics are losing their effectiveness. Novel antibiotics, preferably with
new mechanisms of action, are therefore urgently needed. Many compounds with
antibacterial activity are of microbial origin, and some classes of such compounds
may have the desired effect without being hampered by already known resistance
mechanisms (reviewed in Clardy et al. 2006). As an initiative to discover and
develop novel therapeutics, the Infectious Disease Society of America (IDSA) has
launched the “10 � ’20 Initiative” with the aim of bringing at least 10 new
antibiotics to the marked before 2020 (http://www.idsociety.org/10x20/).

With the increase in average life expectancy of the human population,
age-related diseases such as Alzheimer’s disease, Parkinson’s disease, osteoporosis,
and several types of cancer are also requiring new and improved drugs to optimize
treatment. Especially for Alzheimer’s and Parkinson’s diseases, the drugs used
today only provide symptomatic relief but no cure.

13.1.1 Bioactive Compounds from the Marine Environment

Groups of soil microorganisms such as Streptomyces and Micromonospora as well
as several species of filamentous fungi have for years been the most commonly
known microbial reservoirs of bioactive compounds (Bérdy 2005; Hoffmeister and
Keller 2007; Keller et al. 2005; Watve et al. 2001). However, recent advances in
novel bioprospecting technology are providing the opportunity to explore new
habitats. These include the ocean, the deep sea, the cryosphere, and the deserts
(Gerwick and Moore 2012; Molinski et al. 2009).

The ocean covers more than 70 % of the Earth’s surface and represents more than
95 % of the total biosphere. Thirty-three of the thirty-five known animal phyla of life
are present in the oceans and thirteen are exclusively marine phyla (Hiep and
McDonough 2012), making it an invaluable source of biodiversity potentially useful
for bioprospecting purposes. The environmental conditions of the oceans require
selection and maintenance of unique biosynthetic pathways as a result of adaptation
to pressure, salinity, temperature, oligotrophic conditions, and unique chemical
compounds (Fenical and Jensen 2006; Lozupone and Knight 2007). Several
marine-derived natural products therefore have new chemical features as compared
to molecules isolated from terrestrial environments, exemplified by the incorporation
of the halogen atoms bromide or chloride (Gerwick and Moore 2012; van Pée 1996).

Early studies of the marine environment focused on natural products from inver-
tebrates such as sponges, bryozoans, algae, and corals, and led to the isolation of
several classes of bioactive natural products including polyketides, non-ribosomal
peptides, terpenes, and indoles (DeGroot et al. 2015; Proksch et al. 2002;Woodhouse
et al. 2013). However, evidence is currently emerging, based on metagenomics of
marine sponges and tunicates and their associate microbiota, that many of the
compounds originally isolated from eukaryotic organisms are in fact of bacterial
origin, as will be outlined below.
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Many marine organisms have not developed an adaptive immune response and
instead rely mostly on an immediate, innate immune system as the defense against
pathogenic microorganisms. Also, many marine microorganisms have developed
specialized strategies against predators. It is therefore expected that marine bacteria
are capable of producing an array of anti-inflammatory compounds to better be able
to evade the innate immune response of the host organism. For instance, several
cyanobacteria produce such anti-inflammatory compounds, potentially targeting a
broad range of molecular targets (Stevenson et al. 2002; Villa et al. 2010).

There are several cases of antitumor compounds originally isolated from marine
invertebrates and tunicates and later identified in the genomes of bacteria (Lane and
Moore 2012; Wilson and Piel 2013; Wilson et al. 2014). The similar chemical
structure between safracin B and ecteinascidins (trabectedin, Yondelis®, the first
European marine-derived compound approved for cancer treatments and developed
by PharmaMar) has been corroborated to a genetic level by the identification of a
NRPS gene cluster for the putative biosynthesis of ecteinascidins into a bacterial
symbiont living into the ascidian cells (Rath et al. 2011). Another example is the
anticancer and anti-Alzheimer’s compound bryostatin, which is currently under-
going clinical trials. Bryostatin was first identified in extracts from the bryozoan
Bugula neritina, but the polyketide synthase (PKS) cluster putatively responsible
for its biosynthesis has been identified in the bacterial symbiont Candidatus
Endobugula sertula (Davidson et al. 2001). Similarly, the antitumor depsipeptide
dolastatin 10 was first isolated from the sea hare Dollabella auricularia (Pettit et al.
1993) and later from the marine cyanobacterium Symploca sp. VP642 (Luesch et al.
2001). Also, the Gram-positive Bacillus pumilus, isolated from the marine sponge
Acanthella acuta, produces diglucosyl-glycerolipids with antitumor properties
(Ramm et al. 2004).

The Gram-positive actinobacteria, which are already known as an excellent
reservoir of natural products in the terrestrial environment (Bérdy 2005), have also
emerged as producers of novel bioactive compounds in the marine environment.
Although several compounds have been isolated from marine species of
Streptomyces (Khan et al. 2011; Manivasagan et al. 2014; Schleissner et al. 2011),
probably the best-known example is the novel actinomycete genus Salinispora.
This genus includes only three species, but has already provided a number of
bioactive compounds, including the anticancer compound salinosporamide A and
derivatives of the antibiotic rifamycin (Fenical and Jensen 2006). Other interesting
actinomycete genera for drug discovery are Saccharopolyspora (Pérez et al. 2009),
Micromonospora (Romero et al. 1997) or Nocardiopsis (PharmaMar, personal
communication), which contain several putative biosynthetic gene clusters.

Marine Gram-negative bacteria are currently emerging as potential producers of
such compounds and novel natural products have been discovered in marine
cyanobacteria (Burja et al. 2001; Calteau et al. 2014; Tan 2007) and proteobacteria.
For instance, myxobacteria belonging to the class of Deltaproteobacteria as well as
the gammaproteobacterial genera Pseudomonas, Pseudoalteromonas, and Vibrio
have provided several compounds with bioactivities including antibacterial and
anti-virulence activity (Bowman 2007; Chellaram et al. 2012; Gram et al. 2010;
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Mansson et al. 2011; Nielsen et al. 2012, 2014; Proksch et al. 2002; Schäberle et al.
2010; Vynne et al. 2011; Whalen et al. 2015; Wietz et al. 2010). Furthermore,
members of the alphaproteobacterial Roseobacter clade produce bioactive com-
pounds, including the antimicrobial compounds indigoidine (Cude et al. 2012) and
tropodithietic acid (TDA) (Brinkhoff et al. 2004; Bruhn et al. 2007) (Fig. 13.1).

13.2 Bioprospecting for Bioactive Compounds

Bioprospecting of microbial natural products can include the following steps:

1. Isolation and molecular characterization of microorganisms
2. Culture and extract preparation
3. Construction of metagenomic libraries
4. Screening for bioactivities
5. Chemical dereplication, compound purification, and structure elucidation.

A bioprospecting process is not linear, and many different approaches can be
used. Sometimes the starting material is a live microorganism, wild type or
recombinant, in other situations it is a crude extract from cultures of microorgan-
isms, and in some cases it is a library of pure compounds. Here we will describe a
classical methodology following the steps described above, well knowing that
many researchers choose alternative strategies, and that one often has to revisit a
screen or an assay several times before a novel, pure bioactive compound can be
presented.

It is important to note that the strategy chosen for bioprospecting is independent
of the origin of the samples; hence, here we will provide examples that have been
used in the discovery of natural products from microorganisms of both terrestrial
and marine origin with a focus on the latter.

Fig. 13.1 Structures of the antimicrobial compounds indigoidine and tropodithietic acid
(TDA) derived from members of the marine Roseobacter clade
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13.3 Isolation of Microorganisms

The first step in bioprospecting for microbial natural products is to isolate
microorganisms or to purify microbial DNA from environmental samples. Any
biological sample collection should be carried out in accordance with the
Convention on Biological Diversity, the Cartagena Protocol and the Nagoya
Protocol (https://www.cbd.int). These documents have been created to ensure the
conservation of biological resources, their sustainable use, and the equitable and fair
sharing of benefits deriving from the use of biological and genetic resources.
Despite the fact that several countries in the world have signed the convention and
the protocols, they have not been ratified by all of them. But nontheless there should
always be an agreement between those collecting the biological material and the
country where the sampling takes place.

The culturability of microorganisms is an important consideration in bio-
prospecting. With the current standard laboratory culture conditions, only
approximately 1 % of all bacteria have been brought into culture. For marine
bacteria this number is thought to be even lower; between 0.01 and 0.1 % (Gram
et al. 2010; Kogure et al. 1979). The bioprospecting potential of microorganisms is
therefore potentially overlooked since they simply have never been cultured in the
laboratory. However, efforts are now being made to develop devices and techniques
in order to increase microbial culturability or to use microbial DNA as the starting
material.

In traditional isolation techniques, microorganisms from for example soil, water,
or invertebrate samples are cultured on artificial substrates and strains able to grow
into colonies are selected for further analyses. Selective media are often used to
enrich for a desired group of bacteria. Thaker et al. (2013) succeeded in the iso-
lation of scaffold-specific natural product producers; the assumption was that pro-
ducers of antibiotic compounds must have a mechanism of self-resistance to the
produced compounds to avoid suicide. Therefore, the addition of a specific
antibiotic to the medium will select for the resistant microorganisms, which would
also be likely to produce other compounds with the same scaffold. Indeed, the
addition of the glycopeptide antibiotic (GPA) vancomycin to the isolation medium
led to the isolation of the novel GPA pekiskomycin.

Several strategies are currently being exploited to increase microbial cultura-
bility. When in their natural habitat, microorganisms are exposed to a multitude of
factors that most often are not present in traditional laboratory culturing, including
the presence of other microorganisms, specific substrates, and growth factors
(Marmann et al. 2014; Stewart 2012). Connon and Giovannoni (2002) succeeded in
the high-throughput isolation of previously uncultured marine bacteria using the
“dilution-to-extinction” approach based on the work of Button et al. (1993). The
dilution of seawater samples to a concentration of one to five bacterial cells per ml
led to an increase in the number of isolated strains of up to three orders of mag-
nitude compared to direct inoculum of water samples onto solid medium. In con-
trast, after plating serial dilutions of a microbial suspension obtained from marine
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environmental samples, D’Onofrio et al. (2010) observed that there were signifi-
cantly more colonies on densely inoculated plates as compared to diluted ones.
They hypothesized and proved that the growth of some of the isolates from the
densely inoculated plates depended on neighboring colonies providing growth
factors, in this case siderophores.

An alternative strategy to increase bacterial culturability is to introduce an
inoculum of environmental cells into culture chambers spatially delimited by
semipermeable membranes, whose pore size prevents cells to pass through but
enables free exchange of molecules with the external environment. The chamber is
then incubated either at the original sampling location or in an artificial environment
simulating it. Several variants of such chambers are available, such as the isolation
Chip (ichip) (Nichols et al. 2010) which is miniaturized and optimized for
high-throughput isolation of hundreds of strains in parallel, and the MicroDish
Culture Chip, which consists of up to 180,000 culture areas 20 µm across on top of a
porous base that allows for passage of nutrients from below when the chip is placed
on for example an agar substrate (http://www.microdish.nl). The use of culture
chambers has recently resulted in the isolation of the novel, previously uncultured
species Eleftheria terrae (provisional name), which produces teixobactin, an
antibiotic with a novel mode of action active against both Staphylococcus aureus
and Mycobacterium tuberculosis (Ling et al. 2015).

In order to construct a collection of unique culturable strains, biotechnological
methods for molecular dereplication, such as DNA fingerprinting, and identification
based on sequencing of the 16S rRNA gene must be used. In the future, genome
sequence-based identification and dereplication is likely to be the method of choice.

13.4 Culture and Extract Preparation

When native organisms are successfully brought into culture, the next challenge is
to unlock their bioactive potential. The artificial in vitro culture conditions are most
often not identical to the original environment of the microorganisms, and chemical
substances, signaling molecules, and other compounds important for induction of
gene expression might be missing.

In bioprospecting, screening for bioactivity is carried out using either live
organisms or extracts from whole cultures or sub-fractions hereof (i.e., separation of
biomass from the supernatant). In preparation of an extract, the choice of the
solvent depends on the availability of information about the nature of the compound
to be extracted. For nonpolar compounds, organic solvents such as hexane and
chloroform can be used, while for polar compounds water, ethanol, or methanol are
suitable. When there is no information about the nature of the compounds,
extraction will have to be carried out by a trial and error approach: often medium
polarity extractions with ethyl acetate or dichloromethane can be applied, or
alternatively a mixture of solvents. In the case of large liquid cultures where liquid–
liquid extraction would be challenging due to the big volumes to be handled, it is
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possible to add an adsorptive resin (e.g., DIAION HP 20®) to the culture: after
24–48 h of incubation, the resin is separated from the cultures and the secreted
metabolites can be extracted from its surface.

Microbial crude extracts are usually complex mixtures of compounds including
cellular and media components. The most commonly used strategy to narrow down
the complexity of the crude extract is bioassay-guided isolation, where the com-
plexity is reduced by fractionation, and bioactive fractions are identified by means
of a bioassay (Gerwick et al. 1994; Wietz et al. 2010). An alternative to working
with crude extracts is to build libraries containing pure compounds, which are then
screened for bioactivity. This approach, however, requires more resources as
compared to the bioassay-guided isolation (Wagenaar 2008).

When it is not possible to bring the native microorganisms into culture, an
alternative strategy is to extract DNA directly from the environment for metage-
nomic analyses. The isolated DNA can either be used to construct clone libraries to
be tested in bioactivity screening assays, or alternatively, the DNA sequences can
be mined using software developed to search for biosynthetic gene clusters or other
structures indicating potential production of bioactive compounds.

13.5 Construction of Metagenomic Libraries

The metagenomic approaches bypasses the microbial isolation and culturing steps,
however, isolation of DNA directly from an environmental sample is a major
challenge, especially when dealing with samples from extreme environments.
Extremophilic microorganisms are often reluctant to standard lysis protocols
developed for mesophilic microbes and, when lysed, they often release stable
nucleases that will degrade the purified DNA (Simon and Daniel 2011).

When constructing a metagenomic library, DNA is purified directly from an
environmental sample, fragmented, and cloned into a host organism using a
selected vector. This vector can be either an expression plasmid for direct gene
expression from small DNA fragments (Lynch and Gill 2006; Schmitz et al. 2008)
or a larger plasmid such as BAC (bacterial artificial chromosome) plasmids. Larger
plasmids are commonly used to insert and sequence large fragments of environ-
mental DNA (eDNA) to search in silico for known or hypothetical genes or gene
clusters (O’Connor et al. 1989; Shizuya and Kouros-Mehr 2001). However, it is
important to keep in mind that many gene clusters encoding e.g., polyketide
synthase/non-ribosomal peptide synthase (PKS/NRPS) hybrids are too large for
classical heterologous expression and that novel expression systems should be
developed for expression of large gene clusters (>50 kb).

In the preparation of expression libraries for smaller genes or gene clusters, both
the vector and the host for direct gene expression have to be chosen with great care
to ensure maximal chance of successful expression of the desired gene(s). In case
the host has an expression system or a secretion system too different from that of the
native donor strain (e.g., the simple issue of Gram type), no active compounds will
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be produced even though the genetic potential was actually there. Several com-
mercial host organisms as well as broad-host-range vectors are available, but there
is no universal expression system available that covers all bacterial species yet
(Aakvik et al. 2009; Lale et al. 2011).

Promoter trap or gene trap libraries have now become more commonly used
since they rely on only small fragments of eDNA and can be easily screened for the
presence of a desired gene or promoter by using a standardized reporter molecule
like green fluorescent protein (GFP) or luciferase (Izallalen et al. 2002; Kondo et al.
1993; Rediers et al. 2005).

A variety of bioactive compounds including primarily enzymes but also thera-
peutics from the marine environment have in the last decade been discovered via
metagenomic approaches (reviewed in Barone et al. 2014). In a study by Piel et al.
(2004), DNA was extracted from the marine sponge Theonella swinhoei, cloned
into cosmids, and screened using primers specific for PKS and NRPS clusters. This
resulted in the identification of two gene clusters originating from a bacterial
endosymbiont encoding onnamides and theopederins, a class of polyketides with
antitumor activity (Piel et al. 2004). Other examples of marine compounds found
through metagenomic approaches can be seen in Table 13.1.

13.6 Screening for Bioactivity

When screening for bioactivity, two overall approaches are possible:
sequence-based screening and function-based screening. In sequence-based
screening, sequence analysis is performed to identify genes or gene clusters
potentially encoding molecules or biosynthetic pathways of interest. In
function-based screening, bioassays are performed to identify the desired bioac-
tivity directly in the live microorganisms or the extracts. The two strategies should
not be considered as independent and incompatible, instead they are often com-
bined to accelerate and optimize the bioprospecting process (Mansson et al.
submitted).

Table 13.1 Natural products discover through metagenomic approaches

Compound Source Type of screening

Onnamide A Theonella swinhoei, bacterial symbiont Sequence-based screening

Bryostatin Bugula neritina, bacterial symbiont Sequence-based screening

Minimide Didemnum molle, microbiome Sequence-based screening

Apratoxin A Lyngbya bouillonii Sequence-based screening

Patellamides Lissoclinum patella Function-based screening

Zn-coproporphyrin III Discodermia calyx Function-based screening

Modified from Barone et al. (2014)
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13.6.1 Sequence-Based Screening

In sequence-based screening, DNA sequences are analyzed to identify conserved
regions deriving from known gene or protein families. This can be achieved in vitro
by using for example DNA probes or degenerated primers (Ayuso-Sacido and
Genilloud 2005; Ehrenreich et al. 2005) or phage display (Yin et al. 2007).
However, with recent advances in DNA sequencing techniques, such analyses are
most often done by in silico homology search based on whole genome sequencing
of an isolated strain or sequencing of metagenomic libraries.

13.6.1.1 Genome Mining

In silico sequence-based screening, often referred to as genome mining, is an
attractive approach in the natural product discovery pipeline. Several tools have
been developed for the identification of conserved domains that are likely to be part
of biosynthetic gene clusters. Some of them are publicly available and include
NaPDoS for the identification of keto-synthase and condensation domains, which
are core enzymes in PKS and NRPS, respectively (Ziemert et al. 2012), BAGEL for
the identification of bacteriocins (de Jong et al. 2006), and AntiSMASH for the
identification of a wide range of biosynthetic clusters, ranging from PKS and NRPS
to siderophores (Medema et al. 2011). For a complete review of the available in
silico tools for the genome mining of natural products, see Weber (2014).

These sequence analysis tools are based on homology searches, meaning that
only previously characterized families of genes and gene clusters are detected, and
that the discovery of novel classes of bioactive compounds is almost impossible.
However, efforts are being made to overcome this problem, as demonstrated by the
recently developed algorithm ClusterFinder (Cimermancic et al. 2014). This tool
enables the identification of both known and unknown biosynthetic gene cluster by
converting nucleotide sequences into protein family (Pfam) domains and calculat-
ing for each domain, the probability of it being part of a gene cluster.
A comprehensive analysis of 1154 genome sequences using ClusterFinder has
revealed the presence of large families of biosynthetic gene clusters of unknown
function, indicating that the microbial biosynthetic potential is far from exhausted
(Cimermancic et al. 2014).

Information obtained with genome mining can accelerate the natural product
bioprospecting process by identifying isolates or clones that produce already known
compounds, enabling the prediction of expected classes of compounds as well as
structural predictions (Jensen et al. 2014). For example, mining of the genome of
the marine bacterium Salinispora pacifica strain CNT-133 enabled the identifica-
tion of a truncated gene cluster related to the salinosporamide A biosynthetic gene
cluster in Salinispora tropica strain CNB-440 (Eustáquio et al. 2011). The anti-
cancer compound salinosporamide A has a chloroethyl group on C-2 (Fig. 13.2),
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and the comparison of the two gene clusters led to the hypothesis that, if a sali-
nosporamide were to be produced by S. pacifica, it would not be halogenated.
Indeed, the compound that later was isolated and structurally characterized, sali-
nosporamide K, lacks the C-2 chloroethyl group (Fig. 13.2).

Silent biosynthetic gene clusters

Genome mining has revealed that microorganisms often have the potential to
produce other natural products than identified using extractions and
bioassay-guided fractionation (Gram 2015; Helfrich et al. 2014; Jensen et al. 2014;
Machado et al. 2015). This has opened up a new branch in natural products
research, where molecular biology, microbial ecology, and physiology are merged
to elucidate how the silent or cryptic biosynthetic gene clusters can be elicited. The
“One Strain-MAny Compounds (OSMAC)” approach (Schiewe and Zeeck 1999)
was successfully used in several studies, where the variation of culture parameters
(e.g., media composition, culture vessel, aeration, addition of enzyme inhibitors, or
rare earth elements, or coculturing with other microorganisms) elicited previously
silent biosynthetic gene clusters (Bode et al. 2002). Culture parameters can be
modified to simulate the environmental niches of microorganisms. For example,
antibacterial activity was observed in the supernatant of cultures of two marine
Bacillus strains, only when they were grown into an agar-coated roller bottle
mimicking the intertidal environment of isolation and not when they were cultured
in standard shaking flasks (Yan et al. 2002). Similar results have been obtained with
“air-membrane surface” (Yan et al. 2003) and “rotating disc” bioreactors (Sarkar
et al. 2008). The exposure to low concentrations of antibiotics and other small
molecules produced by microorganisms elicited two cryptic biosynthetic gene

Fig. 13.2 Structures of the antitumor compounds salinosporamide A and salinosporamide K
derived from the marine bacteria Salinispora tropica and Salinispora pacifica, respectively
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clusters in the soil bacterium Burkholderia thailandensis (Seyedsayamdost 2014),
whilst coculturing setups caused variations in the secondary metabolism profile of
Streptomyces coelicolor, as captured by imaging mass spectrometry (Traxler et al.
2013). Access to a carbon source typical of the niche of isolation can influence the
biosynthesis of a given compound. For instance, it has been observed that the
addition of chitin to the growth medium can elicit a twofold increase in the
biosynthesis of the antibiotic compound andrimid in the marine bacterium Vibrio
coralliilyticus S2052 as compared to glucose (Wietz et al. 2011).

An alternative way to access silent biosynthetic gene clusters relies on homol-
ogous and heterologous gene expression. In homologous gene expression, tran-
scriptional, translational, or metabolic elements are manipulated to elicit the
expression of the targeted biosynthetic gene cluster. However, this is possible only
when the host is easily culturable and not recalcitrant to genetic manipulation. The
introduction of drug resistance mutations in the ribosome and in RNA polymerase,
so-called ribosomal engineering, greatly influences secondary metabolism in acti-
nomycetes (Hosaka et al. 2009). Ribosomal engineering has also led to the isolation
of the antitumor molecule fredericamycin A from the deep-sea-derived
Streptomyces somaliensis SCSIO ZH66 (Zhang et al. 2015) and to a 180-fold
higher production of the antibiotic actinorhodin in Streptomyces coelicor A3(2)
(Wang et al. 2008). Moreover, homologous overexpression of a regulatory gene
controlling the biosynthesis of the precursor of the C-2 chloroethyl group in sali-
nosporamide A selectively doubled the yield of the compound in the natural pro-
ducer Salinispora tropica (Lechner et al. 2011).

In heterologous expression, single genes or gene clusters are expressed in a
heterologous host. A prerequisite is the availability of well-developed genetic
toolboxes that enable the introduction of gene clusters up to 100 kb in size. The
native promoters of biosynthetic pathways are often not strong enough to trigger the
expression in heterologous hosts, and it is necessary to place the biosynthetic
cluster under control of strong, inducible promoters. For instance, it has been
possible to express the gene cluster encoding biosynthesis of the antibiotic
polyketide oxytetracycline from Streptomyces rimosus in Escherichia coli only
when one of the heterologous host’s native sigma factor was overexpressed
(Stevens et al. 2013). An example of heterologous expression of a large NRPS gene
cluster from a marine Micromonospora in an industrial Streptomyces is described
for the antitumoral peptide thiocoraline (Lombó et al. 2006). In general, several
molecular tools have been used for heterologous expression of silent biosynthetic
gene clusters in bacteria and fungi. Some examples to be mentioned here are the
transformation associated recombination (TAR) strategy (Ross et al. 2015;
Yamanaka et al. 2014), the TRansfer and EXpression of biosynthetic pathways
(TREX) system (Loeschcke et al. 2013), the red/ET (Wenzel et al. 2005) and the
RecE/RecT recombination systems (Fu et al. 2012). For further examples and
strategies, the review from Ongley et al. (2013) exhaustively covers advances on
the topic until 2013.
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13.6.2 Function-Based Screening

In function-based screening, bioassays are performed to detect a desired bioactivity
in collections of isolated microorganisms, on sequence-based sub-selections of
such, on recombinant expression hosts, or on culture extracts. Strategies that are
most commonly used in function-based screening campaigns can be subdivided
into phenotypic screens and target-based screens. By definition, phenotypic screens
measure the effect, or phenotype, that the tested compounds induce in target cells or
organisms, whereas target-based screens investigate the ability of a compound to
bind or inhibit purified targets in vitro (Kotz 2012). Phenotypic screens can be cell
based (in vitro screens on single cells or tissues), or involve model organisms
(in vivo screenings) such as Saccharomyces cerevisiae (yeast), Drosophila mela-
nogaster (fruit fly), or Caenorhabditis elegans (nematode). In target-based screens,
the target of interest is purified and in vitro biochemical assays are established to
investigate the effects of a range of compounds on the target.

Traditionally, phenotypic screens were favored by the pharmaceutical industry.
However, difficulties encountered in target identification as well as advancement in
multiple disciplines such as molecular biology, flow cytometry, chemical pro-
teomics, and imaging techniques led to the establishment of target-based screens.
The outcome of target-based screening campaigns was not as high as expected,
though, and today there is a renewed interest in phenotypic screens both in academia
and in the pharmaceutical industry in companies such as Novartis AG and
GlaxoSmithKline (Eggert 2013; Kell 2013; Kotz 2012; Swinney and Anthony 2011;
Zheng et al. 2013). The two approaches are often combined: phenotypic screens are
not completely target-agnostic and targets for target-based screens can be chosen
based on results from phenotypic assays (Kell 2013; Moffat et al. 2014; Sams-Dodd
2005). Examples on how the two screening strategies can be used and combined can
be seen in Sects. 6.2.1–6.2.4 on strategies for the discovery of antibacterial,
antiviral, antitumor, anti-Alzheimer’s, and anti-Parkinson’s compounds.

13.6.2.1 Screens for antibacterial activity

Due to the increased antimicrobial drug resistance in many pathogenic microor-
ganisms and the lack of therapeutic alternatives to the classical antibiotics,
prospecting for novel antibacterial compounds has become of high priority.
Classical function-based screening of live bacteria or extracts is often based on agar
plate or broth-based assays where for instance growth inhibition by an antagonistic
compound or a colorimetric reaction indicative of a desired activity or molecule can
be observed.
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Live targets

A commonly used approach to detect antibacterial compounds is the overlay
method developed by Waksman (Schatz et al. 1944). In brief, a potential producer
strain is grown on a solid medium, which is then overlaid with soft agar seeded with
a target bacterium. After a period of incubation, the presence of antibacterial
compounds, to which the target is susceptible, is indicated by a clear halo in the top
agar due to the lack of growth of the target strain. Alternatively, the potential
producer strain can be on top of the seeded medium. The latter option can be used
directly during the isolation procedure to select for strains displaying antibacterial
activity or by replica plating a master plate on the seeded medium (Gram et al.
2010). The production of antagonizing compounds will be seen as a clear zone in
the agar or by the lack of growth of the target strain, respectively (Fig. 13.3).

BioMAP (antiBIOtic Mode of Action Profile) is an assay that can be used for the
growth-independent function-based screening of crude extracts. The BioMAP assay
consists of a panel of 15 clinically relevant bacterial pathogens and provides a
function-based high-throughput platform for screening natural products in order to
identify new lead compounds with unique biological profiles. The activity profile of
a given extract can then be compared to profiles of known antibiotics and used to
determine the structural class of the antibacterial compound in the extract
(Higginbotham et al. 2014; Wong et al. 2012).

Biosensors

Another strategy to screen for novel antibiotic compounds is to apply the whole-cell
antibiotic biosensors strategy described by Urban et al. (2007). Promoter regions
selectively and strongly induced by bactericidal antibiotics were identified in
Bacillus subtilis and used to construct five biosensors consisting of the B. subtilis

Fig. 13.3 Agar plate assay
for screening for antimicrobial
compounds containing a solid
medium seeded with a target
strain (here, the fish pathogen
Vibrio anguillarum) on which
four potential producer strains
have been spotted. The clear
halo surrounding the red
colony in the bottom part of
the picture indicates
production of an antibacterial
compound

358 S. Giubergia et al.



promoters fused to the firefly luciferase reporter gene lucFF. This allowed for
high-throughput detection of compounds interfering with DNA synthesis (yorB
promoter), RNA synthesis (yvgS promoter), protein synthesis (yheI promoter), cell
wall synthesis (ypuA promoter), and fatty acid synthesis (fabHB promoter). The
biomarker-carrying strains of B. subtilis were then subjected to approximately
14,000 pure natural compounds, screened in a 384-well microtiter plate format
using a luminescence detector, and the study led to the discovery of novel antibi-
otics in the form of DNA synthesis and translation inhibitors.

Since several bacterial virulence factors are under quorum sensing (QS) regulation,
there is a great interest in compounds that can specifically block QS as potential novel
classes of antibiotics (Rasmussen andGivskov 2006). Biosensors have been designed
allowing for identification of such compounds. One example is the detection of the
bacterial QS molecules N-acyl-homoserine lactones (AHLs). In Agrobacterium
tumefaciens lacZ::traG, the lacZ reporter gene encoding a b-galactosidase is fused to
the promoter of the QS-regulated tra operon. The AHL-induced expression of the
operon and reporter gene is then visible as a blue precipitate due to b-galactosidase-
mediated hydrolysis of X-gal present in the medium (Cha et al. 1998).
High-throughput functional screening of single cells for AHL production is also
possible as described by Williamson et al. (2005), who prepared a soil metagenomic
library using E. coli cells containing a green fluorescence protein (GFP)-based AHL
biosensor. Clones producing QS inducers could then be detected by fluorescence
microscopy due to GFP expression, while clones producing QS inhibitors were
identified using fluorescence-activated cell sorting (FACS) on cells in which GFP
expression was induced by an exogenous AHL.

Molecular targets

Novel antimicrobial compounds are also identified by screens that are aimed
directly at the targets of the antimicrobial compounds such as components of cel-
lular pathways. Typically, assays are performed to screen for inhibitors of macro-
molecular synthesis using radioactively labeled precursors of protein, RNA, DNA,
lipid, or peptidoglycan synthesis (Cotsonas King and Wu 2009; Nonejuie et al.
2013). However, these assays do not allow for determination of the mechanism of
action (MOA), and often they do not distinguish between inhibitors that affect the
same pathway.

Transcriptional profiling measures total gene expression to give an overall pic-
ture of the cellular functions. Even though transcriptional profiling sometimes can
be used to identify the molecular targets of a bioactive compound, the method is
slow and often fails to identify the target. Instead, Nonejuie et al. (2013) developed
a bacterial cytological profiling (BCP) assay, which can distinguish between
antibacterial compounds with different MOAs and also predict the MOA of novel
compounds. In practice, the bacterial cells were treated with the potential
antibacterial compounds and after incubation stained with FM4-64 which stains the
membrane (Pogliano et al. 1999), with DAPI which stains DNA (Kapuscinski
1979), and with SYTOX Green Nucleic Acid Stain, which functions as a live/dead
stain, since it is only able to penetrate membranes that have been made permeable
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(Molecular Probes, Thermo Fisher Scientific Inc.). The cells were then subjected to
fluorescence microscopy and the intensity of the stains was determined and used as
a measure of the cell’s cytological profile.

Several assays are available to screen for membrane-damaging compounds.
However, such compounds have to be specific with respect to their target, since
compounds targeting the cytoplasmic membrane would potentially not limit their
activity to bacteria and ultimately cause toxicity in the mammalian host. Therefore,
a range of assays to detect membrane-damaging compounds specific against e.g.,
Staphylococcus aureus have been developed. O’Neill et al. (2004) applied a
b-galactosidase (BG) assay, where the lacZ gene from E. coli has been put under
the control of a strong staphylococcal promoter, cap1A. Leakage of BG from the
strain subjected to potential membrane-damaging compounds could then be
detected using a fluorescence assay. Other assays to detect membrane damage in
bacteria include ATP release (Johnston et al. 2003), leakage of nucleic acids
(material absorbing at OD260) (Carson et al. 2002), and the commercially available
LIVE/DEAD® BacLightTM Bacterial Viability Kit from Molecular Probes (Thermo
Fisher Scientific Inc.).

Other molecular targets used in screening for novel antibacterial compounds are
components of the major signal transduction pathways such as histidine kinases
(Bem et al. 2015) or cell wall components like lipopolysaccharides and transporter
complexes (Nayar et al. 2015). Nayar et al. (2015) applied a high-throughput
phenotypic screening assay based on a Citrobacter freundii AmpC b-lactamase
reporter system to discover novel compounds inhibiting cell wall synthesis.
Inhibitors of cell wall synthesis also induce expression of AmpC b-lactamase (Sun
et al. 2002). Hence, when b-lactamase was expressed, degradation of nitrocefin (a
chromogenic cephalosporin substrate added to the cultures) could be detected in a
plate reader, allowing for a 384-well microtiter plate format. Using this strategy,
Nayar et al. (2015) successfully discovered two novel antibacterial compounds,
sulfonyl piperazine and pyrazole, which are not cross-reactive with any known
antibiotic and with completely novel MOAs.

13.6.2.2 Antiviral Drug Screening with CPE Inhibition Test

From the screening perspective, most antiviral test systems are based on infection of
a host cell line or an animal. Many animal virus models have been established but
for high-throughput screening of natural products cell lines are the better choice
also because of animal ethical reasons. In most cases, a virus is highly specific,
shows organ tropism, and infects defined parts of the body. The susceptibility for
infection of the used viral type therefore regulates which type of host or cell line
should be chosen for screening purposes.

Respiratory viruses like influenza, respiratory syncytial virus, parainfluenza, and
especially human rhino virus, infect the upper respiratory tract including nose and
throat and are some of the most common viruses in humans (Denny 1995). Being
not highly virulent with low morbidity and weak symptoms, these types of viruses
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are in many cases precursors for more severe bacterial and fungal infections and can
causes enormous financial damage (Gonzalez et al. 1987; Gonzales et al. 1997).
With more than 100 different serotypes (Greve et al. 1989; Hofer et al. 1994), it is
important to screen against as many viruses as is possible to check activity against
the whole group, otherwise some serotypes will be preferred and might quickly
become dominant (Andries et al. 1992).

The cytopathic effect (CPE) refers to the structural changes in a host caused by a
viral infection. As screening method, the CPE inhibition assay is a fast and effective
tool to verify if a natural product has antiviral potential (Schmidtke et al. 2001).
Readout from the assay is the inhibition of the CPE i.e., the survival of the targeted
cells. In infected and nontreated cell cultures, an increasing cytopathic effect with
characteristic cell granulation, shrinking cells, plaque production, and spherical cell
shapes can be observed. This cell morphology starts to change as the result of the
reprogramming of the cell for viral production. At the end, most viruses replicate by
destroying the host cell via lysis. In combination with plaque assay, the CPE
inhibition assay could furthermore be used for definition of the detailed viral titer
(Bachrach et al. 1957; Cooper 1961).

In general, there are two different types of screening in the CPE inhibition assay.
In the prophylactic assay, the ability of a compound to affect the virus directly is
tested. In this approach, the virus is mixed with the compound and incubated. This
time allows the compound to target straight at the virus and block it or destroy it
before it gets in touch with host cell line. Many antiviral blocking agents and
biocides work with this mode of actions (Gonzalez et al. 1987). In contrast, in the
therapeutic assay the compound attacks the virus after cell infection, and, hence,
mainly stays inside the host cell. Here, the bioactive candidate is added to the cell
culture media and the impact is on important switches in viral replication and
packaging. Due to the fact that these approached require incubation time during the
entire experiment, toxicity, solubility, and stability are critical factors to be con-
sidered. Therefore, it is recommended to collect as much as possible
pre-information about the compound to be tested.

13.6.2.3 Screening for Antitumor Activity

The fundamental goal in cancer drug discovery is to kill or reprogram malignant
cells while minimizing adverse effects on non-tumoral cells. Cancer encompasses a
large number of molecularly and phenotypically distinct diseases, and hence it
demands a much larger repertoire of drugs with distinct MOAs than most other
diseases. For the past 50 years, phenotypic screenings in cancer drug discovery has
been based on cytotoxicity assays using cancer cell lines that exhibit the phenotype
of unrestrained fast growth. Such antiproliferative assays in cancer drug discovery
have resulted in the development of a repertoire of chemotherapeutic agents (DeVita
and Chu 2008) and are currently used in many oncology drug discovery programs.
The National Cancer Institute 60 (NCI60) platform introduced the concept of
high-throughput cell-based profiling using a panel of 60 different tumor cell lines.
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The most frequently used cytotoxicity assay in a high-throughput screening
platform is usually a colorimetric method, for example sulforhodamine B (SRB),
for quantitative measurement of cell growth and viability (Vichai and Kirtikara
2006). Cultured cell lines derived from many different types of human cancer are
used in such assays. Cytotoxicity is typically estimated using the National Cancer
Institute (NCI) algorithm (Boyd and Paull 1995) which gives three end points that
can be used to determine compound activity. These are GI50 (concentration required
to inhibit 50 % of cells), TGI (concentration required for total growth inhibition),
and LC50 (concentration required to kill 50 % of the cells) (Holbeck 2004). This
screening technology requires the use of microplates, automated liquid handling
and involves a high volume of data analysis.

Recent technologies that facilitate the parallel analysis of large panels of cell
lines, together with genomic technologies that define their genetic constitution,
have revitalized efforts to use cancer cell lines to assess the clinical utility of new
investigational cancer drugs and to discover predictive biomarkers (Moffat et al.
2014). A human tumor cell line platform has been established to provide as broad a
representation as possible of different cancers and includes 1200 cell lines. This
panel is referred to as the Centre for Molecular Therapeutics 1000 (CMT1000) and
is being used to probe the genetic basis for sensitivity to approved and investiga-
tional anticancer agents (Sharma et al. 2010).

Several bioactive anticancer compounds have been isolated from marine
invertebrates, but have later been proven to be of microbial origin. The structural
similarity between safracin B and ecteinascidins (trabectedin, otherwise known as
Yondelis®, which was the first European marine-derived compound approved for
some cancer treatments and developed by PharmaMar) has been resolved to the
genetic level by the identification of a NRPS gene cluster for the putative
biosynthesis of ecteinascidins in a bacterial symbiont living in the ascidian cells
(Rath et al. 2011). The biosynthetic gene cluster is closely related to the NRPS
genes of safracin B produced by Pseudomonas fluorescens A2-2 (Velasco et al.
2005) which is the starting material for the current semisynthetic manufacture of
Yondelis® (Cuevas et al. 2000). The common building blocks are two units of the
unusual amino acid 3-hydroxy-5-methyl-O-methyltyrosine (Fu et al. 2009).
Another interesting example of a widespread NRPS gene cluster is the case of the
antitumor compounds didemnins, initially isolated from the marine Caribbean
tunicate Trididemnum solidum and recently described by several authors as a
bacterial compound produced by free living Alphaproteobacteria (Tsukimoto et al.
2011; Xu et al. 2012). This includes the isolation of several strains belonging to the
Tistrella genus during PharmaMar’s program for isolation of marine bacteria
(PharmaMar, personal communication).

Technical and biological advances, especially with the sequencing of cancer
genomes and analysis of tumor cell transcriptions, have provided new insights into
the molecular basis and classification of tumor phenotypes. The knowledge
emerged from systematic cancer genome characterization during the last decades
not only allows the discovery of new targets for target-based drug discovery

362 S. Giubergia et al.



programs, but also enables the definition of relevant and predictive phenotypic end
points and cellular models for phenotypic screens (Moffat et al. 2014).

Some types of screening are in an intermediate category termed ‘mechanism-
informed phenotypic drug discovery’ (MIPDD) where the mechanism of action can
be detected by a specific phenotype. Moffat et al. (2014) have reviewed the
screening origins of new small-molecule cancer drugs approved by the FDA
between 1999 and 2013, as shown in Table 13.2.

For the 47 oncology NMEs (New Molecular Entities) approved by FDA
between 1999 and 2013, the majority (30 compounds) originated from target-based
drug discovery, seven originated from MIPDD and 10 originated from phenotypic
screens. If the group of kinase inhibitors (21 compounds, highlighted in bold) is
excluded, a higher number of drugs were discovered by mixed or phenotypic
screening approaches.

Phenotypic assays have the advantage of identifying drug leads and clinical
candidates that are more likely to possess therapeutically relevant molecular
mechanisms of action (MMOAs) and clinical efficacy (Moffat et al. 2014; Swinney
2013). However, target-based approaches have also been prominent in the past two
decades, particularly those directed against oncogenic kinases (Hoelder et al. 2012;
Zhang et al. 2009) and have resulted in a new generation of anticancer agents with
fewer side effects and impressive results in clinical trials.

Table 13.2 Origin of new small-molecule cancer drugs approved by the FDA between 1999 and
2013

Lead discovery

Inhibition or modulation of target Mechanism-informed
phenotypic screen

De novo phenotypic
screen

Abiraterone*
Bendamustine
Bexarotene*
Bortezomib*
Clofarabine
Decitabine
Exemestane
Temozolomide
Enzalutamide
Fulvestrant
Lapatinib
Nilotinib
Pazopanib
Ponatinib
Regorafenib

Afatinib
Axitinib
Bosutinib
Cabozantinib
Crizotinib*
Dabrafenib
Dasatinib
Erlotinib
Ibrutinib*
Imatinib*
Ruxolitinib*
Sorafenib*
Sunitinib*
Vandetanib
Vemurafenib*

Epirubicin
Ixabepilone
Nelarabine
Vismodegib*
Cabazitaxel
Pemetrexed
Azacitidine*

Carfilzomib
Everolimus
Temsirolimus
Eribulin
Omacetaxine*
Lenalidomide
Pomalidomide
Romidepsin
Vorinostat*
Trametinib*

Kinase inhibitors are highlighted in bold. Information on the drugs to be analyzed was obtained
from the (FDA) website
*First-in-class therapeutics. Modified from Moffat et al. (2014)
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13.6.2.4 Screens for Novel Drug Candidates for Alzheimer’s
and Parkinson’s Disease

Neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) cause serious public health problems due to the exponential increase in
incidence of the diseases with age. The currently approved drugs for treatment only
provide symptomatic relief to mild AD patients and do not stop progression of the
disease. Therefore novel drug candidates are of great interest, and besides the
chemical synthesis of compounds, natural compounds are again becoming of
interest, including those of marine origin.

The difficulty in this area of drug research is the lack of validated therapeutic
targets. In the absence of a target or in complex mechanisms like the human brain, a
drug screening method is almost impossible to set up. An alternative may come
from phenotypic chemical screens using a whole organism. The mouse Mus mus-
culus is the most commonly used animal model but the costs limit its use in
large-scale therapeutic screening. Instead, small invertebrate models like
Caenorhabditis elegans or Drosophila melanogaster are suitable models combin-
ing genetic amenability, low cost, and culture conditions used in large-scale
screenings (Giacomotto and Ségalat 2010). The invertebrate models bridge the gap
between traditional high-throughput screenings and the validation in mammalian
models. They allow for identification of new active compounds, targets, or
molecular mechanisms, which can be further used in traditional screening assays.

Using live animals it is possible to screen bioactive compounds that are able to
induce a certain phenotype (e.g., paralysis or fluorescence) or reverse an abnormal
phenotype (e.g., ß-amyloid deposits, also known as plaques) to the wild-type
phenotype (Arya et al. 2010). ß-amyloid and a-synuclein are aggregation-prone
proteins typically associated with AD and PD, where the misfolding and accu-
mulation of these proteins lead to neuronal cell death (Marsh and Blurton-Jones
2012). In order to discover novel drugs against AD and PD, marine-derived extracts
and compounds are screened for their effect against ß-amyloid and a-synuclein
toxicity, with the proteins being transgenetically expressed in different strains of
C. elegans in a high-throughput system (Sealife Pharma, Austria, personal com-
munication). The transgenic strains display different phenotypes allowing for direct
detection of effect of the tested compound. For example, toxicity of soluble oli-
gomers can be measured by a phenotypic readout because upshift of temperature
leads to expression of ß-amyloid in muscle cells of the worms, which in turn get
paralyzed. Alternatively, expression of toxic ß-amyloid or a-synuclein can be
measured using a plate reader, because the proteins are coupled to fluorescent
proteins like GFP or YFP. The ability of unknown compounds to prevent plaque
building can be assessed because plaques can be stained with the fluorescent dye
Thioflavin T and visualized using a fluorescence microscope. Fluorescence can also
be used to detect expression of the reporter protein GFP in dopaminergic neurons.
By using the neurotoxic molecule MPP + (1-methyl-4-phenylpyridinium), which
leads to neuronal cell death as it occurs in PD it is therefore possible to detect
compounds, which are able to reverse neuronal cell death. Positive controls, which
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are compounds protective against ß-amyloid toxicity, include coffee extract (Dostal
et al. 2010), thioflavin T (Alavez et al. 2011), and reserpine (Arya et al. 2009),
which are all known to protect C. elegans from ß-amyloid peptide toxicity.

13.7 Chemical Dereplication, Compound Purification,
and Structure Elucidation

When interesting lead activities have been detected in the bioassays described
above, a key challenge is to isolate and identify the compound(s) responsible for the
activity. As for the screening process, several strategies are possible, depending on
the starting material and to which level the compound needs to be identified.

An example of a strategy to identify bioactive fractions followed by identification
of the bioactive compound is the Explorative Solid-Phase (E-SPE) strategy, where
microbial extracts are loaded into columns whose stationary phases display different
functionalities; the eluted fractions are tested in a bioassay and results are organized
in a bioactivity matrix. The pattern of the matrix gives indications about size and
functional groups of the bioactive compounds, accelerating both the dereplication
and isolation process, as demonstrated for the extracts from Pseudoalteromonas
luteoviolacea and Penicillium roqueforti (Mansson et al. 2010).

A key step to avoid rediscovery of already known compounds is dereplication.
The identification of already known compounds occurs frequently, even in
microorganisms not belonging to the same species (Egan et al. 2001; Ginolhac et al.
2005; Jin et al. 2006; Ziemert et al. 2014). Dereplication relies on analytical
methods like LC-UV, LC-MS, LC-MS/MS, and LC-NMR, compound databases
and, in recent years, metabolomics, molecular networking, and genome mining
(El-Elimat et al. 2013; Helfrich et al. 2014; Tawfike et al. 2013; Vynne et al. 2012;
Yang et al. 2013). Experimental data like UV profiles or fragmentation patterns are
searched against databases such as PubChem, ChemSpider, AntiBase, or the
Dictionary of Natural Products (170,000 entries as of July 2015). With increased
focus on the marine environment as a reservoir of natural compounds, a number of
databases containing only compounds of marine origin have become available, e.g.,
the Dictionary of Marine Natural Products (http://dmnp.chemnetbase.com) and
MarinLit (http://pubs.rsc.org/marinlit/). However, research groups often developed
their own dereplication strategies, databases, and tools, see for example Klitgaard
et al. (2014), Macintyre et al. (2014), and Kildgaard et al. (2014).

When a desired bioactivity is observed in an extract or a fraction thereof, the
active compound should be purified in order to proceed to structure elucidation. As
in the case of extraction of crude extracts, it is important to develop an isolation
protocol that considers the physical and chemical nature of the compound, partic-
ularly its lipophilic and hydrophilic characters (Ebada et al. 2008). Qualitative tests
like thin-layer chromatography (TLC) can be performed to gather information about
its polarity, charge, size, solubility, and acid–base properties, and such tests are able
to indicate the most suitable chromatographic technique.
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For low to medium polarity compounds, column chromatography (CC, normal or
reverse phase) or high performance liquid chromatography (HPLC) is often preferred
to produce a pure compound, whereas for high polarity compounds, reverse phase CC
with elution in H2O/MeOH followed by another round of CC with a hydrophobic
matrix, size-exclusion chromatography or HPLC is preferred (Ebada et al. 2008).

Once a pure compound has been produced, the compound is most often sub-
jected to another round of bioactivity assaying to confirm its bioactivity, before
continuing to structure elucidation. Structure elucidation can be carried out by
either stereochemistry methods or by spectroscopic methods (Ebada et al. 2008).
The latter includes mass spectrometry (MS) and nuclear magnetic resonance
spectroscopy (NMR), which is one of the most commonly used and versatile
techniques for elucidation of the structure of organic compounds (Fuloria and
Fuloria 2013; Kwan and Huang 2008). One of the possible approaches in natural
products discovery from culturing of the microbial producer to structure elucidation
by NMR of the bioactive compound is exemplified in Fig. 13.4.

Fig. 13.4 Simplified HPLC-MS approach used for the analysis and separation of the different
compounds present in the crude extract of a bacterial culture. The pure compounds can be used in
bioassays and undergo several analyses for structure elucidation
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13.8 Concluding Remarks

Bioprospecting for natural products is in rapid development, especially within
marine microbiology. The discovery of novel bioactive compounds continues to
pose innovative and (bio)technological challenges. Recent advances in microbial
cultivation techniques, genomics, molecular biology, and tools for chemical anal-
yses and dereplication, mean that an ever expanding and diverse toolbox is
becoming available for bioprospecting. These new tools, in combination with
biological assays and the genetic analysis of organisms, means that marine bio-
prospecting is entering a new era. A key question in bioprospecting is “where to
search?” for novel bioactive molecules and the marine environment is, due to its
chemical and physical uniqueness, a promising source of novel chemistry. Whilst
marine eukaryotic macro-organisms were the first to be analyzed and provided us
with several compounds with therapeutic properties, we are now realizing that
many of these metabolites are actually of bacterial origin and, hence, the marine
microbial world is reemerging as a promising source for bioprospecting.
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Chapter 14
Metagenomics as a Tool for Biodiscovery
and Enhanced Production of Marine
Bioactives

F. Jerry Reen, Alan D.W. Dobson and Fergal O’Gara

Abstract The application of metagenomics technologies to the area of marine
bioprospecting and biodiscovery has seen a major advance in our capacity to
harness the bioactive potential of the ocean, not least when we consider the limi-
tations surrounding culturability of microorganisms from this and other ecosystems.
Combining genomics, bioinformatics, and systems biology, metagenomics has
provided new levels of access to the rich tapestry of novel bioactivities from the
marine microbiome. Notwithstanding this early promise, considerable limitations to
the technology exist that currently prevent us from harnessing the full potential of
marine microbial natural products. The continued growth in the number and
diversity of metagenomic studies, allied with the advances in next generation
sequencing platforms, has brought with it a global appreciation of the challenges
that need to be addressed to ensure future developments in this applied research
area. In this chapter we present the application of metagenomics for biodiscovery,
discussing the potential value of this technology, and the current limitations pre-
venting its full realization. Already, advances in bioinformatics, robotics, molecular
cloning and expression, DNA sequencing and isolation, as well as the continued
development of improved chemical profiling systems, have led to the discovery of
new natural products and bioactivities. Successful implementation of further
improvements that circumvent current bottlenecks will open new horizons for
medical and industrial developments.
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14.1 Introduction

The ocean has proven a vast reservoir of resources for human consumption and
utilization for millennia. A natural and diverse cross-kingdom ecosystem, the
marine environment is host to producers of a rich tapestry of compounds and
molecules with huge therapeutic potential. The exponential advances in new
technologies and engineering capacity have opened up the marine ecosystem to
scientific exploration. As a result, new sources of the next generation of thera-
peutics continue to emerge. Improved discovery and mining of marine bioactivities
has fed into the development of new and innovative solutions across a broad
spectrum of areas including anti-inflammatories, antibiotics, anticoagulants, and
anti-infectives (Reen et al. 2015a, b). The importance of continued advances in the
isolation and characterization of these activities is highlighted by the emergence of
resistance mechanisms to most conventional therapies.

Successful mining of the marine has already resulted in a range of natural
products being discovered, some of which have made it to market. The source of
bioactive material in the oceans has been diverse reflecting the natural biodiversity
of what is essentially an unexplored niche. Algae and other higher order marine life
have received considerable attention, with associated microbial communities
gaining prominence. In fact, a significant number of natural products that have been
isolated and developed from the marine, originally attributed to sponge or other
eukaryotic origin, have since been shown to be produced by bacteria. Bioactive
compounds from these bacterial sources have ranged from anticoagulants to anti-
cancer and more recently to the next generation of antimicrobial compounds.
Marine biodiscovery programs are also delivering new industrial enzymes with
improved bioactivity, enantio-selectivity, and substrate specificity, leading the
movement towards green chemistry.

Therefore, having established the potential of the marine ecosystem to deliver
societal advances and solutions, the challenge remains to optimize our capacity to
identify and mine them. Notwithstanding current successes, a growing concern is
the degree to which the repeated discovery of known compounds has hampered
attempts to reach the true diversity of the marine, and indeed other ecosystems.
Despite advances in de-replication technologies, many screening platforms have
simply rediscovered known compounds, to the extent that the number of new
natural products from biological sources has diminished rapidly over the last dec-
ade. For this reason, the capacity to mine new and novel activities from the marine
has been the focus of a concerted research and technological effort.

One approach has been to improve the cultivability and culturability of marine
organisms (Vartoukian et al. 2010). These new initiatives are designed to enhance
our capacity to produce the novel compounds that are urgently needed. Since the
earliest days of marine biodiscovery, there has been an awareness of the limitations
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surrounding isolation of bacterial and fungal organisms from the ocean. This has
mirrored a similar rate of discovery from soil and other ecosystems where trans-
ferring microbes from their natural environment onto artificial and synthetic media
has not proven fruitful. Whether pelagic or benthic in origin, successful culturing of
these organisms has met with limited success, and advances in this sphere have not
been forthcoming. Despite efforts to supplement media with nutrients and other
components, culturability of as little as 1 % has been reported (Epstein 2013). In
many cases, irrespective of the marine source, similar species tend to dominate
marine culture collections, with the result that the natural biodiversity is not being
reached. New insights into isolation, maintenance, cell-cell communication, stor-
age, data management, and robotics have led to the implementation of new pro-
tocols for the isolation of marine organisms. The next stage of this development is
the harvesting of bioactive compounds from these new ‘growers’.

An alternative approach has been to adopt culture independent approaches,
translating the genetic blueprint into active compounds. This area of applied
research, most commonly referred to as metagenomics, has seen an exponential
increase in activity since its broad inception, and has delivered new insights into the
microbial and viral populations that inhabit the marine ecosystem (Fernandez et al.
2013; Kennedy et al. 2008, 2014; Mizuno et al. 2013; Mueller et al. 2015; Woyke
et al. 2009). Derived from meta, the Greek word for ‘transcendent’ and genomic,
the complete genetic code of an organism, metagenomics circumvents the need to
culture organisms, thus circumventing a primary roadblock in harvesting their
bioactive potential. Already delivering some notable successes, the ability to access
the rich diversity of the marine ecosystem, independent of culture bias, has opened
up exciting new potential for biodiscovery (Barone et al. 2014; Kennedy et al.
2010; Reen et al. 2015a; Rocha-Martin et al. 2014). However, important challenges
remain before we can fully exploit the power of this emerging discipline of
metagenomics. Issues surrounding access to DNA, its manipulation and expression
(especially in the context of silent or cryptic gene clusters) remain to be resolved,
while coupling with the undoubted power of informatics analysis needs continuous
fine-tuning. Indeed, perhaps one of the greatest challenges will be the integration of
molecular, chemical, and informatics technologies to maximize our efficiency in
this field. Advances in the individual sciences have provided considerable
improvements in the technologies available to identify and isolate new compounds
and bioactivities from a broad spectrum of environmental ecosystems. Together,
however, these technologies can be far more powerful, and there has been con-
siderable interest in the integration of chemical and molecular technologies with the
added power and discrimination offered by informatics. This systems based
approach has the greatest potential for unlocking the new classes of bioactives,
providing novel frameworks for the drug and enzyme design of the future.
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14.2 Mining the not yet Cultured Microorganisms:
Metagenomics

Combining genomics, bioinformatics and systems biology, metagenomics has
already provided considerable advances in our understanding of microbial biodi-
versity as well as providing access to a rich tapestry of novel bioactivities from
bacteria which cannot be cultured using traditional methods. Although as diverse as
the ecosystems they seek to investigate, all metagenomics programs follow a
classical path of DNA isolation, cloning into stable vectors and subsequent
screening either by sequence or function (Fig. 14.1). Metagenomics can be broadly
assigned into categories on the basis of the screening strategies employed (a) se-
quence-based (mass genome or next generation), (b) activity-driven screens (c) se-
quence-driven studies that link genome information with phylogenetic or functional
marker genes of interest. Metagenomics technologies have advanced several
research disciplines, including ecology, medicine, and environmental sciences, and
the isolation of natural products from previously unattainable sources has proven a

Fig. 14.1 The Marine Metagenomics Mining Pipeline. Described as the systems biology of the
biosphere, metagenomics harnesses the genomic information from an environmental sample in a
context that allows its expression and the capture of its bioactive potential. Isolation of metaDNA
from the marine sample is followed by restriction or shearing to facilitate large insert cloning into
broad-host range plasmids. Subsequent transformation is usually directed towards Escherichia
coli, although recent advances in vector design have seen the emergence of new heterologous
expression systems such as Streptomyces and Pseudomonas. High throughput libraries are
generated using robotics, providing large ordered clone collections for further analysis. Finally, the
detection of ‘hits’ can be achieved either through functional screening or sequencing and
bioinformatics screening of the libraries. This results in the isolation of clones carrying the genetic
information encoding bioactive potential, which can then be further characterized by natural
product chemistry and functionalized by directed evolution
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major step forward in harnessing the natural potential of the global microbiome.
Notwithstanding this promise, limitations to the technology exist that need to be
addressed in the short term. The continued growth in the number and diversity of
metagenomics studies, allied with the advances in sequencing technologies, have
brought with them a global appreciation of the challenges that now bottleneck
future developments in this research area.

The explosion in the availability of genomic information has brought with it new
insights into the diversity of bioactivities that were previously hidden or out of
reach. Armed with the genetic blueprint for multiple locations within the marine
and indeed other ecosystems, we can begin to infer biological function linked to
changes in signature sequences, domains or motifs. Combining genomics, bioin-
formatics, and systems biology, the discipline of metagenomics has already pro-
vided considerable advances in our understanding of microbial biodiversity as well
as providing access to a rich tapestry of novel bioactivities from bacteria which
cannot be cultured using traditional methods. Metagenomics technologies have
advanced several research disciplines, including ecology, medicine, and environ-
mental sciences, and the isolation of natural products from previously unattainable
sources has proven a major step forward in harnessing the natural potential of the
global microbiome.

From a functional perspective, metagenomic libraries allied with innovative
chemistry and state of the art robotics, provide an efficient screening mechanism to
identify and isolate rich bioactives from the marine and other environments. Access
to the culturable and non-culturable resources has enhanced our capacity to mine
the ocean for novel and effective antimicrobials, anticancer compounds, enzymes
and biocatalysts. In addition, the study of metagenomes has greatly advanced our
understanding of marine ecology, and particularly the dynamics that underpin
community structure in this rich aquatic environment. Beginning with the discovery
of the Sargasso Sea’s unprecedented diversity of Bacteria and functional genes, the
abundance of metagenomes currently available has since led to the identification of
habitat specific fingerprints. Comparative analysis of these metagenome datasets
has uncovered correlations between functional metagenome diversity and special-
ized conditions of environmental niches, a feature that is beginning to inform the
functional screens that seek to isolate bioactivities from the marine and other
ecosystems.

Metagenomics has provided a platform for detailed biologically driven analysis
of niche-specific signatures. This becomes particularly relevant where conservation
of peptide-motifs underpins biological activity and biotechnological potential.
Recent evidence of niche specialization and peptide motif conservation among
Type Six lipase effectors in metagenome sequences underpins the need for future
structural and bioactivity studies that focus on peptide domains (Egan et al. 2014).
It is feasible to suggest that this motif specialization will extend to include the
biosynthetic gene clusters that encode the vast majority of bioactive compounds
isolated to date. Motif specialization would be expected to manifest in the func-
tionality of these bioactives and uncovering the extent of such specialization will
inform future marine mining programs.
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However, the continued growth in the number and diversity of metagenomic
studies, allied with the advances in sequencing technologies have brought with
them a global appreciation of the challenges that now bottleneck future develop-
ments in this research area.

14.3 Bottlenecks and Solutions in Marine Metagenomics

Metagenomics is essentially a DNA-based technology that requires access to the
genetic material of living organisms, its subsequent molecular manipulation, the
heterologous expression of bioactive target genes, and the production of bioactive
target compounds in an active and measurable form. There are several stages to the
process of metagenomics, each of which presents its own challenges (summarized
in Table 14.1).

Table 14.1 Metagenomic bottlenecks and challenges

Current limitations Bottlenecks Technical advances

1. Challenges in sampling—
capturing the natural diversity
and not just the domineer

– DNA size and
yield

– Standardize DNA isolation,
storage, sampling, and
pre-enrichment

2. Limitations of metagenomics
technologies—short reads and
dominant species

– Insufficient
clones

– Remove redundant DNA.
– Pre-enrichment/selective capture
of bioactive producer.

– New expression systems and
cloning technologies to ensure
sufficient clone numbers in
metagenomics libraries

– Avoid loss of rare unique hits and
misinterpretation of community
data

3. Expression of eDNA in
heterologous hosts, although
possible, is fraught with
limitations

– Inefficient
transformation

– Heterologous expression systems:
minimal interference with host
biological context.

– Develop new techniques to
isolate, clone and stably express
eDNA

4. Few standardized
systems/technologies, with
accurate taxonomy hampered by
limitations in systematics

– Homology
clutter

– Novel automated genome mining
tools and pattern recognition
based algorithms: large datasets

– Innovative mining approaches to
replace classical labor intensive
screens, which deliver poor
coverage with many false positives

– Standardized systems and
technologies to harmonize global
analyses

(continued)
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The first stage of the metagenomics process is in many ways the most crucial.
Optimization and developments downstream of this step become redundant where
primary sampling is ineffective. Furthermore, bias introduced at this stage will be
difficult to filter out, particularly where the genetic information from low abundant,
yet lucrative, organisms is lost.

14.3.1 Deciding When and Where to Sample

Where isolation of novel bioactive natural products is the ultimate goal, the source
of the metagenomic DNA is a central consideration. In order to improve the
abundance of novel bioactive natural products, a pre-enrichment step might be
considered.

Post-sampling, optimization of DNA extraction technologies to encompass
different classes of organisms is a key consideration. The size of many biosynthetic
gene clusters means that low molecular weight DNA has severely limited useful-
ness, particularly where bioprospecting for natural products is the ultimate goal.

14.3.2 The Ability to Isolate High Quality, High Molecular
Weight DNA from Samples

The extraction of high quality and high molecular weight DNA has proven a major
bottleneck to complete coverage of library construction and associated functional
screens. The diversity of organisms present, the extent to which they will yield their
DNA using conventional or adapted isolation protocols, the differences in abun-
dance between the dominant potentially uninteresting species, and the rare poten-
tially lucrative organisms, all present major headaches that need to be overcome.

Having isolated and prepared the genetic information from the environmental
sample, the next step is to express that code in a meaningful way. Early studies

Table 14.1 (continued)

Current limitations Bottlenecks Technical advances

5. Classical screening has not
delivered the full potential of the
natural environment, while many
gene clusters are ‘silent’ or
regulated by insulated
transcriptional regulators

– Time
consuming rare
clones

– New technologies for the isolation
and identification of BGCs from
rare species of sponge associated
bacteria

– Tapping into the silent potential of
microbial genomes

– Novel screening approaches: e.g.
search for new ‘antimicrobial
resistance blockers’
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made use of the laboratory workhorse E. coli, modified with plasmids to facilitate
expression of foreign DNA where rare codons are frequently encountered.

14.3.3 Heterologous Expression of Environmental DNA
(eDNA) in Diverse Hosts

Although considerable advances have been made in the construction and manip-
ulation of broad-host range expression plasmids (Craig et al. 2010; Kakirde et al.
2011), marine and extreme environmental niches present a unique challenge vis-à-
vis the novelty of the coding systems employed in their genetic blueprints. Even if
this is overcome, expression in heterologous hosts can be problematic, with, e.g.,
the inability to fold or process the natural product. Homologous expression in the
natural host, while favorable, is generally not possible, with even the culturable
marine organisms proving difficult to transform. Some advances have been made
with marine Streptomyces and Pseudomonas, with other organisms currently under
development as metagenomic hosts. Unresolved difficulties in expressing large
fragments of DNA must also be considered, bearing in mind the size of biosynthetic
gene clusters such as those encoding polyketide synthases (PKS) and nonribosomal
peptide synthetases (NRPSs). The gene clusters encoding the corresponding
pharmaceutically relevant natural products generally exceed the insert size limita-
tions of fosmid or even BAC vectors, making it often necessary to isolate multiple
clones or perform genome walking in order to obtain the complete gene cluster. As
a result, heterologous expression of modular PKS or nonribosomal peptide syn-
thetase (NRPS) pathways can usually only be attempted after initial identification
using homology-based screens.

The increased application of metagenomics and other biodiscovery technologies
to the search for novel bioactives has brought with it an exponential increase in the
discovery and reporting of new natural products. This has necessitated a focus on
standardization, of methodologies, but more importantly also of data reporting and
storage. In tandem with this, sophisticated software programs and virtual work-
benches have been created to decipher the trenches of genomic data that currently
exist in the public domain.

14.3.4 The Size and Complexity of Current Metagenomic
Datasets

This presents an additional challenge to researchers with computational advances
now urgently required to meet the explosion in available data. Automated genome
mining tools and eventually pattern recognition-based algorithms are required to
deal with the large datasets emerging from these studies. This is crucial in
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overcoming the oversampling of abundant organisms with loss of information from
the lower abundant species.

Even where successful expression of rare and potentially bioactive genetic
information is achieved, limitations in classical screening approaches hamper the
translation into detectable natural products.

14.3.5 Limitations to Classical Screening Approaches

Many screens are based on narrow spectrum bioactivity, utilizing a single
heterologous host, under defined experimental conditions that may not be favorable
to the isolated activity. This often leads to rediscovery of known molecules, or at
the very least, the isolation of compounds for which the framework molecule
already exists. In other cases, the activities are missed using classical screening
approaches. For example, mining enzymes from deep ocean organisms, while
screening using temperate atmospheric conditions, may not be conducive to
detecting the full bioactive repertoire from these organisms. These are some of the
limitations. So, where will the solutions come from?

14.3.6 Advances in Next Generation Sequencing
and Software Platforms

There is an urgent need for sequencing platforms that provide greater depth, with
parallel developments in technologies that remove redundant DNA. The advent of
next generation sequencing platforms such as MiSeq, HiSeq, and Genome
Analyzer II platforms (Illumina), SOLiD system (Life Technologies/Applied
Biosystems), Ion Torrent and Ion Proton (Life Technologies), and the PacBio RS II
(Pacific Biosciences), has driven the explosion in sequencing. With shorter reads
(excepting the PacBio RS II) and cheaper costs, these high throughput platforms
have replaced the longer high fidelity reads of the Sanger sequencing method that
were traditionally applied. In spite of the advances arising from next generation
sequencing platforms, the short nature of the reads presents its own difficulties,
particularly when we consider the large size of many biosynthetic gene clusters
(BGCs). These clusters encode many important activities that are clinically effective
such as antimicrobial, anti-inflammatory, and antitumor drugs. Typically arranged
as modules, these BGCs can be quite large in size (possibly as large as 100 kb), a
feature that mitigates against their expression and co-localization in functional
metagenomic analyses. Here, high molecular weight DNA isolation techniques
become important to cope with present and future long read sequencing approaches
in order to directly obtain gene clusters from metagenomes without any need for
further assemblies.
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Of course the availability of large sequence datasets presents its own opportu-
nities for data mining. The available predictive platforms (e.g., AntiSMASH,
BAGEL3, and SMURF) have equipped the research community with the tools for
identifying known classes of BGCs (Khaldi et al. 2010; van Heel et al. 2013; Weber
et al. 2015), while further advances will be needed to expand the search to novel
and as yet uncharacterized compounds (Wooley and Ye 2009). Furthermore,
standardization of bioactive gene cluster isolation methods and classification are
underway, with community driven platforms such as MIxS and MIBiG providing
excellent frameworks (Medema et al. 2012, 2015). This will enhance the harmo-
nization of metagenomics exploration, providing structure and improved annotation
to existing and future genomic, metagenomic, and bioactive gene cluster
information.

Perhaps an obvious limitation arising from the heterogeneous nature of microbial
communities and the fragment sizes that classically populate metagenomic libraries
is the inability to taxonomically link bioactivities to producing organisms. With rare
exceptions, biosynthetic genes are not found with taxonomic markers on the same
clone, hampering any accurate assignment of origin. Efforts are ongoing to over-
come this limitation using what are termed classification and binning approaches.
The advent of single cell genomics may also offer a solution to this problem
(Macaulay and Voet 2014). It is hoped that uncovering the genome of producing
organisms may provide a blueprint on which to base culturability studies. However,
it is likely that many slow growing symbiotic organisms will remain elusive in this
regard.

14.3.7 Strategies for Improvements in Heterologous
Expression Systems

Even if bottlenecks in sequencing and bioinformatics are overcome, the expression
of eDNA in heterologous hosts, although possible, is fraught with limitations,
including codon usage, rare tRNAs, promoter recognition, toxicity, yield and sta-
bility. Host selection and engineering based on phylogenetic and comparative
genomic approaches may assist in selecting the most appropriate universal host for
a particular environmental sample. A (meta) genome-first approach may also pro-
vide a better understanding of compatible gene regulation and resistance in order to
identify and engineer universal hosts that can express genes from a wide range of
sources, as well as be used directly for library construction. The extent to which
heterologous expression will be achieved is predicted to vary between taxonomic
groups, with an average of 40 % of enzymatic activities readily recovered by
random cloning in E. coli (Gabor et al. 2004). Analogous to the use of different
environmental conditions to elicit production of new compounds, the “different
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host—different hit” hypothesis has been proposed (Gabor et al. 2007). Courtois and
colleagues showed how expression screening of environmental DNA cloned in an
E. coli—S. lividans shuttle cosmid led to the identification of several clones that
were active in E. coli but silent in S. lividans (Courtois et al. 2003). Another study,
a parallel screening of broad-host-range cosmid environmental DNA libraries
maintained in six different proteobacterial hosts (E. coli, Pseudomonas putida,
Burkholderia graminis, Caulobacter vibrioides, Ralstonia metallidurans, and
Agrobacterium tumefaciens), described little overlap between active clones, further
demonstrating the potential advantage to using multiple diverse host species (Craig
et al. 2010).

Improved vectors that can carry and express entire gene clusters stably and
reliably will also be required. Some success has already been achieved in this regard
(Aakvik et al. 2009; Craig et al. 2010; Kakirde et al. 2011; Terron-Gonzalez et al.
2013; Troeschel et al. 2012). The plasmid RK2-based broad-host-range cloning
vector developed by Aakvik and coworkers for metagenomic library transfer
between species (Aakvik et al. 2009). With utility for fosmid and bacterial artificial
chromosome (BAC) cloning, pRS44 can be efficiently transferred to numerous
hosts by conjugation, replicating either through the PK2 or F origins. Novel pEBP
shuttle vectors have been used to express heterologous DNA in E. coli, Bacillus
subtilis and P. putida (Troeschel et al. 2012), while a “Gram-negative shuttle BAC”
vector (pGNS-BAC) has also been described (Kakirde et al. 2011). In another
approach, viral components have been used to improve vector and host strain
performance, resulting in a six-fold increase in the frequency of carbenicillin
resistant clones from their metagenomic library (Terron-Gonzalez et al. 2013).
These systems take advantage of the phage T7 RNA-polymerase to drive
metagenomic gene expression, while using the lambda phage transcription
anti-termination protein N to limit transcription termination. Together with
advances in host strain improvements, it is hoped these broad-host systems will
open new possibilities for marine bioactive isolation.

14.3.8 Innovations in Screening Methodologies
and De-replication

The successful implementation of technological developments described above are
hoped to maximize the expression and production of rare and suitably bioactive
natural products. The challenge then is to ensure that these important compounds
are identified and detected, a challenge that should not be understated. What use in
achieving production of these compounds if we do not select them from our
screens?
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Metagenomic libraries have generally been screened using either function or
sequence homology as the primary search parameter. While homology-based
screens have benefited from the development of a suite of search algorithms and
software analysis tools, they remain limited by the redundancy of the genetic code,
particularly where low abundant previously uncharacterized organisms are the
source of the sought after activity. Functional screens using direct substrate–product
conversions as readout have been widely applied in biodiscovery programs, par-
ticularly where biocatalysts have been targeted. Ideally based on growth or no
growth, alternative screens without selection have relied on visible changes in
colony color, morphology or clearing (halo) using agar plating methods.

More recently, the development of more targeted and sensitive assays has greatly
expanded the capacity of the research community to mine metagenomic samples for
bioactivity. These have included molecular based assays, also known as gene traps,
chromogenic assays, and complementation assays, all of which have led to the
discovery of novel activities from a range of ecosystems. For example, screening
for quorum sensing inhibitors has made use of a complementation strategy whereby
the presence of a signal from the test organism or clone restores pigmentation to a
biosensor strain (Chu et al. 2011). Gene-trap or promoter-trap assays have been
applied to the search for enzymes such as amidases, in what have been termed as
PIGEX and SIGEX approaches (Uchiyama and Miyazaki 2010). This technology is
particularly suited to high throughput analysis, with chromogenic or fluorogenic
markers easily integrated. Indicators such as chrome azurol S (CAS), which
changes color in the presence of iron, have been used to isolate clones encoding
siderophores from marine metagenomic libraries (Fujita et al. 2012). Integration
with fluorescence-activated cell sorting (FACS) and microfluidic systems will
further enhance the high throughput capacity of these approaches. However, further
developments in this area are required,, however, to fully exploit the rich diversity
of the marine and other ecosystems.

Parallel developments in de-replication technologies are important where the
rare bioactive is likely to be present in low abundance among a mixture of char-
acterized natural products. The capacity to collapse the redundancy in the screening
outputs, and also within the metagenomic library itself will streamline the screening
process and increase the likelihood of extracting the beneficial activity.
Recognizing the importance of de-replication, a significant toolkit exists to facilitate
this process in natural product research (recently reviewed by Gaudencio and
Pereira 2015). Integrating advances in high throughput sequencing, chromatogra-
phy, bioinformatics, structural characterization, and database management (outlined
in Table 14.2), the rigorous application of this process to metagenomic screening is
crucial if we are to reach the true diversity of the oceans bioactivity (Eugster et al.
2014; Gaudencio and Pereira 2015; Inokuma et al. 2013; Lang et al. 2008; Ng et al.
2009; Nielsen and Larsen 2015; Wong et al. 2012; Yang et al. 2013).
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Table 14.2 De-replication approaches and associated technologies

Approach Technology Application

High
throughput
sequencing

– Robotics for strain selection
– HTS Platforms

Continued advances in this area have
led to increased capacity for
screening of e.g. NRPSs

Analytics Separation—e.g. TLC, GC, CE,
SPE, CC, FCC, HPLC, uHPLC
Detection—e.g. MS, NIMS,
SIMS, DESI, DART, LAESI,
NMR

Based primarily on traditional
chemical and chromatographic
technologies, advances e.g.
nanotechnology, have enhanced the
utility of these approaches for
de-replication of NPs

Combinatorial
analytics

GC-MS, LC-PDA, LC-MS(-MS),
LC-FTIR, LC-NMR(-MS),
CE-MS, LC-UV-DAD,
LC-CD-NMR, FIE-MS,
npMALDI-I, MALDI-TOF-MS,
ICM, MSn, and ESI-TOF-MS

An ever expanding repertoire of
technologies that integrate
components of the discovery
pipeline. A balancing act between
increased ease of use, high
throughput capacity, and sensitivity

Bioactivity
fingerprints

Cytological profiling, BioMAP Offering high throughput screening
for, e.g., novel antibiotic activity

Computational
MS

Ligand guided
genome-guided

Large libraries of small molecules,
natural compounds, and genomic
data are already available to search
using computational methods.
However, limitations remain in the
development of suitable search
algorithms, particularly for MS
fragmentation data

X-ray
crystallography

Classical
SCD

Previous limitations with the need
for single crystals have been
overcome

NMR 2D-NMR, qHNMR, DOSY,
ASAP-HMQC

The latter techniques offer markedly
enhanced speed of analysis
compared to classical NMR

CASE SESAMI, COCOA, INFER2D,
HOUDINI, COCON, SENECA,
StrucEluc

Reliant on the availability of
structural databases, this can be a
complex process. Nevertheless, still
a key aspect of the de-replication
toolkit

NP databases ZINC, GNPS, PubChem,
ChemSpider, NAPROC, CSLS

Becoming more accessible with the
move towards open source databases

‘Omics’ Genomics—PyMS, RiboPrinter,
FT-IR
metabolomics—LC-HR-MS,
LC-MS-PCA, LC-HRFTMS,
proteomics—2DE, MS

Already integrated with high
throughput systems, and readily
aligned with downstream
bioinformatics analysis, these
technologies are widely applied in
NP research

In silico QSAR, INVDOCK, MZmine,
SIEVE, molecular networking

Chemi-informatics is gaining
traction, with structure-activity data
providing key insights
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14.4 Expanding the Metagenomic Horizon

Although the metagenomics workflow described above has underpinned the dis-
covery of many valuable chemicals, nowadays it leads too often to rediscovery of
known metabolites, generating a stasis in the number of new molecules described.
Therefore, in order to maximize the potential from developments in metagenomic
technologies, other aspects of the discovery process require parallel developments
and advances.

14.4.1 Activating the Silent Gene Clusters

The parallel advent of high throughput sequencing technologies has allowed us to
unlock the physiological features of a wide array of microorganisms. These data
revealed that their biosynthetic abilities have been greatly unexplored. In fact, the
number of biosynthetic genes in many bacteria and fungi greatly outnumbers the
known metabolites described for these organisms. In many cases, the biosynthetic
genes are simply not expressed, because their activation relies on environmental
cues missing in laboratory conditions. These silent genes are known as “cryptic” or
“silent genes”. The identification of these silent gene clusters has expanded our
consideration of the biosynthetic ability of microorganisms, leading to the devel-
opment of multiple approaches to stimulate the production of secondary metabolites
other than the known ones.

Broadly speaking, strategies to awaken silent gene clusters can be categorized as
using either (i) environmental cues and co-culturing or (ii) semi-synthetic or
molecular approaches (recently reviewed by Reen et al. 2015b). The former
approach, which can be described as a manipulation of culture conditions, has been
used for centuries as a mechanism of improving outputs from living organisms.
Encompassing the well characterized “one strain many compounds” (OSMAC)
approach first described by Bode et al. (2002), new strategies involving the use of
environmental cues or signals have received attention in recent years. The advent of
molecular technologies has seen the use of genetic strategies such as ribosome
engineering, transcriptional factor manipulation (activating the activators and sup-
pressing the suppressors), the use of artificial promoters, as well as epigenetic
mining (Fig. 14.2).

Metagenomics has the potential to partially address the issue of silent BGCs, in
so far as placing the cluster under the control of a constitutively driven promoter,
thus eliciting expression. However, as described earlier, limitations surrounding the
size of the DNA fragment, and the role of internal transcriptional regulators, must
also be considered.
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14.4.2 Tandem Chemical Profiling and Structural
Elucidation

Marine biodiscovery faces several challenges where the characterization of novel
compound structures using chemical approaches is concerned. The chemical nature
of bioactive production in the marine ecosystem can be extremely complex (de
Carvalho and Fernandes 2010), making it difficult to follow standardized extraction
protocols to obtain the biologically active pure compounds. The number of com-
pounds produced by a single organism adds to the difficulty in resolving these
complex samples. Broad separation of marine extracts can be resolved by succes-
sive extractions using different organic solvents (e.g., ethanol, methanol, hexane).
Each fraction can then tested using appropriate biological or chemical assays linked
to the bioactivity. Even when the fraction with the desired biological activity has
been found, there may still be multiple compounds present in the fraction requiring
additional chemical separation techniques to be applied. In this sense, chromato-
graphic techniques play an essential role. Of these, thin-layer chromatography
(TLC) and high-performance liquid chromatography (HPLC) are the most widely
used techniques.

Once, the original complex sample has been fractionated, cleaned and resolved,
more powerful analytical chemistry techniques are employed to elucidate the

Fig. 14.2 Awakening the silent biosynthetic gene clusters. Despite the explosion on genome
sequencing and the parallel developments in predictive programs, there remains a wealth of genetic
information that has yet to be visualized and perhaps new paradigms for sequence analysis that
have yet to be encountered. Predictive systems by their nature are predicated on prior knowledge,
with platforms based on current and existing paradigms for natural product discovery. We must
consider the potential for BGCs encoding previously unforeseen structures, encoded in new cluster
arrangements, with enough anomalies that current predictive software cannot recognize. These
unknown unknowns may be the next step in natural product discovery
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chemical structure of the bioactive compound. In this sense, the mass spectrometry
(MS) and nuclear magnetic resonance (NMR) techniques offer a wide range of
possibilities. Combining technologies such as MS and NMR, we can predict to an
important degree the structural composition of novel molecules. In addition,
combining these two techniques with the HLPC in tandem or in triplet (HPLC-MS,
HPLC-MS/MS or more recently HPLC-MS-NMR), has demonstrated utility in the
structural characterization of new bioactive compounds from a complex sample.

Parallel developments in bioinformatics have led to the development of
MS-guided genome-mining methodologies that iteratively match de novo tandem
MS (MS(n)) structures to genomic-based structures following biosynthetic logic
(Kersten et al. 2011). This has enabled researchers to connect the chemotypes of
peptide natural products to their biosynthetic gene clusters. In a further development,
Medema et al. have introduced a new software package based on Bayesian proba-
bilistic matching to overcome difficulties in establishing the association between
tandem MS data and biosynthetic gene clusters (Medema et al. 2014). Along with
other developments in the field, Pep2path is designed to optimize the pathway
towards high throughput discovery of novel peptide-based natural products.

14.4.3 Bioinformatics and the Informatics Age

The development of enabling technologies, data integration and genomic standards
in particular has received much attention in recent years, with bioinformatics
solutions urgently required to keep pace with parallel developments in sequencing
power. Recent initiatives include, the ‘Minimum Information about a Biosynthetic
Gene Cluster’ (MIBiG) genomic standard, tools for the biosynthetic gene cluster
(BGC) profiling in metagenomes, expanding the capabilities of the antiSMASH
pipeline from genomes to metagenomes. The ‘Minimum Information about a
Biosynthetic Gene Cluster’ community initiative was started in order to standardize
data storage on the experimental characterization of BGCs (Medema et al. 2015). In
line with the recent improvements in sequencing technologies and the development
of powerful metagenomics assembly algorithms, there is an urgent unmet need to
extend this work to the automated identification and analysis of BGCs in
metagenomics datasets. The development of an ultra-fast BGC metagenomics
profiler to screen metagenomes for BGC signatures has facilitated prioritization of
samples for further sequencing and/or cloning. Furthermore, combining the profiler
with a targeted assembly approach has delivered contigs and scaffolds long enough
to be processed by antiSMASH (Weber et al. 2015). The antiSMASH pipeline has
rapidly become the standard tool for natural product genome mining in both aca-
demia and industry, with >90,000 web server jobs processed and >75,000 software
downloads. The development of bioinformatics pipelines for co-assembly and
annotation of different next generation sequencing data including long reads pro-
duced by single molecule real time technology has been accompanied by parallel
mobilization of metadata related to existing bacterial species via the GBIF Data
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Portal (www.gbif.org) and the meta-database BacDive (bacdive.dsmz.de). The
BacDive portal integrates bacterial metadata with over 400 data fields into one
central database, offers easy-to-use, yet powerful search functionalities and allows
users to link the annotation process to the existing information on metabolic and
biosynthetic properties of related bacterial isolates. The taxonomic assignment of
metagenomics fragments encoding BGCs is another important parameter for pri-
oritizing the identified clusters/pathways related to their potential novelty.
However, currently, the accurate taxonomic assignment is hampered by a number
of shortcomings of microbial systematics such as the absence of a single authori-
tative taxonomy, inconsistencies among the different taxonomies and within them,
plus incompletely annotated or incorrectly classified reference data.

14.4.4 Synthetic Biology and Metagenomics

Synthetic biology has opened new horizons for the development of improved
peptide-based molecules. Comprising both enabling and core technologies, the area
of synthetic biology will continue to grow and lead the genomics-based opti-
mization of bioactive compounds for the foreseeable future (Kelley et al. 2014).
The development of synthetic molecules that mimic marine products, engineering
of hosts for natural product expression, and modified antimicrobial peptides are
some of the pioneering advances in this exciting new era of biodiscovery (Khalil
and Collins 2010; Neumann and Neumann-Staubitz 2010). Artemisinin, a botanical
antimalarial compound produced by the wormwood Artemesia annua, and the
production of taxol, were both achieved by the reconstitution of biosynthetic
pathways in engineered hosts (Neumann and Neumann-Staubitz 2010; Paddon and
Keasling 2014). Enhanced access to the novel sequences suggested by marine
biodiversity studies has the potential to provide new starting points for synthetic
development. In many cases, new natural products are effectively lead structures,
which subsequently undergo synthetic development to improve activity, pharma-
codynamics and pharmacokinetics, turning natural products into clinically effective
drugs (Harvey et al. 2015). In addition to the modification of existing natural
products and the engineering of heterologous expression hosts, the advent of
‘synthetic metagenomics’ has received considerable interest (Iqbal et al. 2012). This
involves codon optimization of genes of interest followed by chemical synthesis,
cloning, and expression in an optimized heterologous host. An important addition
to the biodiscovery toolkit, the global market for synthetic biology is predicted to
reach *$11 Bn by 2016 (Kelley et al. 2014), with many challenges and ethical
issues still to be resolved (Bloch and Tardieu-Guigues 2014). Foremost among
those challenges will be the design and implementation of compatible broad-host
vector systems and chassis organisms to expand the translation of marine genetic
biodiversity into functionally novel bioactivities.
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14.5 Future Trends in the Application of Metagenomics

The need for advanced solutions to societal problems is a real and current issue
facing the research community. The threat of a pending ‘post antibiotic era’, the
urgent need for greener chemistries, are all tangible problems which metagenomics
can begin to address. Maximizing the potential of metagenomics to deliver on these
challenges will require the integration of new technologies and complementary
approaches that can underpin and enhance the quality of information mined from
what are increasingly complex datasets. The emerging metaproteomics and meta-
transcriptomics technologies present valuable insights into the functional and
metabolic capacity of mixed microbial communities, being particularly useful in
assessing the biocatalytic potential of these consortia. As the platforms supporting
meta-‘omics’ continue to develop, new questions may be asked and previously
unforeseen applications can be considered.

14.5.1 Molecular Therapeutics

The success of metagenomics approaches has coincided with the call for more
targeted and personalized therapeutics, as we begin to understand at the molecular
level, the pathophysiology of disease. Metagenomics has the potential to unlock a
new repertoire of innovative therapeutics to challenge the continued emergence of
antibiotic resistant organisms, while also delivering on the isolation and develop-
ment of classical sterilizing antibiotics.

14.5.2 Cell-Cell Communication

Quorum sensing (QS) is the term used to describe coordinated behavior of bacterial
cells through signal production and perception, tightly regulated at the level of a
threshold or quorum (Miller and Bassler 2001). Previously thought to be uniquely
controlled at the level of cell-density, these systems are now known to be more
complex and exquisitely fine-tuned. A diverse range of signaling systems have been
described in Gram-negative bacteria, with the broad spectrum acyl homoserine
lactones (AHLs) often complemented with species specific AI-2 based systems. QS
in Gram-positive organisms is controlled through the production and perception of
auto-inducing peptides (AIPs). While QS molecules have been detected in
Gram-negative bacteria of marine origin (Gram et al. 2002; Mohamed et al. 2008),
QS peptides from Gram-positive organisms of marine origin remain to be discov-
ered. Metagenomics has the potential to unlock the diversity of QS producing
organisms in the marine, providing a new understanding of population interactions
and dynamics.
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14.5.3 Next Generation Antimicrobials

The rapid spread of antimicrobial resistance across all classes of antibiotics, ren-
dering many conventional antibiotics ineffective, has focused attention on the need
for alternative strategies to infection control (Cooper and Shlaes 2011). During
pathogenesis, Bacteria employ a vast array of virulence factors to overcome the host
defense and establish infection. The process is highly adapted and multifactorial,
often requiring the temporal and coordinated expression of genes, either in tandem
or in sequence, to successfully colonize the host environment. To add to this
complexity, infections are rarely unique, and occur as polymicrobial communities,
with interspecies and interkingdom interactions superimposed on the bi-directional
signaling between microbe and host. Together, these multiple interactomes con-
stitute what is effectively a chorus of communication, exquisitely coordinated and
highly evolved. Understanding how pathogenic bacteria use virulence factors to
interact with their hosts and originate the disease is a prerequisite to define new
targets for vaccines and drug development.

A key approach that is developing considerable potential is the molecular dis-
ruption of virulence behavior, and particularly biofilm formation, through the use of
QS signal mimics. Biofilm formation is a multicellular behavior that is almost uni-
versal among microbes, and the distinct stages of biofilm formation are coordinated
through signal dependent regulatory systems. This provides researchers with the
opportunity to develop smart drugs that intercept the biofilm signal, thus locking the
cells into a planktonic, antibiotic sensitive state. Marine biodiscovery is providing
small molecules with the potential to deliver on this next generation approach to the
clinical management of infections. Advanced signal dependent screening platforms,
linked to molecular biosensors, e.g., gene traps, are underpinning the discovery of
new classes of antimicrobial compound (Hirakawa and Tomita 2013). This approach
has already led to the identification of a suite of signal disruptive compounds with
biofilm blocking potential and chemical tractability (Gutierrez-Barranquero et al.
2015; Kjaerulff et al. 2013; Nielsen et al. 2014; Teasdale et al. 2011).

14.5.4 Biocatalysts and Green Chemistry

The identification of biocatalysts from marine metagenomics libraries reinforces the
largely untapped biocatalytic potential these resources present. Enzymes such as
cellulases, xylanases, and esterases have broad spectrum application in the pro-
cessing of paper and plant-based products (Martin et al. 2014), while there is a need
for novel biodegradative enzymes for use in bioremediation (Kennedy et al. 2011).

Synergies between the chemical and biological sciences have seen a new focus
on the search for enzymes to replace toxic and expensive catalysts in the drug
design process. Whether lysate or whole cell bioreactors, microbe-derived enzymes
have shown considerable potential for use in drug development processes, with
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transaminase, nitrilases, and lipases being particularly relevant. Transaminases, can
be used for the production of chiral amines and non-natural amino acids for
pharmaceuticals or chiral building blocks, while nitrile compounds play an
important role as intermediates for the synthesis of fine chemicals and pharma-
ceuticals, as with the regio-selective hydrolysis of poly- and di-nitriles (Brandao
and Bull 2003; Kaul and Asano 2012; Trincone 2011). However, despite consid-
erable advances, biocatalyst still only account for a small fraction of the chemical
reactions that underpin the pharmaceutical industry. The enhanced discovery of
novel and effective microbial enzymes from the marine ecosystem through
metagenomics has the potential to offer real alternatives to the toxic, expensive,
non-selective, multi-step catalytic reactions currently in use.

14.6 Conclusion

In a world that had apparently considered infection as a solved issue, we are fast
approaching a new reality, one where drugs, which had served us well in times past,
are rendered ineffective against re-emerging pathogens. The battle has now shifted
in favor of the invisible menace that threatens to undermine centuries of human
endeavor. If the pendulum is to swing again in favor of pathogen control, new
approaches and new fields of discovery are urgently needed. Perhaps, the conver-
gence of metagenomics and marine biodiscovery will provide that momentum,
hopefully underlying the next generation of bioactive molecules for societal gain.
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Chapter 15
New Approaches for Bringing
the Uncultured into Culture

Stéphane L’Haridon, Gerard H. Markx, Colin J. Ingham,
Lynn Paterson, Frederique Duthoit and Gwenaelle Le Blay

Abstract It took more than 23 years to propose a defined medium to culture
“Pelagibacter ubique” HTCC1062, one of the most dominant clades in the ocean.
Although it was first identified in the 1990s by culture-independent approaches
based on rRNA gene cloning and sequencing, an artificial seawater enrichment
medium has only recently been proposed for this isolate. This success story is a
result of the improvement of culture methods, better sensitivity of growth detection,
and knowledge of metabolic activities predicted from genome sequences. The new
approaches now offer a fraction of 14–40 % that can be cultured. From an opti-
mistic point of view, all uncultured marine microorganisms could now simply be
regarded as “not yet cultured”. Culturing is no longer an “old fashioned” technique
but an innovative and fast-moving area of research. Technological developments
include micro-engineering of ichips, manipulation of single cells, community cul-
ture, high-throughput culturing (HTC) processes, and new methods for low biomass
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detection or targeting specific microorganisms. Culture remains a prerequisite for
microbiological studies, as we need to grow microorganisms in the laboratory in
order to identify their functions and validate hypotheses deduced from their gen-
omes. The development, improvement, and combination of innovative culture
techniques based on information deduced from omics will undoubtedly lead to the
isolation and study of presently uncultured marine microorganisms.

15.1 Introduction

Microorganisms populate all marine habitats with an estimated abundance of 104 to
106 cells/ml of seawater. Marine microorganisms play key roles in biogeochemical
cycling processes including carbon and nutrient cycling. During the past three
decades, the revolution in molecular biology, combined with technological
advances and a decrease in sequencing costs, has allowed genomic studies to be
performed on ocean microbial communities at a worldwide scale (Kopf et al. 2015;
Rusch et al. 2007; Venter et al. 2004). The 16S rRNA gene sequence-based
approaches and environmental genomics have revealed the vast diversity of the
microbial world. Most of the organisms detected by these approaches had never
been described before, even after 120 years of culturing microorganisms. These
organisms are known as “not culturable” and represent the dark matter of the
microbial domain. More than 99 % of microbial diversity is not yet culturable. The
establishment of pure cultures of representatives of all bacterial and archaeal
divisions is still a major challenge for microbiologists today. Pure cultures continue
to be essential for a true understanding of the physiology of these Bacteria and
Archaea and their roles in the environment, and to enable the discovery of new
products with biotechnological potentials such as new antibiotics.

During the last two decades, considerable advances have been made in culture
approaches making it possible to grow some important “key-player” microorgan-
isms in the laboratory. These advances were not brought about by a revolution or
overnight breakthrough in culture methods, but by a gradual improvement in
existing methods, and a renewed understanding that the “sea” is an oligotrophic
medium with a low abundance of microbial cells, living together.

The aim of this chapter is to provide an overview of the new strategies and
technologies used by microbiologists to enhance the isolation and culture of marine
microorganisms. Some important aspects, such as the preparation of the growth
medium, incubation time, and sensitivity of detection methods for cell growth are first
introduced. This is followed by a description of some of the most important tech-
nological developments, i.e., high-throughput and automated dilution-to-extinction
methods, microencapsulation and immobilization of microorganisms in community
cultures, the development of membrane-based cultivation chips for cell enrichment
and cultivation, and single-cell techniques for cell isolation.
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15.2 Medium

In 1941, Claude Zobell, a pioneer in the study of marine microorganisms, intro-
duced the marine agar 2216 medium (known as Marine Broth), a nutrient-rich
medium, which made possible the isolation of many heterotrophic bacteria, mainly
belonging to a small number of genera, including Vibrio, Pseudomonas,
Oceanospirillum, Aeromonas, Deleya, Flavobacterium, Alteromonas, and
Marinomonas. Using nutrient-rich liquid or solid medium at the enrichment step
favors faster-growing bacteria, referred to as “r”-strategists, at the expense of
slow-growing, “K”-strategist, bacteria (Watve et al. 2000). K-strategists represent
the dominant microorganisms in the pelagic environment. Natural seawater is a
complex and living environment and it is difficult to prepare an artificial sea
medium that suitably mimics it, providing all the nutrients necessary to sustain
microbial growth. With the exception of the precise salt composition, which can be
easily achieved, the concentration and sources of organic matter, nitrogen, phos-
phate, sulfur, trace mineral elements, cofactors, and vitamins and the reconstruction
of the carbonate buffer are important factors that often determine the success or
failure of enrichment and isolation attempts. Marine Broth 2216 medium has 170
times more dissolved organic carbon than natural seawater, which inhibits the
growth of the true oligotrophs that represent the majority of microorganisms present
in the ocean. It was only in 1993 when D.K. Button and colleagues started using
natural seawater with small amounts of inoculum for isolating marine bacteria. This
work resulted in the description of two new oligotrophs, Sphingomonas alaskensis
and Cycloclasticus oligotrophus (Button et al. 1998; Schut et al. 1993; Vancanneyt
et al. 2001). The concept of using natural seawater as a growth medium and low cell
numbers as inoculum was improved upon two decades later in Giovannoni’s lab-
oratory, allowing the isolation of members of the SAR11 clade, one of the most
dominant clades of Alphaproteobacteria in the ocean (Cho and Giovannoni 2004;
Connon and Giovannoni 2002; Rappe et al. 2002). “Candidatus Pelagibacter ubi-
que” was cultured in an artificial seawater medium with specific nutrients (Carini
et al. 2013). The medium was defined based on the metabolic reconstruction of the
Ca. P. ubique genome (Giovannoni et al. 2005), which revealed that the genes
necessary for assimilatory sulfate reduction were absent (Tripp et al. 2008). The
common genes for serine and glycine biosynthesis were also absent and the bac-
terium was later found to be auxotrophic for the thiamin precursor HMP (Carini
et al. 2014). Employing the environment itself as aiding in growing microorganisms
has enabled the culture of numerous previously uncultured isolates from different
clades.

Marine Crenarchaeota are now recognized as a dominant fraction of the plankton
in deep ocean waters. Konneke et al. (2005) used natural seawater from an
aquarium as the first step in an attempt to enrich the fraction of Marine Group I
Crenarchaeota. After several transfers and the addition of bacterial antibiotics
(streptomycin) the fraction of Crenarchaeota increased up to 90 % of the total
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community. Subsequently, “Nitrosopumilus maritimus” strain SCM1 was isolated
in a synthetic medium.

Only a small proportion of viable cells present in microbial communities can be
grown using growth media based on agar (or other gelling agents), an enigma
known as the “great plate count anomaly” (Staley and Konopka 1985). The
diversity of marine microorganisms obtained after streaking on solid medium may
depend on the gelling agent used for their isolation (Joint et al. 2010). A hidden
pitfall was revealed in the common preparation of solid medium. The simultaneous
addition of phosphate and agar prior to autoclaving causes the formation of
hydrogen peroxide in the medium, which inhibits the growth of microorganisms.
The separation of phosphate and agar before the autoclave step allows the devel-
opment of numerous colonies, among which over 30 % previously uncultured
organisms (Tanaka et al. 2014).

Finally, it appears that medium based on natural seawater taken on the sampling
site, in the first step of enrichment/isolation improves the growth of presently
untamed microorganisms. The number of “uncultured” species domesticated in
artificial media is also increased by several prior-growing periods in natural sea-
water (Nichols et al. 2010).

15.3 Incubation Time

An important aspect of the culturing of abundant and dominant marine microor-
ganisms is incubation time. Long incubation times are needed to allow the growth
of key players such as members of the SAR11 clade. Song et al. (2009) demon-
strated that after 20–24 weeks of incubation, 64–82 % of the total number of
isolates belongs to SAR11. Members of the Roseobacter clade are abundant in
seawater and have been detected in many marine habitats. A new genus,
Planktomarina gen. nov., of the Roseobacter clade was described, after it was
isolated after an incubation time of 7 weeks (Giebel et al. 2013). Hahnke et al.
(2015) incubated samples for three months after an algal bloom and isolated novel
abundant bacterioplankton species. The autotrophic ammonia-oxidizing archaeon
strain SCM1 required an enrichment period of 6 months before being isolated.
Under optimal conditions, strain SCM1 reaches the stationary phase after 20 days
of incubation, which indicates that long incubation times are necessary to culture
members of this clade.

A long period of incubation is an important factor in the success of isolating
environmentally relevant microorganisms, meaning that microbiologists have to be
patient, although such time requirements are at odds with academic programs and
increasing pressure to publish rapidly.
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15.4 Measurement of Microbial Growth and Detection
Sensitivity

Methods to measure cell density vary in terms of sensitivity and time requirements.
For a long time, microbiologists assessed microbial growth based on the turbidity
they observed in the inoculated liquid medium. Measurement of turbidity is fast and
easy to perform. It is therefore still frequently used, but the disadvantage of this
technique is the rather low sensitivity. Many cultures have been discarded because
they apparently displayed no visible growth, due to poor cell density. Microscopic
measurements are more sensitive but, particularly in the case of epifluorescence
microscopy, they are time-consuming. Flow cytometry has a high sensitivity, the
counting procedure is fast and simple, but requires strong expertise and a careful
setting up of the equipment. During the last few decades, cheaper and easy-to-use
flow cytometers have been introduced and are now common equipment in research
laboratories.

New protocols have been developed to access high-throughput isolation and
culture microorganisms on a microplate format. In Giovannoni’s laboratory, two
approaches have been used: first, a 48-microarray filter device was developed in
order to decrease the growth detection limit and to permit cell numeration with
densities as low as 103 cells/ml using 200-µl aliquots of culture (Connon and
Giovannoni 2002). Hahnke et al. (2015) then improved this method using a 96-well
blotting manifold (Bio-Dot, Bio-Rad, Munich, Germany) and a vacuum pump
(Millipore, Billerica, MA, USA) under low, non-disruptive pressure (<5 mm Hg).
Formaldehyde-fixed samples were filtered directly onto 4-mm polycarbonate filters
with a pore size of 0.2 lm (GTTP, Millipore, Billerica, MA, USA), and stained
with either 1 � SYBR Green or 1 lg/ml DAPI and mounted on glass slides with
Citifluor and VectaShield (4:1).

In 2007, Stingl used a flow cytometer to enumerate cell densities after trans-
ferring samples of 200 µl into a 96-well plate and staining with SYBR Green1, the
detection limit was of the same order (Stingl et al. 2007). This method is fast, as it
takes around 10 min to analyze a 96-well microplate. On the Cocagne platform
(described below), the SYBR Green labeling method developed in 2006 by
Martens-Habbena is used to quantify cell numbers. An aliquot of 100 µl from a
96-well microplate is transferred to a black microplate containing 50 µl of a SYBR
Green solution (Martens-Habbena and Sass 2006). After 3 h of incubation in the
dark, a microplate reader can detect the relative fluorescence units (RFU) at 485 nm
in each well of the microplate. RFU is correlated with cell density. This method is
also fast that it takes less than one minute to read a microplate with a detection limit
at 2 � 105 cells/ml in seawater medium.
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15.5 Targeting Microorganisms of Interest

High-throughput culturing (HTC) using dilution-to-extinction, culture chip, and
single-cell isolation allows large number of isolates to be recovered. In order to
screen the numerous cultures, different methods can be used to dereplicate the
isolates or to target specific groups of microorganisms. Dereplication using
restriction fragment length polymorphism (RFLP) after amplification of the 16S
rRNA gene is convenient for clustering the isolates and identifying mixed cultures
(Cho and Giovannoni 2004; Connon and Giovannoni 2002). The 48-array devel-
oped in Giovannoni’s laboratory allowed Rappe et al. (2002) to use labeled
oligonucleotide probes targeting the SAR11 cells (FISH) directly on the array filter.
Hahnke et al. (2015) developed CARD-FISH on a 96-polycarbonate membrane to
quantify and to identify the presence of different taxa with specific labeled probes.

15.6 Dilution-to-Extinction Method and High-Throughput
Isolation

The dilution-to-extinction method introduced by Button et al. in 1993 was improved
a decade later in Giovannoni’s laboratory (Connon and Giovannoni 2002). The aim
was to drastically decrease the number of cells inoculated per well to around 1–5
cells in a small volume of medium, with the idea that only one cell would grow in a
well of a microplate and a pure culture would thus be obtained. The theoretical
number of pure cultures was estimated by the equation µ = −n(1 − p) ln(1 − p) and
the estimation of culturability was given by V = −ln(1 − p)/X, where µ is an esti-
mation of the expected number of pure cultures, n is the number of inoculated wells,
V is the estimated culturability, p is the proportion of wells positive for growth (wells
positive for growth/total inoculated wells), and X is the initial inoculum of cells
added per well. Utilization of microplates for culturing has introduced high
throughput into the culture process. In a single round, Connon and Giovannoni
(2002) incubated approximately 2500 extinction cultures. A culturability of up to
14.3 % was observed after three weeks of incubation, which is 120 times higher than
obtained with classical methods. Cell densities were in the range of 1.3 � 103 to
1.6 � 106 cells/ml; densities that would be impossible to detect by measurement of
turbidity. Many of the microorganisms that were cultured using this approach were
unique cell lineages and included cultures related to the clones SAR11
(Alphaproteobacteria), OM43 (Betaproteobacteria, related to the methylotroph
Methylophilus methylotrophus), SAR92 (Gammaproteobacteria), and OM60/
OM241 (Gammaproteobacteria).

The Laboratory of Microbiology of Extreme Environments (UMR 6197 LM2E,
Plouzané, France) has automated the high-throughput dilution-to-extinction method
(Cocagne platform). A pipetting robot (Starlet, Hamilton) dispenses the medium
(500 µl/well) and the cells (1–3 cells/well) into the wells of 20 microplates loaded
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onto the deck of the pipetting robot. Filter-sterilized natural seawater is used as
growth medium, amended with micromole traces of nitrogen, phosphate, and a
carbon source. A column with deep wells filled with sterile medium serves as
control. The microplates are sealed with silicone caps and incubated at in situ
temperature for at least two months. After incubation, the detection of growth in
deep-well plates is done by labeling growing cells with SYBR Green followed by
the detection of relative fluorescence compared to blanks using a microplate reader
(Infinite® 200 PRO, Tecan). For this purpose, deep-well plates and dark microplates
(Corning) are loaded on the robot’s deck and the detection method programmed in
the Hamilton software is started. All steps are automatically performed according to
the program instructions. The pipetting robot first distributes 50 µl/well of the
SYBR Green solution into the dark microplates (Corning), and then it transfers an
aliquot (100 µl/well) of cell suspension from the deep-well plates to the dark
microplates. After 3 h of incubation in the dark, the dark microplates are read on the
microplate reader at 485 nm. Wells are considered to be positive when their relative
fluorescence is higher than the average of the blanks (sterile medium) plus three
times the value of the standard deviation of the blanks. The level of the relative
fluorescence correlates with cell concentration. The positive wells of the twenty
inoculated microplates, i.e., the wells with microbial growth, are then redistributed
into new microplates with fresh medium. These newly inoculated deep-well plates
are incubated under the same conditions as described above. A DNA extraction
protocol, using the NucleoSpin 96 Tissue Kit (Macherey-Nalgel) is programmed in
the robot’s software. The 16S rRNA gene is then amplified and sequenced. The
Cocagne platform has been used on samples of coastal seawater of Brittany.
Twenty microplates, in other words 1760 extinction cultures, were incubated in
natural local seawater at 15 °C for three months. Two cells were inoculated per well
and the culturability obtained was 14 %. DNA was extracted and partial sequences
of the 16S rRNA gene from one hundred and fifty isolates were analyzed. The
results indicate the presence of numerous novel genera and species affiliated to
Alpha- and Gammaproteobacteria (L’Haridon, unpublished).

15.7 Cell Immobilization for Isolation and Cultivation
of Marine Bacteria and Archaea

Microbial cell immobilization is a method that aims to fix microorganisms on the
surface of or within specific carriers. This technique is commonly used in many
fields including food, pharmaceutical, agricultural, therapeutic, environmental, and
research applications (Cassidy et al. 1996). Many different strategies are employed.
These include immobilization by binding (physical adsorption, ionic binding, or
covalent binding) on an inert carrier, self-aggregation (flocculation or chemical
cross-linking), encapsulation or entrapment (membrane entrapment or entrapment
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within the network of a polymer matrix). Here we present applications of whole cell
immobilization by entrapment in different polymer matrices for the isolation and
culture of marine heterotrophic Bacteria and Archaea.

Cell entrapment in natural polymer matrices is the most frequently used tech-
nique because it is one of the gentlest protocols, inducing the highest cell viability
(Kanasawud et al. 1989). The polymer matrix allows the diffusion of small mole-
cules that sustain the viability, activity, and growth of the entrapped cells. In
addition, cells are protected against attacks by bacteriophages, and from shear
forces, abiotic stresses, and potential inhibitors that may be present in the culture
medium. Moreover, entrapped cells are easily recovered from their growth envi-
ronment (D’Souza 2002; Nussinovitch 2010). Polymer gels can be shaped in the
form of beads, spherical geometry of which increases mass transfer compared to
biofilms. Various methods, such as extrusion and emulsion, can be used to produce
gel beads. In the extrusion method, an aqueous mixture containing polymers and
microorganisms is extruded through a syringe to form beads that fall into a hard-
ening solution. Bead size depends on the syringe orifice diameter, the concentra-
tion, temperature, viscosity and flow rate of the polymer solution, and the distance
between the orifice and the hardening solution. The emulsion technique is based on
a dispersion process in a two-phase system in which an aqueous solution containing
polymers and microorganisms is dispersed in an oil/organic phase under agitation to
form a water-in-oil emulsion. Temperature decrease induces the polymerization of
beads that are then placed in a hardening solution (Kourkoutas et al. 2004; Rathore
et al. 2013). Depending on the polymer, the hardening solution contains different
types of cross-linking agents. The emulsion technique allows the production of gel
beads of different diameters (5–5000 µm) depending on the emulsion conditions
and agitation speed. Beads can be roughly separated into microbeads and mac-
robeads according to their size; macrobeads being greater than 100 µm in diameter
(John et al. 2011). Because of the cell immobilization, free and immobilized
populations do not have the same environmental conditions. As a result, immobi-
lized cells have a different physiology and growth capacity compared to free-living
cells (Doleyres et al. 2004; Rathore et al. 2013).

Many natural polymers (e.g., j-carrageenan, gellan gum, agarose, agar, gelatin,
alginate, chitosan) can be used for cell entrapment (Cachon et al. 1997). These
polymers are usually cheap and can be used alone or in combination. However, they
vary in toxicity, gelling properties, rheological behavior, and mechanical stability
according to the conditions during the bead formation and incubation. The selection
of the right polymer and encapsulation method is therefore critical depending on the
type of application and microorganisms to be immobilized, in order to ensure cell
viability while preserving the beads’ mechanical stability, depending on culture
conditions (especially salt concentration and temperature).
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15.7.1 Immobilization for the Isolation of Marine
Microorganisms

An original application of whole cell immobilization is the microencapsulation
method developed by Zengler et al. (2002) for high-throughput culture and isolation
of marine aerobic mesophilic microorganisms. The principle behind this method is
the physical separation and massive parallel culture of cells that are individually
entrapped in gel microdroplets (GMDs) of agarose (60 µm diameter) and incubated
as a continuous community culture (flow rate 13 ml/h) in an HPLC column under
low nutrient flux conditions for long incubation periods. This GMD community
culture allows the exchange of metabolites and/or signaling molecules between the
micro-colonies that grow within the GMDs, which are physically separated from
each other. At the end of the continuous culture, GMDs containing micro-colonies
are sorted by flow cytometry and further incubated in deep-well microplates (one
GMD per well) for clonal enrichment in a rich organic medium. This technique was
applied to different habitats and has provided more than 10,000 bacterial and fungal
isolates per natural sample, including novel marine bacteria from previously
uncultured groups (Zengler et al. 2002, 2005). It is a promising technique, although
the critical step is the positive GMD sorting by flow cytometry, which may decrease
cell viability. The use of a suitable cell sorter that can directly disperse the positive
GMDs into microplate-wells is therefore important at this stage. In Zengler’s
publications (Zengler et al. 2002, 2005) GMDs were directly sorted and distributed
into microplates by a FACSAria® flow cytometer.

The Laboratory of Microbiology of Extreme Environments (UMR 6197 LM2E,
Plouzané, France) has automated the Zengler method using a Hamilton pipetting
robot (Cocagne platform) for GMD distribution into deep-well microplates and
growth detection by labeling of growing cells with SYBR Green, followed by the
detection of the RFU compared with blanks using a microplate reader. Moreover, a
protocol for the microencapsulation (60 µm beads) and culture of thermophilic
marine cells in heat-stable microbeads made of gellan and agarose was also
developed (Fig. 15.1).

The same microencapsulation method was also used for the isolation of
slow-growing marine bacteria from mixed samples. Akselband et al. (2006)
developed a new strategy based on the growth detection of individual cells
encapsulated in agarose GMDs (30–50 µm in diameter). After 6 h growth in mixed
culture, the slow-growing micro-colonies were sorted from fast growing ones by
measuring their size within the GMD with a flow cytometer (EPICS EliteTM,
Coulter) after LIVE/DEAD staining (Bac Light Bacterial Viability Kit), and
transferred to fresh medium. Akselband et al. (2006) suggest the use of the same
strategy for targeting specific activities using fluorogenic substrates for GMD
sorting. In their study, they also showed that 75 % of the marine isolates grew faster
in GMDs than in liquid medium.

Ben-Dov and collaborators developed another strategy for the isolation of
marine aerobic mesophilic microorganisms using a macro-encapsulation technique
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(Ben-Dov et al. 2009). After dilution of environmental samples, microbial cells
were individually entrapped in agar beads (1–3 mm), which were then coated with
a porous polysulfonic polymeric membrane. This type of membrane prevents agar
dehydration but enables the exchange of molecules (nutrients and waste). After
sterilization of the surfaces with alcohol, the beads were placed in a suitable sim-
ulated or natural environment for long periods of incubation (at least 3 weeks).
Then, the beads were recovered and sterilized by flaming, and the embedded agar
spheres were removed, flattened, and observed under the microscope for the
presence of microbial colonies. In order to enrich and isolate microorganisms, the
agar beads were diluted and remixed with warm agar to form new beads. The
coated beads were then repeatedly incubated in the appropriate environment.
Following every two to three transfers, colonies were streaked onto appropriate agar
plates. This labor-intensive technique was successful in growing several novel
microorganisms from different environments, including the mucus layer of the Red
Sea coral Fungia granulosa.

15.7.2 Immobilization for Increasing Cell Growth Efficiency
and Stability

Entrapment of mesophilic aerobic marine microorganisms within polymer matrices
(usually alginate) in pure culture or as consortia is used in environmental appli-
cations (such as biosensor and in bioremediation) (Cassidy et al. 1996; Futra et al.
2014) and in biotechnological applications in bioreactors (biomass and metabolite
production and waste water treatment) (Roy 2015). Cell entrapment has been used
for the culture of thermophilic strains (Kanasawud et al. 1989; Klingeberg et al.
1990; Norton and Lacroix 2000) but never for marine (hyper)thermophilic anaer-
obic microorganisms because of the difficulties of gelling properties in a saline

Fig. 15.1 Development of a
bacterial colony inside a
GMD at 65 °C
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environment. However, cell entrapment offers numerous advantages over free-cell
cultures in bioreactors (Bustard et al. 2000). Cell entrapment induces a much more
stable and robust continuous culture system because it prevents cell washout,
improves genetic stability, protects organisms against shear forces and possible
presence of toxic compounds in the culture medium whilst increasing cell numbers
and product yields (Rathore et al. 2013). Moreover, immobilization facilitates
separation between biomass and products and makes possible the reusability of the
beads with immobilized cells.

The Laboratory of Microbiology of the Extreme Environments (UMR 6197
LM2E, Plouzané, France) has developed a cell entrapment protocol for (hyper)
thermophilic marine microorganisms in order to improve the cultivation of deep-sea
hydrothermal microbial communities. An experimental design, set to evaluate
different incubation conditions (pH, temperature, salt, and sulfur), showed that
beads (1–2 mm diameter) made of a mixture of heat-stable polymers (gellan and
xanthan gums) were resistant to most incubation conditions. After 5 weeks of
incubation, beads showed good resistance to all tested conditions (Fig. 15.2),
except those simultaneously including high temperature (100 °C), low NaCl con-
centration (<30 g/l), and extreme pH (� 4 or � 8). Batch experiments under
nitrogen gas using Ravot medium (Gorlas et al. 2013) showed that thermophilic
(Thermosipho sp. DSM 101094) and hyperthermophilic (Thermococcus sp. KOD1)
microorganisms were effectively immobilized in beads and grew to high cell
numbers. Cell counting by regular methods is impossible in polymer beads.
Therefore, a protocol based on cellular ATP measurement was developed and
applied to beads and culture medium. The correlation between cell counting using a
Thoma cell counting chamber and ATP values was determined for each tested
sample in order to determine the number of cells/ml for each strain. The ATP
content of bacterial suspensions in the liquid culture media was determined using a
Kikkoman Lumitester C-110 (Isogen Life Science) in combination with the

Fig. 15.2 Beads observation using a binocular magnifying glass (magnification � 2.4) after
immobilization 5-week incubation
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BacTiter-Glo Microbial Cell Viability assay (Promega) according to the manufac-
turer’s instructions. In the case of beads, ca 100 mg of beads was placed in a
pre-weighted sterile hemolysis tube (Gosselin). Subsequently, the beads were washed
thrice with 100 µl of sterile degassed saline solution. For ATP measurement, 100 µl
of sterile distilled water was added to the beads, which were vortexed for 10 s before
adding 100 µl of BacTiter-Glo buffer. As for liquid medium, internal calibration was
performed with 10 µl of a 100 nm ATP solution and maximal fluorescence emission
values were considered. The number of active cells was 2.4 � 105 cells/g of beads for
Thermosipho sp. (DSM 101094) and 2.3 � 106 cells/g of beads for T. kodakarensis
(KOD1) just after immobilization, which corresponds to 2.7 and 54 % of cells sur-
viving the immobilization step, respectively. After a few hours, cells grew within the
beads as well as in the liquid medium. The cultures reached cell densities
of 6.1 � 108 cells/ml in liquid medium and 2.9 � 107 cells/g in beads after 24 h
incubation at 65 °C for Thermosipho sp. (DSM 101094), compared to 2.5 � 108

cells/ml for free-cell culture under the same conditions. In the case of T. kodakarensis
(KOD1) the highest cell densities were obtained at 70 °Cwith 3.3 � 108 cells/ml and
4.8 � 107 cells/g in liquid medium and in beads, respectively, after 24 h incubation
compared to 1.4 � 108 cells/ml in free-cell suspension medium. The high percentage
of survival together with the high cell densities of both strains in beads and liquid
medium showed that entrapment and culture of immobilized anaerobic thermophilic
and hyperthermophilic marine strains is possible at high temperature (Landreau et al.
submitted).

Using the same entrapment protocol, the proof of concept was established in a
continuous culture that was performed for 42 days in a gas-lift bioreactor flushed
with nitrogen and containing 40 % (v/v) of freshly inoculated beads with different
thermophilic and hyperthermophilic deep-sea microorganisms. Gel beads proved to
be highly resistant to mechanical and chemical degradation during the 42 days of
continuous culture. Moreover, cell quantification, organic acid concentrations, and
ATP monitoring showed that polymer beads and effluents were highly colonized
and that the microorganisms were reactive to culture conditions.

15.8 Enrichment Chambers and Culture Chips

The environment is often an excellent growth medium (Ferrari et al. 2008;
Kaeberlein et al. 2002) and this forms the basis of many laboratory cultivation
techniques. We can build better and smaller culturing devices. These devices are
laboratory-on-a-chip (LOC) or micro-engineering (MEMS) approaches for which
the technologies are in part derived from the electronics industry that is entering life
sciences (Ingham and van Hylckama 2008; Weibel et al. 2007). Therefore,
microbiologists have access to improved manufacturing and design capabilities
leading to the creation of sampling and culture devices for the laboratory or for
implantation in the natural environment. This is both intuitively obvious and
experimentally supported. Logically, we want to either move the laboratory into the
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environment or the environment into the laboratory in order to recreate the missing
factors that act as roadblocks to cultivation. Here we deal with culture chambers
(laboratory into environment) and culture chips (environment into laboratory) as
examples of technological advances that use this idea.

15.8.1 Porous In Situ Cultivation Chambers

Porous cages and chambers allow the culture system to be placed in the appropriate
environment. Whilst even this measure is not a perfect recreation, such systems
have shown great value in culturing otherwise refractory microorganisms. One
simple but effective version is a diffusion chamber bounded by two membranes
(Fig. 15.3a). This chamber is filled with agar lacking nutrients and inoculated with
an environmental sample and then sealed (Kaeberlein et al. 2002). The diffusion
chamber can be placed in the sea or in soil, or a close simulation of the environment
(e.g., sediment in an aquarium), and the external conditions rapidly equilibrate with
the small volume of the interior. Micro-colonies trapped within the agar can often
then be cultured conventionally, whilst closely positioned micro-colonies can be
investigated for the possibility that culturing required interactions between different
species. This technique has resulted in the enrichment of previously uncultured
organisms, up to 30 % success in culturing microorganisms from marine and littoral
habitats. A logical extension of this idea is the iChip, a highly multiplexed version
of the diffusion chamber (Fig. 15.3b). The iChip allows multiple polyoxymethylene
(a hydrophobic plastic) chambers to be enclosed with two polycarbonate mem-
branes (Nichols et al. 2010). The chambers are loaded with agarose before the
second membrane is put in place, dipped in the appropriate environmental sample
to inoculate, sealed and implanted into soil.

A notable success of the iChip was the use of these devices in a screening of up to
10,000 micro-colonies in order to isolate an example of a new class of antibiotics,
teixobactin, from Eleftheria terrae, a group of Bacteria not previously known to be a
good source of antimicrobials (Ling et al. 2015). The iChip uses an additional
strategy when looking for antimicrobials. The first line of activity screening is
performed by recovering the device, then spread plating the upper membrane with
indicator bacteria. In the first instance, the microorganisms grow inside the
micro-wells, sandwiched between two membranes allowing entry of small molecular
weight compounds such as nutrients and quorum sensing molecules that support
growth. In the second stage, antimicrobials diffuse from the trapped micro-colonies
to an indicator strain on the outer surface to be assayed. The high frequency of “hits”
from a highly mined environment is promising and there is every reason for thinking
this approach will adapt well to the less well-explored marine environment. So far,
the approach is not selective—what grows and subsequently assayed. Enrichment
culture, for example with poorly soluble polymers, would be one way to bias the
method towards isolating microorganisms with a desired phenotype, such as
polymer degradation. A variant of this diffusion chamber system that possesses
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selectivity uses asymmetric membranes (Fig. 15.3c). The upper membrane cannot
be penetrated by microorganisms and the lower membrane has a pore size that
enriches a particular group by selectively permitting growth into the chamber
(Gavrish et al. 2008). When the pore size of the lower chamber is set to 0.45 µm,

Fig. 15.3 Cultivation chambers for enrichment and near natural culture conditions. a In situ
cultivation chamber filled with agar, then placed back in natural or simulated environment for
cultivation of microorganisms in the interior. Scale bar (top panel a) indicates 1 cm for all panels.
b iChip, an array of cultivation chambers similar to those in panel. Top view of whole chip.Middle
cross section showing microbial growth in compartments. Bottom Plating an indicator strain on the
upper surface reveals antimicrobial activity from the bacteria contained within compartment X.
c Selective, asymmetric capture chamber for mycelial organisms. BEV, Bird’s Eye View. XS
Cross section. The upper membrane (m) is a barrier for all microorganisms, the larger pore
membrane can be penetrated by actinomycetes (represented by chains of green ovoids, growing
from sediment) better than other bacteria, so tends to trap and enrich selectively. d Variant culture
chamber with slowly degrading material (P, polymer) or microbial population in central chamber.
Whilst bounded by two membranes, only the upper membrane (em, experimental membrane)
communicates with inner chamber, the lower (cm, control membrane) does not. Therefore, the two
microbial populations growing on the outer surfaces of em and cm can be expected to differ.
e Porous tube containing bacteria (light blue) for exceptionally high surface area to volume ratio,
allows recirculation of contents and extremely rapid exchange with the environment (darker blue).
f Closing cage system of entrapment. Left part of this panel shows unfolded cage (uc) with a mesh
hundreds of micrometers. Center cage now folded into a cube (fc) trapping a multicellular microbe
or marine invertebrate. Right Assembly of multiple cages to create synthetic tissues or
communities. The height in the XS of panels A, B and E is exaggerated circa two-fold to show
detail. A blue background indicates marine use, a beige background that the main validation to
date has been in the soil, but that the technology is applicable to the marine environment
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filamentous bacteria (particularly actinomycetes) showed an advantage in pene-
trating the chamber and could therefore be enriched and isolated. Precise modulation
of pore size usefully excluded fungi and other microorganisms, which frequently
overgrow actinomycetes in more conventional environmental screenings. Given that
actinomycetes are major antibiotic producers but the number of new useful antibi-
otics is falling, selective entrapment offilamentous bacteria is a promising technique.
If membranes can be fabricated that are selectively porous based on other properties
(e.g., surface charge or hydrophobicity or surface molecules) this selective entrap-
ment technique could become even more powerful.

Another variant of the culture chamber places the enrichment material in the
central chamber and allows microorganisms to grow on the exterior of the membrane
(Fig. 15.3d; MicroDish BV, unpublished). The advantage of this strategy is allowing
a controlled experiment to take place. Most culturing chambers just trap what grows;
they are a form of sampling rather than experimentation. In this scheme, microor-
ganisms grow on the outer surface of a membrane exposed to the marine environ-
ment as well as the contents of an inner chamber (separated by a porous membrane,
the inner chamber can contain nutrients or other microorganisms)—this acts as the
experiment. A second membrane within the same chamber has equal exposure to the
environment but no communication with the central chamber; this is the control.
Therefore, a metagenomics experiment or targeted culturing approach should allow
analysis of the differences in microorganism abundance (or nucleic acid sequence)
between the experimental and control conditions. More complex geometries in
culture chambers are possible, permitting multivariable experimentation in situ. An
alternative format for porous enclosure is a hollow fiber (Fig. 15.3e), a tubular
membrane which has an exceptionally high area in contact with the environment
(Aoi et al. 2009). A porous polyvinylidene fluoride (PVDF) membrane (0.1 µm
pores) contains the microorganisms of interest. This system shows a significant
enhancement of culturability over agar-based methods, tested with three microbial
populations derived from marine and industrial environments. Additionally, the total
volume of the system can be increased (simply by extending the tubing), allowing
rather larger populations of microorganisms to be enriched than is the case with
micro-colony-based methods.

The diffusion chambers described above are sealed by hand under aseptic
conditions and then placed in the environment. A particularly interesting devel-
opment for the marine environment is the self-closing cultivation chamber
(Fig. 15.3f), particularly if these could be closed in hard to reach environments,
such as the deep-sea. One such approach is the creation of flat boxes that
self-assemble (Leong et al. 2008). The sides to the box are all porous; when folded
they form a cage. The assembled boxes can be sorted and are amenable to
manipulation by magnetic fields. These properties offer the potential to stack boxes
and therefore the creation of artificially structured communities of cells, again
moving from sampling to experiments. Later developments have created
self-folding structures, created purely from polymers that are optically transparent
and capable of trapping microorganisms including eukaryotic cells (Azam et al.
2011).
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15.8.2 Cultivation Chips

Starting with the Petri dish, there are a number of possible improvements that might
be envisaged that would aid marine culturing. These include miniaturization, a
greater potential for automation, the absence of gel polymers as a matrix (such as
agar that may contain inhibitory compounds), and suitability for imaging or other
detection methods. An early attempt at “the better Petri dish” is the hydrophobic
grid membrane (HGM), a porous filter subdivided into hundreds of growth areas by
wax barriers. HGM offers flexibility (can be placed on agar or non-agar surfaces
and can be moved). The HGM has a greater dynamic range for counting
colony-forming units compared to an equivalent area of agar (Sharpe and Michaud
1974). This is explained by a better segregation of colonies and effective statistics
derived from the distribution of colonies segregated between a large number of
compartments.

Microfabrication allows further subdivision of growth areas to the point where
custom-built disposables with thousands of compartments are available (Incom,
USA). Micro-engineering allows a series of configurations of what is effectively
highly multiplexed multiwall plates. However, miniaturizing multiwall plates
beyond a certain threshold creates problems as well as advantages. There may be
issues of aeration (liquid trapped in capillaries cannot be shaken to introduce
oxygen), imaging (hard to focus on cells in capillaries), assay sensitivity in low
volumes and dehydration (nanoliter wells dry out unless the humidity is carefully
controlled), cross contamination, and dependence on robotics that microbiology
laboratories often lack. There are solutions and work-around possibilities for many
of these issues. Simply optimizing geometry, shaking speed and angle, and media
components within conventional multiwall plates can considerably help oxygena-
tion (Duetz et al. 2000). Oxygen can be delivered to 96-well plates through an
oxygen permeable membrane, leading to 96-well microtiter plates with oxygen
transfer rates comparable to Erlenmeyer flasks (Microflask System, Applikon
Biotechnology, NL). Additionally, the capillarity of micro- or nanoliter wells has
been exploited to capture droplets in stackable microcapillary arrays.

Porous ceramics make a good basis for culture chips (Fig. 15.4), with the
advantages of flatness, porosity, low autofluorescence, biocompatibility, and despite
inertness, good ability to conjugate biomolecules (Ingham et al. 2007;
Microdish BV, NL). The downside is brittleness of the ceramic, requiring rein-
forcement for good handling. Micro-engineering techniques can create micro-wells
(7–300 lm across, 10–40 lm deep, fixed or variable geometries). Similar to cul-
turing chambers, these can be used, in combination with sediments or other sam-
ples, to culture microorganisms that were refractory to culturing with conventional
techniques. Additionally, the small volume of culture medium allows the use of
high cost reagents or additives. Control of compartment size, combined with
spacing allows fine-tuning of application. Furthermore, a common task in micro-
biology is the replication of microorganisms using a velvet pad (Lederberg and
Lederberg 1952) or a simple printing device, such as a 96-pin array with a pin
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spacing of *0.5 mm. It is possible to deploy bacteria using non-contact printing
devices; even ones modified from conventional inkjet printers (Flickinger et al.
2007). In terms of contact printing, miniaturized arrays of pins fabricated from
elastopolymers allow a similar process but on a finer scale. A pin spacing of 80 lm
is usable to replicate between micro-wells of a culture chip (Ingham et al. 2010).

Suspension cultivation is also possible in a highly multiplexed and miniaturized
device. For example, arrays of microfluidic capillaries can sustain microbial growth
using peristaltic pumps to move fluid and introduce oxygen (Gan et al. 2011).
Moreover, micro-fabricated chips can be used to address questions such as to the
organization of microbial communities (Keymer et al. 2006) or to approximate to
the function of chemostats (Balagadde et al. 2005). We can expect further inven-
tiveness in terms of microbial cultivation chips in the future (Lok 2015), and also
hope that low cost manufacturing will make these devices affordable for the marine
microbiologists. Therefore, these micro-fabricated chips will play a significant part
in increasing the culturing members of the marine microbiome.

Fig. 15.4 MDCC. a Cultivation chip (MDCC180.10, 8 � 36 mm), floating on water, with PAO
base and more than 4000 180-lm-diameter compartments in a hexagonal array coated with
platinum. b Image of an array of 200-lm-diameter micro-colonies, visualized by green fluorescent
protein and captured by a hand held digital camera. c Chip with variably spaced wells
(MDCC180.10VAR) inoculated with fungi to look at the effect of colony density and size on
growth. d Single 180-lm-diameter, 10-lm deep well. e Section of an MDCC20.10 chip with
20-lm2 wells in an orthogonal array (125,000 wells per chip) used to culture bacteria,
subsequently stained with a fluorescent dye and imaged by fluorescence microscopy. The four
sections of this panel show how image processing moves the raw image from a gray scale
photograph to a binary image—the final image used to score whether a compartment supports
growth and therefore is scored as a CFU. f Image of a single colony from a screening of culture
from arctic sediment. g Image of fungal mycelia growing out of 180-lm-diameter compartments as
mycelial bundles. White scale bar (panel b) indicates 6 mm when applied to panel a, 1 mm for b,
2.5 mm for c, 40 µm for d, 150 µm for e, 420 µm for f and 800 µm when applied to G
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15.9 Single-Cell Techniques

In order to establish a pure culture, microbiologists have to isolate a viable cell and
maintain its physical isolation whilst the cell divides to form a colony. Often, a pure
culture is achieved by statistical means: either a sample is diluted until on average
there is only a single viable cell left in the cultivation chamber, or cells are spread
over a surface or in small volumes until on average there is a single isolated cell in a
given location. Either way, when employing these methods there is little or no
control over which individual cell in the original sample goes where.
A fundamentally different approach involves the direct selective isolation of single
cells from a sample, combined with a method for directing the cell to a known
location, for example on an agar plate, a well in a multi-well plate, a micro-well, or
micro-chamber in a microchip. Having isolated the cell and defined its position we
can then alter its microenvironment to improve its culturability.

The isolation, handling, and analysis of single cells is nowadays a topic of
growing interest because of the potential to target rare cells and obtain information
on the heterogeneity of cultures (including gene expression) (Blainey 2013; Ishii
et al. 2010; Stepanauskas 2012; Yun et al. 2013). A variety of techniques is either
already available or under development to achieve this which will be discussed
here. Many of the techniques were originally developed for use with mammalian
cells, but could be or in some cases already have been adapted for use with marine
microorganisms.

15.9.1 Cell Sorting

Sorting techniques can either be active or passive. Active systems generally use
external fields (e.g. mechanical, acoustic, electric, magnetic, optical, hydrodynamic)
to impose forces to displace cells, whereas passive systems use inertial forces,
filters, and adhesion mechanisms to purify cell populations (Wyatt Shields IV et al.
2015). For the selective isolation of cells active sorting is generally preferred.

During the sorting process the cells can be dispersed in a static or moving fluid,
or as single cells in micro-droplets or gel microbeads. To obtain a high throughput,
the cells need to be suspended in a flow, sufficiently separated from each other to
allow easy separation. The cells are then analyzed one at a time as they flow past a
sensing system and then actively knocked out of the flow when the cell has the
desirable properties. Throughput in static systems is generally lower, and the
techniques used often put high demands on the dexterity of the operator.
Automation is sometimes possible, for example, through the combined use of
advanced control systems and robotics (Lu et al. 2010; Zhang et al. 2012), and can
speed up the isolation process. However, flow-through systems can suffer from
blockages.
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15.9.2 Facs

The most well known technique used for flow-based cell sorting is the Fluorescence
Activated Cell Sorter or FACS. Although traditionally mainly regarded as a tool for
the analysis and sorting of large mammalian cells, the technique is increasingly
used for microorganisms (Czechowska et al. 2008; Davey and Kell 1996; Mazard
et al. 2014; Morono et al. 2013; Winson and Davey 2000). A typical FACS is
shown in Fig. 15.5. It includes a stream containing the cells to be sorted, a device
for hydrodynamic focusing this stream into a narrow laminar flow for cell analysis,
a laser system that enables one to measure the fluorescent and light scattering
properties of each single cell, a droplet generator system which produces droplets
containing single cells, a method to place an electric charge on a droplet according
to whether the cell is to be collected or not, and a method for selectively diverting
droplets in an electric field. The droplets are sorted into tubes or wells of microtiter
plates, although sorting microorganisms directly onto agar plates is also possible
(Fig. 15.6). A standard FACS can achieve high cell throughputs (>104 cells/s), but
large samples are needed, not all cells are fluorescent, it is difficult to isolate all
individual cells in a sample, and it is often not possible to guarantee that the
droplets contain single cells. A number of alternative cell sorters, many of them
based upon miniaturization and making use of Microelectromechanical systems
(MEMS) and Laboratory-on-a-Chip technologies, has been or is being developed in
order to overcome these problems. Often their throughput of these miniaturized cell
sorters is lower than FACS, enabling slower and more detailed cell analysis tech-
niques such as image analysis or Raman spectroscopy to be used rather than
fluorescence alone.

Fig. 15.5 Sketches of methods of isolation of cells with micropipettes. Cells can be isolated either
by aspiration onto the tip of a narrow capillary (a), or into the body of the capillary itself (b).
Aspiration onto the tip is more suitable for larger cells and filamentous organisms, but the risk of
mechanical damage is greater
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Fig. 15.6 Schematic of a fluorescence activated cell sorter (FACS). A FACS is made up of three
main systems: fluidics, optics, and electronics. Fluidics: A sample of cells is hydrodynamically
focused using a sheath flow. As cells flow along the stream of liquid, a laser scans them. Optics:
Laser light scattered by the cell is collected by a detector such as a photo multiplier tube and is used
to count cells and to measure the size and granularity of the cell. Laser light is also used to excite
fluorescence from specifically labeled sub-populations of cells. Electronics: The light signals are
converted into electronic signals and a computer processes the information to determine which cells
are to be sorted. The electronics system controls the charging and deflection of particles. Droplets,
each containing a single cell, are created at the output nozzle by vibrating the nozzle at an optimal
frequency and an electrical charge (−) is applied to the droplets to be collected as they exit the
nozzle. The charged droplet is then deflected left towards the positive electrode (+) into a collection
tube. Droplets that contain no cells or cells that are not to be collected pass straight through into the
waste tube. The collected population is a pure population for the criteria determined when setting up
the experiment (for example cells with above a certain threshold of fluorescence emission)
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These cell sorters include inkjet printer-based systems with integrated image
analysis (Stumpf et al. 2015; Yusof et al. 2011), dielectrophoretic cell sorters (Hu
et al. 2005; Zhang et al. 2015), optical force-based cell sorters (Enger et al. 2004;
Keloth et al. 2015; Landenberger et al. 2012), and various valve-based microfluidic
cell sorters fabricated with soft lithography (Fu et al. 2002; Robert et al. 2011).

15.9.3 Mechanical Micromanipulation Techniques

The use of mechanical micromanipulation techniques for the isolation of microbial
cells has a long history, and reviews on early techniques have been given by
Johnstone (1969, 1973), and more recently by Fröhlich and König (2000). Early
techniques used micro-needles or microcapillaries for the isolation of microor-
ganisms, but success was limited by the technology then available. The develop-
ment of improved micromanipulators with accurate pneumatic or hydraulic pressure
control systems and improved microscopy techniques have made the isolation of
cells with these techniques much more straightforward, and many examples of the
use of mechanical micromanipulators for the isolation of microbial cells can now be
found in the literature (Fröhlich and König 1999; Ishøy et al. 2006). Either the
entire cell is drawn into a micropipette that is much larger than the cell, or held at a
pipette tip that has an opening that is smaller than the cell diameter (Lu et al. 2010)
(Fig. 15.7). Microfabrication nowadays makes it possible to manipulate single cells
with pressure force in a massively parallel way (Nagai et al. 2015), although
pressure forces on mechanically isolated cells can be large, and can lead to damage
to shear-sensitive cells.

An alternative approach to mechanical cell isolation using needles or pipettes
involves the use of an externally applied physical field force to move the cells.
Forces used for cell manipulation have been reviewed by Yun et al. (2013) and
include optical, electric, magnetic and acoustic forces. To date acoustic forces have
mainly lacked the resolution needed for single-cell manipulation. Most biological
materials, including most cells, are diamagnetic and show little to no response to
externally applied magnetic fields unless modified by the attachment of (super)-
paramagnetic particles or suspended in a paramagnetic suspending fluid (Safarik
and Safarikova 1999). The response of cells to electrical or optical forces is strong,
however, and can be achieved without modification of the cells.
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Fig. 15.7 Schematic of optical tweezing for cell isolation (i, ii and iii). Micrographs of optical
tweezing (iv and v) and isolation (vi) of single cells. A tightly focused near infrared laser beam is
used to trap and move a single cell in three dimensions away from surrounding cells, either in an
environmental sample (schematic shown in i) or from a laboratory culture of cyanobacteria (iv).
The selected cell is physically removed by optically tweezing the single cell away from the other
cells via a narrow meandering channel (ii and v) to a region where there are no other contaminating
cells, such as a culture chamber in a customized chip or a microcapillary (iii and vi). Cell selection
and isolation can now be automated to decrease the burden on the operator. The isolated cell can
be used to start a pure culture or can be joined in the chamber with a second, or any number of
selected cells for co-culture
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15.9.4 Cell Manipulation with Electric Fields

Cells can be moved by direct (DC) and alternating currents (AC); DC fields move
cells through electrophoresis because cells have a net (negative) charge, and AC
fields induce movement of the cells by the interaction between the induced dipole
moment and electric field gradient (dielectrophoresis). Cell manipulation with high
frequency (>10 kHz) AC fields is generally preferred over cell manipulation with
DC fields as it suffers less from interference by local fluid streaming induced by the
strong electric fields near the electrodes. Dielectrophoresis has been extensively used
to create aggregates of microorganisms for the study of microbial interactions in
biofilms, including metabolic interactions, quorum sensing, and resuscitation of
dormant cells (Andrews et al. 2006; Mason et al. 2005; Zhu et al. 2010). However, to
achieve the resolution needed for single-cell manipulation, structures are required of
a size similar to that of a single cell. As a result, the manipulation of single cells with
electric fields puts high demands on microfabrication skills. The electric field rapidly
declines away from the electrode structures, and the electrode structures therefore
have to be close to the cell to be isolated. Electric forces are strongly dependent on
the composition of the medium, in particular its conductivity. The use of low salt
media is often essential, although this can be to some extent alleviated using high
frequency electric fields (Schnelle et al. 1999). Despite all this, various examples of
single-cell manipulation and isolation with electric fields can be found in the liter-
ature (Graham et al. 2012; Hsiao et al. 2010; Schnelle et al. 1999; Yang et al. 2010;
Zhang et al. 2015). On the whole, however, single-cell manipulation is simpler with
optical techniques than with electrical techniques, and therefore preferable.

15.9.5 Optical Manipulation

Optical trapping of dielectric particles from tens of nanometers in diameter to tens of
micrometers by a single-beam gradient force trap (also known as optical tweezers)
(Ashkin et al. 1986; Ashkin and Dziedzic 1987) uses the phenomenon of optical
force, or radiation pressure. A laser beam focused through a high numerical aperture
objective lens is tightly focused and results in a three-dimensional gradient of laser
intensity due to the Gaussian intensity profile of the laser in the transverse direction
and the tight focusing in the longitudinal direction. A cell or any other microscopic,
dielectric material with a refractive index greater than that of the surrounding
medium will experience an optical pressure from transverse and longitudinal gra-
dient forces that draws the cell towards the region of highest intensity—the laser
beam focus. The scattering force also acts on the particle and the net effect can be
stable trapping of the cell near the focal point. Optical tweezers are straightforward to
implement, compatible with other microscopy techniques, and have been used to
trap, position, and manipulate cells and molecules in a variety of experiments
(Fig. 15.8). The wavelength of laser light can be selected to minimize photothermal
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and photochemical damage to cells (Haro-Gonzalez et al. 2013; Liang et al. 1996;
Neuman et al. 1999). Cells are trapped at the focal point of a microscope objective
lens, therefore working at a distance is possible, and as such experiments can be
performed in enclosed, sterile sample chambers. There is no mechanical contact that
can introduce risk of contamination, and subcellular organelles or endophytes can be
manipulated within the cell by focusing the laser beam through the membrane
(Sacconi et al. 2005). In addition, optical tweezers provide the ability to accurately
measure small forces in biology, down to the level of piconewtons (Block et al.
1989).

Optical tweezers have been used for cell sorting (Ericsson et al. 2000) to select
single cells and position them in patterns on a microscope slide, immobilize them,
and study their viability. There have been several studies reported in the literature
on the development of automated optical tweezers for manipulating and precise
positioning of microspheres (Banerjee et al. 2010; Ozcan et al. 2006), diatoms
(Tanaka et al. 2008), and eukaryotic cells (Grover et al. 2001; Hu and Sun 2011;
Wang et al. 2013). In addition to using a tightly focused beam, laser light can be
loosely focused, collimated or diverging and can exert a guiding force on a cell to
push it in the direction of beam propagation (Arlt et al. 2001; Ashkin et al. 1970;
Imasaka et al. 1995).

Fig. 15.8 Microfluidics with integrated optics for single-cell isolation. Top schematic of a
working device created using ultrafast laser inscription and selective chemical etching and
micrographs of the device. The cell sample is hydrodynamically focused using a sheath flow (i).
The optical force from the laser beam emanating from the integrated waveguide deflects a single,
selected cell (ii), which is collected from a side channel. The single isolated cell can be used to
create a pure culture or other cells can be selected and deflected to create a co-culture.
A micrograph of the device is shown in panel iii

424 S. L’Haridon et al.



A novel, microfluidic device with integrated channels and waveguides fabricated
using ultrafast laser inscription combined with selective chemical etching
(Choudhury et al. 2014) is being developed in order to enable sorting and isolation
of biological cells using the optical force of laser light (Fig. 15.8). The complex
three-dimensional microfluidic structures within the device allow the injected cell
population to focus in a hydrodynamic flow (Keloth et al. 2015; Paie et al. 2014).
Continuous wave laser in the near infrared light is coupled into the integrated
waveguide in the device. The laser light emerges from the waveguide into the
microfluidic channel and is used to exert radiation pressure on the selected cells
(Keloth et al. 2015) as these cells in the focused stream flow past the waveguide.
The optical scattering force then pushes the cell from the focused stream into the
sheath fluid. Thus, individual cells can be controllably deflected from the focused
flow to the side channel for downstream analysis or culture.

15.9.6 Single-Cell Culture and Modification of Its
Microenvironment

A large variety of methods has been or is currently under development for culture of
single cells. In many cases, the work is done not with cells from the marine
environment but with model organisms such as Escherichia coli that are easy to
culture and readily modified. However, the work described can often translate well
to working with (marine) uncultured microorganisms. Working with natural or
artificial seawater is in itself not usually an issue when working in miniaturization;
the most common materials used such as the photoresist SU8 and the polymer
PDMS are highly biocompatible and resistant to seawater. The long incubation
times can be an issue as dehydration is a recurrent danger when working with small
volumes but can be controlled by ensuring samples remain well isolated and
humidity levels are controlled. Also, PDMS is a material that is highly permeable to
small molecules.

Prominent amongst single-cell culture methods are those based on micro-droplet
formation in microfluidic devices (Eun et al. 2011; Joensson and Andersson Svahn
2012; Liu et al. 2009; Pan et al. 2011). Typically a stream of suspended cells is
introduced into a stream on a non-miscible biocompatible fluid such as a mineral or
vegetable oil or a fluorocarbon carrier fluid. Droplet formation is controlled by the
interaction between hydrodynamic and interfacial forces, although electric fields
may also be used to control the timing of droplet formation and droplet size (Link
et al. 2006). An alternative is the formation of arrays of individual droplets by
interfacial effects, for example at micro-wells in an SU8 surface (Boedicker et al.
2009). Although in each case, whether you have a single cell in a droplet or not is
mainly determined by chance. The technique has great merit because it facilitates
high-throughput experimentation and also automation is straightforward (Khorshidi
et al., 2014). Of particular interest for the study of uncultured microorganisms is
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also the chemistrode, which allows sampling and formation of nanoliter volume
droplets directly from the environment (Liu et al. 2009). Droplet microfluidics has
allowed the investigation of the effect of cell number (Boedicker et al. 2009) on cell
growth and quorum sensing responses. Confining a cell to a(n) (insulated)
micro-droplet is essentially equivalent to increasing the cell density more than a
thousand fold compared to having a cell in a Petri dish (Boedicker et al. 2009;
Vincent et al. 2010). As a result, when confining cells to micro-droplets, Boedicker
et al. (2009) found that the single cells confined in micro-droplets were able to
induce a quorum sensing response. This raises the question whether quorum
sensing actually is a community response. Such confinement of microorganisms to
micro-droplets or micro-chambers, which have no mechanism of exchange of
signaling molecules, could help inducing growth of uncultured microorganisms
(Ma et al. 2014; Vincent et al. 2010). At the same time, if there is exchange, then it
can be fast due the high surface to volume ratio of devices at the microscale
(Boitard et al. 2015). This could be used to advantage, for example, to more
effectively remove accumulated toxins.

Miniaturized methods that use compartmentalization can eliminate competition
among species (Ma et al. 2014). However, as interactions between microorganisms
are thought to be an important factor for cell culturability, the ability to control
interactions between cells is highly attractive. A micro-droplet-based example is
that developed by Park et al. (2011) for parallel co-culture of cells. Kim et al. (2008)
developed a system of interconnected micro-chambers in which three of them are
located close to each other but communication could only occur by diffusion. When
Kim et al. (2008) constructed a community of three different species of wild-type
soil bacteria with syntrophic interactions using this device they found that the
spatial separation of the different species was essential for the community to sur-
vive: if the cells mixed then competition between the different species would cause
the community to collapse.

The micromanipulation techniques described in the previous part of this chapter
allowed one to select cells from a mixture rather than leaving the choice of cells to
be investigated by chance. Yasuda et al. (Umehara et al. 2003; Wakamoto et al.
2003; Yasuda et al. 2013) have taken this approach further and used laser tweezers
to move single cells of E. coli into individual chambers in a micro-chamber array
(Wakamoto et al. 2003). After a cell had divided, the authors moved one of the two
daughter cells to a vacant chamber, allowing differences between generations to be
studied. In later sets of experiments, the same group also developed methods for
observing the adaptation of single cells, tweezed into individual micro-chambers, to
changes in nutrient concentrations (Umehara et al. 2003). The ability to change the
response of cells to changes in nutrient concentration is also important for studies of
culturability. Also of interest is therefore the work by Eriksson et al. (2007) who
used optical tweezers to move single (yeast) cells in a gradient created within a
microfluidic device, thus exposing cells to different environments and allowing the
detection and analysis of rapid changes.
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15.10 Conclusion

For a long time, microbiologists have judged the presence of microbial growth only
by observing changes in the turbidity with the naked eye or measuring it with a
spectrophotometer. Low biomass detection methods (microscopy, flow cytometry,
ATPmetry, and microplate reader) now allow the observation of microbial growth
with a low threshold of 103 cells/ml. Therefore, microbiologists have to get
accustomed to working with microbial cultures with no visible turbidity. The high
sensitivity of molecular methods permits the extraction of DNA from low biomass
and allows one to obtain taxonomic affiliations from 16S rRNA gene amplification
and sequencing. Moreover, single-cell genomic DNA can be amplified and
sequenced in order to identify the metabolic functions which could help to design
artificial media best suited for an optimal growth.

The dilution-to-extinction method combined with high-throughput cultivation is
expected to become a widely used method in the different microbiology laboratories
in order to isolate relevant microorganisms. This approach, combined with low
biomass detection methods and longtime incubations, has proved to be efficient for
the isolation of key microbial players. Even if a majority of the isolates that is
brought into culture with this approach is later on found to be difficult to grow to
high cell numbers in artificial seawater media or even under the same growth
conditions, there generally should be enough cells to obtain the genomic infor-
mation that may later on be useful for taming these isolates.

Culture chips and immobilization culture approaches (beads, chambers) are also
promising, because they allow the maintenance of cell communication, and thus the
study of syntrophic relations and interactions between cells. Moreover, many of
such culture chip methods use the natural environment as the basis for the “growth
medium” with advantages in culturability. It is desirable both to decrease the costs
of miniaturized culture devices and automate functions such as targeting desirable
micro-colonies, recovery, creating replicates, and integrating culture methods with
molecular techniques.

Single-cell approaches require specific pieces of equipment (such as FACS and
optical tweezers), which can be expensive and need to be handled by experts.
Optical tweezers, and optical forces in general, allow one to target a specific cell in
a mixture, to isolate it and study it after having isolated it in a micro-chamber.

The marine environment, the largest continuous habitat on Earth, harbors the
greatest biodiversity on earth, with an untapped resource of bioactive compounds.
The recent progress in the culture approaches described above could help to target
marine microorganisms with high biotechnological potential, such as actinobacte-
ria, that have been found to produce many bioactive compounds.
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Chapter 16
Bringing New Products from Marine
Microorganisms to the Market

Hywel Griffiths

Abstract The seas provide huge untapped reserves of microbial diversity and
potentially useful bioactive molecules, yet their exploitation comes with many
challenges as a product is brought to market. The requirements for bringing a
product to market depend very much on the type of product, type of market and to
some extent, geographical location of that market. Each product will face unique
problems, but several themes are recurrent. These include: the need to develop a
commercially viable means of production, the need to scale production to meet the
demands of the market either through subcontracting or construction of production
facilities, verification of the performance and safety of the product to the standards
of the relevant regulatory bodies, ensuring customer acceptance of the product
through market research and marketing, and above all, finding the finance to sup-
port all of these. Clearly, with such a wide variety of potential products to consider,
from raw biomass, secreted products, extracts and concentrates all the way up to
purified molecules, and potential markets as different as green chemistry and
pharmaceuticals, it is impossible to cover all permutations but many of the chal-
lenges, while differing in the details, are surprisingly common.

16.1 Means of Production

In attempting to commercialize a product from marine microorganisms it is of
course first necessary to develop methods for producing biomass in quantities
sufficient to address the needs of the market, and to do so in an economically viable
manner. There is significant skill involved in the transformation of a laboratory
process to one which operates at large scale, is sufficiently reproducible to meet
product specifications with each batch, and in which downstream processing of
material to product is cost-effective and suffers minimal losses. In some cases the
organism that natively produces the molecule or molecules of interest may simply
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be unsuitable for industrial exploitation and transfer of genetic material to another
species or a chemical means of synthesizing the active molecule may be the only
option to bring the product to market (Molinski et al. 2009).

16.1.1 Cultivation of Biomass

Marine microorganisms fall into two broad groups when considering means of
production: those capable of autotrophic growth, and those that require some form
of organic carbon substrate. The former group consists almost exclusively of
photosynthetic eukaryotic microalgae and cyanobacteria (also known as blue-green
algae), while the latter includes heterotrophic bacteria, fungi, heterotrophic protists,
and some forms of heterotrophic microalgae. Many species that are autotrophic are
also capable of using organic carbon, either in the absence of light or under mix-
otrophic conditions (where both organic carbon and light are present and used)
(Kaplan et al. 1986) and this provides further options for industrial exploitation.

16.1.1.1 Cultivation in Autotrophic Conditions

Humans have been collecting photosynthetic organisms from natural lagoons for
millennia. Cyanobacteria have been used in Asia, South America, and Africa as
food sources (Jenson et al. 2001), in some cases as a routine foodstuff, and in other
situations, a source of nutrition in times of hardship. More recently, man-made
lagoons and raceways have been used to expand production area and to increase
productivity (Spolaore et al. 2006). These forms of cultivation have the advantage
of being easy to construct and of using a free energy-source—sunlight, and thus
autotrophy is a seemingly attractive method of biomass production.

Biomass productivity in autotrophy is low, however, being limited both by the
amount of solar energy that penetrates into the culture, and the availability of
dissolved CO2 for fixation into organic matter. For this reason, many modern
production facilities are situated in areas of high sunlight and next to industrial
sources of CO2; Australia, Israel, and the southern states of the US are areas where
the necessary level of industrialization and sunlight come together and many
large-scale sites are to be found in these regions. Biomass density in these types of
culture is generally low, and harvest and concentration of the biomass represents a
significant part of the cost of production.

Another issue faced by production facilities using ponds and raceways is that
they are open to the environment and thus susceptible to contamination by other
microorganisms and predators. This can lead to so-called culture crashes, in which
whole crops are lost. While some types of microorganisms can be successfully
cultivated in this manner, they tend to be those that can survive in extreme envi-
ronments, where competition and predation by other organisms are less of an issue.
The alga Dunaliella salina is cultivated for the production of the pigment
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beta-carotene, and can be grown in a hypersaline environment, while the
cyanobacterium Spirulina can be grown in a high-pH environment. Even then, there
is no guarantee that other organisms with similar tolerances will not coexist in the
culture. For example, analysis of commercially available cyanobacterial products in
a number of countries has found them to be contaminated with microcystins—
toxins that will have been produced by other cyanobacteria in the original culture
(Jiang et al. 2008; Heussner et al. 2012).

More recently, biofuels research has allowed some companies to propose other
species for use in raceways and ponds, such as the microalgae Nannochloropsis
oculata or Scenedesmus dimorphus. In such cases predation and contamination
have to be closely controlled by introduction of compounds such as ammonia,
ozone, pesticides, or fungicides, which have a greater negative effect on predators
or contaminants than on the strain of interest (McBride et al. 2014). Even with these
issues managed, there are still issues of seasonal and yearly variation caused by
differences in climatic conditions, and these will affect product consistency.

In response to many of these problems, closed photobioreactor systems have
been developed. In these systems the issues of light penetration and contamination
are less problematic, and there is a greater level of control of the culture through pH
and temperature regulation. This allows higher cell densities to be reached,
decreasing the harvesting costs, and also a more consistent product to be produced.
These type of systems also open up the opportunity to exploit other species; for
example the green alga Chlorella is produced for human nutrition by Roquette in
Germany (Zitelli et al. 2013), the microalga Tetraselmis is produced for human
nutrition by Fitoplancton Marino in Spain (EU 2015), and another microalga
Haematococcus is produced by a number of companies, such as Alga Technologies
in Israel or AstaReal in Sweden, again largely for the human nutrition market. As
with production in ponds and raceways, climatic variation can have an effect on
production and so, for extremely high-value products, completely controlled con-
ditions with artificial light can be considered. For most products, however, the
capital cost of the photobioreactors is prohibitive.

16.1.1.2 Cultivation in Heterotrophic Conditions

Most marine bacteria, all fungi and many protists are not capable of autotrophic
growth and thus, to culture these organisms, some form of organic energy needs to
be supplied. This is termed heterotrophic growth. While at a laboratory scale this
may be performed in flasks, for efficient microbial biomass production it is
preferable to use a stirred tank or airlift fermenter. Extremely large fermentation
vessels with volumes of up to a million liters can be found at industrial scale. In the
fermentation vessel the cells are kept well-mixed and supplied with the nutrients
required to support growth while physical parameters such as dissolved oxygen
levels, pH and temperature are regulated. This can allow maximal growth rates to
be sustained over long periods, up to cell densities that would not naturally occur,
thereby increasing productivity. In many cases a secondary set of conditions can
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then be imposed to induce production of the molecules of interest. For some types
of fungi, solid-phase fermentation may be more appropriate, especially for pro-
duction of some types of enzyme, which can be secreted directly into the substrate,
avoiding the need to harvest the biomass (Bhargav et al. 2008).

Culturing under heterotrophic conditions has a number of advantages. When
compared to autotrophic culture, the greatest benefits are the markedly higher
productivities and higher dry weights achievable. These result from the removal of
limits imposed by the energy source, such as irradiance levels, photoinhibition or
mutual shading seen in autotrophic systems. These high dry weights also have a
positive effect on downstream processing of the material produced. Heterotrophic
culture also requires a high degree of control over culture conditions resulting in a
product that is highly reproducible. Cultures are also generally carried out axeni-
cally, so the risk of product contamination is much diminished. While the capital
costs of fermentation equipment are high, and there is a need to pay for the carbon
substrate, the advantages of heterotrophic fermentation are such that this is usually
the chosen means for production at scale. Even some types of microalgae capable of
photosynthetic growth are now commercially produced heterotrophically due to the
advantages in productivity and control (Barclay et al. 2013).

16.1.1.3 Cultivation Under Mixotrophic Conditions

Mixotrophy is a growth mode in which both light and organic carbon are provided.
For some microalgae this provides a simple growth boost over autotrophy, but light
is still a necessary ingredient for growth. For commercial exploitation the advantage
comes in increased productivity (Abreu et al. 2012). For many types of marine
microorganisms, however, and not just those that are capable of photosynthetic
growth, light can have an effect on the behavior of cells in culture; for example
metabolic pathways for the production of particular types of molecules can be
induced, substrate utilization can be altered and growth rates can be changed. These
effects are often wavelength-specific and may require surprisingly low levels of
light for induction (Calleja 2012). The French company Fermentalg is currently
using these effects in the industrial exploitation of several species of microalgae,
and is convinced that it provides an option for the exploitation of many algal
species that were previously limited to autotrophic production.

If the product under development is intrinsically linked with one species, then
the means used for biomass production may be dictated by the biological charac-
teristics of the organism. If circumstances allow, however, it may be wise to at least
examine other similar species, or other types of organisms that produce the
molecule of interest, simply to see if other types of production process are available,
since each has distinct advantages and disadvantages that may be pertinent to the
market one wishes to address.
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16.1.2 Development of the Production Process

In the industrialization of a process to support commercial activity, one of the key
objectives is to produce the biomass or extracted molecule at a price that the market
will support. This generally means improving productivity of biomass and
increasing the content of the molecule of interest within the biomass in a manner
that is consistent with production in large volumes. For autotrophic organisms,
choosing the site of the facility can have a large impact on the economics and
productivity of the process as a whole, with sunlight, climate, availability of carbon
dioxide, sources of brine or seawater, and materials required for downstream pro-
cessing all playing an important part (Borowitzka 1990). Effects of process
parameters will also need to be optimized, not only to maximize biomass pro-
duction but to ensure all steps of the process through to product can be carried out
effectively.

For processes carried out under more controlled conditions, process and media
design are hugely important. It is worth considering appropriate scale production
from the very outset of development; processes that work well at lab scale but
which are dependent on expensive ingredients such as peptones do not scale well,
both from an aspect of cost, but also potentially in terms of availability of substrate.
For truly novel processes and organisms, there may be little help in the existing
literature and it is important to remember that the process will take the cells far from
their ‘natural’ conditions, and they may therefore come up against unexpected
limitations. For example, for marine microorganisms it is tempting to base growth
media on the composition of seawater, since the organisms have evolved in this
type of environment. For some minerals, however, while they may be in effectively
limitless supply in the natural environment, high biomass concentrations can result
in depletion and limitation. In contrast, for other ions, the concentration present in
the sea may represent a significant excess over the biological need, even at high
densities.

Thought also needs to be given to downstream processing during the develop-
ment of biomass production. In some cases the needs of downstream processing
may even dictate where production is carried out (Curtain 2000). To bring a product
into its final form, it is necessary that the characteristics of the biomass produced
lend themselves to harvest and, as applicable, to the steps of drying, extraction and
purification. It is necessary to choose downstream processes that are available at a
relevant scale, which give an acceptable yield and throughput at an acceptable cost,
and which meet with the regulatory requirements for the product.

In all of this, thought must be given to the patent landscape. Novel processes
provide the opportunity for protection by filing applications, but if others are in the
same market, there is the risk that certain avenues are already protected. Alternative
methods may need to be found, or in some cases licensing of technology may be
necessary.
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16.2 Addressing Your Market

There are clearly many opportunities to produce marvelous products from marine
microorganisms. Nevertheless, one must not get carried away by their potential, but
must face the economic reality that, without a market to sell into, and without the
ability to produce these products at a price that customers will accept, this potential
is meaningless. Therefore, part of the industrialization process may be to create a
market, and will certainly include convincing backers that there is at least a
potential market for the product. It is also never too early in the industrialization
process to talk to potential customers and to find out under what circumstances they
would be willing to buy the product, since their requirements can have a crucial
impact on the development of the process.

16.2.1 Replacement Products from Marine Microorganisms

With increasing pressures on the environment, there is a growing demand from
consumers for sustainable alternatives to products derived from fossil fuels or
limited natural resources. Since marine microorganisms form the base of the marine
food chain and produce a huge diversity of molecules, there are plenty of oppor-
tunities for replacement products to be developed that meet the sustainability and
scale criteria in these markets.

With these types of product, one of the main advantages for commercialization is
the existence of preexisting markets, where demand can be demonstrated, prices
have been established and customers already exist. The disadvantages are, of
course, that the market already exists with established competitors, and that price
expectations are already set.

One might naïvely expect that the advantages of a sustainable product would
command some form of price premium over the products that they are developed to
replace, but while consumers may express a desire for sustainability, they are far
less willing to pay for it. In reality one should not expect to be able to sell for a
greater price than exists in the market place, unless the product provides some
additional advantage or value over the existing solutions. Even then, for certain
markets, especially those with a high regulatory burden, entrenched products can be
very difficult to displace, even with a product of lower cost.

Volume is also an important aspect in these types of markets, and financial and
logistical planning on how to address the demands of the market are critical parts of
the development process. Customers will already have markets of their own to
serve, and will have existing supply chains. They may be unwilling to change, or at
least incorporate, a new supply unless minimum quantities of material can be
guaranteed. This has the potential to create a circular problem, since volumes
cannot be guaranteed without finance to support production, yet finance cannot be
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found without a guarantee of sales, and sales cannot be made without a guarantee of
volume production.

Even when looking at equivalent products to replace those already on the
market, obtaining regulatory approval for both the product and the production
process is another aspect of the development. This approval can take a significant
amount of time, and has to be factored-in when planning an approach to market.
The regulatory environment will be discussed later in this chapter.

16.2.2 New Products from Marine Microorganisms

One of the most exciting aspects of working with marine microorganisms is the
huge potential that they offer. Microorganisms can be isolated from the depths of
ocean trenches, from smoking vents on the sea floor, or from under the ice sheets,
representing whole new areas of diversity from which new products could be
developed. Due to the fantastic level of untapped variety available in the ocean, it is
almost as easy to find new, amazing, and useful strains of marine microorganisms at
the beach or just offshore. Even fish from the local market have been used to source
strains with potential interest (Ryan et al. 2010). The challenge is almost one of
working out which elements to exploit, and which market to address, rather than
finding something to exploit in the first place. In some cases, the potential is there to
create a whole new market, and that really can be exciting.

Even if some form of activity has already been identified at laboratory scale, the
choice of market is an important element to address in the very early stages of
development as it defines which types of screens are made to identify bioactives,
whether they need to be extracted or purified or can remain in biomass, what
choices can be made on methods of production, to what degree regulatory issues
will affect the process and product, and the volume requirement and price sensi-
tivities of the market. Choice of market will also affect the types and amounts of
investment that can be attracted to fund the development of the product.

16.2.2.1 Pharmaceuticals

Bioactive compounds for use in the pharmaceutical space are an attractive area for
research, and many compounds with a marine origin have been, and are being
tested, although the vast majority of these have been isolated from multicellular
organisms (Martins et al. 2014; Mayer et al. 2010). The diversity of molecules
produced by marine microorganisms means that there are bound to be many more
effective compounds for the treatment of disease and disorders waiting to be dis-
covered. Screens for biological activity are only the very first stage of a process that
can last well over a decade. Potential rewards are high, since these types of com-
pounds have a high value, but most fail before reaching the clinic due to issues with
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safety or efficacy. Full development costs, including all phases of clinical trials, can
stretch into billions of dollars (Paul et al. 2010).

For a new molecule, bringing a product to market, including the tasks of gaining
full regulatory approval, and then marketing and distribution, is a costly and lengthy
process. For those reasons, many companies choose to license technology, or
partner with a large pharmaceutical company for the final stages of bringing a
molecule to the clinic. Even in earlier stages of development, where a company may
be performing early animal tests or clinical trials, there are significant requirements
for product purity and constraints on the manner in which it is produced (for
example facilities may need to be registered and audited for current good manu-
facturing practices (cGMP)), and these issues need to be factored into development.

Although risks can be minimized by targeting particular applications and types
of molecules, they can never be eliminated. Glycomar, for example, is attempting to
minimize their risks with a range of polysaccharides sourced from marine
microorganisms. The nature of the molecules and the choice of topical applications
decrease the risk of adverse reactions (Glycomar 2014).

The regulatory requirements when producing new, alternative sources of an
active molecule are not as demanding as the process for registering a new drug,
since efficacy is already demonstrated, but can still be significant, as the steps
involved in the production of these molecules need to be carefully controlled.

16.2.2.2 Health, Food and Nutrition

Health products (distinct from pharmaceuticals), food ingredients, and nutritional
supplements are other attractive areas for the development of products from marine
microorganisms. Many of these microorganisms produce molecules essential for
proper nutrition, and due to the position of these microorganisms at the base of the
food web, these molecules are then transferred into many of our healthier foods.
These can include essential fatty acids, antioxidant pigments, vitamins, and proteins
with well balanced amino acid profiles. By producing these molecules directly
within the microorganisms, we are able to offer materials that can be blended into
existing foodstuffs to improve their nutritional value, supplements with general
benefits to health, and products with specific nutritional properties for subgroups of
the population. The market for these types of products is already large with, for
example, around 75 % of microalgal production being used in health food and
dietary supplements (Vigani et al. 2014). The market continues to grow as con-
sumers become more aware of the impact of their diet on their short and long-term
health. Here, products from marine microorganisms have an in-built market
advantage, since both ‘natural’ products and the sea itself have healthy
connotations.

Since health products, food ingredients and nutritional supplements are destined
for human consumption, there are regulatory requirements to be borne in mind.
Production of biomass must be performed in a manner consistent with food use;
depending on the process of manufacture and degree of downstream processing
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performed, for example, ingredients used in the growth of biomass may have to be
food-grade themselves, and testing for toxins, heavy metals, microbial contami-
nants, or other substances hazardous to health may be part of the requirements for
release of material. It is also necessary to obtain permission from regulatory
authorities to put the product on sale. Unfortunately, there is no one method of
gaining this permission and separate approvals must be gained in Europe, the US,
and other territories around the world.

In Europe, “Novel Food” approval is required for products with no history of
safe use in at least one country of the European Union, and obtaining this can be a
lengthy process, often taking years. While no product follows exactly the same
route as another, for any truly novel product, safety testing of biomass and the final
product form in animals is likely to be necessary, as is a demonstration of process
reproducibility, product stability and descriptions, and limitations of intended use.
For some specific uses such as food additives, including colorants, antioxidants, and
stabilizers, further regulatory approval is required. Any claims to health benefits
also need to be supported by scientific evidence and approved by the European
authorities.

In the US, where products are permitted to be sold once generally recognized as
safe (GRAS), safety is self-affirmed rather than approved and thus the process of
getting a product on market is generally faster than that seen for Europe. Again, a
dossier supporting the safety of a product for a certain purpose, often including
evidence from animal studies, has to be produced and assessed by a scientific panel.
The dossier, along with the conclusions of the panel are then presented to the US
Food and Drug Administration (FDA). The authority never gives approval, but does
have the ability to negatively respond to the application, indicating that it does not
believe the dossier provides sufficient evidence of safety. In contrast to
GRAS-designated materials, food additives, which include food colors, must be
actively approved by the agency before they can be incorporated into foods. Other
territories around the world require different approvals: Australia and New Zealand
are regulated by Food Standards Australia and New Zealand (FSANZ), Japan by
the Food Safety Commission (FSC), India by the Food Safety and Standards
Authority of India (FSSAI), and China by the China Food and Drug Administration
(CFDA), to name but a few.

16.2.2.3 Cosmetics

There is a longstanding use of marine products in cosmetics, with many materials
derived from seaweeds having been employed for decades. These materials are
exploited in a number of ways, with some being used to affect the basic physical
properties of cosmetics, such as the viscosity of creams, others being used for their
effects on moisture retention, and yet others being used for more active purposes
with anti-inflammatory or antioxidant activity (Fitton et al. 2007).

Marine microorganisms can produce the same types of molecules, and many
more besides, and are a rich resource for exploitation in this area. Cosmetics with
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marine algal extracts listed as ingredients are now common, polysaccharides and
extracts from marine bacteria are also in use, and a number of companies are now
making entries into the market with purified ingredients derived from marine
microorganisms with specific benefits. Martins et al. (2014) provide a good history
of the molecules and extracts on the market today, along with an explanation of
their modes of action where these are understood.

Having an expanded range of molecules with useful properties is obviously of
benefit to the cosmetics industry, but importantly for an industry that is, by its
nature, very image conscious, these also have the potential to be produced in
controlled conditions, and in a sustainable manner. This is therefore an extremely
attractive industry for future developments from marine microorganisms, with both
a history and huge potential.

As with foodstuffs, cosmetics and their ingredients are highly regulated. In most
countries, manufacturers have responsibility for ensuring the safety of materials
before they are put on the market, and their satisfaction of regulatory requirements.
Responsibility for upholding the regulations then generally lies with an authority
such as the FDA in the US, the Japanese Ministry of Health, Labor and Welfare,
and various national bodies across Europe (although there is common Europe-wide
safety legislation for cosmetics). Whilst many of the regulatory requirements are at
least similar between territories, one critical difference lies in the treatment of active
ingredients. In territories such as Europe, many of these may be incorporated into
cosmetics with no further regulatory burden, whereas in the US these may be
treated as drugs, and require further approval before they may be used (Kingham
and Beirne 2011).

16.2.2.4 Feed

Animal nutrition is yet another area where marine microorganisms are being
introduced as sources of ingredients or additives. The health and wellbeing of
companion animals are, at least in the US and Europe, taken almost as seriously as
human health and wellbeing. Many of the lessons learnt about the benefits of
ingredients of marine origin, in particular antioxidants and omega-3 fatty acids, are
being applied to pet foods.

Marine microorganisms have been used for decades in aquaculture, specifically
in the hatcheries where the larval stages of mollusks, crustaceans and fish are reared
either on the microorganisms themselves, or on prey reared on the microorganisms.
Production is usually small-scale and local to the hatcheries, but is a vital part of the
exploitation of these resources. Pressure on natural resources has, for many years
now, also been having an impact on the feed for juvenile and adult organisms.
Where once fishmeal and fish oil were readily available and cheap, they are now
scarce and expensive, and so other, vegetable sources of protein and fat have been
substituted into the diet (FAO 2014). Unfortunately, for many species used in
aquaculture, vegetable sources may not provide all the materials required; for
example, salmonid fish have a dependence on polyunsaturated fatty acids (PUFAs)
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in their diet and some crustaceans and mollusks require a source of cholesterol. For
the provision of sterols, plant sources may in fact be counterproductive since the
phytosterols can have an anti-nutritive effect. Other nutrients, while not absolutely
necessary for growth, may have a positive effect on the quality of the flesh of the
animals and these too may be difficult to source from vegetables. Pigments such as
the carotenoid astaxanthin fall into this group.

In the natural environment, the diets of the species used in aquaculture come
either directly or indirectly from marine microorganisms, which form the base of
the food chain. Species can thus be found and exploited to provide an alternative to
both animal and vegetable dietary components, and there is growing interest from
the aquaculture industry in these types of solutions, particularly where such species
can be demonstrated to have further positive effects on health or productivity.

Changes in the patterns of land usage and agriculture demand that new sources
of feed for farmed animals also be investigated. Marine microorganisms can be
excellent sources of protein and energy, in the form of lipids or fibers, and thus have
plenty of potential for exploitation in this area. If grown in controlled culture, their
consistency may also be advantageous, since food formulation is extremely sen-
sitive to content and having a reliable source of consistent quality would be most
helpful.

The major challenges for aquaculture, and even more so for animal feed, are
price and required volume. In many cases soy is a dominant source of nutrition, and
many of the disadvantages of this material have already been worked around (for
example, higher heat may be used to destroy anti-nutritive factors). Since soy is
readily available, to provide a replacement, marine microorganisms need to either
be cheaper or demonstrate a distinct advantage.

The volumes required to address these markets are also staggering, and this
provides further challenges; Spirulina, for example, could perhaps be considered as
a candidate to replace some of the fishmeal used today in aquaculture, being a rich
source of protein, minerals, and vitamins with the added bonus of providing pig-
ments and antioxidants. Potential production volumes are, however, just too low to
have more than a tiny impact on annual demand. Even Earthrise, the largest pro-
ducer of Spirulina in the world only has an annual production of around 500 T dry
weight (DIC 2015), whereas annual production of (and demand for) fishmeal is
measured in millions of tonnes (FAO 2014). For farmed animal feed the potential
volumes are equivalent or larger.

Regulation of feed materials follows much the same pattern as food in Europe as
well as in the US. Feed ingredients, those that make up the bulk of the feed, are
subject to the least stringent control, while feed additives, which are added in
smaller quantities to improve the quality of the feed or animal performance or
health, are generally subject to approval, and medicated feeds are subject to even
greater control (Smedley 2011).
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16.3 Products in the Real World

16.3.1 Polyunsaturated Fatty Acids

One of the best series of examples of products from marine microorganisms
entering, and to some extent creating, a market can be found with the PUFAs. Here
the questions of differentiation in the market, regulatory requirements, production
volume, and barriers to entry for new products may all be illustrated.

PUFAs, especially the long chain omega-3s docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), are an essential part of the human diet, since the body
is very poor at synthesizing these molecules, even from similar fatty acids of shorter
chain length. A higher level of consumption of these PUFAs is associated with
improved eye and brain health (Horrocks and Yeo 1999), and lower risk of mortality
from cardiovascular disease (Yokoyama et al. 2007). There are also indications that
insufficient intake may affect learning and mental health (Deacon et al. 2015).

Terrestrial animals and vegetables are poor sources of EPA and DHA, but
marine sourced ingredients are much better sources, in large part due to the pro-
duction of EPA and DHA by marine microorganisms, and their concentration up
through the food chain. Oily fish such as sardines, anchovies, and salmon are
particularly good sources. Since the original sources of these omega-3s are marine
microorganisms, one might expect there to be many opportunities for exploitation.
Commercial reality is different, with only one company who has been a real suc-
cess, several others who are bringing variants of the same process to market, and a
host of others who have tried and failed.

16.3.1.1 The Market

The main issue facing any new entrant into the PUFA market is the existence of an
existing source: fish oil. Not so long ago, fish oil was effectively a waste product
and was used as a cheap source of energy for animal feed, or even as a raw material
in the production of paint. The rise of aquaculture, where fish oil is often a required
ingredient in feed, and later an increased awareness of the health benefits of
omega-3s, have led to increased demand and pressure on the supply of these oils,
the production of which is now declining due to pressures on fish stocks (FAO
2014). Due to the increased demand and decreased supply, the price of fish oil has
risen markedly, especially over the last 5 years, but is generally still lower than the
price of oils produced from marine microorganisms. Unless the price of fish oil
continues to increase markedly, or new production technologies bring the price of
oils down considerably, marine microbial PUFA products will not compete on price
alone, and thus need to find other differentiating factors.

At the end of the last century, the American company Martek managed to do just
that, and built a billion dollar company on the basis of DHA production processes
using marine microorganisms. Their success was built on several factors:
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– Martek managed to create a new market for their product, one in which the
differences between the microbial product and fish oil derived products were
distinct advantages, and one in which customers were willing to pay for those
advantages,

– the market established was in an area where there was a large degree of regu-
latory oversight so that the safety associated with a controlled production pro-
cess was of great benefit and allowed the product to become the de facto
standard, which was hard to displace,

– being the ones to create both the process and the market, Martek was able to
establish a powerful intellectual property portfolio to protect their process, and
were able to establish very strong commercial relationships with their customers
who, in effect, were reliant on Martek for supply.

The key to creation of this market was identifying that infant formula made from
cow milk differs from human breast milk in that it contains less DHA. DHA is
important for brain development, and thus an argument was made that infant for-
mula should be supplemented with this fatty acid. This conclusion has been born
out in studies of infant development comparing formula with and without DHA
(Koletzko et al. 2008). In this particular case, however, the presence of EPA is
undesirable, since it can be antagonistic to the effects of arachidonic acid, which is
important for the growth of infants (Carlson et al. 1993). EPA is, in any case, found
in lower levels in human breast milk than the other PUFAs, and there is a desire to
mimic nature. Thus, a source of DHA was needed that was also low in EPA.

One area where single-celled oils differ markedly from fish oils is in their
composition; whilst different from species to species and season to season, fish oils
all tend to be complex mixtures of fatty acids, with EPA and DHA mixed in various
proportions, usually with EPA as the dominant of the two. Single cell oils, in
contrast, tend to be much simpler, with either EPA or DHA dominant, and the other
either absent or present in much smaller quantities. Martek developed a high effi-
ciency, and scalable heterotrophic process to produce an oil from Crypthecodinium
cohnii that contained DHA and virtually no other PUFAs (FSANZ 2003), allowing
them to position the single cell oils as the ideal solution for supply into the infant
formula market.

Regulatory requirements for safety are much higher in infant formula than for
normal food products and ingredients, and the security offered by a controlled
fermentation process for production of the oils was a further advantage in pro-
moting the microbial oil over alternative sources.

Having secured their position with this first product, Martek also developed
DHA-rich oil from another group of microorganisms, the Thraustochytrids. This oil
differs slightly in that it contains a non-negligible amount of the omega-6 docos-
apentaenoic acid, DPA (Martek 2004). The product is cheaper to produce as the
organisms grow faster and make more oil. While this new oil has been used to
expand into new markets including food, feed and supplements, the original oil
remains dominant in the infant formula market, despite its higher cost. This is
because any changes to the formulation required expensive studies into the effect of
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the newer oil on infants, with unknown outcome given the presence of DPA
omega-6; a risk no one was willing to take until recently. Regulatory requirements,
which aided in the creation of the opportunity for the microbial oil, thus also
protected it from new entrants.

For EPA, supply is still dominated by fish oil in all markets. It is true that no one
has yet identified microorganisms that can produce EPA-rich oils with the same
economics as DHA-rich oils, but perhaps more importantly, no one has yet man-
aged to identify and capitalize on an opportunity where microbial oils present a
significant advantage over fish oils for reasons other than economics. In recent years
companies such as Aurora Algae and Photonz may have come close, but they
appear not to have convinced the markets of their strategies and have now fallen
silent.

16.3.1.2 Future Prospects for PUFAs from Marine Microorganisms

One area where oils from marine microorganisms triumph over fish oils is in the
area of sustainability. Demands on natural sources of fish oils are increasing, and
climate change brings risks to even the supply we have. There is definitely an
appetite in the market for alternative, secure, and sustainable sources of these types
of molecules, and it is up to the industry to provide them at a price point acceptable
to the user.

16.3.2 Carotenoid Pigments

The carotenoid pigments provide another good example of how materials derived
from marine microorganisms have been able to differentiate themselves in an
existing market, and are an illustration of how the biology of the organism and the
process technology must come together in an economic manner in order to have a
viable product.

16.3.2.1 Artificial Synthesis Versus Natural Sourcing

Several carotenoids, including those with the largest markets, astaxanthin and
beta-carotene, can be chemically synthesized. These molecules have isomeric forms
and in their use as pigments and generalized antioxidants this is not necessarily a
problem since all isomers share the same color and have at least some antioxidant
activity. For this reason, the synthetic forms dominate the market with over 90 % of
volumes sold (Sandman 2015). The types of isomers found in biological sources is,
however, often different from those in the synthetic product, and this may have
implications for other functions of the molecule. For instance, beta-carotene in
synthetic form is predominantly the trans isomer, but natural sources generally
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contain a significant amount of cis isomer. The two isomers may be metabolized to
different compounds, although the body also appears be able to transform trans to
cis (Parker 1996). In contrast, astaxanthin in synthetic form is a mixture of three
isomers, while microbial sources tend to produce only a single isomer; the two
main microbial sources of astaxanthin, Haematococcus, and Xanthophyllomyces,
each produce a different single isomer, but neither form is further metabolized in the
body (Liaaen-Jensen 2004).

For both of these pigments, while arguments may be made for one particular
isomeric form conferring benefits over another, it is really a consumer preference for
natural sources that has been the driver in establishing a market for these pigments
from microorganisms. Nonetheless, even given this preference, there is only a
limited premium on price available for a natural source, so achieving suitable eco-
nomics of production has also been critical in establishing and growing the market.

16.3.2.2 Production of Beta-Carotene by Dunaliella

Much has been written about the choice of the halotolerant microalga Dunaliella
salina as a producer of beta-carotene, and the optimization of production of bio-
mass (Borowitzka 1990), but it is worth reiterating the major points that have an
impact on its commercialization.

• The microalga can produce extremely high levels of beta-carotene, up to 14 %
of biomass in ideal conditions (Borowitzka et al. 1984).

• The microalga is an obligate phototrophic organism meaning that both growth
and pigment production are light-dependent.

• Conditions for maximal growth are not the same as for maximal pigment pro-
duction with stresses such as nitrogen limitation, high salinity and high irradi-
ance having positive effects on pigment production, but negative effects on
biomass productivity.

• The organism can survive high salinities where numbers of predators such as
protozoa and amoeba are low, and where other Dunaliella species, which
produce lower amounts of carotenoids, cannot compete.

The need to make high amounts of pigment in the biomass constrains the process
to very low cell densities due to the requirements for light penetration and growth
stresses, and thus high volumes of culture are required. In this way, the economics
of the process are dictated by the availability of high intensity (sun) light, large
areas of land, high volumes of brine and saltwater, but most importantly, an efficient
harvesting system (both physically and economically).

It is interesting to note that, for the largest and most successful producer of
natural beta-carotene, Betatene (now part of BASF), it was the last of these factors
that dictated the location of production; an important reminder for those focused on
the microbiological side, that biomass production is only the first step of many, and
that all steps need to work for a successful commercial enterprise. In Betatene’s
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case, the choice of site in Whyalla, South Australia, was made based on the
availability of a cheap source of nitrogen gas, which provided them with the ability
to concentrate biomass efficiently and without risk of oxidation of product (Curtain
2000).

16.3.2.3 Future Products

Marine microorganisms are a rich source of many different carotenoid molecules,
some available from terrestrial plants and others unique to the marine world. Most
have some antioxidant properties, but there is ongoing and growing work into other
beneficial effects that these types of molecules may have, for example lutein and
zeaxanthin for eye health (Krinsky et al. 2003), fucoxanthin in management of
weight and blood glucose (Maeda et al. 2008), or anti-inflammatory effects from
alloxanthin and diatoxanthin (Konishi et al. 2008). Nonmicrobial sources of some
of these molecules can already be found on the market, but added demand should
ensure that there is a place for new products and processes to be developed.

16.4 Conclusion

Bringing new products from marine microorganisms to the market requires success
in a series of areas: a market must exist or be created, economic means of pro-
duction must be developed without infringing others’ patents, and then scaled to a
volume that serves the market, safety and efficacy must be ensured, regulators and
financiers must be satisfied, and the expertise to manage these tasks needs to be
grown. While these requirements present challenges, they are all surmountable, and
a growing awareness of the richness available to us from the microbial inhabitants
of the oceans suggests that there should be many more success stories in the future.

Acknowledgments The research leading to these results has received funding from the European
Union Seventh Framework Programme (FP7/2007–2013) under grant agreement No. 311975. This
publication reflects the views only of the author, and the European Union cannot be held
responsible for any use which may be made of the information contained therein.

References

Abreu AP, Fernandes B, Vicente AA, Teixeira J, Dragone G (2012) Mixotrophic cultivation of
Chlorella vulgaris using industrial dairy waste as organic carbon source. Bioresour Technol
118:61–66

Barclay W, Apt K, Dong XD (2013) Commercial production of microalgae via fermentation. In:
Richmond A, Hu Q (eds) Handbook of microalgal culture: applied phycology and
biotechnology, 2nd edn, Wiley, Oxford, pp 134–145. doi:10.1002/9781118567166.ch9

450 H. Griffiths

http://dx.doi.org/10.1002/9781118567166.ch9


Bhargav S, Panda BP, Ali M, Javed S (2008) Solid-state fermentation: an overview. Chem
Biochem Eng Q 22(1):49–70

Borowitzka MA (1990) The mass culture of Dunaliella salina. In: Regional workshop on the
culture and utilization of seaweeds, Cebu City (Philippines), 27–31 Aug 1990. http://www.fao.
org/docrep/field/003/ab728e/ab728e06.htm. Accessed 1 Sept 2015

Borowitzka LJ, Borowitzka MA, Moulton T (1984) Mass culture of Dunaliella: from laboratory to
pilot plant. Hydrobiologia 116(117):115–121

Calleja P (2012) Method for culturing mixotrophic single-cell algae in the presence of a
discontinuous provision of light in the form of flashes. Patent Cooperation Treaty application
WO2012/035262, USA

Carlson SE, Werkman SH, Peeples JM et al (1993) Arachidonic acid status correlates with first
year growth in preterm infants. Proc Natl Acad Sci 90(3):1073–1077

Curtain C (2000) Plant biotechnology—the growth of Australia’s algal b-carotene industry.
Australas Biotechnol 10(3):19–23

Deacon G, Kettle C, Hayes D et al (2015) Omega 3 polyunsaturated fatty acids and the treatment
of depression. Crit Rev Food Sci Nutr. doi:10.1080/10408398.2013.876959

DIC (2015) Press release: DIC strengthens its position as the global leader for natural blue food
coloring. Available at http://earthrise.com/dic-strengthens-its-position-as-the-global-leader-for-
natural-blue-food-coloring/. Accessed 1 Sept 2015

EU (2015) Applications under regulation (EC) No 258/97 of the European Parliament and of the
Council. http://ec.europa.eu/food/safety/docs/novel-food_applications-status_en.pdf. Accessed
1 Sept 2015

FAO (2014) The state of world fisheries and aquaculture 2014. FAO, Rome
Fitton JH, Irhimeh M, Falk N (2007) Macroalgal fucoidan extracts: a new opportunity for marine

cosmetics. Cosmet toilet 122(8):55
FSANZ (2003) DHASCO and ARASCO oils as sources of long-chain polyunsaturated fatty acids

in infant formula, a safety assessment. Technical report series no. 22, Food Standards Australia
New Zealand

Glycomar (2014) Oligosaccharides in drug discovery. Available at http://www.glycomar.com/
documents/Oligosaccharidesindrugdiscovery_2014_000.pdf. Accessed 1 Sept 2015

Heussner AH, Mazija L, Fastner J, Dietrich DR (2012) Toxin content and cytotoxicity of algal
dietary supplements. Toxicol Appl Pharmacol 265:263–271

Horrocks LA, Yeo YK (1999) Health benefits of docosahexaenoic acid (DHA). Pharmacol Res 40
(3):211–225

Jenson GS, Ginsberg DI, Drapeau C (2001) Blue-green algae as an immuno-enhancer and
biomodulator. J Nutraceuticals Nutr 3:24–30

Jiang Y, Xie P, Chen J, Liang G (2008) Detection of the hepatotoxic microcystins in 36 kinds of
cyanobacteria Spirulina food products in China. Food Addit Contam Part A Chem Anal
Control Expo Risk Assess 25(7):885–894

Kaplan D, Richmond A, Dubinsky Z, Aaronson S (1986) Algal nutrition. In: Richmond A
(ed) Handbook for microalgal mass culture. CRC Press, Boca Raton, Fl, USA, pp 147–198

Kingham R, Beirne LE (2011) Cosmetics regulation in the United States and the European Union:
different pathways to the same result. Update Food Drug Law Regul Educa 2011:37–40

Koletzko B, Lien E, Agostoni C et al (2008) The roles of long-chain polyunsaturated fatty acids in
pregnancy, lactation and infancy: review of current knowledge and consensus recommenda-
tions. J Perinat Med 36(1):5–14

Konishi I, Hosokawa M, Sashima T et al (2008) Suppressive effects of alloxanthin and
diatoxanthin from Halocynthia roretzi on LPS-induced expression of pro-inflammatory genes
in RAW264.7 cells. J Oleo Sci 57(3):181–189

Krinsky NI, Landrum JT, Bone RA (2003) Biologic mechanisms of the protective role of lutein
and zeaxanthin in the eye. Annu Rev Nutr 23(1):171–201

Liaaen-Jensen S (2004) Basic carotenoid chemistry. Oxid Stress Dis 13:1–30
Maeda H, Tsukui T, Sashima T et al (2008) Seaweed carotenoid, fucoxanthin, as a

multi-functional nutrient. Asia Pac J Clini Nutr 17:196–199

16 Bringing New Products from Marine Microorganisms to the Market 451

http://www.fao.org/docrep/field/003/ab728e/ab728e06.htm
http://www.fao.org/docrep/field/003/ab728e/ab728e06.htm
http://dx.doi.org/10.1080/10408398.2013.876959
http://earthrise.com/dic-strengthens-its-position-as-the-global-leader-for-natural-blue-food-coloring/
http://earthrise.com/dic-strengthens-its-position-as-the-global-leader-for-natural-blue-food-coloring/
http://ec.europa.eu/food/safety/docs/novel-food_applications-status_en.pdf
http://www.glycomar.com/documents/Oligosaccharidesindrugdiscovery_2014_000.pdf
http://www.glycomar.com/documents/Oligosaccharidesindrugdiscovery_2014_000.pdf


Martek (2004) DHASCO-S product specifications. Martek Biosciences Corporation, Columbia
Martins A, Vieira H, Gaspar H, Santos S (2014) Marketed marine natural products in the

pharmaceutical and cosmeceutical industries: tips for success. Mar Drugs 12(2):1066–1101
Mayer AM, Glaser KB, Cuevas C et al (2010) The odyssey of marine pharmaceuticals: a current

pipeline perspective. Trends Pharmacol Sci 31(6):255–265
McBride RC, Lopez S, Meenach C et al (2014) Contamination management in low cost open algae

ponds for biofuels production. Ind Biotechnol 10(3):221–227
Molinski TF, Dalisay DS, Lievens SL et al (2009) Drug development from marine natural

products. Nat Rev Drug Discov 8(1):69–85
Parker RS (1996) Absorption, metabolism, and transport of carotenoids. FASEB J 10(5):542–551
Paul SM, Mytelka DS, Dunwiddie CT et al (2010) How to improve R&D productivity: the

pharmaceutical industry’s grand challenge. Nat Rev Drug Discov 9(3):203–214. doi:10.1038/
nrd3078

Ryan J, Farr H, Visnovsky S, Vyssotski M, Visnovsky G (2010) A rapid method for the isolation
of eicosapentaenoic acid-producing marine bacteria. J Microbiol Methods 82(1):49–53

Sandman G (2015) Carotenoids of biotechnological importance. Adv Biochem Eng Biotechnol
148:449–467

Smedley KO (2011) Comparison of approval process and risk-assessment procedures for feed
ingredients. Available at http://www.afia.org/rc_files/205/ifif_feedingredientapproval-
comparisonreport_2011.pdf. Accessed 1 Sept 2015

Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006) Commercial applications of
microalgae. J Biosci Bioeng 101:87–96

Vigani M, Parisi C, Cerezo ER (eds) (2014) Microalgae-based products for the food and feed
sector: an outlook for Europe. Publications Office of the European Union, Luxembourg

Yokoyama M, Origasa H, Matsuzaki M et al (2007) Effects of eicosapentaenoic acid on major
coronary events in hypercholesterolaemic patients (JELIS): a randomised open-label, blinded
endpoint analysis. Lancet 369(9567):1090–1098

Zittelli GC, Biondi N, Rodolfi L, Tredici MR (2013) Photobioreactors for mass production of
microalgae. In: Richmond A, Hu Q (eds) Handbook of microalgal culture: applied phycology
and biotechnology, 2nd edn, Wiley, Oxford, pp 225–266. doi:10.1002/9781118567166.ch13

452 H. Griffiths

http://dx.doi.org/10.1038/nrd3078
http://dx.doi.org/10.1038/nrd3078
http://www.afia.org/rc_files/205/ifif_feedingredientapprovalcomparisonreport_2011.pdf
http://www.afia.org/rc_files/205/ifif_feedingredientapprovalcomparisonreport_2011.pdf
http://dx.doi.org/10.1002/9781118567166.ch13


Chapter 17
Marine Genetic Resources and the Access
and Benefit-Sharing Legal Framework

Laura E. Lallier, Arianna Broggiato, Dominic Muyldermans
and Thomas Vanagt

Abstract The legal landscape regulating the access to and utilization of genetic
resources has changed with the entry into force of the Nagoya Protocol in 2014, and
the adoption of the related EU Regulation on user compliance in 2014. Moreover,
many countries are now adopting laws that regulate access to their genetic
resources. This has clear implications for scientists working on genetic resources,
including those doing taxonomic and biotechnology research on marine microor-
ganisms. The first part of this chapter informs the scientific community on the
Access and Benefit-Sharing (ABS) legal framework, including a focus on their
application to marine genetic resources, for which the United Nations Convention
on the Law of the Sea (1982) is also relevant. The difference between (domestic)
access legislation to genetic resources, and the compliance mechanisms, such as the
EU Regulation 511/2014 is explained in detail. A more practical description of
ABS related obligations is then presented in a step-by-step approach, which can
serve as a basic guideline for scientists.
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IRCC Internationally recognized certificate of compliance
LOSC Law of the sea convention
MAT Mutually agreed terms
MTA Material transfer agreement
NP Nagoya protocol
PIC Prior informed consent

17.1 Introduction

When dealing with marine microbial research or with marine bioprospecting in
general one may encounter a number of success stories, such as pharmaceutical
applications of red seaweeds in Carragelose® by Marinomed, or the commercial-
ization in cosmetics of Resilience® by Estée Lauder, based on a Caribbean gor-
gonian (Martins et al. 2014). However, with the recent development in international
law on biodiversity conservation and utilization, the chances of seeing these suc-
cess stories marred by non-compliance with Access and Benefit-Sharing (ABS)
requirements of the country of origin of the genetic resources (GRs) are at stake. To
date, no such case exists for marine resources, but recent examples with restrictions
on the use of the Castor plant, through a ruling by the National Green Tribunal in
India, and controversy about the potential use of Stevia (Meienberg et al. 2015)
show that legislation on ABS can have serious implications for Research and
Development involving GRs. Indeed, there are many legal aspects to be considered
when conducting marine microbial research, depending on which phase of the
biodiscovery pipeline one is at. This chapter is positioned at the early stages of the
biodiscovery pipeline, when the question of access to the targeted GR is posed,
whether the samples to be further studied are collected in situ or are sourced ex situ,
i.e., from a biorepository. In this regard, particular attention should be given to the
Convention on Biological Diversity (CBD) and its Nagoya Protocol on Access to
Genetic Resources and the Fair and Equitable Sharing of Benefits Arising from
their Utilization (Nagoya Protocol), as well as the United Nations Convention on
the Law of the Sea (LOSC) considering the marine dimension of this book.

17.1.1 Convention on Biological Diversity

The CBD entered into force in 1993, and addresses biodiversity through three
different pillars: biodiversity conservation, sustainable use of biodiversity compo-
nents, and the fair and equitable sharing of the benefits arising out of the utilization
of GRs (art. 1 CBD). While the latter objective is often seen simply as a means of
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monetary return to biodiversity-rich countries, it was originally designed to balance
costs and benefits of biodiversity conservation between developed and developing
states. In fact, non-monetary benefits represent the majority of the actual returns to
the providing country, since only a small proportion of biodiscovery projects
actually results in commercially profitable products (Cragg et al. 2012a, b).
The CBD explicitly recognizes the sovereign right of States to exploit their own
resources in accordance with their own environmental policies. Thus, in the context
of marine GRs, it is up to the coastal State from which the GR originates to choose
whether or not to regulate access to it and under which terms.

17.1.2 Nagoya Protocol

This additional agreement to the CBD was adopted in 2010 and entered into force
in 2014. The intent of the Nagoya Protocol is to ensure that researchers (‘users’)
respect ABS rules of the State providing the GRs. More precisely, the Nagoya
Protocol puts obligations both on the user and the provider: while the user of GRs
must abide by the law of the providing country, the latter must ensure certainty and
clarity of the requirements and measures for granting access to GRs. The main
obligations provided by the Nagoya Protocol can be divided in three main pillars:

– Access obligations, if enacted, must be clear, transparent, fair and provide rules and
procedures for prior informed consent (PIC) and mutually agreed terms (MAT);

– Benefit-sharing obligations must be subject to MAT between provider and user,
include research and development, subsequent applications, and commercial-
ization, and may be monetary and/or non-monetary;

– Compliance obligations must be ensured through the adoption by user countries
of legislative and regulatory measures, the respect of contractual obligations
contained in MAT, and the monitoring of the utilization of GRs by users,
including by the means of checkpoints. This is particularly the object of the EU
Regulation 511/2014.

17.1.3 European Union Regulation on Compliance

The adoption of the EU Regulation 511/2014 on compliance measures for users from
the Nagoya Protocol on Access to Genetic Resources and the Fair and Equitable
Sharing of Benefits Arising from their Utilization in the Union (EU ABS Regulation)
is an effort to ensure that all EU Member States achieve the objectives of the Nagoya
Protocol with regards to compliance in a uniform manner. Its provisions range from
the direct obligations of the user to apply and declare due diligence to the obligations
of EUMember States with regards to monitoring and checking user compliance, and
include a Register of collections for ex situ access to GRs.
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17.1.4 Law of the Sea Convention

Because the sovereignty of a State can extend to the sea, the CBD and the Nagoya
Protocol also apply in the maritime jurisdiction of a coastal State that has adopted
ABS measures. However, at sea, this ABS framework overlaps with the one of the
LOSC addressing marine scientific research in general. The LOSC was adopted in
1982 and entered into force in 1994. It can be broadly described as a “global and
general framework setting the boundaries of States’ jurisdiction and regulating the
activities taking place there, including marine scientific research” (Lallier et al.
2014).

This chapter introduces and further explains the fundamentals of the ABS regime
and adequate permits to conduct marine microbial research lawfully. After pre-
senting the basic principles of the entire framework (see: Sect. 17.2), it provides a
more practical, phased approach to comply with ABS requirements (see: Sect. 17.3).

17.2 Basic Principles of Access and Benefit-Sharing
of Marine Genetic Resources

This section introduces the ABS regime applicable to marine microbial research.
This includes the framework derived from the CBD and its Nagoya Protocol, as
well as the EU ABS Regulation (see: Sect. 17.2.1). It also takes into consideration
the specific provisions of the LOSC regulating marine scientific research (see:
Sect. 17.2.2).

17.2.1 Key Elements of Access and Benefit-Sharing

In this section, some explanations are provided on the principal elements found in
the CBD and the Nagoya Protocol, as well as the EU ABS Regulation. In particular,
it addresses the specific definition of terms (see: Sect. 17.2.1.1), the declination of
ABS obligations (see: Sect. 17.2.1.2), and the EU ABS Regulation (see:
Sect. 17.2.1.3).

17.2.1.1 Use of Terms and Definitions

As legal terminology is a language of its own, this part provides more clarity on the
meaning of terms used in the framework for ABS of marine GRs, which does not
necessarily correspond to the scientific world’s lexicon. In international law, it is
common practice to find a provision relating to the definition of terms used
throughout the text of a treaty, for clarity and interpretation purposes. The object
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(GRs), their use (research and development on the genetic and/or biochemical
composition of genetic resources, including through the application of biotech-
nology) and the players (provider and user) are the main components of the regime
hereby introduced.

Genetic Resources
In 1992, the CBD already defined GRs in rather broad terms. The Nagoya

Protocol and the EU ABS regulation kept the CBD definition1: “Genetic resources”
means “genetic material of actual or potential value”. According to the same pro-
vision of the CBD, “genetic material” includes “any material of plant, animal,
microbial, or other origin containing functional units of heredity”.

Utilization
It is with the Nagoya Protocol that the notion of utilization of GRs was intro-

duced in the ABS regime, to complete and broaden the definition of biotechnology
provided by the CBD. Article 2 of the Nagoya Protocol reads

(c) “Utilization of genetic resources” means to conduct research and development on the
genetic and/or biochemical composition of genetic resources, including through the
application of biotechnology […];
(d) “Biotechnology” as defined in Article 2 of the [CBD] means any technological
application that uses biological systems, living organisms, or derivatives thereof, to make
or modify products or processes for specific use;
(e) “Derivative” means a naturally occurring biochemical compound resulting from the
genetic expression or metabolism of biological or genetic resources, even if it does not
contain functional units of heredity.

Provider and User
In the context of ABS for GRs, the two main players involved are the provider

and the user. The provider is to be understood as a country that is a party to the
Nagoya Protocol, and which is “the country of origin of such resources or a Party
that has acquired the genetic resources in accordance with the CBD”.2 The user of
GRs was not precisely defined until the EU ABS Regulation defined it as3 “a
natural or legal person that utilizes genetic resources or traditional knowledge
associated with genetic resources.”

The relationship between a provider and user is very much based on negotiations
in good faith to ensure the equitable sharing of benefits arising of the utilization of
GRs. Such sharing shall be upon MAT. This clearly means that although a pro-
viding country is perfectly entitled to regulate access to its GRs and require
benefit-sharing arrangements, it cannot impose such arrangements to the user in an
arbitrary manner and the user remains free to refuse an arrangement and source GRs
elsewhere. Figure 17.1 shows the process, from targeting the GRs to their possible
uses, may it be commercial or not. In between, providers and users’ relationship is
tagged with PIC and MAT. Those are two steps that need to be taken by scientists

1Article 2 CBD.
2Article 5(1) Nagoya Protocol.
3Article 3(4) EU ABS Regulation.
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when they wish to become “users” of GRs in the meaning of the ABS regime.
Those elements are further explained in Sect. 17.2.1.2. Please note that it is a
country’s sovereign right to not regulate access to its GRs, in which case obtaining
PIC and MAT are not necessary, and the use of GRs from that country are free and
unrestricted.

17.2.1.2 Access and Benefit-Sharing Obligations

The core of ABS obligations lies in two distinct but intertwined elements: the user
must seek the PIC of the provider, and reach agreement on MAT with regards to
benefit-sharing.

Prior Informed Consent
According to the Nagoya Protocol,4 “access to genetic resources for their uti-

lization shall be subject to the prior informed consent of the Party providing such
resources”. In fact, PIC may be seen as the formality that crystallizes the agreement
to provide access by means of fair and non-arbitrary rules and procedures to con-
sider an application for accessing GRs. PIC should be issued in a written decision
by the competent national authority (CNA) of the providing country, which can

Fig. 17.1 Access and
benefit-sharing framework in
the Nagoya Protocol. Source
Introduction to access and
benefit-sharing, factsheet
produced and published by
the CBD secretariat (2011),
p. 4. Available at: www.cbd.
int/abs/infokit/revised/web/
all-files-en.pdf (Accessed 26
October 2015)

4Article 6 Nagoya Protocol.
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take the form of a permit or its equivalent. If this permit is registered in the CBD
database called the ABS Clearing House, it will constitute an internationally rec-
ognized certificate of compliance (IRCC).5

– Competent national authorities (CNA): the Nagoya Protocol requires that a State
designate a CNA that will be responsible for granting PIC.6 They also have to
designate a national focal point (NFP) to help applicants (future users) finding
their ways around the specifics of a provider’s ABS legal and administrative
organization.

– Internationally recognized certificate of compliance (IRCC): The issuance of an
IRCC is an important tool to facilitate compliance, as it will serve later on, in
case of dispute, as evidence that the user accessed the GRs in compliance with
the provider’s PIC and MAT rules and procedures. In a compliance perspective,
it is also a tool that EU member States will use to monitor the utilization of GRs
by EU users. To this end, EU users are required to keep strict records of all the
relevant documentation, including the IRCC, for 20 years after the end of the
period of utilization.7 Record tracks also include all the information relating to
the content of MAT as described below.

Mutually Agreed Terms
The MAT will set up the terms and conditions for utilization of GRs and benefit

sharing related thereto, and needs to be agreed upon by the provider and the user.
The three elements presented below are the most common in MAT, although this
list is non-exhaustive.

– Benefit-sharing arrangements: the benefit-sharing conditions represent without
doubt the key element of the entire ABS framework. However, benefits are not
necessarily monetary. In fact, in many cases the benefits will be non-monetary,
e.g.,: sharing of results, participation of nationals in product development, con-
tributions to education and training in the providing country, technology and
capacity transfer.8 In fact, such practice is not new and has already been
implemented through partnerships and contracts for years (Cragg et al. 2012a, b).

– Subsequent third-party transfer: As there are many more players than just one
provider and one user in the biodiscovery pipeline (Laird and Wynberg 2012),
the transfer of the GRs and/or the research results associated to a “third-party”
who was not involved in the PIC and MAT process is a possibility that should
be anticipated in MAT. Some providing countries will require the user to come
back to its CNA for consent prior to any transfer. Either way, the EU ABS

5Article 14 and 17 Nagoya Protocol.
6Article 13 Nagoya Protocol.
7Article 4 EU ABS Regulation.
8A non-exhaustive list of possible monetary and non-monetary benefits is provided in the annex of
the Nagoya Protocol.
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regulation imposes rather strict obligations on the user: any material transfer
should be accompanied by the IRCC, the MAT, and where not applicable all the
relevant information (including source of the GR, date and place of access,
permits, associated rights, and obligations).

– Change of intent: In many cases, the GR is first accessed for basic research
purposes and commercial use will not have been agreed upon yet (nor any
(monetary) benefit-sharing arrangements related thereto). Nevertheless, there is
a chance that any associated discovery might lead to applied research and
eventually the development of a commercial product, and raise commercial
interests. It has been recommended, therefore, to leave room in MAT for the
negotiation of new terms further down the line, e.g., in a “commercial devel-
opment agreement” (Cragg et al. 2012a, b).

17.2.1.3 Compliance Under the EU ABS Regulation

The compliance provision of the Nagoya Protocol requires that countries parties
take “appropriate, effective and proportionate measures” in order to ensure the
compliance of their users with the ABS rules in the providing country they are
working with.9 While effectiveness implies deterring measures and sanctions for
non-compliance, appropriate and proportionate can be understood as taking into
consideration the different interests and contexts at stake in a given situation, and to
avoid too much administrative burden (Greiber et al. 2012). In implementing this
provision, the EU therefore puts an obligation of due diligence on the users.

Due Diligence Obligation
The EU ABS Regulation states that “users shall exercise due diligence to

ascertain that genetic resources […] which they utilize have been accessed in
accordance with applicable ABS legislation or regulatory requirements”.10 This
obligation of due diligence means that the onus is on the user, when utilizing GRs,
to make sure that the applicable ABS legislation of the providing country is
respected and that the GRs are acquired with the appropriate PIC and MAT, if this
is required by the providing country. This will have an impact on research funding,
for instance, as applications for EU or national research grants will need to
be accompanied by a declaration of due diligence as evidence that all the ABS
obligations have been fulfilled and the relevant permit obtained.11 The EU
ABS Regulation does not apply to GRs accessed from pre-existing collections

9Article 15 Nagoya Protocol.
10Article 4 EU ABS Regulation.
11Article 7 EU ABS Regulation.
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(i.e., material obtained by the collections before the entry into force of the Nagoya
Protocol—12 October 2014).

The Register of Collections
A collection, in the meaning of the EU ABS Regulation,12 is “a set of collected

samples of GRs and related information that is accumulated and stored, whether
held by public and private entities”. For a collection to be registered, it must prove
that the acquisition, storage, and transfer of the samples are complying with relevant
ABS legislation, and that samples are accompanied with all the relevant information
and documents (MAT, IRCC, and others). Users who obtain GRs from a collection
which is included in the Register are considered to have exercised due diligence as
regards the seeking of the relevant information, without the need to seek further
information than the one provided by the collection. Of course, the user will have to
stick to the intended use as specified in the PIC and MAT that comes with the GRs.

Best Practice
The EU ABS Regulation also encourages the development of best practices.13

Mechanisms, tools or procedures designed by associations of users or other inter-
ested parties, which enable users to comply with their obligations, can be recog-
nized as best practice by the EU Commission. While such best practice for marine
GRs has yet to be developed and recognized, this chapter proposes a practical
approach to the regime that has been described in this section through a step-by-step
guidance to user compliance (see: Sect. 17.3).

17.2.2 Specificities to Consider in the Marine Environment

When collecting the GRs that will be the object of the research project on site, there
are two distinct regimes to take into consideration. More precisely, when the
research project is based on GRs sampled at sea, the regimes set by the LOSC and
the CBD overlap, yet are also complementary. Indeed, the LOSC addresses marine
scientific research in general, and refers to the act of sampling. The CBD refers to
the utilization of the sampled GRs. However, when microbial research is based on
material obtained from a pre-existing collection, thus not needing sampling expe-
dition, only the CBD and the instruments thereby derived apply.

17.2.2.1 Marine Scientific Research: Relative Freedom

The LOSC contains many provisions that address marine scientific research.
Depending on the specific maritime area where it will occur, the conduct of sci-
entific research can either be a freedom or a right, and can be subject to regulations

12Articles 3(9), 4(7) and 5(3) EU ABS Regulation.
13Article 8 EU ABS Regulation.
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or not. The maritime spaces are delimited in the LOSC as is shown on Fig. 17.2. Up
to the Exclusive Economic Zone’s (EEZ) 200 nautical miles from the coastline for
the water column, and up to 350 nautical miles for the continental shelf,14 the
maritime space is under the jurisdiction of the coastal State. Within these limits, all
third States—including their researchers—have the right to conduct marine scien-
tific research provided that they respect the requirements of the coastal State.15

Beyond the 12 nautical miles of the territorial sea, though, the coastal State does not
have full sovereignty but rather exclusive rights relating to specific activities only.
In particular, coastal States have the right to regulate and authorize marine scientific
research as they wish, as long as it respects the basic rights of third States.
The LOSC gives further details on the minimum requirements to organize research
campaigns in the waters of the coastal States.16 For instance, notification should
occur at least six months prior to a scientific project, and participation of national
observers to the campaign is a prerogative of the coastal State. The authorization
and conditions are often granted in the form of a research permit, the authority
responsible being different in each case depending on the administrative organi-
zation of the coastal State. In Chile, for example, the Navy holds that competence
(Supreme Decree 1975). However, under normal circumstances, the coastal State

Fig. 17.2 Maritime boundaries in the law of the sea convention. Source Alan Evans, National
Oceanography Centre, UK. At: http://www.unclosuk.org/group.html (3 Nov. 2015)

14The distances mentioned are a maximum allowed by the LOSC. Depending on each coastal
States maritime features and/or specific claims, the extent of the maritime zones under their
jurisdiction may vary.
15Article 238 LOSC.
16Articles 245–257 LOSC.
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must grant its consent to scientific activities, since the objective of the LOSC is
clearly to promote marine scientific research rather than restraining it (Salpin 2013).

Beyond the limits of the EEZ and/or the continental shelf, marine scientific
research is subject to different principles. The international area of the deep seabed
is subject to a specific regime set out in Part XI of the LOSC, which grants to the
soil, subsoil thereof and the mineral resources the status of common heritage of
mankind, and places related activities under the control and administration of the
International Seabed Authority. Pursuant to Part XI, marine scientific research in
the international seabed is encouraged and promoted, but can only occur under the
auspices of the Authority and in accordance with this specific regime. However, in
theory, bioprospecting and marine microbial research as such are excluded from
this regime and fall under the umbrella of the freedom of the high seas.17 The
freedoms of the high seas18 are proclaimed by the LOSC in Part VII and include the
freedom of scientific research. But while the LOSC was still protecting such
freedoms, this last decade has seen policy processes occurring at the United Nations
level that tend toward framing and regulating scientific research in the high seas,
reducing the extent of that secular tradition (see: Sect. 17.2.2.2).

17.2.2.2 Marine Genetic Resources in Areas Beyond National
Jurisdiction

In 2006, the Ad Hoc Open-ended Informal Working Group to study issues relating
to the conservation and sustainable use of marine biological diversity beyond areas
of national jurisdiction (BBNJ Working Group) met for the first time (Report 2006).
Two years before that, the United Nations General Assembly established this
consultative body (Resolution 59/24), with the following mandate:

(a) To survey the past and present activities of the United Nations and other relevant
international organizations with regard to the conservation and sustainable use of marine
biological diversity beyond areas of national jurisdiction;
(b) To examine the scientific, technical, economic, legal, environmental, socio-economic
and other aspects of these issues;

17Indeed, the regime of Part XI was purposely designed for activities related to mineral resources
and seabed mining. Thus, bioprospecting is excluded from the regime, and the regulatory mandate
of the International Seabed Authority does not include activities other than those relating to
minerals. However, the Authority must promote, collect, and disseminate the results of scientific
research, including in order to better understand the environment and prepare impact assessments
of the activities under its jurisdiction. Adding to that the complexity of organizing research
campaigns in such deep and remote locations, chances are that a bioprospecting project collaborate
with mining exploration campaigns to sample, and thus be dealing directly or indirectly with the
Authority.
18Highs seas are determined as the surface and water column beyond national jurisdiction (art.
86 LOSC).
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(c) To identify key issues and questions where more detailed background studies would
facilitate consideration by States of these issues;
(d) To indicate, where appropriate, possible options and approaches to promote interna-
tional cooperation and coordination for the conservation and sustainable use of marine
biological diversity beyond areas of national jurisdiction;

Over time, the status of marine GRs and bioprospecting in areas beyond national
jurisdiction (ABNJ) was vividly discussed in the BBNJ Working Group, not
without divergences of opinions as to whether it should remain a freedom of the
high seas or should be regulated (Rayfuse and Warner 2008). Let us recall that the
Nagoya Protocol was negotiated in a parallel forum at around the same time, setting
up a rather strict regime on access to and use of marine biodiversity within national
jurisdiction as opposed to the greater freedom to operate in ABNJs.

In 2014, the General Assembly requested the BBNJ working Group to make
recommendations on the scope, parameters, and feasibility of an international
instrument under the LOSC (Resolution 69/245). In the recommendations thereby
issued by the BBNJ Working Group in February 2015 (Letter 2015), the United
Nations General Assembly decided to launch the development of an international
legally binding instrument under the LOSC on the conservation and sustainable use
of marine biological diversity of ABNJ. This new binding instrument shall address,
amongst others, the topic of “the conservation and sustainable use of marine bio-
logical diversity of ABNJ, in particular, together and as a whole, marine GRs,
including questions on the sharing of benefits” (Resolution 69/292).

In other words, the LOSC will be completed by an implementing tool with the
binding force of a treaty that will regulate access to and use of GRs in ABNJ, in a
similar way to the Nagoya Protocol being a supplementary agreement to the
CBD.19 While marine scientific research on GRs is currently relatively free in
ABNJ, it is therefore important to keep in mind that it will be subject to specific
ABS requirements in a near future.20

17.3 Practical Guide: A Step-by-Step Approach
to Compliance

As already seen in Sect. 17.2 of this chapter, marine scientific research activities
need to be organized in full respect of international and national obligations related
to ABS and the LOSC.

This section of the chapter illustrates the steps to be followed in order to
guarantee that legal compliance and certainty is achieved: this is beneficial for the

19The scope of the CBD being limited to areas under the jurisdiction of States, neither the CBD or
the Nagoya Protocol can address the matter of access to and use of GRs in ABNJ.
20A first draft text of the international legally binding instrument is expected by the end of 2017
(A/RES/69/292 par. 1(a)).

464 L.E. Lallier et al.



research community, the provider countries and also the possible private investors.
Scientists will need to take the following steps in order to comply with ABS
requirements set out in the CBD, the Nagoya Protocol and the EU ABS Regulation,
and other requirements according to the LOSC. Please note that additional national
or regional laws might exist that require a scientist to get additional permits, for
instance to sample in national parks.

First of all, when a scientist is planning to undertake a research project on GRs
(notwithstanding if the source of the GR is the country of registration of the
research institution where he/she works), the first necessary step is to refer the
matter and raise awareness of the legal issue to the legal representative of the
research institution and to the legal department or the technology transfer office of
the institution (if any exists21). The only person who is entitled to sign legal
documentation on behalf of a research institution is the legal representative of the
institution, or any other member who has been invested of such competence;
therefore it is of fundamental importance that scientists do not sign the legal doc-
umentation described in this section, unless they are entitled to do so. Receiving
professional legal and technical advice and support is the best option in case the
research institution does not have in-house the competences to deal with ABS.

17.3.1 Access and Benefit-Sharing Compliance

This section illustrates generally the steps to follow in order to identify what kind of
permits are necessary in relation to ABS in the country where a sampling is
planned, and how to obtain them. Figure 17.3 sums up the relationship between the
provider and the user. Let us recall that the user needs to obtain the PIC of the
providing country if required, and both provider and user need to agree on MAT
that includes benefit-sharing provisions (see: Sect. 17.2.1).

In case of research undertaken within the EU and implying the utilization of
GRs, in the drafting phase of a project, and before applying for grants, scientists
already need to foresee what kind of ABS issues they might be facing during the
project, and how to handle them in compliance with national and international
obligations. As a matter of fact, this is required by the EU ABS Regulation through

21If no legal department nor technology transfer office exist it is recommended to look for an
external legal consultant or consultancy private company with outstanding experiences in pro-
viding legal support on ABS. ABS-int (http://www.abs-int.eu/en/home) for example is a
multi-disciplinary team that consists of professionals with different backgrounds, including sci-
ence, law, and regulatory with experience in providing advice to national and international
companies and institutions, including in the fields of sustainable resources management, biodis-
covery, biosafety regulations, stewardship, environmental law, and intellectual property law.
GeoMedia is also a company providing such kind of support (http://www.geo-media.de/
consulting.html?&L=1).
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the due diligence system which also included an obligation to submit due diligence
declarations at certain checkpoints. The first checkpoint is at the stage of external
funding. At this checkpoint, the users have to submit to the CNA of their country a
declaration of due diligence (see: Sect. 17.2.1.3). Certain funding programs of the
EU, such as for example Horizon 2020, already include an ABS self-evaluation
within the ethical self-assessment part of the proposal.

Therefore, scientists need to undertake a preliminary analysis in order to
demonstrate that they will be able to exercise due diligence, which means being
sure that the GRs they will use are or will be accessed in accordance with applicable
ABS rules. Once they made sure that all required legal permits are in place prior to
sourcing the desired GRs, they will then need to undertake the steps described
further below. Two different scenarios can occur and will require taking different
steps, depending on whether the GR are sourced in situ directly from sampling the
sea, or are sourced ex situ from existing collections.

The second checkpoint is at the point of commercialization, when a due dili-
gence declaration has to be submitted to the CNA of the country where the uti-
lization was done. If a GR leaves the EU before the R&D process has been
completed, even if a final product has not yet been developed, a similar due dili-
gence declaration has to be made.

Note that under the EU ABS regulation, relevant information has to be stored for
a period of 20 years after the end of the utilization.

Fig. 17.3 Process and content of mutually agreed terms. Source CBD secretariat, frequently
asked questions on access and benefit-sharing, at: www.cbd.int/doc/programmes/abs/factsheets/
abs-factsheet-faqs-en.pdf
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17.3.1.1 Access to In Situ Marine Genetic Resources

As a step 0, scientists need to check in which maritime zone the sampling is
planned:

– It can be in waters under national jurisdiction (case A: internal waters—terri-
torial seas—exclusive economic zones);

– In ABNJ (case B: the high seas and the deep seabed beyond the continental
shelf);

– Or in the Antarctic Treaty area (case C: the Antarctic).

Case A: sampling in internal waters, territorial seas or exclusive economic
zones

If sampling is planned to take place in internal waters, territorial seas and/or
exclusive economic zones, regardless of whether in a foreign country or the country
of the research institution, the following steps need to be undertaken:

Step 1: First of all, users need to verify if the country from where they want to
source their GRs is a party to the CBD and the Nagoya Protocol.22 If this is the
case, as soon as possible, notify the primary NFP for CBD, and the NFP and CNA
of the Nagoya Protocol of the country where sampling is planned23 (Provider State)
and ask if any additional steps need to be taken.24 It is often useful, and sometimes
even required by ABS national legislation, to undertake such research project with a
local partner who might know about the national procedure and might help in
negotiating MAT (see intermediaries in Fig. 17.3).

In the particular context of marine GRs, the CNA is sometimes different from the
one competent for terrestrial GRs. For instance, South Africa’s CNA is the
Department of Environmental Affairs, but when it comes to marine matters, the
competence falls to the Oceans and Coasts branch as an exception to the rule (South
Africa’s guidelines 2012).

Step 2: Ask for advice on the specific requirements to be fulfilled prior to
sampling activities according to the provider country’s legislation on ABS.25 Basic
information on national ABS legislations and measures can be found on the website
of the ABS Clearing House or can be obtained from the NFP.26

Step 3: If the Provider State has ABS legislation in place requiring PIC and
MAT, contact the provider country’s competent authority for ABS and start

22List of parties can be found here: https://www.cbd.int/information/parties.shtml.
23If this country is party to the Convention on Biological Diversity and to the Nagoya Protocol.
24Contact details of the CBD NFP of the Provider State can be found at www.cbd.int/information/
nfp.shtml and more detailed information on national ABS legislations and procedures can be found
in this website the country is part to the CBD only www.cbd.int/abs/measures/ or in the website of
the ABS clearing House https://absch.cbd.int/countries if the country is also party to the NP.
25Such requirements may include a simple notification of the sampling and/or an ABS agreement.
26ABS Clearing House Mechanism: https://absch.cbd.int.
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negotiating an ABS agreement.27 Legal support will be needed for such
negotiation.28

Step 4: Access and use the material only in accordance with the requirements set
out in the PIC and/or MAT. In case the permit is inserted in the ABS Clearing
House by the provider country, it will become an IRCC.

Step 5: Transfer the sampled material and/or the associated knowledge (which
includes data and scientific results) to a third party only in accordance with the
requirements set out in the PIC and/or MAT29 and upon the signature of a Material
Transfer Agreement (MTA). The MTA sets out the conditions on use (if any) of the
sampled material and/or associated knowledge by the third party, in accordance with
the original PIC and/or MAT agreed upon with the provider country. Together with
the MTA, users need to transfer to subsequent users the IRCC and the information on
the MAT. In case the IRCC does not exist, the following information has to be
passed on:

– date and place of access to GR,
– description of the GR,
– the source,
– the presence or absence of rights and obligations related to ABS,
– the access permit and the MAT.

This information needs to be kept for 20 years after the end of the utilization.
Finally, if this information is not complete or if there is uncertainty, the user needs
to obtain an access permit or discontinue utilization.

Step 6: If a user wants to use the material and/or associated knowledge for other
purposes than the ones agreed upon in the PIC and/or MAT (change of intent), then
the user needs to go back to the relevant authorities of the Provider State and
renegotiate a PIC and/or MAT, as should be specified in the MAT.

27One template ABS agreement targeting exactly marine microorganisms has been developed by
the EU funded project Micro B3 (https://www.microb3.eu): Model Agreement on Access to
Marine Microorganisms and Benefit Sharing (Micro B3 ABS Model Agreements). Its text,
included commentaries is available here https://www.microb3.eu/work-packages/wp8.

The Micro B3 ABS Model Agreement can be adapted to different needs: to public domain,
hybrid, and full commercial use at the point of access. It has been used as basis for ABS
negotiations during the Ocean Sampling Day Campaign (an https://www.microb3.eu/osd) and it is
now available as an example of best practices on the website of the CBD Secretariat. It has been
subsequently endorsed by the EU funded project PharmaSea (http://www.pharma-sea.eu).
28The ABS agreement will not be needed in the drafting phase of a project, but it is advisable to
start taking contact with the competent authorities already in the drafting phase.
29Users need to be absolutely sure that they have the right to transfer the material and/or associated
knowledge before sending the material and data to a third party. If the permit/agreement is silent
about this, it does not mean that you have the right to transfer. In the latter case, a clarification with
the Provider State might be necessary.
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Case B: sampling in areas beyond National Jurisdictions
There is neither notification nor permits required so far. As highlighted in

Sect. 17.2.1 of this chapter a process is undergoing at the United Nations level to
discuss an Implementing Agreement to the LOSC addressing marine biodiversity in
ABNJ: this will have implications for accessing and/or utilizing GRs coming from
ABNJ in the future. It is advisable to keep a record of the sampling provenance for a
period of 20 years, in order to be able to demonstrate the source, in case this is
questioned.

Case C: sampling in the Antarctic Treaty area
Any activity undertaken in the Antarctic Treaty area (south of 60° latitude) is

subject to prior notification. Moreover, the national legislation of the country
undertaking the research might require from the researchers to apply for and to
obtain a permit.30

17.3.1.2 Access to Ex Situ Marine Genetic Resources

The users have to exercise due diligence according to the EU ABS Regulation (see:
Sect. 17.2.1.3), which means that they have to seek either the IRCC related to the
materials they want to access in the collection (if it exists), or all the relevant ABS
information related to the material (see step 5 above). When this information is
insufficient or uncertainties exist about the legality of access, the users have to
obtain an access permit from the provider country or discontinue utilization. Of
course, this is only applying to materials deposited in the collections after the entry
into force of the EU ABS Regulation. The EU ABS Regulation provides for the
possibility for collections to apply for being registered (either as a whole or in part)
in the Register of Collections established by the European Commission. This will
have the advantage for the users to assert that, when accessing materials in a
registered collection, they have exercised due diligence. However, given the
immense efforts collections will have to undertake in order to adjust their man-
agement system to the new rules, this is going to be challenging, both for collec-
tions and users.

17.3.2 Law of the Sea Compliance

According to the LOSC, and as explained in Sect. 17.2.1.1, a research permit is
needed from the coastal state in order to undertake Marine Scientific Research in the
territorial seas and exclusive economic zones of that coastal state.

30In case of entering and sampling in a “Special Protected Area” a special permit is needed: basic
information can be found here http://www.ats.aq/e/ep_protected.htm.
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If scientists are planning to sample in

(a) Their own State’s national waters (meaning the research institution’s country),
they need to contact the authority which is competent to release such a marine
research permit (it is usually the Ministry of Environment, the Ministry of
Research or the Ministry of Transports) and provide full details on the research
project.

(b) In a foreign country’s waters, they need to contact the Embassy of the coastal
State at least six months in advance of the expedition, and provide full details
on the research project. The Embassy should assist in obtaining the necessary
consent and permits from the competent authority for maritime matters.

17.4 Conclusions

This chapter introduced the legal framework for ABS associated to the utilization of
marine GRs. These are requirements to be taken into consideration at the early
stages of a research project involving GRs, including marine microbes. However, it
does not cover all the legal issues that may arise along the marine biodiscovery
pipeline. Compliance with ABS requirements is crucial at the time of accessing,
collecting, or acquiring the GRs that will be the object of a given project, and there
is a need for continuous follow-up through the monitoring mechanisms put in place
by countries, e.g. pursuant to the EU ABS Regulation.

The purpose of this chapter is to inform scientists working with GRs on the new
regulatory framework brought by the CBD and its Nagoya Protocol, as well as the
EU ABS regulation on compliance, while raising awareness on the potential
overlap with permit requirements due to sampling GRs at sea, where the law of the
sea guides coastal states’ legislation on marine scientific research. Compliance with
all ABS requirements ensures that the value of interesting discoveries at the
non-commercial research level is safeguarded for further development and com-
mercialization, by utilizing only GRs acquired with the necessary documentation,
which in turn provides the legal certainty sought by subsequent parties further down
the value chain. It is equally important to scientists to comply with ABS require-
ments to avoid being accused of committing biopiracy.

ABS is not only important to avoid legal and ethical issues while conducting
research. The ultimate goal of this legal framework is to encourage the conservation
of biological diversity, through the promotion of research and development activ-
ities on GRs and the fair and equitable sharing of the benefits arising out of their
utilization. As mentioned in this chapter, a great majority of such benefits are
non-monetary and are meant to enhance capacity-building, training, and the sharing
of knowledge with the developing world that is, in many cases, where the most
biodiversity-rich countries are.
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Chapter 18
Outreach of the Unseen Majority

Marieke Reuver, Georgia Bayliss-Brown, Tanja Calis,
Pamela Cardillo, Cliona Ní Cheallachaín and Niamh Dornan

Abstract Traditionally, scientists communicate results from their research projects
by writing scientific articles published by scientific journals and nowadays this is
still the preferred way for the majority of scientists to communicate their results.
However, scientific interaction outside the traditional peer-reviewed journal space is
becoming more important to academic communication in recent years, due to a
number of important motives. Research projects have the potential to have great
environmental, social, and economic benefits; but, in practice, only well commu-
nicated research tends to have an effect on policy, industry, or society in general.
Within the marine domain, communicating research results is particularly impor-
tant. It has been identified that the inability to transfer research results into goods
and services is affecting knowledge intensive sectors, such as the marine sector. The
need for a more focused knowledge transfer (KT) approach came from the
understanding that potential benefits can only be realized when research results are
actually accepted, adopted, and exploited by its relevant end users. As the concept
of KT becomes popularized; its practice more widespread; and its impact noted, the
importance of clarifying the definitions of terminology associated with outreach
activity becomes increasingly important. Two main current developments in marine
outreach are Ocean Literacy (OL) and KT. Increasing OL is a highly effective and
promising means by which to change people’s behavior towards our seas and ocean
in a positive and constructive way. KT is increasingly recognized as a necessity,
and a trend is forming where it is becoming a condition of funding for researchers to
demonstrate the wider relevance of their research, and communicate beyond tra-
ditional academic publications. Well-considered KT is one of the most
cost-effective methods for gaining a measurable return on research investment. It
will also ensure that innovation and ideas are used for the creation of new products
and services; improvements to the environment and society; and, changes in policy.
When performing outreach, dissemination, and KT activities, one needs to be
conscious of the fact that it is not always feasible, or indeed prudent, to openly and
freely share the products of knowledge creation. IP generators need to carefully
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consider whether or not they might want to protect their creation before sharing it,
as disclosure in any format can adversely affect any subsequent Intellectual
Property Rights (IPR) and can render the IP not patentable. Unfortunately, there are
still a plethora of barriers, and even disincentives, stalling the transfer of research
and science outreach. Barriers to KT are identified along the entire length of the
research life cycle and include communication challenges. In Europe, policy
demands that publicly funded research contributes more directly to society, the
economy and the environment; hence, incentivizing the focus on communication.
Outreach and KT have the potential and task to inspire critical thinking, inform
public policy, foster a faster knowledge exchange, and prevent duplication of
research efforts. Improving outreach and KT is an important challenge for the
successful development of marine biotechnology in Europe.

18.1 Introduction

Traditionally, scientists communicate results from their science projects by writing
scientific articles published by scientific journals. Science is public, not private
knowledge, and so each scientist’s goal is to disseminate his or her work and to
make a significant contribution to the public domain of science. Centuries ago,
scientists shared their observations and results by writing letters, and even ana-
grams, to their colleagues that were hand copied and passed from person to person
(Sarton 1936). Established in 1665, the world’s longest-running scientific journal,
Philosophical Transactions of the Royal Society, believed that science could only
move forward through a transparent and open exchange of ideas backed by
experimental evidence and so contributed to the increasing acceptance of publi-
cation of papers in modern academic journals (Royal Society 2015).

Nowadays, publication through peer-reviewed scientific journals is still the
preferred way for the majority of scientists to communicate their results. In an era of
heightened competition for scarce research positions and funding, the mantra of
modern academia—“publish or perish”—continues to intensify (Fischer et al.
2012). Scientists are under pressure to produce as many publications as possible in
peer-reviewed “high-impact” journals to raise their profile among peers and influ-
ence their discipline. However, scientific interaction outside the traditional
peer-reviewed journal space is becoming more important to academic communi-
cation in recent years, in particular through open access and online publishing
leading to an improved communication and availability of research results.

Moreover, communication of scientific results to users beyond the scientific
community has increased in significance, focusing on a scientist’s reach beyond his
or her field and capturing societal impact. Almost twenty years ago, Jane
Lubchenco codified the idea of a “new social contract for science” (Lubchenco
1998). She asserted that society expects two outcomes from its investment of public
funds in science: “the production of the best possible science and the production of
something useful.” Lubchenco challenged scientists to not only make their research
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relevant to today’s most pressing problems, but also to embrace their responsibility
to share their findings (Smith et al. 2013). It can even be argued that engagement
with the public beyond the scientific community is a responsibility and moral
imperative for researchers (Marincola 2003).

A major rationale for scientists to engage in science outreach is to build a broad
base of public support for science funding. When scientists do not convince the
public that their science matters, funding for their particular field of science will
likely vanish, as will science as a whole. Other important motives are: the need to
engage young people to do science; to inspire the next generation of scientists; to
promote scientific literacy; to change behaviors; and contribute to economic growth.

More recently, when launching the EU2020Strategy, theEuropeanCommissioner
for Competition released a policy statement highlighting Europe’s determination to
link science and research and innovation to market (European Commission 2010);
thus, laying the foundation for a knowledge-based economy.

To achieve sustainable economic growth within the marine environment, citi-
zens must be engaged, responsive, and sympathetic to political action. This can be
accomplished when citizens understand the influence of seas and oceans on their
lives; and, the contrasting impact of their behavior on the marine ecosystem.
A prerequisite to achieving this is by using outreach to promote the inherent value
of marine resources, as an “ecosystem service”.

In Europe, there has been an increased focus on outreach, dissemination, and
knowledge transfer (KT) activities at a policy level, evidenced by increased policy
documentation referring to the importance of and funding directed towards trans-
ferring research results (European Commission 2007a, b, 2009). One form of
outreach regularly utilized by the scientific research community is conferences. The
EurOCEAN conferences are major marine science-policy conferences, hosted in
Europe. They provide a forum for the marine and maritime research community,
and wider stakeholders, to interface with European and Member State policymakers
and strategic planners. At the EurOCEAN conferences, delegates consider, discuss,
and respond to new marine science and technology developments, challenges and
opportunities. Acting as a catalyst for the marine and maritime research community
to respond to and impact on European science-policy developments, these con-
ferences have provided inputs to a number of strategic science-policy developments
in Europe, including in relation to marine outreach. These developments are evi-
denced in the adoption of the Integrated Maritime Policy for Europe (2007), its
environmental pillar the Marine Strategy Framework Directive (2008) and the
European Strategy for Marine and Maritime Research (2008).

From these developments, it can be seen that marine outreach has grown to
become a more important focus area in recent years

• The Galway Declaration (EurOCEAN 2004) noted that the marine science
community must improve its communication skills in explaining the contribu-
tion that its work can make to economic and social development.

• The Aberdeen Declaration (EurOCEAN 2007) called for an integrated
“European Marine and Maritime Science, Research, Technology and Innovation
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Strategy” that must enable cooperation between all stakeholders to enhance KT,
of which outreach is an element.

• The Ostend Declaration (EurOCEAN 2010) stated that the European marine and
maritime research community recognizes that the seas and ocean are one of the
grand challenges for the twenty-first century and so acknowledges the need to
translate the related messages to all sectors of society.

• The Rome Declaration (EurOCEAN 2014) shows the increasing significance of
outreach as the first of its four goals states, “Valuing the ocean—Promoting a
wider awareness and understanding of the importance of the seas and ocean in
the everyday lives of European citizens”.

• The Galway Statement on Atlantic Ocean Cooperation (2013) specifically
identified Ocean Literacy (OL), a marine outreach concept, as one of five key
areas for cooperation in policy dialog between top marine scientists from the
EU, US and Canada; “we further intend to promote our citizens’ understanding
of the value of the Atlantic by promotion ocean literacy”.

This book chapter on “Outreach of the unseen majority” aims to outline the
different developments in outreach, dissemination, and KT in recent years, the
importance of outreach, discussing best practice methodologies and challenges and
opportunities for the future. The ultimate message is to reinforce public awareness
of our shared maritime heritage, the value of investing in marine science research,
and the importance of teaching our younger generation to care for our seas.

18.2 Why Is Outreach Important?

Knowledge creation and its dissemination are two sides of the same coin—knowledge does
not impact on society if it is unable to disseminate (Bartling and Friesike 2014).

There is no value in doing research unless others know about it, by communi-
cating it one way or another. Researchers often underestimate the importance of
communicating their research and results outside the scientific community.
However, unless research is communicated to and understood by the people who
need to use it, even the best quality research is read merely by a limited cohort of
other scientists. Research projects have the potential to have great environmental,
social, and economic benefits; but, in practice, only well communicated research
tends to have an effect on policy, industry, or society in general. Moreover,
throughout history it can be seen that breakthroughs in knowledge creation have
gone hand-in-hand with breakthroughs in its dissemination (Bartling and Friesike
2014).

Within the marine domain, communicating research results is particularly
important. With the global population expected to reach nine billion people by
2050, we are increasingly looking at the oceans to provide us with sufficient food
and energy to support this growing populace. To ensure that the world’s marine
space is used safely and sustainably, public knowledge of the ocean and its role in
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our lives is crucial. Society needs to appreciate the seas and ocean, by becoming
‘Ocean Literate’, to ensure we minimize anthropogenic impacts on its delicate and
complex ecosystem. Many people have little awareness of the need to protect vital
ocean resources and the importance of the marine environment, including the
impact it has on their daily lives and human well-being; its role in global change; its
rich natural and cultural heritage; and its importance to the maritime economy
(EurOCEAN 2014). It is essential that the marine community is better able to
transfer its knowledge to industry, policy, and society at large as protecting the
ocean is a “grand challenge” for humankind. By achieving a transformation in
appreciation and understanding of the ocean’s role across society as a whole, we
can create better conditions for investment and sustainable blue growth
(EurOCEAN 2014).

Within the European marine biotechnology sector, the European Science
Foundation Marine Board has identified that there is an urgent need to improve
information exchange among those who are actively involved in European marine
biotechnology (European Science Foundation 2010). The report states that an
effective dissemination of novel marine biotechnology research discoveries can
greatly improve Europe’s capacity to generate new commercial opportunities and
would decrease the apparent gap, which currently exists between researchers and
high-tech companies. The report recommends that mechanisms need to be devel-
oped to mobilize and facilitate the efficient pooling of knowledge, data, and
research capacities distributed throughout Europe.

Internationally, the Organisation for Economic Co-operation and Development
(OECD) similarly identified that “there may be a need, as evidenced by the
emergence of marine biotechnology in national bioeconomy strategies, for a
communication strategy around marine biotechnology, perhaps with a focus on
environmental issues and sustainability more broadly”. They claimed that such a
strategy would be able to highlight the importance of marine biotechnology and
how its application would affect socio-economically important activities such as
food and biofuel production. The OECD also stated that communication among
stakeholders, at national and international levels, and consultation with civil society
is required to stimulate the development of marine biotechnology and optimize
diffusion of its proceeding innovations in the marketplace. They identified that
“focused and effective international dialog will be needed to address hurdles such as
development of indicators, R&D infrastructure and sustainable development of
marine resources” (OECD 2013).

It has been identified that the inability to transfer research results into goods and
services is affecting knowledge intensive sectors, such as the marine sector
(European Commission 2013a). Europe 2020, the European Union’s growth
strategy, states that Europe’s future jobs and economic growth will increasingly
have to come from innovation in business models, products, and services (European
Commission 2014c). With this in mind, communication about European research
projects should aim to demonstrate the ways in which research and innovation is
contributing to a European ‘Innovation Union’ and account for public spending by
providing tangible proof that scientific evidence and collaborative research adds
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value (European Commission 2011). Activities to disseminate information, exploit
research and innovation results, and carry out communication activities are an
important and integral part in the European Commission’s current Research and
Development Programme, Horizon 2020.

Evidently, Europe’s funding agencies are progressively embracing a KT model
for communication and outreach. The need for a more focused KT approach came
from the understanding that potential benefits can only be realized when research
results are actually accepted, adopted, and exploited by its relevant end users.
Consequently, it is increasingly the case that for a research project to be successful
(both initially funded and impactful), an effective communication strategy is needed
to transfer findings to the relevant end users. There has never been a greater
need for researchers to think about this knowledge flow; processes for achieving
successful outreach and transfer; and, to clearly distinguish between dissemination
and KT.

18.3 Terminology to Facilitate Understanding

The language we use influences the way we think (Pinker 2007).

The essence of outreach is the application of language to share concepts, views,
and knowledge. Ironically, there is discord in the way that terminology relating to
outreach is used by communication professionals, marine scientists, and funding
agencies, as the following subsection provides evidence of. The term “outreach” is
used to describe the provision of a service to a population who might not otherwise
have access to this service (adapted from Oxford Dictionary 2015). In this chapter,
we consider outreach to be any activity that involves “reaching out” beyond the
field of research.

The differences between outreach, communication, dissemination, and KT are
subtle to the untrained eye. The four terms are often used interchangeably causing a
problem for stakeholders, specifically those responsible for administering research
funding. If a funding agency specifies a need for, and expects, impact to be driven
by KT as the prescribed method, they will not be satisfied when the knowledge is
distributed by dissemination activities alone. The project partner, as well as the
funding agency, would be frustrated at this outcome, and resources would have
been used inefficiently. A clear terminology of these terms is required for mitigatory
purposes. The terminology used in this chapter originates from the work undertaken
by AquaTT, a renowned European KT organization who have had an outreach and
KT role in numerous European research projects.

“Communication” is considered to be the overarching term, which covers
dissemination, outreach and KT. It is the act of imparting or exchanging infor-
mation, ideas or feelings by speaking, writing, or using some other medium.
“Dissemination” is a one-way form of communication, spreading knowledge
widely, often to a non-specific audience. Dissemination is commonly used to

478 M. Reuver et al.



promote activity and raise awareness of research projects’ aims and objectives,
using a range of media such as leaflets, websites, and events. “Knowledge
transfer” describes a two-way process through which a knowledge output moves
from a knowledge source to a targeted potential user who then applies that
knowledge; where a “knowledge output” is a unit of knowledge or learning
generated by or through research activity1 (AquaTT 2012). The reason that KT is
described as a two-way process is because its core philosophy is to frame com-
munication activities around target users’ needs. Whilst dissemination activities
determine an audience and develop materials suitable to that group of people,
effective KT requires that a specific target user is profiled and bespoke materials are
developed in a medium that is framed for and specific to that user’s behaviors,
needs, and interests.

Within the academic world, there is a different understanding and interpretation
in the meaning of KT. There is undoubted agreement that KT seeks to organize,
create, capture, or distribute knowledge and ensure its availability for future users.
This mentality has also been referred to as “knowledge management” since the
1990s (Nonaka and Takeuchi 1995). In organizational theory, KT is performed in
response to the practical problem of losing knowledge, often tacit knowledge, when
staff leaves an organization (Argote et al. 2000). In marine science, KT is more
selfless in its manner with its primary purpose being to increase the likelihood that
research evidence will be applied by policy, industry, science, and society (Mitton
et al. 2007). It is performed to spread any knowledge (explicit and tacit) more
widely to those that may benefit from or exploit the knowledge, via commercial and
non-commercial settings (Thérin 2013); thus, increasing its overall impact.
“Impact”, in this instance, is the demonstrable contribution that excellent research
makes to society and the economy and can be described in a number of ways
(ESRC 2015; Mitton et al. 2007; RCUK 2011)

• Instrumental impact—leads to action and directly influences and shapes legis-
lating, policy, practice, or service provision

• Conceptual impact—contributes to a change in awareness of understanding of
policy and other issues, such as increased OL2 in citizens, or reframing debates

• Symbolic impact—legitimizes and strengthens existing positions and policies
• Capacity building impact—through technical and skill development.

Within the world of communication professionals, a whole lexicon surrounds
KT and is often overlapping in its meaning and commonly disputed, and has not yet
been entirely overcome. Whilst KT is defined in this chapter as a two-way process
through which a knowledge output moves from a knowledge source to a targeted
potential user, Lavis et al. (2003) imply that the direction of KT is not specified, and

1Definition developed by AquaTT in the context of Knowledge Management in the MarineTT
project.
2An Ocean Literate person understands the essential principles and fundamental concepts about the
ocean; can communicate about the ocean in a meaningful way; and, is able to make informed and
responsible decisions regarding the ocean and its resources (Ocean Literacy Network 2013).
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could include just one-way communication as well. They argue that there is
increasing evidence to show that successful uptake of knowledge requires a genuine
interaction or “knowledge exchange” between researchers and stakeholders, and
these interactions can be driven from either party. “Knowledge translation”
appears to be interchangeable with this definition, yet is often used within the health
sector as an umbrella term for all of the activities involved in carrying research from
the laboratory to practical use.

The term most closely related to KT, and arguably considered a subset of KT, is
“technology transfer” (Thérin 2013). It is the process of transferring technologies,
skills, technical knowledge, facilities, and methodologies among technology
developers and end users to ensure that technological developments are accessible
to a wide range of users. In some countries, Technology Transfer Offices are a
popular vehicle for commercializing university intellectual property (IP) and are the
technological version of a “knowledge broker” (Siegel et al. 2007). In a research
world that favors grant acquisition and academic publication, a role for knowledge
brokers has developed. This role provides knowledge synthesis and sits at the
interface between the worlds of science, industry, policy, and society, facilitates
engagement and action (Lomas 2007). Knowledge brokers are seen as the human
force behind KT (Ward et al. 2009).

As the concept of KT becomes popularized, its practice more widespread and its
impact noted, the importance of clarifying the definitions of terminology associated
with outreach activity becomes increasingly important. The terms provided in this
section are merely the tip of the iceberg and further peripheral terms will appear
with increased familiarity within this discipline.

18.4 Current Developments in Marine Outreach

As can be seen from the previous sections, there are different terms and concepts
used for the area of outreach. Here we focus on two main current developments in
marine outreach, OL and KT.

18.4.1 Ocean Literacy

We know more about the surface of the Moon and about Mars than we do about [the deep
sea floor], despite the fact that we have yet to extract a gram of food, a breath of oxygen or a
drop of water from those bodies. Paul Snelgrove, Oceanographer

OL is an understanding of the ocean’s influence on you—and your influence on
the ocean. It is a relatively new concept, which is still evolving. Effective marine
outreach efforts ideally result in increased OL. Increasing OL is a highly effective
and promising means by which to change people’s behavior towards our seas and
ocean in a positive and constructive way.
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18.4.2 The Origins of the Ocean Literacy Concept

The development of the OL concept began about two decades ago in the United
States of America (USA). Members of the ocean sciences and ocean education
communities were concerned that the education standards in the USA at the time
(1996 National Science Education Standards and most state standards) provided
little guidance for teaching about the ocean and atmosphere. Consequently, the
teaching of ocean sciences was largely ignored in most kindergarten to 12th grade
(K-12) classrooms (Cava et al. 2005; Schoedinger et al. 2010).

Ocean educators and scientists began to realize that without a coherent frame-
work of concepts and messages, these topics would not become part of mainstream
teaching and learning about science, which could lead to a lack of awareness of and
indifference towards ocean issues. It became clear that the first step in the campaign
for OL should be reaching a consensus on what was important for people to learn
about the ocean. It was also recognized that agreement was needed on the funda-
mental issues of the need for OL; the definition of OL; identification of key ocean
concepts for inclusion in K-12 curricula; and alignment of ocean concepts to the
National Science Education Standards.

In 2004, key American OL stakeholders came together and reached a definition
of OL and a draft set of principles (Schoedinger et al. 2010), which were then
further developed through a community-wide consensus-building process. The
resulting documents, OL: The Essential Principles of Ocean Sciences for Learners
of All Ages and OL Scope and Sequence for Grades K-12, outline the knowledge
required to be considered Ocean Literate. These two documents were designed to
be a practical resource for educators and policymakers in the USA (NOAA 2013).
They have also been used as the basis for the development and adoption of the OL
concept in Europe.

As a result of the US OL campaign, ocean concepts were incorporated into A
Framework for K-12 Science Education (National Academy of Sciences 2012) and
the Next Generation Science Standards (Achieve, Inc. 2013) in the USA (NOAA
2013), which can be seen as a major milestone in marine outreach.

18.4.3 Definition of Ocean Literacy (NOAA 2013)

The definition of OL as agreed upon in the USA is that OL is an understanding of
the ocean’s influence on you—and your influence on the ocean.

An Ocean Literate person:

• Understands the essential principles and fundamental concepts about the ocean
• Can communicate about the ocean in a meaningful way
• Is able to make informed and responsible decisions regarding the ocean and its

resources.
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18.4.4 Ocean Literacy in Europe

In Europe, OL is an even more recent concept in marine outreach, and it has been
building upon its American origins. Many European nations champion global
conservation issues, and the key role the EU plays in international ocean affairs,
understanding European citizens’ awareness, concerns, and priorities is of global
importance.

Portugal was one of the first countries in Europe to adapt and adopt the OL
concept, with the “Conhecer o Oceano” (“Knowing the Ocean”) campaign lead by
Ciencia Viva (www.cienciaviva.pt/oceano/home) in 2011 (NOAA 2013).

At a European policy level, the Galway Statement on Atlantic Ocean
Cooperation (2013) specifically identified OL as one of five key areas for coop-
eration in policy dialog between top marine scientists from the EU, US, and Canada
(Domegan et al. 2015). This research alliance between the EU, Canada, and the
USA says “we further intend to promote our citizens’ understanding of the value of
the Atlantic by promotion ocean literacy” (Galway Statement 2013).

In 2014, the EU again reinforced the need for OL in Europe by defining a
specific call topic in their €80 billion Research and Innovation Funding
Programme, Horizon 2020, addressing ‘Ocean literacy—Engaging with society’.
The original topic description stated: “We will not achieve a sustainable exploita-
tion of marine resources and a good environmental status of our seas and ocean
unless citizens understand the influence of seas and ocean on their lives and how
their behavior can have an impact on marine ecosystems. This is a pre-requisite to
develop the ecosystem based approach for marine activities and promote the
understanding/protection of marine ecosystem services” (European Union 2013).
This resulted in the funding of two projects, allocating a substantial European
research budget to increasing OL through marine outreach.

One of the projects funded under the Horizon 2020 OL topic is Sea Change. Sea
Change aims to establish a fundamental “Sea Change” in the way European citizens
view their relationship with the sea, by empowering them, as Ocean Literate citi-
zens, to take direct and sustainable action towards a healthy ocean and seas, healthy
communities and ultimately a healthy planet.

While in the US OL framework focuses on formal K-12 education, this was
considered to be too narrow and difficult a focus for Europe, where curricula vary
widely between and sometimes even within countries. Instead, Sea Change has
three broader focus areas: the general public, formal educators, and policy makers.
The Sea Change partnership, along with its expert International Advisory Group,
have adapted the definition of an Ocean Literate person developed by in the
US slightly for a European perspective, defining an Ocean Literate person as
someone who

• Understands the importance of the ocean to humankind
• Can communicate about the ocean in a meaningful way
• Is able to make informed and responsible decisions regarding the ocean and its

resources.
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18.4.5 Co-creating Ocean Literacy

While education and traditional advertising can be effective in raising awareness,
many studies (Hastings and Domegan 2014) indicate that behavior change rarely
occurs due to simply informing, but through thought-out initiatives which take
place at the community level and focus on removing barriers to an activity while
simultaneously enhancing the activity’s benefits (Domegan et al. 2015). The Sea
Change project implements behavioral and social change methodologies in order to
effectively increase OL and spread a ‘Sea Change’ movement across Europe. A key
feature of the Sea Change methodology is the cocreation of OL principles and
protocols. These guidelines emphasize who to engage, what to work on together
and how change happens. They are to be implemented by expert “change agents”
who collaborate to add value, act interdependently, share knowledge, and build
trust in innovative, scaled-out ideas and solutions to social challenges (Domegan
et al. 2015).

Sea Change developed a methodology for cocreating OL, which was created by
combining global best practice and original research on OL, behavioral change, and
social innovation (Domegan et al. 2015). The methodology aims to create owner-
ship for a new and innovative way of OL thinking and behaving. It explains the best
practices for embedding the five OL Co-Creation Principles and nine OL
Co-Creation Protocols within OL activities, which together, are designed to form
the foundation of successful OL interventions (Domegan et al. 2015).

The following five OL Co-Creation Principles are the necessary ingredients to
bring about an Ocean Literate population (Domegan et al. 2015)

• The Change Principle: This directs you to value cocreation in order to close
value-action gaps.

• The Client Principle: This directs you to “really know” your target groups.
• The Competitive Principle: This directs you to pay attention to other choices and

alternatives.
• The Collective Principle: This directs you to ensure you do not separate yourself

from your environment.
• The Creative Principle: This directs you to seem imaginative and innovative

solutions.

The following nine protocols outline a basic guide on how to effectively
implement OL activities (Domegan et al. 2015):

• The Values Protocol: Identify and contain harmful “me” values, co-create “Our”
values for OL and your OL activity.

• Situation and Scoping Analysis Protocol: Scope out what is going on with your
surrounding environment.

• Boundary and Stakeholder Analysis Protocol: Identify the stakeholders who can
affect or be affected by your OL activity.

• The Competitive Analysis Protocol: Identify the competition and whether you
should compete or collaborate with them.
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• The Research Protocol: Research guides your planning process and informs all
of the other protocols.

• The Theory Protocol: Learn from other people’s work.
• The Segmentation and Targeting Protocol: Identify your population, segment

your population into segments, and choose a segment to target.
• The Intervention Mix Protocol (6 P’s): Co-design the 6 P’s (product, price,

place, promotion, partnerships, and policy) in order to design an offering that
appeals to your target group.

• The Impact Protocol: Reflection and feedback loops are essential ingredients for
impact.

Although this chapter provides an overview of OL at this point in time, as
mentioned previously, it is a new concept that is continually evolving. Through a
process of collaboration and building upon experiences, OL methodologies will
continue to be optimized in the future.

The inherent link between science and society forms the foundation for the need
for interdisciplinary involvement in OL. As outlined earlier in this chapter, outreach
activities are within the interest of researchers in terms of self-preservation of
research. An Ocean Literate society will understand the importance of marine
research for protecting the marine environment and supporting sustainable blue
growth, and will therefore support sustained investment in marine research and
other related activities. Therefore, marine researchers would benefit from putting
the development of an Ocean Literate society as the central aim of their outreach
efforts.

18.4.6 From Scientific Publications to Knowledge Transfer

Research not communicated is research not done (Glover 2014).

As defined in the terminology section, KT and outreach are both types of
communication. In the marine sector, outreach is defined as the provision of
information to someone who would otherwise not receive it. KT is performing
outreach but contains an additional methodological aspect; tailoring any subsequent
outreach to user needs.

In 1945, the United States Office of Scientific Research and Development
identified that there must be a continual interaction between a scientist in the
laboratory and wider society for the effective development of scientific advances,
and speedy conversion from scientific discovery to practical applications. In a
seminal report published on their behalf, Bush (1945) states that “advances in
science when put to practical use mean more jobs, higher wages, shorter hours,
more abundant crops [and] more leisure for recreation…but to achieve these
objectives…the flow of new scientific knowledge must be both continuous and
substantial”. Increasingly, nowadays funding agencies are recognizing this as a
necessity and forming a trend where it is becoming a condition of funding for
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researchers to demonstrate the wider relevance of their research, and communicate
beyond traditional academic publications.

The issue of economic return from investment into scientific research has been on
the European science-policy agenda for decades; but, today, there is a pronounced
need for the evaluation of the social, cultural, and ecological impact of scientific
research also (European Commission 2009). This new approach promotes a culture
of KT and rewards researchers delivering on all three institutional missions:
teaching; research, and transfer knowledge. The Europe 2020 Flagship Initiative,
Innovation Union, identifies the “need to get more innovation out of our research”
and calls for “cooperation between the worlds of science and the world of business
[to] be enhanced, obstacles removed and incentives put in place” (European
Commission 2011). The Innovation Union provides a number of short-, medium-
and long-term commitments that will deliver long-term economic and social bene-
fits, including a commitment to develop a common approach to the “dissemination,
transfer and use of research results”. Well-considered KT is one of the most
cost-effective methods for gaining a measurable return on research investment. It
will also ensure that innovation and ideas are used for the creation of new products
and services, improvements to the environment and society, and changes in policy.

In addition to making commitments to promote a common approach in the
translation of research to impact, the European Commission (2008) recommends that

• KT between universities and industry is made a permanent political and oper-
ational priority for all public research funding bodies within a Member State, at
both national and regional level.

• Sufficient resources and incentives are available to public research organizations
and their staff to engage in KT activities.

In 2014, an Independent Expert Group on Boosting Open Innovation and KT in
the European Union recommended that KT, along with open innovation, should be
put in the spotlight (European Commission 2014a), boosting open innovation and
KT in the European Union. They stated that KT can be seen as a major tool for open
innovation (OI).

Three well-known models of KT are described in the literature (Reardon et al.
2006)

• Producer Push model—where researchers are responsible for transferring and
facilitating the uptake of research knowledge, i.e., to push knowledge towards
audiences they identify as needing to know.

• User Pull model—where the user is responsible for identifying and using
research knowledge, i.e., to pull knowledge from sources they identify as pro-
ducing research useful to their own decision-making/situation.

• Exchange model—where researchers and end users are jointly responsible for
the uptake of research knowledge.

The discipline is moving towards the Exchange model, stimulating careers in
knowledge brokerage, but there are inherent difficulties in the transfer of knowledge
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from research (Lavis et al. 2003; Mitton et al. 2007)—see challenges and oppor-
tunities also. Researchers must be encouraged and supported to engage in KT to
transmit good ideas, research results and skills between universities and other
research organizations, industry, policy makers, and/or the wider community
(European Commission 2007a, b).

18.4.7 Knowledge Transfer in the European Marine
Domain

KT can consist of a range of activities that aim to capture knowledge, skills, and
competence from a source, those who generate them, and transmit them to an end
user, those who will apply them. KT can include commercial and non-commercial
activities; such as research collaborations, consultancy, licensing, spin-off creation,
researcher mobility, and publication (European Commission 2007a, b).

Horizon 2020, the European Commission’s largest research and innovation
funding program to date (2014–2020) is dedicated to facilitating “breakthroughs,
discoveries and world-firsts by taking great ideas from the lab to the market”
(European Commission 2015a). Activities to disseminate information and exploit
research and innovation results as well as carry out communication activities will be
an important and integral part of Horizon 2020. The European Commission will
thus implement information and communication actions for Horizon 2020, which
will include communication measures concerning supported projects and results
(European Commission 2013b). An example of how KT is carried out in a
European marine research project can be taken from the European Commission-
funded MaCuMBA project (MaCuMBA 2015).

The MaCuMBA project applies a “knowledge management methodology” based
on an approach originally developed by the Irish knowledge management organi-
zation AquaTT3 in the EC-funded FP7 MarineTT project. AquaTT was the coor-
dinator of the pioneering MarineTT project which was recognized as an ‘exemplar’
project in the ex post evaluation of FP7 to the EC. MarineTT was a European
flagship project addressing the need for more effective KT in European publicly
funded research projects. One of its outcomes was the development of a robust
knowledge management and transfer methodology, focusing on knowledge outputs
from research projects. This approach, and its subsequent iterations, has been
consistently applied to several subsequent FP7 and Horizon 2020 projects, in
particular to marine-related research projects, including AQUAEXCEL,
AQUAEXCEL 2020, Aquainnova, COEXIST, COLUMBUS, COMMON SENSE,
ECsafeSEAFOOD, MG4U, ParaFishControl, and STAGES. Most recently and
most notable for its focus on KT is COLUMBUS,4 a European Blue Growth

3www.aquatt.ie.
4www.columbusproject.eu.
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Knowledge Transfer flagship project which started only very recently (2015).
COLUMBUS will ensure that applicable knowledge generated through EC-funded
science and technology research, including projects like MaCuMBA, can be
transferred effectively to advance the governance of the marine and maritime sec-
tors while improving competitiveness of European companies and unlocking the
potential of the oceans to create future jobs and economic “blue” growth in Europe
(AquaTT 2015).

The MaCuMBA knowledge management methodology ensures that the transfer
of the collected knowledge is strategic, coordinated, and effective. Furthermore, the
methodology focuses on knowledge outputs, rather than generalized information of
the project, where a “knowledge output” is a unit of knowledge that has been
generated in a scientific project.5 It is not limited to de novo or pioneering dis-
coveries but may also include new methodologies, processes, adaptations, insights,
alternative applications of prior know-how, and knowledge (AquaTT 2012).

The methodology consists of three distinct phases

• Identification and collection of knowledge output generated by the project.
• Analysis and validation; and,
• Development of a KT plan incorporating impact measurement metrics.

These phases are progressive with each segment informing the next, building
towards the development of a targeted, strategic and timely KT plan. Before
devising a KT plan, it is essential to have an in-depth and critical understanding of
each knowledge output. A “knowledge output table” has been developed by
AquaTT, MaCuMBA’s knowledge management partner, to facilitate the knowledge
collection process. This table, contributed to by MaCuMBA’s research partners on a
regular basis, contains fields describing valuable information about each of its
knowledge outputs, such as the potential end user and application. In addition to
several focused KT activities such as targeted industry workshops, the collected
knowledge outputs are made publicly available through the Marine Knowledge
Gate.6 This platform can be used to feed into both User Pull and Exchange models
of KT. As MaCuMBA is dedicated to maximizing KT efforts, its focus is on taking
knowledge to potential target users via a Producer Push model.

To initiate the Producer Push model, the methodology includes an analysis
phase. In this phase, the key actors and sectors that might be involved in applying a
knowledge output are profiled. This information is then used to frame and guide
more impactful KT activities. The intention of this exercise is to identify the
knowledge output’s pathway to impact or “knowledge output pathway”.
A knowledge output pathway is a term coined by the COLUMBUS project and is
used to represent the series of steps (and actors) that connect a knowledge output
with its end user, who will apply the knowledge output and result in an eventual

5Definition developed by AquaTT in the context of Knowledge Management in the MarineTT
project.
6www.kg.eurocean.org.

18 Outreach of the Unseen Majority 487

http://www.kg.eurocean.org


impact. Eventual impacts can vary widely depending on the knowledge and end
user. Some examples might include but are not exclusive to

• The development of Blue Economy7—commercializing a product or service;
improving existing business performance; creating new markets for an existing
product or service; establishing of a new businesses or a strategic collaboration
between businesses to market a new service; or, attracting inward investment,
i.e., by finding new ways to exploit environmental resources and services
optimally.

• Sustainable Blue Growth—applying knowledge to inform policy and regulation;
improving environmental monitoring programs; or, enabling the development of
ecosystem services.

• A Blue Society—enhancing public health and well-being; saving public sector
money; or, enabling a resilient society (e.g., protecting vulnerable people, places
and infrastructure; providing a secure supply of food, energy, water).

As knowledge output pathways can be lengthy, particularly if the intended
application is to influence policy, it may not be possible for a research project to
ensure transfer to the end user and reach eventual impacts of all its knowledge
outputs. Rather, the focus is on identifying a target user within the knowledge
output pathway who will facilitate the knowledge output being carried further along
the pathway to reach the end user. To ensure that the knowledge output is carried
along the pathway, KT activities must be successful. An essential part of the
analysis phase, therefore, is to profile the target user and gain an in-depth under-
standing of their motivations, technical level, role and responsibility as well as their
preferred source and method of receiving information.

These first two phases (knowledge output collection and analysis) are
time-consuming and require comprehensive investigation and contextualization of
the knowledge itself, as well as its potential application. The invested resource in
these two phases, however, is essential as this evidence is required for the final
phase, namely carrying out KT and impact measurement. The knowledge man-
agement methodology developed by AquaTT recognizes that a thorough level of
detail is required to develop a tailor-made, bespoke, and informed KT plan.

Scientists have knowledge, but typically limited authority to change behavior.
Decision-makers have power, but may lack the in-depth understanding and scien-
tific evidence required to support and to defend their decisions. Our
knowledge-based society is progressively becoming more dependent on scientific
and technological breakthroughs. Carlos Moedas, the EC Commissioner for
Research, Science and Innovation, stated: “global knowledge, to solve global
challenges, is a web we weave together” (European Commission 2015b) and this is
important for science to enable advances in policy, industry, and society. The
ambition, however, to turn Europe into a knowledge intensive and innovative
society is still affected by the European Paradox (European Commission 1995).

7A definition of the Blue Economy is found in European Commission (2014a, b).
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This term explains the simultaneous circumstance of Europe enjoying a high level
and quality of scientific production (peer-reviewed publications) while maintaining
concern that research is not being converted into successful wealth-generating
innovations, new businesses, and societal impact. Implementing efficient KT pro-
tocols can limit any loss of knowledge and can be used to overcome these chal-
lenges and drive Europe into a new era of value creation from publicly funded
research.

18.5 Intellectual Property Issues in Marine Outreach

When performing outreach, dissemination, and KT activities, one needs to be
conscious of the fact that it is not always feasible, or indeed prudent, to openly and
freely share the products of knowledge creation. IP is an almost inevitable
by-product of engaging in research activities. IP refers to “creations of the mind:
inventions; literary and artistic works; and symbols, names and images used in
commerce. IP is divided into two categories: Industrial Property includes patents for
inventions, trademarks, industrial designs and geographical indications” (World
Intellectual Property Organization 2015).

IP generators need to carefully consider whether or not they might want to
protect their creation before sharing it, as disclosure in any format can adversely
affect any subsequent Intellectual Property Rights (IPR) and can render the IP not
patentable. In fact, in many instances open sharing of IP is expressly prohibited by
funding contracts. These contracts can often mandate that certain results should be
kept secret until a decision has been reached regarding their protection, ownership,
commercially viability, and future exploitation.

IPR allow the creators of the IP to benefit from their own work or investment in
its development. IPR protecting the exclusivity of IP can be achieved by a number
of means: patents, trademarks, designs, copyrights, or geographical indications.
These protection mechanisms prevent unauthorized exploitation of IP; in return,
creators can potentially profit from their intellectual investment. It is important to
note that these IPR mechanisms can stimulate knowledge sharing. The creation of
IP, and its subsequent protective rights (IPR), can create new channels through
which knowledge can be transferred from its origin to end users. These end users
may then apply or develop the IP with a view to commercializing it, i.e., through
the patent system or an IP license agreement. For example, patents often contain
detailed unique technical information and the patent system acts as a repository for
state-of-the-art information on applied technology (European Patent Office 2007).

In the context of publicly funded research, it is important to ask whether the
knowledge produced in universities and other public research institutions can be
transferred for use in industry and other entities such that it yields benefit for the
societies which have funded it. In an area such as health, an area where marine
biotechnology can make important contributions, the development of new
medicines is driven by societal needs. A culture of secrecy where “hoarding” results
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is allowed is antithetic when society has funded the initial discovery. Swift dis-
semination of data and research outputs, therefore, is now a mandatory clause in the
contracts of research projects funded by the European Commission (Article 29:
European Commission 2015c). In addition, there is also an obligation to protect
generated knowledge, which is seen to have high potential to be commercially
exploitable (Article 27: European Commission 2015c). Remaining honorable to
these clauses simultaneously can be a delicate balancing act.

Some parties claim that, particularly in the field of biotechnology, drugs and
medical science, an over emphasis on patenting university research could restrict
access to public knowledge, and at worst jeopardize the culture of open science
(Montobbio 2009). It is difficult to ignore, however, the need to justify public
spending on research at the individual, institutional and European level; and pur-
suing patents and commercialization of knowledge can provide this defense.
Indeed, the European Commission (2007a) has clearly stated that “compared to
North America, the average university in Europe generates far fewer inventions and
patents. This is largely due to a less systematic and professional management of
knowledge and intellectual property by European universities”. Consequently, it is
pertinent to determine which knowledge should be made publicly accessible swiftly
and which should remain private pending possible commercial interest and appli-
cation. Taking MaCuMBA, a European research project where its majority of
funding comes from public sources, as an example, it has found itself traversing
these gray areas as its consortium consists of both research and industry partners.
Positively, through working closely together, this collaboration provides an
immediate route to commercialization for high value research outputs and facilitates
a timely transfer to market. Indeed, the utility of involving industrial partners in
publicly funded research projects has long been recognized and the obvious
advantages such partners confer—such as their expertise, manufacturing capability,
and market access—cannot be disputed.

MaCuMBA, like many of its EU-funded project counterparts, has an
Exploitation Committee who oversees the development and transfer of the research
outputs. This Exploitation Committee is primarily tasked with investigating the
possibility for commercial exploitation of research results, supplying additional
expertise and advice regarding possible IPR routes and appropriate exploitation
channels. Specifically, they are able to recommend strategic routes for knowledge
to pass from research creators to society. This transfer occurs via various inter-
mediate entities and exploitation partners; each of whom are well-positioned to
amplify and add value to the research outputs.

In summary, the prevailing view in Europe is that IP is integral to ensuring the
stimulation of investment in innovation and supported by a robust and effectively
enforced IP infrastructure will avoid commercial-scale IPR infringements that result
in economic harm. The European Commission’s aim is to ensure that this infras-
tructure allows European knowledge creators to reap the appropriate returns from
welfare-enhancing innovation for EU citizens (European Commission 2015d).
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18.6 Challenges, Opportunities, and Recommendations

If you always do what you’ve always done, you’ll always get what’ve you’ve always got
(Henry Ford 1863–1947).

There are a plethora of barriers stalling the transfer of research and science
outreach, even disincentives (Lavis et al. 2003; Mitton et al. 2007; Smith et al.
2013). These barriers to transfer can be observed at both individual and organi-
zational levels (Mitton et al. 2007) and exist for all actors across all stages of the
funding lifecycle, including the structures around funding programs.

At an individual level, researchers are often unaware of the value of their
knowledge to potential users outside the science community; how to transfer it to
those users effectively, as well as how to develop the correct relationships to
support effective transfer so that it can be applied. When it comes to science
outreach, researchers cite not only a lack of time and funding, but also the lack of
knowledge and training as an impediment (Smith et al. 2013). Whilst actively
undertaking research, they are often expected to teach, publish highly cited articles
regularly, develop funding proposals, and manage projects. As can be seen in the
terminology section, another challenge is the different interpretations of terminol-
ogy related to outreach and, hence, difference expectations of actors involved.
Researchers must be encouraged and supported to engage in KT and outreach to
transmit their ideas, research results and skills between universities and other
research organizations, industry, policy makers, and/or the wider community
(European Commission 2007a, b).

At an organizational level, cultural bias against engagement with outreach and
KT afflicts some universities, departments, and disciplines. More so, organizations
can often fail to reward the efforts made to transfer knowledge and have been
known to actively discourage it, as non-academic dissemination is not recognized in
traditional evaluation measures, i.e., citations and impact factors (Smith et al. 2013).
The identified challenges experienced within organizations, in relation to achieving
efficient KT in Europe, include less systematic and professional management of
knowledge and intellectual property by European universities compared to
American universities; cultural differences between the business and science
communities; lack of incentives; legal barriers; and fragmented markets for
knowledge and technology (European Commission 2007a). Overall, the authors
believe a culture change among the scientific community is needed to move away
from traditional metric for measuring the success and impact of science.

In the marine domain, the European Science Foundation (2010) noted that
marine research centers in academic institutions are largely focused on fundamental
research and that there is insufficient interaction between these scientists and
potential end users in the private sector or in governmental decision-making bodies.
The obstacles they identified, that were blocking effective transfer of knowledge
from science-to-industry, were insufficient support and motivation, legal issues, and
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cultural disparity (European Science Foundation 2010). The OECD (2013) iden-
tified a main challenge being the timing of the engagement between researchers and
industry. Engagement with industry is often regarded as incidental to basic research
and development (R&D) or at most a post-research, downstream activity. This can
leave R&D results stranded and unable to reach the anticipated market for technical
or feasibility reasons, or the inexistence of an appropriate ready-formed market
(OECD 2013).

The MarineTT project, “European Marine Research KT and Uptake of Results”,
was formed in 2010 to respond to the need for more efficient KT in Europe, and was
specific to the marine field. MarineTT was a Framework Programme 7 Support
Action that piloted new methodologies and tools for capturing, analyzing, and
transferring knowledge from past and in-progress European Commission
(EC) projects. The overall aim was to develop improved systems that can mea-
surably demonstrate value creation from research investments. One of its findings
was that there currently exist challenges concerning stakeholder access and uptake
of relevant knowledge and innovation. Although the outcomes were based on
European funding mechanisms, the results are relevant to any research system and
can be used to inform best practice for future KT and outreach activities.

Barriers to KT were identified along the entire length of the research life cycle
and included communication challenges. A key conclusion was that innovation
would be enhanced if there was an open dialog between researchers and end users
throughout the lifetime of a research project; thus, there is a need to identify,
engage, and communicate with end users early on in a project’s lifetime. This
concept has since been confirmed by the OECD (2013) who stated that effective
earlier links between academic researchers and industry could mobilize knowledge
and foster innovation. Building trust and understanding between researchers and
end users is paramount to effective KT. The main challenge identified was
researchers’ lack of understanding on how to carry out KT (Table 18.1).

Recommendations for resolving the most critical barriers were made and these
included making training in KT mandatory for all funded partners and involving
professional science communication in every European research project (MarineTT
2012).

Fortunately, political will and corresponding communications on the need to
achieve greater impact from publicly funded research is growing. Realizing the
importance of KT for innovation, the Commission developed an innovation strategy
where one of its ten key areas for action was to improve KT between public
research institutions and third parties, including industry and civil society organi-
zations (European Commission 2006). The EC are also recognizing that in order for
research institutions to develop relationships with industry (to maximize the impact
of their research results), specialist staff is required to manage the knowledge
resources (European Commission 2007c).

In Europe, policy demands that publicly funded research contributes more
directly to society, the economy and the environment; hence, incentivizing the
focus on communication. Furthermore, each EC-funded research project is expected
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to carry out meaningful and effective outreach and KT activities. Within the
framework of the EC funding programs, larger budgets have become available for
European projects that specifically addressing KT, including the COLUMBUS
project. COLUMBUS represents the most substantial investment by the European
Commission into KT activities to date. The project’s overarching objective is to
ensure that applicable knowledge generated through EC-funded science and tech-
nology research can be transferred effectively to advance the governance of the
marine and maritime sectors while contributing to Blue Growth—improving
competitiveness of European companies and unlocking the potential of the oceans
to create future jobs and economic growth in Europe (European Commission
2014b).

To do this, COLUMBUS has set up a “knowledge fellowship”, a network of
“knowledge transfer fellows” whose role is to build capacity in their organizations
and sectors in KT. The COLUMBUS approach aligns with the philosophy of
community capacity building in the future blue economy and is in-line with the
policy request to create new “Knowledge Innovation Communities” (European
Institute of Innovation and Technology 2015).

Table 18.1 Top ranked
barriers to knowledge transfer
and innovation from research
in Europe (MarineTT 2012)

Barriers identified

• Lack of understanding on how to carry out knowledge transfer

• Lack of investment in knowledge transfer and uptake

• Lack of incentives for knowledge generators to transfer
knowledge

• Lack of transparency and accessibility to publicly funded
research

• Ineffective knowledge transfer strategies resulting in low
impact from research

• Publicly funded research agendas do not always address the
needs of end users

• The system of working in closed research consortia and not
collaborating/sharing externally can limit innovation

• Lack of flexibility in the research implementation phase which
restricts consortia from adapting or responding to interim
results

• Failure to engage in systematic analysis of research knowledge
outputs that are essential to identifying potential end user(s),
applications of the knowledge and understanding of realistic
timelines for innovation

• The gap between the worlds of science and end user groupings
(industry, policy and wider society)

• End users do not always have the capacity or motivation to
take up results and use them

• The established scientific research infrastructure and culture is
not designed for rapid and responsive innovation
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This knowledge management methodology used by COLUMBUS has recently
attracted the attention of the EC.8 The EC recently announced their plans to
establish an information platform on marine research across the whole Horizon
2020 program (European Commission 2014b). The EC foresees that this platform
becomes “a gateway into insights emerging from research projects that can accel-
erate the uptake of new ideas by industry [to] help ensure that public research
funding pays off through innovation by business” (European Commission 2014b).
COLUMBUS assisted the EC in piloting this initiative by providing them with
more than 400 knowledge outputs from over 30 Oceans of Tomorrow projects
(European Commission 2014d). This platform is considered an important step
forward in reaching real impact that makes visible change in the society through
marine outreach (European Commission 2014b).

Another important development is the launch of the Marine Strategy Framework
Directive (MSFD) Competence Centre (MCC) at the EC’s Joint Research Centre.
The MCC is intended to help EU countries achieve ‘Good Environmental Status’ of
their marine waters by 2020. Knowledge brokerage is an integral aspect to the
planned work of MCC with the key objective being to “extract MSFD-relevant
knowledge from past projects and channel it into the MSFD implementation and
adaptation process” (Joint Research Centre 2014).

To conclude, outreach and KT have the potential and task to inspire critical
thinking, inform public policy, foster a faster knowledge exchange and prevent
duplication of research efforts. Improving outreach and KT is an important chal-
lenge for the successful development of marine biotechnology in Europe.
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