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Summary

The potential for using marine microbes for biodis-
covery is severely limited by the lack of laboratory
cultures. It is a long-standing observation that stan-
dard microbiological techniques only isolate a very
small proportion of the wide diversity of microbes
that are known in natural environments from DNA
sequences. A number of explanations are reviewed.
The process of establishing laboratory cultures may
destroy any cell-to-cell communication that occurs
between organisms in the natural environment and
that are vital for growth. Bacteria probably grow as
consortia in the sea and reliance on other bacteria for
essential nutrients and substrates is not possible
with standard microbiological approaches. Such
interactions should be considered when designing
programmes for the isolation of marine microbes. The
benefits of novel technologies for manipulating cells
are reviewed, including single cell encapsulation in
gel micro-droplets. Although novel technologies offer
benefits for bringing previously uncultured microbes
into laboratory culture, many useful bacteria can still
be isolated using variations of plating techniques.
Results are summarized for a study to culture
bacteria from a long-term observatory station in the
English Channel. Bacterial biodiversity in this as-
semblage has recently been characterized using
high-throughput sequencing techniques. Although
Alphaproteobacteria dominated the natural bacterial
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assemblage throughout the year, Gammaproteobac-
teria were the most frequent group isolated by plating
techniques. The use of different gelling agents and
the addition of ammonium to seawater-based agar
did lead to the isolation of a higher proportion of
Alphaproteobacteria. Variation in medium composi-
tion was also able to increase the recovery of other
groups of particular interest for biodiscovery, such
as Actinobacteria.

The need for pure cultures of environmentally
relevant marine bacteria and archaea

Marine microbes offer great opportunities for biodiscovery
(Bull et al., 2000; Gléckner and Joint, 2010), yet that
potential has yet to be realized. Despite a huge microbial
diversity, there is a lack of laboratory cultures of the
microbes that are most abundant in the environment that
severely limits development of biodiscovery research. It
has been known for more than 30 years that many more
bacteria are present in the surface ocean than can be
cultured by the traditional microbiological approach of
plating a sample onto selective media (Hobbie etal.,
1977). For microbial ecologists, the priority has been to
develop methods to characterize the large number of
bacteria that were revealed by epifluorescence micro-
scopy of, for example, a DAPI-stained sample. The great-
est progress occurred following the introduction of
molecular biology techniques into marine microbial
ecology, and these methods have fundamentally changed
our understanding of microbes in the natural environment.
As a consequence of developments leading to poly-
merase chain reaction (PCR) and novel sequencing capa-
bilities, large and rapidly expanding databases exist
containing 16S sequences from all marine provinces.
We now have more precise knowledge of the groups of
bacteria present in seawater and, despite the numerous
biases of molecular methods, we also have a better
estimation of relative abundance. Indeed, one species of
marine bacteria (Candidatus ‘Pelagibacter ubique’, or
SAR11) is considered to be the most abundant organism
on the planet. It has been suggested that it accounts for
25% of the bacterial 16S rRNA genes recovered and it
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has been found in almost every seawater sample sur-
veyed. Morris and colleagues (2002) suggested that, on
average, 35% of the cells in the ocean surface layer are
SART11, and in some samples they may reach densities
of 450 000 cells ml.

SART11 illustrates the problem that has faced microbial
ecologists for decades — that the most abundant microbes
in the seas are not those that can be readily cultured by
standard microbiological procedures. Indeed, the organ-
isms that are abundant in seawater are often not related
to any microbes that are currently in culture and there
are no representative cultures of many of the widespread
and abundant Bacteria and Archaea in the sea. Microbial
diversity is now recognized to be huge. Achtman and
Wagner (2008) pointed out that there are only 7031 micro-
bial species whose taxonomy has been validated and
that have been validly described. Classical taxonomic
approaches have failed to give a full and accurate picture
of the microbial diversity in the ocean. Many new candi-
date divisions are based solely on 16S rRNA gene
sequences, with an increasing gap between the phyla that
are known only from molecular sequences and those
that have cultured representatives (Curtis et al., 2002). Up
until 1987, all bacterial divisions that were then recog-
nized had cultured representatives. Twenty years later,
more than 100 bacterial divisions have been proposed but
only 30 possess a cultivated representative (Achtman and
Wagner, 2008).

There is little doubt that the establishment of pure
cultures of representatives of all bacterial divisions is one
of the major challenges of modern microbiology. It is also
an essential prerequisite for the development of marine
biodiscovery. While it is possible to access the genetic
information in uncultured organisms through genomics
(Gléckner and Joint, 2010; Heidelberg et al., 2010), it is
clear that the potential of any organism can best be
achieved by having that particular organism available for
experimentation in the laboratory.

Even in this age of high-throughput DNA sequencing,
cultures are still essential. They provide almost the only
way to discover the physiology of microbes — to establish
which organic substrates are used, to determine what
secondary metabolites might be released, or biotransfor-
mations might be possible. Indeed, a culture is required
for a full taxonomic characterization — and to give a name
to an organism. So cultures remain an essential require-
ment, not only for biodiscovery, but also for marine micro-
bial ecologists if we are to understand the role of microbes
in the Earth System.

Barriers to isolation of cultures

The low culturability of marine microbes is well known and
has been particularly severe in the marine environment.
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For a long time, this was referred to as the ‘great plate
count anomaly’ (Staley and Konopka, 1985) because of
the several orders of magnitude difference between the
number of colonies that developed on laboratory medium
and total number of bacteria that could be counted by
epifluorescence microscopy of DAPI-stained samples.
Only a small fraction of naturally occurring microbial
assemblages were cultured on conventional selective
media (Skinner et al., 1952; Amann et al., 1995) and stan-
dard plating technique recovered a very small proportion,
0.001-1% of the total assemblage (Kogure et al., 1979;
Staley and Konopka, 1985; Amann et al., 1995).

It is nevertheless relevant to ask if those microbes that
have been readily cultivated could be considered to be a
representative subset of the whole microbial biodiversity.
If so, they could be construed to reflect the functional
and phylogenetic diversity present in every natural habitat
and there would be less concern that more cultures are
not available. However, this does not appear to be the
case. What is clear (and this is the experience of many
laboratories) is that those bacteria that are readily cul-
tured are not those that are abundant in 16S sequence
databases for marine waters. A later section of this article
will summarize attempts to bring bacteria into culture
from the English Channel. In general, those cultivated
tended to be representatives of the Gammaproteobacte-
ria, whereas Alphaproteobacteria are most abundant
in the natural environment, as revealed by 16S clone
libraries and by the latest methodologies involving 16S
tag pyrosequencing (Gilbert et al., 2009). It is clear that in
order to better understand the microbes that are present
in natural assemblages, as well as to provide access to
novel strains that might have biotechnological potential, it
is essential that more bacteria from a wider phylogenetic
range are brought into culture.

Why has it been so difficult to culture the most abundant
bacteria? There are many possible reasons. (i) Laboratory
culture may destroy the interactions that occur between
organisms in the natural environment: the fastest growing
species may overwhelm those that divide only very slowly,
thus leading to an imbalance of cell-to-cell communica-
tions: or inhibitory compounds may be produced that
result in the inactivation of the cells by other microbes in
the immediate vicinity. (i) Marine bacteria may be unable
to grow on the substrate or combination of substrates
provided: because so few marine bacteria are in culture,
we have little knowledge of organic substrates or concen-
trations that may be used in the sea. (jii) Virus infection
may prevent growth in culture; this may be either infection
with phage or the change to the lytic cycle of temperate
phages when nutrients are supplied to starved bacterial
cells. (iv) The (relatively) high concentrations of substrate
required for detectable growth in the laboratory may of
themselves be toxic, particularly for marine bacteria that
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have evolved under oligotrophic conditions. (v) Common
laboratory practices tend to neglect the first round of
cultures in liquid media that apparently display no visible
growth, due to poor cell density detection methods.

Approaches to solving the challenge of cultivation

It is worth considering the fundamental principles that
microbiologists use in trying to establish cultures. The aim
is to separate a single viable cell from other bacteria
that are present in an assemblage and to maintain that
physical separation while the cell divides to form a culture.
This separation is traditionally done on agar plates or by
dilution to extinction in liquid cultures. A major drawback
of this approach is that rapidly growing bacteria can
outgrow slow-growing bacteria on an agar plate or in
liquid culture and that it is difficult to retrieve slow-growing
organisms. But it must also be recognized that the condi-
tions that bacteria experience in these cultures are a long
way removed from those under which pelagic bacteria
are growing in the ocean. In the sea, except in some
coastal environments, organic substrate concentrations
are extremely low and there is competition with other
bacteria in the assemblage.

Even if we know substrate requirements of an isolate
of a particular species, this does not mean that all
members of that species will utilize the same substrates.
Indeed differences in substrate utilization can be a
useful way to distinguish different clades or isolates. For
example, Ivars-Martinez and colleagues (2008) found
that ability to utilize organic substrates was a useful way
to distinguish different isolates of the ubiquitous bacterium
Alteromonas macleodii. Using multi-locus sequence
analysis and a detailed statistical analysis of nine loci for
each of 23 isolates, they showed that it was possible
to identify different clades within the single species. In
general, strains clustered with the depth in the water
column from which the isolate originated. This study
suggests that niche-specific factors may be important in
determining the physiology of the bacterial cell.

Individual bacterial species have a restricted comple-
ment of enzymes (particularly if the genome is small) and
an essential substrate for one bacterial species may be
a metabolic by-product of another species. The traditional
microbiological approach of selective culture does not
allow for such interactions. When developing culturing
strategies, there has generally been a lack of attention to
the complex networks of interactions that occur in natural
microbial assemblages. These may originate from mutu-
alistic interactions, such as those derived from syntrophic
relationships, or from cell-to-cell communications. It is
now known that even the simplest unicellular organisms
can interact with other organisms through cell-to-cell sig-
nalling, or quorum sensing (Joint et al., 2007; Williams

et al., 2007). It may be that such cell-to-cell signalling may
be required to trigger growth of other co-occurring bacte-
ria. None of these processes can operate in standard
microbiological isolation procedures that aim to develop a
culture from a single cell.

One reason why isolation of the most abundant bacteria
in the sea has been so difficult is that we have an insuf-
ficient knowledge of the microbes themselves and, impor-
tantly, of the organic substrates that they use in the
sea. There is circularity here. We need cultures to be able
to investigate the basic metabolism and physiology that
allows these microbes to grow, but we lack this fundamen-
tal information because we do not possess cultures of
relevant bacteria and archaea. With better understanding
of natural assemblages, we may be able to mimic in the
laboratory, the conditions that apply in the ocean.

Alain and Querellou (2009) have recently reviewed the
problem of culturability and suggest that lack of patience
may be another important factor in the failure to grow
many bacteria and archaea. They point out that many
experiments have shown that lengthy periods of incuba-
tion are required and can significantly improve cultivation
success, particularly for microbes that originate from
oligotrophic habitats where a non-growing or dormancy
state may be the norm. Transition from a ‘non-growing’ to
a ‘growing’ state in a synthetic laboratory medium is obvi-
ously a critical event but is poorly understood. Adaptation
to laboratory growth conditions may well be a very slow
process. Alain and Querellou (2009) also point out that the
lag phase of bacterial growth may be variable and that
this variability might depend on the history of the cells —
whether they are healthy, stressed or damaged cells. The
difference between conditions in the sea and in vitro may
require de novo synthesis of enzymes to enable growth in
the synthetic medium. Patience has often been rewarded
by very long-term incubations. For example, in demon-
strating methane formation from long-chain alkanes under
anaerobic conditions, Zengler and colleagues (1999) only
observed gas formation in the presence of hexadecane
after a 4-month incubation of the enrichment culture.
Extremely slow growth or very low cell densities are often
observed following isolation of marine bacteria.

Patience was clearly required to obtain the first labora-
tory cultures of SAR11. Connon and Giovannoni (2002)
developed the concept of applying the extinction to dilu-
tion approach by using very low-nutrient media in microti-
tre dishes. This approach simplified handling and enabled
a high-throughput screening to be developed based
on fluorescence microscopy (Connon and Giovannoni,
2002). The result was a significant improvement on
traditional dilution to extinction methods because there
was rapid and sensitive detection of growth, which led to
improved culture efficiency. In particular, the method was
suitable for the isolation of slow-growing bacteria and led
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Rappé and colleagues (2002) to isolate the first represen-
tatives of the SAR11 clade. Although this approach was
developed a number of years ago, it has not solved the
basic problem that the majority of bacteria in the sea have
not been isolated. As discussed above, it is likely that
bacteria may not grow well in laboratory culture because
growth of a single bacterial clade in pure cultures destroys
the complex relationships that occur in the natural envi-
ronment. Two important interactions are cell-to-cell com-
munication, which can moderate the activity of a mixed
population of bacteria, and the maintenance of consortia.

Quorum sensing

In the last decade, it has become clear that bacteria
can communicate with each other — that is, communicate
in the sense that gene expression of all members of a
population can be simultaneously regulated. The process
of communication has been called quorum sensing (QS)
and involves the production of signalling molecules that
diffuse between cells, hence affecting the whole popula-
tion. QS is population density dependent and sufficient
bacteria have to be present for the process to be effective.
QS has been shown to be involved in an increasing
number of microbial processes in diverse Gram-negative
and Gram-positive bacteria found in soils and both the
marine and freshwater environments. Activities under
QS control include secondary metabolite production
(Griffin et al., 2004), motility (Daniels et al., 2004), sym-
biosis (Wisniewski-Dye and Downie, 2003), nodulation
(Sanchez-Contreras et al., 2007), conjugal plasmid trans-
fer, biofilm maturation (Parsek and Greenberg, 2005) and
virulence and have been described in numerous bacterial
genera (Williams et al., 2007). An analysis of all bacterial
genomes that have been sequenced to date indicates
that between 5% and 25% of the genome is involved in
QS. A number of chemically distinct families of QS signal
molecules have been identified. The most intensively
investigated are the N-acylhomoserine lactone (AHL)
family in Gram-negative bacteria and the peptide autoin-
ducers of Gram-positive bacteria. QS contributes to envi-
ronmental adaptation in a number of different ways. For
example, in the genus Pseudomonas, AHLs are involved
in the elaboration of virulence determinants in pathogenic
species, and AHLs are thought to be important in biofilm
maturation (Diggle et al., 2002).

Quorum sensing depends on the synthesis of small
molecules that diffuse in and out of bacterial cells and
which increase in concentration as the bacterial popula-
tion density increases. At a critical threshold concen-
tration, a target sensor kinase or response regulator is
activated, resulting in gene expression. Such concerted
action benefits the population by, for example, maintaining
biofilm mode of growth, or providing collective defence
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against competitors. Joint and colleagues (2002) have
also shown that QS crosses the prokaryotic—eukaryotic
boundary. Bacterial assemblages are capable of interact-
ing, through the production and detection of cell-to-cell
signal molecules so that the individual bacteria behave in
an analogous way to multicellular organisms, exhibiting
very complex interactions (Joint et al., 2007). Although
great progress in the study of QS has been made with
laboratory cultures, we do not really understand interac-
tions between different, individual bacterial species in the
natural environment. It remains an untested hypothesis
that QS could play a role in the growth of individual
bacterial clades and may influence the ability to grow in
laboratory culture.

Practically, however, it is not just a question of adding
signal molecules and hoping that bacteria will mira-
culously grow. Many factors are involved. There is rapid
turnover of signal molecules. For example, Joint and col-
leagues (2002) found that the signalling capacity of AHLs
was rapidly lost in seawater because the homoserine
ring is unstable at seawater pH. More significantly, Tait
and colleagues (2009) have recently shown that some
bacterial species will selectively destroy signal molecules
produced by other species. So it may not be easy to find
the right conditions for QS to influence the isolation of
novel clades. Perhaps co-culture with a well-established
AHL-producing bacterium might indicate which novel bac-
teria might be brought into culture as a result of optimizing
the QS response. Clearly much research is required but,
given the importance of QS to a wide range of bacteria,
more consideration should be given to exploiting the con-
siderable knowledge on QS and applying that knowledge
to the isolation of environmentally relevant bacteria.

Consortia

Another mechanism for interaction that may be crucial to
successful isolation of marine bacteria involves metabolic
consortia. In a microbial consortium, the metabolism of
one species results in the production of a compound, or
series of compounds, that can be metabolized by other
species. One of the first demonstrations of microbial
consortia was by Slater and Bull (1982) who used con-
tinuous culture to isolate a bacterial assemblage from
soil that was capable of breaking down the herbicide
2-chloroproprionamide (2CPA). The interesting observa-
tion was that different experiments always resulted in the
isolation of the same six species of bacteria. The herbi-
cide was broken down as a result of co-metabolism
by four of the bacteria in the consortium. The other two
species appeared to play no role in the catabolism of the
herbicide and they existed on the by-products of metabo-
lism of the core set of four species. A similar investigation
was performed more recently by Bell and colleagues
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(2005) who measured the overall respiration of mixed
cultures composed of an increasing number of individual
bacterial isolates. The more complex the bacterial assem-
blage was in terms of species richness, the higher was the
respiration of the bacterial community.

These experiments demonstrate that bacteria are
capable of concerted action — apparently driven by
the different metabolic capabilities of different species.
Clearly, these types of processes must operate in the
natural environment and it must be common for one bac-
terium to depend on other bacteria for essential metabo-
lites. The traditional microbiological approach of aiming to
isolate a single bacterial species by definition destroys
consortia. By specifically targeting the isolation of consor-
tia, rather than single species, it may be possible to bring
many more environmentally relevant bacteria into labora-
tory culture.

One appropriate approach that has been used to isolate
consortia has involved incubation in diffusion chambers.
This separates the bacterial assemblage of interest from
a source of nutrient, using a semi-permeable membrane
(Portner and Markl, 1998; Kaeberlein et al., 2002). The
growing culture is maintained within a chamber, nutrients
diffuse through to the growing culture and, just as impor-
tant, inhibitory substances that are the end-products
of metabolism also diffuse away. The result can be high
densities of bacterial cells in the diffusion culture. Different
types of membrane-based systems have been developed
to grow microbial communities, either directly in the field
in natural habitats or in laboratory systems that simulate
a microbe’s natural environment (e.g. Kaeberlein et al.,
2002; Plugge and Stams, 2002; Ferrari et al., 2005; 2008;
Bollmann et al., 2007). These cultivation systems have
had some success in isolating previously uncultured bac-
teria from soils, the sea and activated sludge. It has also
been suggested that growth of environmental isolates in
diffusion chambers might aid subsequent isolation onto
classical solid media. Bollmann and colleagues (2007)
found that there was adaptation within the culture that
allowed the cells to grow on agar plates; alternatively,
there was selection for cells that could more readily grow
in high cell densities. Clearly the approach of diffusion
culture could also be beneficial for the development of
metabolic consortia, and has the advantage that different
combinations of substrates could be added to the media
at different times in the growth phase of the consortium.

Given this experience and the developing knowledge
on QS and metabolic consortia, perhaps we should not
be surprised that traditional microbiological methods have
not been effective in isolating environmentally relevant
bacteria and archaea. Most traditional culture methods
rely on techniques that in the best case disrupt cell-to-cell
communication for a short time. All cells dependent on
signal exchanges with other cells of the same or different

species will be unable to divide. New approaches are
required to solve the fundamental problem of separating
individual bacteria from the other cells in the assemblage,
of manipulating and maintaining them under benign con-
ditions for relatively long periods while cell growth occurs.

Microencapsulation — a novel approach to
culture isolation

Medical biochemists and immunologists are also inter-
ested in the separation of cell lines (cancer cells, T cells,
stem cells) and they have developed a wide range of
techniques that should be of value to microbial ecologists.
Zengler and colleagues (2002; 2005) were among the first
to utilize one of these techniques. It involved micro-droplet
encapsulation in an agarose matrix to isolate and analyse
cell types independent of their characteristics and activi-
ties. The application of this method in microbial ecology
resulted in a very promising and novel approach to
the isolation of marine bacteria. In essence, Zengler
and colleagues prepared gel micro-droplets by dispersing
agarose, mixed with water from the natural environment
that contained bacteria, into a non-aqueous phase (oil)
to form an emulsion. By rapidly cooling the emulsion, the
molten agarose solidified and, due to the consistent
stirring, formed micro-droplets, a proportion of which
contained single bacterial cells. The advantage of the
approach is that the micro-droplets are physically distinct
and, because they are much larger than bacterial cells,
they can be manipulated, e.g. centrifuged, pipetted, incu-
bated and sorted by high-speed cell sorters. Zengler and
colleagues were able to adjust the ratio of number of
bacteria in their initial sample to the number of agarose
drops formed so that 5-10% of the micro-droplets con-
tained a single cell.

Encapsulation into agarose fulfils two functions. It
physically separates an individual bacterial cell from
other cells. It also provides the matrix for development of
a microcolony because the agarose is porous and nutri-
ents can diffuse into the growing colony and waste
metabolites can diffuse out. Moreover, the physical con-
straints within the gel matrix do not prevent bacteria from
replication and growth. The first use of this technique in
the area of environmental microbiology resulted in the
isolation of a number of bacteria belonging to 16S rRNA
gene clades which contain no previously cultivated repre-
sentatives (Zengler et al., 2002). Moreover, these isolates
were not detected within the 16S rRNA gene clone library
produced from the same water sample (167 clones of
the clone library were screened); so encapsulation was
conducive to the growth of fastidious bacteria. The great
potential and sensitivity of the method is that it allows
the detection and isolation not only of the most abundant,
but also very scarce bacteria. This is entirely due to the
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physical separation and containment within the gel micro-
droplets, which permits the simultaneous and relatively
non-competitive growth of both slow- and fast-growing
microorganisms in media, thereby preventing over-
growth by the fast-growing microorganisms — the ‘micro-
bial weeds’ (Eilers et al., 2000).

A further distinct advantage of encapsulation is that
it allows the incubation of a diversity of bacteria within
the same medium (i.e. a consortium), while still being
maintained in a clonal state (i.e. a culture) within the gel
micro-droplet. Metabolites excreted by some bacteria may
stimulate, or indeed be essential for the growth of others.
Or other molecules may be involved in cell-to-cell com-
munication and trigger the growth of dormant bacteria
(e.g. the resuscitation promotion factor on actinomycetes:
Kell and Young, 2000). It is increasingly common to find
examples of co-culture leading to the growth of novel
bacteria.

The reasons why this method, despite its obvious
advantages, has not been routinely used in microbiologi-
cal laboratories are not clear. One is the limited adoption
of high-throughput methods in laboratories used to
traditional techniques. A more important limitation is the
second stage in the isolation process when positive clonal
cultures are separated from micro-droplets and distributed
into microtitre plates for secondary culture. During this
step, cultures are static and interspecies cell-to-cell com-
munication is abolished. In order to improve the recovery
of previously uncultivated microbial species, it seems nec-
essary to investigate innovative methods to circumvent
both circularities mentioned: (i) lack of knowledge impairs
the ability to culture but cultures are required to increase
our knowledge and (ii) isolation is required to get isolates
(trivial) but is often detrimental to cultivability. The cou-
pling of community cultures with secondary clonal cul-
tures in microbioreactors has been suggested as a
possible approach to this problem (Alain and Querellou,
2009).

Expected contributions to biodiscovery by novel
marine bacteria

Pharmaceutical companies have invested heavily in com-
binatorial chemistry as the route to the development
of new drugs. However, this approach has not delivered
the anticipated new drugs, with the result that many large
pharmaceutical companies now brought many fewer com-
pounds to market, or are in the pipeline, than anticipated.
There are signs of a return to research into natural prod-
ucts, which has been so successful in the past (Bull
and Stach, 2007). Natural products are the most impor-
tant anticancer and anti-infective agents, and many have
reached the market without chemical modification. It
is likely that Nature, and natural selection, which has
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operated for 3.7 billion years in the Earth, has optimized
bioactive compounds through that long time period of
evolution. There are few generalizations that support
the case for biodiscovery research using marine
microbes. It appears that approaches that rely on the
production of very large numbers of compounds (i.e. com-
binatorial chemistry) are unlikely to deliver new drugs and
other products (the approach has certainly not lived up to
promise so far); the chemical diversity found in natural
products is much greater than that achieved by synthetic
chemistry; novel organisms may well provide compounds
that can act as molecular scaffolds and which may have
versatile binding properties. But the major challenges to
natural product drug research are that it is labour inten-
sive to isolate and fully characterize active compounds
from extracts and that it requires a great deal of effort
to produce adequate quantities of active compounds.
But most of all, there may have been too much emphasis
on easily cultured organisms and novel microbes are
required. Before the emergence of metagenomics and
functional screening of clone libraries from environ-
mental samples, the traditional approach for biodiscovery
involved the screening of culture collections. The ability
to culture strains, and to characterize their metabolism
and products clearly remains an important advantage.
The methods are tried and tested and most of the
products in use today in microbial biotechnology were
obtained from isolated strains.

Isolation of bacteria from the English Channel -
a case study

Although we have emphasized in this article that new
approaches are required to isolate environmentally rel-
evant bacteria, it is still possible to recover novel bacteria
using modifications of the traditional microbiologist's
approach. In this section, we will present the results of a
study that attempted to obtain a large number of new
cultures of marine bacteria that might have potential for
biodiscovery, but which relied to a large extent on colony
formation on plates.

The study site was an observatory off the southern
coast of the UK — the Western Channel Observa-
tory (WCO) in the English Channel (http://www.
westernchannelobservatory.org.uk/). This region has
been the subject of intensive research for more than 100
years and there is a large database of environmental
and biological data for the region (Southward etal,
2005). It therefore provides an ideal environment from
which to attempt to isolate novel bacteria. Although
data on bacteria are only available for the last decade,
bacteria are abundant and assemblages are diverse.
Moreover, the bacterial data can be readily placed within
the environmental context, which is defined by physical
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measurements such as temperature and salinity, chemi-
cal measurements such as nutrient concentrations and
biological measurements on phytoplankton and zooplank-
ton. A very detailed analysis of the bacterial assemblage
has recently been completed which describes seasonal
changes in bacterial diversity over a 12-month period
(Gilbert et al., 2009). The study used the latest molecular
approaches of 16S tag pyrosequencing developed by
Sogin and colleagues (2006) to describe how bacterial
populations vary throughout the year.

Gilbert and colleagues (2009) determined microbial
diversity on 12 occasions using this high-throughput
sequence analysis. More than 180000 16S tag
sequences were generated, which revealed more than
7000 genera. Interestingly, one in every 25 reads could be
attributed to a new genus, confirming that there is a huge
uncharacterized level of microbial diversity in the sea. The
results also showed that novel microbes were present and
abundant in environments that can be readily sampled
within a few hours from shore by research vessel. Biodis-
covery does not have to mean expeditions to exotic
and far away locations. Although Gilbert and colleagues
(2009) did a large amount of sequencing, it was clear that
even state-of-the-art sequencing technology is not able
to adequately describe the total diversity present at any
one time point. The total data set contained 17 673 unique
sequences but there was large seasonal variation. Only
93 (0.5%) of the 16S sequences were found at all
time points, but these were the dominant bacteria and
accounted for 50% of the total reads sequenced. As would
be expected, the most abundant phylum was Proteo-
bacteria, which comprised the majority of all sequenced
reads. As in other marine provinces, the ubiquitous
SAR11 clade (belonging to the Alphaproteobacteria) was
again dominant and SAR11 16S sequences were found in
~12% of the total sequenced reads. But there was large
seasonality in the less abundant bacteria. About 78% of
all operational taxonomic units (OTUs) were only found at
one time point and 67% were only found once. This indi-
cates that there is a large assemblage of rare bacteria
which are very transient. This extensive data set on bac-
terial biodiversity in the coastal waters of the English
Channel demonstrates that there are very many novel
bacteria that have yet to be described — and offer potential
for biodiscovery research.

Of the dominant bacterial groups described by Gilbert
and colleagues (2009), there was considerable seasonal
variability but, averaged over the whole year, Alpha-
proteobacteria accounted for ~40% of the total 16S
sequences, Betaproteobacteria were ~5% and Gam-
maproteobacteria were ~20%; another major group was
the Bacteroidetes (~20%). Actinobacteria are a group that
have been a particular focus for biodiscovery studies
because of the large number of useful products that have

already been derived from this group (Bull et al., 2000).
Most Actinobacteria have been isolated from soils and
sediments, but in the study by Gilbert and colleagues
(2009), Actinobacteria accounted for ~5% of the 16S
sequences derived from the surface water column.

The experiments to isolate novel bacteria began 5
years before the 16S tag sequence analysis of the bac-
terial assemblage in the English Channel, so we did not
have detailed knowledge on bacterial diversity at the
beginning of the study. At that time, PCR-based and
DGGE analysis suggested that Alphaproteobacteria were
dominant, so this group was a particular target. Actino-
bacteria were also a target because of their important
history in biodiscovery (Bull and Stach, 2007). The isola-
tion approach taken was to compare low-nutrient media
with a range of commercially available microbiological
media. The aim was to isolate a large number of bacteria
in pure culture, to characterize them using 16S sequenc-
ing and to screen these isolates for a number of features
of interest. To date, a number of unusual enzyme activities
have been discovered that have commercial application
(and will be protected by patents).

The media used all contained seawater which was col-
lected from two offshore stations in the English Channel —
station L4 and E1 (Southward et al.,, 2005) — and then
filtered through 0.2-um-pore-size Nuclepore filters or
Whatman GFF glass fibre filters and stored at room
temperature in the dark until used for media preparation.
It has been suggested that some marine bacteria do not
grow well on microbiological media that are solidified with
agar. Therefore different gelling agents were used in the
isolation media. Unamended filtered seawater (i.e. that
relied on organic substrates naturally present in seawater)
was used to form solid media with the following gelling
agents: 1.5% agar, 1% agar, 1% agarose and 1.0% Noble
agar (which formed a sloppy agar). A number of organic
substrates were also tested: casein, colanic acid, succi-
noglycan, laminarin and xanthan (all added at a concen-
tration of 10 mg ml~"). Ammonium chloride and sodium
nitrite were added to filtered seawater to test the effect of
inorganic nitrogen sources on growth. A few commercial
media were also used: R2A (a ‘low-nutrient’ medium
originally developed by Reasoner et al., 1979, to detect
coliforms in potable water), and selective media for the
isolation of Actinomycetes (Difco) and Vibrio species
(Difco) and ‘Marine Agar’ (Difco) which is based on
the medium of Zobell (1941). Finally a few plates were
supplemented with extracts from marine bacteria grown
in the laboratory, with the aim of testing if there were
complex nutritional requirements that were likely to be met
only by organic matter originating from whole cells.

Table 1 summarizes the results obtained. It should
be emphasized that this was not an experiment designed
to test different isolation approaches and media. The
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96
29
12
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14

1
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24
55
16
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15
19
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18
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41
1

Filtered seawater + 1.5% agar + extract from an uncharacterized bacterial culture.
m. Specific substrates used were colonic acid, succinoglycan, laminarin and xanthan (10 mg ml-").

Table 1. Bacterial groups isolated by plating seawater from the English Channel on selective media.

c. Filtered seawater + 1% agar (sloppy agar).

d. Filtered seawater + agarose.

f. Actinomycete selection agar (Difco).

g. Vibrio selection agar (Difco).

i. Filtered seawater + 1.5% agar + ammonium chloride (10 mmol I-').
j- Filtered seawater + 1.5% agar + sodium nitrite (10 mmol I').

k. Filtered seawater + 1.5% agar + casein (10 mg ml™").

Environmental sequences (16 isolates)
h. Marine agar (Difco).

Gammaproteobacteria (391 isolates)

Actinobacteria (70 isolates)
a. Filtered seawater + 2.5% agar.

b. R2A media.
e. Filtered seawater + Noble agar.

Alphaproteobacteria (93 isolates)
Betaproteobacteria (1 isolate)
Bacteroidetes (57 isolates)
Firmicutes (23 isolates)
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numbers of samples in each treatment reflect the needs
of a biodiscovery programme, rather than an investigation
of the efficacy of microbiological media. A fragment of
the 16S rRNA gene of each of the isolates was sequenced
and some degree of identity could be ascribed to the
isolates. In some cases, 16S sequences were >97%
similar to cultured representative, and might have been
identical or at least very similar to established cultures.
But in the majority of cases, 16S sequences showed
greater differences to cultured representatives and are
probably novel isolates. On the basis of 16S sequence,
each isolate has been allocated to one of the major
bacterial groups (Table 1). It is clear that some media
were more successful than others, particularly in isolating
Alphaproteobacteria and Actinobacteria, two particular
groups of interest for biodiscovery programmes. As
would be expected, Gammaproteobacteria was the most
common group to be isolated. Overall, of 651 isolates
obtained in this study, 60% were Gammaproteobacteria,
14% were Alphaproteobacteria, 10% were Actinobacteria
and 9% were Bacteroidetes. However, some of the media
were more successful in isolating bacteria from groups
other than Gammaproteobacteria.

Figure 1 shows the proportion of five major groups
isolated on six media. The bacterial groups are Alpha-
proteobacteria, Gammaproteobacteria, Actinobacteria,
Bacteroidetes and Firmicutes. Sloppy (1%) agar and
agarose were better than 1.5% agar for isolating both
Alphaproteobacteria and Actinobacteria (Fig. 1). In the
case of 1% agar, 28% of the 54 isolates were Alphapro-
teobacteria and 15% were Actinobacteria. Similar ratios
(25% and 16%) were achieved using agarose as gelling
agent. One other medium was even more successful in
isolating Alphaproteobacteria; seawater solidified with
1.5% agar and supplemented with ammonium chloride
(+NHs" medium) resulted in 41% of the isolates being
Alphaproteobacteria.

The commercial selective media showed the usual
range of success of this method (Table 1). Of 161 cultures
isolated on Actinomycete medium, 29 (18%) were
Actinobacteria. The most abundant group was again the
Gammaproteobacteria (60%) and this medium was also
successful in selecting for members of the Bacteroidetes
(10%) and Firmicutes (7%) groups. Gammaproteo-
bacteria were 73% of the bacteria isolated on the
seawater + 1.5% agar and on the commercial Marine agar
medium. Therefore, neither of these media would appear
to be suitable for isolating those bacteria that are most
abundant in the environment — the Alphaproteobacteria.

In terms of the groups that were targeted in this study,
the most successful medium for isolating Alphaproteo-
bacteria was the +NH,* medium, 41% of isolates being
Alphaproteobacteria, followed by 1% agar (28%) and
agarose (25%). For Actinobacteria, three media (the
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Alphaproteobacteria |:|

Gammaproteobacteria E
Actinobacteria

commercial Actinomycete medium, 1% agar and agarose)
resulted in 15—-18% of the isolates being Actinobacteria.

Conclusions — challenges to microbial cultivation

It is clear that, although the vast majority of bacteria and
archaea in the ocean have yet to be brought into culture,
they could provide a great deal of novel organisms for
biodiscovery programmes. Novel technologies, such as
encapsulation into gel micro-droplets and development
of consortia, offer considerable advantages over standard
microbiological approaches and should result in the
isolation and culturing of many previously uncultured
microbes. It is also clear from the study reported here that
the standard microbiological approach of isolating single
cells on microbiological media still has much to offer.
In the case of bacteria from the English Channel, the
addition of ammonium chloride resulted in many more
Alphaproteobacteria being isolated on filtered seawater
solidified with 1.5% agar. Perhaps a large fraction of the
Alphaproteobacteria is not able to utilize complex organic
nitrogen compounds and require a source of ammonium
ions. So, isolation on solid microbiological media is still
worth exploring in any biodiscovery project.

==

Bacteroidetes

Firmicutes

Fig. 1. Proportion of major bacterial groups
isolated on different media. Seawater agar —
filtered seawater + 1.5% agar; R2A media; 1%
agar — filtered seawater + 1% agar; Agarose —
filtered seawater + agarose; Actinomycete
media — actinomycetes selection agar

(Difco); Seawater + NH,* — filtered

seawater + ammonium chloride.

— \E

Agarose

Seawater + NH,*

However, some important groups will not be brought
into culture using this approach. Not a single culture of
the SAR11 clade was established using any of the media
used in this study, even though SAR11 is by far the most
dominant clade in the English Channel accounting for
~12% of 16S sequences (Gilbert etal., 2009). Since
Rappé and colleagues (2002) first established cultures,
SAR11 has proved to be a very difficult bacterium to grow
in the laboratory. Recently, Tripp and colleagues (2008)
suggested that SAR11 requires a source of exogenous
reduced sulfur compounds and does not have a complete
complement of metabolic functions. They found that
growth of laboratory cultures could be enhanced with
methionine and dimethylsulfoniopropionate (DMSP),
but the resulting cell densities still remained very low
(c. 107 cells mlI~", compared with 1.1 x 10° mI~! for culture
in unmodified seawater). However, many basic questions
remain about this clade (Joint, 2008) — how can this
bacterium be so successful that it dominates many
diverse marine provinces — yet is so difficult to grow in
laboratory culture?

The SAR11 clone also illustrates a more fundamental
problem and that is how to uniquely characterize a bac-
terial species or OTU. Lateral gene transfer is very
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common in natural environments. Gilbert and colleagues
(2008) have recently described a fosmid clone from the
English Channel that contains a 16S rRNA gene with high
sequence similarity to that of the SAR11 clade. Yet more
than half of the fosmid clone showed no sequence
similarity to the published genome sequence of SAR11
(Candidatus ‘P. ubique’ HTCC1062). So this SAR11 clone
in the English Channel had acquired genes from other
bacteria and presumably had a more diverse phenotype
than might be expected based on 16S rRNA taxonomy.
Lateral gene transfer might mean that SAR11 genomes
could be very diverse in different marine provinces. If this
is true of SAR11, it is probably also true of most other
marine bacteria and archaea. The detailed analysis of 23
isolates of A. macleodii by Ivars-Martinez and colleagues
(2008) demonstrates considerable variation in one bacte-
rial species and it was to identify several different clades.
Another recent example of the difficulties of characterizing
a ‘species’ is the suggestion by Cho and Giovannoni
(2004) that there was a unique group of oligotrophic
marine Gammaproteobacteria (OMG). This group of
Gammaproteobacteria was introduced because isolates
only grew on low-nutrient (i.e. oligotrophic) media and
they belonged to independent phylogenetic clades, based
on their 16S rRNA gene sequences. However, Muhling
and colleagues (2008) subsequently discovered a
number of environmental 16S clones from coastal
nutrient-rich environments that grouped within these phy-
logenetic OMG clades, indicating that this phylogenetic
group is not confined exclusively to the oligotrophic envi-
ronment. Unfortunately, we do not have representative
‘OMG’ isolates available from these coastal environments
and, thus, cannot compare their physiology to that of
those from the oligotrophic region of the oceans.

It is important to emphasize that a 16S rRNA gene
sequence alone is probably not sufficient to uniquely iden-
tify any microbe in the sea — and certainly will not be an
indicator of phenotype. In terms of a biodiscovery pro-
gramme, bacteria with identical 16S sequences may have
very different bioactivities. Although 16S sequences have
been incredibly important for the development of microbial
ecology, it is much more important to design biodiscovery
research in terms of a function of interest, rather than
on the basis of 16S sequence or operational taxonomy.

Another important problem relates to the culture of the
very large number of marine bacteria that are associated
with particles — on some cases, this is the major part of the
assemblage (Clarke and Joint, 1986). Simulating oganic
particles or patches of concentrated substrates (dissolved
and particulate organic matter: DOM, POM) and the sur-
rounding ‘phycospheres’ (Bell and Mitchell, 1972; Azam
and Ammerman, 1984; Bowen et al., 1993) and ‘detrito-
spheres’ (Biddanda and Pomeroy, 1988) may be impor-
tant for the successful culture of many attached bacteria.
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If autoclaved seawater is used in isolation procedures, we
are likely to destroy, and certainly alter, a large fraction
of the compounds (e.g. DOM, POM) that make the fluid
viscous and which may serve as either source for nutri-
ents or surface area for growth or both. Filtration will be
less detrimental to organic molecules than autoclaving,
but it will remove particles (e.g. POM, but also inorganic
particles) that may be required by some bacteria as
surfaces for growth. One approach could be to ‘clone’
these particles, i.e. isolate individual intact particles
including their inhabitants. In order to allow the organisms
to multiply, we also need to obtain particles of the same
type, but free of microorganisms. It is not obvious how
bacteria that occupy the surface might be removed, or at
least killed, to provide a substratum for new ‘tenants’
without altering the surface structure and/or properties of
POM and other particles. Prolonged desiccation and pos-
sibly even gamma radiation of these particles may be a
first step to test. However, interspecific interactions of the
‘resident’ bacteria on a particle also influence the colo-
nization of ‘newcomers’ (Grossart et al., 2003). If these
interactions are truly syntrophic, it may only be possible to
isolate some of these bacteria as mixed cultures.

Encapsulation in porous agarose micro-drops already
goes a long way towards providing surfaces, while still
allowing that nutrients and DOM are reaching the cells.
However, this surface may not provide an appropriate
structure or material for the growth of some microbes, in
particular, if nutrients or substrates are being leached out
of the natural particulate surface. The effect of various
solidifying agents in the isolation of bacteria has been well
documented — and this study provides further evidence for
this. For example, Tamaki and colleagues (2005) demon-
strated that a very different set of phylogenetic groups of
microbes were isolated from a freshwater sediment when
gellan gum was used as gelling agent as compared with
agar. Notably, Betaproteobacteria and Planctomycetes
were clearly favoured by gellan gum (Tamaki et al., 2005).
Although there are too few studies to draw clear conclu-
sions, it still appears that the application of different
gelling agents is a worthwhile undertaking to target a wide
genetic range of microorganisms.

Itis clear that the development of biodiscovery research
will require innovative approaches to be developed to
significantly improve culture methods. These should be
based on the growing knowledge of cell-to-cell communi-
cation, on data produced by molecular and metagenomic
approaches and on high-throughput procedures devel-
oped by researchers into eukaryotic cells.
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