
Chapter 15
New Approaches for Bringing
the Uncultured into Culture
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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

S. L’Haridon (&) � F. Duthoit � G. Le Blay
Laboratoire de Microbiologie des Environnements Extrêmes (LMEE),
Place Nicolas Copernic, UEB, Institut Universitaire Européen de la Mer (IUEM)—UMR
UBO, CNRS, IFREMER 6197, Université de Brest, Brest, Plouzané, France
e-mail: stephane.lharidon@univ-brest.fr

F. Duthoit
e-mail: frederique.duthoit@univ-brest.fr

G. Le Blay
e-mail: gwenaelle.leblay@univ-brest.fr

G.H. Markx � L. Paterson
School of Engineering and Physical Sciences, Institute of Biological Chemistry,
Biophysics and Bioengineering, Heriot-Watt University, Riccarton,
Edinburgh, Scotland, UK
e-mail: G.H.Markx@hw.ac.uk

L. Paterson
e-mail: L.Paterson@hw.ac.uk

C.J. Ingham
MicroDish BV, Utrecht, Netherlands
e-mail: c.ingham@microdish.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_15

401



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
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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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