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ABSTRACT
While microfluidic encapsulation of bacteria has been previously performed with
species commonly manipulated within the laboratory such as E. coli, the encapsulation
process has not been previously utilized for marine bacterial species which may be
more sensitive to manipulation. Thus, the encapsulation process was optimized to
ensure that the viability of marine bacteria was not adversely impacted. The process for
the encapsulation of bacteria involved injecting bacterial cells suspended in agarose
(termed the encapsulation matrix) through a cross-flow microfluidic chip using mineral
oil to form microbeads. The process was optimized using three representative bacteria
isolated from temperate, intertidal marine sediment collected in Prince Edward Island:
Marinomonas polaris, Psychrobacter aquimaris, and Bacillus licheniformis. In addition to
assessing cell viability before and after the encapsulation process, the effect of
temperature as well as the effect of the encapsulating matrix on cell viability were
assessed independently to determine optimal encapsulation parameters. It was
determined that the encapsulation process did not have an adverse effect on mesophilic
bacteria although psychrophilic bacteria were less tolerant to the encapsulation process
due to the high temperature required. Consequently, a lowered encapsulating
temperature, achieved using low gelling temperature agarose, significantly improved
viability of psychrophilic species. While the addition of nutrients to the encapsulation
matrix had some beneficial effects, temperature was deemed the most significant
parameter in the improvement of bacterial viability during encapsulation.
Following the optimization of marine microbe encapsulation, a suitable growth
chamber (i.e. MD Pod) to incubate the microbeads was developed. Three different
designs were developed: drop-shaped, cylindrical, and flexible. Each design was tested
to ensure the use of biocompatible materials and to ensure sterility during incubation.
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Additionally, each design was optimized to allow for simple assembly in the field and
potential for miniaturization to facilitate use in a wide array of environment types (i.e.
sediment, sponges, corals, etc.). The MD Pod designs were also compared to dialysis
cassettes, a commercially available device that may be used for in-situ incubation of
microbeads. Modifications to the dialysis cassette which increased its suitability for insitu incubations were also assessed. While the MD Pods offer the greatest potential in
terms of use in variable environments and thus continue to be further developed, the
reliability and accessibility of a modified dialysis cassette allowed for its use in further
development of a new cultivation technique.
Following testing of various incubation chambers, it was determined that the
most suitable chamber was a dialysis cassette sealed with additional steel clamps. This
design was then utilized for the in-situ incubation of mixed marine sediment samples
within the environment. Sediment samples were collected and processed, the
concentration of sediment bacteria within each sample was determined, and sediment
bacteria were encapsulated within agarose microbeads. The microbead suspension
was then loaded into the incubation chamber and placed back in the same environment
from which the sediment sample was collected and allowed to incubate for a week.
Upon retrieval from the environment, microbead suspensions were unloaded and
analyzed. Marine sediment samples from the in-situ incubation were assessed for
abundance, viability and diversity and compared to traditional plating cultivation
techniques. Based upon preliminary results, it was determined that the use of
microencapsulation followed by in-situ incubation allows for the isolation of distinct
bacterial taxa compared to previous methods indicating that this cultivation technique
will be beneficial in the isolation of new taxa which may be explored for novel natural
products.
v
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Chapter 1: Introduction
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1.1 Natural Products Overview
1.1.1

History of Natural Products

Historically, many ancient civilizations used natural remedies to improve human
health, thus forming the foundation of modern medicine. 1–3 The earliest record dates
back to 2600 B.C. when the Mesopotamians observed that the oils from various plants,
including cypress, cedar, myrrh, licorice and poppy, could be used to treat coughs,
colds, infections and inflammation.1,4 Other early records of natural medicine included
the Ebers Papyrus (1500 B.C.), an Egyptian pharmaceutical record documenting over
700 drugs, and the Chinese Materia Medica (1100 B.C.) which documented 52
prescriptions.4 Many early discoveries of natural product remedies were based upon
experimentation by trial and error. The consequences for failure at this time were
substantial; consumption of a certain berry (Atropa belladonna also known as deadly
nightshade) resulted in death, while other berries of similar appearance were
harmless.1,5 Alternatively, it was observed that certain leaves (obtained from willow
trees of the Salicaceae family) could soothe joints, reduce inflammation and relieve
pain.6 While these observations set the stage for the development of early medicine,
advancements in science and technology led to subsequent clinical, pharmacological
and chemical studies of traditional medicines.1,4,7
Consequently, the compounds responsible for traditional remedies were
extracted, purified and the chemical structures identified. One of the most well-known
examples was the development of acetylsalicylic acid (commonly known as aspirin),
derived from the bark of willow trees.1,3,6 The active compound within the bark, termed
salicin, was successfully extracted and isolated in 1829, followed by the isolation of
salicylic acid in 1838.6,8 Further studies resulted in the synthesis of salicylic acid,
2

allowing for production of a pure, inexpensive version of the compound. While
successful in treating various ailments including fevers, inflammation and pain, salicylic
acid often caused nausea and gastric irritation, thus Felix Hoffman synthesized the
derivative still in use today – acetylsalicylic acid (Figure 1.1).6 This example not only
demonstrates the successful extraction and isolation of a compound from a natural
source but also the development of a more effective synthetic derivative based upon the
original compound.

Figure 1.1: Chemical structures of Aspirin Derivatives: (a) salicin, (b) salicylic acid and
(c) acetylsalicylic acid.6,8
As the compounds responsible for exhibiting biological activity were identified
and isolated from natural sources, they collectively became known as natural products
or secondary metabolites. Contrary to primary metabolites, which are defined as
compounds involved in essential biological or chemical pathways within an organism
such as growth, metabolism or reproduction, secondary metabolites are not essential to
sustain life within an organism.1 Instead, secondary metabolites may be defined as
biological chemicals that provide an adaptive advantage to an organism such as
protection via chemical defense.8,9 While primary metabolites are often similar among all
3

organisms, the secondary metabolites of an organism often differ significantly based on
taxa and may be unique to a specific organism.1 Secondary metabolites are usually
relatively small molecules (<3,000 Dalton) possessing significant structural diversity and
often contain chiral centers and complex ring systems.10
Throughout the nineteenth century, various other drugs were developed from
natural products, many of which are still used today, including, but not limited to:
codeine, morphine, quinine, ephedrine, and digitoxin.1,4,7,8 Drug discovery from natural
sources continued into the twentieth century with the discovery of Penicillin from the
fungus Penicillin notatum by Alexander Fleming in 1929 marking the start of what
became known as the golden age of antibiotic discovery.4,11 During this time period
(1940s-1990s), many pharmaceutical companies initiated natural product discovery
programs aimed at uncovering new drugs capable of treating various ailments. These
programs led to the development of new antibiotics, as well as antiviral,
immunosuppressant, antiparasitic, anticholesterolemic, and anticancer drugs. 1,4,12
Consequently, the study of natural products during the twentieth century has doubled
our lifespan, reduced pain and suffering and led to significant medical advancements. 3
Today, natural products and their derivatives continue to be used in the
development of a wide array of commercially available drugs and nutritional
supplements, among other biotechnological applications.13 For instance, of 175
anticancer agents approved for use in Western medicine between the 1940s and 2014,
49% have been derived from natural products or natural product derivatives. 14
Unfortunately, many disease causing pathogens have developed resistance to currently
available antibiotics, an issue noticed since the discovery of antibiotics, that has
become progressively worse due to a decline in the discovery of new antibiotics.15,16
According to the Center for Disease Control and Prevention (CDC), there are more than
4

2.8 billion antibiotic resistant infections and approximately 35,000 deaths each year in
the United States, representing a significant health risk.17–19 As it is estimated that less
than 10% of the world’s biodiversity has been evaluated for bioactivity, the discovery of
novel natural products is essential to aid in the development of new medications,
including new antibiotic resistant drugs.15,20–22

1.1.2

Marine Natural Products

Originally, most natural products were derived from the terrestrial environment,
with very few reports of natural remedies from marine sources in historical medicine.
While there was some mention of the use of red algae to treat colds, sore throats and
chest infections, as well as some studies aimed at understanding toxins produced by
marine organisms that may cause harm to humans, most people did not think of the
potential of the ocean primarily due to its inaccessible nature.1,23 As new innovations,
such as self-contained underwater breathing apparatus (SCUBA), submarines, remotely
operated vehicles (ROVs), and autonomous underwater vehicles (AUVs) allowed for
exploration of the ocean, further investigation of marine organisms led to the desire to
understand the unique adaptations of, and metabolites produced by, these organisms.23
Consequently, many researchers have turned toward the vast biodiversity of the
marine environment for the discovery of structurally diverse natural products.23 With the
density of species on some coral reefs estimated to be approximately 1,000 species per
square meter, the marine environment represents one of the greatest sources of
biodiversity.1 Marine organisms have also been shown to exhibit greater chemical
novelty than terrestrial organisms via a comparison of natural products isolated from
each environment.8,24 While similarities in metabolites isolated from the marine and
5

terrestrial environment exist, marine derived natural products contain functional groups
not previously observed in terrestrially derived natural products.8,24 The novelty of
compounds isolated from the marine environment may be due in part to environmental
pressure on soft bodied or sessile organisms to develop defense mechanisms such as
the ability to immobilize prey or deter predators via the production of toxins. 8,24
While the oceans cover about 70% of the Earth’s surface, it is estimated that
more than 80% remains unexplored representing a vast source of chemical diversity
with outstanding biotechnological and pharmaceutical potential.23,25–29 Exploration of the
marine environment has already resulted in the discovery of over 30,000 new natural
products since the 1950s.8,30 Further investigation of these natural products has
resulted in hundreds of new patents, development of compounds for clinical trials and
commercially available pharmaceuticals.31 One of the first marine-derived natural
products was a nucleoside derivative isolated from the Caribbean sponge, Cryptotethya
crypta, by Bergmann and Feeney in the 1950s.1,23,32,33 The isolation of the two
nucleoside derivatives, later termed spongouridine and spongothymidine, showed that
nucleosides did not have to include a deoxyribose or ribose sugar moiety to exhibit
bioactivity leading to the idea that nucleoside chemistry could be used for the
development of new pharmaceuticals.1,23,32 Consequently, a synthetic derivative, named
cytosine arabinoside or cytarabine (Ara-C), was developed for the treatment of leukemia
and lymphoma and continues to be used as one of the most effective treatments of
white blood cell cancers such as acute leukemia and non-Hodgkin’s lymphoma as a
Food and Drug Administration (FDA) approved drug.1,34,35 Additionally, a fluorinated
analog has been effective in the treatment of pancreatic, breast, bladder, and lung
cancers.36,37 Furthermore, another nucleoside derivative, vidarabine (Ara-A), was
approved by the FDA for use as an antiviral agent against herpes simplex encephalitis
6

virus and ophthalmic diseases.1,35,38 This example shows how just one discovery can
lead to a multitude of new drugs giving an understanding of the mechanism of action of
new compounds and subsequent modifications of the compound of interest.
Further investigation of the marine environment for sources of natural products
yielded a wide array of new compounds. For instance, a peptide, known as ziconotide,
isolated from the toxic tropical cone snail, Conus magus, was found to be a powerful
analgesic agent capable of relieving severe pain without the addictive properties of
other opioid analgesic drugs.23,39 The benefits of this compound consequently led to its
FDA approval for the treatment of severe chronic pain, under the trade name Prialt.35,39
The unique mechanism of action of this drug involving the blockage of N-type calcium
channels has also led to its use in neurotoxin research to improve the safety and
tolerability of this drug so it may be given orally as opposed to intrathecally. 23,39 Another
notable example was the development of Yondelis (also known as ecteinascidin 743
(ET-743) or trabectedin), isolated from the tunicate Ecteinascidia turbinata, which has
been FDA approved for soft tissue and ovarian cancer treatment.1,3,35,40 While
commercialization of this drug was initially hindered by the isolation of only very small
quantities, the application of large scale aquaculture allowed for the quantities
necessary for clinical trials followed by semi-synthesis of the compound from a marine
microbial produced natural product.1,23 Furthermore, eribulin mesylate (Halaven), an
analog of halichondrin B, isolated from the marine sponge Halichondria okadai, gained
FDA approval in 2010 for the treatment of metastatic breast cancer and
brentuximabvedotin (Adcetris), a dolastatin 10 derivative, isolated from the sea hare
Dolabella auricularia, was FDA approved in 2011 for the treatment of Hodgkin’s
lymphoma.40–42 Additional compounds of interest still under investigation may include
curacin A, eleutherobin, discodermolide, bryostatins, dolostatins, and cephalostatins
7

among others. 1,35,42
Overall, marine natural products have been derived from a wide diversity of
organisms including sponges, tunicates, corals, bryozoans, mollusks, echinoderms,
cnidarians, algae, bacteria, fungi and even vertebrates.23,31,43 However, while the
sources of these compounds vary significantly, the majority (~60%) of marine derived
natural products currently used as drugs or drug leads have been isolated from marine
invertebrates with Porifera (sponges) representing the most productive phylum.8,23,44 Of
these compounds, most are actually believed to be produced by microbes living within
the invertebrate source, thus highlighting the importance of studying marine microbial
communities as sources of new natural products.23

1.1.3

Importance of Microbes in Natural Products Discovery

Microbe is a universal term used to describe all microorganisms and may include
bacteria, fungi, protozoa, and algae.45 Microbes represent the most abundant and
diverse forms of life on our planet, existing in every habitat, from the depths of the
oceans to the highest mountains.46 Consequently, they have been the source of some
of the most well-known and effective pharmaceuticals including: antibacterial agents
(penicillins, cephalosporins, aminoglycosides, tetracyclines), immunosuppressive
agents (cyclosporins, rapamycin), cholesterol-lowering agents (mevastatin, lovastatin),
and antiparasitic agents (ivermectins).4 In fact, more than half of all natural products
with medicinal properties and over 70% of antibiotics have been of bacterial origin with
the majority of these compounds isolated from only a few groups.47–49 The lack of
diversity amongst currently isolated microbes, with more than 88% of isolates from only
four phyla (Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes), highlights the
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fact that most microorganisms have not been studied in great detail as it is estimated
that there are at least 60 representative microbial phyla.46 While microbes exist in every
niche, the marine environment is believed to hold significant potential in terms of
bacterial diversity as the ocean contains the most dense populations of microbes on the
Earth reaching abundances of 1012 microbes per milliliter in some areas.50
While very little information is known about most marine microorganisms, the
importance of microbial symbionts has been described in practically all marine
invertebrate phyla including Porifera, Cnidaria, Bryozoa, Mollusca, Echinodermata,
Urochordata and Crustacea.44 For instance, bioluminescent bacteria present in pelagic
organisms play a role in communication and/or defense, while chemoautotrophic
bacteria in hydrothermal vent species and photoautotrophic bacteria in cnidarians such
as corals provide nutrients for the host organism.44 Based on the observation that these
unique symbionts provide adaptive advantages to various invertebrates, it was
hypothesized that microbes were responsible for the majority of natural product
production within the marine envirionment.23,44
The symbiont hypothesis, or the belief that most secondary metabolites originally
isolated from invertebrates are actually produced by symbiotic microorganisms living
within the invertebrate host, originally had little evidence due to the inability to culture
the microorganisms thought to be responsible for metabolite production. 32,44,51 However,
the similarity of some metabolites isolated from marine invertebrates to metabolites
previously isolated from terrestrial microbes, as well as metagenomic evidence, led to
the conclusion that the majority of secondary metabolites identified were in fact derived
from microbial sources. 8,23,44,52 For instance, an uncultured Pseudomonas species was
identified as the producer of pederin, an antitumor compound originally isolated from a
beetle (Paederus fuscipes), and onnamides and theopederins, originally isolated from
9

the marine sponge, Theonella swinhoei, were determined to be from an uncultured
bacterium as the genome was representative of a prokaryotic species.51 Interestingly,
bacterial symbionts make up about 40% of the total biomass within sponges, although
exact percentages may vary based upon species.8,51 Consequently, sponges have been
identified as one of the most productive sources of marine natural product discovery. 8,51
Thus, the complex associated microbial communities of marine invertebrates appear to
be the true source of most marine natural products.8,32
The development of numerous natural product derived drug leads has been
limited by supply; the supply issue may arise early in the drug discovery process if not
enough of the compound is produced to perform a substantive analysis of
biological/chemical properties or later in the process as clinical trials and further
development require production of substantial amounts of the compound at a relatively
low cost.23,44 This issue is compounded by the fact that synthesis of most natural
products is often difficult or expensive.32 Thus, due to low availability or inadequate
funding for downstream processing and synthesis, the development of early stage leads
is often halted despite having promising properties.23 The identification of the true
source of these metabolites to be from microbes, instead of from their more
conspicuous invertebrate hosts, may allow for a more sustainable method of producing
pharmaceuticals as compounds may be produced via microbial growth rather than
through the harvest of the host invertebrate.51 Many of these compounds would be
inaccessible if produced by invertebrates which may be rare, slow growing, difficult to
collect or vulnerable to extinction or habitat destruction.23 Consequently, the ability to
culture and study a greater diversity of microbes may facilitate the discovery of novel
natural products. However, an important challenge must first be overcome – the
majority of microbes cannot be cultured using traditional cultivation techniques. 44
10

1.2 Challenges of Microbial Culture
1.2.1

Traditional Microbial Cultivation

One of the most widely used techniques in microbiology is the study of microbial
cultures, a population of microbes grown within a laboratory.53 The culture may be
grown within a liquid (i.e. nutrient broth), solid (i.e. plate containing agar or gelatin) or
semi-solid media and the culture may be pure (one species) or mixed (multiple
species).53 Traditionally, the study of microbes involved the growth of pure cultures on a
standard set of nutrient media.54 The methods used for the development and study of
microbial cultures were often laborious, time consuming and highly selective – only a
minute portion of the microbial diversity could be cultured.55,56 Species incapable of
forming colonies, slow growing species or species requiring specific growth conditions
were therefore excluded from early studies.55 For instance, the artificial conditions may
have a substrate concentration too high to allow survival of certain organisms or lacking
specific nutrients required by the organism.55 As microbes are found in every
environment on the Earth, it is expected that not all species should be observed under
the same conditions. Thus, far more is known about bacteria well suited to growth within
the laboratory environment compared to the remaining bacteria that are unable to be
studied in detail due to their poor representation in most culture collections.

1.2.2

The Great Plate Count Anomaly

The existence of countless uncultured microbes is a well-known phenomenon, as
current knowledge has been largely restricted to large, easily cultivable species. 57,58
Early studies of microbes showed that, while many species may not form colonies on
agar plates, they may be observed under the microscope.55 This discrepancy between
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viable cells and direct cell counts on media was first termed the “Great Plate Count
Anomaly” in 1932 by AS Razumov.59–61 Today the “Great Plate Count Anomaly” is used
to describe the observation that while many microbes may be seen under a microscope
or detected using metagenomic approaches, approximately only 1% are culturable
under traditional laboratory practices. While reference to the “Great Plate Count
Anomaly” and the statement that less than 1% of bacteria are culturable may often be
used colloquially, various studies have attempted to determine exact cultivation
efficiencies.62 For instance, cultivation efficiency of various groups of environmental
microbes have been calculated as follows: 0.001% for open ocean microbes, 0.1% for
coastal microbes, 0.25% for freshwater microbes, 0.25% for sediment microbes and
0.3% for soil microbes.59,63 While cultivation efficiency may differ among various
environments, it is estimated that, overall, between 85-99% of microbes cannot be
cultured in the lab as there are major microbial lineages with no representative
culturable species.23,54,56,64
While there are various reasons why the majority of microbes cannot be cultured,
one reason for the difficulty is the fact that natural conditions are difficult, if not
impossible, to mimic.56 To start, the chemistry of the habitat must be replicated including
consideration of the multitude of parameters known to significantly impact microbial
interaction and metabolism, such as pH, temperature, pressure, redox potential, oxygen
concentration, salinity, and nutrient concentrations to name a few examples.65,66
Additionally, both biotic and abiotic interactions within the environment would need to be
considered such as the communication and transmission of chemical signals between
various cells within their natural environment as well as the influence of abiotic factors
such as sunlight, altitude, wind, currents, and tides among various other factors. 63,67 The
complexity and specific requirements of marine microbes often make them even more
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difficult to culture than their terrestrial counterparts, offering further compications. 8
Lastly, the effects of climate change or human disturbance on each individual microbe
may also play a significant role but may not be completely understood and thus cannot
be replicated under laboratory conditions.56
Traditional culture methods often inhibited the growth of slow-growing bacteria as
fast-growing bacteria outcompeted these species.68 In a similar manner, the high
nutrient content of most traditional growth media was toxic to oligotrophic species
allowing cultivation of primarily eutrophic species.56,63,69 Some additional explanations
for low cultivation efficiency included cell damage due to oxidative stress, presence of
inhibitors to the growth media and an ignorance of k-strategists.56,63 Since k-strategists
often live in stable environments, any disturbance has the potential to significantly
disrupt the few offspring produced by these organisms thus leading to low cultivation
eficiency.56,63 Cultivability success was further complicated as unculturable microbes
typically fall within two categories: unknown species that have never been cultured and
known species that have entered an unculturable or dormant state. 59,63 For instance,
upon removing an organism from its environment, an organism may be either
successfully cultured within the laboratory or triggered to enter an unculturable state
due to some environmental change (i.e. pH, temperature, pressure, nutrient
concentration, etc.).
The ability to culture microbes allows for a more in-depth study of unknown
species, enhancing our understanding of the physiological, metabolic and
environmental processes performed by these species while alternate methods of
studying microbes (i.e. 16s rRNA sequencing and genomic analysis) are only able to
suggest metabolic functions.55 Consequently, it is estimated that very few microbes of
the total present on Earth have been investigated for bioactive secondary metabolites
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since the majority cannot be cultured within the laboratory.3 Additionally, despite
increasing efforts to discover new natural products, the rediscovery of known
compounds is thought to be one of the major culprits of the latest decline in natural
product discovery.70 This has created a bottleneck in the development of new medicines
capable of curing countless diseases.70 While there are many obstacles to be overcome
in terms of natural product discovery, improvement in cultivation efficiency may
expediate the discovery of novel natural products through the study of novel organisms
and their unique metabolites. Various techniques and devices have been developed to
improve cultivation from the use of growth conditions that mimic the natural environment
to the use of rRNA sequencing to gain a better understanding of uncultured
representatives in order to develop cultivation techniques better suited to these
organisms.44

1.2.3

Development of Microbial Cultivation Techniques

To counteract the “Great Plate Count Anomaly,” an array of new techniques has
been developed for culturing previously unculturable bacteria, resulting in a greater
diversity of culturable microbes filling in the immense gaps in our current knowledge.
Simple alterations to the cultivation conditions such as modifying the media type (adding
specific chemicals or nutrients) have been successful in culturing several new bacterial
taxa.56 For example, Coxiella burnetti, the bacterium associated with Q Fever, was
previously unable to be successfully grown outside of cells thus hindering scientific
investigation of the microbe.54,71 After years of systematically testing hundreds of culture
condition combinations to obtain the species in culture, researchers identified that
amino acids as well as a low oxygen environment were required for successful
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cultivation.54,71 Another example highlighting the difficulty of culturing microbes requiring
specific conditions includes those requiring signal molecules for growth. For instance,
cultivation efficiency of bacterial samples collected from the Baltic Sea were improved
by addition of cyclic AMP (cAMP), N-butyryl homoserine lactone, or N-oxohexanoyl-DLhomoserine lactone in low concentrations.63 Additionally, in another study, the use of
very low nutrient media resulted in the culture of 15 isolates that could not be observed
on the nutrient rich agar media typically utilized, indicating the selectivity of traditional
methods for eutrophic species rather than oligotrophs.72 This study also showed that
isolates were capable of adapting to growth under laboratory conditions over time since
after a period of one year stored on low nutrient media at 5 °C, they were successfully
grown on nutrient rich media as well.72 Addition of environmental extracts to growth
media has also appeared to increase the diversity of cultured microbes.56 While using
different media components resulted in the cultivation of some new species, artificial
media cannot mimic abiotic and biotic factors required for microbial growth in the
environment and many microbes cannot immediately adapt to changes in these
conditions.56
To account for some of the other variables required for successful microbial
growth, various growth conditions such as incubation time, temperature, pH, pressure,
salinity or aeration have been modified to mimic the natural environment. 56 For instance,
increasing incubation time resulted in the formation of colonies of rarely isolated species
as well as some new species compared to shorter incubation times which only yielded
commonly isolated soil bacteria.73 The culture of a greater diversity of microbes isolated
from ancient permafrost sediment was possible when culturing at a lower temperature
synonymous with the natural condition of the microbial community of study indicating
the importance of temperature on cultivability.74 Furthermore, a study investigating soil
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microbes observed differences in abundance and diversity of organisms when cultured
at different pH levels.75 The growth of new anaerobic species on media lacking oxygen
(replaced by a nitrogen and carbon dioxide environment) was observed when isolating
microbes from anoxic rice paddy soil.76 Additionally, a principle known as OSMAC (One
strain many compounds) states that a single microbial strain may produce different
compounds under different conditions.77 Changes such as nutrient content,
temperature, and aeration can drastically alter metabolite production.77 Consequently,
these examples show that slight modifications to the traditional method of culture
drastically improve the diversity of culturable organisms as well as discovery of novel
metabolites.
However, despite significant progress, it is estimated that 99% of bacteria still
remain unculturable as modification of media compositions and/or growth conditions are
time consuming, labor intensive and particularly challenging to optimize without
knowledge of the metabolic processes of these organisms.57 Additionally, it is
impossible to control for all environmental variables within a laboratory. While rRNA
sequencing has recently been used to gain a better understanding of uncultured
species thus providing a framework for the selection and development of cultivation
conditions better suited to these organisms, additional advancements in cultivation
strategies have also been developed.44

1.2.3.1

Single-Cell Isolation

Another technique used to increase cultivability is known as single cell isolation.
While this technique is typically utilized in microbiology to obtain a pure culture from
mixed cultures, it has also been utilized as a method to culture a greater diversity of
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species. Additionally, the isolation of individual cells during cultivation has important
applications for high throughput processing of the bioactivity and metabolic activities of
cells following successful cultivation.78–80
There are two methods traditionally used for single-cell isolation: dilution to
extinction and repetitive streaking.57 In the dilution to extinction method, a dilution
culture may be defined as a culture produced by diluting the original culture to allow the
most abundant microbes to be more readily detected.58 This is often beneficial for
culturing oligotrophic bacteria since growth of the most abundant species rather than
the most nutrient tolerant species is favored.58 Using this method, cells become isolated
to ensure bacterial colonies better suited to growth on a specific medium do not
overgrow other bacterial colonies. This method has been successful in the isolation of
various strains of taxa previously unrepresented in culture collections.57–59,72,76,81 The
repetitive streaking technique isolates individual species by picking a colony and
spreading that colony over a larger area on a solid medium (agarose, alginate, etc.) to
separate individual strains that may have been overlapping in the original colony
formation.82,83 Single-cell isolation is a key step in the identification of new species;
however, it is often laborious and time-consuming, thus innovative, high-throughput
methods of cultivation aim to improve this step.78–80
While single cell isolation has resulted in some success in the culture of new
species, it is limited by the fact that it does not allow for cell-to-cell communication which
is required for the growth of some bacteria.84 Cellular communication often involves the
transmission of signal molecules, such as auto-inducers or peptides, between
organisms which may play a role in cell growth.

84–86

For instance, when certain

molecules reach a threshold concentration, the physiology and morphology of cells may
change, either facilitating or inhibiting growth as well as dictating production of different
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compounds by the organism. 87,88

1.2.3.2

Co-Culture

Most organisms do not live in isolation, but rather within complex communities.57
While these microbial interactions may be facultative, in some circumstances one
species may be directly dependent upon the nutrients or products produced by another
organism, a form of interspecies symbiosis known as syntrophy or cross-feeding.89–91
Thus, to account for the fact that some species may be dependent upon interactions or
signaling from other organisms, a technique known as co-culture or community culture
was developed. This technique relies upon a helper bacterium or a couple of known
bacteria to promote the growth of dependent bacteria.56 Using this method, an array of
previously uncultured bacteria have been successfully cultured. For instance, a new
marine bacterium, Maribacter polysiphoniae, was cultured in the presence of the helper
strain Micrococcus luteus and a freshwater sediment bacterium, Bacillus marisflavi, was
cultured in the presence of Bacillus megaterium.89,92,93
Additionally, co-culture has been used to elicit different responses from bacterial
species as a species may only produce certain compounds given specific stimuli. Some
species rely upon quorum-sensing factors to communicate; these factors subsequently
induce production of certain proteins such as toxins that are used by the community
rather than solely the individual.89,94 This concept has been used to enhance
production of novel secondary metabolites by microbes thus facilitating discovery of
potential pharmaceutical compounds.95–98 While useful in culturing novel organisms and
eliciting the production of novel compounds, this process is limited by the endless
number of bacteria combinations that may be used, uneven growth rates of bacterial
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pairs, and the various media compositions and growth conditions that may be required
by different organisms.99

1.2.3.3

Miniaturization

Miniaturized cultures allow testing of an increased number of samples
simultaneously to increase the odds of culturing species which have not previously been
cultured. Miniaturization may also eliminate competition between species via a
compartmentalization approach thus allowing the growth of slower growing, less
dominant species.100 Such methods, including micro-manipulation, flow cytometry, and
microfluidic on-chip cultivation, utilize the benefits of single cell isolation in combination
with miniaturization.101–111 Consequently, these methods result in the cultivation of
thousands to millions of individual cells in a relatively short amount of time compared to
traditional methods.101–111
Due to its high-throughput nature, microfluidics has often been used in
miniaturization approaches.112 Microfluidics may be defined as the study of flows
(simple and complex) through artificial microsystems.113 One example of the application
of microfluidics in bacterial cultivation was the use of a microfluidic chip, which
contained thousands of tiny wells connected by channels, to isolate new species from
the human gut.54,100 Within this chip, individual species were originally isolated in wells
thus preventing competition between species while the channels allowed some
interactions to occur.54,100 Thus, this application incorporated some of the benefits of
single-cell isolation and co-culture in addition to miniaturization. The use of microfluidic
co-culture has also been applied in other studies to culture an increased number of
bacterial pairs in a shorter period of time.

114–116
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Another commonly utilized miniaturization technique is the use of gel
microdroplets. The use of gel microdroplets allows for the cultivation of millions of
microbes at a time.117 This approach also allows separation of individual cells while also
maintaining cell signaling and metabolite exchange via porous microdroplets.117,118
Various environmental bacteria have been encapsulated within gel microdroplets, with
10% of microdroplets containing a single cell, and incubated in growth columns subject
to a low nutrient flux for a period of 5 weeks resulting in the growth of previously
uncultivable bacteria.55,78 In this case, the media composition and growth conditions of
each growth column may also be optimized based upon the sample being analyzed. 117
A similar study using gel microbeads in a growth column resulted in an increased
number of novel microbial strains compared to traditional methods.119 Consequently, gel
microdroplets incorporate a miniaturization approach as well as applications of media
composition/growth condition modifications, single cell isolation and co-culture.

1.2.3.4

In-situ Cultivation

In-situ cultivation, also known as environmental incubation, allows for the culture
of microbes within their natural environment, eliminating the need to mimic natural
conditions within a laboratory. In-situ cultivation may be considered a more complex
form of co-culture by allowing complex interactions between organisms to be
maintained.81 This technique improves upon simple co-culture by eliminating the need
for endless combinations of bacterial species which is tedious to evaluate. In-situ
cultivation may also be used to gain a better understanding of the symbiotic
relationships within the natural environment as the host provides a stable environment
for the symbiont.44 This relationship may be studied and consequently used as a model
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to further modify cultivation conditions within a laboratory.44 In-situ cultivation methods
facilitate the cultivation of species that are more competitive in their natural
environments compared to traditional methods.120 Additionally, some studies show that
in-situ cultivation allows organisms to adapt to new conditions over time.72 While in-situ
cultivation has been somewhat successful, one of the major limitations of this method is
the fact that the incubation of samples may be difficult, if not impossible, in remote or
hostile environments thus limiting applications to more easily accessible habitats.117

1.2.3.4.1

Diffusion Chambers

Despite some limitations, various types of diffusion chambers have been used to
isolate novel microorganisms.56 Diffusion chambers are hollow structures, covered by a
semi-permeable membrane, containing microbes that are placed in a natural
environment for incubation.57,121 The semi-permeable membrane allows transmission of
environmental signals while preventing migration of bacterial cells out of the chamber.
Diffusion chambers thus provide the numerous environmental conditions necessary for
bacterial growth that are difficult to identify and control under laboratory settings.122–124
Some of these essential natural conditions may include optimal habitat chemistry, biotic
and abiotic interactions, symbiotic interactions and cellular signaling mechanisms. 123
Following in-situ cultivation, the domesticated microbes may then be more successfully
cultured under laboratory conditions.72,124
A diffusion chamber consisting of two semipermeable membranes housing a
marine sediment bacterial sample mixed within agarose was incubated on top of the
sediment within an aquarium and subsequently led to a 300-fold increase in the number
of colonies grown compared to traditional cultivation methods.125 It should be noted that
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many isolates did not grow alone but rather only formed colonies when in the presence
of other microbes, indicating the importance of co-culture to promote chemical signaling
and communication between cells.125 Further studies involving the use of this diffusion
chamber design investigated the effect of transferring the bacterial sample through
multiple incubation generations on microbial recovery.126 In other words, upon removal
from in-situ incubation, the sample inoculum was removed from the diffusion chamber
and used to inoculate another diffusion chamber serving as the second incubation
generation.126 This process was repeated for a total of 4 generations of incubation with
a duration of 4 weeks (16 weeks in total) resulting in increased microbial recovery.126
The outcome of this study suggests that multiple rounds of incubation within diffusion
chambers allows organisms to either adapt to growth under new conditions making
subsequent isolation within the laboratory possible or enriches organisms to the point
that isolation on a petri dish becomes possible.126
Various modifications to the typical design of diffusion chambers have been
utilized (Figure 1.2). For instance, a slightly different diffusion chamber design
containing an inoculated soil bacterial sample separated from a soil slurry by a single
polycarbonate membrane, resulted in the growth of previously uncharacterized
bacteria.123 A simplified version of a diffusion chamber, termed the soil incubation
chamber, resulted in the cultivation of an average of 40% of soil bacteria with some
samples showing a cultivation efficiency of up to 90%.127 Another modified diffusion
chamber, named the I-tip (in-situ cultivation by tip), was used for the cultivation of
microbes within endemic sponges from Lake Baikal, Russia.128 The I-tip was created
from a micropipette tip filled with agar and glass microbeads and led to the growth of an
increased diversity of species compared to traditional cultivation methods. 128
Hollow-fiber membrane chambers, consisting of porous hollow-fiber membranes
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containing injectors for microbial cells, allow for the exchange of signals similarly to the
membranes of a typical diffusion chamber.117,122 These modified chambers resulted in
the cultivation of a greater diversity of organisms compared to traditional methods. 117,122
Gel microdroplets have also been used as a form of modified diffusion chamber as
incubating these microdroplets within the natural environment allows for the diffusion of
compounds between individual cells and their environment.117,118 In this sense,
miniaturization is combined with in-situ cultivation to increase recovery of novel
microbes. Specifically, a double encapsulation technique involving the encapsulation of
cells within agarose spheres followed by encasement within polysulfonic polymeric
membranes, which allow the diffusion of chemical signaling molecules between the
encapsulated samples and the natural environment, have been used to cultivate novel
microorganisms.129 The use of this technique with microbes isolated from coral mucus
and incubated on the outer surface of Fungiid corals resulted in increased diversity as
50% of isolates represented novel microorganisms lacking similarity to known
species.129
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Figure 1.2: Examples of designs utilized for in-situ incubations. Previous in-situ
incubation designs including (a) a simple diffusion chamber, (b) a hollow fiber
membrane chamber where the hollow fiber membranes serve as a form of diffusion
chamber and (c) a pipette tip that has been engineered to perform as a modified
diffusion chamber. 117,122,126,128
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1.2.3.4.2

Isolation chip (iChip)

The isolation chip (iChip) expanded upon the concept of diffusion chambers as a
device composed of 384 tiny “wells” each containing environmental samples mixed with
agar and diluted to ensure the presence of one cell per chamber.54,79,130 In this sense,
each well served as a miniaturized diffusion chamber to provide an increased chance of
cultivating new species as well as high throughput cultivation since microbial growth and
isolation were performed at the same time.79,117 Thus, compared to traditional culture
methods, the iChip provided easy visualization of colonies under the microscope and
resulted in increased colony counts and a greater diversity of cultivated species from
soil and seawater samples.79,131
One of the most promising discoveries of the iChip was the successful isolation
of a new bacterial species (Eleftheria terrae) from a soil sample in Maine.54,132 Further
screening of this species determined that it killed various drug-resistant strains of
Staphylococcus aureus.54,132,133 Properties of the compound produced by Eleftheria
terrae also appeared to avoid development of antibiotic resistance leading to its current
development as a new antibiotic known as teixobactin.54,132,133 In addition to its use in
soil and seawater samples, the iChip may be implemented in various
environments.54,134 For instance, our lab previously utilized this device in a marine sea
sponge (Xestospongia muta) resulting in the isolation of a putatively new Alteromonas
species.134 The new species has been found to produce a new N-acyltyrosine
compound (N-Palmitoyl-α, O-dimethyl-L-tyrosine) exhibiting promising bioactivity.134
Despite significant improvements from previous techniques, the iChip is limited by its
inability to allow the co-culturing of bacteria since each cell is contained within an
individual well.79,131 Additionally, the containment of each cell within an individual well
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necessitates a tedious process of analysis involving manually removing each cell from
the iChip following in-situ incubation.79,131

1.3 Research Objectives and Hypotheses
While various methods have been utilized to successfully improve cultivation
success, the inaccessibility of the vast majority of the planet’s microbes remains a
limiting factor in the development of various biotechnological applications including the
discovery of novel pharmaceutical compounds. As new technologies arise, it is most
likely that the innovative use of a combination of the existing methods will result in the
greatest cultivation efficiency, a concept termed the combination principle. 57 One of the
most recent suggestions for improving cultivation called for a modified iChip design that
simultaneously allows for co-culture.131 This may be accomplished by developing a new
in-situ incubation chamber capable of isolating individual microbes while allowing
cellular communication. Thus, the overall objective of this thesis was to develop,
optimize and assess the utility of a new microbial isolation technique capable of
overcoming some key limitations of previous cultivation approaches.
The new microbial growth technique developed in this thesis involved the use of
microfluidic encapsulation of marine bacterial cells within microbeads followed by
subsequent incubation of microbeads in the environment within a modified growth
chamber termed the microbe domestication (MD) Pod. Incubation within the natural
environment allowed for all natural conditions to be maintained to promote the growth of
previously unculturable species. Upon in-situ incubation, colonies may be
“domesticated” or enriched enough to allow subsequent growth within the
laboratory.72,124 This technique improves upon previous in-situ incubation techniques by
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isolating marine bacteria cells within agarose microbeads (a form of single-cell isolation)
while simultaneously maintaining cell-to-cell communication and the transmission of
chemical signals between the various encapsulated cells (a form of co-culture).
Downstream processing of individual microbeads may also facilitate high-throughput
cultivation and analysis of isolated bacterial species. Consequently, it was hypothesized
that microfluidic encapsulation of marine bacteria and subsequent in-situ incubation in a
modified growth chamber (i.e. the MD Pod) would result in an increased abundance and
diversity of cultured species, therefore expediting the discovery of new bacterial species
capable of producing novel marine natural products.
The aforementioned thesis objective may be divided into three essential
components including: (i) optimization of the marine microbe encapsulation process, (ii)
development and testing of various MD Pod designs, and (iii) the application of the most
suitable design within the natural environment to assess abundance, viability and
diversity of cultured species using this new cultivation technique.
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2.1 Summary
Microbial marine natural products hold significant potential for the discovery of
new bioactive therapeutics such as antibiotics. Unfortunately, this discovery is hindered
by the inability to culture the majority of microbes using traditional laboratory
approaches. While many new methods have been developed to increase cultivability, a
high‐throughput in-situ incubation chamber capable of simultaneously isolating
individual microbes while allowing cellular communication has not previously been
reported. Development of such a device would expedite the discovery of new microbial
taxa and, thus, facilitate access to their associated natural products. In this study, this
concept is achieved by the development of a new device termed by the authors as the
microbe domestication (MD) Pod. The MD Pod enables single‐cell cultivation by
isolating marine bacterial cells in agarose microbeads produced using microfluidics,
while allowing potential transmission of chemical signals between cells during in-situ
incubation in a chamber, or “Pod,” that is deployed in the environment. The design of
the MD Pod was optimized to ensure the use of biocompatible materials, allow for
simple assembly in a field setting, and maintain sterility throughout incubation. The
encapsulation process was designed to ensure that the viability of marine sediment
bacteria was not adversely impacted by the encapsulation process. The process was
validated using representative bacteria isolated from temperate marine sediment
samples: Marinomonas polaris, Psychrobacter aquimaris, and Bacillus licheniformis.
The overall process appeared to promote metabolic activity of most representative
species. Thus, microfluidic encapsulation of marine bacteria and subsequent in-situ
incubation in the MD Pod is expected to accelerate marine natural products discovery
by increasing the cultivability of marine bacteria.
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2.2 Introduction
The economic and health risks associated with drug-resistant microbial
pathogens are high,15,22 necessitating the discovery of novel natural products as
sources of clinically useful antibiotics.20,21 It is believed that many symbiotic
microorganisms are the true source of secondary metabolites isolated from
invertebrates such as sponges and tunicates.28 As discovery rates of novel natural
products from terrestrial sources declined, it is not surprising that scientists have shifted
toward marine habitats as a source for natural product discovery.23,27–29 In fact, more
than 30,000 marine natural products have been discovered, with many isolated from
marine invertebrates and their associated microorganisms.135,136 While the field of
marine natural products offers much potential, discovery efforts have been hindered by
the difficulty associated with the culture of microorganisms truly representative of the
microbial diversity present in marine habitats.
The ‘The Great Plate Count Anomaly’ 60 states that approximately 99% of
bacteria are ‘uncultivable’ 56 under standard laboratory conditions, highlighting the
untapped biological and chemical potential.137 There are several causes of this
phenomenon: culturing in a laboratory using traditional techniques does not account for
interactions between organisms and their natural environment, lacks cell-to-cell
communication,67 and is unable to understand and mimic ideal growth conditions.66,69,93
Additionally, novel slow-growing bacteria are frequently overgrown by taxa which thrive
under standard culture conditions.81 Therefore, culturing ‘uncultivable’ bacteria using
new methods has the potential to lead the way for marine natural product discovery.
Single-cell isolation via dilution-to-extinction is one method used for culturing
‘uncultivable’ bacteria.81 However, it limits the growth of many bacteria due to the lack of
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cell-to-cell communication.84,87 To overcome this limitation, co-culture may facilitate the
transmission of growth factors required to support the growth of fastidious members of
bacterial communities.89,138 Growth in the presence of helper bacterial strains,93 which
provide essential growth factors to proximal bacteria, has led to the cultivation of several
‘uncultivable’ marine bacteria that were subsequently used to obtain novel natural
products.95–98 Nonetheless, co-culture is limited by countless combinations of different
species and growth conditions necessary for culturing a diverse array of bacteria.99
Implementation of in-situ cultivation techniques may be considered another form of
microbial co-culture,81 which led to the development of diffusion growth chambers.
Diffusion growth chambers are hollow structures with filter membranes.57 The
chambers are placed in natural environments for sample incubation (i.e. in-situ
incubation).121 The use of such chambers enabled the cultivation of microorganisms
with unknown, or difficult to mimic, growth requirements and has resulted in increased
cultivation efficiency and microorganism diversity.105,121,123 For example, Doty et al. and
Chaudhary et al. enhanced the growth of soil bacteria using soil growth chambers;127,139
Kaeberlein et al. cultivated 300 times more micro-colonies in comparison to growth on
standard petri dishes (i.e. traditional plating);125 and Bollmann et al. used chambers that
resulted in the isolation of the rarely cultivated groups Verrucomicrobia and
Acidobacteria.126 However, the chambers used in these examples were cumbersome
and low throughput, thus limiting their usefulness for in-situ incubation and microbial
recovery.
The isolation chip, or iChip, sought to improve throughput by combining bacterial
growth and isolation in a single step. This resulted in the isolation of a greater diversity
of microbes compared to traditional plating,79,120 and enabled the discovery of a new
antibiotic, teixobactin.132 However, this method is limited by the lack of cell-to-cell
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communication. Combining single-cell isolation and co-culture would overcome this
shortcoming, fostering the growth of novel ‘uncultivable’ bacteria.131 Single-cell isolation
can be achieved by encapsulating cells in individual microbeads that allow diffusion of
compounds between natural habitats and encapsulated cells,118 and adjusting the
number of microbeads in a growth chamber can result in a concentration of cells similar
to that of natural bacterial habitats.87 Single-cell encapsulation also acts as a form of
dilution-to-extinction, which could eliminate potential competition among bacteria and
could result in the cultivation of pure cultures.67 Zengler et al. and Ji et al. encapsulated
environmental bacteria using emulsification and placed them in a growth column,
through which a low nutrient flux was supplied. These methods resulted in the growth
and isolation of many ‘uncultivable’ phylotypes and higher frequencies of novel bacterial
taxa when compared to traditional plating.55,78,140 Additionally, Mahler et al. increased
recoverable bacterial diversity and isolated several rare genera by incubating droplets
containing soil bacteria in perfluorinated oil using microfluidics.64 While these
approaches met with some success, we reasoned that the development of an in-situ
growth chamber containing encapsulated bacterial cells would significantly improve the
ability to culture previously ‘uncultivable’ bacteria.
Herein, we present an in-situ growth chamber designed to enhance the growth of
novel ‘uncultivable’ bacteria through the combination of single-cell isolation and coculture in the microbes’ natural habitat. We have named this in-situ growth chamber the
microbe domestication pod, or MD Pod. Single-cell isolation was achieved by
encapsulating marine sediment bacteria in agarose microbeads using microfluidics,
which produces thousands of microbeads in a short period of time, compared to other
low-throughput methods in previous literature 66,141,142. Co-culture would be achieved by
suspending the microbeads in the MD Pod. The concept for the use of the MD Pod to
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improve the recovery of ‘uncultivable’ bacteria and natural product discovery is
illustrated in Figure 2.1. To the best of our knowledge, use of microfluidic cell
encapsulation for microbial natural product discovery using an in-situ growth chamber
has not been previously reported. In this paper, three MD Pod designs were developed
and tested for biocompatibility and sterility. Additionally, the effect of the encapsulation
process on bacterial viability was validated using three bacterial species previously
isolated from temperate intertidal marine sediments (Marinomonas polaris,
Psychrobacter aquimaris, and Bacillus licheniformis).

Figure 2.1: Schematic of the process proposed for the use of the microbe domestication
(MD) Pod as an in-situ growth chamber. The process consists of: i. bacteria
encapsulation using a microfluidic chip (scale bar is 1 cm); ii. loading of encapsulated
microbes into the MD Pod (scale bar is 11 mm); iii. in-situ incubation of the MD Pod in a
natural environment; and iv. retrieval of the domesticated microbes from the MD Pod
and screening for natural products.

2.3 Materials and Methods
2.3.1 MD Pod fabrication
The MD Pod was designed to act as a modified growth chamber, capable of
providing a space to suspend encapsulated bacteria during in-situ incubation while
preventing cell migration into or out of the chamber whilst allowing maximal diffusion of
nutrients/chemical signals between the chamber and the outside environment.79
Polycarbonate track etch (PCTE) membranes with a 30 nm pore size (SterliTech, USA)
were used to seal all MD Pods since these membranes have been used successfully for
this application.143 As shown in Figure 2.2, three MD Pod designs were developed and
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tested. The drop-shaped and cylindrical MD Pods (Figure 2.2(a and b)) were designed
using CAD software. The drop-shaped MD Pod was 3D printed using Form 2 SLA
printer and Dental LT resin (Formlabs, USA). The cylindrical MD Pod was 3D printed
using an M200 fused-deposition modeling printer and acrylonitrile butadiene styrene
(ABS) (Zortrax, Poland). Both MD Pods were sterilized by soaking all parts in 70%
isopropyl alcohol (IPA) for 10 – 15 mins prior to assembly. The chamber volumes for the
drop-shaped and cylindrical MD Pods were 0.33 mL and 2.68 mL, respectively.
The flexible MD Pod (Figure 2.2(c)) was fabricated using a mold that was
designed using CAD software and 3D printed using Form 2 and Flexible resin
(Formlabs, USA). For each side of the MD Pod, a PCTE membrane was centered on
the mold platform, then the mold was filled with polydimethylsiloxane (PDMS) using a
10:1 weight ratio of elastomer:curing agent (Sylgard™ 184 Elastomer Kit, Dow, USA).
Each side of the MD Pod was then cured in an oven at 70ºC for 2 hrs. A luer lock needle
tip was placed between the two sides to enable sample loading into the MD Pod.
Uncured PDMS was used to seal the two sides together and the MD Pod was re-cured
in the oven at 70ºC for an additional 2 hrs. The assembled MD Pod was sterilized by
autoclaving, and the needle tip was sealed using a sterile luer lock cap. The cavity
volume of the flexible MD Pod was 11.0 mL.
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Figure 2.2: Development of MD Pod designs. (a) A drop-shaped MD Pod made from
Dental LT resin using stereolithography 3D printing. (b) A cylindrical MD Pod made from
acrylonitrile butadiene styrene (ABS) using fused-deposition modelling. (c) A flexible MD
Pod made from polydimethylsiloxane (PDMS) using injection molding. For all MD Pods:
i. represents the shape of an MD Pod, ii. represents the MD Pod submerged under
sediment, and iii. represents assembled and exploded views of the MD Pod. All MD
Pods use two PCTE membranes to seal.
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2.3.1

Bacteria preparation

For encapsulation rate and biocompatibility analyses, Escherichia coli K12
ER2925 (New England Biolabs, Ipswich, USA) was cultured in 5 mL of Luria-Bertani
(LB) Miller broth (EMD Millipore Sigma, Canada) at room temperature with shaking at
200 rpm for 18 hrs. Optical density at 600 nm (OD600) was measured using a
NanoDrop® ND-1000 Spectrophotometer (ThermoFisher, USA). An OD600 of 1
corresponds to approximately 1.67×108 E. coli cells (Sezonov, Joseleau-Petit, & D’Ari,
2007). According to Poisson distribution,119,140 approximately 7.64×106 cells are required
to achieve a 36% single-cell encapsulation rate in 100 μm microbeads. Hence, based
on the OD600 measurement, the volume of E. coli inoculum corresponding to this
number of cells was centrifuged at 4500 × g for 5 mins to obtain a cell pellet.
To understand the effect of encapsulation and incubation on bacteria that would
be cultivated within the MD Pods during in-situ incubation, three marine sediment
bacteria were selected from the UPEI Marine Natural Product Lab (Canada) culture
collection as representative strains: two gram-negative (Marinomonas polaris and
Psychrobacter aquimaris) and one gram-positive (Bacillus licheniformis) bacteria. These
bacteria were previously isolated from Prince Edward Island (PEI), Canada, marine
sediments using similar methods applied in previous works.144,145 Gram-negative and
gram-positive bacteria were selected to benchmark the resilience of taxonomically
diverse bacteria146 against the encapsulation process. All strains were grown in 5 mL of
marine broth (MB) (BD Difco™, Fischer Scientific, USA) at room temperature with
agitation at 200 rpm for 18 hrs. Cells were pelleted as described for E. coli, assuming
that an OD600 of 1 for these cells corresponds to approximately the same cell count as
that for E. coli.
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2.3.2

Bacteria encapsulation

Microfluidics was selected for cell encapsulation due to the high-throughput of
microbead production and size reproducibility.112,147 A cross-flow microfluidic chip with
1000 µm square channels and inline inlets and outlets was used. The chip was
designed using SolidWorks computer-aided design (CAD) software (2017 – 2018
version) and 3D printed on a Form 2 stereolithography (SLA) (Waheed et al., 2016)
printer (Formlabs, USA) using methacrylate Clear photopolymer (Formlabs, USA).
To achieve correct cell concentration prior to encapsulation, 4 mL of molten 1%
w/v agarose (Sigma Aldrich, USA) maintained at 45ºC was added to the pelleted cells
and then briefly vortexed (10 s) to suspend the cells. Although agarose has lower
mechanical strength than other hydrogels, it was chosen in this work because of its
stability, cell compatibility, and straightforward preparation.112 As the microbeads are
suspended in the MD Pod, they are protected from potential external mechanical
stresses. The molten agarose cell suspension was used as the dispersed phase in the
previously described cross-flow chip to encapsulate marine sediment bacteria in
approximately 80 ± 20 μm agarose microbeads. This diameter was selected to ensure
enough space for colony formation inside each microbead.148,149 Mineral oil (Sigma
Aldrich, USA) containing 4% v/v Span® 80 nonionic surfactant (Sigma Aldrich, USA)
was used as the continuous phase.80 Two syringe pumps (Chemyx Fusion 100, USA)
were used to drive the flow in the microfluidic chip (Figure 2.3). Flow rates were 5 mL/hr
for the dispersed phase and 110 mL/hr for the continuous phase. A split junction was
designed with 2 mm square channels and 3D printed using Form 2 and Clear resin to
split the continuous phase flow coming into the microfluidic chip. An aluminum heat
block was machined to precisely cradle the agarose syringe, needle tip, tubing, and the
microfluidic chip, and was maintained at 45ºC to prevent agarose gelation during
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encapsulation and, therefore, maintain a stable flow. Heat was supplied through two 1
inch 50 W cartridge heaters and temperature was monitored and controlled using a
thermocouple and a proportional-integral-derivative controller, respectively (Omega
Engineering, Canada). The microbead outlet tubing was cooled using a Peltier cooler
system (TEC1-12706, Walfront, Amazon, Canada), with an average measured surface
temperature of 16ºC.
Excess mineral oil was removed from agarose microbeads by washing the
microbeads with LB (for E. coli) or diluted marine broth (dMB; 1:10 dilution in sterile type
I water) (for marine sediment bacteria) over a 60 µm cell strainer (pluriSelect Life
Science, Germany). Microbeads collected in the strainer were then washed over a 100
µm cell strainer with 10 mL of LB or dMB to obtain a solution of microbeads in the filtrate
with 60 – 100 µm diameters. Blank agarose microbeads (i.e. beads formed in the
absence of bacteria) were prepared using the same procedure. To prepare samples for
standard plating, cell pellets were resuspended in 4 mL of LB (E. coli) or dMB (other
strains). These samples serve as a comparison to the encapsulated bacterial samples.
Uninoculated dMB and blank agarose microbead solutions served as controls in the
analyses presented in this paper. All solutions were stored at room temperature on a
rocker for the required duration of analysis.
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Figure 2.3: Cell encapsulation setup. The setup is composed of: i. a PID temperature
controller; ii. a dispersed phase syringe pump; iii. a heat block for the dispersed phase
syringe, microfluidic chip, and tubing (two cartridge heaters and a thermocouple are
fitted inside the heat block); iv. a cross-flow microfluidic chip; v. a Peltier cooler; vi.
collection tubes; vii. a continuous phase syringe pump; and viii. a split junction.

39

2.3.3

MD Pod seal testing

To assess the seals of each MD Pod design against microbial migration, two sets
of triplicate MD Pods were aseptically assembled and loaded with sterile deionized (DI)
water and resuspended B. licheniformis, respectively, and then submerged for 24 hrs in
a 5.5 gallon salt water aquarium equipped with an air bubbling stone, Silentstream 10
Power Filter with cartridge and UF 40 Under Gravel Filter (TopFin, Franklin, WI)
containing marine sediment collected from PEI intertidal zones (GPS: 46°25’30” N,
63°7’13” W; temperature: 23 ± 1ºC; salinity: 27 ± 1 ppt; pH: 8 ± 0.5) (Figure 2.2). The
MD Pods were gently submerged within the aquarium sediment (at an approximated
depth of 5 cm) to reduce the risk of sediment grains puncturing the PCTE membranes.
After 24 hrs, the MD Pods were removed from the aquarium and 100 µL of the contents
were directly plated on marine agar (BD Difco™, Fischer Scientific, USA) to ensure the
growth of only one species: B. licheniformis. This characterization was confirmed
through DNA sequencing of observed colonies after approximately 5 days of growth at
room temperature. Similarly, triplicate MD Pods were loaded with encapsulated
B. licheniformis to ensure that incubating cell-containing microbeads results in the
growth of single-species colonies. Sterility success rate was determined based on the
percentage of MD Pods that did not show contamination when loaded with resuspended
and encapsulated B. licheniformis.

2.3.4

Cell viability assessment

Cell viability assessments were performed using fluorescent Live/Dead bacterial
staining (PromoCell, Germany) and PrestoBlue® cell viability reagent (ThermoFisher,
USA). To determine the effect of encapsulation on cell viability, encapsulated samples
were compared to resuspended samples (serving as controls) for each marine sediment
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bacteria species. It should be noted that this assessment was first performed using
encapsulated and resuspended E. coli to ensure the repeatability of the encapsulation
process prior to using the marine strains.
For the Live/Dead assay, 100 μL of bacterial samples were mixed with 1 μL of
the stain mixture (prepared according to the manufacturer’s recommendation) and
viability was assessed by fluorescence microscopy using a Revolve4 microscope and a
20× objective (ECHO, USA). Percent viability was calculated using the following
formula:
% viability = [Live Cells/Total Cells] × 100%. A minimum of 10 microbeads was
assessed for each bacterial strain.
The PrestoBlue® assay indicates metabolic activity by measuring the reduction
of resazurin, a non-toxic150 and non-fluorescent dye, to the highly fluorescent
resorufin.151,152 Higher fluorescence intensities were correlated to increased metabolic
activity and, thus, more viable cells.152,153 PrestoBlue® (10 µL, 40 µg/mL) was added to
samples (90 µL), which were then incubated at room temperature for 1 hr. Fluorescence
readings were measured using a SpectraMax M5e spectrophotometer (Molecular
Devices, USA) at excitation/emission wavelengths of 560/590 nm. The fluorescence
readings of blank samples (dMB or blank agarose microbeads) were subtracted from all
readings. All readings were recorded in terms of relative fluorescent units (RFU).
All statistical analyses were performed using GraphPad Prism 8 (La Jolla,
California, USA). Statistical significance was determined using two-way, repeated
measures ANOVAs and post-hoc analysis involved unpaired, two-tailed t-tests and the
Holm-Sidak method of correction for p-values, with an alpha of 0.05. Each data set was
analyzed individually without assuming a consistent standard deviation.
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2.4 Results and Discussion
2.4.1 MD Pod biocompatibility and cell migration testing
Prior to fabricating the MD Pods, the materials used for fabrication were tested
for biocompatibility. To assess biocompatibility, E. coli was cultured in the presence of
each fabrication material and compared to control cultures. The materials tested
include: cured Dental LT resin (used to fabricate the drop-shaped MD Pod), cured Clear
resin (used to fabricate the microfluidic chip), acrylonitrile butadiene styrene (ABS)
(used to fabricate the cylindrical MD Pod), cured polydimethylsiloxane (PDMS) (used to
fabricate the flexible MD Pod), and silicone glue (used to assist in sealing the flexible
MD Pod). While the material used to fabricate the drop-shaped MD Pod slightly inhibited
the endpoint growth of E. coli cultures when compared to the controls (Appendix A.3),
the materials used in the fabrication of the cylindrical and flexible MD Pod designs were
more biocompatible with E. coli cultures. This observation implied that ABS and PDMS
are relatively safe to be used as MD Pod fabrication materials, while Dental LT could
compromise cell viability.
Three MD Pod designs were prototyped and assessed for ease of assembly and
integrity of the seal formed after assembly, which is essential to prevent migration of
bacteria in or out of the MD Pod. The drop-shaped MD Pod required significant
assembly prior to use, including enclosure via nine screws. Assembly was not only
difficult and time consuming (approximately 30 – 45 mins per MD Pod), but it also
provided many crevices which made it difficult to sterilize the MD Pod, leading to
potential contamination of its contents. If any of the screws or body parts were
misaligned during assembly, leakage resulted. Additionally, the MD Pod body tended to
crack if screws were over-tightened. Consequently, only 11% of the drop-shaped MD
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Pods did not exhibit cell migration (Table 2.1) as was observed by the growth of
bacterial morphotypes easily distinguishable from B. licheniformis. Due to these results,
no further work was conducted with this MD Pod design.
The cylindrical MD Pod was easier to assemble (requiring approximately 5 – 10
mins per MD Pod) than the drop-shaped MD Pod and the commonly used iChip
(typically requiring approximately 10 mins of assembly).134,154 The cylindrical design
reduced the number of crevices and improved ease of sterilization. However, the fragile
membranes were easily torn during assembly due to the pressure exerted by the outer
O-rings placed over the membranes for sealing, causing seal failure. Cell migration
testing of this design resulted in a 42% success rate (Table 2.1). The body of this MD
Pod design was not affected by the mechanical pressure exerted on it by the six O-rings
used. Although the cylindrical MD Pod design reduced assembly time and resulted in an
improved seal compared to the drop-shaped MD Pod, cell migration still occurred in
more than half of the assembled cylindrical MD Pods, thus no further work was
performed with this design.
Through multiple experiments, it became apparent that an MD Pod design
requiring assembly at the time of sample loading entailed an increased chance of seal
failure and, hence, cell migration. Therefore, the flexible MD Pod was designed to
require no assembly prior to use through creating a permanent seal between the PCTE
membrane and the flexible MD Pod PDMS body during fabrication. As a result, the
flexible MD Pod could be loaded immediately following sterilization. This quality reduced
chances of cell migration, as demonstrated by a 78% success rate (Table 2.1),
representing a significant improvement over the previous designs. The limitation in seal
integrity could be due to an improper sealing of the PDMS with the membrane or luer
lock needle tip resulting from misalignments or inadequate adhesion between the two
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PDMS body layers. To reinforce the seals, additional silicone glue could be applied.
Alternatively, using an automated method of MD Pod fabrication and PDMS body part
alignment could reduce seal failures. Despite some limitations, time required for
assembly of the flexible MD Pod offers a significant advantage over the previous MD
Pod designs and previous growth chamber attempts. The shape and size of the flexible
MD Pod can also be easily altered to accommodate the use of this MD Pod in different
environments by 3D printing a modified 3D mold.
Table 2.1: Biocompatibility, assembly time, and success rate of the three MD Pod
designs. An MD Pod design was considered biocompatible if the materials used in its
fabrication did not suppress bacterial species growth. Assembly time refers to the
approximate time required for each MD Pod to be aseptically assembled prior to use.
Success rate is based on the percentage of MD Pods without cell migration following
incubation (n = 6).
Assembly Time
MD Pod Design
Biocompatibility
Success Rate (%)
(mins)
Drop-shaped
Incompatible
30 – 45
11
Cylindrical
Compatible
5 – 10
42
Flexible
Compatible
0
78

2.4.2

Bacteria encapsulation assessment

According to Poisson distribution, approximately 36% of cells were expected to
contain a single cell. To assess the encapsulation rate of bacteria using the microfluidic
encapsulation setup, the number of E. coli cells in > 1000 microbeads (Appendix A.5)
was counted via bright field microscopy (Cytation™ 5 Imaging Multi-Mode Reader,
BioTek, USA). The cell count resulted in a bell-shaped curve peaking at approximately
23% for microbeads containing a single cell (Appendix A.5), which is in agreement with
similar studies of encapsulated E.coli using cross-flow channels.80,155–157
To determine the effect of the encapsulation process on the viability of marine
bacteria, viability of three representative strains was assessed before and after
encapsulation using a fluorescent Live/Dead assay. The percentage of live
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encapsulated and resuspended (nonencapsulated) bacterial cells was monitored at two
time points: the day of encapsulation and one week following encapsulation (Figure
2.4). An unpaired, two-tailed t-test was performed at both time points to determine the
effect of encapsulation on each bacterial strain. The viability of resuspended M. polaris
cells was significantly greater than the viability of encapsulated M. polaris cells on the
day of encapsulation (t(20) = 2.802, p = 0.011) and one week following encapsulation
(t(22) = 5.092, p < 0.0001). Conversely, the viability of encapsulated and resuspended
P. aquimaris and B. licheniformis cells was not significantly different on the day of
encapsulation (t(21) = 1.497, p = 0.149 and t(20) = 1.228 , p = 0.234, respectively) or
one week following encapsulation (t(35) = 0.664, p = 0.511 and t(41) = 0.126, p = 0.901,
respectively).

This is likely due to the elevated temperature required to maintain the

agarose in a molten state during encapsulation (Figure 2.5). While M. polaris is
psychrotolerant and typically lives at temperatures between 4 ºC and 37 ºC, B.
licheniformis and P. aquimaris are mesophilic and are capable of surviving at higher
temperatures.158–161 Thus, the viability of P. aquimaris and B. licheniformis cells was not
adversely affected by the encapsulation process. The reduced viability of encapsulated
M. polaris suggests that temperature-sensitive bacteria may not be efficiently recovered
using the current encapsulation process.
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Figure 2.4: Viability of encapsulated and resuspended marine sediment
bacteria (M. polaris, P. aquimaris, and B. licheniformis) using Live/Dead
bacterial staining on the day of encapsulation (Day 1) and one week following
encapsulation (Day 8). Results are averages calculated from at least ten
independent measurements. Error bars indicate standard error, * denotes
significance of p ≤ 0.1, and *** denotes significance of p ≤ 0.001.
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Figure 2.5: Effect of encapsulating temperature on the growth of representative marine
sediment bacteria (M. polaris, P. aquimaris, and B. licheniformis) and E. coli. Samples
were incubated at room temperature (20 ºC) or subjected to heat (45 ºC) for 1 hr (similar
to the encapsulation duration) then grown at room temperature on a rocker. Cell viability
was determined using (a) the PrestoBlue® assay measured via relative fluorescent
units (RFU) and (b) colony counts after 5 days of growth measured via colony forming
units per mL (CFU/mL). Error bars reflect standard error and *** denotes significance of
p ≤ 0.001.

47

Cell viability was also assessed using the PrestoBlue® assay to compare
encapsulated and resuspended samples for each representative species. There was a
significant day x treatment interaction for all species: F(4,24) = 93.02, p < 0.0001 for
M. polaris, F(4,24) = 5.725, p = 0.0022 for P. aquimaris, and F(4,24) = 40.05, p <
0.0001 for B. licheniformis. Post hoc analysis showed a significant difference between
encapsulated and resuspended samples after five days of observation. Encapsulated
M. polaris samples appeared to have significantly lower fluorescence compared to
resuspended M. polaris samples (t (6) = 39.81, p < 0.0001, Figure 2.6(a)). On the
contrary, encapsulated P. aquimaris and B. licheniformis samples appeared to have
significantly greater fluorescence compared to their respective resuspended bacteria
samples (t(6) = 26.95, p < 0.0001 and t(6) = 24.21, p < 0.0001, Figure 2.6(b and c)).
While the low fluorescence of encapsulated M. polaris is likely due to the high
temperature required for encapsulation, the greater fluorescence observed for
encapsulated P. aquimaris and B. licheniformis samples over time could be attributed to
the agarose microbeads acting as a growth medium to enhance metabolic activity.
Additionally, the higher viability of the encapsulated samples proves that P. aquimaris
and B. licheniformis were able to withstand the vortex force used to form cell pellets, the
shear stress imposed on the cell/agarose mixture in the cross-flow microfluidic chip, the
relatively high temperature of encapsulation (45 ºC), and the suspension in mineral oil
during and after encapsulation. Overall, differences in viability between the three
encapsulated strains could be due to differences in their responses to the temperature
(45 ºC) and matrix (agarose) used during encapsulation. Additionally, different growth
rates and metabolic characteristics might influence the viability of encapsulated
samples. While various marine bacteria species appear to respond differently to the
encapsulation process, this work shows that most mesophilic bacteria are not adversely
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impacted by encapsulation, and that encapsulation might, in fact, be beneficial in
promoting the metabolic activity of similar marine species. On the other hand, the
viability of cold-adapted bacteria could be significantly reduced due to the encapsulation
process temperature.

Figure 2.6: Assessment of viability over five days of encapsulated and resuspended (a)
M. polaris, (b) P. aquimaris, and (c) B. licheniformis using the PrestoBlue® assay
measured via relative fluorescent units (RFU). Results are averages calculated from
four independent measurements. Error bars reflect standard error.
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To assess the ability of cells to multiply within agarose microbeads, fluorescent
images of the three encapsulated marine sediment bacteria were taken on the day of
encapsulation (Day 1, Figure 2.7) and one week following encapsulation (Day 8, Figure
2.7). The growth of a single colony into multiple, larger colonies demonstrates that
encapsulated cells not only survive but could be capable of becoming enriched, or
‘domesticated,’ to the point that they will survive upon transfer to the laboratory for
further analysis. Additionally, the observation of dead cells within the microbeads was
rare, further indicating the successful growth of bacteria within the microbeads. Some
bacteria cells were observed to migrate out of the microbead after incubation for one
week (Figure 2.7). Given an extended incubation duration within a nutrient rich
environment, bacteria within a microbead were capable of migrating out of it. Therefore,
an optimal incubation period of approximately 1 week was determined for marine
sediment bacteria. It is important to note that different environments might require
varying incubation times, which must be optimized to ensure that slow growing bacteria
have sufficient time to grow while preventing the overgrowth of faster growing bacteria.
While the viability of various bacterial strains differs following encapsulation
(based on different growth characteristics), the results illustrated in this work
demonstrate that encapsulation does not adversely affect mesophilic species. Although
some marine sediment bacteria, such as M. polaris, could be sensitive to the conditions
required for encapsulation (such as temperature), growth into larger colonies from a
single colony were observed for this species as well. However, other marine sediment
bacteria, such as P. aquimaris and B. licheniformis, appear to be better suited to
encapsulation based on observed growth of colonies within microbeads and viability
assessments.
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Figure 2.7: Images of the three encapsulated marine sediment bacteria: M. polaris,
P. aquimaris, and B. licheniformis observed on the day of encapsulation (Day 1) and
one week following encapsulation (Day 8), captured using Live/Dead bacterial staining
and Revolve4. Scale bar is 25 µm. Green dots represent live and dead cells, while red
dots represent dead cells. No red dots were observed in these samples.
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2.5 Conclusion
The fabrication and testing of three MD Pod designs resulted in the development of
a design that was easily assembled, biocompatible, and maintained an intact seal in
78% of tests. In addition, the encapsulation process was well‐tolerated by mesophilic
bacteria. In fact, encapsulation appeared to promote the metabolic activity of P.
aquimaris and B. licheniformis samples over time when compared with their respective
resuspended, control samples. In contrast, the viability of the psychrotolerant bacterium
tested in this study, M. polaris, was significantly reduced after encapsulation. This result
suggested that temperature‐sensitive bacteria might be adversely impacted by
encapsulation. Thus, their recovery from environmental samples could be limited by the
current encapsulation method. This issue could be addressed in future studies by using
low‐melting point agarose to enable the use of lower temperatures during
encapsulation.
This study partially resolved the problems previously faced with growth chambers
and introduced a design that enables simultaneous single‐cell isolation and bacterial coculture. The MD Pod also allows for shape and size customization as well as direct
sample loading, expanding the ability of this growth chamber to be easily used in a field
setting. Through assessing the effectiveness of using bacterial encapsulation followed
by in-situ MD Pod incubation, this study sets the stage to further promote the growth of
“uncultivable” bacteria. Given the process of natural product discovery from
“uncultivable bacteria” is generally expensive and time consuming, this method aims to
aid in eliminating one of the most time‐consuming steps entailed in this process (i.e.,
species isolation) as it is compatible with high‐throughput screening that could be easily
automated. Future developments and/or integration with other downstream technologies
could assist in high‐throughput screening of the grown colonies, which could be
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sequenced to determine novelty. Species which have not been isolated previously could
be screened for bioactivity, and those of interest could be further investigated for the
production of natural products.
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Chapter 3: Effects of Matrix Composition and Temperature
on Viability and Metabolic Activity of Microencapsulated
Marine Bacteria

A modified version of this chapter is to be published as:
Emily Pope, Bradley Haltli, Russell G. Kerr, Ali Ahmadi. Effects of Matrix Composition
and Temperature on Viability and Metabolic Activity of Microencapsulated Marine
Bacteria. Lab on a Chip. In progress.
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3.1 Summary
To enhance the discovery of novel natural products, various innovations have been
developed to aid in the cultivation of previously unculturable microbial species. One
approach involving the microencapsulation of bacteria has been gaining popularity as a
new cultivation technique with promising applications. Previous studies have
demonstrated the success of bacterial encapsulation yet highlighted that a key limitation
of encapsulating bacteria within agarose is the high temperature required for
encapsulation. Encapsulation of bacteria within agarose typically requires a temperature
high enough to maintain the flow of agarose through microfluidic devices without
premature gelation. Given the sensitivity of many bacterial taxa to temperature, the
effect of various agarose-based encapsulating matrices on bacterial viability was
assessed to further develop this approach to bacterial culture. It was determined that
lowering the temperature of encapsulation via the use of low gelling temperature
agarose as well as the addition of nutrients to the matrix significantly improved viability
of representative marine sediment bacteria in terms of abundance as well as metabolic
activity. Based upon these findings, the use of low gelling temperature agarose with
supplemental nutrients is recommended for encapsulation of marine bacteria obtained
from temperate habitats.
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3.2 Introduction
A key issue in modern microbial natural products discovery is the inability to culture
the vast majority of the microbial world.55,57–61 This critical issue has been termed the
‘Great Plate Count Anomaly’ since it is known that the growth of microbial colonies
observed within the laboratory does not accurately represent the true microbial
biodiversity.59–61 The ability to culture microbes is vital for gaining a greater
understanding of these organisms and the unique compounds they produce which have
potential pharmaceutical and biotechnological applications.14,47–49 As a result, various
methods have been employed over the years in an attempt to culture a greater
proportion of microbes from various environments. The simplest of these methods
includes the modification of growth characteristics and media components to facilitate
the growth of different species.56 Another technique, known as co-culture, allows for the
transmission of chemical signals between organisms as some microbes are incapable
of growing without specific signal molecules from nearby helper bacteria. 57,79,122,158 The
incubation of bacterial cells within their natural habitat, a technique known as in-situ
incubation, is a cultivation strategy that eliminates the need to optimize various
parameters within the laboratory setting including but not limited to temperature, salinity,
pH, nutrient content, and aeriation.57,79,122,158 More recently, the use of single cell
isolation in combination with miniaturization has led to a more high throughput approach
to the discovery of individual species as miniaturization allows for the testing of
increased sample sizes and the initial separation of individual species allows for more
streamlined downstream processing.100,119,123,162 Furthermore, the combination of these
various techniques is expected to enable the cultivation of an even greater proportion of
microbes.57

56

Microencapsulation of bacteria represents a relatively new cultivation technique
that overcomes some key limitations in previous culturing techniques through the
combination of previous principles.119,163,164 The encapsulation of bacteria within
agarose to form microbeads acts as a form of dilution to extinction which may aid
slower growing bacteria by preventing competition among organisms each confined to
their own microbead when single cell encapsulation is achieved.67 Additionally, the
formation of microbeads via microencapsulation acts as a form of miniaturization which
allows for the processing of a larger sample size thus facilitating greater throughput.
Microbeads can also be incubated in a particular environment which allows all
environmental parameters to be maintained while undergoing in-situ incubation
increasing the likelihood that cultivated cells will survive the transition to a laboratory
setting. 72,124 The use of a nutrient permeable matrix such as agarose to separate
individual cells still allows for a form of co-culture as well since cell signals may be
transmitted between cultures in adjacent beads.80,165 Thus, the combination of
microencapsulation with in-situ incubation encompasses all previous methods into one
method. Our previous research has demonstrated that encapsulation in agarose is wellsuited to mesophilic bacteria; however, may adversely affect the viability of
psychrophilic bacteria due to the relatively high temperature required for
encapsulation.166

While various gelling biomaterials may be used for the encapsulating matrix,
including agarose, alginate or gellan gum, among others, agarose may represent the
most versatile and compatible matrix due to its stability, biocompatibility, and ease of
preparation.117,167 Agarose allows for nutrient diffusion into the microbead from the
surrounding environment, allowing the physical and chemical environment surrounding
57

the cells to mimic the natural habitat when microbeads are incubated in-situ.163,165,168,169
Additionally, the use of agarose allows for future adaptations of the type of agarose
utilized to form the microbeads depending on the goal of the study; for instance, if
working in a cooler environment where heat stress may be detrimental to certain
species, low gelling temperature agarose (35 °C) can be used in place of traditional
ultrapure agarose (45 °C). Alternatively, if isolating microbes from a eutrophic
environment, nutrients can be added to the encapsulation matrix, or if attempting to
culture a specific taxa of bacteria, such as Actinobacteria, the agarose can be amended
with specific nutrients to aid in selective isolation of targeted taxa for this purpose.

Different growth requirements, including temperature tolerance, salinity
requirement, nutrient requirement, and motility, along with various other factors, play a
role in the viability of species following encapsulation. Thus, it is expected that the use
of different encapsulating matrices to support different growth requirements will be
beneficial in the cultivation of species that have previously been difficult to cultivate
within a laboratory setting. For instance, the use of various matrices including agarose,
collagen, chitosan, alginate, and gelatin, among others, have been used in various
studies to encapsulate bacteria.80,166,170–172 More specifically, these matrices may be
further modified to select for the growth and survival of specific organisms. For instance,
previous studies have shown that low gelling temperature agarose benefit slow-growing
bacteria and have suggested that low gelling temperature agarose may also improve
viability of psychrophilic bateria.166 Consequently, the use of low gelling temperature
agarose may decrease the detrimental impacts of high encapsulating temperatures
required for standard agarose while preventing premature gelation of microbeads during
the formation process. As most bacteria require some source of nutrients to survive, the
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addition of nutrients to the matrix may also improve bacterial viability.
As the effect of matrix composition on the microencapsulation of marine bacteria
has not been previously investigated, the viability of three representative marine
bacterial species previously isolated by us from our local temperate marine
environment, Prince Edward Island, Canada (Marinomonas polaris, Psychrobacter
aquimaris, and Bacillus licheniformis) was investigated using four different agarosebased matrices.144,170 Some of the characteristics of the representative bacteria utilized
for encapsulation are summarized in Table 1. The impact of modifying the
encapsulating matrix to allow encapsulation at a lower temperature as well as the
impact of adding nutrients to the matrix were both assessed independently and in
combination to determine the optimal encapsulating matrix for survival of the three
marine bacteria.
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Table 3.1: Characteristics of three bacterial species isolated from marine habitats in
Prince Edward Island, Canada 158,160,161,173–175
Species

Phylum
Class
Order
Family
Gram stain
Cell shape
Motility
Halophily

Oxygen
tolerance
Spore formation
Temperature
Temperature
Range
pH

Environments
isolated from
Biosafety level

Marinomonas polaris
(RKSB-7)

Psychrobacter
aquimaris
(RKSB-1A)
Proteobacteria
Proteobacteria
Gammaproteobacteria Gammaproteobacteria
Oceanospirillales
Halobacteriales or
Pseudomonadales
Oceanospirillaceae
Moraxellaceae
Negative
Negative
Rod
Coccus
Motile
No
Growth: 0-11%
Growth: 0-12%
Optimum: 5%
Optimum: 2.5%

Bacillus
licheniformis
(RKHZ-116)
Firmicutes
Bacilli
Bacillales

Aerobe

Facultative anaerobe

Bacillaceae
Positive
Rod
Motile
Growth:
unknown
Optimum:
unknown
Aerobe

No
Growth: 4-30 °C
Optimum: 22 °C
Psychrotolerant

No
Growth: 4-34 °C
Optimum: 27.5 °C
Mesophilic

Yes
Growth: 1-76 °C
Optimum: 50 °C
Mesophilic

Growth: 6-10
Optimum: 7

Growth: 5-7.5
Optimum: 7

Coastal sea water

Sea water

Growth:
unknown
Optimum:
unknown
Soil/Sediment

1

1

1
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3.3 Materials and Methods
To determine the impact of matrix composition on bacterial viability during
encapsulation, three representative marine bacteria (M. polaris, P. aquimaris and B.
licheniformis) isolated from intertidal marine sediments in Prince Edward Island, Canada
were prepared and encapsulated based upon our previous methods. 170 Briefly, each
bacterial strain was inoculated in 5 mL of marine broth (BD Difco™, Fischer Scientific,
USA) and incubated at room temperature on a shaker at 200 rpm for 48 hrs. Following
inoculation, the cell density of each culture (an approximation of concentration) was
determined using optical density at 600 nm measured via a NanoDrop® ND-1000
Spectrophotometer (ThermoFisher, USA) according to previous protocols. 170 As a cell
concentration of 7.64×106 cells/mL was required for optimal single cell encapsulation,
this concentration of each strain was centrifuged at 4500 × g for 5 minutes to obtain a
cell pellet.170,176 The bacterial pellets obtained were suspended in each representative
matrix as described in Table 2. Ultrapure agarose (Sigma Aldrich, USA) was maintained
at 45 °C during encapsulation while the low gelling temperature agarose (Sigma Aldrich,
USA) was maintained at 35 °C, representing a significant temperature difference. All
species were encapsulated in each matrix in triplicate.
Table 3.2: Composition of matrices
Sample Name
% UPA
1% LTA
1% UPA + 10% MB
1% LTA + 10% MB

Agarose Composition
1% w/v ultrapure agarose
1% w/v low gelling
temperature agarose
1% w/v ultrapure agarose
1% w/v low gelling
temperature agarose
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Nutrient Composition
none
none
10% w/v marine broth
10% w/v marine broth

The marine bacteria were encapsulated according to our previous methods.170 In
summary, bacteria were encapsulated within 80 ± 20 µm microbeads using a dispersed
phase consisting of the agarose bacterial suspension at a flow rate of 5 mL/hr and a
continuous phase consisting of mineral oil (Sigma Aldrich, USA) containing 4% v/v
Span® 80 nonionic surfactant (Sigma Aldrich, USA) at a flow rate of 110 mL/hr. Mineral
oil was removed from the samples by sequentially straining the microbead suspensions
over 60 µm and 100 µm cell strainers (pluriSelect Life Science, Germany). Diluted
marine broth (1:10 dilution) was used for straining the microbeads. Microbeads were
also prepared without bacterial inoculation as a control. As a comparison, cell pellets
were also resuspended in diluted marine broth using a 1:1000 dilution factor which
equates to the same concentration of cells per volume as the encapsulated samples
following the encapsulation protocol.
The number of viable bacteria in each sample was then assessed via colony
counts. Colony counts were performed by spreading 100 µL aliquots of each sample
onto marine agar plates (n = 3). All plates were incubated at room temperature (20 °C)
for five days prior to counting the number of colonies observed on each plate. To further
assess the effect of a lower encapsulating temperature on bacterial viability, triplicate
samples of each representative species prior to encapsulation were heated to 35 °C in a
water bath for one hr (representative of the time it takes for encapsulation). Control
samples, in triplicate, for each species were maintained at room temperature. Viability of
each species, at both temperatures, was determined using colony counts and the
PrestoBlue® assay. The PrestoBlue® assay was performed according to previous
methods and provides an indication of metabolic activity via the reduction of rezasurin to
resorufin.170 Results were indicated in terms of relative fluorescent units (RFU), high
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fluorescent intensities correspond to increased metabolic activity and consequently
more viable cells.152,170
All statistical analyses were performed using GraphPad Prism 8 (La Jolla,
California, USA). Statistical significance was determined using unpaired, two-tailed ttests and the Holm-Sidak method of correction for p-values, with an alpha of 0.05. Each
data set was analyzed individually without assuming a consistent standard deviation.

3.4 Results and Discussion
Based upon an assessment of the various matrix compositions and conditions, it
was determined that, as expected, the greatest impact on bacterial viability and
abundance for all species was temperature. The use of two different types of agarose
requiring different temperature conditions assessed the impact of temperature and an
altered agarose composition on viability. The effect of nutrient content was determined
by supplementing the agarose matrices with diluted marine broth. More specifically,
when assessing the impact of encapsulating matrix on M. polaris, it was determined that
there was a significant increase in viability when using a modified agarose matrix (low
gelling temperature or addition of marine broth) compared to the use of 1% ultrapure
agarose (Figure 3.1(a)).170 The use of low gelling temperature agarose had a greater
impact on viability than the addition of nutrients for this species as there was no
significant difference in cell viability between the sample with and without nutrients when
using low gelling temperature agarose (Figure 3.1(a)). Consequently, it was determined
that as long as this species is encapsulated at a lowered temperature, the addition of
nutrients has a negligible effect. However, when encapsulated at a higher temperature,
the addition of nutrients benefits the growth of the decreased number of cells that
survive encapsulation. This observation is consistent with growth requirements of M.
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polaris as it is known to be adapted to cold-water conditions and is tolerant of
oligotrophic conditions, thus the use of low gelling temperature agarose would be
expected to have a greater significance on improved viability compared to the addition
of nutrients.175
When assessing the impact of encapsulating matrix on P. aquimaris, a similar
trend was observed (Figure 3.1(b)). While there was a significant difference observed
between all combinations of encapsulating matrices (Appendix A.6), it appeared that the
lower encapsulating temperature again had a more significant effect on viability than
nutrient addition. Both M. polaris and P. aquimaris have an optimal growth temperature
below 35 °C, thus heating these species to any temperature above 35 °C would be
expected to negatively affect viability. This further indicates that the use of low gelling
temperature agarose and the corresponding lower encapsulating temperature will allow
a greater proportion of psychrotolerant marine bacteria to survive the encapsulation
process. 158,160,173–175
With an optimal growth temperature of 50 °C and an ability to survive under
harsher conditions, B. licheniformis has been shown to tolerate a variety of
encapsulation matrices and conditions.161,177

Thus, as may be predicted, the viability

of B. licheniformis was less affected by the use of 1% ultrapure agarose (1% UPA) than
M. polaris and P. aquimaris. This is likely due to the thermophilic nature of B.
licheniformis.170 Despite the well-recognized thermal tolerance of B. licheniformis, the
use of low gelling temperature agarose resulted in approximately 2.5 fold higher viability
relative to 1% UPA. As with M. polaris and P. aquimaris, the addition of dilute marine
broth had a negligible effect on the viability of B. licheniformis (Figure 3.1(c)). This may
be due to the fact that a relatively small amount of nutrients were added to the matrix
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and this species is known to benefit from a eutrophic environment.178,179 As a result, the
addition of a greater concentration of nutrients to the matrix would likely have had a
greater effect on the viability of this species.

Figure 3.1: Effect of Matrix on Encapsulation. Viability after encapsulation of three
representative marine sediment bacteria: (a) M. polaris, (b) P. aquimaris, and (c) B.
licheniformis, using four matrices assessed via colony counts in triplicate measured via
colony forming units per mL (CFU/mL). Error bars reflect standard error and * denotes
significance of p < 0.05 between modified matrix and 1% UPA.
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Due to the observation that the use of low gelling temperature agarose and the
corresponding lower encapsulating temperature (35 °C) appeared to have the most
significant impact on bacterial viability for the three test species (Figure 3.1), the effect
of temperature alone on viability was also assessed via comparison to room
temperature (20 °C). Based upon viability assessment using colony counts, there was
no significant difference in viability between 35 °C and room temperature for P.
aquimaris (t(4) = 0.44, p = 0.8988) and B. licheniformis (t(4) = 0.19, p = 0.8988) while
the viability of M. polaris was significantly reduced at 35 °C compared to room
temperature (t(4) = 5.61, p = 0.0148) (Figure 3.2(a)). While M. polaris showed
decreased viability at 35 °C compared to room temperature, viability was improved
significantly in comparison to previous studies examining the impact of a temperature of
45 °C on this species, which was required for encapsulation using ultrapure agarose
rather than low gelling temperature agarose.170 When assessing viability using the
PrestoBlue® assay, there was no significant difference for M. polaris (t(6) = 0.95, p =
0.3779) and P. aquimaris (t(6) = 2.89, p = 0.0549) between the two temperatures
indicating that the metabolic activity was not adversely impacted by a temperature of
35 °C (Figure 3.2(b)). On the other hand, there was a significant increase in the
metabolic activity of B. licheniformis (t(6) = 3.36, p = 0.0449) at the increased
temperature of 35 °C compared to room temperature. Thus, even bacteria adapted to
cooler conditions, such as M. polaris and P. aquimaris, did not appear to have a
lowered viability indicated by a measure of metabolic activity although growth on an
agarose plate was inhibited for M. polaris. Consequently, the heat required for
encapsulation using low gelling temperature agarose was shown to have a neutral or
even positive impact on bacterial viability.
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Figure 3.2: Effect of Temperature (35 °C) on Bacterial Viability. Representative marine
sediment bacteria (M. polaris, P. aquimaris, and B. licheniformis) were incubated at
room temperature (20 ºC) or subjected to heat (35 ºC) for 1 hr. Cell viability was
determined using (a) colony counts after 5 days of growth measured via colony forming
units per mL (CFU/mL) and (b) the PrestoBlue® assay measured via relative
fluorescent units (RFU). Error bars reflect standard error and * denotes significance of p
< 0.05.
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3.5 Conclusion
Upon assessing two agarose-based encapsulating matrices, two nutrient
compositions and two encapsulation temperatures, it was determined that the
temperature had a more significant impact on bacterial viability than varying nutrient
composition. Thus, modification of our previous cultivation method to use a lower
encapsulating temperature via the use of low gelling temperature agarose may improve
the recovery of a greater diversity of species from marine habitats therefore facilitating
the cultivation of new bacterial taxa.170 This study further demonstrates that the agarose
composition used for microencapsulation of environmental bacteria can be easily
modified based upon the environment of interest to maximize the viability and recovery
of extant bacterial inhabitants.166,172 Future experiments will be aimed at modifying the
matrix to further select for specific bacterial taxa. Additionally, a combination of matrix
compositions may be used to improve the cultivability of bacteria within a sample as
different bacteria present within the same sample may require slightly different growth
conditions.
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4.1 Summary
Despite difficulty in successfully culturing the majority of environmental microbes,
those that have been cultivated continue to be a significant source of natural products.
To drive the discovery of new natural products from previously unculturable microbes
several methods, including, but not limited to, modification of media composition and
incubation conditions, single cell isolation, and in-situ incubation, have been employed
to improve microbial recovery from environmental samples. To further improve microbial
recovery, this study examines the effect of microencapsulation followed by in-situ
incubation on the abundance, viability and diversity of bacteria recovered from marine
sediment samples. To examine the effectiveness of this methodology, bacteria
dislodged from marine sediment samples were concentrated by centrifugation and then
either resuspended (control) or encapsulated then incubated within modified dialysis
cassettes for a week in their natural environment. Samples were assessed based on
abundance, viability, and diversity before and after incubation. While the abundance,
viability and diversity were not significantly different between resuspended and
encapsulated samples before incubation, significant differences were observed between
the samples following incubation. The abundance of colonies observed for the
resuspended samples was significantly greater than that of the encapsulated samples,
while the viability and diversity of encapsulated samples was significantly greater than
the resuspended samples. The results of this study suggest microencapsulation
followed by in-situ incubation results in the recovery of a different composition of
bacteria compared to traditional cultivation. Conversely, the greater abundance of
growth observed from resuspended samples is likely due to the overgrowth of more
common, faster growing species rather than rare species as both overall viability and
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diversity of resuspended samples were significantly lower than encapsulated samples.
While future studies should aim to perform a comprehensive assessment of novel
species obtained using this new technique, this pilot study indicates the benefits of
microencapsulation followed by in-situ incubation compared to previous culture
methods.

4.2 Introduction
Microbial recovery from the natural environment has been a long standing issue
in the field of natural products discovery as the true biodiversity of the microbial world
remains inaccurately represented by bacteria cultured to date.1 As the vast majority of
natural products have been isolated from microbes, unculturable bacteria represent a
significant untapped resource in the field of natural products as the discovery of
previous compounds has been primarily restricted to species capable of growth under
traditional laboratory settings. 2–4 This issue has been named the “Great Plate Count
Anomaly.” This concept is currently defined as the discrepancy in microbes observed in
an environmental sample or detected via culture independent methods versus those
obtained using culture dependent methods.5–10 While natural products discovery
reached a peak during the twentieth century with the discovery of numerous
antibacterial, antifungal, antiviral, immunosuppressant, antiparasitic,
anticholesterolemic, and anticancer drugs, new innovations in cultivation techniques
continue to be developed in efforts to discover new remedies and medications. 11–14
To counteract the “Great Plate Count Anomaly” and ultimately assist in the
discovery of novel natural products, an array of new techniques has been developed
over the years for culturing previously unculturable bacteria. Simple alterations to the
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cultivation conditions such as modifying the media type (adding specific chemicals or
nutrients) or changing the growth conditions (incubation time, temperature, pH,
pressure, salinity or carbon dioxide / oxygen levels) have led to significant success in
culturing new taxa of bacteria;2,15–20 however, there are countless variables to take into
consideration using this methodology. Another technique used, known as single-cell
isolation, has also resulted in some success yet was limited by the fact that this
technique did not allow for cell-to-cell communication which is required for the growth of
some bacteria.21 Cellular communication often involves the transmission of signal
molecules, such as auto-inducers or peptides, which may play a role in cell growth.21 To
account for the fact that some species may be dependent upon interactions or signaling
from other organisms, a technique known as co-culturing or community culturing was
developed. This technique uses a helper bacterium or mixed bacteria community to
promote the growth of dependent bacteria.15 However, this process is limited by the
endless number of bacteria combinations that may be used as well as the differing
growth requirement and uneven growth rates of bacterial pairs.22
To further promote the growth of ‘difficult-to-culture’ microorganisms, in-situ
incubation of bacterial samples has become increasingly popular as this technique
allows for all environmental factors, including optimal habitat chemistry, biotic and
abiotic interactions and cellular signaling mechanisms to be maintained. 15,23 One of the
primary methods of in-situ incubation has been the use of diffusion chambers which are
hollow structures, covered by a semi-permeable membrane, containing microbes that
are incubated in the environment from which the sample was obtained.6 The semipermeable membrane allows transmission of environmental signals while preventing
migration of bacterial cells out of the chamber. Diffusion chambers thus provide the
numerous environmental conditions necessary for bacterial growth that are difficult to
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identify and control under laboratory settings.23,24 Following in-situ cultivation, the
domesticated microbes may then be more successfully cultured under laboratory
conditions.18,25 One example of a useful diffusion chamber was the isolation chip (i-chip)
which contains 384 miniature diffusion chambers each inoculated with a single cell.
While the i-chip provided high-throughput cultivation, easy microscope visualization of
colonies and increased bacterial recovery and diversity compared to traditional culturing
methods, the segregated chambers of the i-chip did not allow for nutrient and/or signal
exchange between wells, which likely limited its ability to recover taxa that require these
interactions.26,27
To build on past successes and to overcome previous limitations in microbial
cultivation, a new microbial cultivation technique was assessed which combined
aspects of previous techniques via the microencapsulation of bacteria followed by insitu incubation. In this process, the bacteria are permitted to exchange chemical signals
with one another while being individually separated via encapsulation in agarose
microbeads (single-cell isolation).6,28–30 Furthermore, the agarose used for
encapsulation may be modified dependent upon the environment of study (modification
of media/growth conditions).31 The microencapsulation of bacteria may act to further
promote growth of novel bacteria as it has been found that, in the natural environment,
many microbes live attached to surfaces, thus the agarose microbead provides a
surface for each bacterium to grow.6 The microencapsulated bacteria are then
incubated in a chamber within the natural environment (in-situ incubation). As a means
of making this method easily accessible and repeatable, we used modified dialysis
cassettes as our incubation chamber. When used as an incubation chamber, the
microencapsulated bacteria are contained within the dialysis cassette without migration
of additional microbes into the chamber while allowing small signaling molecules from
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the environment to diffuse across the membrane to promote the growth of the
microencapsulated bacteria.
To assess the applicability of this technique, marine sediment samples were
collected from Charlottetown Inlet, in Prince Edward Island. Marine sediment bacteria
were extracted from samples, and either resuspended as a control or encapsulated
within agarose microbeads. The microbeads as well as the resuspended bacteria were
then loaded into dialysis cassettes, placed back in the same environment from which
the sediment sample was collected and allowed to incubate for a week. Upon retrieval
from the environment, suspensions were unloaded from each dialysis cassette and
analyzed. Both resuspended and encapsulated marine sediment bacterial suspensions
were assessed for abundance, viability, and diversity before and after in-situ incubation.

4.3 Materials and Methods
4.3.1
Collection and Preparation of Environmental Bacteria
Sediment and seawater were collected from Charlottetown Inlet, PE (46.238 °N,
63.151 °W) within the intertidal zone (temperature: 17.8 °C; salinity: 24.4 ppt; pH: 8.11).
It should be noted that seawater temperature in this region ranges between 13 – 24 °C
during summer months when samples were collected. Sediment was separated into 10
mL aliquots and any excess sea water was removed from the sediment sample by
centrifuging at 4,500 x g for 5 min. The seawater was decanted and 10 mL of sterile
10% marine broth (1:10 dilution) (BD Difco™, Fischer Scientific, USA) was added to
each sediment sample, shaken vigorously for 60 s then centrifuged at 4,500 x g for 5
min. The supernatant was decanted, and this process was repeated twice to remove
any excess salt water. Next, 10 mL of sterile 10% marine broth was added to each
sediment sample and vortexed for 60 seconds, placed on a shaker in the horizontal
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position at 400 rpm for 2 hr then vortexed for an additional 30 s. Larger sediment
particles were allowed to settle for 60 min and the supernatant transferred to a new
tube. The concentration of bacteria was determined via hemocytometry. Cells were
stained according to the Live/Dead assay protocol then observed under a REVOLVE 4
Upright, Inverted, Brightfield, Fluorescent Microscope (Echo Laboratories, San Diego,
CA) using INCYTO C-Chip Disposable Hemocytometers (VWR, Radnor, PA) according
to the manufacturers recommendations. Live cells were counted in 5 boxes then the
following equation was used to determine cell concentration:
Cells / mL = average number of cells in 5 boxes x dilution factor x 103

(Equation 1)

The volume necessary to attain ~ 8.35x106 cells/mL was centrifuged at 4,500 x g
for 10 min to form a cell pellet. Concentration for each sample was normalized to
account for any differences in initial concentration between the encapsulated and
resuspended samples. The mixed marine sediment bacteria samples were then
encapsulated or resuspended as described previously with the following modifications: 31
Rather than using a 1% ultrapure agarose matrix for encapsulation, mixed marine
sediment bacteria were encapsulated using 1% low gelling temperature agarose mixed
with 10% marine broth based upon previous studies indicating this matrix as most
suitable for a mixed marine sediment bacteria sample. Consequently, encapsulation
was performed at 35 °C rather than 45 °C as previous studies have shown that a lower
temperature would improve viability of bacteria during the encapsulation process. 31 All
samples were suspended in 10% marine broth rather than filter-sterilized seawater as
filter-sterilized seawater disrupted downstream analysis of the samples.
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4.3.2

In-Situ Incubation

Prior to in-situ incubation, a thorough assessment of the methodology for
aseptically loading and unloading the dialysis cassettes as well as maintaining the
integrity of the dialysis cassette seals over an extended incubation period was
performed. To ensure the sterility of the loading and unloading process, dialysis
cassettes were loaded in triplicate, allowed to incubate in an aquarium with a bed of 5
cm of local sediment for 24 hrs then sanitized using different sterilization techniques
prior to unloading. To prevent introduction of contamination, 70% isopropyl alcohol (IPA)
and Pre-empt disinfectant (4.25% accelerated hydrogen peroxide) (Contec, Canada)
independently and in combination were used to sanitize the port prior to unloading.
Additionally, various modifications to ensure integrity of the dialysis cassette seal during
an extended incubation period were tested including the use of large plastic binder clips,
small stainless-steel binder clips, plastic trouser clips, or galvanized mending plates. A
minimum of 6 dialysis cassettes for each method were aseptically loaded with sterile
deionized water and incubated within an aquarium for 7 days. Following incubation, the
contents of each dialysis cassette were aseptically unloaded and plated on marine agar
plates in triplicate to test for contamination.
For incubation of the resuspended and encapsulated samples in the natural
environment, 10 kDa molecular weight cutoff (MWCO), gamma irradiated, Slide-A-Lyzer
(Thermofisher, Canada) dialysis cassettes which hold a volume of 0.1-0.5 mL were
utilized (n = 6). Each dialysis cassette was aseptically removed from the packaging in a
biosafety cabinet (BSC) or laminar flow hood and soaked in a sterile buffer solution
(10% marine broth) to hydrate the membranes. Upon removal from buffer solution, a
sterile syringe with a 21-gauge needle tip was used to inject 0.5 mL of each sample
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suspension into the dialysis cassette through one of the four labeled ports according to
the manufacturer’s recommendations. It should be noted that the inner diameter of the
21-gauge needle tip was 0.51 mm which was large enough to allow all microbeads to be
injected. Each dialysis cassette was then clamped with two pairs of galvanized mending
plates (5 cm) (Hillman, Canada) held together with nuts and bolts along each edge to
further prevent leakage or degradation of the seal during the extended incubation
period. The dialysis cassettes were then transported back to the collection site dry and
at room temperature (20 °C) and gently buried beneath the sediment (~5 cm) for an insitu incubation period of one week.
Upon retrieval, the dialysis cassettes were gently removed from the sediment
and transported back to the laboratory dry and at room temperature (20 °C). Samples
were processed immediately. The exterior surface of each dialysis cassette was first
washed with sterile 10% marine broth to remove excess debris. A sterile syringe was
then used to wash the removal port with Pre-empt disinfectant. The Pre-empt
disinfectant had a contact time of 1-2 min. Next the port was saturated with 70% IPA to
remove any residual Pre-empt and to provide additional sanitization; a 10-15 min
contact time was used. This process was performed to ensure any residual growth on
the outside of the port would not contaminate the sample during removal. A sterile
syringe with a 21-gauge needle tip was then used to remove the contents of each
dialysis cassette by inserting the needle tip through the port into the center of the
dialysis cassette. The contents of each dialysis cassette were collected for further
analysis.
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4.3.3

Cell Abundance, Viability and Diversity Assessment

To determine the effect of in-situ incubation on both encapsulated and
resuspended bacterial suspensions, samples before and after incubation were
assessed using three parameters: abundance, viability, and diversity.
Cell abundance was assessed via colony counts. All samples were serially
diluted and a 100µL aliquot of each sample dilution was spread on marine agar plates
(BD Difco™, Fischer Scientific, USA) in triplicate. The plates were incubated at room
temperature (22 °C) for a period of five days and the number of colonies observed on
each plate was counted to determine colony forming units per volume (CFU/mL) for
each sample.
Cell viability was assessed before and after incubation for both encapsulated and
resuspended samples via a fluorescent Live/Dead bacterial staining kit (PromoCell,
Germany) according to previous protocols for the assessment of model marine
bacteria.31 This assay was further optimized for the use of mixed marine sediment
bacteria. While samples were previously suspended in filter-sterilized seawater, it was
determined that the use of filter-sterilized seawater to perform assays resulted in a high
degree of error. Fluorescent measurements were inconsistent when samples were
suspended in filter-sterilized seawater. These discrepancies were likely due to the fact
that it has been shown that bacterial abundances in 0.2µm filtered seawater will return
to original concentrations without nutrient supplementation in some instances as a result
of the growth of “ultramicrobacteria” in seawater samples.7 Some marine species may
have representatives smaller than 0.3 µm in diameter or with cell volumes less than 0.1
µm3 (known as ultramicrobacteria).18 Consequently, it was determined that filter
sterilization may not remove small microalgae and bacteria present in seawater
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samples. To overcome this discrepancy, all samples were suspended in artificial
suspensions, in this case, 10% marine broth, rather than filter-sterilized seawater.
Assessment of the diversity within each sample was performed via random
selection of colonies from triplicate plates for each set (n = 3). A minimum of twenty
colonies were isolated from each sample by serial subculturing. The identity of each
colony was then determined via 16S gene sequencing. A small amount of each purified
colony was then suspended in 50 µL of dimethyl sulfoxide (DMSO) and used as the
template DNA in subsequent polymerase chain reactions (PCRs) to amplify the 16S
rRNA gene. Each PCR contained 1.25 µL template DNA, 12.5 µL EconoTaq PLUS
Green 2X master mix (Lucigen), 1.5 µL of each primer (27F and 1525R) at a
concentration of 10 μM, diluted to 25 µL in sterile deionized water. The primers utilized
were as follows: 27F (5’-AGA GTT TGA TCC TGG CTC AG-3’) and 1525R (5’-AAG
GAG GTG ATC CAG CC-3’).32,33 The reaction was performed using an initial
denaturation of 94 °C for 2 min, followed by 30 cycles of denaturation at 94 °C for 30 s,
annealing at 60 °C for 30 s and elongation at 72 °C for 90 s, followed by a final
elongation step at 72 °C for 5 min.34,35 Amplification was confirmed by gel
electrophoresis (1% agarose, 1x tris acetate EDTA buffer, ethidium bromide stain). 34,36
Amplicons were sequenced at McGill University and Genome Quebec Innovation
Centre. Sequences were subsequently compared based upon pairwise identity using
Geneious software (version 7.1).37 Sequences were then clustered, using Geneious,
into operational taxonomic units (OTUs) using a 99% sequence identity cutoff value and
a representative sequence was used for further analysis.27 A search was conducted for
each representative sequence within the National Center for Biotechnology Information
(NCBI) database using the Basic Local Alignment Search Tool (BLAST) function for
nucleotides.24,37
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The diversity of each sample was then assessed using several methods
including overall number of OTUs, species richness, the Shannon-Weaver Diversity
Index, and the Simpson Diversity Index.24,34,38 When assessing diversity, three primary
factors to consider are richness or the number of different species present within a
sample set, evenness or the presence of each species in similar numbers within a
sample set and the level of similarity in terms of number of similar species between
each sample set.39 The overall number of OTUs represents the most basic method of
assessing diversity as it simply represents the number of different isolates present
within a random sample. Both the Shannon-Weaver and Simpson Diversity indices
represent measurements of different factors associated with diversity. While the
Shannon-Weaver Diversity Index places a greater emphasis upon species richness, the
Simpson Diversity Index places a greater emphasis on species evenness. The
Shannon-Weaver Diversity Index (equation 2) and Simpson Diversity Index (equation 3)
may be calculated via the following equations where pi represents the proportion of
each OTU present and n represents the total number of OTUs within the sample. 38
H = − ∑𝑛𝑖=1(𝑝𝑖 𝑙𝑛(𝑝𝑖 ))
D=

(Equation 2)

1

(Equation 3)

2
∑𝑛
𝑖=1 𝑝𝑖

The similarity between sample were determined using the Sorenson Similarity
Coefficient and the Jaccard Similarity Index.40–42 Both estimate the relative similarity
between communities via the number of OTUs unique to each community compared to
the number of species in common. An index of zero corresponds to no overlap in
community structure while an index of one corresponds to complete community
overlap.40 The Sorenson (equation 4) and Jaccard (equation 5) Similarity values were
calculated according to the following equations where a and b represent number of
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unique species in each of two sample sets and c represents the number of species they
have in common.42

QS =

2𝑐
𝑎+𝑏

× 100

100

JI = 𝑐 × 𝑎+𝑏−𝑐

4.3.4

(Equation 4)
(Equation 5)

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8 (La Jolla,
California, USA). Statistical significance was determined using unpaired, two-tailed ttests and the Holm-Sidak method of correction for p-values, with an alpha of 0.05. Each
data set was analyzed individually without assuming a consistent standard deviation.

4.4 Results and Discussion
4.4.1

Dialysis Cassette Modifications

It was determined that the use of Pre-empt disinfectant followed by washing with
70% IPA was most affective at preventing contamination during unloading without
adversely affecting the viability of microbes held within the cassettes. Additionally, when
incubated for extended periods of time (i.e. longer than 2 days), it was discovered that
the dialysis cassettes would fail allowing contamination to enter the cassette. To prevent
seal failure, various modifications were made to ensure the integrity of the seal during
incubation. It was determined that the use of galvanized mending plates resulted in the
least amount of contamination (Figure 4.1).
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Figure 4.1: Modification of dialysis cassettes with galvanized mending plates to maintain
the integrity of the seal over extended incubation times.

4.4.2

Cell Abundance and Viability Assessment

The abundance of culturable bacteria in resuspended and encapsulated bacterial
samples based upon colony counts was not significantly different before incubation
(t(16)=1.93, p=0.0728); however, after incubation, the abundance of colonies obtained
from the resuspended samples was significantly greater than that of the encapsulated
samples (t(7)=2.92, p=0.0452) (Figure 4.2). This may be due to the different
characteristics of each sample. For instance, the encapsulated samples may permit the
growth of a greater proportion of slow growing bacteria while the resuspended samples
may favor the growth of more dominant, faster growing bacteria capable of
outcompeting slow growing bacteria. The microbeads within the encapsulated samples
likely provide additional surface area and protection of slow growing bacteria from
competitors. Thus, the growth of bacterial cells within encapsulated samples may
require a longer incubation period before forming visible colonies on an agarose plate
accounting for the observed difference in abundance between the two samples.
Consequently, to further determine the cause for the increased abundance observed in
resuspended samples following incubation, viability of each sample was assessed using
an assessment of culture independent viability.
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Figure 4.2: Cell abundance for encapsulated and resuspended marine sediment
bacteria samples before and after in-situ incubation based upon colony counts in
triplicate measured via colony forming units per mL (CFU/mL). Error bars indicate
standard error, * denotes significance of p < 0.05.
To assess the effect of in situ incubation on the ratio of viable cells to non-viable
cells in resuspended and encapsulated samples we performed colony counts using a
fluorescent Live/Dead assay. This assay stains viable cells green while dead cells
appear red. The proportion of viable cells was not significantly different before
incubation (t(24)=0.87, p=0.399); conversely, there was a significantly greater
proportion of viable of bacteria within encapsulated samples compared to resuspended
samples after incubation (t(25)=3.23, p=0.0035) (Figure 4.3). The increased viability of
encapsulated samples following incubation indicates that although fewer colonies may
grow on agar plates when encapsulated samples are plated, there are in fact a greater
percent of viable cells within these samples compared to the resuspended controls. The
images of encapsulated bacteria before and after incubation provide evidence of the
growth of microencapsulated bacteria (Figure 4.4). Prior to incubation, single colonies or
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a few individual colonies were observed within the microbeads while after incubation,
microbeads contained increased growth of colonies.

Figure 4.3: Cell viability for encapsulated and resuspended marine
sediment bacteria samples before and after in-situ incubation based upon
a Live/Dead assay. Error bars indicate standard error, ** denotes
significance of p ≤ 0.01.
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Figure 4.4: Images of agarose microbeads including a microbead
containing a single marine sediment bacterial cell before incubation (A,
C) and the growth of numerous cells within the agarose microbead
following incubation (B, D) using fluorescent and brightfield imaging,
respectively as well as images of blank beads without any bacteria (E,
F). Images were obtained using Live/Dead bacterial stain and
Revolve4 microscope with a 20x objective lens.
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4.4.3

Cell Diversity Assessment

As a primary motivation for this study was to determine the utility of a new
cultivation method to culture a greater taxonomic diversity of microbes, the diversity
between the various samples was thoroughly investigated (Appendix A.7). Prior to
incubation, the major representative phyla within the samples consisted of Bacteroides,
Firmicutes, and Proteobacteria with similar proportions of each observed in both the
resuspended (36% Bacteroides, 8% Firmicutes, and 56% Proteobacteria) and
encapsulated samples (31.5% Bacteroides, 11.5% Firmicutes, and 57%
Proteobacteria). Following incubation, the distribution of phyla within each sample set
was altered such that within the resuspended samples the phyla consisted of 3%
Bacteroides, 38% Firmicutes, and 59% Proteobacteria while within the encapsulated
samples the phyla consisted of 17% Bacteroides, 0% Firmicutes, 76% Proteobacteria,
5% Verrucomicrobia and 2% Actinobacteria. The appearance of two additional phyla
within the incubated encapsulated samples likely represents an increase in the
proportion of these phyla within the sample. These phyla are likely present within all the
sample sets but in a proportion too small to be identified given the relatively small
sample size utilized during this study. Thus, while indicating promising potential, future
studies should aim to perform a comprehensive analysis of the diversity within each
sample.
Based upon a diversity analysis of each sample set, the diversity of both
encapsulated and resuspended samples before incubation was non-significant
(t(71)=1.99, p=0.58), while, importantly, the diversity of the encapsulated samples after
incubation was significantly greater compared to the resuspended samples (t(79)=4.66,
p<0.001), based upon the Shannon-Weaver Diversity Index (Table 4.1, Figure 4.5).
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Diversity calculations based upon the Simpson Diversity Index followed a similar trend;
however, this index focuses more heavily on species evenness rather than species
richness. The greater diversity observed in the encapsulated samples following
incubation compared to resuspended samples indicates that microencapsulation likely
facilitates the cultivation of a greater diversity of microbes compared to previous
diffusion chamber designs which simply contain a suspension of bacteria. Greater
diversity is likely observed in this sample set because each bacterium has its own space
to grow within the microbead while still receiving chemical signals from the environment.
Additionally, the agarose microbead could be used as a nutrient source in otherwise
oligotrophic conditions. The microbeads may also promote domestication of the bacteria
so they adapt during the in situ incubation period to be better suited to growth on agar
plates once transferred into the laboratory than previous diffusion chamber designs
since the agarose microbeads are acting as ‘miniature petri dishes’ within the natural
environment.18,25 As some downstream methods are still reliant or biased toward
microbial culture on agarose plates, the ability to domesticate microbes for successful
growth within a laboratory setting may be incredibly useful.
While some similarities exist between the encapsulated and resuspended
samples prior to incubation (Sorenson Index = 0.32; Jaccard index = 0.16), as expected
given they were collected from the same location, it was observed that after incubation
there were no similar OTUs between the two samples (Sorenson Index = 0; Jaccard
index = 0). The low similarity observed even prior to incubation was likely due to the
relatively low sample size used in this pilot study. This may be due in part to the low
sample size as a more comprehensive examination of community differences would
require the inclusion of a much larger sample size. Regardless, the evidence indicates
that microencapsulation followed by in-situ incubation may result in a very different
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community structure of bacterial isolates than previous methods which only utilized insitu incubation as an improved cultivation method.
Table 4.1: Summary of diversity assessment of samples including total number of
isolates obtained in each sample, the total number of operational taxonomic units
(OTUs) present within each sample, the species richness represented as the proportion
of OTUs within each sample as well as the Shannon-Weaver and Simpson diversity
indices.
Sample
Total
Number Richness
ShannonSimpson
Number of
of OTUs
Weaver
Diversity
Isolates
Diversity Index
Index
Encapsulated
35
25
0.71
3.06
17.25
(Before
Incubation)
Resuspended
36
27
0.75
3.17
19.64
(Before
Incubation)
Encapsulated
42
21
0.50
2.75
11.76
(After
Incubation)
Resuspended
39
10
0.26
1.76
4.28
(After
Incubation)
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Figure 4.5: Shannon-Weaver Diversity Indices of samples before and
after in-situ incubation. Error bars indicate standard error, *** denotes
significance of p<0.001.
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4.5 Conclusion
Based upon preliminary assessments of the abundance, viability and diversity,
the combined microencapsulation and in-situ incubation of microbes leads to greater
taxonomic diversity than the control sample and leads to the isolation of different taxa of
bacteria than with the control process. As a large proportion of environmental bacteria
live attached to surfaces in their natural environment, the agar microbeads likely benefit
the growth of bacteria by not only providing a surface for growth but also by providing
physical separation of bacterial colonies therefore allowing for the growth of slower
growing bacteria without competition while maintaining chemical signaling between
various microbes and between microbes and their environment. 57 Furthermore,
microencapsulation may also facilitate downstream processes such as microbial
isolation since cells are isolated and cultivated within individual microbeads allowing for
manipulation via automated cell sorting techniques such as flow cytometry or
fluorescent activated cell sorting (FACS) following incubation. Additionally, the
microencapsulation process likely facilitates the domestication of microbes by initiating
growth on agarose while the bacteria remain in their natural habitat making future
manipulation and culture on agar within the laboratory more likely. Importantly, the use
of this new bacterial cultivation method appears to allow for the isolation of bacterial
taxa that are distinct from those obtained using the control method, thus this will likely
be of great value in microbial natural products discovery.
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Chapter 5: Conclusion
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5.1 Optimization of Microencapsulation
This study optimized the microencapsulation process for environmental bacteria
via the use of three representative species (Marinomonas polaris, Psychrobacter
aquimaris, and Bacillus licheniformis) isolated from temperate, intertidal marine
sediment collected in Prince Edward Island. Previously, encapsulation of bacteria has
been performed in various studies but usually the bacteria encapsulated are well suited
to manipulation and use within a laboratory with Escherichia coli (E. coli) being the most
commonly utilized.80,112 By exploring the viability of more sensitive species (i.e. species
requiring very specific growth conditions), we begin to gain an understanding of how to
modify conditions to benefit the survival of an increased proportion of microbes. For
instance, during this study we found that by lowering the temperature required for
encapsulation by only 10 °C, the viability of mesophilic and psychrotolerant bacteria
were both drastically improved. This shows the sensitivity of microorganisms to
common laboratory manipulations. The addition of nutrients to microbeads also led to
improved viability; however, this impact was less significant than a change in
temperature. The modification of various factors during the microencapsulation process
are thus likely to have profound effects.
While this study examined the parameters of temperature change and nutrient
content on three representative species, additional experimentation may allow for
modification of an endless number of parameters. One parameter that may be further
explored is the addition of different nutrients / supplements to the matrix. For example,
one study found that agarose supplemented with colloidal chitin and mineral salts
improved cultivation of actinomycetes thus addition of these components to the
microbead matrix may assist in cultivation of this phylum of bacteria.192 Additionally,
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some studies have shown that marine microorganisms may benefit from an
environment enriched with iron, a concept known as the iron hypothesis. 92,193 Thus,
addition of iron supplement or siderophores, iron chelating compounds, may improve
survival of some microencapsulated marine microbes. The possible modifications are
endless. Thus, given the microscale nature of bacterial encapsulation, the process may
be modified to include bacteria encapsulated in various matrices to promote the growth
of the highest proportion of bacteria within a sample as different phyla of bacteria all
found within one area may benefit from different modifications. While this study
examined the impact on three representative marine bacteria from temperate intertidal
marine sediment, future studies should examine the impact of microencapsulation on
marine bacteria of varying environments such as from tropical or polar habitats. Marine
bacteria dwelling within various invertebrates such as sponges or corals may also be
examined to understand how organisms from different environments are impacted by
the manipulation of microencapsulation.
Furthermore, other aspects of the encapsulation process may be further refined.
For instance, the type of microfluidic device used for encapsulation may be modified to
ensure uniform microbead formation. While this study utilized a T-junction device which
controls size of the microbeads via adjustment of flow rates through the device, other
designs such as a flow-focusing or co-flow device design may be tested.170 Additionally,
single cell encapsulation rate for this study was previously optimized using E. coli;
however, as different bacteria may behave differently (i.e. motility, colony formation,
size, etc.), the flow rates may be adjusted and optimized for the type of bacteria or type
of sample being assessed.176 Based upon modifications to the microfluidic device and
flow rates, the size of the microbeads may also be modified as different bacteria may
have different spatial requirements. During this study, microbeads were 80µm ± 20µm,
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yet this may be modified based upon sample as well as based upon incubation time as
organisms that are incubated within the microbeads for an extended amount of time
may require a larger space to grow. Another aspect of the encapsulation process that
may be further refined is the removal of oil from samples following encapsulation.
During this study, oil was simply removed via cell strainers and resuspended in an
aqueous solution. This process is ineffective at removing 100 % of the oil from samples
which has the potential to adversely impact some species as well as disrupts cell
imaging during analysis. While there are numerous aspects of the encapsulation
process that could benefit from additional optimization, this study serves as a template
for further modifications to the process used for the microencapsulation of
environmental microbes.

5.2 Development of In-Situ Incubation Chamber
Following the optimization of marine bacteria encapsulation, a suitable growth
chamber to incubate the microbeads was developed. This device was termed the
Microbe Domestication Pod (MD Pod). Three different designs were developed and
tested: drop-shaped, cylindrical, and flexible. Each design was tested to ensure the use
of biocompatible materials and to ensure sterility during incubation. Additionally, each
design was optimized to allow for simple assembly in the field and potential for
miniaturization to facilitate use in a wide array of environment types (i.e. sediment,
sponges, corals, etc.). The designs developed and tested in this study all show potential
benefits; however, additional modifications should be performed before the MD Pod can
be used in the natural environment. The drop-shaped design used a cross-hatched
protective barrier over the membrane to prevent damage resulting in better durability
when used in the natural environment; however, the magnitude of small screws, bolts
95

and crevices allowed for easy contamination when assembling and loading these MD
Pods with microbeads, compromising the sterility of the sample. Additionally, the
various crevices result in increased potential for leakage while incubating. The
cylindrical design is simpler with less potential for contamination within various crevices
during incubation but lacks a protective barrier for the membrane which often tears
during assembly or incubation. Additionally, aseptic loading of samples into this MD Pod
design remains difficult. Lastly, the flexible MD Pod allows for easy, reliable loading
demonstrating the greatest potential; however, this MD Pod must be miniaturized to
allow for use in various environments. Unfortunately, the miniaturization of this design
has resulted in decreased reliability thus must be further modified prior to use in the
natural environment.
The MD Pod designs were also compared to dialysis cassettes, a commercially
available device that can be used for in-situ incubation of microbeads. Modifications to
the dialysis cassette which increased its suitability for in-situ incubations were also
assessed. The traditional use of a dialysis cassette is for the separation of larger
molecules from smaller molecules via a selectively permeable membrane.194 The
dialysis cassette was consequently not designed to be incubated in a solution for
extended periods of time as is the case in in-situ incubation. To counteract this issue,
various modifications were made to the cassette including sealing the device with binder
clips (stainless steel and plastic), plastic clamps as well as steel plates and screws to
prevent leakage during extended incubation. Upon comparison, sealing with steel
mending plates was determined to be the most effective and thus was later used for insitu incubation. While this allows testing of the cultivation method, a design that is more
adaptable to different environments should be developed and tested. One limitation of
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dialysis cassettes is the fact that they are only available in specific sizes limiting options
for incubation. For instance, dialysis cassettes may not be used to incubate microbeads
in more confined or smaller environments such as within a sponge or coral due to their
size. Additionally, as they are not designed for long term incubations, the possibility of a
dialysis cassette leaking remains a concern despite the use of stainless-steel mending
plates to ensure a tighter seal. The membrane on dialysis cassettes is also quite
exposed allowing possible puncturing of the membrane when placed in an
unpredictable environment such as the ocean which is subject to tidal movement as well
as the presence of larger organisms that may mechanically disrupt the incubating
dialysis cassettes. Consequently, there remains the need to develop an in-situ
incubation chamber (MD Pod) that reliably does not leak over an extended incubation
period, has increased durability for withstanding incubation in the environment such as
a more protected membrane, allows for microbeads to be aseptically loaded into the
chamber quickly and easily and has the ability to be miniaturized for use in various
environments.

5.3 Application within the Natural Environment
Following testing of the various incubation chambers (MD Pod designs and
modifications to dialysis cassettes), it was determined that the most suitable chamber
was a dialysis cassette sealed with additional steel clamps as the MD Pod designs
required further modification to improve their reliability prior to usage. Consequently, this
design was then utilized for the in-situ incubation of mixed marine sediment samples
within the environment. Incubated marine sediment samples were assessed for
abundance, viability and diversity and compared to traditional plating cultivation
techniques providing preliminary evidence in favor of this technique yet requiring a more
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comprehensive assessment. Following a more comprehensive assessment, the use of
this new cultivation technique may be repeated in various environments to screen for
new microbial taxa. While dialysis cassettes may be used in some environments, a
modified design must be used in more specialized environments such as within
sponges or corals. Thus, a miniaturized design for the MD Pod to allow its use in these
environments would be of great benefit. Some of the potential difficulties associated
with such a design may be the difficulty associated with handling these devices due to
their minute size. Additionally, a miniaturized design may be associated with a lowered
throughput as the smaller devices may not be capable of containing as many microbes.
Another methodology previously explored similar to this technique is the use of double
encapsulation.129 During double encapsulation, bacteria are encapsulated in agarose
followed by encapsulation in polysulfonic polymeric membranes.129 Since the
polysulfonic membranes serve as an outer casing, this can act as a form of miniaturized
MD Pod as it allows diffusion of chemical signaling molecules while containing the
bacteria of interest.129 Use of the double encapsulation method may be further
investigated in various environments and compared to the use of other miniaturized MD
Pod designs.
Downstream processing of samples following incubation may also be improved via
the use of more innovative and high-throughput analysis methods such as fluorescence
activated cell sorting (FACS) and / or flow cytometry which have been used in other
studies involving the encapsulation of bacterial cells.140,195 Use of these techniques
would allow for an increased number of samples to be processed in a shorter amount of
time thus eliminating timely manual screening techniques such as subculturing. The use
of high-throughput analysis methods therefore would be expected to lead to increased
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success in the identification of novel natural products.10

5.4 Summary
Natural products have been used as remedies for various ailments for millennia
eventually developing into an essential field of research with modern advancements in
extraction and purification techniques.1–3 With modern developments in research
practices and innovative technology, the field has continued to expand over the years.
However, a significant road block on the path to new discoveries has been the inability
to culture the vast majority of microbial organisms, a vital source of natural
products.14,180,196 Consequently, significant resources have been devoted to developing
new microbial cultivation methods. The overall aim of this study was to develop,
optimize and assess the use of a new microbial cultivation technique involving the
encapsulation and subsequent in-situ incubation of marine sediment bacteria. While this
study has laid the groundwork for the use of a new cultivation method, there are
additional factors that should be considered and further refined. Most importantly, while
the assessment performed during this study provided preliminary findings suggesting
the benefits of this improved cultivation technique, a more comprehensive study should
be performed to eliminate any discrepancies that may be due to a relatively small
sample size. Consequently, the encapsulation and subsequent incubation of marine
sediment bacteria should be repeated using additional dialysis cassettes with the
selection of a larger number of colonies for analysis.
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5.5 Conclusion
The use of the microbial cultivation technique discussed in this thesis involving
the microencapsulation of marine bacteria followed by in-situ incubation strives to
“domesticate” previously unculturable marine microbes by successfully combining the
benefits of co-culture with single cell isolation to enable high throughput cultivation and
cellular communication. The design of the in-situ incubation chambers (MD Pods)
assessed allow for relatively simple usage and higher throughput processing than any
previous diffusion chamber design. The cultivation of new microbes using this technique
is expected to lead to the identification of novel natural products with a wide variety of
applications such as pharmaceuticals, diagnostic agents, nutritional supplements, and
personal care products.
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Appendix
A.1 Microfluidic Chip Fabrication
The chip was designed using SolidWorks computer-aided design (CAD) software
and 3D printed on a Form 2 stereolithography (SLA) printer (Formlabs, USA) using
methacrylate Clear photopolymer (Formlabs, USA) at 25 μm printing resolution and
using automatically-generated supports. The chip was oriented at 70º on the building
platform, with the outlet channel facing the platform. After printing, the channels were
immediately purged with 99% isopropyl alcohol (IPA) for 1 min. A 400 µm nozzle
cleaner rod was used to remove resin residue, assisted by syringe suction. Finally, the
chip was soaked in a bath of 99% IPA for 10 mins, then agitated for 1 min twice to
ensure all remaining resin residue is removed.

A.2 MD Pod Assembly
Drop-Shaped MD Pod Assembly
The body parts of the drop-shaped microbial domestication (MD) Pod were
designed using CAD software and were 3D printed using Form 2 and Dental LT resin
(Formlabs, USA). The body parts were immersed in 99% IPA for 5 mins then cured for
20 mins under UV light in a UV cross-linker (Select™ Series, Spectroline, USA) using
four F8T5 black light bulbs, 8 W each (Hitachi Appliances Inc., Japan). The observed
UV wavelength during cross-linking was between 1320 μW/cm2 and 1435 μW/cm2.
To assemble the drop-shaped MD Pod, the body parts were immersed in 70%
IPA. The polycarbonate track etch (PCTE) membranes were autoclaved for sterilization.
PCTE membranes were cut to approximately 15 mm diameter discs and placed on the
top and bottom body parts. Two hex nuts were placed inside the top body part to close
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the inlet and outlet ports. Two 13 mm OD rubber, oil-resistant O-rings (McMaster-Carr,
USA) were placed on the PCTE membranes for sealing. Two smaller 3 mm OD O-rings
were used for the inlet and outlet ports to ensure seal. The middle body part and a
rubber sheet were aligned with the rest of the MD Pod and sandwiched between the top
and bottom body parts. All body parts were enclosed together using nine screws and
hex nuts, which were tightened according to the order shown in Figure A1 to prevent
misalignment and leaks. The outlet port was used for purging air existing in the MD Pod
during loading. Before sample loading and to ensure sterility, the assembled MD Pod
and the inlet and purge screws were soaked in 20% bleach for 25 mins, washed in a
bath of sterile deionized (DI) water, soaked in 70% IPA for 10 mins, and washed in
another bath of sterile DI water. A pipette was used to gently drive the sample through
the inlet port, then the inlet and purge screws were carefully aligned and tightened to
close the MD Pod.

Figure A1: Assembled drop-shaped MD Pod. The recommended order for assembling
screws to prevent leaks and/or misalignment of the top and bottom MD Pod body parts
is from 1 to 9. The inlet and outlet ports were closed using a pair of screws and O-rings
after MD Pod loading. Scale bar is 3.5 mm.
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Cylindrical-Shaped MD Pod Assembly
The cylindrical MD Pod was designed using CAD software and 3D printed using
Cool Grey 1.75 mm ABS thermoplastic filament and an M200 fused-deposition
modeling 3D printer (Zortrax, Poland) with a 400 μm nozzle head. After printing, the top
and bottom faces were smoothed by sandpaper (grit number 200), and the MD Pod was
smoothed by dipping in a bath of 100% acetone (Sigma Aldrich, USA) for 1 s. The MD
Pod was then left to dry on a flat surface at room temperature. Moreover, a protective
casing (‘E’ in Figure A2) was designed, 3D printed, and smoothed according to the
same procedure. This casing was used to provide protection for the MD Pod PCTE
membranes during insertion and retrieval from sediment, since these membranes were
extremely fragile and could be easily damaged.
To assemble the cylindrical MD Pod (refer to Figure A2), the MD Pod body,
casing, and O-rings were soaked in 20% bleach for 20 mins. Two 17 mm ID O-rings
were placed in each of the two grooves of the MD Pod body. The MD Pod was then
sterilized using the same procedure as the drop-shaped MD Pod explained previously.
Afterwards, an autoclaved PCTE membrane was placed on top of the MD Pod. A 20
mm ID O-ring and a 17 mm ID O-ring were gently placed consecutively on top of the
membrane to seal. The MD Pod was then aseptically flipped, loaded with sample using
a pipette, and the same steps were performed for placing the second, enclosing
membrane. Finally, the MD Pod was placed in the protective casing and held in place
using a rubber band.
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Figure A2: Exploded assembly of the cylindrical MD Pod. ‘A’ represents four 17 mm ID/
21 mm OD O-rings, ‘B’ represents two 20 mm ID/ 26 mm OD O-rings, ‘C’ represents
two PCTE membranes, ‘D’ represents the body of the cylindrical MD Pod, and ‘E’
represents the protective casing.

A.3 Biocompatibility Test
To test the biocompatibility of the materials used to construct the MD Pods and
the microfluidic chip, approximately 2 mm3 pieces of these materials were used. The
investigated materials include cured Dental LT resin (used to fabricate the drop-shaped
MD Pod), cured Clear resin (used to fabricate the microfluidic chip), acrylonitrile
butadiene styrene (ABS) (used to fabricate the cylindrical MD Pod), cured
polydimethylsiloxane (PDMS) (used to fabricate the flexible MD Pod), and silicone glue
(used to assist in sealing the flexible MD Pod). Five pieces of each material were
autoclaved, and each was aseptically added to a culture tube containing 5 mL of E. coli
inoculum. This inoculum was previously prepared by culturing E. coli in 5 mL of LB
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broth, which was shaken at 200 rpm for 18 h at room temperature. One E. coli inoculum
was not exposed to any fabrication material and served as an untreated control.
Triplicate samples were prepared. All tubes were incubated at room temperature with
shaking at 400 rpm. After incubating for 5 days, 100 µL dilutions of each culture were
spread on triplicate LB agar plates and incubated at 37 ºC overnight. To determine if
any of the materials inhibited the growth of E. coli, colony counts from each sample
were compared to the untreated control. Biocompatibility was correlated to endpoint
growth (in colony forming units (CFU)/mL) close to those of the untreated control.
Results are shown in Figure A3.

Figure A3: Biocompatibility test results using the materials used in the fabrication of all
MD Pod designs and the microfluidic chip. The materials include: cured Dental LT resin
(used to fabricate the drop-shaped MD Pod), cured Clear resin (used to fabricate the
microfluidic chip), acrylonitrile butadiene styrene (ABS) (used to fabricate the cylindrical
MD Pod), cured polydimethylsiloxane (PDMS) (used to fabricate the flexible MD Pod),
and silicone glue (used to assist in sealing the flexible MD Pod). The control consisted
of E. coli inoculum containing no fabrication material. All values were recorded via
colony counts measured via colony forming units per mL (CFU/mL). Error bars
represent standard error and * denotes that the material was significantly different from
the control (using an unpaired, two-tailed t-test).
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To compare the endpoint growth of E. coli in the presence and absence of MD
Pod and microfluidic chip fabrication materials (Figure A3), an unpaired, two-tailed t-test
was performed to determine significant differences between the control and each
sample containing a fabrication material. Dental LT resin (t(4) = 5.344, p = 0.023), Clear
resin (t(4) = 7.246, p = 0.010), and silicone (t(4) = 3.331, p = 0.085) significantly
impacted the cell viability of E. coli relative to the control. Conversely, ABS (t(4) = 0.564,
p = 0.842) and PDMS (t(4) = 0.243, p = 0.842) showed little impact on E. coli endpoint
growth compared to the control. These results suggest that the use of Dental LT resin,
Clear resin, and silicone impact the viability of incubated cells to a certain extent.
However, in the case of the microfluidic chip (made of Clear resin), the time the cells
spend in the chip is short (< 1s). Additionally, the cells are surrounded by agarose,
which flows in mineral oil, making the contact between the cells and the Clear resin
insignificant. Therefore, the impact of Clear resin on cell viability in this context is
minimal. Similarly, the impact of silicone on viability is minimal as this was only used to
assist in sealing the flexible MD Pod and is not likely to come in direct contact with the
cells. Finally, the impact of Dental LT resin on endpoint growth implicates that this
design should not be developed further. On the other hand, samples containing ABS
and PDMS showed little impact on E. coli endpoint growth, which implies that these
materials are safe to be used as MD Pod fabrication materials.

A.4 MD Pod Stress Analysis
The three MD Pod designs illustrated in the manuscript were simulated using
SolidWorks Simulation software (2019 – 2020 version). Table A1 summarizes the builtin material properties from the software specified for each MD Pod part. An internal
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pressure of 1 atm was specified for each chamber, and a static pressure of 1 atm, 2.5
atm, and 5 atm was uniformly applied to the external surfaces of each MD Pod at 298 K.
Table A2 summarizes the results obtained from the simulation. Based on water density
of 997 kg/m3, seawater density of 1,207 kg/m3, and marine sediment average density of
1,700 kg/m3, the equivalent depths at the simulated pressures are summarized in Table
A3. It can be observed that the cylindrical MD Pod fails at an applied pressure of 5 atm,
while the flexible MD Pod fails at applied pressures of 2.5 atm and 5 atm. It must be
noted that the maximum stress values are overestimated as in reality, the internal
pressure of the chambers will be equal to the pressure on the external surface. The
current thesis examines the MD Pod incubation at an approximate depth of 5 cm of
marine sediment. Therefore, it can be concluded that the external pressure was not the
reason for the reduction in success rates presented in the thesis.
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Table A1: Material properties of the MD Pod parts simulated using SolidWorks.
Yield
Elastic
SolidWorks Material
Poisson’s
MD Pod
MD Pod Part
Strength
Modulus
Name
ratio
(N/m2)
(N/m2)
acrylic (mediumBody
4.50×107 3.0×109
0.35
high impact)
DropRubber
butyl rubber
3.44×106 8.0×106
0.33
shaped
gasket
polycarbonate high 6.27×107
Membrane
2.3×109
0.39
viscosity
(tensile)
3.00×107
Body
ABS
2.0×109
0.39
(tensile)
Cylindrical
polycarbonate high 6.27×107
Membrane
2.3×109
0.39
viscosity
(tensile)
Body
silicon
1.20×108 1.1×1011 0.28
Flexible
polycarbonate high 6.27×107
Membrane
2.3×109
0.39
viscosity
(tensile)
Table A2: Maximum stress obtained when applying static external pressure on each MD
Pod.
External
Max. Stress
Applied
Location
Material Yield
Remark
MD Pod
Observed
2)
Pressure
on
MD
Pod
Strength
(N/m
s
(N/m2)
(atm)
1.0
2.628×106
Body
4.50×107
Pass
Drop-shaped
7
7
2.5
2.272×10
Membrane 6.27×10
Pass
1.0
2.131×105
Membrane 6.27×107
Pass
7
7
Cylindrical
2.5
3.620×10
Membrane 6.27×10
Pass
5.0
7.274×107
Membrane 6.27×107
Fail
1.0
2.386×105
Body
1.20×108
Pass
8
7
Flexible
2.5
1.229×10
Membrane 6.27×10
Fail
8
7
5.0
2.517×10
Membrane 6.27×10
Fail
Table A3: Equivalent water, sea water, and marine sediment depths at the simulated
pressures.
Equivalent
External Applied
Equivalent water Equivalent sea
marine sediment
Pressure (atm)
depth (m)
water depth (m)
depth (m)
1.0
10.36
10.06
6.08
2.5
25.90
25.14
15.19
5.0
51.80
50.29
30.38

120

A.5 Encapsulation Rate

Figure A4: Several microbeads containing encapsulated E. coli for encapsulation rate
determination. Bright field imaging was performed under 20× magnification
(Cytation™ 5 Imaging Multi-Mode Reader, BioTek, USA). Red circles indicate counted
cells in those microbeads (not indicated on all microbeads for clarity). Scale bar is 100
µm.
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Figure A5: Encapsulation rate of E. coli in 80 ± 20 μm agarose microbeads. Bar graphs
show the encapsulation rate of E. coli using a concentration of 2×106 cells/mL agarose,
peaking at 23% for single-cell encapsulation. The bell curve shows the anticipated
Poisson distribution, peaking at 36% for single-cell encapsulation. E. coli cells were
counted in >1000 microbeads.

A.6 Matrix Study
The viability of each representative species was assessed using four different matrices.
Unpaired, two-tailed t-tests were performed to compare the various combinations of
encapsulating matrices used for each species as summarized in the tables above
(Tables A4, A5, A6).
122

Table A4: Summary of t-test analysis for M. polaris
Comparison
Significant
1%
UPA

1% LTA
+ 10%
MB

t-ratio

df

p-value

1% LTA + 10%
MB

Yes

7.22

4

0.0020

1% UPA + 10%
MB

Yes

11.00

4

0.0008

1% LTA

Yes

18.93

4

0.0001

1% UPA + 10%
MB

Yes

6.40

4

0.0061

1% LTA

No

1.98

4

0.1186

Significant

t-ratio

df

p-value

1% LTA + 10%
MB

Yes

10.16

4

0.0021

1% UPA + 10%
MB

Yes

9.58

4

0.0021

1% LTA

Yes

382.5
0

4

<0.0001

1% UPA + 10%
MB

Yes

9.42

4

0.0021

1% LTA

Yes

5.29

4

0.0062

Significant

t-ratio

df

p-value

1% LTA + 10%
MB

Yes

6.58

4

0.0138

1% UPA + 10%
MB

No

0.95

4

0.6351

1% LTA

Yes

5.58

4

0.0151

1% UPA + 10%
MB

Yes

6.11

4

0.0145

1% LTA

No

0.05

4

0.9613

Table A5: Summary of t-test analysis for P. aquimaris
Comparison
1%
UPA

1% LTA
+ 10%
MB

Table A6: Summary of t-test analysis for B. licheniformis
Comparison
1%
UPA

1% LTA
+ 10%
MB
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A.7 In-Situ Incubation Diversity
Table A7: Detailed description of bacterial isolates (OTU) obtained from each sample
with closest NCBI BLAST hit, percent identity and percent distribution within each
sample
OTU

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Closest NCBI
BLAST Hit (Genus)
Actibacter
Algibacter
Aquimarina
Ascidiaceihabitans
Bacillus
Cobetia
Dietzia
Epibacterium
Erythrobacter
Eudoraea
Halomonas
Hoeflea
Hyunsoonleella
Labrenzia
Loktanella
Luteolibacter
Lutimonas
Lysinibacillus
Maribacter
Marimicrobium
Marinobacter
Muricauda
Oceanicella
Olleya
Paracoccus
Parasphingorhabdus
Pelagicola
Planococcus
Polaribacter
Primorskyibacter
Pseudoalteromonas
Pseudomonas
Qipengyuania
Robiginitalea
Roseivirga
Rosenbergiella
Roseobacter
Roseovarius
Ruegeria
Shewanella
Shimia
Stenotrophomonas

Percent
Identity
(%)
97.8
96.61
97.77
97.67
99.66
99.88
99.4
99.51
98.16
97.37
96
99.13
99.65
97.82
98.77
95.11
99.31
98.64
99.2
95.06
95.31
96.52
93.76
99.88
84.94
99.39
99.63
98.98
95.81
94
99.65
99.54
99.02
92.85
97.08
87.23
97.49
99.39
93.21
98.63
99.14
99.66

Resus.
0
2.8
2.8
5.6
2.8
0
0
0
0
2.8
0
2.8
2.8
0
2.8
0
13.9
5.6
5.6
0
0
0
0
0
0
2.8
5.6
0
0
0
0
0
5.6
0
2.8
0
0
2.8
2.8
5.6
2.8
0
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Percent Distribution (%)
Encap.
Resus. &
Incubated
0
0
2.9
0
0
0
0
0
11.4
35.1
2.9
29.7
0
0
0
0
0
0
0
0
2.9
0
0
0
2.9
0
0
0
0
0
0
0
2.9
0
0
0
2.9
2.7
2.9
0
2.9
0
5.7
0
2.9
0
0
0
0
0
2.9
0
14.3
0
0
2.7
0
0
0
0
0
2.7
5.7
0
8.6
0
2.9
0
0
0
0
0
5.7
0
2.9
0
0
0
0
13.5
2.9
2.7
0
10.8

Encap. &
Incubated
2.4
0
0
0
0
0
2.4
2.4
2.4
0
0
0
0
4.9
0
4.9
0
0
0
0
0
0
0
12.2
2.4
0
0
0
2.4
2.4
41.5
12.2
0
0
0
2.4
0
0
0
0
0
0

43
44
45
46
47
48

Tateyamaria
Thalassococcus
Vibrio
Winogradskyella
Yoonia
Zeaxanthinibacter

98.29
88.53
97.76
99.65
99.13
99.88

5.6
0
5.6
2.8
5.6
0
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0
0
0
8.6
0
2.9

0
0
0
0
0
0

0
2.4
2.4
0
0
0

