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ABSTRACT OF THE THESIS

A Novel Heterotrophic Bacterial Associate of the Filamentous Cyanobacterium
Moorea producens JHB

by

Susan L. Cummings

Master of Science in Biology

University of California, San Diego, 2015
William H. Gerwick, Chair
Eric Allen, Co-Chair
Filamentous tropical cyanobacteria such as Moorea producens live

surrounded by a community of heterotrophic bacteria. However, these
heterotrophic bacteria and their interactions with the cyanobacteria have not
been extensively studied. During efforts to sequence the genome of a culture
of M. producens strain JHB, the 5.99 Mb genome of an unknown associated

bacterium was discovered. This bacterium was found to belong to phylum

Vi



Acidobacteria, subgroup 22, and is further referred to in this thesis as Mor1.
Mor1 was found to predominantly exist on the outside surfaces of M.
producens JHB sheaths. Currently, Mor1 is unable to be cultured separately
from M. producens JHB, and was found to be present only in laboratory
cultures of M. producens strains. A co-culturing experiment between M.
producens JHB with Mor1 and other cyanobacterial strains indicated that Mor1
failed to transfer to other cyanobacteria. These data support a specific
relationship between Mor1 and M. producens, although further experiments
would be necessary to confirm a symbiotic relationship between the two
organisms. Overall, the study of this previously unknown Acidobacteria strain
associated with M. producens JHB can provide information about an
understudied phylum of heterotrophic bacteria as well as a potential novel

symbiosis.
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CHAPTER 1: INTRODUCTION

1.1: THEORETICAL BACKGROUND

Cyanobacteria, a diverse group of photosynthetic bacteria, play
important roles as primary producers in aquatic ecosystems, especially in the
ocean. Cyanobacteria interact with other organisms in a variety of different
ways, perhaps most distinctively in symbioses with eukaryotic organisms. For
example, the organisms commonly referred to as lichens consist of a
symbiotic relationship between an algae [either a cyanobacterium (= blue-
green alga) or a eukaryotic alga] and a fungus. The most common
cyanobacterial partners within lichen consist of the genus Nostoc, and these
cyanobacteria provide fixed carbon through photosynthesis while the fungal
filaments provide structure and gather moisture and nutrients from the
environment [1][2]. Cyanobacteria of the nitrogen-fixing genera Nostoc and
Anabaena have also been known to form extremely productive symbioses with
aquatic and terrestrial plants such as Azolla and Gunnera, with the
cyanobacteria providing fixed nitrogen for the plant in exchange for carbon
[3][4]. Nitrogen-fixing cyanobacteria have further been discovered in
symbioses with diatoms, and actually live within the eukaryotic cell. Short
filaments of Richelia and Calothrix (cyanobacteria) reside within the silica
frustules of some species of the diatoms Rhizosolenia, Chaetoceros, or
Hemiaulus, providing a large amount of fixed nitrogen for their diatom hosts

[5][6]. Additionally, it was recently discovered that the globally widespread but



uncultured unicellular marine cyanobacterium known as UCYN-A exists in a
symbiotic relationship with a unicellular prymnesiophyte. UCYN-A fixes
nitrogen and relies obligately on the prymnesiophyte for carbon fixation, and
has an unusually reduced genome [7]. All these relationships contain distinct
exchanges of nutrients, especially with the cyanobacterium providing fixed
nitrogen for its partner.

Cyanobacteria also interact extensively with heterotrophic bacteria in
the environment, often in more complex and less well-characterized ways than
the aforementioned eukaryotic symbioses. Diverse communities of
heterotrophic bacteria commonly surround filamentous cyanobacteria. The
heterotrophic bacteria likely consume nutrients released from the
cyanobacteria, but may also produce necessary vitamins and chelators for the
cyanobacteria, assist in cycling of CO, and phosphate, or help to lower O,
levels for oxygen-sensitive processes such as nitrogen fixation [8][9]. Various
studies have classified what taxa of heterotrophic bacteria live in close
proximity to cyanobacterial blooms, including common aquatic phyla such as
Proteobacteria, Bacteroidetes, Actinobacteria, and Planctomycetes [10][11].
Some unidentified and potentially new species or genera were also located
within these samples, which could indicate organisms that specifically interact
with cyanobacteria [10]. However, most often, the bacteria that make up these
communities are also found living independently of the cyanobacteria [11].

The makeup of the cyanobacterial-associated community varies based on the



location and type of cyanobacterium, as well as the environmental conditions
such as nutrient availability and temperature [11][12][13]. The heterotrophic
bacterial community does appear to be directly influenced by the
cyanobacteria, however, in that the community will change over the
progression of a bloom [14]. In fact, if the cyanobacteria are eliminated by viral
infection, the heterotrophic bacterial community drastically shifts [15]. These
heterotrophic bacteria have conversely also been shown to affect the growth
of cyanobacteria. Various strains of bacteria found living with a Nodularia
cyanobacterium were co-cultured with Nodularia and were found to
significantly increase or decrease the growth of the cyanobacterium [16].
Further studies of various heterotrophic bacteria associated with
cyanobacterial blooms have corroborated that co-culturing with heterotrophic
bacteria can increase or decrease cyanobacterial growth [17]. This is likely
due to specific interactions of carbon and nutrient exchange [8][18]. However,
since the interactions between cyanobacteria and heterotrophic bacteria
involve a large number and variety of organisms, the relationships are
certainly more complex than the aforementioned symbioses with two partners,
and more inquiry into the communities surrounding cyanobacteria is required.
Cyanobacteria are also notable for their production of natural products
(secondary metabolites and/or toxins) [19][20]. However, there is evidence
that the bacterial communities present amongst the cyanobacteria may affect

this process in different ways. On one hand, genetic analysis of natural



product assembly pathways is complicated by the presence of diverse
heterotrophic bacteria within a cyanobacterial sample. These bacteria provide
“‘contaminating” DNA that makes it difficult to locate the assembly pathways for
the natural products [21]. However, heterotrophic bacteria may also play a
more active role in affecting cyanobacterial secondary metabolite production.
The heterotrophic bacterial communities surrounding the cyanobacteria can
not only change cyanobacterial growth, but may also have the potential to
break down cyanobacterial toxins [17] or modulate their production. For
example, toxic Microcystis blooms with different associated heterotrophic
bacteria produce different microcystins of varying toxicity [22]. It has
conversely been proposed that secondary metabolites produced by
cyanobacteria may select for certain organisms from the surrounding bacterial
community [8]. Additionally, certain cyanobacterial and algal secondary
metabolites have been shown to inhibit quorum sensing, a common
mechanism of bacteria-to-bacteria communication, indicating that these
secondary metabolites can have distinctive ecological effects [23].
Additionally, in some cases there are uncertainties about which
organism is the true producer of a natural product compound. Considering the
complexity of these compounds and their assembly pathways, it is highly
unlikely that the pathways evolved separately in such divergent organisms as
cyanobacteria and heterotrophic bacteria. For example, the lyngbyatoxins, a

class of potent skin irritants and tumor promoters isolated from field collections



of M. producens, show high structural and pharmacological similarity to
teleocidin, a metabolite which is produced by Streptomyces species [24][25].
Similarly, an extract from an assemblage of the cyanobacteria Moorea
producens and Tolypothrix sp. yielded the toxin kalkipyrone, which proved to
be structurally related to the actinopyrones and iromycins produced by
Streptomyces species [26][27]. Another example is given by swinholide A, an
actin-binding toxin originally isolated from, and assumed to be produced by,
the sponge Theonella swinhoei [28]. However, confusion about the true
producer of swinholide A occurred when this compound as well as a
glycosylated derivative was also isolated from a field collection of a marine
cyanobacterium [29]. It was later discovered that swinholide A in fact
originates in the sponge from a member of the complex community of
heterotrophic bacteria growing within T. swinhoei, rather than the sponge itself
[28], and this may be the case for the cyanobacterial occurrence of swinholide
A as well. These examples illustrate the uncertainty of whether bacteria
associated with macroorganisms presumed to produce natural products could
be the actual producers of these compounds. Overall, the study of the
heterotrophic communities surrounding cyanobacteria that produce natural
products could provide insights into the ecological roles or the production of
these natural products.

Moorea producens is a filamentous tropical cyanobacterium, capable of

photosynthesis but unable to fix nitrogen. It is a known producer of natural



products, with many polyketide synthase and non-ribosomal peptide
synthetase genes present in its genome [30]. Similarly to other filamentous
cyanobacteria, M. producens cells are surrounded by a complex
polysaccharide sheath, which hosts a large community of associated bacteria
[30]. Since M. producens was fairly recently defined as a distinct species,
there has not been extensive research on the cyanobacterium in general,
much less its heterotrophic bacterial community or its relationships with this
community. The following experiments illustrate attempts to study a single

member of the heterotrophic bacterial community of M. producens.
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1.2: PREVIOUS RESEARCH ON THE UNKNOWN HETEROTROPHIC
BACTERIUM

The study of this particular unknown bacterium originated from efforts to
sequence the genome of Moorea producens strain JHB. The Gerwick
laboratory culture of M. producens JHB was originally collected in Hector Bay,
Jamaica in 1996, and has been maintained as a monoculture in the laboratory
since then. DNA was extracted from the M. producens JHB monoculture and
sequenced. During the assembly and binning of the sequences by % GC
content, two large contigs thought to belong to an unknown associated
bacterium were discovered. Through the PCR amplification of a missing 16S
rRNA gene, these contigs were assembled into one contig of 5.99 Mb total
size. This contig does not constitute a complete genome, as it is still missing
approximately 2820 nucleotides of the 16S-23S ITS region and the 23S rRNA
gene. However, the genome appears to be circular since the 16S rRNA gene
is located on the 3’ end and the partial 23S rRNA gene is on the 5’ end. This
genome was later deposited into GenBank under the accession number
CP011806.

Given this genome sequence information, further examination of the
bacterium could be performed. The genome has 66.8% GC content and
contains 4792 protein-coding genes and 48 RNA-encoding genes.
Examination of genes of interest was performed using the online program

called RAST [31], and the genome was additionally scanned for secondary
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metabolite assembly pathways using the online program called antiSMASH
[32]. The bacterium was determined to be heterotrophic and non nitrogen-
fixing, and had two secondary metabolite pathways present, a terpene
pathway and a polyketide synthase type Ill pathway. Some other interesting
features noted via RAST were genes for flagellar motility, ammonification and
ammonia assimilation, beta-lactamase, cobalt-zinc-cadmium resistance, and
inorganic sulfur assimilation.

In order to taxonomically identify the bacterium, a 16S rRNA gene was
located and analyzed via comparison to NCBI's BLAST database and
submission to the online program RDP Classifier [33]. The BLAST comparison
revealed <95% similarity to various unknown, uncultured samples, and only
85% similarity to the closest known and cultured strain, Desulfobacca
acetoxidans. The RDP Classifier analysis determined that the organism
belongs to the phylum Acidobacteria, subgroup 22. There are currently 26
subgroups of Acidobacteria with few cultured representatives, but the 16S
rRNA genes of Acidobacteria have recently been identified in various
environmental samples, especially from sediments [34][35]. Considering the
largely unstudied nature of Acidobacteria subgroup 22, and the limited
similarity to other samples within the BLAST database, the organism is likely
previously unidentified, and certainly belongs to an as yet unnamed genus and
species. The bacterium will thus be further referred to as Mor1. A phylogenetic

tree comparing the 16S rRNA sequence of Mor1 to other bacteria, including
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Acidobacteria, Proteobacteria, and Cyanobacteria is depicted in FIGURE 1
(page 16).

As a final component to the genetic analysis of Mor1, a gene was
selected from the genome that could be isolated through PCR to serve as a
molecular identifier for the unknown organism within various cyanobacterial
and bacterial cultures. This gene was located via RAST [31] and was
annotated as L-seryl tRNA selenium transferase, known as selA. selA
encodes for the tRNA incorporation of selenium-containing cysteine residues
in proteins; it is present in some heterotrophic bacteria, but is not present in
cyanobacteria [36]. Analysis with RAST confirmed that se/A was contained
within the genome of Mor1 but not M. producens JHB, and so specific PCR
primers were designed based on the sequence of this gene. These primers,
further referred to as the selA primers, were integral for further examination of
Mor1 in various culture experiments.

The relative abundance of Mor1 compared to M. producens JHB was
estimated using the sequencing coverage of single-copy genes within each
genome. selA was selected as the single-copy gene within the genome of
Mor1, and a single-copy gene of similar length, argC, was selected from the
genome of M. producens JHB. The average coverage of selA was 25.1 £ 6.1
times, whereas the average coverage of argC was 106.0 £ 11.0 times. This
indicates that the cells of M. producens JHB are approximately 4 times more

abundant in culture than the cells of Mor1.
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After genetic analysis, attempts were made to culture Mor1 separately
from the filaments of M. producens JHB, using a variety of different marine
media and nutrient enrichments. However, despite the fact that dozens of
bacterial strains were successfully isolated from the M. producens JHB
filaments, none were Mor1. This was determined by extracting DNA samples
from the various bacterial cultures and testing them using PCR with the selA
primers. Given this, it is not currently known how Mor1 can be cultured
separately from M. producens JHB, or if it is possible to culture it separately.

Further examination of Mor1 sought to determine where it was located
on M. producens JHB. TEM images of the outside of M. producens JHB
sheaths as well as cross-sections of the sheaths suggested that the
heterotrophic bacterial community of M. producens JHB is present on the
exterior of the polysaccharide sheaths rather than inside the sheath or
intracellularly. To confirm that Mor1 was located on the outside surface of the
sheaths of M. producens JHB, a semi-quantitative PCR of the selA gene was
performed. For this PCR, two samples of M. producens JHB filaments were
used: one containing the intact external bacterial community (unwashed), and
one that had been treated with a detergent wash designed to remove a
substantial fraction of associated bacteria. Given equal amounts of DNA from
each sample, a PCR was run using the selA primers. The selA signal
decreased in the washed sample, confirming that Mor1 is present on the

outside surface of M. producens JHB sheaths.
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In order to demonstrate that Mor1 was a specific associate of M.
producens and not generally associated with the laboratory cyanobacterial
cultures, several other cyanobacterial cultures were tested for the presence of
Mor1 using the selA primers. The cyanobacterial cultures tested included
Moorea producens JHB, Moorea producens 3L, Moorea bouillonii, 3L
Oscillatoria, Scytonema hoffmani “2846 axenic and xenic,” Leptolyngbya sp.
(coded ISBN3Nov94-8), and Phormidium sp. (coded PAP25Jun12-2).
Interestingly, the signal for selA only appeared within M. producens JHB
(originally collected from Jamaica) and M. producens 3L, a separate strain of
M. producens collected in Curagao; however, the signal did not appear in M.
bouillonii or any other cyanobacterial species. On the basis of this observation,
Mor1 was deduced to not be a general laboratory bacterial contaminant in the
cultures, and was speculated to be a highly specific associate of M.
producens.

At the culmination of these experiments, it was determined that this
unknown bacterium was likely a novel organism, located on the outside of the
polysaccharide sheaths of M. producens JHB. The unsuccessful attempts to
culture the organism and the finding that the bacterium only appeared in
cultures of M. producens suggested a potentially specific relationship with M.
producens. The specificity of this relationship would be further tested with the

following co-culturing experiment.
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FIGURE 1. Phylogenetic tree comparing the 16S rRNA sequence of Mor1 to those of
other bacteria. Anabaena variabilis ATCC 29413 was used as the outgroup. Mor1,
indicated by an arrow, clusters with uncultured Acidobacteria strains, indicating that it
likely belongs to a novel clade of phylum Acidobacteria.
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CHAPTER 2: CO-CULTURING MOOREA PRODUCENS JHB WITH OTHER
CYANOBACTERIA: HOW SPECIFIC IS THE ASSOCIATION OF THE
UNKNOWN BACTERIUM WITH MOOREA PRODUCENS?

Based on the previous examinations of Mor1, it was determined that the
bacterium was found within laboratory cultures of Moorea producens, but not
other species of cyanobacteria. This suggested that there is a potentially
specific association between Mor1 and M. producens. In order to determine
whether Mor1 was capable of living with other species of cyanobacteria, a co-
culturing experiment was designed in which M. producens JHB filaments
containing Mor1 were cultured together with different strains of cyanobacteria.
If Mor1 is capable of transferring to and living with these other cyanobacteria,
the relationship between it and M. producens is likely not very specific;
conversely, if the bacterium fails to transfer to and live with other
cyanobacteria, it could suggest a more specific relationship between Mor1 and
M. producens. The methodology and results of this experiment are laid out in

the following sections.
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2.1: METHODS

In order to determine whether Mor1 could be transferred from M.
producens JHB to other strains of cyanobacteria, a co-culturing experiment
was performed. This co-culturing experiment involved four laboratory
cyanobacterial cultures: 3L Oscillatoria, Leptolyngbya sp. (previously coded
ISBN3Nov94-8), Phormidium sp. (previously coded PAP25Jun12-2), and
Moorea producens JHB. The cultures selected for co-culture with M.
producens were previously confirmed not to contain Mor1; when DNA samples
from each of the cultures were tested via PCR with the selA primers, the selA
signal was absent for each. Additionally, each of the cyanobacterial cultures is
morphologically distinct to aid in the separation step of the co-culturing: M.
producens JHB forms floating star-shaped clumps of thick red-brown
filaments; 3L Oscillatoria forms mats of thin dark-brown filaments;
Leptolyngbya sp. forms mats of thin magenta filaments; and Phormidium sp.
forms floating clusters of greenish-brown filaments.

Three main categories of co-cultures were performed: single-culture
controls, with one cyanobacterial strain per flask; absent unknown bacterium
controls, with two different strains without Mor1 (for example, 3L Oscillatoria
and Leptolyngbya sp.); and finally, the experimental co-cultures, with the three
different cyanobacterial cultures being cultured individually with M. producens
JHB. This co-culturing schematic is outlined in TABLE 1 (page 23). Each co-

culture or control was grown in intimate contact in 250-mL flasks with SWBG-
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11 media for two weeks until separation of the cultures, and each was also
performed in duplicate flasks. In co-cultures involving two separate
cyanobacteria, the two strains were separated after two weeks. The different
strains were separated based on differing morphologies, using a dissecting
microscope under sterile conditions. After separation, the cultures were grown
for variable amounts of time to acquire several grams of wet biomass.

When enough biomass was obtained, DNA was extracted from each of
the cultures. The cyanobacterial filaments were first prepared by drying with
vacuum filtration and freezing with liquid nitrogen; then they were ground with
mortar and pestle and transferred to microcentrifuge tubes. DNA was then
extracted from these prepared samples, following the Joint Genome Institute’s
DNA extraction protocol for bacteria using phenol-chloroform and CTAB [37].
DNA concentration and quality for each sample was checked by UV
spectrophotometry (NanoDrop 2000, Thermo Scientific).

Using the DNA samples obtained from each co-culture, two different
PCR reactions were run. First, a PCR was run using general 16S rRNA
primers called 27F and 781R (sequences shown in TABLE 2, page 23). These
two primers produce a product of length 754 bp. Second, a PCR was run
using the Mor1-specific selA primers, called selA Fw 428 and selA Rv 1180
(sequences shown in TABLE 2, page 23). These two primers produce a

product of 775 bp in length.



22

PCR for both reactions was run with 20 uL total volumes, containing 10
ML of of 2x Taq Master Mix, 0.5 yL MgCl; (25 mM), 1.0 uL each of respective
forward and reverse primers (10 uM), 1.0 yL of DNA template, and 6.5 pL of
sterile water. Each reaction was also run with a negative control, using 1 uL of
sterile water in place of DNA. The amplification conditions were as follows:
initial denaturation at 95°C for 4 min, followed by 30 cycles of 95°C for 30 s,
50°C with 16S rRNA primers or 55°C with selA primers for 30 s, and 72°C for
60 s, followed by a final extension step at 72°C for 7 min.

The results of each PCR were visualized on 1% agarose gels
containing 1:10,000 diluted Gel Red (Biotium Inc.). The samples were run with
the Invitrogen 1 KB Plus DNA Ladder as a molecular weight marker. Gels for
the 16S rRNA and selA PCR reactions are depicted in Section 1.2: Results

and Discussion.
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TABLE 1. Matrix of co-culturing experiments involving M. producens JHB and
various other filamentous tropical marine cyanobacteria. Each entry indicates
the intent of the co-culturing combination.

M. producens | 3L Oscillatoria | Leptolyngbya Phormidium

JHB sp. sp.
M. producens Single culture | Potential Mor1 | Potential Mor1 | Potential Mor1
JHB control transfer transfer transfer
3L Oscillatoria X Single culture Absent Mor1 Absent Mor1

control control control

Leptolyngbya X X Single culture Absent Mor1
sp. control control
Phormidium X X X Single culture
sp. control

TABLE 2. Primer sequences used in the co-culturing experiment.

Primer name Primer sequence Tmin°C
27 F 5 -AGAGTTTGATCCTGGCTCAG- 3’ 54.3
781R 5 -GACTACAGGGGTATCTAATCC- 3’ 52.0
selA Fw 428 |5 -ACTATCGCAAGGCGATCAACAAGA- 3’ 58.6
58.3

selA Rv 1180

5 -CTAGCTCATCGCTCCTATCAG- 3
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2.2: RESULTS AND DISCUSSION

In order to analyze the results of the co-culturing experiment, two
different PCR reactions were run using the same co-culturing samples. The
PCR using 16S rRNA primers served as a positive control for sample quality.
With similar amounts of high quality DNA in each sample, the 16S rRNA
bands should have the same brightness and intensity on the gel. As shown in
FIGURE 2 (page 26), this appears to be the case. The negative control (Lane
2) shows no band, as expected, and the other lanes (Lanes 3-18) show bright
bands around 754 bp, the expected size for the 16S rRNA product. This
ensures that equal amounts of DNA were added into each reaction, and that
the DNA samples were all of high quality.

A PCR reaction was run using the selA primers, with the same amounts
of DNA used in each tube as the 16S rRNA reaction. This served to show
whether Mor1 was present within any of the co-culture samples. The positive
control for this reaction was the M. producens JHB single-culture control. Any
other bands appearing on the gel would signify that Mor1 successfully
transferred to an “acceptor” strain of cyanobacteria. The results of this PCR
reaction are shown in FIGURE 3 (page 27). The negative control (Lane 2)
shows no band, as expected, and the lane corresponding to the M. producens
JHB single-culture sample (Lane 3) shows a band around 775 bp, as
expected. The co-cultures of different cyanobacteria without Mor1, in Lanes

10-18, do not show any bands around 775 bp. This is expected, and ensures
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that the selA PCR signal was not produced by the co-culturing experiment in
itself. Lanes 4-9, which represent the three different cyanobacteria that had
been co-cultured with M. producens JHB in duplicate, do not show any bands
for selA around 775 bp. This means that Mor1 was not detectably present in
the cyanobacterial samples that had been co-cultured with M. producens JHB.
Mor1 did not appear to transfer to and grow on cyanobacteria other than M.
producens JHB, indicating that Mor1 was not transferrable to these strains,

and that it is a specific associate of M. producens.
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FIGURE 2. 16S rRNA PCR using DNA from the co-culturing of Moorea
producens JHB with other cyanobacteria.

The size of the 16S rRNA PCR product is 754 bp, as indicated. Lane 1: Molecular
weight marker (Invitrogen 1 kb Plus DNA Ladder). Lane 2: Negative control, sterile
water. Lane 3: Moorea producens JHB. Lane 4: 3L Oscillatoria. Lane 5: Phormidium
sp.. Lane 6: Leptolyngbya sp. Lanes 7 and 8: 3L Oscillatoria from co-culture with
JHB, duplicate co-cultures. Lanes 9 and 10: Phormidium sp. from co-culture with
JHB, duplicate co-cultures. Lanes 11 and 12: Leptolyngbya sp. from co-culture with
JHB, duplicate co-cultures. Lane 13: Phormidium sp. from co-culture with
Leptolyngbya sp. Lane 14: Phormidium sp. from co-culture with 3L Oscillatoria. Lane
15: Leptolyngbya sp. from co-culture with Phormidium sp.. Lane 16: Leptolyngbya sp.
from co-culture with 3L Oscillatoria. Lane 17: 3L Oscillatoria from co-culture with
Phormidium sp.. Lane 18: 3L Oscillatoria from co-culture with Leptolyngbya sp.
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FIGURE 3. selA PCR using DNA from the co-culturing of Moorea producens
JHB with other cyanobacteria.

The size of the selA PCR product is 775 bp, as indicated. Lane 1: Molecular weight
marker (Invitrogen 1 kb Plus DNA Ladder). Lane 2: Negative control, sterile water.
Lane 3: Moorea producens JHB. Lane 4: 3L Oscillatoria. Lane 5: Phormidium sp..
Lane 6: Leptolyngbya sp. Lanes 7 and 8: 3L Oscillatoria from co-culture with JHB,
duplicate co-cultures. Lanes 9 and 10: Phormidium sp. from co-culture with JHB,
duplicate co-cultures. Lanes 11 and 12: Leptolyngbya sp. from co-culture with JHB,
duplicate co-cultures. Lane 13: Phormidium sp. from co-culture with Leptolyngbya sp.
Lane 14: Phormidium sp. from co-culture with 3L Oscillatoria. Lane 15: Leptolyngbya
sp. from co-culture with Phormidium sp.. Lane 16: Leptolyngbya sp. from co-culture
with 3L Oscillatoria. Lane 17: 3L Oscillatoria from co-culture with Phormidium sp..
Lane 18: 3L Oscillatoria from co-culture with Leptolyngbya sp.
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CHAPTER 3: ANALYSIS OF THE UNKNOWN
BACTERIUM AND PROPOSED FURTHER EXPERIMENTS

3.1: GENOMIC INFORMATION

Most of the current knowledge of Mor1 is based on the assembled 5.99
Mb genome obtained from the efforts to sequence the Moorea producens JHB
monoculture. This genome shows that the bacterium does not have genes for
photosynthesis or nitrogen fixation, indicating a heterotrophic and non-
diazotrophic lifestyle. As previously mentioned, the genome also contains
genes for flagellar motility, ammonification and ammonia assimilation, beta-
lactamase, cobalt-zinc-cadmium resistance, and inorganic sulfur assimilation.
Further analysis of Mor1’s genome could be performed to locate particular
genes of interest or compare to the genomes of other organisms.

When laboratory cyanobacterial cultures were tested for the presence
of the selA gene indicative of Mor1, Mor1 was also detected within the culture
of M. producens strain 3L. Thus, it would be valuable to sequence the genome
of Mor1 derived from strain 3L. As a result of the previous sequencing of M.
producens 3L, there were many contigs that were binned out and identified as
belonging to associated heterotrophic bacteria. However, when these contigs
were compared to the full genome of Mor1 obtained from M. producens JHB,
none of them matched. Thus, it appears that in the previous sequencing effort
of M. producens 3L, sequences from Mor1 were in low abundance. Since the
selA gene is present within the cultures of M. producens 3L, Mor1 is present,

but the previous sequencing effort incidentally did not yield a large number of
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Mor1-like sequences. Thus, re-sequencing efforts could allow a genome of
Mor1 associated with M. producens 3L to be obtained, and this could be
compared to the current Mor1 genome derived from JHB. M. producens 3L
was collected in Curacao [30], whereas M. producens JHB was collected in
Jamaica [38], and the two cyanobacteria differ in their genomes and
secondary metabolite production. Thus, the genomes of Mor1 associated with
these two distinct cyanobacteria would likely also show differences.

The size of the current Mor1 genome is also notable. Heterotrophic
marine bacteria living in coastal environments with plentiful nutrients
(copiotrophic) tend to have larger genome sizes than marine bacteria in low-
nutrient (oligotrophic) environments [39]; since M. producens JHB was
collected from a Jamaican reef, the cyanobacterium and its associated
bacteria are copiotrophic. However, the copiotrophic bacterium exemplified in
Lauro et al. has a “large” genome of 4.80 Mb [39], whereas Mor1 has a
genome even larger than that, at 5.99 Mb. Additionally, it has been discovered
that heterotrophic bacterial symbionts tend to have reduced genomes, though
this genome reduction process occurs in obligate symbionts in “very stable
environments” [40]. It is unclear though, what conclusions can be made about
the genome size in relation to Mor1’s association with M. producens JHB. If
Mor1 shows genome reduction and is missing common genes present in
related bacteria, this is an indicator of an obligate symbiosis [41]. However,

since there is still limited genomic information on bacteria within phylum
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Acidobacteria, it is not known how Mor1’s genome size compares to related
organisms.

Analysis of Mor1’s 16S rRNA gene enabled identification of the
organism as a member of phylum Acidobacteria, subgroup 22. Further
taxonomic classification of subgroup 22 does not currently exist [34][35], and
so this organism belongs to a yet unnamed genus and species. In general,
Acidobacteria is a poorly characterized phylum, containing few cultured
representatives, and the known genetic information on Acidobacteria is
primarily 16S rRNA sequences [42][43]. However, these 16S rRNA sequences
have been detected in soil and sediment samples throughout the world, and
members of the phylum are thought to play significant roles in these
ecosystems [34][35][43]. Additionally, Acidobacteria have been discovered
living within the associated communities of marine sponges and zoanthids
[44][45], suggesting not only that Acidobacteria are present within marine and
reef environments, but also that they are capable of forming complex, even
symbiotic relationships with other organisms. Thus, although the phylum
Acidobacteria is still poorly characterized, there is still some information that
can be gained about the capabilities and ecology of Mor1 from studying
related bacteria. Conversely, the addition of this complete Acidobacteria
genome to GenBank has the potential to greatly expand the knowledge of a

phylum that is significantly underrepresented in genomic information.
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3.2: CULTIVATION-DEPENDENT INFORMATION

When laboratory cyanobacterial cultures were tested for the presence
of selA, a gene specific to Mor1, the selA signal only appeared in cultures of
M. producens. Additionally, the results of co-culturing M. producens JHB with
other cyanobacteria indicate that Mor1 does not transfer to cyanobacteria
other than M. producens JHB. According to the results of these experiments, it
was concluded that Mor1 has a specific relationship with M. producens.
However, information on Mor1 is currently limited because of the inability to
culture it separately from the filaments of M. producens JHB. This could be
indicative of the relationship between the two organisms, but culturing an
organism individually can provide crucial microbiological information. Thus, an
important further step in examining this bacterium is, if possible, obtaining a
pure culture of Mor1 separate from M. producens JHB.

One potential route for the separation of M. producens JHB and Mor1
involves the differential sensitivity of the organisms to antibiotics. Comparison
of the genomes of M. producens JHB and Mor1 using RAST [31] reveals that
though both Mor1 and M. producens JHB have genes for beta-lactamase and
several multi-drug efflux pumps, Mor1 also has genes for colicin E2 resistance
and fosfomycin resistance. Thus, the use of either of these antibiotics could
select against the cyanobacterium but allow Mor1 to live. However, the
antibiotic resistances of the other heterotrophic bacteria that are associated

with M. producens JHB are not currently known. Therefore, experiments along
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these lines would simply be a first step in separating the cyanobacterium from
Mor1.

Considering that Mor1 appears to be attached to the outer surface of
sheaths of M. producens, another method of separating Mor1 and M.
producens could involve washing the filaments of M. producens with detergent
to remove associated bacteria. This procedure was previously performed
along with a semi-quantitative PCR using selA primers in order to verify that
Mor1 was largely present on the outside of the sheaths of M. producens JHB;
because the bacterium appeared to partially wash off, this is a plausible
method for separating the cyanobacterium and Mor1. However, previous
attempts to culture Mor1 from directly plating this wash buffer were
unsuccessful. Thus, this method could be used in conjunction with other
methods of culturing “unculturable” bacteria; for example, using dilution to
extinction of the wash buffer to reduce the number of competing bacteria
being plated [46][47], and incubating for extended periods of time (up to 12
weeks) in case Mor1 is slow-growing [47].

Previous culturing attempts may also have been missing essential
nutrients for the growth of Mor1. One strategy may be to use the media
described by Joseph et al., who successfully cultured various “unculturable”
Acidobacteria strains from soil [42]. However, this method may not be
successful for a marine Acidobacteria strain, or may need to be modified.

Mor1 could also be missing nutrients specifically provided by M. producens.
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The cyanobacterial compounds that Mor1 is most likely in contact with are the
polysaccharides of the external sheath of M. producens [48]. Mor1 may utilize
these for its growth, and thus purification of these polysaccharides to add to
the growth media could provide more success in culturing Mor1 independently.
However, during previous culturing attempts, whole M. producens filaments
were frozen and powdered by grinding, and then added to the agar. The
culturing of Mor1 from these trials was still unsuccessful, which could suggest
that Mor1 requires nutrients from the living M. producens filaments.
Comparison of genes between M. producens and Mor1 may give further
insights into what Mor1 is “missing” that M. producens may provide. For
example, comparison of amino acid synthesis and utilization genes between
the two organisms using RAST [31] reveals that Mor1 contains genes for
histidine degradation, but only M. producens JHB contains genes for histidine
biosynthesis. Thus, supplementation of the media with histidine could allow for
the growth of Mor1. Further, if this culturing strategy is successful, this could
suggest an essential nutrient exchange that occurs between the two
organisms.

Additional examinations of the relationship between M. producens and
Mor1 could develop evidence for a symbiosis between the two organisms.
Nutrient exchange is one of the clearest indicators of symbiotic interaction;
however, demonstrating nutrient exchange often requires separate and axenic

cultures of the two organisms. Evidence of nutrient exchange between Mor1
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and M. producens, which would further suggest a symbiosis, could be
provided if the two organisms can be cultured separately. If separate cultures
of M. producens JHB and Mor1 can be obtained, co-culturing experiments
between the two organisms could be performed, comparing the growth rates
individually and together [16][17]. If M. producens and Mor1 grow better when
co-cultured than when separated, this would suggest beneficial interactions
between the two organisms. To better examine these interactions,
transcriptome analysis could be carried out on the individual cultures and the
co-culture; genes that are more highly expressed during co-culturing could
indicate nutrient exchange or communication between the two organisms [18].
Direct exchange of molecules between Mor1 and M. producens could also be
visualized using imaging mass spectrometry [49]. Additionally, since it has
been shown previously that associated heterotrophic bacteria can affect the
natural products produced by a cyanobacterium [22], this could be examined
between M. producens and Mor1. LCMS (liquid chromatography—mass
spectrometry) profiles of M. producens with and without Mor1 could be
compared to examine whether M. producens produces differing secondary
metabolites in the presence of Mor1. Overall, if interactions between the two
organisms, including nutrient exchange, can be established, this provides
further evidence for a symbiosis between Mor1 and M. producens, a novel

symbiosis between two prokaryotes.
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CHAPTER 4: CONCLUSION

During the efforts to sequence the genome of Moorea producens strain
JHB, the genome of a yet unknown and uncultured bacterium emerged. This
genome provides valuable information about the bacterium, which was named
Mor1. Mor1 is a heterotrophic bacterium belonging to phylum Acidobacteria,
subgroup 22, and because of its low similarity to other known and cultured
bacteria, Mor1 likely represents a novel clade of Acidobacteria. Since there
are still few sequenced genomes of members of phylum Acidobacteria,
acquiring the genome of Mor1 is in itself an exciting development.

Additional studies on Mor1, outlined in this thesis, have suggested a
specific relationship between Mor1 and Moorea producens. Mor1 was located
within laboratory cultures of M. producens, but no other species of
cyanobacteria. It was also unable to be cultured independently of M.
producens JHB, which could suggest an interdependence of the two
organisms. Further, the co-culturing experiments outlined in this thesis show
that Mor1 is unable to transfer to cyanobacteria other than M. producens,
which additionally supports the specificity between Mor1 and M. producens.

These data substantiate a specific relationship between Mor1 and M.
producens, but further studies are also needed. Efforts to culture the two
organisms independently could further elucidate the relationship between
Mor1 and M. producens, especially if there appears to be nutrient exchange

between the two. Exchange of nutrients would provide strong evidence for a
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symbiosis between Mor1 and M. producens. Therefore, not only can further
research on Mor1 provide more information about the understudied phylum
Acidobacteria, but it can also elucidate some of the interactions between
filamentous cyanobacteria and heterotrophic bacteria, and characterize a

potential novel symbiosis between two prokaryotic organisms.
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