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SUMMARY

Marine phytoplankton are responsible for ~50 % of global primary production and
encompass a wide range of microorganisms characterized by being phototrophs.
Within this group are the marine picocyanobacteria encompassing the
phylogenetically closely related genera Synechococcus and Prochlorococcus.
Bacteriophage lysis, as well as grazing by eukaryotic protists, play central roles as the
major biotic causes of Synechococcus mortality in pelagic systems. However,
Synechococcus populations show no extinction, suggesting high rates of production
counteract this mortality, or that specific bacteriophage resistance and prey-selectivity
mechanisms exist. This thesis set out to determine the molecular basis of cyanophage
resistance in marine Synechococcus, using previously isolated cyanophage resistant

Synechococcus sp. WH7803 mutants.

Whole genome sequencing (WGS) analysis revealed that these cyanophage-resistant
Synechococcus sp. WH7803 mutants, as well as a re-sequenced wild type strain,
possessed a distinctive mutation profile, with a high number of mutations present in
each mutant and with mutations present at a variable frequency. Such a profile is in
stark contrast to what was recently found in Prochlorococcus where specific mutations
could be identified at 100 % frequency (Avrani et al., 2011). The mutation profile of
Synechococcus sp. WH7803 prevented the precise identification of specific genes
involved in cyanophage resistance in this strain. This profile was hypothesised to be
related to Synechococcus sp. WH7803 being an oligoploid organism, i.e. possessing
more than one chromosome copy. Indeed, a gPCR assay that was optimised showed

this strain possesses on average four chromosome copies.

Subsequent isolation and WGS characterisation of cyanophage resistant mutants from
the monoploid strain Synechococcus sp. WH7805 revealed a completely different
mutation profile, most similar to that previously described for Prochlorococcus. This
identified mutations in a single gene, encoding a possible glycosyltransferase, that
were confirmed by Sanger sequencing, as being potentially responsible for

cyanophage resistance in this strain.
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1.1. Introduction

The oceans cover approximately 70 % of the Earth’s surface and play a central role in
the global carbon cycle. Contained within are a plethora of marine microorganisms

that play critical roles in all the major biogeochemical cycles (Arrigo, 2005).

Indeed, 2010 culminated a decade long international effort to assess the diversity,
distribution and abundance of marine life via the Census of Marine Life

(www.coml.org). This investigation helped identify more than 6,000 new marine

species, including microbes, around the globe revealing the vast diversity and richness
of marine life and highlighting our general lack of knowledge of these organisms.

Likewise, the multinational Tara Oceans consortium was the largest international
effort to sequence DNA from marine plankton, resulting in over 35,000 samples of
viruses, bacteria, protists and small animals collected from 210 stations in the major
oceanic regions from 2009 to 2013, which revealed the vast diversity of marine
plankton and hence resulted in several articles included in a recent special Science
issue (Bork et al., 2015; Brum et al., 2015; Lima-Mendez et al., 2015; Sunagawa et al.,
2015; de Vargas et al., 2015; Villar et al., 2015).

Despite the low density of marine life in oligotrophic gyre regions, it is due to their
vast areal extent that they contribute the greatest to the marine CO> fixation budget, a
process that directly influences surface ocean biogeochemistry, carbon dynamics, and
potentially modulates climate change (Partensky et al. 1999). Notably, these

oligotrophic gyres are dominated by marine picocyanobacteria.

1.2. Marine picocyanobacteria

Marine photosynthetic microorganisms, namely phytoplankton, encompass a wide
range of microorganisms, characterized by being autotrophs, i.e. organisms that use
inorganic compounds for both energy and growth. These organisms are responsible
for ~50 % of global primary production, i.e. the fixation of CO; into biomass, due to
their central position in the biological carbon pump (Behrenfeld et al., 2006; Field,

1998; Sanders et al., 2014). Likewise, marine picocyanobacteria have been estimated


http://www.coml.org/
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to contribute between 8.5 to 65 % of the net marine carbon fixation in some oceanic
regions (Flombaum et al., 2013; Jardillier et al., 2010; Veldhuis et al., 1997).

Within this group, Synechococcus spp. and Prochlorococcus spp. are the two major
cyanobacterial genera. These marine picocyanobacteria are the most abundant and
globally distributed photoautotrophs, which has been estimated to contribute between
32 % and 89 % of primary production in some oligotrophic regions of the oceans and
hence are of key environmental relevance (Flombaum et al., 2013; Jardillier et al.,
2010; Scanlan et al., 2009; Veldhuis et al., 1997).

The geographic distribution of Prochlorococcus and Synechococcus is complimentary
(Fig. 1.1). Whilst Synechococcus prefers relatively high nutrient regions and has a
broader distribution from pole to pole, Prochlorococcus favours oligotrophic areas,
such as the oceanic gyres, and hence its distribution is largely restricted to ocean
regions between ~ 40°N and 40°S (Partensky et al. 1999; Scanlan et al. 2009;
Flombaum et al. 2013; Vincent et al. 2000; Zwirglmaier et al. 2008; Johnson et al.
2006; Martin et al. 2005; Sohm et al. 2015; Fuller et al. 2006).
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A Prochlorococcus

B Synechococcus

I O ¢! cbundance
3x103 1x 104 ©5x104 1x108 [cells mL™]
Figure 1.1. Global distribution and mean annual abundance of Prochlorococcus (A)

and Synechococcus (B) (from Flombaum et al. 2013)

Marine Synechococcus and Prochlorococcus are phylogenetically closely related
(Urbach et al., 1998). Several different conserved marker genes, including rpoCl1,
ntcA, petB and narB, as well as the 16S rRNA gene and the 16S-23S internal
transcribed spacer region (ITS) have been investigated in order to determine their
phylogenetic relationships (e.g. see Mazard et al. 2012). They cluster together forming
what is known as the marine picophytoplankton clade (Fig. 1.2), with > 96 % identity
in their 16S rRNA sequence (Urbach et al. 1998; Rocap et al. 2002; Mazard et al. 2012;
Scanlan & West 2002; Fuller et al. 2003).

However, despite their similarity and that they co-exist in some oceanic regions,

Prochlorococcus and Synechococcus have key physiological differences, including
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elemental composition, cell size and pigmentation (Bertilsson et al., 2003; Heldal et
al., 2003; Lindell, 2014; Moore et al., 2005)
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Figure 1.2. Neighbour-joining tree indicating the phylogenetic relationships of marine

Synechococcus and Prochlorococcus (from Scanlan 2012)

The tree was constructed based on 16S rRNA gene sequences and bootstrap values of
70 %. Genome sequences are available for those strains indicated in bold.
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The difference in global distribution of these two marine picocyanobacteria has been
attributed to the adaptability of their light harvesting machinery and pigments.
Prochlorococcus contains divinyl derivatives of chlorophyll a and b (Chla2 and Chlyy)
as part of their light-harvesting membrane complex, but lacks a phycobilisome (Fig.
1.3). This light harvesting antenna is similar to that found in the chloroplasts of higher
plants but a result of different evolutionary trajectories (Palenik and Haselkorn, 1992;
Rippka et al., 2000; Urbach et al., 1992). Specific high light- and low light-adapted
Prochlorococcus ecotypes exist that are genetically distinct and possess differences in
their light harvesting accessory pigment content (Moore et al., 1998). Such variation
in ecotypes has allowed Prochlorococcus to niche partition in vertically stratified
water columns (Johnson et al., 2006; West and Scanlan, 1999; Zwirglmaier et al.,
2008) resulting in greater integrated production than could be achieved by a single
ecotype (Moore et al., 1998). Hence, Prochlorococcus can been found at greater depths

than Synechococcus, sometimes down to depths > 200 m.
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Synechococcus Prochlorococcus

Cytbssy  Cytbssy

Stroma

Thylakoid
membrane

Lumen

PSII PSII
D Phycoerythrin II
. Phycoerythrin I Phveobili
hycobilisome P
. R-Phycocyanin II 4 Chlorophyll-binding

) Pcb proteins
. Allophycocyanin

Figure 1.3. Schematic representation of the photosystem Il (PSII) light-harvesting

antenna of Synechococcus (left) and Prochlorococcus (right).

The phycobilisome composition shown is that found in Synechococcus sp. WH7803.
Image based on Scanlan (2012); Ting et al. (2002) and Six et al. (2007). D1/D2:
reaction centre protein; PsbO: manganese stabilising protein; Cyt bsse: cytochrome bssg

Synechococcus possesses a distinct light-harvesting accessory complex, the
phycobilisome which can associate with photosystem I and Il (see Fig. 1.3). This large
protein complex consists of phycobiliproteins, dominated by phycoerythrin,
phycocyanin and allophycocyanin, as well as a number of linker polypeptides that
maintain structural integrity. Phycobiliproteins can account for half of the soluble
protein content of cyanobacteria (Ong & Glazer 1991, Glazer & Clark 1986; Grossman
etal., 1993).

In contrast to Prochlorococcus, which harvests mostly blue light (~400 — 500 nm),
Synechococcus absorbs light of more green wavelengths (500 — 550 nm) and is
potentially more flexible in the light wavelengths it can absorb due to the
phycoerythrobilin  (PEB; ~544nm) and phycourobilin (PUB; ~ 493 nm)
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chromophores attached to phycoerythrin present in the phycobilisome (see Six et al.,
2007). The PUB:PEB ratio determines the light spectra that Synechococcus is able to
absorb (Six et al. 2007; Scanlan et al. 2009; Ting et al. 2002; Morel et al. 1993;
Grossman et al., 1993; Blot et al. 2009), with strains containing low PUB or PUB-
lacking phycoerythrins dominating in mesotrophic waters whilst high PUB-containing
phycoerythrin strains dominate in more transparent oligotrophic waters (Campbell and
Iturriaga, 1988; Olson et al., 1988, 1990; Wood et al., 1999).

Depending on the specific phycobiliproteins present, Synechococcus can be classified
into three pigment types. Pigment type 1 contains phycocyanin only, a representative
being the ‘green’ strain Synechococcus sp. WH5701. Pigment type 2 consists of
phycocyanin and phycoerythrin | and includes strain Synechococcus sp. WH7805 that
is further studied in this thesis. Pigment type 3 comprises phycocyanin, phycoerythrin
I and phycoerythrin Il and can be subdivided into four sub-types depending on the
PUB:PEB ratio. Thus, sub-type 3a includes strains possessing a low PUB:PEB ratio,
type 3b a medium PUB:PEB ratio, type 3c a high PUB:PEB ratio or type 3d a variable
PUB:PEB ratio (see Six et al. 2007). A widely studied type 3a pigment type
representative is Synechococcus sp. WH7803, the major Synechococcus strain
investigated in this thesis (Toledo et al., 1999; Waterbury et al., 1986).

1.3. Marine Synechococcus

Marine Synechococcus spp. are Gram negative bacteria around 1 pum in diameter
(Morel et al. 1993; Olson et al. 1990) easily distinguished by their orange fluorescence
detected using blue light epifluorescence microscopy or flow cytometry. The genus
Synechococcus is a polyphyletic cluster including freshwater, obligatory marine and
halotolerant strains, which has been divided into five clusters, with marine
Synechococcus comprising sub-clusters 5.1, 5.2 and 5.3 (Fig. 1.2). Marine
Synechococcus is genetically diverse hence the major sub-cluster (5.1) can be divided
into at least 10 clades encompassing a wide range of pigment types (see section 1.1;
Scanlan et al. 2009; Ahlgren & Rocap 2006; Mihling et al. 2006). Recently, the
genomes of several marine Synechococcus strains have been sequenced (Dufresne et
al., 2008; Palenik et al., 2003, 2006), including strains WH7803 and WH7805 which
are the focus of this thesis, allowing unprecedented analysis of the molecular
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mechanisms that have given rise to the ubiquitous distribution of this genus in oceanic

waters (see Scanlan et al., 2009).

The distribution and abundance of Synechococcus is controlled both by biotic and
abiotic factors. Several studies have investigated the bottom-up control shaping
Synechococcus communities, including abiotic factors such as light (including UV
light), temperature and nutrient availability (Six et al. 2007; Pittera et al. 2014; Sohm
et al. 2015; Agawin et al. 2000; Agawin et al. 1998; Kretz et al. 2015; Fu et al. 2007,
Zwirglmaier et al. 2008; Zwirglmaier et al. 2007; Fuller et al. 2005).

In contrast, predation of marine Synechococcus is the major biotic factor dictating
Synechococcus community structure and mortality in pelagic marine systems. Such
top-down factors include grazing (i.e. consumption) by eukaryotic protists, such as
flagellates and ciliates, as well as bacteriophage (viral) lysis (Fuhrman, 1999; Mojica
et al., 2015; Pernthaler, 2005; Rodriguez-Valera et al., 2009; Suttle, 2007; Weitz et al.,
2015).

Whilst accurate estimates of virus-mediated mortality remain elusive being largely
estimated using models (Suttle, 2005; Weitz et al., 2015), the microbial cell contents
released after viral lysis can influence biogeochemical processes by increasing nutrient
availability and hence being a source of recycled carbon, that can alter food webs via
the viral shunt (Fig. 1.4; Breitbart, 2012; Suttle, 2005; Wilhelm and Suttle, 1999).
Moreover, DNA transferred directly by bacteriophages or indirectly by releasing free
DNA after host-cell lysis can influence changes in bacterial genome composition via
horizontal gene transfer, this being an important factor driving evolution in microbial
communities by generating genomic heterogeneity (Cheetham and Katz, 1995; Jiang
and Paul, 1995; Jover et al., 2014; Weinbauer, 2004; Weinbauer and Rassoulzadegan,
2004).
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Figure 1.4. Schematic representation of the viral shunt (modified from Breitbart, 2012;
Wilhelm and Suttle, 1999)

Viral infection (red arrows) produces dissolved organic matter that can recycle and be
used by heterotrophic prokaryotes, whereas grazing brings carbon (blue arrows) to
higher trophic levels.

1.4. Marine bacteriophages

Viruses are thought to be the most abundant biological entities found in all habitats.
Bacteriophages, or phages, are viruses that infect bacteria. The term is derived from
the Greek "to eat" (phagein) and the word “cyanophage” or “cyanovirus” has been
adopted to refer to bacteriophages that specifically infect cyanobacteria. Other
derivations of the name can refer to the classification of the bacteriophage, for example
a “cyanomyovirus” would be specifically referred to as a bacteriophage from the

Myoviridae family that infects cyanobacteria.

10
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1.4.1 Abundance, enumeration methods and distribution of marine

bacteriophages

Marine bacteriophages were first identified in 1955, when a sample of seawater from
the North Sea off the coast of Aberdeen, Scotland, was used to lyse a bioluminescent
bacteria, Photobacterium phosphoreum (Spencer, 1955). Although not a marine
bacteriophage, the first bacteriophages isolated from seawater lysed enterobacteria
(Zobell, 1946), thus it was believed that the levels of bacteriophages in unpolluted

seawater were low and hence not ecologically important.

Nonetheless, viral particles are indeed much more abundant than was thought at that
time. Thus, in 1979 the use of transmission electron microscopy (TEM) showed
10* viruses mL* were present in a concentrated seawater sample filtered through a
0.2 um pore size filter (Torrella and Morita, 1979). Subsequently, Bergh et al. (1989)
found up to 2.5 x 108 viruses mL™* using TEM of ultracentrifuged samples from the
Atlantic and Chesapeake Bay, revealing the abundance and potential importance of

viruses (and bacteriophages) in marine environments.

Subsequently, epifluorescence microscopy was used as a more precise method for
counting virus-like particles (VLPs). Use of this technique gave similar results, but
provided a simpler and quicker approach than TEM (Wommack and Colwell, 2000).
Use of epifluorescence microscopy requires staining of VLPs attached to membrane
filters, commonly a dsDNA-binding fluorochrome excitable with UV light, such as
4’ 6-diamidino-2-phenylindole (DAPI), YO-PRO, SYBR Green | and SYBR Gold
(Noble and Fuhrman, 1998; Shibata et al., 2006), although small bacteria and large
VLPs can give rise to counting errors depending on the pore size selected. Currently,
this method has been improved by the addition of a direct “wet mounting” step instead

of using filters (Cunningham et al., 2015).

Flow cytometry is now also widely used to count VLPs in environmental samples (see
e.g. Brussaard et al. 2000). Since VLPs are not naturally fluorescent they need to be
stained in the same way as for epifluorescence microscopy, and due to their small size

they can be confused with ‘background’ noise. For this reason, flow cytometric

11
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analysis of viral abundance is regularly being further optimised, developing better

instruments and protocols to improve sensitivity (Brussaard, 2004).

Nevertheless, these methods can only estimate the total abundance of VLPs but not
infective viral particles. To determine the abundance of infective bacteriophage it is
necessary to use a plaque assay, a culture-dependent method that relies on the
availability of a suitable host. Using this method it is only possible to establish the
abundance of specific bacteriophages infecting specific hosts (Millard, 2009).

Overall estimates of viral abundance are based on their average abundance in different
marine ecosystems. Thus, Suttle (2005) calculated an average abundance of VLPs of
3 x 10° mL "t suggesting a total of ca. 4 x 10% viruses in the entire ocean, which he
suggested that “if stretched end to end, would span farther than the nearest 60 galaxies”
(Suttle 2005, 2007).

Whilst some investigators have questioned the numbers calculated by Suttle as an
overestimation, because the techniques used for detecting VLP abundance rely on
staining of dsDNA (Biller et al., 2014; Forterre et al., 2013; McDaniel et al., 2010),
recent work specifically targeting ssDNA and RNA viruses suggests that these
numbers are not far from reality, since these latter viral types have been largely omitted
in previous studies (McDaniel et al., 2010; Steward et al., 2013).

The distribution and abundance of bacteriophages is critically dependent on host
abundance. Certainly, seasonal variations in marine bacteriophage abundance have
been correlated with concomitant fluctuations in bacterioplankton abundance, with a
generally higher abundance of bacteriophages during warmer seasons, and with a
difference of nearly two orders of magnitude between spring and winter (Bergh et al.,
1989; Bratbak et al., 1996; Millard and Mann, 2006; Weinbauer, 2004; Winget and
Wommack, 2009).

Likewise, spatial stratification of bacteriophages in the water column is also linked to
the availability of hosts with an obvious higher abundance of viruses infecting
phototrophs in the euphotic zone, but also bacteriophage found infecting microbes
inhabiting hydrothermal vents at depths down to 2,600 m (Boehme et al., 1993; Hara
et al., 1996; Jiang et al., 2003).

12
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1.4.2 Bacteriophage classification

Bacteriophages have been classified using various characteristics, such as the host they
infect, their nucleic acid composition, infection type and morphology. Based on their
morphology and nucleic acid content, the International Committee on Taxonomy of
Viruses (ICTV) has currently classified 19 different viral families that infect bacteria
and Archaea (Ackermann, 2011).

The Caudovirales order encompasses 96 % of the known bacteriophages. This order
comprises three families of tailed bacteriophages with icosahedral heads: the
Myoviridae, Siphoviridae and Podoviridae (Table 1.1). The Myoviridae family have
larger genomes with a lower GC % content compared to members of the Podoviridae
and Siphoviridae which have smaller genomes and a variable GC % content (Comeau
et al., 2012). The broader host range of bacteriophages of the Myoviridae family has
been explained by their possession of tRNA genes within their genomes, allowing
them to maintain translation efficiency across a wide range of hosts, in comparison to
members of the Podoviridae and Siphoviridae where codon usage and the efficiency
of translation derives from the host (Bailly-Bechet et al., 2007; Enav et al., 2012).

13
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Shape Family N;gilglc Characteristics Example
Contractile tail, no
D: Myoviridae dIS.DNA envelope, order T4
inear )
Caudovirales
Long tail, non-
D: Siphoviridae dISfDNA contractile, no envelope, A
inear :
order Caudovirales
<:>:. Podoviridae ds_DNA Short tail, no (_anvelope, T7
linear  order Caudovirales
D: Microviridae s§DNA 12 knob-like capsomers, OX174
: circular 27 nm
Corticoviridae ~ GSPNA  Complex capsid, lipids, PM2
circular 63 nm
Inner lipid vesicle,
@ Tectiviridae dISiEeNa'rA\ PRD1
pseudo-tail, 60 nm
@ Leviviridae Slsii:f‘ Like poliovirus, 23 nm MS2
. dsRNA  Segmented, lipidic
@ Cystoviridae linear  envelope, 70-80 nm 96
Filaments or rods,
———~— Inoviridae SOt Fd
cireulal 85.1950 x 7 nm
@ Plasmaviridae  OSONA - Lipidic envelope, no MVL2
circular  capside, 80 nm

Table 1.1. Characteristics of bacteriophage families (modified from Ackermann 2011,

Ackermann 2007)
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1.4.3 The diversity of marine bacteriophages with a focus on marine

cyanophages

Molecular biological techniques have been widely used to determine the diversity of
bacteriophages. However, there is no universal genetic marker akin to the host 16S
rRNA gene, which has limited bacteriophage diversity studies to certain taxa.
Nevertheless, structural proteins have been targeted as molecular markers because they
can be conserved between different members of a taxonomic group, such as g23 which
encodes the major capsid protein in T4-like bacteriophages. The g23 gene, as well as
g20 encoding the portal protein located in the neck of the bacteriophage, have been
used as a phylogenetic marker to determine the diversity of T4-like bacteriophages
that have a wide infection range (Clasen et al., 2013; Filée et al., 2005; Paul et al.,
2002; Zhong et al., 2002). Other approaches to determine bacteriophage diversity
include pulsed field gel electrophoresis (PFGE), which has helped to understand how
marine viral diversity changes over time and in different environments (Steward et al.,
2000).

More recently, metagenomic analyses have allowed the incorporation of large datasets
obtained from different ocean sampling campaigns, such as Tara and GOS, to
determine marine bacteriophage diversity (Brum and Sullivan, 2015). This new
approach to studying marine viral diversity has revealed that previous genomic
databases did not include 63 —93 % of marine virus sequences, suggesting a vast
diversity yet to be discovered (Edwards and Rohwer, 2005; Hurwitz and Sullivan,
2013). Using metagenomic analysis of the Tara expedition samples, coupled to
morphological analyses using quantitative TEM, Brum et al. (2015) found structured
viral communities that were transported by ocean currents. These findings support the
seed-bank hypothesis in which high local viral diversity and community structure is
maintained by environmental conditions and passive spreading of viruses by ocean
currents (Breitbart and Rohwer, 2005; Brum et al., 2015).

Currently, all cyanophages investigated so far belong to the three families of the
Caudovirales order described in section 1.4.2 above, i.e. Myoviridae, Podoviridae and
Siphoviridae, which are all double-stranded DNA (dsDNA) bacteriophage.

Cyanophages of the Myoviridae family tend to have a broader host range, including
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members of both Prochlorococcus and Synechococcus as hosts, whereas cyanophages
of the Podoviridae and Siphoviridae families are mostly host-specific (Marston and
Sallee, 2003; Millard and Mann, 2006; Waterbury and Valois, 1993).

Marine cyanophages were first isolated and characterised more than two decades ago
(Suttle and Chan, 1993; Suttle et al., 1990; Waterbury and Valois, 1993; Wilson et al.,
1993) and their importance relies in their role controlling and interacting with marine
cyanobacterial populations. In addition to culture-based studies, these interactions
between marine cyanobacteria and cyanophages have been observed by metagenomic
analysis, where a high diversity of these cyanophages has been detected (Angly et al.,
2006).

Cyanophage-host interactions include the presence of bacterial gene homologs in the
cyanophage genome involved in bacterial metabolism. These genes have thus been
called auxiliary metabolic genes (AMGs) and constitute ca. 30 % of the cyanophage
gene pool, contributing significantly to cyanophage genetic diversity (Breitbart et al.,
2007; Ignacio-Espinoza et al., 2013; Millard et al., 2009). Currently, most of the
AMGs studied are implicated in photosynthesis and carbon metabolism (Mann et al.,
2003; Philosof et al., 2011; Puxty et al., 2014; Sharon et al., 2009). However, several
genes involved in different cellular processes have also been identified (Bryan et al.,
2008; Sullivan et al., 2010; Thompson et al., 2011; Zeng and Chisholm, 2012).

1.4.3.1. The cyanophage S-PM2

S-PM2 (formerly S-PSI) is a T4-like cyanomyovirus, first isolated in 1992 from
coastal waters off Plymouth (UK) using Synechococcus sp. WH7803 as the
cyanobacterial host (Wilson et al. 1993, 1996). In spite of being a T4-like cyanophage,
S-PM2 does not share morphological characteristics with T4 apart from the contractile
tail, whilst phylogenetic analysis based on g23 showed a divergence from the T4-like
bacteriophages, forming a new group, the exoT-evens (Hambly et al., 2001).

The interest in studying this cyanophage started with the discovery of the first viral
psbA gene (encoding the D1 protein of photosystem Il, see Fig. 1.3) containing a group
I intron (Millard et al., 2004). Further work found that S-PM2 possesses a homing
endonuclease downstream of psbA, connected by an antisense RNA that is co-
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regulated with them, possibly regulating their expression (Millard et al., 2010). The
role of psbA in S-PM2 has not yet been confirmed, although it is expressed during the
Iytic cycle and has been suggested to be involved in protection against photoinhibition,
i.e. where a higher rate of photo-induced damage than synthesis of D1 protein occurs
(Bailey et al., 2004; Clokie et al., 2006), maintaining photosynthesis and thus energy

production during infection.

Moreover, using quantitative real-time PCR it was found that S-PM2 increases the
expression of the cpeAB and mpeAB operons, that encode the subunits of PE I and Il
in Synechococcus sp. WH7803, resulting in an increased light-harvesting capacity
possibly helping the cyanophage during the infection cycle by maintaining the
photosynthetic machinery (Shan et al., 2008).

Adsorption of S-PM2 to Synechococcus sp. WH7803 has been found to be light-
dependent, with decreased adsorption under red light. Furthermore, inhibition of
photosynthesis (using dichlorophenyl dimethylurea) did not affect adsorption (Jia et
al., 2010).

Another environmental factor that affects S-PM2 infectivity is the external pH.
Traving et al. (2014) found that a decreased pH negatively affected the S-PM2
infection cycle and infectivity. These authors showed that at pH 7.6 (the pH of
seawater is ~ 8) S-PM2 had a shorter latent period and a reduced burst size, and no

progeny was detected at pH 7 (Traving et al., 2014).

Cyanophage S-PM2 has been characterised as a lytic cyanophage, although Wilson et
al. (1996) proposed the presence of a pseudolysogenic cycle (see Fig. 1.5) when
propagated on Synechococcus sp. WH7803 grown under phosphate-deplete
conditions. This pseudolysogeny was manifest as a decreased burst size of ca. 80 %
whilst only 9.3 % of infected cells lysed, compared to 100% in phosphate-replete
conditions (Wilson et al., 1996). A decreased burst size of S-PM2 has also been
associated with the deletion of a region of ca. 10 kb encompassing various ‘ORFan’
genes, i.e. genes with no known homologs, in an ‘evolved’ S-PM2 (Puxty et al., 2015).
This deletion was detected by whole genome re-sequencing of S-PM2 after ~10 years
of propagation under laboratory conditions compared to its original genome sequence
(Mann et al., 2005; Puxty et al., 2015).
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1.4.4 The bacteriophage infection cycle

Currently, three main mechanisms of bacteriophage infection and replication in their
host have been identified. These are the lytic, lysogenic and pseudolysogenic cycles,
although a fourth type, the chronic infection cycle, is also included here for

completeness (Fig. 1.5).

During an obligately lytic infection, following injection of bacteriophage nucleic acids
into the host, only further bacteriophage replication and host cell lysis, releasing newly
assembled progeny bacteriophage, can occur. Whilst the lysogenic cycle commences
with the same attachment and nucleic acid injection process, in contrast to the lytic
cycle, bacteriophage DNA can either integrate into the host’s genome or continue in
the same fashion as the lytic cycle ultimately lysing the host cell. In some cases e.g.
bacteriophage P1, phage can form a self-replicating plasmid inside their host, in this
case Escherichia coli (Sternberg and Austin, 1981). Well characterised examples of
the lytic and lysogenic infection cycles are bacteriophages lambda and T4 (Ackermann
and DuBow, 1987; Campbell, 2003; Miller et al., 2003; Stent, 1963; Wommack and
Colwell, 2000).

The pseudolysogenic cycle is similar to the lysogenic cycle with a delayed lysis of the
host cell, but importantly without integration of bacteriophage DNA into the host
genome (Barksdale and Arden, 1974). A good example of this infection type is that
seen with cyanophage S-PM2, one of the cyanophage widely used in this thesis, when
infecting phosphate starved Synechococcus host cells, where a ca. 90 % decrease in
host cells lysis compared to phosphate-replete conditions, and no evidence of S-PM2
integration into the host genome, was observed (see section 1.4.3.1 above and Wilson
et al. 1996).

The chronic infection cycle is similar to the lytic cycle but with the difference that the
host cell does not lyse and instead constantly produces bacteriophages by budding or
extrusion (Fig. 1.5). Such a mechanism has been suggested for a filamentous VLP
infecting E. coli, although it is not clear how these VLPs are released without lysing

the cell due to their large size (Fuhrman, 1999; Hofer and Sommaruga, 2001).
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Initiation of lytic infection is highly dependent on the number of hosts present, with
for marine cyanophage, a minimum of 10° cells mL™ being required for a successful
infection, whereas in other bacteriophage/host systems this minimal abundance
required can reach 10* cells mL* (Suttle and Chan, 1994; Wiggins and Alexander,
1985). Host morphology may also play a role in infection dynamics, with a study in
the northern Adriatic Sea demonstrating that whilst the number of cocci and spirallae
bacteria had no influence on infection, a minimum of 10° bacterial ‘rod-shaped’

cells mL* was required (Weinbauer and Peduzzi, 1994).

Apart from the pseudolysogenic cycle described above, i.e. following infection of a
phosphate-depleted Synechococcus host by cyanophage S-PM2 (Wilson et al., 1996),
all cyanophages isolated on marine Synechococcus thus far follow an obligately lytic
cycle (Clokie et al., 2011). However, there is some evidence for the presence of
temperate phages infecting natural Synechococcus populations after prophage
induction using mitomycin C, observed as an increase in the number of cyanophage
and with a corresponding decrease in Synechococcus cell numbers (Long et al., 2008).
This induction appears not to be correlated with nutrient availability but appears rather
defined by ambient population size and cyanophage abundance (McDaniel and Paul,
2005) with induction generally occurring in the late winter months during times of
reduced host abundance (McDaniel et al. 2002).
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Figure 1.5. Schematic representation of the various potential bacteriophage infection
cycles (modified from Weinbauer 2004).

Following injection of the bacteriophage nucleic acids (in red), the bacteriophage can
enter into each of the four infection cycles shown. The lysogen can return to the
original state by curing of the prophage.

The infection cycle of marine cyanophages is relatively long, with a latent period
determined under laboratory conditions of between 5— 12 hours and up to 36 hours
with only a few exceptions (Huang et al., 2012a; Lindell et al., 2005; Raytcheva et al.,
2011; Wang and Chen, 2008; Wilson et al., 1996; Zeng and Chisholm, 2012). These
lengthy infection times are longer than the turnover of host proteins, some of which
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are essential for bacteriophage replication. However, studies in T4 and T7-like
cyanophages suggest that they use the canonical process of lytic/tailed bacteriophages
of degrading the host’s DNA and driving the host transcription machinery towards
expression of bacteriophage genes (Clokie et al., 2006; Kovalyova and Kropinski,
2003; Lindell et al., 2005; Mann et al., 2005; Millard et al., 2009; Miller et al., 2003;
Sullivan et al., 2010; Weigele et al., 2007).

1.5. Mechanisms of bacteriophage resistance and bacteriophage-

bacteria co-evolution

To survive infection by bacteriophages, bacteria have developed several resistance
mechanisms that can prevent infection at any stage of the infection cycle (Fig. 1.6; for
review see Dy et al. 2014; Labrie et al. 2010).
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Figure 1.6. Resistance mechanisms associated with the lytic infection cycle of
bacteriophage (from Dy et al. 2014).

Bacteriophage infection can be interrupted at any step of the infection cycle. In red are
shown the known mechanisms for bacteriophage resistance.

1.5.1 Abortive infection and toxin-antitoxin systems

One mechanism to prevent phage infection is the “Abi” system (abortive infection
system), an altruistic mechanism where a single bacterium is “sacrificed” in order to
protect remaining members of that bacterial population from future infections. An
example of the Abi system is the toxin-antitoxin system, in which the de-regulation of
toxin and antitoxin molecules can lead to cell death. These toxins and antitoxins can

be either proteins or RNA molecules, the latter like the ToxIN protein-RNA toxin-
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antitoxin system described for Erwinia carotovora subspecies atroseptica, in which
the toxin ToxN is inhibited by the formation of a complex with the antitoxin ToxI
RNA; when the phage infects, this balance is altered leading to toxicity of ToxN and
further cell death (Fineran et al., 2009).

1.5.2 CRISPRs

The clustered regularly interspaced short palindromic repeats (CRISPR) system is an
array of 2 to 249 short repeated sequences between 24-47 bp in length with spacers of
26-72 bp that participates in bacteriophage resistance. CRISPRs have been found in
40 % of bacterial genomes and 90 % of archaeal genomes in combination with
CRISPR associated (Cas) proteins (Bhaya et al., 2011; Bondy-Denomy and Davidson,
2014). This resistance mechanism relies on the acquisition of bacteriophage sequences
called spacers in between CRISPRs by surviving hosts. These short sequences are
transcribed and then cleaved by the Cas proteins, generating small crRNAs (CRISPR
RNA) containing a specific hairpin structure and a spacer. When the cell gets infected,
these crRNAs and Cas proteins recognise the bacteriophage DNA due to base pairing,
degrading the foreign DNA before it can be replicated. This system was first proposed
as an “adaptive immunity system” nearly two decades after its discovery by Ishino et
al. (1987), and has led to the development of targeted genome editing tools using Cas
nucleases (such as Cas9) to modify genes in a rapid, easy and efficient fashion (Bhaya
etal., 2011; Diez-Villasefior et al., 2010; Mojica et al., 2009; Sander and Joung, 2014;
Sorek et al., 2008; Westra and Brouns, 2012).

1.5.3 Restriction modification systems

In this resistance mechanism host restriction enzymes recognise and degrade foreign
DNA based on their lack of methylation of specific DNA sequences (in contrast to
host sequences which are methylated) thus preventing bacteriophage replication.
Restriction-modification systems encompass a restriction endonuclease enzyme that
recognises and cleaves a specific DNA sequence and a methyltransferase that
methylates adenine or cytosine residues to prevent host DNA cleavage by the
restriction endonuclease. However, if the bacteriophage DNA is methylated inside the

host, the replication process and thus the lytic cycle proceeds. This is particularly
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important when new viruses are released from the host cell, as they can keep infecting
bacteria with similar restriction-modification systems due to their DNA being
methylated and therefore immune to cleavage by endonucleases of similar hosts (Tock
and Dryden, 2005).

1.5.4 Injection blocking

Super-infection exclusion systems are bacteriophage mechanisms for resistance to
infection by other bacteriophages, and thus have been included in this section. T4-like
cyanophages, such as S-PM2, inject DNA into the host cell through the needle when
the tail is contracted (Fig. 1.7). Super-infection exclusion systems (Sie) are
bacteriophage encoded genes that block the entry of DNA from other bacteriophages.
In T4 and other T-even bacteriophages, i.e. T2 and T6, the Sie membrane protein Imm
(immunity) directly blocks DNA injection whilst the Sie protein Sp blocks the
translocation of DNA by inhibiting bacteriophage lysozymes that degrade the
peptidoglycan. This results in the degradation of foreign DNA by nucleases in the
periplasm for about four minutes after infection. Other genes also appear to play a role
in this process although the exact mechanism is not yet fully understood (Lu and
Henning, 1989, 1994; Lu et al., 1993; Miller et al., 2003). Bacteriophages of Gram
positive bacteria e.g. Lactococcus lactis and Streptococcus thermophilus have a
similar system that protects them from secondary bacteriophage infections (Dy et al.,
2014).
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Figure 1.7. Schematic representation of bacteriophage T4 adsorption and DNA
injection (from Hu et al. 2015)

(A) Long tail fibres (brown) bind to the host receptor. (B) The attachment of long tail
fibres triggers a conformational change in the baseplate proteins (purple) that releases
a subset of short tail fibres. (C) A conformational change in the baseplate triggers the
contraction of the tail (dark blue) and a subsequent conformational change in the
whiskers or fibritin collar (yellow) releases the remaining long tail fibres. (D)
Contraction of the tail pushes the needle (light blue) through the outer membrane
(OM). (E) Dissociation of the protein complex (red-blue end) allows degradation of
the peptidoglycan. (D) The ‘tape measure’ protein (blue) fuses with the inner
membrane (IM) and the DNA is injected into the cytoplasm. (F) The bacteriophage
DNA is fully released into the cytoplasm.
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1.5.5 Adsorption inhibition

Bacteriophage adsorption to a certain host requires the reversible attachment of the
long tail fibres, that ‘walk’ until finding the optimal site for irreversible attachment of
the short tail fibres to a specific receptor on the host cell surface (Heller and Braun,
1979; Hu et al., 2015). This attachment depends on the encounter rate between
bacteriophage and host bacterium, and hence a bacteriophage with a broad host range
may increase the likelihood of a successful adsorption event. Nonetheless, possessing
a broad host range can also affect adsorption to a specific host whereas a narrow host
range normally increases the chance of adsorption to a specific hosts thus resulting in
a successful infection (Rakhuba et al., 2010). The abundance and diffusion rates of the
bacteriophage and bacterial host are also clearly important in determining adsorption
efficiency, on top of the actual binding affinity of the bacteriophage to the specific host
receptor that all play a role in defining a successful infection (Hyman and Abedon,
2009).

It is worth pointing out that a phenomenon called virion-mediated “lysis from without”
can also occur, which has been studied mechanistically in T-even bacteriophage, and
causes bacterial cell lysis due to the high concentration of bacteriophage present, but
importantly does not cause a productive infection. This occurs as a result of the high
number of bacteriophages attaching to the host receptor and further lysis of the
peptidoglycan (Fig. 1.7.D) e.g. by the gp5 protein in bacteriophage T4, which causes
excess damage to the cell envelope and direct lysis of the bacterial cell. Such a
phenomenon was first observed by Delbriick (1940) when a “saturating” amount of
bacteriophage lysed E. coli 5 min earlier than with a lower concentration, but without
producing any progeny phage. To overcome this problem, bacteriophages have
developed a “resistance to lysis from without” that involves the expression of similar
genes necessary for the super-infection exclusion system (see section 1.4.4). This
system can be observed by a delay between primary and secondary high-multiplicity
adsorptions (Abedon, 2011).

The attachment of the bacteriophage to the host receptor is the key step defining
adsorption and is specific for each bacteriophage. Bacteriophage receptors are cell
surface molecules that are generally in high abundance due to them being essential for
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a particular biological function. In Gram negative bacteria, bacteriophage receptors are
usually part of the outer membrane structure that faces the outside of the cell.
Examples of these molecules include outer membrane proteins, lipopolysaccharide
(LPS), capsular polysaccharide and lipoproteins. Consequently, development of
resistance to bacteriophage adsorption can either be by the modification or the

blockage of these cell surface receptors (Dy et al., 2014; Labrie et al., 2010).

Several ways of blocking bacteriophage adsorption to the host cell receptor are known,
including producing exopolysaccharide (extracellular matrix), competitive inhibitors
that can bind to the bacteriophage receptor, or the synthesis of proteins that can mask
the receptor (Labrie et al., 2010). For example, masking of a bacteriophage receptor to
avoid super-infection has been identified in bacteriophage T5. This bacteriophage
encodes a lipoprotein that blocks the outer membrane protein FhuA, preventing the
irreversible attachment of new bacteriophages to E. coli thus avoiding super-infection
(Pedruzzi et al., 1998).

Other examples of adsorption inhibition by masking the bacteriophage receptor are
known for the T-even-like bacteriophages. Thus, in E. coli, a common receptor for
these bacteriophages is OmpA, a protease located in the outer membrane of the cell
and one of the major outer membrane proteins. Protein TraT, an F-factor lipoprotein,
interacts with OmpA blocking the attachment of T-even-like bacteriophages due to its
sequence similarity with gp38 from the long tail fibres. However, because TraT only
blocks part of OmpA, the adsorption is only partially inhibited (Riede and Eschbach,
1986).

Extracellular polymeric substances (EPS), mainly composed of polysaccharide are
produced by a wide range of Gram-negative and Gram-positive bacteria. In
cyanobacteria, EPS can be found associated with the outer membrane or surrounding
the cell as released polysaccharides. EPS can directly protect cyanobacteria from
phagocytosis, dehydration and bacteriophage infection by physically blocking
adsorption to the bacteriophage receptor (Mota et al., 2013; Pereira et al., 2009). There
has been increased recent interest in cyanobacterial EPS components, mainly due to

their biotechnological and industrial relevance due to their similarity to plant
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polysaccharides, with Cyanothece sp. CCY0110 one of the most efficient
cyanobacterial producing EPS strains (Mota et al., 2013).

Cell surface polysaccharides can also block bacteriophage receptors. E. coli produces
several types of polysaccharides, including LPS (O antigen), capsular polysaccharide
(K antigen), enterobacterial common antigen and colonic acid (M antigen). The
structure of the O and K antigens determines the different E. coli serotypes, since the
enterobacterial common antigen and M antigen are only expressed under certain
growth conditions (Orskov et al., 1977; Whitfield, 2006). LPS is often implicated with
bacteriophage adsorption by either masking outer membrane proteins that are
bacteriophage receptors or by being the bacteriophage receptor itself, and thus changes
in its structure can mediate bacteriophage resistance (Hancock and Reeves, 1976; van
der Ley et al., 1986). The role of LPS in cyanophage resistance is not yet understood
and only suggested to be linked due to the observed inhibition of cyanophage
adsorption in mutants of Anabaena sp. PCC7120, a freshwater cyanobacterium,
possessing a modified LPS (Xu et al. 1997; see section 3.1).

Noteworthy, is that in bacteriophage T4 the conformational change associated with the
baseplate proteins (Fig. 1.6.A and B) is only after a minimum of three of the long tail
fibres have bound to a glucose residue of the LPS, which positions the short tail fibres
(Fig. 1.6.C). These fibres then irreversibly bind to the heptose residue of the LPS which
is referred to as the second bacteriophage receptor (Crawford and Goldberg, 1980;
Montag et al., 1987; Riede et al., 1985).

1.5.5.1. LPS structure and biosynthesis

LPS consists of three main structures linked together (Fig. 1.7), comprising a lipid
component included in the cell outer membrane (lipid A), a core oligosaccharide with
an inner and outer section, and the O-polysaccharide or O-antigen, with repeated
polysaccharide motifs. Currently, knowledge of LPS biosynthesis is mainly via studies
performed in E. coli, with only a limited number of LPS biosynthesis genes predicted

in marine cyanobacteria (Snyder et al., 2009).
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Figure 1.8. General structure of LPS as modified from Serrato (2014).

Fatty acid chains are indicated as lines, glucose (red), phosphate (yellow), Kdo (pink)
and heptose (grey).

In E. coli, lipid A is synthesised by nine enzymes located in the cytoplasm and inner
membrane. These enzymes are encoded by genes of the Ipx operon, that is conserved
in Gram negative bacteria and is constitutively expressed, although the expression of
modification enzymes LpxK, KdtA, LpxL and LpxM generally depends on external
conditions (Raetz et al., 2007; Trent, 2004).

This biosynthetic pathway is summarised in Fig. 1.9. Briefly, LpxA catalyses the
acylation of uridine-diphosphate-N-acetylglucosamine (UDP-GlcNac) with a f-
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hydroxymyristoyl chain, followed by deacetylation by LpxC and then LpxD adds a
second B-hydroxymyristoyl chain. LpxH cleaves a uridine-monophosphate (UMP)
forming lipid X (2,3-diacyl-GlcN-1-phosphate) which is condensed with 2,3-diacyl-
GIcN-1-phosphate producing a f,1°-6 linked disaccharide. This molecule is
phosphorylated at the 4’ position generating lipid IVA and two Kdo (3-deoxy-D-
manno-oct-2-ulosonic acid) residues are added by KdtA. Finally, laurate and myristate
chains are added by LpxL and LpxM to form the complete lipid A (Emiolaetal., 2015;
Putker et al., 2015; Raetz et al., 2007, 2009; Trent, 2004).

3-OH-C, ,-ACP Acetate 3OHC 4-ACP
m-=—
LpxA prC prD prH
UDP-GlcNac
Lipid X
LpxB
UDP
C, ACPC ACP CMP Kdo
® -® ® Oe— @ <—; ﬁ—iﬁ@
k k LpxM prL k k KdtA k k LpxK

Kdo,-lipid A Kdo-lipid IV, Lipid IV,

. GlcNAC I! GleN . Kdo Phosphate

Figure 1.9. Schematic representation of the conserved lipid A biosynthetic pathway
(from Putker et al. 2015)

The enzymes involved in each step are indicated in red. GIcNAc, N-
acetylglucosamine; GIcN, glucosamine; Kdo, 3-deoxy-D-manno-oct-2-ulosonic acid;
ACP, acyl carrier protein.

In marine Synechococcus the genes encoding LpxH and LpxK are absent, suggesting
an alternative condensation reaction without lipid X. The lack of LpxK might be an

adaptation to environments with low phosphate availability (Snyder et al., 2009).
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After synthesis of lipid A in the inner membrane, glycosyltransferases attach the LPS
core to the Kdo residue of the lipid A facing the cytoplasm. The biosynthesis of the
core component of the LPS is encoded by genes in the gmhD, waaQ and kdtA operons,
defined by the first gene of each transcriptional unit (David et al., 1998; Regué et al.,
2001; Roncero and Casadaban, 1992)

In enterobacteria, the core LPS contains heptoses in the inner section mostly glucose,
galactose and hexose, although in marine Synechococcus Kdo and heptose are absent
(Holst, 2007; Raetz and Whitfield, 2002; Snyder et al., 2009; Sperandeo et al., 2009).

In Salmonella enterica, E. coli and P. aeruginosa, genes involved in the biosynthesis
of the O-polysaccharide are clustered between galF (glucose-1-phosphate
uridylyltransferase) and gnd (6-phosphogluconate dehydrogenase) and variation in the
O-polysaccharide depends on the specific genes within this region. These genes
encode enzymes required for nucleotide sugar precursor biosynthesis,
glycosyltransferases that link saccharide units and the formation of the polysaccharide
on a membrane bound undecaprenyl carrier lipid by polymerisation and translocation

of the O-polysaccharide (Raymond et al., 2002; Samuel and Reeves, 2003).

Translocation of the core-lipid A and the O-antigen to the periplasmic side of the inner
membrane is by an ABC transporter comprising MsbA and Wzx, respectively (Fig.
1.9). The proteins Wzy and Wzz continue to polymerise the O-antigen that is then
transferred to the core-lipid A by WaalL (Abeyrathne et al., 2005; Wang and Quinn,
2010). In marine Synechococcus no homologues of the Waal have been identified,

suggesting alternative mechanisms for O-polysaccharide ligation.

Translocation to the outer membrane (Fig. 1.10) is performed by the
lipopolysaccharide transport (Ipt) machinery comprising the ABC transporter complex
LptBCFG. These proteins comprise LptB located in the cytoplasm, LptA in the
periplasm, with LptC and LptG in the inner membrane and LptD and LptE in the outer
membrane. The LptBFG complex, together with LptC and LptA, translocates the LPS
to the inner side of the outer membrane, where LptD and LptE export it to the outer
side (Putker et al., 2015; Wu et al., 2006). LptF and LptG are conserved potential
permeases whilst LptD is an essential outer membrane porin (Braun and Silhavy, 2002;

Ruiz et al., 2008). Marine Synechococcus possess homologues of MsbA, LptA, LptB
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and LptE suggesting that this same mechanism might be translocating LPS to the outer

membrane (Snyder et al., 2009).
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Figure 1.10. Export of LPS and its precursors in E. coli (modified from Wang & Quinn
2010)
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1.6. Bacteria-bacteriophage co-evolution

Due to the high abundance of both bacteria and bacteriophages, they co-exist in all
environments. Interactions between bacteriophages and their bacterial hosts are
dynamic, with the high mortality of bacteria due to bacteriophage lysis giving rise to
the evolution of many mechanisms to resist bacteriophage infection (see section 1.4;
Fuhrman, 1999; Suttle, 2007; Weinbauer, 2004). Marine bacteriophages promote
bacterial diversity by transferring genetic material (horizontal gene transfer) but also

by forcing the acquisition and development of resistance mechanisms. This dynamic
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leads to the evolution of the bacteriophage and host in a reciprocal manner, i.e.
antagonistic co-evolution (Fig. 1.11; Briissow et al. 2004; Buckling & Rainey 2002;
Martiny et al. 2014).

benefits of resistance

costs of resistance

reduced selection

infectivity
increased selection increased selection

for pathogen infectivity ¢or host resistance

reduced selection

for host resistance

costs of pathogenicity

benefits of pathogenicity

Figure 1.11. Schematic representation of host-parasite reciprocal co-evolution (from
Woolhouse et al. 2002)

Green arrows indicate intra-specific selection; yellow arrows indicate inter-specific
selection.

These co-evolutionary host-bacteriophage mechanisms have been best studied in
y-proteobacterial model organisms such as E. coli and Pseudomonas fluorescens
largely due to their fast growth rates that allows the study of long term evolution
experiments in a short time frame and with greater reproducibility (Brockhurst et al.,
2007; Lenski and Levin, 1985; Mizoguchi et al., 2003).

The co-evolution of bacteriophage-bacteria (predator-prey or parasite-host)

interactions belong to what is now accepted as the Red Queen hypothesis, which states
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that species must constantly adapt, evolve and proliferate to pass on genes to the next
generation but also to keep from going extinct when other ‘species’ are evolving and
hence “maintain its fitness relative to the system it is co-evolving with” (van Valen,
1973). This hypothesis, first suggested by the evolutionary biologist Leigh van Valen
in 1973, is based on the Alice in Wonderland ‘through the looking-glass’ book
(Carroll, 1871) as a metaphor of what the Queen of Hearts (Red Queen) says to Alice:
“it takes all the running you can do to keep in the same place”, i.e. the continuous co-

evolutionary “arms race” of ecological antagonists like bacteriophage and bacteria.

The selection of different genotypes can be either positive or negative depending on
frequency, i.e. how common a certain genotype is. In other words, fitness will increase
on the genotype becoming common in a positive frequency-dependent selection,
whereas in a negative frequency-dependent selection fitness is the inverse of the

genotype’s representation in a population (Woolhouse et al., 2002).

Bacteria-bacteriophage systems tend to show a negative-dependent selection
interaction, although other types of selection are also possible as a consequence of the
cost of resistance (for review see Duffy & Forde 2009). Briefly, directional selection
occurs when the bacteriophage reduces host diversity by increasing resistance or
susceptibility in the host population. In contrast, disruptive selection increases host
diversity by selecting for highly resistant and highly susceptible genotypes, whilst

stabilising selection maintains a level of resistance.

The Red Queen hypothesis states that in order to remain competitive in the
environment, often with limiting resources, organisms have to make trade-offs to
acquire characteristics that will make them advantageous. Trade-offs allow the co-
existence of organisms that can exploit different niches, which can incur a fitness cost
under different circumstances (Bohannan et al., 2002; Brockhurst et al., 2006;
Fuhrman and Schwalbach, 2003; Rodriguez-Valera et al., 2009; Winter et al., 2010).
The study of trade-offs in environmental systems is complicated by the high number
of varying environmental parameters organisms encounter. However, trade-offs have
been investigated under laboratory conditions in several different bacteria-
bacteriophage systems (see Perry et al. 2015; Lenski & Levin 1985; Brockhurst et al.
2007; Bohannan & Lenski 1999; Lenski 1988).
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The cost of resistance or trade-off hypothesis suggests that the investment to acquire
resistance comes with the loss of other competitive features, explaining
polymorphisms in resistant strains. This and the Red Queen hypothesis are not
mutually exclusive, but the main difference with the Red Queen hypothesis is that it
does not necessarily acknowledge a co-evolutionary step between parasite and host
(Woolhouse and Webster, 2000).

The Kill the Winner hypothesis proposes that bacteriophages control the abundance of
the most active bacterial host (Breitbart, 2012; Rodriguez-Valera et al., 2009;
Thingstad, 2000). In marine systems, high viral abundance has been suggested to
control microbial diversity, acting as a selective pressure (Fuhrman and Suttle, 1993).
In this respect, not the most abundant but the most active (winning) organism, i.e. the
competition specialist, is under the control of viral selection, incorporating negative

frequency-dependent selection in the killing the winner hypothesis (Thingstad, 2000).

Furthermore, if two populations are competing for a limiting nutrient/resource, i.e.
competition specialist and defence specialist, because acquisition of resistance results
in fitness costs, oligotrophic environments select for competition specialists compared
to defence specialists selected in eutrophic environments where the fitness cost is
mitigated with high nutrient availability (Thingstad and Lignell, 1997; Winter et al.,
2010).

Such mechanisms may explain the high diversity of marine picocyanobacteria (section
1.1) which, as a result of the ‘killing the winner’ arms race requires continuous
adaptation to viral resistance, a prerequisite feature for the maintenance of abundant
populations of these ecologically important marine primary producers.

1.7. Aims and objectives

In this thesis, the major aim was to investigate mechanisms of cyanophage resistance
in marine Synechococcus. The hypothesis tested was that host cell surface properties,
specifically LPS, are implicated in cyanophage resistance in marine Synechococcus.
Specific objectives that arose from this over-arching aim included the physiological,

molecular and genetic characterisation of cyanophage resistant Synechococcus sp.
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WH7803 mutants in comparison with the wild type in order to identify specific genes

conferring cyanophage resistance.
Thus, during the course of this work the following objectives arose:

1. To determine the role that the Synechococcus sp. WH7803 cell surface plays
in mediating cyanophage resistance in spontaneous cyanophage resistant
Synechococcus sp. WH7803 mutants previously isolated by Jia (2009) and
Spence (2010). Particular attention was paid to assessing changes in LPS
profiles of these spontaneous mutants, as well as by targeted interposon
mutagenesis in which specific components of the LPS biosynthetic pathway

and outer membrane porin proteins were targeted (Chapter 3).

2. To identify the genetic differences that conferred cyanophage resistance in
these spontaneous Synechococcus sp. WH7803 cyanophage resistance mutants
using whole genome sequencing (WGS) of these and wild type Synechococcus
sp. WH7803, and comparing these with the previously published genome
sequence (accession number NC_009481.1) of Synechococcus sp. WH7803
(Dufresne et al., 2008), which was obtained via traditional clone library
construction and Sanger sequencing technology and hence provides a single

‘consensus’ sequence (Chapter 4).

3. To assess chromosome copy number in marine Synechococcus by optimising
a qPCR-based approach and to determine if ploidy levels vary during growth
and under P deplete conditions in Synechococcus sp. WH7803 (Chapter 5).

4. To obtain and perform a phenotypic and genotypic (WGS) characterisation of
cyanophage resistant mutants of the monoploid strain Synechococcus sp.
WH7805 and compare their analysis with the cyanophage resistant

Synechococcus sp. WH7803 mutants (Chapter 6).

5. To investigate the relationship between phage infection/resistance and grazing

of Synechococcus sp. WH7803 by the nanoflagellates Cafeteria roenbergensis
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and Pteridomonas danica and compare with cyanophage infected

Synechococcus sp. WH7805 as a comparison grazer-prey system (Chapter 7).
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2.1. Strains and culture conditions

2.1.1 Culture conditions and media

All cyanobacterial and protistan cultures were routinely maintained in Artificial Sea
Water (ASW) medium (Table 2.1).

For experiments in P-deplete conditions, 10 mL of an exponentially-growing
Synechococcus sp. WH7803 culture grown in ASW medium was inoculated into
100 mL P-deplete ASW medium (Table 2.1) and 100 mL ASW medium (i.e. P-
replete). Three biological replicates were used for each condition. Cells from the six
cultures were counted by flow cytometry (section 2.3) every 4 days and samples for
gPCR (section 2.15) were taken every 10 days.

Synechococcus spp. used in this study were routinely grown in ASW liquid medium
at 23°C under continuous illumination (10-30 pmol photons m?s?) and in semi-solid
conditions using 0.4 % (w/v) agarose or clean agar in ASW (see Brahamsha 1996).
Clean agar was prepared as in Millard (2009).

All E. coli strains were grown in lysogeny broth (LB; 10 g L™ tryptone, 5 g L™ yeast
extract and 10 g L™t NaCl) with agitation or in solid 1.5 % (w/v) Bacto agar in LB at
37C.
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Component ASW P-deplete ASW SN
NaCl 428 mM 428 mM -
MgCl2-6H.0 9.8 mM 9.8 mM -
KCI 6.7 mM 6.7 mM -
NaNOs 8.8 mM 8.8 mM 8.5mM
MgSOg4-7H20 14.2 mM 14.2 mM

CaCl2-2H20 3.4 mM 3.4 mM -
Tris base 9.1mM 9.1 mM -
K2HPO4-3H20 172 uM - 90 uM
H3BO3 46.3 uM 46.3 uM -
MnClz-4H.0 9.2 uM 9.2 uM 7.0 uM
ZnS04-7H20 0.95 uM 0.95 uM 0.77 uM
Na2MoQO4-2H20 1.6 uM 1.6 uM 1.61 uM
CuS04-5H20 27.5nM 27.5nM -
Co(NOs3)2-6H20 0.25 uM 0.25 uM 86 nM
FeCls-6H20 11.1 uM 11.1 uM -
EDTA 1.39 uM 1.39 uM 15 uM
Na,CO3 - - 100 puM
Ferric ammonium citrate - - 22.6 uM
Citric acid hydrate - - 29.7 uM
Thiamine-HCI - - 29.7 nM
Biotin - - 2nM
Vitamin B - - 0.37 nM
Folic acid - - 2.3nM
p-Aminobenzoic acid - - 36 nM
Nicotinic acid - - 406 nM
Ca-Pantothenate - - 210 nM
Pyridoxin-HCI - - 243 nM
Seawater (autoclaved) - - 750 mL

Table 2.1. Composition of culturing media.

ASW and P-deplete ASW medium were prepared with ultrapure water. The pH of the
medium was adjusted to pH 8.0 using HCI prior to autoclaving for 15 min at 121°C
(Wilson et al., 1996). SN was prepared with autoclaved ultrapure water and by filter-
sterilising all components apart from EDTA, NaNOz, K:HPO4 and NaCOs that were
previously autoclaved (Waterbury et al., 1986).
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2.1.2 Marine Synechococcus spp.

The marine Synechococcus strains used in this study are listed in Tables 2.2, 2.3 and
2.4. All wild type strains (Table 2.2) are axenic. Contamination medium, comprising
1% (wi/v) agar and 0.5% (w/v) yeast extract in ASW medium, were routinely used to

detect contaminating heterotrophic bacteria.

Strain WH7803 WH7805 WH8102
Year of isolation 1978 1978 1981
Location 33°44.9°N, 33°44.8°N, 22°29.7°N,
67°29.8°W 67°30°W 65°36’W
Sub-cluster 5.1B 5.1B 5.1A
Clade \% Via Illa
Pigment type 3a 2 3c
Genome status Complete WGS Complete
Genome size 2,366,981 bp 2,627,147 bp 2,434,429 bp
Contigs 1 2 1
CDS 2,587 2,900 2,803
GC % 60.2 57.5 59.4

Table 2.2. Axenic Synechococcus spp. used in this study.

(Waterbury et al. 1986, Cyanorak: http://abims.sb-roscoff.fr/cyanorak)

Cyanophage-resistant Synechococcus strains (Table 2.3) were routinely maintained in
40 mL ASW in 50 mL vented culture flasks (Falcon) with no agitation and with an
aliquot of the corresponding cyanophage lysate added every 2-3 weeks. These strains
correspond to 10 Synechococcus sp. WH7803 mutants previously isolated (Spence
2010) resistant to cyanophage S-RSM42 (A-J), two mutants resistant to cyanophages
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S-RSM42 and S-PM2 (R1 and R2) and one mutant (Jia, 2009) resistant to cyanophage
S-PM2 (PHR). During the course of this work, 10 Synechococcus sp. WH7805
mutants resistant to S-PM2 (JC1 - JC10) were obtained and characterised.
Heterotrophic contamination of these cultures was determined using contamination
medium and by flow cytometry with SYBR Green | staining (Invitrogen) (see section
2.3).
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Name Strain Cyanophage Reference
A Synechococcus sp. WH7803S-RSM42AR S-RSM42 Spence (2010)
B Synechococcus sp. WH7803S-RSM42BR S-RSM42 Spence (2010)
Cc Synechococcus sp. WH7803S-RSM42CR S-RSM42 Spence (2010)
D Synechococcus sp. WH7803S-RSM42DR S-RSM42 Spence (2010)
E Synechococcus sp. WH7803S-RSM42ER S-RSM42 Spence (2010)
F Synechococcus sp. WH7803S-RSM42FR S-RSM42 Spence (2010)
G Synechococcus sp. WH7803S-RSM42GR S-RSM42 Spence (2010)
H Synechococcus sp. WH7803S-RSM42HR S-RSM42 Spence (2010)
I Synechococcus sp. WH7803S-RSM42IR S-RSM42 Spence (2010)
J Synechococcus sp. WH7803S-RSM42JR S-RSM42 Spence (2010)
R1 Synechococcus sp. WH7803R1 S'SR_ ‘:’,II\\/I/IL;Z Spence (2010)
R2 Synechococcus sp. WH7803R2 S-g_ lsgl\,\/l/éz Spence (2010)
Jia (2009);
PHR  Synechococcus sp. WH7803RS-PM2 S-PM2 Zwirglmaier
(2009)
JC1 Synechococcus sp. WH7805RS-PM2JC1 S-PM2 This work
JC2 Synechococcus sp. WH7805RS-PM2JC2 S-PM2 This work
JC3 Synechococcus sp. WH7805RS-PM2JC3 S-PM2 This work
JC4 Synechococcus sp. WH7805RS-PM2JC4 S-PM2 This work
JC5 Synechococcus sp. WH7805RS-PM2JC5 S-PM2 This work
JC6 Synechococcus sp. WH7805RS-PM2JC6 S-PM2 This work
JC7 Synechococcus sp. WH7805RS-PM2JC7 S-PM2 This work
JC8 Synechococcus sp. WH7805RS-PM2JC8 S-PM2 This work
JC9 Synechococcus sp. WH7805RS-PM2JC9 S-PM2 This work
JC10  Synechococcus sp. WH7805RS-PM2JC10 S-PM2 This work
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(Previous page)
Table 2.3. Synechococcus cyanophage resistant strains used in this study.

Three Synechococcus sp. WH7803 partial interposon mutants (Table 2.4) were
maintained in ASW medium containing up to 1 mg mL™ apramycin. These strains are

neither axenic nor fully segregated.

Strain Description Reference

WHTS03A012. 32c(31-1V mosynhetio patway | SPeNce (2010
%2167(: Q(C)J}C 23%%?%&(3)- v \évebxaopserlir-rllo':?a%us?"érase Spence (2010)
Synechococcus sp. double deletion of the genes Spence (2010)

WH7803A2235-2236::aac(3)-1V encoding for P-stress porins

Table 2.2.4. Synechococcus sp. WH7803 interposon mutants.

These mutants were constructed by double cross-over replacing the target gene with
an apramycin-resistance cassette (aac(3)-1V) (Spence, 2010).

2.1.3 Storage of Synechococcus spp. cultures

For long term storage, 15-40 mL of a late exponentially growing Synechococcus
culture was centrifuged at 3220 g for 20 min. The pellet was transferred to a 1.8 mL
cryovial and centrifuged at 16060 g for 3 min to discard any leftover medium. The
pellet was quickly re-suspended in 1 mL 100 % (v/v) DMSO and snap-frozen in liquid
nitrogen. All Synechococcus spp. were maintained in DMSO at -80°C.
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2.1.4 Cyanophages

The cyanophage isolates used in this work were S-PM2, S-RSM4, S-RSM42,
S-RSM57, S-RSM76, S-RIM1, S-RIM11 and S-RIM34 (Table 2.5). These were
concentrated and purified by caesium chloride (CsCl) gradient standard techniques
(section 2.4) and titrated by plaque assay (section 2.5). A lysate filtered through a
0.2 um pore size filter was used for most experiments, which was stored at 4°C in the
dark. Infection of Synechococcus sp. WH7805 by these cyanophages was determined

by a spot assay (section 2.6). The presence of plaques indicated successful infection.

Location Year of isolation Reference

English Channel Wilson et al. (1993); Wilson et al.

S-PM2 50°18'N, 4°12'W 1992 (1996); Mann et al. (2005)
S-RSM4 269“'55‘;]”‘23'“2 - 1999 Millard & Mann (2006)
S-RSM42 269“';?;]”‘23'“2 o 1999 Millard & Mann (2006)
S-RSM57 %“';g‘;fgjb? o 1999 Millard & Mann (2006)
S-RSM76 %“';g‘;fgjb? o 1999 Millard & Mann (2006)
S-RIM1 2’{2;32 ;'IO‘;? P@,’ w 1999 Marston & Sallee (2003)
S-RIM11 g’{‘gggf IH\IOF;EI 5‘?,’ w 2000 Marston & Sallee (2003)
S-RiM34  Mount Hope Bay 2002 Marston & Sallee (2003)

41°39° N, 71°15° W

Table 2.5. Cyanophages used in this study.

45



Chapter 2: Materials and methods

2.1.5 Protists

The protist grazers wused in this work were Pteridomonasdanica and
Cafeteria roenbergensis, two species belonging to the Heterokonta division of the
Chromalveolata kingdom. These cultures were obtained from the National
Oceanography Centre (NOC), Southampton, and from the Culture Collection of Algae
and Protozoa (CCAP). These cultures were maintained in 50 mL vented culture flasks
(Falcon®) with no agitation at 13°C and room temperature (23°C) in ASW medium
supplemented with Halomonas sp. (grown in 1 % (w/v) Bacto agar in Difco marine

broth) or Synechococcus sp. WH8102 as a nutrient (prey) source.

2.1.6 Escherichia coli

Competent E. coli DH5a (K-12 derivative) was used for general cloning and
E. coli MC1061 (host strain for the conjugative plasmid pRK24) was used for
conjugation with Synechococcus sp. WH7803 (Table 2.6).

Strain Genotype Reference

F endAl glnV44 thi-1 recAl relAl gyrA96 deoR
E. coli DH5a nupG ®80dlacZAM15 A(lacZYA-argF)U1609,
hsdR17(rk” mk™), A

Meselson &
Yuan (1968)

FaraD139 A(ara, leu)7697 AlacX74 galU  galK® Casadaban &

E. coli MC1061 hst™ hsm™* StrA Cohen (1980)

Table 2.6. E. coli strains used in this study.
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2.2.. Polymerase chain reaction (PCR) conditions and

oligonucleotides

Primers used for identification of segregation in Synechococcus sp. WH7803
interposon mutants (section 3.3.2) are listed in Table 2.7, and are located either
flanking or internal to the targeted gene. PCR reactions with these primers were

performed using MyTaq Red Mix (Bioline) following the manufacturer’s guidelines

unless otherwise stated, with 35 cycles and an annealing temperature of 52°C.

Name Sequence 5'-3' Reference

F_Porin_Flanking GGTGGGTAATGCAACAGATT Spence (2010)
R_Porin_Flanking TGAGGACAAGAATCTCGAGG Spence (2010)
F_Porin_Internal GGCAGAAGACCGTTTCACCC Spence (2010)
R_Porin_Internal GAGCTCGTCGGTCACTTCGG Spence (2010)
F_1767_Flanking GGGATTGCTCAGCGCATCAG Spence (2010)
R_1767_Flanking TGGATGTGGCTGGCGGCAGC Spence (2010)
F_1767_Internal CGCTGTTCGGTGTCTTGGCA Spence (2010)
R_1767_Internal TCAAGCCTGGACGGACAGCC Spence (2010)
F_0192_Flanking GGCGTGAGAGCGATCTACTGC Spence (2010)
R_0192_Flanking GGATCAGCAGCCAGTGCAGCC Spence (2010)
F_0192_Internal GGTGCACTACCAGTTCAATCC Spence (2010)
R_0192_Internal GATCGCGCACCAGTTCAGCC Spence (2010)
ApraSeq CGGTTGATCCGCTCCCGCGAC Spence (2010)

Table 2.7. PCR primers used to determine segregation of Synechococcus sp. WH7803

interposon mutants.
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Primers used for targeted mutagenesis are listed in Table 2.8. The regions selected
correspond to a fragment of 346 bp within the SynWH7803_1386 gene encoding for
a two-component system sensor histidine kinase and 395bp within the
SynWH7803_0102 gene encoding for a glucose-1-phosphate thymidylyltransferase.
The genes were selected based on the findings of Marston et al. (2012). The PCR was
performed using the proofreading Platinum Pfx DNA Polymerase (Invitrogen)
following the manufacturer’s instructions, for 35 cycles with an annealing temperature

of 55°C.

Name Sequence 5'-3' Target
rmlAF CACGACCAGGCGGCGTTTCA

SynWH7803_0102
rmlAR ACCTGACGGGCCCTCTCCAC
baeSF ACCTCCGCACTCGTGAAGCA

SynWH7803_1386
baeSR CAAGACACCATGCGTTGAAGAA

Table 2.8. Primers used for targeted mutagenesis in Synechococcus sp. WH7803

To confirm the mutations identified in Synechococcus sp. WH7805 cyanophage-
resistant mutants (see Chapter Six), Sanger sequencing of PCR products was
performed (GATC Biotech) using the primer sets listed in Table 2.9. The PCR was
performed using KAPA HiFi PCR Kit (Kapa Biosciences) following the

manufacturer’s instructions, for 35 cycles with an annealing temperature of 52°C.
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Name Sequence 5'-3'
08977_F CGATGGATCACACGTCAAGAA
08977_R CTACGCGACCGTTATTTCTTCT

Table 2.9. Sequencing primers used to confirm the mutations in Synechococcus sp.

WH7805 cyanophage-resistant mutants by Sanger sequencing.

The primers target a region of 1,158 bp of the WH7805_08977 gene that encodes a
putative alpha-glycosyltransferase.

To determine chromosome copy number (see section 2.15) gPCR was performed using
the primers listed in Table 2.10. These primers target a region of 63 nt of the
SynWH7803 0934 gene in Synechococcus sp. WH7803 and 78nt of the
WH7805_00035 gene in Synechococcus sp. WH7805.

Name Sequence 5'-3' Organism - Gene ID

0934 _F TTTGTCCCTCGGCAGGC
- Synechococcus sp. WH7803

0943 R  CGGAACGATGCAGTGGAGT SynWH7803_0934

00035_F CCAGTTCACATCAGAAGGAGTA
- Synechococcus sp. WH7805

00035, R TACCACAGTGTGTTCAGATAGG /1780500035

Table 2.10. qPCR primers for determination of chromosome copy number in
Synechococcus sp. WH7803 and Synechococcus sp. WH7805.
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2.3. Cell enumeration by flow cytometry

Flow cytometry was performed using a BD FACScan. Cells (Synechococcus or
grazers) for flow cytometry were fixed with 1 % (v/v) paraformaldehyde (PFA) or
0.5 % (v/v) glutaraldehyde for 1 h at 4°C in the dark. For nucleic acid staining, cells
were stained with SYBR Green I (Invitrogen) following the manufacturer’s
specifications for flow cytometry analysis, using a 10,000 fold dilution. Cells were
counted using 0.5 um multifluorescent (Polysciences) beads at a known concentration

as an internal standard.

2.4. Cyanophage purification

Purification of cyanophages was carried out using the protocol of Boulanger (2009).
Briefly, cyanophage lysates were obtained by infecting a Synechococcus sp. WH7803
culture during exponential growth (OD7s0nm 0.35 — 0.4) until complete lysis. The
cyanophage lysate was then centrifuged at 3,220 g for 15 min to discard cell debris
and the supernatant incubated overnight at 4°C in the dark with 10% (w/v) PEG 6000
final concentration. The concentrated cyanophages were centrifuged at 12,000 g for
30 min at 4°C and the supernatant discarded. The pellet was carefully re-suspended
with not more than 3 mL ASW medium (section 2.1.1) and layered on top of a CsCl
gradient previously prepared in ultracentrifuge tubes (2 mL ofd =1.7,3mLofd =15
and 3mL of d=1.45). CsCl gradients were subjected to ultracentrifugation at
217,500 g for 2 h at 4°C. Cyanophages were extracted from the gradient (Fig. 2.1)
using a 21 gauge needle and dialysed overnight at 4°C in ASW medium using a size 2
(18/32°*) 12-14 kDa molecular weight cut-off membrane (Visking-Medicell) prepared
by incubating for 30 min in 2 % (w/v) NaHCOz and 1 mM EDTA at 80°C and rinsed
thoroughly with distilled water.
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Figure 2.1. CsCl gradient for cyanophage purification.

(A) Schematic representation of a CsCl density gradient on an ultracentrifuge tube.
(B) Photography of the gradient after centrifugation. The arrows indicate cell debris
located on top of the band of concentrated cyanophages between d = 1.45 - 1.5.

2.5. Cyanophage enumeration by plaque assay

Enumeration of cyanophages was carried out using plaque assays, based on the
protocol of Millard (2009). The enumeration was performed in triplicate using a
dilution series of up to 10°. The final titre was the mean of 3 replicates. For the
preparation of 40 plates, 1 L of exponentially growing Synechococcus sp. WH7803
was concentrated by centrifugation at 6,000 g for 20 min and re-suspended in 20 mL
ASW medium. Aliquots of 0.5 mL were incubated for 1 h with a serial dilution of the
cyanophage at room temperature, then mixed with 2.5 mL molten 0.4 % (w/v) clean
agar or agarose in ASW medium (see section 2.1.2) at a temperature of 30-40°C and
poured into previously prepared 1 % (w/v) clean agar or agarose in ASW plates. Agar

plates were incubated at 23°C wunder continuous illumination of 10-
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30 umol photons m2 st After 3 to 10 days plaques appeared and the titre was
calculated.

2.6. Cyanophage enumeration by spot assay

Enumeration of cyanophages by spot assay was performed by modifying the protocol
for plague assay (section 2.5) of Millard (2009). This method was used for experiments
where several repetitions were required as ca. 30 “spots” can be tested per plate hence

reducing the amount of material needed per experiment.

An exponentially growing Synechococcus sp. WH7803 culture (OD750 nm = 0.35-0.4)
was concentrated by centrifugation at 6000 g for 20 min and re-suspended in ASW
medium. For the preparation of 10 plates, 300 mL culture was used, re-suspending in
6 mL ASW medium. Aliquots of 0.5 mL were mixed with 2.5 mL molten 0.4 % (w/v)
clean agar or agarose in ASW medium (see section 2.1.2) at a temperature of 30-40°C
and poured into previously prepared 1 % (w/v) clean agar or agarose in ASW plates.
Agar plates were incubated at 23°C wunder continuous illumination of
10-30 pumol photons m s for 24 h.

A serial dilution of the cyanophage with sterile ASW medium was prepared and 10 uL
aliquots were “spotted” in the agar plates in an organised manner. For adsorption
assays (section 2.8), the serial dilution was prepared with the supernatant of the
assayed samples. After 3 to 10 days plaques appeared and the titre was calculated. The
experiment was performed in triplicate and the titre was the mean of the three

replicates.

2.7. Isolation of cyanophage-resistant Synechococcus sp. WH7805

mutants

For isolation of cyanophage-resistant mutants, 40 mL of an exponentially growing
Synechococcus sp. WH7805 culture in triplicate was infected with cyanophage S-PM2
previously filtered using a 0.2 um pore size filter and incubated at 23°C under
continuous illumination of 20 pmol photons m2 s with agitation until the culture
lysed completely. After ca. 4 weeks, when re-growth of survivors was observed, the

cultures were grown in semi-solid ASW medium (section 2.1.1) and incubated at 23°C
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under continuous illumination of 10 umol photons m? s, Colonies were grown in
2mL ASW medium with 100 pL S-PM2 lysate and transferred to 40 mL ASW
medium with 200 puL S-PM2 lysate.

2.8. Cyanophage adsorption assay

Adsorption of cyanophages was determined for the 13 cyanophage-resistant
Synechococcus sp. WH7803 and 6 cyanophage-resistant Synechococcus sp. WH7805
mutants. Synechococcus cells were counted by flow cytometry (see section 2.3) and
1 x 108-1 x 107 cells were mixed with cyanophage (either S-PM2 or S-RSM42) at a
multiplicity of infection (MOI) of 1-10 in 1 mL final volume using 1.5 mL clear
microcentrifuge tubes (Eppendorf). An aliquot of 100 pL was taken at times 0 and
60 min, centrifuged at 16060 g for 5 min and the supernatant titrated by spot assay (see
section 2.6). A positive control for cyanophage adsorption was used, comprising an
exponentially-growing Synechococcus sp. WH7803 culture (OD750nm = 0.35-0.4).

The experiment was repeated twice in triplicate for each cyanophage.

2.9. Lipopolysaccharide (LPS) extraction and visualisation

2.9.1 LPS micro-extraction and silver staining

LPS from 12 Synechococcus sp. WH7803 mutants resistant to S-RSM42 was extracted
based on the method of Spence (2010). Briefly, 1 mL of culture in stationary phase
(OD7s50nm > 0.5) was centrifuged at 16060 g for 5 min, the pellet re-suspended in
100 pL of LPS extraction buffer (0.25 mM Tris-HCI pH 7.5, 4 % (v/v) SDS and
0.5gL? proteinase K) and incubated overnight at 60°C. 100 pL loading buffer
(0.125 mM Tris-HCI pH 6.8, 4% (w/v) SDS, 20 % (v/v) glycerol, 10 % (v/v)
B-mercaptoethanol, 0.004 % (w/v) bromophenol blue) with 0.5 g L™ proteinase K
were added to the sample and incubated for 2 h at 60°C.

LPS samples (15 pL) were boiled for 10 min, centrifuged at 16,060 g for 10 min and
separated using a 12% Bis-Tris protein gels (NUPAGE Novex, 1.0 mm, 12 well) ran
at 100 V for 120 min with 1X running buffer (NUPAGE® MOPS SDS Running
Buffer) and visualised by silver staining following Tsai & Frasch (1982).
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2.9.2 LPS extraction and visualisation by commercial Kits

Extraction of LPS was carried out with 15 mL of a late exponentially-growing
Synechococcus sp. WH7803 and WH7805 culture (OD7s0nm = 0.5) and cyanophage-
resistant Synechococcus spp. mutants in stationary phase, including 13 cyanophage-
resistant Synechococcus sp. WH7803 and 10 cyanophage-resistant Synechococcus sp.
WH7805 mutants. The cells were centrifuged at 3,220 g for 20 min at 4°C and the
extraction performed using a LPS extraction kit (Intron biotechnology) following the

manufacturer’s instructions.

LPS samples (15 pL) were boiled for 5 min in 5 pL loading buffer (0.125 mM Tris-
HCI pH 6.8, 4 % (w/v) SDS, 20 % (v/v) glycerol, 10 % (v/v) B-mercaptoethanol,
0.004 % (w/v) bromophenol blue) and then separated using a 12% Bis-Tris protein
gels (NUPAGE Novex, 1.0 mm, 12 well) ran at 150 V for 80 min with 1X running
buffer (NUPAGE® MOPS SDS Running Buffer). LPS was visualised using Pro-Q
Emerald 300 LPS gel stain kit (Molecular Probes) following the manufacturer’s

instructions.

2.10. Preparation of chemocompetent cells

E. coli cells were grown overnight in 5 mL LB medium at 37°C. 1 mL was used to
inoculate 100 mL of LB and grown at 37°C with agitation until exponential growth
was reached (ODesoonm = 0.4 - 0.6). The cells were incubated on ice for 5 min and
centrifuged at 2,013 g for 5 min at 4°C. The pellet was re-suspended in 50 mL cold
sterile 0.1 M CaCly, incubated in ice for 30 min and centrifuged at 2013 g for 15 min
at 4°C. The pellet was re-suspended in 1 —5 mL of cold sterile 70 % (v/v) CaCl in
glycerol. 30 pL aliquots were placed in 1.5 mL microcentrifuge tubes, snap frozen

with liquid nitrogen and stored at -80°C.

2.11. Chemical transformation

Chemocompetent E. coli cells were thawed in ice. 270 pL of cold sterile 0.1 M CaCl»
were added to 30 pL chemocompetent cells. 100 pL aliquots were mixed with 10 puL
of DNA and incubated in ice for 30 min, following a heat shock of 45 s at 42 °C and
put back in ice for 5 min. 1 mL of LB was added to the sample following incubation
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at 37 °C for 1 - 1.5 h. The sample was centrifuged at 16,060 g for 3 min. The pellet
was re-suspended carefully with 100 uL LB and incubated overnight at 37 °C in solid
LB previously prepared with the corresponding antibiotic.

2.12. Targeted mutagenesis

Construction of Synechococcus sp. WH7803 mutants was carried out by single cross
over mutagenesis as described by Brahamsha (1996). Briefly, a 300-400 bp fragment
of the gene of interest (PCR conditions in section 2.2 and primer sets listed in Table
2.8) was cloned into pGEM-T Easy vector (Promega) following the manufacturer’s
instructions and transformed into E. coli DH5a. (see sections 2.10 and 2.11). The vector
was subsequently extracted and purified using a Wizard Plus SV Minipreps DNA
Purification System (Promega) and the insert released by digesting with EcoRI (New

England BioLabs) following the manufacturer’s instructions.

The suicide vector pMUT100 (plasmid based on pBR322 containing a Kan® cassette)
was digested with EcoRI (New England BioLabs) following the manufacturer’s
instructions and ligated with the target fragment previously obtained with a T4 DNA
Ligase (Promega). The resulting construct (Fig. 2.2) was Sanger sequenced (GATC

Biotech) to confirm the correct insertion.
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Figure 2.2. Schematic representation of the construct used for targeted mutagenesis in

Synechococcus sp. WH7803.

The suicide vector pMUT100 was ligated with a 300-400 bp fragment (Insert)
described in section 2.2. EcoRI restriction sites are labelled. TcR = tetracycline
resistance, ROP = regulatory protein rop, ApR = ampicillin resistance, KanR =
kanamycin resistance.

The construct was transformed into E. coli MC1061 (see section 2.11) containing the
conjugal plasmid pRK24 and the pRL528 helper plasmid. E. coli MC1061 was then
conjugated with Synechococcus sp. WH7803 using different donor:recipient ratios
(1:1,5:1, 1:5, 2:1 and 1:2) and plated on 0.3 % (w/v) clean agar-ASW (Millard 2009)
or SN solid medium with 50 pgmL*? kanamycin, incubated in low light
(10 pmol photons m2s?) for 48 h at 23°C and then at 20 umol photons m2 st until
colonies appeared. Colonies were subsequently grown in 2 mL ASW medium with
50 pug mL kanamycin and analysed by PCR to confirm the mutation (PCR conditions

and primers are described in section 2.2 and Table 2.8).
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2.13. Extraction of genomic DNA from marine Synechococcus

15 mL of Synechococcus spp. cells were centrifuged at 3,220 g for 20 min and the
pellet re-suspended in 567 uL TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0). 30 uL
10 % (w/v) SDS and 3 pL 20 mg mL™ Proteinase K were added and the sample was
incubated for 4 h at 60°C. An equal volume of phenol was added to the sample
following centrifugation for 5 min at 16,060 g. The aqueous layer was then mixed with
an equal volume of chloroform:isoamyl alcohol (24:1 v/v) and centrifuged for 5 min
at 16,060 g. 0.1 volumes of 3.5 M sodium acetate were added to the aqueous layer.
The sample was incubated overnight at -20°C with an excess of ethanol and centrifuged
at 16,060 g for 30 min at 4°C. The supernatant was discarded and the pellet washed
with 1 mL of 70 % (v/v) ethanol. The sample was incubated for 15 min at 4°C and
centrifuged at 16,060 g for 20 min at 4°C. The supernatant was removed completely.
The pellet was re-suspended in 100 pL of nuclease free water (Ambion) and purified

with DNeasy Plant mini spin columns (Qiagen).

After purification, the DNA was quantified by Nanodrop and QuantiFluor dsDNA
System (Promega) and the integrity was visualised by agarose gel electrophoresis and
ethidium bromide staining. A minimum of 1 ug of DNA was sent for Illumina

sequencing at the Centre for Genomic Research, University of Liverpool.

2.14. Bioinformatic analysis

DNA libraries were prepared using the TruSeq (Illumina) protocol and sequenced with
the MiSeq (Illumina) platform at the Centre for Genomic Research, University of
Liverpool, generating reads of either 2 x 150 bp or 2 x 250 bp (Table 2.11).

Wild type Synechococcus sp. WH7805 re-sequencing included 2 DNA samples (Table
2.11): one taken before obtaining the cyanophage resistant mutants (May 2014; see
section 2.7) and one 7 months after, taken at the same time as the cyanophage resistant
mutants (Dec. 2014). Wild type Synechococcus sp. WH7803 re-sequencing also
included 2 DNA samples (Table 2.11): Oct. 2013 and Dec. 2014.
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Raw sequences were trimmed for Illumina adaptors using Cutadapt 1.1 option -O 3
and further trimmed using Sickle version 1.2 with a minimum window quality score

of 20 by the Centre for Genomic Research, University of Liverpool.

Strain(s) Paired-end sam[[)all\épc\jate
Synechococcus sp. WH7803 WT 250 bp Oct. 2013
Synechococcus sp. WH7803 WT 150 bp Dec. 2014
cyanophage resistant Synechococcus sp. WH7803 mutants 250 bp Oct. 2013
Synechococcus sp. WH7805 WT 150 bp May 2014
Synechococcus sp. WH7805 WT 150 bp Dec. 2014
cyanophage resistant Synechococcus sp. WH7805 mutants 150 bp Dec. 2014

Table 2.11. Whole genome sequencing of marine Synechococcus.

WT: wild type Synechococcus spp. (Table 2.2), cyanophage resistant mutants (Table
2.3).

2.14.1 Read alignment

Whole genome sequencing reads from marine Synechococcus were obtained in fastq
format and the quality of the reads was checked using FastQC v.0.10.1
(www.bioinformatics.babraham.ac.uk/projects/fastqc).

The aligners used include Bowtie2 (Langmead and Salzberg, 2012), BWA mem
v.0.7.10 (Li, 2013) and NextGenMap v.0.4.11 (Sedlazeck et al., 2013).

For Bowtie2 alignment, a DNA index was constructed using bowtie2-build with the
reference genome in fasta format. The paired-end sequencing reads in fastq format

were aligned to that index (option —x) with Bowtie2, producing a SAM output file
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(option -S). The options --very-sensitive (end-to-end alignment) or --very-sensitive-

local (soft clip of the reads) were used for the different samples.

For BWA mem alignment, a DNA index was constructed using bwa index with the
reference genome in fasta format. The paired-end sequencing reads in fastq format

were aligned to that index, producing a SAM output file.

For NextGenMap alignment, the paired-end (option —p) sequencing reads in fastq
format (option —q) were aligned to the reference genome in fasta format (option —r),

producing a SAM output file.

Alignment of Synechococcus sp. WH7803 wild type reads to the published genome
sequence of Synechococcus sp. WH7803 (accession number NC_009481.1) was done
using Bowtie2 with the --very-sensitive option, BWA mem and NextGenMap.

Alignment of cyanophage resistant Synechococcus sp. WH7803 mutants reads to the
published genome sequence of Synechococcus sp. WH7803 (NC _009481.1) and
S-PM2 (NC_006820.1) was done using Bowtie2 with the --very-sensitive and --very-
sensitive-local option and BWA mem.

Alignment of Synechococcus sp. WH7805 wild type and cyanophage resistant mutants
reads to Synechococcus sp. WH7805 (NZ_AAOKO00000000.1) was done using BWA

mem.

Reads from re-sequenced wild type Synechococcus sp. WH7803 (Marston et al. 2012)
were obtained from CAMERA (Community cyberinfrastructure for Advanced
Microbial Ecology Research and Analysis, (Sun et al., 2011)) in fasta format and were
aligned to Synechococcus sp. WH7803 (NC_009481.1) genome with Bowtie2 option

--very-sensitive-local.

Reads in fastq format from cyanophage resistant Prochlorococcus marinus MED4
mutant R28 (Avrani et al., 2011) were kindly sent by Dr. D. Lindell and were aligned
to the Prochlorococcus marinus MED4 genome (NC_005072.1) using BWA mem.

The output files produced by three aligners in SAM format that were processed using

Samtools v.0.1.18 (Li et al., 2009). For conversion to binary format Samtools view
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options —bS (input in SAM format and output in BAM) -F4 (skip alignments when the

query sequence is unmapped) was used.

Alignment statistics and figures were produced using Qualimap v.1.0 (Garcia-Alcalde
etal., 2012) with BAM files.

2.14.2 Mutation detection

Alignment files in BAM format were sorted using Samtools sort and indexed using
Samtools index. The sorted and indexed alignment was used with Samtools mpileup
for producing an mpileup file using the reference genomes in fasta format (option —f)

stated in section 2.14.1.

Mutations were detected using VarScan v.2.3.3 (Koboldt et al., 2012) pileup2snp for
SNPs and pileup2indel for Indels, with option --p-value 0.01. All mutations were
visualised using Artemis (Rutherford et al. 2000) and some of them randomly selected

for manual inspection.

2.14.3 Simulation of sequencing reads

ART Illlumina v.2.1.8 (Huang et al., 2012b) was used for simulating Illumina
sequencing reads for Synechococcus sp. WH7803. The options used to generate reads
were —p (paired-end reads), -l s. The output in fastq format was aligned to
Synechococcus sp. WH7803 with BWA mem (see section 2.14.1) and mutations
detected with VarScan v.2.3.3 (section 2.14.2).

2.15. Quantitative PCR (gPCR) assay for determination of

chromosome copy number in marine Synechococcus

The qPCR was adapted from Pecoraro et al. (2011). To optimise the assay, 10° - 10’
cells of a late exponentially-growing axenic Synechococcus spp. culture were sorted
in triplicate with a BD Influx cell sorter (by Dr. F. Pitt). Cells had been previously
stained using SYBR Green | nucleic acid stain (Invitrogen) following the

manufacturer’s instructions in order to count all cells.
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Subsequently, sorted cells were centrifuged at 16,060 g and the supernatant removed
since the salt concentration in ASW inhibited PCR (see Fig. 5.2.B). The pellet was re-
suspended in 1 mL nuclease free water and the cells disrupted with a TissueLyser
(Qiagen) in 2 mL Lysing Matrix E tubes (MP Biomedicals). Synechococcus sp.
WH7805 chromosome copy number was determined using both Synechococcus sp.
WH7805 alone or mixed with an equimolar amount of Synechococcus sp. WH7803 to
control the DNA extraction method described.

A standard curve was constructed using Synechococcus sp. WH7803 or WH7805
genomic DNA obtained as described previously (section 2.13) and quantified using
the QuantiFluor dsSDNA System (Promega).

The gPCR reaction was performed in triplicate, including a dilution series of
Synechococcus cells of 10° - 10, a standard curve constructed with genomic DNA
and a negative control of nuclease free water. An aliquot of 1 puL of sample was used
in a 20 uL final qPCR reaction volume following the manufacturer’s instructions
(SYBR Select Master Mix, Applied Biosystems), with a primer concentration of
100 nM (primers listed in Table 2.10), and run with the fast settings (20 s at 95°C and
40 cycles of 3 s at 95°C and 30 s at 60°C) in a 7500 Fast Real-Time PCR thermocycler
(Applied Biosystems).

All experiments used a standard curve of DNA and were performed in triplicate.

Results are indicated as the average of 3 replicates + standard deviation.

2.16. Assessment of chromosome copy number using a fluorometric

based approach

Quantification of genomic DNA also used a fluorometric assay facilitated by the
QuantiFluor dsDNA System (Promega) kit. Briefly, late-exponentially growing
Synechococcus sp. WH7803 cells (OD7so = 0.45) were serially diluted (10° — 107) and
counted by flow cytometry (section 2.3). Genomic DNA was extracted as described in
section 2.9. Calculation of chromosome copy number from genomic DNA content per
cell (Equation 1) was performed based on Dolezel et al. (2003) Assuming that at pH 8
(ASW) phosphate protons of nucleotides are dissociated and that 1 pg of DNA equals
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0.978 x 10°bp, the chromosome of Synechococcus sp. WH7803 (genome size of
2,366,980 bp) should weigh 2.42 x 107 pg.

DNA content [pg] = Genome size [bp]
0.978 x 10° [bp pg™]

Equation 1. DNA content calculated from genome size (Dolezel et al., 2003).

2.17. Grazing experiments

Grazing experiments were carried out by measuring predator and prey cell
concentrations using flow cytometry. An exponentially growing Synechococcus
culture (4 mL) at a concentration of 107 cells mL?, was mixed with 4 mL of a 1 week
old nanoflagellate culture at a concentration of 10* or 10°cells mL* and 1 mL of
cyanophage at a concentration of 108 PFU mL™. 80 pL samples were fixed and stained
for flow cytometry (see section 2.3). Results were analysed by plotting the number of
cells mL* or percentage of change in cell concentration against time.
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Chapter 3: Cyanophage resistance in Synechococcus sp. WH7803

3.1. Introduction

Cyanophage populations and marine Synechococcus co-exist in the natural
environment. Recently, Weitz et al. (2015) modelled a marine system with and without
viruses and determined that the presence of viruses increases turnover which leads to
a higher primary productivity. The exact percentage of Synechococcus mortality due
to viral lysis is unknown, but different studies have calculated up to 50 % of
cyanobacterial infection rates at any given point, with an estimated absolute mortality
rate of 2.8 - 48 % for Synechococcus (Clokie et al., 2011; Mann, 2003; Murray and
Eldridge, 1994; Proctor and Fuhrman, 1990; Waterbury and Valois, 1993) with only a
minority of Synechococcus spp. sensitive to co-isolated lytic cyanophages. This
indicates that despite the high diversity and titre of cyanophages found in marine
systems (Lu et al., 2001; Marston and Sallee, 2003; Millard and Mann, 2006; Suttle
and Chan, 1994; Zhong et al., 2002), viruses appear not to be alone in regulating
Synechococcus populations. Such results are in contrast though to other studies that
have shown low levels of cyanophage resistance amongst host populations, probably
due to the fitness cost associated with phage resistance, which has been estimated to
be ~20 % in isolated strains based on growth rates (Lennon et al., 2007; Stoddard et
al., 2007; Suttle and Chan, 1994). Even so, overall, the importance of phage resistance

in Synechococcus population dynamics is well recognised.

Attempts to understand mechanisms of cyanophage resistance have suggested that
they are largely related to preventing cyanophage attachment to the host, possibly by
modifying and/or blocking the cell surface and hence perhaps the cyanophage receptor
(Avrani et al., 2011; Marston et al., 2012). Thus, studies performed in Anabaena sp.
PCC7120, a freshwater cyanobacterium, showed that a modified lipopolysaccharide
(LPS) layer prevents cyanophage infection (Xu et al., 1997). Two genes involved in
LPS biosynthesis, were identified by random transposon (Tn5) mutagenesis and shown
to be responsible for the resistant phenotype. These genes are rfbP (undecaprenyl-
phosphate galactosephosphotransferase) and rfbZ (first mannosyl transferase) which

insertional inactivation caused a modified O-polysaccharide profile.

Here at Warwick, recent work has focused towards determining the molecular basis of

cyanophage resistance in marine cyanobacteria. Thus, both Jia (2009) and Spence
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(2010) isolated various spontaneous cyanophage-resistant mutants (Table 2.3). These
include the Synechococcus sp. WH7803 mutant PHR, resistant to cyanophage S-PM2.
This mutant possesses a modified LPS profile compared to wild-type Synechococcus
sp. WH7803, lacking an important portion of the O-polysaccharide chain. This feature
may be the reason for the preferential grazing of this PHR strain by heterotrophic
flagellates compared with the wild-type (Zwirglmaier et al., 2009), and suggesting that
LPS plays an important role in mediating both cyanophage infection and grazing by
protists. Moreover, the 13 cyanophage-resistant Synechococcus sp. WH7803 mutants
used in this study (Table 2.3; Fig. 3.1) also show differences in pigmentation, that
might be related to phycoerythrin content, and an aggregation or clumping phenotype,
that might be related to a modified LPS layer, or to production of exopolysaccharide.
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B

No shaking

Figure 3.1. Clumping and pigment phenotypes of some of the cyanophage-resistant
Synechococcus sp. WH7803 mutants isolated by Spence et al., (2010).

(A) Wild-type Synechococcus sp. WH7803. (B) Representative culture showing the
clumped phenotype when cultured without shaking. (C) Representative cyanophage-
resistant Synechococcus sp. WH7803 mutant cultures showing different phenotypes,
including clumping behaviour and differences in pigmentation.

LPS is a conserved molecule present in the outer membrane of Gram negative bacteria,
comprising a basic structure of i) lipid A, ii) a core oligosaccharide and iii) the
O-polysaccharide chain or O-antigen (Fig 1.7). Only the O-polysaccharide chain
varies, conferring a signature for different strains and species. The LPS structure of
two marine Synechococcus strains (CC9311 and WH8102) was recently described (Fig
3.2; Snyder et al. 2009). Compared to LPS structures from enteric bacteria, marine
Synechococcus possess a simpler molecule (Fig. 3.2) in which the main saccharide is
4-linked glucose, instead of heptose or 3-deoxy-D-manno-octulosonic acid (Kdo). In
addition, differences in LPS biochemistry were seen between the two Synechococcus

strains, with rhamnose present in the LPS of Synechococcus sp. WH8102 (consistent
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with the presence of two gene clusters encoding a rhamnose biosynthetic pathway in
its genome) but absent in Synechococcus sp. CC9311, although it is unclear whether

this rhamnose is present in the core or O-polysaccharide chain.
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Figure 3.2. Putative structure of Synechococcus sp. CC9311 and WH8102 minimal
LPS lipid A and core (from Snyder et al. 2009).

These structures represent one of a variety of the acylated lipid A structures found in
these organisms.

To specifically investigate the role of the cell surface in cyanophage-resistance, Spence
(2010) constructed three interposon mutants targeting different components of the
membrane. These mutants comprised i) a deletion mutant of two adjacent genes
encoding potential P-stress porins (ASsynWH7803_2235-2236::aac(3)-1V), thought to
be the most abundant proteins in the Synechococcus sp. WH7803 cell surface ii) and
iii) involved in LPS biosynthesis: i) disrupting the rmIB homologue
(AsynWH7803_0192::aac(3)-1V), that encodes the second enzyme in the rhamnose
biosynthetic pathway involved in the synthesis of the O-polysaccharide, and iii)
disrupting the wbaP homologue (AsynWH7803_1767::aac(3)-1V), encoding an
hexose-1-P transferase that catalyses the initial glycosylation of the undecaprenyl

phosphate lipid carrier, contributing to maintaining the length of the O-polysaccharide
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(Saldias et al., 2008; Whitfield and Larue, 2008). However, none of these mutants have
been biochemically characterised, nor assessed to determine if they confer cyanophage

resistance.

During the course of my PhD studies two manuscripts were published (Avrani et al.
2011; Marston et al. 2012) that also focused on cyanophage resistance mechanisms in
marine picocyanobacteria. These studies provided evidence to link resistance with an
inability of the cyanophage to adsorb to the host cell surface. Thus, Avrani et al.,
(2011) investigated the mechanisms of cyanophage resistance in several
Prochlorococcus strains, using ten different cyanophage, and isolated 77 resistant sub-
strains. Using whole genome sequencing, mutations were found in genes located
largely within genomic islands, including genes associated with membrane
components or cell-wall biosynthesis. Avrani et al (2011) found that all their
cyanophage resistant mutants prevented cyanophage attachment, probably by
modification of the cell surface, as demonstrated by adsorption assays. Unfortunately,
since no reliable genetic system has been developed for Prochlorococcus it is not yet
possible to unequivocally prove that the mutations found in genes identified by whole

genome sequencing actually confer resistance to cyanophage infection.

Similarly, Marston et al. (2012) investigating the evolution of Synechococcus sp.
WH7803 grown in chemostat culture with cyanophage RIM8, showed the evolution
of resistant populations, and by performing whole genome sequencing identified four
mutations, two of them in a genomic island (ISL1). The mutations were identified as
a SNP in SynWH7803 0102 encoding a putative glucose-1-phosphate
thymidylyltransferase ~ (rmlA/rfbA), a SNP in a  glycosyltransferase
(SynWH7803_0140), a SNP in a two-component system sensor histidine kinase (baes,
SynWH7803_1386) and a deletion that generates an early stop codon in an
aminopeptidase N (PepN, SynWH7803_1555). However, none of these mutations have
yet been subsequently proven by molecular genetic techniques, i.e. using gene knock-

out technology, to actually confer cyanophage resistance.
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3.2. Objectives

Here then, the role that the Synechococcus sp. WH7803 cell surface plays in mediating
cyanophage resistance was investigated in all of the previously isolated spontaneous
Synechococcus sp. WH7803 mutants isolated by Jia (2009) and Spence (2010), as well
as those interposon mutants in which specific genes were targeted (see above),

particularly assessing any differences in the LPS profiles of these strains.

3.3. Results

3.3.1 Phenotypic characterisation of spontaneous cyanophage-resistant

Synechococcus sp. WH7803 mutants

To study the phenotype of the S-RSM42-resistant Synechococcus sp. WH7803
mutants A-J, and mutants R1 and R2 resistant to both S-RSM42 and S-PM2, LPS

profiles and adsorption assays were carried out.

LPS profiles from cyanophage-resistant Synechococcus sp. WH7803 mutants were
initially obtained by performing LPS “micro-extractions” (see section 2.9.1),
comprising whole cell digestion with proteinase K. The LPS banding patterns observed
(Fig. 3.3) correspond to three regions of the LPS basic structure: the lipid A core and
O-polysaccharide chain (Region 1), LPS biosynthetic intermediates with incomplete
core or O-polysaccharide chains (Region 2) and free lipid A with attached core

polysaccharide intermediates (Region 3).
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Figure 3.3. LPS profiles of cyanophage-resistant mutants obtained by LPS micro-

extraction.

WT: Synechococcus sp. WH7803; A-J: Synechococcus sp. WH7803 mutants resistant
to cyanophage S-RSM42; R1 and R2: Synechococcus sp. WH7803 mutants resistant
to cyanophage S-RSM42 and S-PM2. 1: Mature LPS, 2: LPS biosynthetic
intermediates, 3: Free lipid A.

However, using this type of extraction it was not possible to distinguish between
O-polysaccharide profiles. This was important since Zwirglmaier et al. (2009) showed
that the cyanophage resistant Synechococcus sp. WH7803 mutant PHR had lost a
significant portion of its O-polysaccharide side chain units. The Zwirglmaier et al.
(2009) study used the hot phenol-water method (see Westphal and Jann 1965) to
specifically extract polysaccharides. However, this method requires a large volume of
culture (1L) to obtain sufficient LPS material, a facet not conducive with the
S-RSM42-resistant Synechococcus sp. WH7803 mutants since these cultures only
grow stably to a maximum volume of 40 mL. As a result a commercial LPS extraction

kit (Intron Biotechnology) was used (see section 2.9.2).

The banding pattern obtained (Fig. 3.4) represents the number of O-polysaccharide
substitutions in the LPS molecule of each strain. Mutants B, F, J and R1 show a similar
pattern in comparison to wild type Synechococcus sp. WH7803, whereas mutants A,
C, D, E, G, H and R2 possess more O-polysaccharide substitutions. The cyanophage
S-PM2 resistant Synechococcus sp. WH7803 mutant PHR, was used as a negative

control since as mentioned above this essentially lacks O-polysaccharide side chains.
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The LPS profile of mutant | could not be determined due to its poor growth, with

insufficient material available to perform LPS extraction.

A B C D E F G H J Rl R2 WTPHR

Figure 3.4. LPS profiles of cyanophage-resistant Synechococcus sp. WH7803 mutants
obtained using a commercial LPS extraction kit (Intron Biotechnology).

A-J. S-RSM42-resistant Synechococcus sp. WH7803 mutants; R1 and R2:
Synechococcus sp. WH7803 mutants resistant to both S-RSM42 and S-PM2; WT:
Synechococcus sp. WH7803; PHR: S-PM2-resistant Synechococcus sp. WH7803
mutant, LPS ‘negative’ control.

To prevent phage infection, potentially any step of the infection cycle (see Fig 1.5) can
be interrupted. To directly assess whether attachment of cyanophages to the host cell,
the first step in the infection process, was interrupted, thus conferring resistance to
Synechococcus sp. WH7803 mutants, adsorption assays were performed (see section
2.8 and Fig. 3.5). Cyanophage-resistant Synechococcus sp. WH7803 mutants C and
R1 proved to be sensitive to adsorption by cyanophage S-RSM42 (Fig. 3.5.A) showing
a 94 % reduction (mutant C) or 96 % reduction (mutant R1) in cyanophage titre after
60 minutes, respectively. Similarly, mutant R2 was sensitive to cyanophage S-PM2
(Fig. 3.5.B), showing a 96 % reduction in phage titre after 60 minutes. In contrast, the
remaining mutants were all resistant to phage attachment (Fig. 3.5A, B) showing no
difference in phage titre following the 60 minute incubation period. It is worth noting
that mutants R1 and R2 (which are resistant to both cyanophages S-PM2 and

S-RSM42) show inverse adsorption profiles, i.e. mutant R1 adsorbs cyanophage
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S-PM2 but not cyanophage S-RSM42, whilst mutant R2 shows the opposite profile,

suggesting these mutants possess different phage resistance mechanisms.
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Figure 3.5. Adsorption assays of cyanophage-resistant Synechococcus sp. WH7803

mutants

(A) Mutants resistant to cyanophage S-RSM42 and (B) mutants resistant to S-PM2.
White and grey bars represent phage titres after 0 minutes or 60 minutes absorption
with each Synechococcus strain, respectively. A-J: S-RSM42-resistant Synechococcus
sp. WH7803 mutants; R1 and R2: Synechococcus sp. WH7803 mutants resistant to
S-RSM42 and S-PM2; PHR: S-PM2-resistant Synechococcus sp. WH7803 mutant;
WT: Synechococcus sp. WH7803, positive control for adsorption assays. Bars are the
average of three replicates with error bars as standard deviation.
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3.3.2 Assessment of cyanophage resistance in partially segregated
Synechococcus  sp.  WH7803 interposon  mutants in  the
synWH7803_2235-2236, synWH7803 0192 and synWH7803_1767 genes

In order to study the relationship between cell surface properties of Synechococcus sp.
WH7803 and cyanophage resistance, three partially segregated interposon mutants

constructed by Spence (2010) were investigated (Table 2.2.4).

Cyanophage resistance in these synWH7803 2235-2236, synWH7803 0192 and
synWH7803_1767 gene interposon mutants was evaluated using a qualitative spot
assay (see section 2.6). However, all mutants were susceptible to cyanophages
S-RSM42, S-PM2 and S-RSM4 (Figure 3.6A) in a similar manner to wild type. LPS
profiles (using a commercial extraction Kit, see section 2.9.2) of synWH7803 0192
and synWH7803_1767 interposon mutants also showed no differences to the wild type
(Fig. 3.6B). The wild type LPS profile of the synWH7803_2235-2236 interposon
mutant is consistent with the function of these genes as outer membrane porins, and

hence unrelated to LPS biosynthesis.
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Figure 3.6. Assessment of cyanophage resistance (A) and LPS profiles (B) in

interposon mutants of Synechococcus sp. WH7803.

(A) Representative images of the qualitative spot assay for determining cyanophage
resistance and (B) LPS profiles of two Synechococcus interposon mutants. Spot assays
were performed in triplicate using Synechococcus sp. WH7803 wild type as a control
and cyanophages S-RSM42, S-PM2 and S-RSM4. For each mutant, sensitivity to all
three cyanophage was observed. A2235-2236: AsynWH7803_2235-2236::aac(3)-1V;
A0192: AsynWH7803_0192::aac(3)-1V; A1767: AsynWH7803 1767::aac(3)-1V; WT:
Synechococcus sp. WH7803 wild type; PHR: S-PM2-resistant Synechococcus sp.
WH7803 mutant (LPS negative control).

Since Synechococcus sp. WH7803 is an oligoploid strain, i.e. it possess multiple copies
of the chromosome (see chapter 5), it was thought possible that incomplete segregation
of these interposon mutants had occurred, which might explain the lack of phenotype
observed above. In order to try to force segregation, each mutant was subjected to a
gradual increase in antibiotic concentration. PCR assays using specific primers (see
Table 2.8) flanking and internal to the disrupted gene (Fig. 3.7.A and B) were used to
detect the wild type gene and directly assess if complete segregation had occurred.
However, even in those mutants cultured in apramycin at 1 mg mL* (the ‘normal’
working concentration is 50 ug mLt), which was clearly lethal to wild type
Synechococcus sp. WH7803 (Fig. 3.7.D), did not result in full segregation and the wild

type gene was detected in all three interposon mutants (Fig. 3.7.C).
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(Previous page)

Figure 3.7. PCR assessment of segregation and growth in apramycin in the three
Synechococcus sp. WH7803 interposon mutants, i.e. in genes synWH7803_2235-2236,
synWH7803 0192 and synWH7803_1767.

(A) Schematic representation of the PCR primer sets internal and flanking the
disrupted gene designed to detect segregation of the interposon mutation. (B) Expected
PCR fragment sizes expected in Synechococcus sp. WH7803 (wild type, red arrow)
and Interposon mutant (Mutant, blue arrow) amplified with the PCR primer in (A) (see
Table 2.8). (C) PCR assessment of segregation in each interposon mutant using
genomic DNA extracted from the interposon mutants cultures in (D): WT:
Synechococcus sp. WH7803; A1767: AsynWH7803_1767::aac(3)-1V; A0192:
AsynWH7803 _0192::aac(3)-1V; A2235-2236: AsynWH7803_ 2235-2236::aac(3)-1V.
In each case PCR primers are internal and flanking the disrupted gene. Red arrows:
wild type gene; blue arrows: apramycin-resistance cassette; WT: Synechococcus sp.
WH7803 genomic DNA, M: interposon mutant genomic DNA, (-) PCR negative
control, 1 kb ladder (Invitrogen). (D) Interposon mutants after three weeks growth in
ASW medium supplemented with 1 mg mL™ apramycin.

A further approach to try to segregate these interposon mutants was by growth in P-
deplete ASW medium (section 2.1.1), whilst also maintaining the 1 mg mL*
apramycin selection, with the idea that P stress might force a reduction in chromosome
copy number due to the large P requirement of DNA. However, even after 3 months
of culturing in P-deplete medium, with cultures being transferred every ~3 weeks, PCR
assays with the same internal and flanking primers used above (and see Table 2.8),

showed no evidence of complete segregation (Fig. 3.8).
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A0192 A1767 A2235-2236

kb +P P (D () +P P H () P P H ()

Figure 3.8. PCR assessment of segregation in the three Synechococcus sp. WH7803

interposon mutants following culturing in P-deplete ASW medium for three months.

This PCR was performed using the internal primer set (Table 2.8).A0192:
AsynWH7803 0192::aac(3)-1V; Al767: AsynWH7803 1767::aac(3)-1V; A2235-
2236: AsynWH7803_2235-2236::aac(3)-1V; (+) Synechococcus sp. WH7803 genomic
DNA, (-) PCR negative control, 1 kb ladder (Invitrogen).

3.3.3 Targeted mutagenesis of genes identified by whole genome
sequencing to be responsible for cyanophage resistance in Synechococcus
sp. WH7803

Marston et al. (2012) identified specific genes thought to be responsible for
cyanophage resistance in Synechococcus sp. WH7803 through whole genome
sequencing of strains resistant to virus RIM-8. Two of these genes were selected for
directed interposon mutagenesis, both genes being present in single copy in the
genome and with each gene possessing a non-synonymous mutation in the original
cyanophage-resistant mutant strain. These genes were SynWH7803_0102 (rmlA/rfbA)
encoding the first enzyme in the rhamnose biosynthetic pathway, a
glucose-1-phosphate thymidyltransferase, and SynWH7803_1386 (baeS), a histidine
kinase from a two-component system possessing a PAS domain, known to be a
signalling component that can detect changes in different intracellular energy
conditions, such as small ligands (Taylor and Zhulin, 1999). The mutations observed

by Marston et al. (2012) are in regions of the genes encoding specific protein domains,
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in particular the transferase domain for SynWH7803_0102 and in the PAS domain for
SynWH7803_1386, predicted to be a signal sensor domain (Fig. 3.9) (see Henry &
Crosson 2011 for a recent review).

NTP-transferase
domain

Histidine
kinase domain

|
100 bp

Figure 3.9. Schematic diagram of Synechococcus sp. WH7803 genes targeted for

interposon mutagenesis.

(A) SynWH7803_0102 (rmlA/rfbA), 1156 bp; (B) SynWH7803_1386 (baeS),
1366 bp. Blue arrows represent the genes; green blocks indicate those regions of the
protein encoding specific domains; yellow vertical lines indicate the position of
mutations found by Marston et al. (2012) and orange arrows indicate the position of
PCR primers used to make the constructs.

The interposon mutant constructs were made by cloning a 395 bp region of
SynW7803_0102 and a 347 bp region of SynWH7803_1836 (PCR primers are listed in
Table 2.8) into the EcoRI restriction site of pMUT100 (Fig. 2.2). Correct clone
construction was verified by PCR and sequencing of the insert fragment (data not
shown). Interposon mutant plasmid constructs were subsequently transformed into E.
coli (contained the helper plasmids pRK24, pRL528). Conjugation of the mutant

78



Chapter 3: Cyanophage resistance in Synechococcus sp. WH7803

constructs into Synechococcus sp. WH7803 was carried out using both SN and ASW
semi-solid medium and different ratios of the E. coli donor: Synechococcus receiver
strains (see section 2.12). However, whilst kanamycin resistant transconjugants were
obtained, PCR did not confirm recombination of the kanamycin cassette into the

correct position in the genome in either mutant construct (data not shown).

3.4. Discussion

Thus far, cyanophage resistance in marine cyanobacteria has been found to be
exclusively due to modification of the host cell surface and hence possible inhibition
of cyanophage attachment (Avrani et al. 2011; Marston et al. 2012). In this study, three
cyanophage resistant Synechococcus mutants were found to be able to adsorb the
cyanophage (Fig. 3.5) whilst still resistant to infection, suggesting they somehow
prevent cyanophage replication and, at least, demonstrating that more mechanisms for
resistance occur in these cyanophage-host systems than previously thought. Indeed,
adsorption patterns of cyanophages S-PM2 and S-RSM42 to Synechococcus mutants
R1 and R2 (Fig. 3.5), which are resistant to both cyanophages, are clearly different,
suggesting that Synechococcus sp. WH7803 possesses several mechanisms for

cyanophage resistance and that the host cell receptor for these cyanophages is distinct.

Bacterial resistance to viral infection can be acquired by interrupting any of the steps
of the infection cycle (see Section 1.4), although in cyanobacteria only the adsorption
of the cyanophage has been found to be interrupted in resistant mutants and suggested
to be related to modifications in the LPS O-polysaccharide. In Pseudomonas
fluorescence SBW25 co-evolution experiments with and without bacteriophages for
~400 generations also led to changes in LPS as a result of host-bacteriophage co-
evolution, which was linked with a reduce fitness in the mutant (co-evolved) host
strains (Scanlan et al., 2015). In E. coli modification of LPS has also been found to be
implicated in bacteriophage resistance. Furthermore, mutations in the biosynthesis of
this molecule are related to cross-resistance to bacteriophage T7 and T4. However, the
cost of resistance to bacteriophage T7 is higher because its binding site is deeper in the
LPS molecule (core oligosaccharide rather than O-polysaccharide) compared to T4
(Bohannan and Lenski, 2000).
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In this chapter, analysis of the LPS profiles of the spontaneous cyanophage-resistant
Synechococcus sp. WH7803 mutants (Fig. 3.4) showed that they do not correlate with
the adsorption phenotypes (Fig. 3.5). For instance, cyanophage S-PM2 is able to attach
only to mutant R2, whilst cyanophage S-RSM42 can attach only to mutants C and R1.
However, mutants B, F, J and R1 have the same LPS profile as the wild type (Fig. 3.4),
whereas mutants C and R2 possess an altered LPS compared to wild type, but this
altered LPS profile does not inhibit cyanophage attachment. Moreover, the LPS
profiles of mutants A, C, D, G. H and R2 show a pattern indicating the presence of
larger O-polysaccharide molecules compared to the wild type. This evidence is

inconclusive regarding the role of LPS in cyanophage resistance.

The adsorption assays and LPS profiles carried out with the spontaneous cyanophage
resistant mutants, indicates that either LPS is not the receptor for cyanophages S-PM2
and S-RSM42 or that cyanophage attachment also need the presence of other
molecules/proteins. For example outer membrane porin proteins, have previously been
shown to be important for attachment in other phage-host systems in addition to LPS,
with both components required for efficient attachment (Rakhuba et al., 2010;
Silverman and Benson, 1987; Traurig and Misra, 1999). Certainly it is well known in
enteric bacteria e.g. E. coli, that the outer membrane porin proteins OmpA, OmpC,
OmpF and LamB, (the latter a maltodextrin channel), act as bacteriophage receptors
in their own right (Clement et al., 1983; Mizoguchi et al., 2003; Montag et al., 1987,
Morita et al., 2002; Riede and Eschbach, 1986; Riede et al., 1985; Silverman and
Benson, 1987; Traurig and Misra, 1999).

It is worth noting that heterotrophic bacterial contamination is present in all the
cyanophage resistant Synechococcus sp. WH7803 mutant cultures which could
interfere with some of the observed alterations in LPS profiles (Fig. 3.5). However,
this is unlikely given the relatively low levels of contamination generally detected in
these cultures (< 30 %; see Table 4.1).

The role of LPS in cyanophage adhesion has thus far only been inferred from whole
genome sequencing and adsorption data (Avrani et al. 2011; Marston et al. 2012) or
using random transposon mutagenesis, in the latter where interruption of the rfoP

(undecaprenyl-phosphate galactosephosphotransferase) and rfbZ (first mannosyl
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transferase) genes occurred, these both being involved in LPS biosynthesis (Xu et al.,
1997). To directly determine the role of LPS in cyanophage resistance it is necessary
to understand the molecular mechanisms involved. With this aim, a number of genes
directly involved in LPS biosynthesis, as well as two genes encoding predicted outer
membrane porins, were specifically targeted for mutagenesis. However, none of these
mutants completely segregated, potentially explaining the lack of a phenotype i.e.
mutants were still susceptible to cyanophage infection, and no evidence of LPS

modification was observed (Fig. 3.6).

To more directly assess the molecular basis of resistance in the spontaneous
cyanophage resistant Synechococcus mutants obtained by Spence (2010) whole
genome sequencing was undertaken (Chapter 4).
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Chapter 4: Sequence analysis of Synechococcus cyanophage-resistant mutants

4.1. Introduction

The molecular mechanisms underlying bacteriophage-bacteria interactions and co-
evolution remain largely unknown. By far the best understood systems of
bacteriophage-bacteria co-evolution are those performed in heterotrophic v-
proteobacteria including E. coli and P. fluorescens (Mizoguchi et al., 2003; Paterson
et al., 2010; Scanlan et al., 2015), but for cyanobacteria and their co-occurring

cyanophages such mechanisms are still poorly understood.

In chapter 3 phenotypic variation amongst several cyanophage resistant
Synechococcus sp. WH7803 mutants was presented. These mutants possessed
differences in their LPS profiles and also in their adsorption to cyanophages,

suggesting different mechanisms for cyanophage resistance may exist.

Recent work in Prochlorococcus and marine Synechococcus (Avrani and Lindell,
2015; Avrani et al., 2011; Lennon et al., 2007; Marston et al., 2012) suggests that
mutations in genes involved in the biogenesis of LPS and other membrane components
confers resistance to cyanophages, but these authors found only cyanophage resistant
mutants that were adsorption deficient, i.e. incapable of cyanophage attachment, which
IS not the case here (see Section 3.3.1).

To identify the molecular basis of cyanophage—resistance in the cyanophage resistant
Synechococcus sp. WH7803 mutants characterised here (chapter 3) a whole genome
sequencing (WGS) approach was taken, with the idea to subsequently undertake
Sanger sequencing to independently confirm these mutations and relate these back to
the observed phenotype. WGS was performed on all 13 of the cyanophage resistant
mutants described in the previous chapter (chapter 3), as well as wild type
Synechococcus sp. WH7803 cultures from October 2013 and December 2014,
approximately 14 months apart. The latter provided an independent ‘sequencing
pipeline comparison’ with the cyanophage-resistant mutants obtained for

Synechococcus sp. WH7805 (see chapter 6).

At the time of sequencing, different next generation sequencing technologies were

available. The work published on Prochlorococcus was performed using lllumina
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HiSeq (Avrani et al., 2011; Avrani & Lindell 2015) whilst the Synechococcus sp.
WH7803 study (Marston et al. 2012) used 454FLX technology. In this work, the
platform chosen for WGS was Illumina MiSeq with Truseq library preparation,
because it allowed high sequence yield at a relatively low cost per Gb of data obtained
(Quiail et al., 2012; see section 2.13).

4.2. Objective

To identify the genetic differences that confer cyanophage resistance in Synechococcus
sp. WH7803 using WGS of the 13 cyanophage resistant mutants and wild type
Synechococcus sp. WH7803, and comparing these with the previously published
genome sequence (accession number NC_009481.1) for Synechococcus sp. WH7803
(Dufresne et al., 2008), which was obtained via traditional clone library construction

and Sanger sequencing technology and hence provides a single ‘consensus’ sequence.

4.3. Results

4.3.1 Reducing contamination by heterotrophic bacteria of the cyanophage

resistant Synechococcus sp. WH7803 mutants

Since the cyanophage resistant Synechococcus sp. WH7803 mutants are not axenic,
attempts were made to maximise the amount of genomic DNA extracted from
Synechococcus rather than contaminating heterotrophic bacteria. Thus, contamination
was determined at two different time points during growth, early and late-exponential,
with the purpose of minimising the relative contribution of the heterotrophic bacteria

to the Synechococcus culture.

Contamination was assessed by analysing cultures using flow cytometry (see section
2.3) and the relative composition of the samples, i.e. percentage contribution of
heterotrophs and Synechococcus, calculated as the percentage of total bacteria.
Analysis of cultures one week (early exponential phase) and one month (stationary

phase) after transfer (Fig. 4.1 A and B, respectively) showed a much lower level of

84



Chapter 4: Sequence analysis of Synechococcus cyanophage-resistant mutants

heterotrophic contamination during early exponential phase, suggesting that genomic

DNA extracted from these rapidly growing cultures would be sufficient for WGS.

A B ® Heterotrophs

Synechococcis

100% - - 100% 1
BN

I||'||I L L

80% A 80%

70% o 70% -

60% - 60%

50% A 50% 1

40% 40% 1
30% 30% -
20% o 20% A
10% 10%
0% 0%
A B CDEF G H I I Rl RPHR A B CDE F G H I J Rl RPHR

Figure 4.1. Percentage variation in the proportion of heterotrophic bacteria relative to
Synechococcus sp. WH7803 cyanophage-resistant mutants in each culture at early

exponential (A) or stationary (B) phase.

Cyanophage resistant Synechococcus sp. WH7803 mutant cultures screened by flow
cytometry after one week (A) and one month (B) of inoculation. A-J: Synechococcus
sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2: Synechococcus sp.
WH7803 resistant to cyanophages S-RSM42 and S-PM2; PHR: Synechococcus sp.
WH7803 resistant to cyanophage S-PM2. The data was obtained by flow cytometry of
cells stained with SYBR Green | (Invitrogen) detected by green (DNA) and orange
(phycoerythrin) fluorescence.

Subsequently, genomic DNA for WGS was extracted from each of the 13 cyanophage
resistant Synechococcus sp. WH7803 mutants (see section 2.13), and where
contamination with heterotrophic bacteria was not > 30%, except for mutant R2 where
the contamination was 32%. DNA was also extracted from the axenic wild type strain
(Table 4.1).
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Contaminating heterotrophic

Strain bacteria [%6]
A 16
5 27
c 26
D 25
£ 15
F N/D
G 21
H 23
| 12
] 16
R1 12
R2 32
PHR 0
WT 0

Table 4.1. Percentage contamination of heterotrophic bacteria in each Synechococcus
cultures used for WGS.

Genomic DNA from these cultures was extracted for Illumina WGS. A-J:
Synechococcus sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2:
Synechococcus sp. WH7803 resistant to cyanophages S-RSM42 and S-PM2; PHR:
Synechococcus sp. WH7803 resistant to cyanophage S-PM2; WT: wild type
Synechococcus sp. WH7803. N/D: not determined. The data was obtained by flow
cytometry of cells stained with SYBR Green | (Invitrogen) detected by green (DNA)
and orange (phycoerythrin) fluorescence.
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4.3.2 Whole genome sequencing of wild type Synechococcus sp. WH7803

and cyanophage resistant mutants

The integrity of genomic DNA from wild type and mutant Synechococcus sp. WH7803
isolates was assessed by agarose gel electrophoresis (Fig. 4.2). DNA (1 pg) was
subsequently sent for sequencing at the Centre for Genomic Research, University of
Liverpool using the lllumina platform (see Section 2.13 and Table 2.11). Note that all
but one of the wild type and mutant Synechococcus sp. WH7803 strains were
sequenced using 250 bp paired-end libraries. The exception was wild type
Synechococcus sp. WH7803 extracted during December 2014 and sent for sequencing
at the same time as DNA extracted from wild type and mutant Synechococcus sp.
WH7805 (see chapter 6). All these latter strains used the lllumina sequencing platform

and 150 bp paired-end libraries (see chapter 6 and Table 2.11).

Ik A B C D E F G H I T RI R2PHR WT,, lkb

!NHNNFH*‘N-'ﬂ- --!

1kb WT,s

- -

Figure 4.2. Integrity of Synechococcus sp. WH7803 genomic DNA visualised by

agarose gel electrophoresis following ethidium bromide staining.

A-J: Synechococcus sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2:
Synechococcus sp. WH7803 resistant to cyanophages S-RSM42 and S-PM2; PHR:
Synechococcus sp. WH7803 resistant to cyanophage S-PM2; WTaso: wild type
Synechococcus sp. WH7803 250 bp paired-end library; WTiso: wild type
Synechococcus sp. WH7803 150 bp paired-end library. 1 kb: 1 kb ladder (Invitrogen).
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Sequence reads were obtained in fastq format and the quality was controlled using
FastQC v.0.10.1 (see section 2.14). After trimming, the average number of reads for
all samples was 1.7 x 108 + 4.1 x 10° (Fig. 4.3).
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RN

0 O Q% K O

Number of reads (x10°)

|

SO

Q& PN

Figure 4.3. Total number of reads obtained from WGS of each Synechococcus sp.
WH7803 strain.

A-J: Synechococcus sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2:
Synechococcus sp. WH7803 resistant to cyanophages S-RSM42 and S-PM2; PHR:
Synechococcus sp. WH7803 resistant to cyanophage S-PM2; WTaso: wild type
Synechococcus sp. WH7803 250 bp paired-end library;, WTiso: wild type
Synechococcus sp. WH7803 150 bp paired-end library.

4.3.3 Alignment of reads against the published Synechococcus sp. WH7803

genome sequence

Alignment of the wild type Synechococcus sp. WH7803 250 bp paired end library was
performed using three different genome alignment algorithms available at the time of
analysis: Bowtie2, BWA mem and NextGenMap (see section 2.14.1) and mapping to
the published sequence of Synechococcus sp. WH7803 (accession number
NC_009481.1). Based on this comparison (Table 4.2), BWA mem was chosen for
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further alignments since this algorithm produced a higher mean mapping quality and

mapped number of reads.

NextGenMap  BWA mem Bowtie2

Number of mapped reads 1,630,282 1,631,902 1,628,990
Mapped reads (%) 99.1 99.2 99.0
Coverage mean 151.67 151.76 151.06
Coverage SD 26.98 26.98 26.90
Mean mapping quality 54.43 59.54 40.97
General error rate (%) 0.09 0.09 0.51
Homopolymer Indels (%) 44.82 60.49 68.47

Table 4.2. Comparison of three different alignment algorithms with Synechococcus sp.

WH7803 wild type (250 bp paired end library) sequence reads.

The data was obtained using Qualimap from the Bam files of the alignment of wild
type Synechococcus sp. WH7803 250 bp paired-end reads to the published sequence
(see Section 2.14 for details). The mapped reads are the percentage of mapped reads
as a proportion of the total number of reads obtained for each sample [%].

In other words BWA mem (and NextGenMap in a similar way) was better at reducing
errors in the alignment, without affecting coverage, by reducing the number of
misaligned reads and hence the number of variants called, making it easier to handle
the subsequent output (Table 4.3).
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Bowtie2 BWA mem

Mapped  Total number of Mapped Total number of

Strain reads (%) mutations called  reads (%)  mutations called
A 10.5 946 10.5 317
B 34.8 1,028 34.8 130
C 13.3 924 13.3 146
D 10.3 1,022 10.3 234
E 12.7 828 12.7 161
F 2.3 1,342 2.3 423
G 11.1 1,031 111 200
H 9.5 737 9.5 134
I 10.3 655 10.3 140
J 11.1 923 111 219
PHR 37.5 1,303 37.5 273
R1 15.2 675 15.2 152
R2 10.9 1,031 10.9 196
WT1s0 98.3 2,333 98.7 2,149
WT o250 99.0 829 99.2 74

Table 4.3. Comparison of Bowtie2 and BWA mem alignment algorithms using the

wild type and mutant Synechococcus sp. WH7803 sequence reads.

The mapped reads are the percentage of mapped reads as a proportion of the total
number of reads obtained for each sample [%].

The sequence reads obtained in fastq format from WGS of all the cyanophage resistant
Synechococcus sp. WH7803 mutants and the two wild type libraries (WT2s0 and
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WTis0) were subsequently mapped to the Synechococcus sp. WH7803 published
genome sequence using BWA mem (see section 2.14.1).

Strain Mapped reads Mapped reads [%] Coverage mean
A 159,266 10.5 14.17+5.34
B 480,564 34.8 47.42+17.14
C 207,302 13.3 18.39+5.53
D 161,624 10.3 14.48+5.00
E 196,612 12.7 17.63+5.20
F 59,522 2.3 4.97+7.47
G 173,980 111 15.95+8.24
H 127,774 9.5 11.21+4.43
I 148,448 10.3 13.1+4.67
J 213,458 11.1 19.54+5.96
R1 165,046 15.2 14.62+4.77
R2 239,558 10.9 21.65+6.54
PHR 578,871 37.5 52.00+13.14
WTas0 1,631,902 99.2 151.76+26.98
WT1s0 2,358,026 98.7 144.87+22.92

Table 4.4. Alignment of Synechococcus sp. WH7803 to the published reference
sequence (NC_009481.1) using BWA mem.

A-J: Synechococcus sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2:
Synechococcus sp. WH7803 resistant to cyanophages S-RSM42 and S-PM2; PHR:
Synechococcus sp. WH7803 resistant to cyanophage S-PM2; WTaso: wild type
Synechococcus sp. WH7803 250 bp paired-end library; WTiso: wild type
Synechococcus sp. WH7803 150 bp paired-end library. The coverage was obtained
using Qualimap (see section 2.14). The mapped reads are the percentage of mapped
reads as a proportion of the total number of reads obtained for each sample [%].
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The sequencing coverage of each nucleotide from WT and mutant genomes compared
to the published Synechococcus sp. WH803 genome sequence is shown in Fig. 4.4.
Coverage values range between 9.5 to ~152 fold across all the samples, with the
exception of Mutant F where the coverage was 4.97+7.47 fold (Fig. 4.4.F). Due to the
low coverage and poor alignment of Mutant F, this sample was excluded from all

further analysis.
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(Previous page)

Figure 4.4. Coverage of sequence reads from each WT and mutant strain aligned with

the published Synechococcus sp. WH7803 genome.

Fold coverage for each mutant and WT Synechococcus sp. WH7803 genome using
BWA mem as the alignment algorithm. (A) Mutant A; (B) Mutant B; (C) Mutant C;
(D) Mutant D; (E) Mutant E; (F) Mutant F; (G) Mutant G; (H) Mutant H; (1) Mutant
I; (J) Mutant J; (K) Mutant R1; (L) Mutant R2; (M) Mutant PHR; (N) Wild type WT 2s0;
(O) Wild type WTiso. The figures were modified from Qualimap output (see section
2.14).

The two coverage ‘spikes’ observed in the alignment of all mutants (Fig. 4.4), but not
in the wild type, at positions 534,563 bp and 2,019,450 bp of the Synechococcus sp.
WH7803 genome, correspond to the high number of reads aligning to the 16S rRNA
gene (Fig. 4.5), where there are two identical copies in Synechococcus sp. WH7803
and most other marine Synechococcus (see Dufresne et al., 2008). Here, the alignment
algorithm cannot differentiate between reads that are conserved in the 16S rRNA gene
of Synechococcus sp. WH7803 and heterotrophic bacteria, hence mapping all reads to
those regions. To avoid misinterpretation, these regions were excluded from the

variant analysis.
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Figure 4.5. Schematic representation of coverage, using the BWA mem alignment
algorithm, across the Synechococcus sp. WH7803 genome highlighting the two
16S rRNA gene regions in red.
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The BAM files (binary alignment map files; see section 2.14.1) were processed and
‘variants’ were called using VarScan (see section 2.14.2). The number of mutations,
including indels and SNPs, found in each of the Synechococcus sp. WH7803
cyanophage resistant mutants as well as the WT1so and WT2sg Strains, compared to the

published Synechococcus sp. WH7803 genome sequence is summarised in Table 4.5.

Total number of

Strain Number of indels ~ Number of SNPs mutations
A 12 305 317
B 8 122 130
C 4 142 146
D 6 228 234
E 7 154 161
G 10 190 200
H 6 128 134
I 4 136 140
J 7 212 219
PHR 10 263 273
R1 8 144 152
R2 7 189 196
WT1s0 6 2,143 2,149
WT 250 8 66 74

Table 4.5. Number of mutations found in Synechococcus sp. WH7803; indels:

insertions or deletions; SNPs: single nucleotide polymorphisms.
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The total number of mutations found for each Synechococcus sp. WH7803 mutant and
re-sequenced WT is higher than 100, except WT2s0 with 74 mutations. This greatly
exceeds the number reported by (Marston et al. 2012) where genome sequencing of
two Synechococcus sp. WH7803 cyanophage resistant mutants revealed only four
changes (though in four different coding regions) between the WT and mutants: three
nucleotide substitutions and a single nucleotide deletion, leading to an early stop

codon.

The high number of ‘mutations’ detected is, to some extent, explained by genes present
in multi-copy in the genome. Thus, a total of 435 ‘mutations’ across all Synechococcus
sp. WH7803 mutant and WT strains were detected in the psbA gene, which exists as
four virtually identical copies in this strain (see Garczarek et al., 2008) as well as 103
‘mutations’ in psbD (with two near identical copies). This is because the alignment
algorithm mis-assigns reads to the four psbA and two psbD genes. Hence, ‘mutations’

in these two genes were excluded from further analysis.

Other genes present in more than one copy in the genome e.g. ftsH (see section 4.3.3.1)
also gave rise to mis-assigned ‘mutations’, as well as genes present in single copy but
with some level of identity to other genes in the genome, e.g. the P-stress porins
encoded by the genes synWH7803 2235 and synWH7803 2236 which possess 72.7%
identity at the nucleotide level. Likewise, genes with homopolymer or repeated
regions, like synWH7803_ 2113 that encodes a hypothetical protein, also contributed a

high number of ‘mutations’ to the total detected.

In these latter cases (i.e. except the psbA and psbD genes where the identity between
orthologs was extremely high) a manual inspection of reads was performed to sieve
out ‘mis-aligned” mutations from potentially ‘real’ ones. As an example an in-depth

analysis of the genes encoding FtsH is presented below.

4.3.3.1. Identification of ‘mis-aligned’ versus potentially ‘real’ mutations in the

multi-copy ftsH gene family from Synechococcus sp. WH7803

Four copies of the ftsH gene, synWH7803 0355, synWH7803 1116,
synWH7803 1216 and synWH7803_1689 exist in the Synechococcus sp. WH7803

genome. Each of these four genes encode regions with similar protein domains: an
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AAA domain that belongs to an ATPase family related to various cellular activities, a
peptidase M41 domain and a FtsH extracellular domain (except gene
synWH7803_1116 which only contains the AAA and peptidase M41 domains).

WGS analysis identified SNPs in the ftsH gene from cyanophage-resistant mutants B,

E, G, J, PHR as well as the re-sequenced wild type (WT1s0).

In total, 51 SNPs were found in WTiso, of which 49 were silent mutations (15 in
synWH7803 1689 and 35 in synWH7803_0355) and one was a non-synonymous SNP
(in gene synWH7803_0355). Moreover, 27 SNPs were identified in the mutants, of
which 24 were silent mutations (in mutants B, G and PHR) and 3 were non-
synonymous SNPs (in genes synWH7803 1116 (Mutant E) and synWH7803_1689
(strains B and J)). No mutations were found in synWH7803_1216.

A manual analysis of the reads aligning to these genes confirmed that all of them
belonged to Synechococcus sp. WH7803, but that some of the reads were misaligned.
In Mutant E, the total number of reads supporting the mutant genotype in gene
synWH7803 1116 was 17, not 7 as initially detected, because 10 reads were
misaligned with the other three genes.

In the case of Mutants B and J, the same non-synonymous mutation was detected in
gene synWH7803_1689. Of the 51 reads obtained from mutant B, 50 support the
mutant genotype and one read aligned with gene synwH7803_0355. For Mutant J, 17
reads support the mutant genotype and no reads were found to support the wild type
genotype. This manual re-analysis confirmed that mutants B and J both possess a non-
synonymous SNP in gene synWH7803_1689 with the mutation present in all the

sequence reads, i.e. at a 100% frequency, at this position.

In contrast, manual analysis of the WTiso sequence reads aligning to the four ftsH
genes confirmed that none of the four genes had a mutant genotype; potential
‘mutations’ in genes SynWH7803_0355 and synWH7803_1689 were all properly
mapped to gene synWH7803_1216.

As a result of this manual inspection of sequence reads in multi-copy genes or those
containing homopolymer or repeat regions, the number of mutations detected in each

mutant and re-sequenced wild type WT 150 decreased (Table 4.6). However, the number
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of detected mutations was still extremely high, especially when considering other
studies (Avrani et al. 2011; Marston et al. 2012).

Strain Number of indels ~ Number of SNPs Total number of

mutations
A 8 192 200
B 8 121 129
C 4 140 144
D 6 212 218
E 5 132 137
G 10 189 199
H 6 127 133
I 4 134 138
J 7 211 218
PHR 7 93 100
R1 7 134 141
R2 7 187 194
WT1s0 6 2,118 2,124
WT o250 8 66 74

Table 4.6. Number of mutations found in Synechococcus sp. WH7803 after manual
exclusion of mis-aligned reads; indels: insertions/deletions; SNPs: single nucleotide

polymorphisms.
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4.3.4 Re-analysis of sequence alignments including only those ‘mutations’

that occur at > 90 % frequency

The high number of mutations identified in all the cyanophage-resistant and re-
sequenced WT strains compared to the published Synechococcus sp. WH7803 genome
sequence, even after manual inspection to exclude read mis-alignment in multi-copy
genes (Table 4.6), was still not conducive with identifying those mutations that might

confer cyanophage resistance to Synechococcus sp. WH7803.

Noteworthy though, a common practice when analysing bacterial WGS is to determine
mutations by discarding any ‘mutations’ that occur in < 90 % of the reads at a specific
location (Lewis et al., 2010). Such is the mutation frequency, i.e. the number of reads
that are ‘mutant’, as a percentage of the total number of reads, mapping to a specific
location. When a > 90 % mutation frequency threshold was incorporated into the
bioinformatics pipeline, a significant reduction in the number of SNPs and indels
found in all strains was obtained (see Table 4.7), though the numbers are still high

compared to previous literature (Marston et al. 2012).
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Total number of

Strain Number of indels ~ Number of SNPs mutations
A 4 13 17
B 6 20 26
C 3 12 15
D 3 18 21
E 4 15 19
G 4 15 19
H 4 10 14
I 3 17 20
J 4 13 17
PHR 7 53 60
R1 4 26 30
R2 5 26 31
WTis0 4 17 21
WT2s0 7 45 52

Table 4.7. Number of mutations occurring at a frequency > 90 % in each cyanophage-
resistant and re-sequenced WT Synechococcus sp. WH7803.

Given the large difference in the total number of mutations detected for each strain
following excluding reads that were mis-aligned (Table 4.6) compared to only
including ‘mutations’ occurring at a frequency > 90 % (Table 4.7), the frequency
versus number of mutations for all cyanophage-resistant and wild type strains was
plotted (Fig. 4.6). Such a plot shows a high number of mutations with frequencies
varying between 10-100 %.
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Figure 4.6. Frequency of mutations found in Synechococcus sp. WH7803 cyanophage-

resistant and WT strains compared to the published genome sequence.

A-J: Synechococcus sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2:
Synechococcus sp. WH7803 resistant to cyanophages S-RSM42 and S-PM2; PHR:
Synechococcus sp. WH7803 resistant to cyanophage S-PM2; WTaso: wild type
Synechococcus sp. WH7803 250 bp paired-end library; WTiso: wild type
Synechococcus sp. WH7803 150 bp paired-end library. Frequency is the percentage of
‘mutant’ reads compared to the total number of reads for that specific location.

In order to compare the results obtained with previously published data and to assess
any ‘bioinformatic pipeline problems’, sequence reads from the ancestral WT
Synechococcus sp. WH7803 (chemostat A, time 0) reported in (Marston et al. 2012)
were obtained from the CAMERA database (see section 2.14.1) and subjected to the
bioinformatic pipeline described in section 2.14.1 and 2.14.2. Again, sequence reads
were aligned to the previously published Synechococcus sp. WH7803 genome
sequence (NC_009481.1), though reads were mapped using Bowtie2 due to the fact
that the CAMERA database was no longer available when the BWA mem algorithm
became available (Table 4.8).

Moreover, to determine whether the widely varying mutation frequency observed in

Synechococcus sp. WH7803 was an isolated phenomenon or also occurred in closely

105



Chapter 4: Sequence analysis of Synechococcus cyanophage-resistant mutants

related organisms, we took advantage of available WGS reads obtained from a
cyanophage resistant Prochlorococcus marinus MED4 mutant R28 (Avrani et al.,
2011), which were kindly provided by Dr. D. Lindell in fastq format. Alignment of
these WGS reads from this cyanophage-resistant mutant compared to the published
Prochlorococcus marinus MED4 genome sequence (NC_005072.1) was performed
using BWA mem as the alignment algorithm, and a similar bioinformatics pipeline as

that described previously (Table 4.8).

Strain Mapped reads Mapped reads [%] Coverage mean
ACO 194,152 65.3 18.04+5.36
R28 13,007,100 81.7 438.86+300.71

Table 4.8. Alignment of published WGS reads from ancestral WT Synechococcus sp.
WH7803 (Marston et al. 2012) and a cyanophage-resistant Prochlorococcus marinus
MED4 mutant (Avrani et al. 2011).

ACO: ancestral WT Synechococcus sp. WH7803 from chemostat A time 0; R28:
cyanophage resistant Prochlorococcus marinus MED4 mutant. The coverage mean
was obtained using Qualimap (see section 2.14). Mapped reads are the percentage of
mapped reads as a proportion of the total number of reads for each sample [%].

Following read mapping, a profile of the mutation frequency was derived for reads
obtained from the ancestral Synechococcus sp. WH7803 WT (see Marston et al. 2012).
Such a profile (Fig. 4.7) is very similar to that found in this work (Fig. 4.6), revealing

many mutations present at varying frequency.
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Figure 4.7. Mutation frequency in sequence reads from ancestral WT Synechococcus
sp. WH7803 (Marston et al. 2012) compared to the previously published

Synechococcus sp. WH7803 genome sequence.

Reads were obtained from the CAMERA database in fasta format and aligned to the
published sequence of Synechococcus sp. WH7803 (NC_009481.1). Frequency is the
percentage of ‘mutant’ reads compared to the total number of reads for that specific
location.

In contrast, the mutation frequency profile found for the cyanophage-resistant
Prochlorococcus marinus MED4 mutant R28 (Fig. 4.8) showed all mutations
occurring with a frequency > 90 % or < 15 % (Table 4.8). Those mutations occurring
at a frequency < 15 % likely relate to sequencing errors associated with the high depth
of coverage for this strain (see Table 4.8). The only mutation found within this range
is an insertion mutation occurring at a frequency of 62 %, which corresponds to a T-
rich homopolymeric intergenic region that could lead to read mis-alignment. With this
analysis, 10 mutations occur at a frequency of 100 % which were exactly those
detected by Avrani et al. (2011).
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Figure 4.8. Mutation frequency in sequence reads from the cyanophage resistant
Prochlorococcus marinus MED4 mutant R28 compared to the published

Prochlorococcus marinus MED4 genome sequence.

Frequency is the percentage of ‘mutant’ reads compared to the total number of reads
for that specific location.

To elucidate whether this variation in mutation frequency found in Synechococcus sp.
WH7803 was due to errors introduced using the lllumina sequencing platform or if it
is an artefact of the pipeline used for the analysis (see section 2.14), the program Art
(Huang et al. 2012) was used to simulate Illumina sequencing reads from the published
Synechococcus sp. WH7803 genome sequence (section 2.14.3). Simulation of 250 bp
paired-end reads was repeated several times varying the insert size up to 6,000 bp and
the coverage 10, 30 and 100 fold. The output file in fastq format, containing the
simulated reads, was put through the same bioinformatic pipeline to identify mutations
as described previously (sections 2.14.1 and 2.14.2) but no variation in mutation
frequency was observed under any of the conditions, suggesting that the mutation
frequency profile is not related to either the Illumina sequencing platform or the

bioinformatic pipeline used.
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4.3.5 DNA sequencing of cyanophage S-PM2 from cyanophage-resistant

Synechococcus mutants

The cyanophage resistant Synechococcus sp. WH7803 mutants R1, R2 and PHR were
routinely maintained with the addition of S-PM2 (see Section 2.1.2). To determine if
there were any associated nucleotide changes in the cyanophage genome, the reads
from mutants R1, R2 and PHR were mapped to the cyanophage S-PM2 sequence
(NC_006820.1). This analysis was contributed as part of the work published by Puxty
et al. (2015). Briefly, the genome comparison with the published S-PM2 sequence
(NC_006820.1) identified a missing region of ~ 10 kb (13 % of the genome) at a locus
containing ORFs not homologous to any protein (ORFans). After determining there
was a fitness cost associated with the original S-PM2 (S-PM2"T) possessing this
ORFanage region, as well as performing a metagenomic analysis of these ORFan
genes in the environment, we hypothesised that this region confers flexibility and a
fitness advantage to this cyanophage potentially in freshwater and hypersaline

environments (Puxty et al., 2015).

VarScan (see Section 2.14.1) was used to identify any mutations in the re-sequenced
S-PM2 cyanophage and these mutations were confirmed by Sanger sequencing.
Mutations are reported in Puxty et al., (2015) and the modified S-PM2 genome
sequence is deposited in EMBL-EBI (Accession number LN828717; Puxty et al.
2015). The variation in frequency of mutations in cyanophage S-PM2 (Fig. 4.9)

showed a similar profile to that observed in Prochlorococcus (Fig. 4.8).
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Figure 4.9. Mutation frequency in the re-sequenced cyanophage S-PM2 genome

compared to the previously published sequence.

Mutation frequency is the percentage of ‘mutant’ reads compared to the total number
of reads for that specific location.

4.3.6 ldentifying the molecular basis of cyanophage-resistance in

Synechococcus sp. WH7803

In order to identify the genes responsible for cyanophage resistance in Synechococcus
sp. WH7803, firstly genes with mutations only present in the wild type were discarded.
In total, the wild type Synechococcus sp. WH7803 contained mutations in 105 genes
(compared to the original published sequence), of which nine were also present in all
or most of the cyanophage-resistant mutants. Interestingly, of these nine mutations,
two had a higher mutation frequency in the mutants compared to the wild type (Table
4.9).

Table 4.10 lists all the mutations that were not present in the re-sequenced wild type
but which occurred in cyanophage-resistant mutant(s) with a frequency > 10 %. Due
to the high number of mutations in the cyanophage resistant mutants, it is still unclear

which genes confer cyanophage resistance (Table 4.10).
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Gene ID Gene product A B C D E G H | J PHR R1 R2 WT
1446|1447 Intergenic region 100 100 100 100 100 100 100 100 100 100 100 100 100
0980 ABC-type Mn?* transport system permease component 100 100 100 100 100 100 100 100 100 100 100 99
0996 Hypothetical protein 100 100 100 100 100 100 100 100 100 100 100 100 99
0749 Endopeptidase Clp ATP-binding chain B 100 98 100 100 100 100 100 100 95 100 91 95 97
0371 Fe-S oxidoreductase 100 99 93 100 91 100 93 100 100 98 100 100 92
0791 HIT family hydrolase 100 95 100 96 100 88 100 98 91 94 99
1272 Hypothetical protein 96 98 100 100 100 100 100 100 100 100 100 97 98
0738 Hypothetical protein 100 100 100 100 100 100 100 100 100 100 60
0273 Choline-glycine betaine transporter 90 100 50 100 90 100 38 100 90 100 31

Table 4.9. Mutation frequency in genes where there were mutations in both Synechococcus sp. WH7803 cyanophage resistant mutants and re-

sequenced wild type.

A-J: Synechococcus sp. WH7803 resistant to cyanophage S-RSM42, R1 and R2; Synechococcus sp. WH7803 resistant to cyanophages S-RSM42
and S-PM2; PHR: Synechococcus sp. WH7803 resistant to cyanophage S-PM2; WT: wild type Synechococcus sp. WH7803 (including WT1s0 and
WT2s0). Mutation frequency is the percentage of reads possessing the mutation compared to the total number of aligned reads. Frequencies of reads
aligned to psbA and < 10 % were filtered out. Genes with a higher mutation frequency in the mutants compared to the wild type are highlighted in
red.
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Gene ID Gene product A B C D E G H | J PHR R1 R2
0048 GMP synthase 32

0064 szh?fpceig()jfnt protease ATP-binding 100

0092 UDP-glucose-4-epimerase 100 100
0103 dTDP-4-dehydrorhamnose 3,5-epimerase 91

0105 Sugar transferase 100 100 95 100 85 100 100 100
0122 Hypothetical protein 99

0124 Glycosyl transferase family protein 100

0134 Hypothetical protein 100

0138 Glycosyl transferase family protein 100

0141 Preprotein translocase subunit SecA 75 45 67 63 80 37

0169 S-adenosyl-L-homocysteine hydrolase 39 34 48 48 44 56

0176 Two-component system response regulator 100

0190 Thiamine biosynthesis protein ThiC 45 40 46 40 38 38
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Gene ID Gene product A B C D E G H | J PHR R1 R2
oip9  Sheomrine fuctose b phospt z

0200 Mannose-1-phosphate guanylyltransferase 67 92

0209]0210  Intergenic region 100 100 100 100 100 100 100 100 100 100 100
0217 Isocitrate dehydrogenase 39 59 35 60

0230 Hypothetical protein 100 100
0379 Elongation factor Tu 55 47 50 44 50 67 37

0385 Ferredoxin-dependent glutamate synthase 25

0411 zgé—directed RNA polymerase subunit 100

0445 Fructosamine kinase 48

0529 Septum site-determining protein MinD 100

0558 Hypothetical protein 100

0586 Hypothetical protein 100 100
0707 Biopolymer transport protein 100 100
0718|0719 Intergenic region 100
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Gene ID Gene product A B C D E G H | J PHR R1 R2
0737 Hypothetical protein 100 100
0748 Chaperone ClpB 52

0870 Hypothetical protein 92 55 88

0877 S;ﬁ;aggggﬁizpendent formaldehyde 42 35

0885 Thiopurine S-methyltransferase 100
0940 Hypothetical protein 100 100
0948 Putative multicopper oxidase 36

1040 Acetyl-coenzyme A synthetase 32

1118|1119  Intergenic region 87
1305 Major facilitator superfamily permease 40

1316 D-alanyl-D-alanine carboxypeptidase 100

1328 Elongation factor Ts 100 65 100 96 43 95 82

1384 Carbonic anhydrase 100 69 100 100 54 100 78
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Gene ID Gene product A B C D E G H | J PHR R1 R2
1405 Major facilitator superfamily sugar 100 100 100 43 100 77
transporter
1415 ABC-type amino acid transport system 75
permease component
1422 Putative sirohydrochlorin cobaltochelatase 27 100 100
1450 T_vvo-component system sensor histidine 45
kinase
1499 Hypothetical protein 78
1532 Membrane protein, metal dependent 33
phosphoesterase
1544 Type Il alternative sigma-70 family RNA 105 999 700 100 100 1200 100 1200 100 100 100
polymerase sigma factor
1553 Ribose-phosphate pyrophosphokinase 100 100 100 100 100 100 100 100 100 100 100
1554 Hypothetical protein 100 100 100 100 100 100 100 100 100 100 100 100

Riboflavin biosynthesis protein ribF
1715 (riboflavin kinase / FMN 100 100 100 100 100 100 100 100 100 100
adenylyltransferase)

1724 tRNA-(guanine-N1)-methyltransferase 98

1797 Hypothetical protein 100 100
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Gene ID Gene product A B C D E G H | J PHR R1 R2
oo St ey o

1832 Methionine aminopeptidase 100 100 100 100 100 100 100 100 100 100 100
1875 Hypothetical protein 55

1958 o iglucosamine Geaceiost

1994|1995 Intergenic region 100

2000 FOF1 ATP synthase subunit beta 21

2040 Superfamily I1 RNA helicase 100

2061 g[J)al?lnAn;girected RNA polymerase subunit 63 18 53 43 82 64 a1

2062 k[))eI:I{;LA—directed RNA polymerase subunit 50 34 47 9%
2069 Carbohydrate-binding protein 67

2070 Two-component system response regulator 100 100
2152 Fructose-bisphosphate aldolase

2153 Transcriptional regulator 100
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Gene ID Gene product A B C D E G H | J PHR R1 R2
2213 Shikimate kinase 54

2232 Hypothetical protein 75 100
2285[2286  Intergenic region 100

2351 Phosphoglycerate kinase 100 100 100 100 100 100 100 100 100 100
2461 CTP synthetase 44 39 43

2493 Formate/nitrate transporter 100

Table 4.10. Mutation frequency in genes that possess mutations in the Synechococcus sp. WH7803 cyanophage resistant mutants but which are

absent in the re-sequenced WT.

A - J: Synechococcus sp. WH7803 resistant to cyanophage S-RSM42; R1 and R2: Synechococcus sp. WH7803 resistant to cyanophages S-RSM42
and S-PM2; PHR: Synechococcus sp. WH7803 resistant to cyanophage S-PM2. The frequency is the percentage of reads possessing the mutation
compared to the total number of aligned reads. Frequencies of reads aligned to psbA and < 10% were filtered out.
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4.4. Discussion

This chapter described the use of WGS to elucidate the molecular basis of cyanophage
resistance in Synechococcus sp. WH7803 mutants described and characterised in
Chapter 3. Unfortunately, the identification of genes potentially involved in
cyanophage resistance was confounded by the complex nature of the data obtained.
Certainly, the variation in mutation frequencies observed in the cyanophage-resistant
and re-sequenced wild type Synechococcus sp. WH7803 have not previously been
documented in this strain (e.g. see Marston et al. 2012) and are very different to that
observed in other bacteria where mutations essentially appear only at 100 % frequency
(see Avrani et al., 2011).

As shown in Table 4.9, mutations in nine genes and in an intergenic region were also
present in the wild type, so these were discarded from the final analysis. These
mutations are probably either sequence errors in the original genome annotation or
were acquired before the isolation of the cyanophage resistant mutants but subsequent
to sequencing of the published genome sequence.

Gene synWH7803 0738, encoding a hypothetical protein, contained a non-
synonymous mutation in all the cyanophage-resistant mutants except mutants G and
PHR, and gene synWH7803 0273, encoding a predicted choline-glycine betaine
transporter also contained a non-synonymous mutation in all the mutants, except
mutants R1 and R2. Interestingly, these two genes contained the same mutation in the
re-sequenced wild type, but at a lower frequency, tentatively suggesting they may play

a role in the development or maintenance of the resistant phenotype.

Whilst the high number of mutations found in all the mutant and re-sequenced wild
type Synechococcus sp. WH7803 strains made it difficult to determine the genes
involved in cyanophage resistance, some inferences can be made from mutations in

genes that are present at 100 % frequency only in specific mutants.

Only a non-synonymous mutation in synWH7803_1554, encoding a hypothetical
protein, was shared by all the cyanophage resistant mutants and absent in the re-

sequenced wild type, potentially suggestive of a role in cyanophage resistance.
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Noteworthy, five mutations were shared only between the mutants resistant to
cyanophage S-RSM42 but absent in the PHR mutant. Of these five mutations, two
were non-synonymous mutations in the rpoD (synWH7803_1544) and map
(synWH7803_1832) genes, encoding a predicted RNA polymerase sigma factor
(sigma-70 family) and methionine aminopeptidase, respectively. Although the high
number of mutations present in the cyanophage-resistant mutants makes it difficult to
make precise conclusions about mechanisms of resistance, it is important to highlight
mutations in rpoD because it can be related to gene expression and hence be
contributing to the resistance phenotype (Davis et al., 1995; Hu and Gross, 1988;
Siegele et al., 1988). Curiously, a mutation in synWH7803_1555, encoding PepN a
predicted aminopeptidase N, was also found in a cyanophage resistant Synechococcus
sp. WH7803 mutant reported by Marston et al. (2012).

In total, there were mutations in 72 genes in the cyanophage resistant mutants
compared to the re-sequenced wild type of which 38 where exclusive to a specific
mutant. Mutant PHR contained 13 mutations not shared with any of the other mutant,
of which mutations in two glycosyltransferases (synWH7803 0124 and
synWH7803 0138) and a two-component system response regulator
(synWH7803_0176) are particularly interesting. Mutations in glycosyltransferases
have previously been reported in cyanophage resistant Prochlorococcus (Avrani et al.,
2011; Avrani & Lindell 2015) and Synechococcus sp. WH7803 mutants (Marston et
al. 2012), the latter in a different gene (synWH7803_0140) to those reported here.
synWH7803_0176 is predicted to be a member of the two-component system family
of regulators, specifically of the OmpR family (using annotations based within

cyanorak, see http://abims.sb-roscoff.fr/cyanorak/; Scanlan et al. 2009). In E. coli

OmpR regulates the expression of outer membrane porin proteins and, as discussed
previously (see Chapter 3), porins and LPS can work together as phage receptors (Nara
et al., 1986; Rakhuba et al., 2010).

Unfortunately, no general conclusions on cyanophage resistance mechanisms can be
made from the WGS data obtained due to the high number of mutations found. Ideally,
confirmation of specific mutations would be performed using Sanger sequencing.
However, the high number of mutations made it difficult to choose which genes to

target. Furthermore, the varying mutation frequency observed may be playing a more
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direct role as a mechanism of cyanophage resistance, perhaps by allowing differential
expression of specific alleles that could confer resistance. Because of the fitness cost
associated with cyanophage resistance, keeping different alleles could be beneficial

for Synechococcus in maintaining flexibility and adaptability to different conditions.

Clearly, further study of the role of mutation frequency variability with respect to

cyanophage resistance mechanisms is warranted.

With respect to the latter, bioinformatic analysis of WGS reads is central to
understanding this varying mutation frequency phenomena. Noteworthy is that the use
of different alignment algorithms had an effect on the output obtained. Initially,
Bowtie2 was used to analyse the WGS data, being the best alignment algorithm
available at the time. Subsequently, BWA mem and NextGenMap became available
and use of these algorithms decreased the number of mutations found compared to
Bowtie 2 by one order of magnitude for some samples (Table 4.3). Because
NextGenMap and BWA mem only became available late in the analysis, the
exceptionally high number of mutations found made it difficult to determine true

mutations from misalignments early during this research.

One way to filter out some of the misalignments was by using the soft clipping (—local)
option in Bowtie2 that trims the ends of the reads to align them better. After using this
option the number of mutations significantly decreased in some of the samples (data
not shown) indicating that the end-to-end alignment to Synechococcus sp. WH7803
was deterring the detection of real mutations. The new aligners mentioned above, i.e.
NextGenMap and BWA mem, have soft clipping options included, making them more
precise in the alignment by reducing the general error rate from 0.51 % to 0.09 %
(Table 4.2). Between NextGenMap and BWA mem no obvious differences in the
number of reads mapped was observed (Table 4.2) and hence BWA mem was used in

further analysis.

The only sample that did not significantly decrease the number of mutations found
when using BWA mem was WTiso (wild type Synechococcus sp. WH7803 150 bp
paired-end library): 2,333 mutations detected with Bowtie 2 compared with 2,149

mutations detected with BWA mem (Table 4.3). This number plummeted when
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considering mutations with a frequency > 10 % only, probably due to the shorter read
length (~150 bp compared to ~250 bp) and high number of reads (the compared
frequency of mutations for the Synechococcus sp. WH7803 samples is shown in Fig.
4.6). The same occurs with the Prochlorococcus marinus MED4 sample analysed (Fig.
4.8), which also has a high number of short length reads that could lead to an
accumulation of errors. Noteworthy, these Prochlorococcus WGS reads are not
paired-end and only ~50 bp long, although the high coverage (438.86+300.71; Table

4.7) permits an accurate detection of mutations.

However, even despite the use of different alignment algorithms and sequence read
lengths, there is a clear difference in mutation frequency profiles between all the
cyanophage-resistant and re-sequenced wild type Synechococcus sp. WH7803
obtained here and the previously published Prochlorococcus marinus MED4
cyanophage-resistant mutants (see Fig. 4.8 and Avrani et al., 2011). Moreover, no such
variation in mutation frequency is seen in sequence reads from cyanophage S-PM2
which was re-sequenced with the mutants (Figs. 4.9). This difference is independent
of the sequencing technology and pipeline used, which was demonstrated using the
same pipeline with previously published Synechococcus sp. WH7803 sequence reads
(Marston et al. 2012), an Illumina read simulator (section 2.14.3) and the cyanophage
S-PM2 reads as an internal control (section 4.3.6).

One further explanation is that the variation in mutation frequency is due to the co-
existence of many different Synechococcus cyanophage-resistant populations within a
single mutant, though this is unlikely given that all the cyanophage-resistant mutants
analysed were isolated from single colonies. The latter could only be assessed by re-
sequencing these Synechococcus sp. WH7803 mutants using DNA extracted from

single cells.

Assuming that each cyanophage-resistant mutant ultimately derived from a single
colony then the variation in mutation frequency observed must indicate that there is a
difference within the genome of each cell. In this respect, it has been suggested that
Synechococcus sp. WH7803 can possess more than one copy of its chromosome
(Binder and Chisholm, 1995; Griese et al., 2011), and hence is oligoploid, whereas

Prochlorococcus appears to be monoploid, i.e. possesses only one chromosome copy
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(Vaulot et al., 1995). This variation in genome copy number could explain the
differences in mutation frequency observed in the WGS data. In Prochlorococcus and
cyanophage S-PM2 mutations occurred in either all the reads (~ 100 % frequency) or
none of them (< 10 % frequency observed), consistent with a single copy genome. In
contrast, in Synechococcus sp. WH7803 variation in chromosome copy number (which
potentially is from 1-10 copies, Binder and Chisholm 1995) could explain the variation

in mutation frequency observed.

Interestingly during the course of this thesis, re-sequencing of thermo-tolerant
Synechocystis sp. PCC 6803 mutants showed a variation in the frequency (or
percentage of reads) of mutations. The presence of the mutant and wild type genotype
was confirmed by Sanger sequencing, showing no segregation of the mutations (Tillich
et al., 2014). Two different genotypes, i.e. the occurrence of a mutant and wild type
gene, has also been observed in Thermus thermophilus HB8, where both an antibiotic
resistance cassette in conjunction with the wild type gene were detected in the presence
of antibiotic selection pressure (Ohtani et al., 2010). Likewise, the Synechococcus sp.
WH7803 interposon mutants investigated (see section 3.3.2) did not completely
segregate and retained a copy of the mutant and wild type gene (see Fig. 3.7 and 3.8).
Both Thermus thermophilus HB8 and Synechocystis sp. PCC 6803, as well as
Synechococcus sp. WH7803, possess more than one copy of their chromosome,
suggesting that ploidy status may play an important role in genomic flexibility for the
maintenance of mutants and, potentially be of importance in mechanisms of

cyanophage resistance.

The next chapter describes work to confirm the ploidy status of Synechococcus sp.
WH7803 and begins to assess the role ploidy status may play in conferring cyanophage

resistance in marine Synechococcus.
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5.1 Introduction

It is well known that eukaryotic genomes are dynamic, varying in content and structure
between and within lineages but also throughout life cycles. This dynamism also
encompasses the distinction of somatic and inherited DNA by epigenetic mechanisms
which help maintain genome integrity between generations. Eukaryotes have a
complex genome architecture that includes features such as the unusual arrangement
of rDNA genes in extrachromosomal and subtelomeric regions, the hypervariable
karyotype, i.e. variation in the number and length of chromosomes, genome duality,
I.e. two distinct types of genome within an organism. For example, studies in ciliates
have determined that they possess two different types of nuclei, one with most of the
genes (a macronuclear genome) and another involved in conjugation (a micronuclear
genome) (McGrath and Katz, 2004; Parfrey et al., 2008, 2010).

The term “haploid” refers to a single copy of the chromosome, “diploid” in cases
where the chromosome has been duplicated or “polyploid” where there are more than

two copies of the same chromosome in the cell.

Extensive research in plants and microbial eukaryotes has shown that high ploidy
levels are common for different organisms, with ~70 % of angiosperms being
polyploid, and its evolutionary importance has been widely discussed (Masterson,
1994; McGrath and Katz, 2004; Otto and Whitton, 2000). However, whilst cell size
and membrane properties have been attributed to ploidy levels (Tsukaya, 2013), little

is known about how ploidy levels are regulated.

In prokaryotes the story is completely different, as it is widely accepted that most
organisms possess a single chromosome, or chromosomes in the case of vibrios
(Okada et al., 2005), and are thus “monoploid” since the term haploid only refers to
organisms with the capacity for chromosome duplication (in this work, the terms
ploidy and chromosome copy number are used indistinctively). Even so, almost four
decades ago Hansen (1978) discovered that the radiation-resistant bacterium
Deinococcus radiodurans (formerly Micrococcus radiodurans) possessed more than
one chromosome copy and subsequently several other prokaryotes have been found to
have multiples copies of the chromosome (Table 5.1), classifying them as either
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monoploid (1 copy), oligoploid (between 2 and 9 copies) or polyploid (10 or more
copies of the chromosome) (Griese et al., 2011).
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Organism ckll\: gmgsegr%fes Ploidy level References

Anabaena cylindrica 25 Polyploid Simon (1977)

Anabaena sp. PCC7120 8 Oligoploid Hu et al. (2007)

Anabaena variabilis 5-8 Oligoploid Simon (1980)

Azotobacter vinelandii 1-40 Mono-polyploid Maldonado et al. (1994)

Bacillus subtilis 1 Monoploid Webb et al. (1998)

Blatta orientalis 323-353 Polyploid Lépez-Sanchez et al. (2008)
Borrelia hermsii 4-16 Oligo-polyploid Kitten & Barbour (1992)
Buchnera aphidicola 50-200 Polyploid Komaki & Ishikawa (2000)
Caulobacter crescentus 2 Monoploid Pecoraro et al. (2011)
Deinococcus radiodurans 4-8 Oligoploid Hansen (1978)

Desulfovibrio gigas 9,17 Polyploid Postgate et al. (1984)
Desulfovibrio vulgaris 4 Oligoploid Postgate et al. (1984)
Epulopiscium sp. type B 50,000-120,000 Polyploid Mendell et al. (2008)

Escherichia coli 1-7 Meroploid Pecoraro et al. (2011); Bremer & Dennis (1996)
Lactococcus lactis spp. 1-2 Mono-diploid Michelsen et al. (2010)
Microcystis spp. Upto 10 Oligoploid Kurmayer & Kutzenberger (2003)
Neisseria gonorrhoeae 3 Oligoploid Tobiason & Seifert (2006)
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Neisseria lactamica 1
Neisseria meningitidis 4
Periplaneta americana 10-18
Prochlorococcus spp. 1
Pseudomonas putida 14-20
Synechococcus elongatus sp. PCC7942 3-6
Synechococcus sp. PCC6301 1-6
Synechococcus sp. WH7803 2-4
Synechococcus sp. WH7805 1
Synechococcus sp. WH8101 1
Synechococcus sp. WH8103 1-2
Synechocystis sp. PCC6803 12-218
Thermus thermophiles HB8 4-5
Wolinella succinogenes 1

Monoploid
Diploid
Polyploid
Monoploid
Meroploid

Oligoploid

Mono-oligoploid

Oligoploid
Monoploid
Monoploid
Monoploid
Polyploid

Oligoploid
Monoploid

Tobiason & Seifert (2010)
Tobiason & Seifert (2010)
Lépez-Séanchez et al. (2008)
Vaulot et al. (1995)

Pecoraro et al. (2011)

Griese et al. (2011); Mori et al. (1996);
Jain et al. (2012)

Binder & Chisholm (1990)

Binder & Chisholm (1995); Griese et al. (2011)
Binder & Chisholm (1995)

Armbrust et al. (1989)

Binder & Chisholm (1995)

Griese et al. (2011); Labarre et al. (1989)
Ohtani et al. (2010)

Pecoraro et al. (2011)

Table 5.1. Chromosome copy number and ploidy status of bacteria.
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Work on E. coli has shown that there is a high DNA content per cell in fast growing
cultures (doubling time of ~20 min) due to the replication time being longer than the
doubling time (Bremer and Dennis, 1996; Cooper and Helmstetter, 1968). Hence, cells
divide before the chromosomes have time to finish the replication process. In this case
the organism is called meroploid because the cells appear to have several copies, but
the organism has one copy of the chromosome since these copies are still attached by
the terminus. Table 5.1 summarises all bacteria that the chromosome copy number and
ploidy status have been tested directly or indirectly, including the few cases of

meroploidy.

Similarly, multiple copies of the chromosome have also been detected in Archaea.
Interestingly, there seems to be a difference between Euryarchaeota and
Crenarchaeota, in which members of Euryarchaeota possess multiple copies of the
chromosome with no monoploid representatives, whilst the Chrenarchaeota contain
only monoploid species. Likewise, all methanogenic Archaea investigated so far
possess a range of chromosome copy numbers, but none of them are monoploid, in
agreement with the previous statement since methanogenic Archaea belong to the
Euryarchaeota phylum (Hildenbrand et al., 2011).

Recent work on halophilic Archaea members of the Euryarchaeota, found that they
possess multiple copies of the chromosome and that the number of copies decreases in
Halobacterium salinarum and Haloferax volcanii when they enter into stationary
phase (Breuert et al., 2006).

In contrast, in the monoploid hyperthermophilic acidophile Sulfolobus, a member of
the Chrenarchaeota, changes in chromosome copy number are related to both
temperature and growth state (Hildenbrand et al., 2011; Hjort and Bernander, 1999).

Zerulla et al. (2014) found that the number of H. volcanii chromosomes decreases
during growth in the absence of phosphate. The number of chromosome copies can be
restored by adding phosphate back to the medium, suggesting that DNA is being used
as a source of phosphate as well as other unknown genetic benefits of polyploidy (for
review see Zerulla & Soppa 2014).
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In cyanobacteria, chromosome copy number has been determined using three different
methods, all based on establishing the amount of DNA per cell: i) flow cytometry,
though studies have rather focused on understanding the cyanobacterial cell cycle
rather than ploidy status per se, ii) spectrophotometric and/or colorimetric
quantification of extracted DNA and iii) gPCR. The first two methods are imprecise
since the amount of DNA per cell depends on the use of controls with a similar
genome/cell size or relies on a similar efficiency of DNA extraction. Griese et al.,
(2011) determined chromosome copy number in cyanobacteria using a gqPCR approach
previously designed by Pecoraro et al. (2011). Unfortunately, specific details of these
methods were not mentioned in either publication, hence it is not possible to replicate

their methodologies.

Methodological differences can be considerable, since in the freshwater
cyanobacterium Synechocystis sp. PCC 6803, the number of chromosomes was
calculated to be 12, on average, using a DNA extraction method (Labarre et al., 1989)
whilst using gPCR the chromosome copy number increased to 218 (Table 5.1) during
the exponential phase of growth (Griese et al., 2011). It is worth pointing out though,
that the ploidy status of Synechocystis sp. PCC 6803 was assessed not only by different
methods but also with 22 years between the studies and in two different laboratories.
Thus, whether the gPCR approach is more precise than DNA extraction or merely that

the strain has ‘changed’ in ploidy status over time and between laboratories is arguable.

Overall, ploidy in cyanobacteria has been found to vary between genera and species
(see Table 5.1). From all the strains studied so far a clear difference between freshwater
and marine cyanobacteria can be observed, with freshwater representatives being poly-
and oligoploid and marine strains monoploid. However, the exception is marine
Synechococcus sp. WH7803 that seems to have between 2 to 4 copies of the
chromosome, determined both by flow cytometry and qPCR (Binder and Chisholm,
1995; Griese et al., 2011).

In this work, an in-depth study of the oligoploid strain Synechococcus sp. WH7803
was performed with the intention of understanding the mechanisms underlying
regulation of ploidy in marine Synechococcus and its relationship with cyanophage

resistance.
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5.2 Objective

The aim of this study was to optimise a qPCR-based approach to assess chromosome
copy number in marine Synechococcus and to determine if ploidy level varies during

growth and under P deplete conditions in Synechococcus sp. WH7803.

5.3 Results

5.3.1 Optimisation of methods for assessment of chromosome copy number

in Synechococcus sp. WH7803

The chromosome copy number of Synechococcus sp. WH7803 was determined using
two independent methods: qPCR (section 2.15) and a fluorometric quantification of
total genomic DNA (section 2.16).

A first approach to elucidate chromosome copy number in Synechococcus sp. WH7803
was a fluorometric quantification of genomic DNA, which gave an average of 6.4+1.8

copies of the chromosome per cell (Table 5.2).

Experiment Chromosome copy number
1 7.9+0.49
2 7.9+£1.23
3 5.2+0.83
4 4.6+0.60

Table 5.2. Chromosome copy number of Synechococcus sp. WH7803 quantified by a

fluorometric method.

Synechococcus sp. WH7803 genomic DNA per cell was quantified by a fluorometric
method (section 2.16). Chromosome copy number is presented as an average of three
technical replicates + standard deviation.
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The extraction of genomic DNA for this experiment was performed using a lysis buffer
(section 2.13), which maintains a good integrity of genomic DNA (Fig. 5.1.A) but does
not assure a replicable complete extraction of nucleic acids due to partial lysis of
Synechococcus cells (Fig. 5.1.B). Therefore, a more accurate approach was performed
by modifying the gPCR method designed by Pecoraro et al. (2011). In this case,
genomic DNA was obtained by mechanical lysis of Synechococcus cells (Fig. 5.1)

since high DNA integrity is not an absolute prerequisite when using gPCR.

A Mechanical

lysis 6X108cells  6.5X103cells  7X108cells
1kb ee——— ——————— kb —— o 1kb

Lysis buffer

R ime R ¢  —— -"‘. F = o

e o

Figure 5.1. Synechococcus sp. WH7803 genomic DNA extraction.

Extracted DNA was separated using 1% (w/v) agarose gel electrophoresis stained with
ethidium bromide for visualisation of (A) comparison of genomic DNA extraction
using lysis buffer and mechanical lysis. (B) Genomic DNA extraction using lysis
buffer of sorted cells. All experiments were run in triplicate. 1kb DNA ladder
(Invitrogen).

Optimisation of the qPCR assay required determination of the detection limit, DNA
extraction conditions and primer selection. The detection limit for this gPCR assay
was 1,000 cells (Fig. 5.2.B), which was determined by flow cytometry of sorted
Synechococcus sp. WH7803 cells (see section 2.15). Also, another step of optimisation
was required because the salt concentration of ASW medium inhibited the qPCR
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reaction, detecting an order of magnitude less material (Fig. 5.2.B). In order to avoid
salt inhibition of the gPCR, different methods were tested for desalting the DNA
samples before assay. The most efficient method, i.e. requiring the least amount of
time for desalting and without losing DNA, was precipitation by centrifugation, re-
suspension with nuclease-free water and mechanical lysis of cells (see section 2.15
and Fig. 5.2.B). Additionally, primer selection for the gPCR assay for Synechococcus
sp. WH7803 and WH7805 was based both on their specificity to each strain and also
that the same amplification efficiency for each primer set was obtained (Fig. 5.2.A).
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Figure 5.2. qPCR optimisation for quantification of chromosome copy number in
Synechococcus sp. WH7803 and WH7805.

(A) Standard curves constructed with Synechococcus sp. WH7803 and WH7805
genomic DNA and primer sets listed in Table 2.10. (B) 10°-107 sorted Synechococcus
sp. WH7803 cells (grey arrows) were used for gPCR (see section 2.16) with ASW
medium (green) or washed with nuclease free water (blue) to remove excess salt. The
detection limit was determined to be 102 cells. Synechococcus sp. WH7803 genomic
DNA standard curve (black); qPCR negative control (red), showing non-specific

amplification.
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5.3.2 Determination of chromosome copy number in Synechococcus sp.
WH7805

Due to its close phylogenetic proximity with Synechococcus sp. WH7803 (see Fig.
6.1) chromosome copy number was also determined for Synechococcus sp. WH7805.
This strain was previously suggested to be monoploid based on flow cytometry, and
in comparison to fluorescence characteristics and DNA content of Synechococcus sp.
WH7803 (Binder and Chisholm, 1995).

Chromosome copy number was determined using both Synechococcus sp. WH7805
cells alone or with an equimolar amount of Synechococcus sp. WH7803 cells (see
section 2.15) to assess the reproducibility of the nucleic acid extraction process. Both
experiments gave the same results, with an average of 1.0+0.5 copies of the
Synechococcus sp. WH7805 chromosome per cell but 4.1+2.9 copies for
Synechococcus sp. WH7803 (Table 5.3), confirming that Synechococcus sp. WH7805

is a monoploid strain and that the assay is accurate in determining ploidy level.

Strain Chromosome copy number

0.9+0.6
Synechococcus sp. WH7805

1.2+0.4

4.1+£3.3
Synechococcus sp. WH7803

4.0£2.5

Table 5.3. Synechococcus spp. chromosome copy number quantified by gPCR.

The gPCR method used for quantifying chromosome copy number showed a clear
difference in the average number of chromosomes per cell between Synechococcus sp.
WH7803 and Synechococcus sp. WH7805. Again, since this is an average of biological

replicates, the standard deviation between replicates is high, but this variation is higher
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for Synechococcus sp. WH7803 (CV = 0.88) compared to Synechococcus sp. WH7805
(CV =0.55). This can be explained as a function of the number of chromosome copies
found per cell, since for a monoploid strain the only variation will be related to dividing
cells, i.e. incomplete separation of the replicating chromosomes, but for an oligoploid
strain like Synechococcus sp. WH7803 the variation indicates either a differential
regulation of chromosomal replication, incomplete separation of replicating

chromosomes, or both.

Given the higher chromosome copy number in Synechococcus sp. WH7803 compared
to Synechococcus sp. WH7805 this could suggest an increase in cell size in the former
strain. Cell size was determined by flow cytometry with a mix of cells from the
exponential growth phase of both organisms stained with SYBR Green | (see section
2.3). Forward scatter as a proxy for cell size showed cells of both cultures were the
same size (Fig. 5.3.A) whereas a shift in fluorescence was observed (Fig. 5.3.B),
indicating that the DNA content was higher in Synechococcus sp. WH7803 but cell

size was the same for both strains.
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Figure 5.3. Cytogram of a mixed culture of Synechococcus sp. WH7805 and
Synechococcus sp. WH7803 stained with SYBR green I.

(A) Orange fluorescence (580 nm), for detection of phycoerythrin, versus forward
scatter. (B) Orange fluorescence versus green fluorescence (530 nm), for detection of
SYBR green | DNA staining. Synechococcus sp. WH7803 (purple) and Synechococcus
sp. WH7805 (red) are circled.

5.3.3 Determination of the chromosome copy number of Synechococcus sp.

WH7803 throughout the growth phase and under P limitation

In order to investigate whether chromosome copy number changes during the growth
of Synechococcus sp. WH7803, a growth curve was performed with quantification of
chromosome copy number during three different growth phases: lag, mid exponential
and late exponential phase (see Fig. 5.4). Analysis of individual replicates (Fig. 5.4.B)
revealed that although chromosome copy number remained stable during growth, there
was a large variation between replicates, explaining the large error bars associated with
Fig. 5.4.C.
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Figure 5.4. Determination of chromosome copy number during growth of
Synechococcus sp. WH7803.

(A) Growth curve of Synechococcus sp. WH7803. (B) Chromosome copy number of
three biological replicates measured at three different time points. (C) The average
chromosome copy number of the three biological replicates (and three technical
replicates) during growth. Error bars represent standard deviation.

During this experiment, growth of three biological replicates was monitored every four
days and genome number assessed during lag, mid exponential and late exponential
phase (Fig. 5.4). Ploidy level is maintained during growth of the culture, with a mean
of 2.6x£1.0 copies per cell, although the level is lower than measured in previous
experiments, with only one of the replicates reaching 4 copies per cell. This experiment

also showed a high variation between biological replicates (CV = 0.4), observed in
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Fig. 5.4.B, but very low within technical replicates (CV =0.08, 0.26 and 0.03
respectively). In conclusion, the chromosome copy number per cell is maintained
during growth but appears to show a fairly wide variation between replicate cultures.
In order to provide further clues into the underlying regulation of this process we also
assessed the role of phosphorus (P) availability in this process, testing the idea that P

limitation would reduce chromosome copy number.

In this respect, Synechococcus sp. WH7803 was grown under P deplete conditions (see
section 2.1.1. and Table 2.1), causing a decrease in growth rate (i = 0.07+0.003 d?)
compared to standard growth conditions (= 0.18+0.01 d'). Chromosome copy
number under P-deplete conditions was highly variable, with between 1.5 - 18 copies
detected. This experiment showed inconsistency between biological replicates, but
also during growth (Fig. 5.5).
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Figure 5.5. Determination of chromosome copy number during growth of

Synechococcus sp. WH7803 under P replete and deplete conditions.

(A) Growth curve of Synechococcus sp. WH7803 grown in P replete (black) and
deplete (grey) medium. (B) Chromosome copy number of three biological replicates
grown under P deplete conditions, measured at three different time points. (C) The
average chromosome copy number of the three biological replicates (and three
technical replicates) during growth in P deplete medium. Error bars represent standard
deviation.

In Fig. 5.5.B the chromosome copy number of three biological replicates is shown.
Even though there appears to be an increase in chromosome copy number during
prolonged P limitation of the culture, the results are inconclusive due to high variation
of the replicates and no apparent growth of the culture (Fig. 5.5.A). Thus, as mentioned

above when measuring chromosome copy number during the growth phase, where
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variation between biological replicates was high (CV =0.5), during P limitation
variation within replicates was also high (CV =0.15, 0.69, 0.53 respectively),
potentially suggesting high cell variability in ploidy level.

The data was assessed using a 3 x 2 repeated measures mixed analysis of variance
(ANOVA). The within replicates factor had three levels (times 4, 14 and 24) and the
between replicates factor had two levels (P-deplete and replete). A non-significant
result was found regarding chromosome copy variation related to growth of
Synechococcus sp. WH7803 (F(2,8) = 3.56, p = 0.078) and this was also the case for
the P-deplete and P-replete conditions (F(1,4) = 5.83, p = 0.073). Additionally, a non-
significant interaction was found (F(2,8) = 3.65, p = 0.075).

5.4 Discussion

Synechococcus sp. WH7803 was confirmed to possess approximately four copies of
the chromosome per cell in this study. This is in agreement with previous studies
(Binder and Chisholm 1995, Griese et al., 2011), suggesting that ploidy status is
preserved over time (as it is ~20 years since the first study) and between culture
conditions (the Binder and Chisholm (1995) study used SN medium for culturing

Synechococcus).

It is important to remember that copy number estimates represent an average, such that
in theory, in individual cells the number of chromosome copies could be even more
variable. This could explain the variation seen with fluorometric quantification of
DNA (Table 5.2) but also to a lower extent with the gPCR assay (Table 5.3).

Although regulation of chromosome replication in polyploid bacteria has not yet been
studied, the segregation of chromosomes has been investigated in freshwater
cyanobacteria. In Synechocystis sp. PCC 6803, that possesses up to 218 chromosome
copies (see Table 5.1), segregation occurs late during the cell cycle and it is in a
random and passive way, most likely due to division of the cell by the septum
(Schneider et al., 2007). Likewise, work performed on the freshwater cyanobacterium
Synechococcus elongatus PCC 7942 indicates that the chromosomes arrange along the

cell in a uniform way whereas their replication is asynchronous and not related to each
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location (Jain et al., 2012). This evidence could also explain the variation mentioned
above, since Synechococcus sp. WH7803 chromosomes could be replicating at
different times producing cells with different numbers of chromosomes. If that is the
case, then Synechococcus sp. WH7803 could be demonstrating differential regulation
of the replication of each chromosome or it could be a process of pseudo-mero-
oligoploidy of some chromosomes, i.e. an apparent higher number of chromosomes
due to asynchronous replication or incomplete division of some of them, similar to
what has been observed in monoploid bacteria such as E. coli and P. putida (Table
5.1).

Moreover, variation in the number of chromosome copies observed in the Archaea
H. salinarum and H. volcanii and the freshwater cyanobacterium Synechocystis sp.
PCC 6803 shows that there is a reduction in ploidy when cells enter stationary phase,
indicating regulation related to the growth state of the culture (Breuert et al., 2006;
Griese et al., 2011). In contrast, no significant change in chromosome copy number

was observed throughout the Synechococcus sp. WH7803 growth curve (Fig. 5.4).

Likewise, Synechococcus sp. WH7803 grown under P-deplete conditions did not show
a significant variation in the number of chromosome copies. This results contrast with
what was observed by Zerulla et al. (2014) in the archaea H. volcanii, where the
number of copies decreased in the absence of phosphate. The authors suggest that in
this organism, as well as bacteria from the Shewanella genus (Pinchuk et al., 2008),
DNA acts as a nutrient source and that they can grow with this molecule as the sole
source of phosphorus, carbon and nitrogen. However, Synechococcus sp. WH7803
possesses an intracellular store of phosphate as polyphosphate (Mazard et al. 2012)
suggesting no need for an extra source of phosphate from DNA and hence no reduction

under limiting conditions.

Nonetheless, the results from this experiment to detect variation in chromosome copies
under P-deplete conditions are not conclusive and only careful inferences should be
made. For instance, the growth rate of Synechococcus sp. WH7803 under P-deplete
conditions has been determined to be similar to P-replete conditions (Mazard et al.
2012). However, here (Fig. 5.5.A) a large difference in growth between these two

conditions was observed, with virtually no growth under P-deplete conditions
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(1 = 0.07+0.003 d1), indicating that perhaps the cells are beyond being P stressed but
rather are actually dying off. This could explain the variation in chromosome copy
number since this could be an artefact of cells lysing and releasing their DNA into the

medium and hence more DNA per cell would be calculated.

So far, there is no information regarding the ploidy status of Synechococcus sp.
WH7803 grown under other environmental conditions, i.e. apart from P limitation.
Moreover, to date, Synechococcus sp. WH7803 is the only known oligoploid marine
cyanobacterium (Table 5.1), though from a limited number of strains analysed (Binder
and Chisholm, 1995; Griese et al., 2011). Thus, the extent of oligoploid
Synechococcus, and indeed other cyanobacteria in natural marine waters, is unknown.
Clearly though, the phylogenetically closely related monoploid strain Synechococcus
sp. WH7805 represents an excellent ‘sister’ organism to compare with WH7803, work
which should bring new insights into how multiple copies of the chromosome are

maintained and regulated.

The presence of multiple chromosomes in Synechococcus sp. WH7803 may also
explain the variation in SNP frequency identified in chapter 4, in the genomes of the
cyanophage resistant mutants obtained here and by Marston et al. (2012), though the
conclusions of the latter study are insufficient given their assignment of mutations in
specific Synechococcus sp. WH7803 genes despite their being SNPs in many different
genes (see Chapter 4). How oligoploidy might play a role in cyanophage resistance is
currently unclear. It might be that this organism is able to differentially regulate the
expression of genes and/or replication of chromosomes containing genes with
mutations conferring resistance to cyanophage infection. Alternatively, potentially
dominant or recessive alleles exist in this organism, a scenario not known for
prokaryotes to the best of my knowledge. Certainly, further experiments are required

to resolve this fascinating aspect of Synechococcus biology.

Relating ploidy status back to my own work on cyanophage resistance mechanisms,
clearly there is likely a difference in ploidy level between Synechococcus sp. WH7803
and Prochlorococcus spp. (the latter is suggested to be monoploid, see Vaulot et al.
1995). This is consistent with the WGS data obtained from cyanophage resistant

mutants of Synechococcus sp. WH7803 (this work, chapter 4) and the conclusions of
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Avrani et al., (2011) where the number of mutations or SNPs found in Synechococcus
sp. WH7803 greatly exceeds those found in Prochlorococcus (the latter is in
accordance with the single mutation/phenotype scenario). Therefore, experiments with
the monoploid Synechococcus sp. WH7805 are imperative to understand this

phenomenon.
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Chapter 6: Cyanophage resistance in Synechococcus sp. WH7805

6.1. Introduction

I have previously discussed in this thesis (Chapters 4 and 5) the possible role that
ploidy might play in cyanophage resistance in Synechococcus sp. WH7803. Whilst the
extent of this phenomenon is not clear, i.e. whether ploidy as a mechanism for
cyanophage resistance is inherent to other members of the marine Synechococcus
genus, to more directly assess mechanisms of cyanophage resistance in marine
Synechococcus, and to disentangle the effects of ploidy from such resistance
mechanisms, we focused on the monoploid strain Synechococcus sp. WH7805. Such
a monoploid status of this strain was demonstrated using a quantitative PCR assay
developed in this work (see Section 5.3.2), confirming earlier cell cycle analyses in
this organism (Binder and Chisholm, 1995).

Unlike Synechococcus sp. WH7803, which has been used as a model strain for various
aspects of marine Synechococcus biology (Liu et al., 1999; Marston et al., 2012;
Scanlan, 2003; Traving et al., 2014), Synechococcus sp. WH7805 is much less studied.
However, both strains were isolated in 1978 from the same location (33°45'N,
67°30'W) in the Sargasso Sea at 25m depth (Waterbury et al., 1986) and are closely
related phylogenetically (Fuller et al., 2003; Urbach et al., 1998). Such close
taxonomic relatedness is evidenced using several different genetic markers, e.g. the
16S rRNA gene (Fuller et. al., 2003; see Fig. 6.1) the high resolution marker petB
(Mazard et al. 2012), and whole genome sequence analyses (Dufresne et al., 2008).
These two Synechococcus strains belong to the same sub-cluster, 5.1B, but to different
clades: Synechococcus sp. WH7803 (clade V) and Synechococcus sp. WH7805 (clade
VI). Moreover, the two strains encompass different pigment types, with
Synechococcus sp. WH7805 lacking PUB (pigment type 2) and Synechococcus sp.
WH7803 possessing both PUB and PEB but with a low PUB:PEB ratio (< 0.4, pigment
type 3a) (Six et al. 2007; Scanlan et al. 2009; see also Table 2.2).

As mentioned above the genomes of Synechococcus sp. WH7803 and WH7805 have
been sequenced (Dufresne et al., 2008), although only for Synechococcus sp. WH7803
has it been closed, with 2 contigs for Synechococcus sp. WH7805. The genomes have
similar size: 2.4 Mbp in Synechococcus sp. WH7803 and 2.6 Mbp in Synechococcus
sp. WH7805 (Dufresne et al., 2008) but importantly they differ in their ploidy status,
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with Synechococcus sp. WH7803 being oligoploid compared to the monoploid
Synechococcus sp. WH7805 (see Chapter 5).

Due to the high similarity of these two Synechococcus strains and their different
chromosome copy numbers makes Synechococcus sp. WH7805 an ideal model to
examine mechanisms of cyanophage resistance without inherent problems associated

with ploidy.
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(Previous page)

Figure 6.1. Phylogeny of marine Synechococcus based on (A) 16S rRNA, (B) 16S-23S
ITS and (C) seven concatenated core genes (Multi locus sequence alignment)

nucleotide sequences (from Mazard et al. 2012)

Phylogenetic trees constructed using neighbour joining, maximum likelihood and
maximum parsimony with bootstrap values > 90 % (closed circles) or > 70 % (60 %
for the 16S rRNA gene; open circles). The scale bar represents the number of
substitutions per nucleotide position. Synechococcus sp. WH7803 and WH7805 are
highlighted in red.

6.2. Objective

To obtain and characterise cyanophage resistant mutants of the monoploid strain
Synechococcus sp. WH7805. Characterisation would involve phenotypic and
genotypic (WGS) analysis of the derived mutant strains and comparison of these
Synechococcus sp. WH7805 cyanophage resistant mutants with those obtained in
Synechococcus sp. WH7803 (see Chapter 4).

6.3. Results

6.3.1. Selection of the cyanophage to be used for obtaining cyanophage

resistant Synechococcus sp. WH7805 mutants

Cyanophage infection of Synechococcus sp. WH7805 has not previously been studied.
In order to determine the infection of Synechococcus sp. WH7805, a range of different
cyanophages was selected (Table 2.5), including the two cyanophages used to obtain
the Synechococcus sp. WH7803 cyanophage resistant mutants (cyanophages S-PM2
and S-RSM42). The infection of eight cyanophages was assessed in solid media and

four of them in liquid media (see Sections 2.4 and 2.6; Fig. 6.2).
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Figure 6.2. Cyanophage infection of Synechococcus sp. WH7805.

(A) Infection of Synechococcus sp. WH7805 by cyanophages S-RSM42 and S-R1IM34
observed by plaques obtained with a spot assay (section 2.6). The ‘wrinkly’
morphology of S-RSM42 plaques indicates bacterial contamination of the phage lysate
used, corroborated with contamination plates (see section 2.1.2). (B) Infection of
Synechococcus sp. WH7805 (WH7805) by cyanophages S-RSM42, S-PM2, S-RSM4
and S-RIM34 observed by lysis of the culture. Rows indicate the 4 cyanophages tested
in triplicate and columns indicate the dilution, from 10°to 10°®. Ct: negative control of
Synechococcus spp. without the cyanophage; WH7803: Synechococcus sp. WH7803,
used as a positive control for infection.

Infection of Synechococcus sp. WH7805 in solid medium was determined by the
detection of plaques with cyanophages S-RSM42 and S-RIM34 (Fig. 6.2.A) and
complete lysis of the plate with cyanophages S-PM2 and S-RIM11 (no plaques were
observed). Infection in liquid media was determined for cyanophages S-RIM34 and
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S-PM2 (Fig. 6.2.B). A summary of infection range is given in Table 6.1, where
cyanophages S-PM2 and S-RIM34 were the only ones tested for infection in both solid

and liquid medium.

Cyanophage Infection in solid medium Infection in liquid medium
S-PM2 Yes Yes

S-RSM4 No No

S-RSM42 Yes No

S-RSM57 No N/T

S-RSM76 No N/T

S-RIM1 No N/T

S-RIM11 Yes N/T

S-RIM34 Yes Yes

Table 6.1. Cyanophages infecting Synechococcus sp. WH7805.

Infection of Synechococcus sp. WH7805 in solid medium determined by a spot assay
(section 2.6) and in liquid medium by lysis of the culture. N/T = not tested.

The cyanophage selected for obtaining cyanophage resistant mutants in
Synechococcus sp. WH7805 was S-PM2 because it can lyse in solid and liquid medium
(Table 6.1 and Fig. 6.2) and also because it allows for direct comparison with the
cyanophage resistant Synechococcus sp. WH7803 mutants (mutants R1, R2 and PHR
are resistant to S-PM2, see Table 2.3). Although most of cyanophage resistant
Synechococcus sp. WH7803 mutants are resistant to S-RSM42 (A-J, R1 and R2, see
Table 2.3), unfortunately infection of Synechococcus sp. WH7805 in liquid medium
was not observed with this cyanophage, hence the reason it was not selected for

obtaining resistant mutants in this strain.
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6.3.2. Phenotypic characterisation of spontaneous cyanophage resistant

Synechococcus sp. WH7805 mutants

Ten cyanophage resistant Synechococcus sp. WH7805 mutants, obtained as single
colonies on solid medium, were isolated following infection with cyanophage S-PM2
(see section 2.7). However, despite picking single colonies all were contaminated with
heterotrophic bacteria (data not shown). The mutants JC2 and JC6 have an obvious
clumping phenotype whereas mutants JC1, JC3, JC4 and JC10 clumped to a much
lesser extent (Fig. 6.3). The clumping phenotype is similar to that observed in the
cyanophage resistant Synechococcus sp. WH7803 mutants (Fig. 3.1) although no
changes in pigmentation were observed (data not shown).

IC1

Figure 6.3. ‘Clumping’ phenotype of some of the 10 cyanophage resistant

Synechococcus sp. WH7805 mutants isolated in this work.

Photographs were taken after 52 days of growth without agitation. Mutants JC1, JC3,
JC4 and JC10 presented a less intense clumping phenotype (hot observed in the
photograph).

Growth rate analysis, of six of the ten cyanophage resistant Synechococcus sp.
WH7805 mutants, was performed comparing growth with the wild type in the presence
and absence of cyanophage S-PM2 (Fig. 6.4). Noteworthy, variation between
biological replicates was higher in the mutants compared to the wild type, especially
for mutants JC2 and JC6 (Fig. 6.4.B and E, respectively).
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(Previous page)
Figure 6.4. Growth of cyanophage resistant Synechococcus sp. WH7805 mutants.

Cell density over time of cyanophage resistant Synechococcus sp. WH7805 mutants:
JC1 (A), JC2 (B), JC3 (C), JC4 (D), JC6 (E) and JC10 (F). For each mutant growth
was compared to un-infected (WT) and cyanophage S-PM2 infected Synechococcus
sp. WH7805 (WT+Ph).

A fitness cost, compared to the WT, was observed with all the mutants studied (Table
6.2) and this growth deficiency led to the loss of mutants JC5, JC7, JC8 and JC9. For
this reason, all further physiological characterisations were performed with mutants
JC1, JC2, JC3, JC4, JC6 and JC10. Noteworthy, is that variation in growth between
replicates is higher in the mutants compared to the wild type, especially for mutants
JC2 and JC6 (CV =0.30 and 0.35 respectively) (Table 6.2). This is likely related to
the clumping phenotype of these resistant strains, and because cell number was

measured using flow cytometry (see section 2.3).

Strain i [d?] CVv
Synechococcus sp. WH7805 JC1 0.10£0.03 0.26
Synechococcus sp. WH7805 JC2 0.13+0.04 0.30
Synechococcus sp. WH7805 JC3 0.10+0.03 0.27
Synechococcus sp. WH7805 JC6 0.12+0.04 0.35
Synechococcus sp. WH7805 JC10 0.10£0.02 0.15
Synechococcus sp. WH7805 0.20+£0.01 0.03

Table.6.2. Growth rate of cyanophage resistant Synechococcus sp. WH7805 mutants
and wild type.

Growth rate (1) was calculated during exponential growth as an average of the 3
replicates + standard deviation. Mutant JC4 did not reach exponential growth in this
experiment, therefore the growth rate was not calculated. CV = coefficient of
variation.
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To study the attachment of cyanophage S-PM2 to the Synechococcus sp. WH7805
S-PM2 resistant mutants, an adsorption assay was performed (see section 2.8). These
assays showed that all the cyanophage resistant Synechococcus sp. WH7805 mutants
studied were resistant to adsorption by S-PM2 (Fig. 6.5), potentially suggesting that

they have a similar mechanism of cyanophage resistance.

Ix107.

Ixtoe) - ]L _ T B - o

1x10°

Ix10% '

JC1 JC2 JC3 JC4 JCo JC10 WT

PFU mL!

Figure 6.5. Adsorption assays of cyanophage-resistant Synechococcus sp. WH7805
mutants with cyanophage S-PM2.

The concentration of cyanophage S-PM2 is given at time O (white bars) and time
60 min (grey bars). JC1-JC10: S-PM2 resistant Synechococcus sp. WH7805 mutants;
WT: wild type Synechococcus sp. WH7805. Bars are the average of three replicates
with error bars as standard deviation.

LPS profiles (see section 2.9) of the cyanophage resistant Synechococcus sp. WH7805
mutants were also characterised. In contrast to cyanophage resistant Synechococcus
sp. WH7803 mutants, all cyanophage resistant Synechococcus sp. WH7805 mutants
assessed showed a different LPS profile compared to the wild type (Fig. 6.6).
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WT JCI JC2 JC3 JC4 JCe JCIO

>

Figure 6.6. LPS profiles of the S-PM2 resistant Synechococcus sp. WH7805 mutants

obtained using a LPS extraction kit (Intron Biotechnology).

JC1-JC10: S-PM2 resistant Synechococcus sp. WH7805 mutants; WT: wild type
Synechococcus sp. WH7805. The arrow points to the most obvious difference in the
LPS profiles of wild type and mutant strains. Note, the bottom of the gel, showing
bands related to lipid A (which showed no difference between mutants and WT), was
removed from the figure to highlight differences between the O-polysaccharide chains.

6.3.3. Whole genome sequencing of cyanophage resistant Synechococcus
sp. WH7805 mutants

Whole genome sequencing was performed on 10 cyanophage resistant Synechococcus
sp. WH7805 mutants and the wild type in order to identify the genetic differences
between them and hence assign the genes possibly implicated in cyanophage
resistance. Importantly, this approach would also identify whether the variation in
frequency of mutations observed in the cyanophage-resistant Synechococcus sp.

WH7803 mutants (Chapter 4) was also observed in this monoploid strain.

The design of the experiment included the re-sequencing of two wild type
Synechococcus sp. WH7805 cultures: before and after obtaining the cyanophage
resistant mutants (Fig. 6.7, Table 2.11). This was done in order to control for mutations
accumulated over the course of the experiment, i.e. to follow parallel evolution of the

cultures sequenced from the same origin.
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ap @b @
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Figure 6.7. Schematic diagram of Synechococcus sp. WH7805 cultures selected for

whole genome sequencing.

For isolation of cyanophage resistant mutants (see section 2.7) an axenic
Synechococcus sp. WH7805 culture (WTo: original wild type) was divided in 2
aliquots. One aliquot was infected with cyanophage S-PM2 (1), the survivors were
grown in solid media (2) and isolated colonies were grown in liquid ASW medium (3)
and maintained with the presence S-PM2 (JC mutants). The other aliquot was
continued growing in standard conditions (section 2.1.2) in parallel with the
cyanophage resistant mutants (WTe: evolved wild type). In green are the cultures
selected for whole genome sequencing.

Genomic DNA from all the Synechococcus sp. WH7805 cultures (i.e. WTo, WTe and
all mutants) was extracted (see Section 2.13) and the integrity was visualised by
agarose gel electrophoresis stained with ethidium bromide (Fig. 6.8) before sending
samples for Illumina sequencing at the Centre for Genomic Research, University of

Liverpool.
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Ikb JC1 JC2 JC3 JC4 JC5 JC6 JC7 JC8 JC9 JC10 1kb WTo WTe

Figure 6.8. Synechococcus sp. WH7805 genomic DNA integrity visualised by agarose

gel electrophoresis and ethidium bromide staining.

JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTo: original
Synechococcus sp. WH7805 wild type from May 2014; WTe: evolved Synechococcus
sp. WH7805 wild type from December 2014 (see Table 2.11 and Fig. 6.6); 1 kb ladder
(Invitrogen).

Sequencing reads were obtained in fastq format and quality controlled using
FastQC v.0.10.1 (see section 2.14). After trimming, the average number of reads
obtained for all samples was 2.7 x 10° + 4.6 x 10° (Fig. 6.9).
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Figure 6.9. Total number of reads obtained from Illumina sequencing of each
Synechococcus sp. WH7805 sample.
JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTo: original

Synechococcus sp. WH7805 wild type; WTe: evolved Synechococcus sp. WH7805
wild type.

6.3.4. Alignment of sequencing reads against the published Synechococcus

sp. WH7805 genome

Sequencing reads in fastq format were mapped using BWA mem (see Section 2.14.1)
against the published genome sequence of Synechococcus sp. WH7805
(NZ_AAOKO00000000.1), which has two contigs of 2,621,166 bp and 5,980 bp.
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Percentage of mapped

Strain Mapped reads ~ reads as a proportion of  coverage mean
the total reads for each

sample [%]

JC1 996,695 35.9 55.33+£13.45
JC2 80,821 2.8 4.15+6.57
JC3 268,662 9.1 14.76+5.76
JC4 492,896 20.1 26.77+8.52
JC5 1,205,182 39.9 67.5+13.37
JC6 603,276 24.0 33.26+8.90
JC7 276,765 9.3 15.01+5.66
JC8 674,921 24.9 37.29+9.86
JC9 427,728 14.1 23.5616.76
JC10 662,197 36.6 35.89+9.79
WTo 3,248,699 98.7 182.53+45.58
WTe 1,826,381 97.9 95.24+57.80

Table 6.3. Alignment of Synechococcus sp. WH7805 to the published reference
sequence (NZ_AAOKO00000000.1) using BWA mem.

JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTo: original
Synechococcus sp. WH7805 wild type; WTe: evolved Synechococcus sp. WH7805
wild type. The coverage was obtained using Qualimap (see Section 2.14)).

The lower number of aligned reads from the mutants compared to the wild type strains
corresponds to heterotrophic bacteria contamination present in all the mutant cultures
(Table 6.3).

The sequencing coverage for each nucleotide in the Synechococcus sp. WHB805
genome is shown in Fig. 6.10. The coverage ranges between ~15 to ~183 fold for all
the samples, with the exception of mutant JC2 where the coverage was 4.15+6.57 fold
(Fig. 6.10.B).
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Figure 6.10. Fold coverage of the different alignments across the genome of the

published Synechococcus sp. WH7805 sequence.

(A) Mutant JC1; (B) Mutant JC2; (C) Mutant JC3; (D) Mutant JC4; (E) Mutant JC5;
(F) Mutant JC6; (G) Mutant JC7; (H) Mutant JC8; (I) Mutant JC9; (J) Mutant JC10;
(K) Original wild type (WTo); (L) Evolved wild type (WTe). The figures were
modified from Qualimap output (see Section 2.14).

The BAM files (binary alignment map files; see Section 2.14.1) were processed and
‘variants’ were called using VarScan (Section 2.14.2). The number of mutations,
including indels and SNPs, found in each of the Synechococcus sp. WH7805
cyanophage resistant mutants as well as the WTo and WTe strains, compared to the
published Synechococcus sp. WH7805 genome sequence are summarised in Table 6.4.
Only the JC9 mutant and the evolved wild type (WTe) possessed more than 100
mutations compared to the published WH7805 sequence. This suggests either an
artefact or the simultaneous sequencing of multiple populations. In the case of the JC9
mutant it is highly unlikely that multiple populations are present since this mutant was
obtained from a single colony. For this reason further methods were used to analyse

the data in order to ‘filter out’ possible artifacts and detect ‘true’ mutations.
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Strain Number of Number of Total number of
Indels SNPs mutations
JC1 15 14 29
JC2 10 43 53
JC3 17 69 86
JC4 14 24 38
JC5 15 82 97
JC6 11 67 78
JC7 17 77 94
JC8 13 83 96
JC9 22 181 203
JC10 12 40 52
WTe 23 557 580
WTo 23 25 48

Table 6.4. Number of mutations found in each of the Synechococcus sp. WH7805

cyanophage resistant mutants and the original and evolved WT culture.

This filtering focused on problems associated with genes that are present in multiple
copies in the chromosome since this can cause read misalignment. As described
previously (see section 4.3.3), Synechococcus sp. WH7805 has five copies of psbA
(Dufresne et al., 2008) encoding the D1 protein of photosystem Il. Hence, for each
mutant and WT strain the mutations obtained were filtered by excluding all reads
aligned to psbA from the analysis. Consequently, the high number of mutations in the
JC9 mutant and the evolved wild type (WTe) plummeted when filtering out psbA,
indicating a high number of false positives that correspond to misalignment of reads
belonging to genes with multiple copies in the genome (Fig. 6.11).
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Figure 6.11. Number of mutations in whole genomes from each of the cyanophage-
resistant and WT Synechococcus sp. WH7805 strains following filtering” for psbA.

JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTo: original
Synechococcus sp. WH7805 wild type; WTe: evolved Synechococcus sp. WH7805
wild type.

After filtration of the sequences aligned to psbA, the variation in frequency of each
mutation along the Synechococcus sp. WH7805 genome, in each mutant and WT
strain, was assessed (compared to the published WT strain genome sequence). Fig.
6.12 shows the observed variation in frequency in all samples, which shows a very
different profile compared to that seen in Synechococcus sp. WH7803 (Fig. 4.7) and
similar to Prochlorococcus marinus MED4 (Fig. 4.8). In Synechococcus sp. WH7803
an accumulation of data points can be observed in the middle part of the graph meaning
that a high number of mutations have variable frequency (Fig. 4.7) whereas in
Synechococcus sp. WH7805 (Fig. 6.12) and Prochlorococcus (Fig. 4.8) the data is

mostly distributed in the higher and lower extremes of the frequency.
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Figure 6.12. Frequency of mutations found in Synechococcus sp. WH7805

cyanophage-resistant and WT strains compared to the published genome sequence.

JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTo: original
Synechococcus sp. WH7805 wild type; WTe: evolved wild type. The frequency is the
percentage of reads possessing the mutation compared to the total number of aligned
reads. Frequencies of reads aligned to psbA were filtered out.

6.3.5. Identification of possible resistance-giving mutations in

Synechococcus sp. WH7805

In order to identify the genes responsible for cyanophage resistance in Synechococcus
sp. WH7805, firstly genes with mutations only present in both of the wild type strains
(WTe and WTo) were discarded. In total, the wild type Synechococcus sp. WH7805
contained mutations in 31 genes (compared to the original published sequence), of
which 13 were also present in all or most of the cyanophage-resistant mutants (Table
6.5). Based on the data analysis of Synechococcus sp. WH7803 and Prochlorococcus
WGS (see Chapter 4) and the frequency of mutations profile obtained for
Synechococcus sp. WH7805 (Fig. 6.12), only mutations with a frequency > 10 % were
considered further (Table 6.6).
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Gene ID Gene product JC1 JC2 JC3 JC4 JC5 JC6 JC7 JC8 JC9 JC10 WTe WTo
125 Hypothetical protein 97 92 100 92 100 100 97 96 93 92 97
245 Homoserine kinase 100 100 100 100 100 100 100 100 100 100 100 99
1147 Hypothetical protein 89 100 94 93 92 88 90 92 92 95 95
o5g7  Branched-chain amino acid 100 100 100 100 100 100 100 100 9 100 100 93

aminotransferase
3217 Phosphoribulokinase 97 97 100 100 100 100 100 100 100 100 100 100
3657 Histidine kinase 84 82 100 86 91 83 75 89 85 85 90
3991 Hypothetical protein 100 100 100 100 94 100 92 93 90 100 98 90
4216 Transcription-repair coupling factor 46 13
g4 Putative nicotinamide nucleotide 95 100 100 93 100 100 100 95 100 60
transhydrogenase, subunit beta
5781 Hypothetical protein 95 100 100 100 100 100 100 100 100 96 98
6401 Putative glycerol kinase 100 100 100 100 100 100 100 100 100 100 100 100
6916 Possible fructosamine 3-kinase 100 100 100 100 100 100 83 97 100 94 92 45
7576 Clobal nitrogen regulatory protein ntcA, 100 100 100 100 100 94 100 100 29
CRP family of transcriptional regulators
7766 Probable oxidoreductase 100 100 100 100 100 100 100 100 100 100 98 99
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Gene ID  Gene product JC1 JC2 JC3 JC4 JC5 JC6 JC7 JC8 JC9 JC10 WTe  WTo
7851 Hypothetical protein 100 100 100 100 100 100 88 100 100 100 58
7956 Hypothetical protein 100 100 100 100 100 100 100 100 100 97 100 95
8852 Putative RND family multidrug efflux 91 100 94 92 93 82 92 94 96 84 95
transporter

9489 Putative p.hospho—N—acetyImuramoyl- 25 a1 11
pentapeptide-transferase

9564 Hypothetical protein 100 100 95 100 100 100 100 100 100 100 57

9919 Putative ABC multidrug efflux transporter 98 72 30

10024 Short-chain dehydrogenase/reductase 9% 100 100 9% 100 9% 95 100 95 95
(SDR) superfamily

1063  Large exoprotein involved in heme 26 100 32 47 32 32 17 80
utilization or adhesion

12283 Periplasmic trypsin-like serine protease 88 82 100 91 80 97 91 92 93 95

13863 ~ ABC-typeFed+ transport system, 100 100 100 97 100 100 95 100 100

membrane component

Table 6.5. Mutation frequency in genes where there were mutations in both Synechococcus sp. WH7805 cyanophage resistant mutants and re-
sequenced wild type.

JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTo: original Synechococcus sp. WH7805 wild type; WTe: evolved wild type.
Mutation frequency is the percentage of reads possessing the mutation compared to the total number of aligned reads. Frequencies of reads aligned
to psbA and < 10 % were filtered out.
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Four genes were identified (Table 6.6) that contained mutations across several of the mutants
but which were absent in the wild type (WTe and WTo, Fig. 6.5): i) tufA, encoding elongation
factor EF-Tu (gene ID WH7805_07276), ii) ntcA, encoding a global nitrogen regulatory protein
(gene ID WH7805_07576), iii) a putative alpha-glycosyl transferase (gene ID WH7805_08977)
and iv) ureC, encoding the urease alpha subunit (gene ID WH7805_09809). Of these genes,
three contained silent (or synonymous) mutations, but the gene encoding a possible alpha-
glycosyl transferase possessed potentially non-synonymous mutations (gene ID
WH7805_08977).

170



Chapter 6: Cyanophage resistance in Synechococcus sp. WH7805

Gene ID  Gene product JC1 Jc2 JC3 JC4 JC5 JCe6 JCr JCcg JC9 JC10
345 Catalase/peroxidase 32 22 40 32
1492 Possible porin 100
1932 Acetate-CoA ligase 47
2072 Putative arsenite transporter, ACR3 family protein 32 18
2417 Tyrosine binding protein 15 55
2987 Possible exonuclease of the metallo-B-lactamase family 100 100
3312 Dihydroxy-acid dehydratase 36 14 35
3812 Ecgitj@_(lli\lkﬁ |§,‘i%§;2: gg;ilﬁ]eittransporter for acidic and neutral polar amino 13 13 42
3962 ABC transporter ATP-binding protein 11 11 19
4121 Glyceraldehyde-3-phosphate dehydrogenase 26 50
4556 Probable aminopeptidase N pepN 14 42
5446 Stationary-phase survival protein SurE 89 83
6056 GTP-binding protein LepA 28 75
6296 Nitrogen regulatory factor pipX 98
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7246 Ferredoxin-dependent glutamate synthase 16 16 51 20
7276 Elongation factor EF-Tu 20 20 38 45 28 22 40 39 55 24
7311 Ribonuclease E 29
7396 Cell division protein FtsH2 30 21 40 18
Phosphoribosylaminoimidazolecarboxamide formyltransferase/IMP
7716 53
cyclohydrolase
7906 Deoxyribodipyrimidine photolyase (DNA photolyase) (photoreactivating 29 29 30 15 69 19
enzyme)
8016 Putative nucleotide sugar epimerase 26
8932 Preprotein translocase SecA subunit 27 17
8977 Possible alpha-glycosyltransferase, family 4 98 98 81 100 100 100 100 100
Putative ABC-type polysaccharide/polyolphosphate transport system
8992 100
ATPase component
9354 H10933-like protein 14
9529 Molecular chaperone DnaK 24 18
9579 Aconitate hydratase 38 57 19 25
9784 Asparagine synthase (glutamine-hydrolyzing) 17
9809 Urease alpha subunit, ureC 50 14 52 82 35 50 12
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9819

9954

10438

10538

10633

10863

11063

12313

12318

12643

12893

12913

13553

13553

13923

Urease gamma subunit, ureA

Aspartyl-tRNA synthetase:GAD domain:trna synthetase, class |

Enolase

2-hydroxy-3-oxopropionate reductase

Metal dependent phosphohydrolase

Putative O-succinylbenzoate synthase

NADH dehydrogenase subunit NdhF (chain 5 or L)

DNA-directed RNA polymerase, beta subunit

DNA directed RNA polymerase beta subunit

ATP synthase beta chain

Lipid-A-disaccharide synthase

Leucyl aminopeptidase

Cytochrome C oxidase

Possible cytochrome C oxidase subunit 11

Porphobilinogen deaminase

15 15 20

100

22

44 13 41

31

100

173

32

48 27

31

42

14

48

24

32 29

56 38

19

18

40
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13938 Major RNA polymerase sigma factor, type | 52

Transpeptidase involved in septal peptidoglycan synthesis (peptidoglycan
14053 99
synthetase precursor)

14068 Deoxyribodipyrimidine photolyase, possible cryptochrome cry2 32

14499 Uncharacterized membrane protein 100

Table 6.6. Frequency of mutations in Synechococcus sp. WH7805 cyanophage resistant mutants.

JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants. The frequency is the percentage of reads possessing the mutation compared to
the total number of aligned reads. Frequencies < 10 % were filtered out. The gene selected for Sanger sequencing is highlighted in red
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To confirm these non-synonymous mutations found by Illumina sequencing in the
possible alpha-glycosyltransferase gene of the Synechococcus sp. WH7805
cyanophage-resistant mutants, a region containing the mutations was amplified by
PCR from each mutant and the WT (see Table 2.9 for details of the PCR primers used)
using a high-fidelity Taq polymerase (see section 2.2) and Sanger sequenced (Fig.
6.13). Mutants JC2 and JC3 contained an adenine insertion at gene position 1,011 bp
that causes a frameshift resulting in an early stop codon at gene position 1,045 bp. In
the case of mutants JC4, JC8 and JC10, non-synonymous mutations caused by
transversion occur as follows: JC4 in position 692 bp (T to G), JC8 in position 1,148 bp
(C to A) and JC10 in position 1,174 bp (A to C). The potential mutations in mutants
JC1 (gene position 409 bp), JC5 (gene position 100 bp) and JC9 (gene position 409 bp)
could not be confirmed due to the low quality of the sequencing at the extreme ends
of the Sanger sequences. Mutants JC6 and JC7 did not have any mutations in that gene
predicted by WGS and confirmed by Sanger sequencing of the region selected (Table
6.5 and Fig. 6.13).

175



Chapter 6: Cyanophage resistance in Synechococcus sp. WH7805

A 1bp 364 bp 1.520 bp

WH7805 08977
Gene coordinates: 1,578,616 — 1,580,136 bp

|
100 bp

B JC1 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS
JC2 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLOQAAGPARRFFVSEDARQHYELSILGTLS

JC3 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

JC4 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRRQAAGPARRFFVSEDARQHYELSILGTLS

JC5 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

JC6 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

JC7 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

JC8 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

JC9 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLOQAAGPARRFFVSEDARQHYELSILGTLS

JCI0 QRCERLSYLSEIDGLICANNCFLNSIELAKERKHPHSLHIDLRGFDGLITTSPLNIKEPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

WTe QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

Ref. WH7805 QRCERLSYLSEIDGLICANNCFLNSIELAKRKHPHSLHIDLRGFDGLITTSPLNIKPVNTRLFVQTVHDLIPLDYQRTRDHLPCFTRRLQAAGPARRFFVSEDARQHYELSILGTLS

JC1 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKEPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
JC2 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHEKNLLFALKAFMESDLEQKKYSVLHHRQTSE*
JC3 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQKKYSVLHHRQTSE*
JC4 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
JC5 NPNRLQREVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
JC6 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKEPCSYFLFNSSVVPHENLLFALKEAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
JC7 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALEKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHEKSVIFTGYV
JC8 NPNRLQREVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
JCO NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
JCI0 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALEAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
WTe NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLSSNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV
Ref. WH7805 NPNRLQRVVTQSPSLQFPGDCLDWEARTRQVRVLESNQSQLHALKPCSYFLFNSSVVPHENLLFALKAFMESDLEQENIRFCITGKPQNDEYSEAVRSVAAKHKSVIFTGYV

JC1 DEATKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSATASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPKRQRERLNQMRAERIQRYRHYQTL
Jcz
JC3
JC4 DEATEKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSAIASPLGSHREIQAMHDFEKDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPERQRKRLNQMRAERIQRYRHYQTL
JC5 DEATKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSATASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPKRQRERLNQMRAERIQRYRHYQTL
JC6 DEATKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSAIASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPEKRQRERLNQMRAERIQRYRHYQTL
JC7 DEATKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSATASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPKRQRERLNQMRAERIQRYRHYQTL
JC8 DEATKRQLYLNDLALLSPSLI EGFGIPVLDAACLGLSATASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPKRQRERLNQMRAERIQRYRHYQTL
JCO DEATKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSAIASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPERQRKRLNQMRAERIQRYRHYQTL
JC10 DEATKRQLYLNALALLSPSLLEGFGIPVLDAACLGLSAIASPLGSHREIQAMHDFKDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPEKRQREKRLNQMRAERIQRYRHYQTL
WTe DEATKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSAIASPLGSHREIQAMHDFEKDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPERQRKRLNQMRAERIQRYRHYQTL
Ref. WH7805 DEATEKRQLYLNALALLSPSLI EGFGIPVLDAACLGLSATASPLGSHREIQAMHDFEDHVMLCSTLVTSDWASAMRLIALKNELSLSELSPKRQRKRLNQMRAERIQRYRHYQTL
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Figure 6.13. Confirmation of mutations in gene WH7805 08977 by Sanger
sequencing in cyanophage resistant mutants and wild type Synechococcus sp. WH7805

(A) Schematic representation of the gene WH7805_08977 (blue arrow) with the gene
position of the PCR product sequenced using Sanger sequencing (green; primers are
given in Table 2.9). (B) Amino acid alignment of a putative alpha-glycosyl transferase
(gene ID WH7805_08977) in Synechococcus sp. WH7805 highlighting the position of
frameshifts and non-synonymous changes in specific cyanophage-resistant mutants
(red). The amino acid sequence is derived by translation of sequenced PCR products.
JC1-10: cyanophage resistant Synechococcus sp. WH7805 mutants; WTe:
Synechococcus sp. WH7805 wild type; Ref. WH7805: reference sequence of
Synechococcus sp. WH7805 (NZ_AAOKO00000000.1).

6.4. Discussion

Herein, several cyanophage resistant Synechococcus sp. WH7805 mutants were
obtained and characterised. Initially, several different cyanophages were assessed in
order to determine their infectivity on Synechococcus sp. WH7805 before attempting
to obtain cyanophage resistant mutants. This was successfully accomplished for
cyanophages S-PM2 and S-RIM34 where infection in both liquid and solid media was
observed (Table 6.1). This was particularly important since it allowed us to use
cyanophage S-PMZ2 to obtain resistant mutants allowing a direct comparison with the
Synechococcus sp. WH7803 S-PM2 resistant mutants (mutants R1, R2 and PHR, see
Table 2.3).

The fitness cost associated with phage resistance has been widely studied in bacterial
systems, where it is mostly observed as a decreased growth rate compared to the
sensitive (wild-type) strain, although this is sometimes only observable during direct
competition experiments and is dependent on the nutrient conditions (Avrani et al.,
2011; Bohannan et al., 1999; Martiny et al., 2014). The reduced growth rate in these
cyanophage-resistant mutants has been explained by a lower nutrient uptake due to
modification of membrane components such as protein transporters or LPS that could
alter the hydrophobicity of the cell (Lennon et al., 2007; Lenski, 1988b). Accordingly,

in this study it was found that of the ten cyanophage resistant Synechococcus sp.
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WH7805 mutants obtained only six were able to survive (mutants JC1, JC2, JC3, JC4,
JC6 and JC10), with all having a decreased growth rate compared to the wild type (Fig.
6.4 and Table 6.2) in experiments performed in nutrient replete ASW medium without
direct competition.

Moreover, the clumping phenotype observed in the cyanophage resistant
Synechococcus sp. WH7805 mutants JC2 and JC6 is also observable to a lower degree
in mutants JC1, JC3, JC4 and JC10 (see Fig. 6.3), which correlates with the
modification detected in LPS profiles (Fig. 6.6). Work in E. coli has shown that the
auto-aggregation phenotype is linked to truncated LPS and increased cell
hydrophobicity (Nakao et al., 2012).

The cost of resistance has been associated with modification of cell surface properties,
especially membrane proteins and LPS. In E. coli B mutants resistant to bacteriophage
T3, mutations in a glucosyltransferase | enzyme that catalyses the addition of glucose
to the outer core LPS produced a non-functional enzyme, and thus a truncated LPS
(Perry et al., 2015). This was associated with bacteriophage resistance since LPS has
been identified as a receptor for bacteriophage T3 adsorption. Noteworthy, all
mutations found in the waaG gene encoding the glucosyltransferase I in T3 resistant
E. coli B mutants were different, including frameshifts from indels and early stop
codons (Perry et al., 2015).

The cyanophage resistant Synechococcus sp. WH7805 mutants obtained were
characterised by a similar phenotype to that observed in cyanophage resistant
Prochlorococcus mutants (Avrani et al., 2011), i.e. all of the mutants obtained (Fig.
6.5) were resistant to the adsorption of the cyanophage. This is consistent with the
observed modifications to the LPS profiles of these mutants compared to the wild type
Synechococcus sp. WH7805 (Fig. 6.6). Moreover, it was interesting, and pleasing, to
find that mutations in a putative glycosyltransferase (gene ID WH7805_08977) were
the major difference between mutant and wild type following whole genome

sequencing of resistant strains.

Mutations in this gene (WH7805_08977) are absent in all the wild type Synechococcus
sp. WH7805 genomes sequenced but ‘shared’ between eight of the ten mutants i.e.

mutations are present in the same gene but not necessarily in the same location within
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this gene. This is suggestive of a ‘common’ receptor based modification mechanism
for becoming cyanophage resistant in Synechococcus sp. WH7805, similar to what has
recently been proposed in Prochlorococcus (Avrani et al., 2011; Avrani & Lindell
2015).

Using Cyanorak (http://abims.sb-roscoff.fr/cyanorak/; Scanlan et al., 2009), the gene

identified in several of the cyanophage resistant Synechococcus sp. WH7805 mutants
(gene ID WH7805_08977), and annotated as a putative glycosyltransferase, contains
orthologs in other marine Synechococcus and Prochlorococcus strains but with a
patchy distribution (present in 3 of 41 Prochlorococcus genomes and 6 of 51
Synechococcus genomes). Within Synechococcus, the gene is present mostly in strains
that are closely related to WH7805 phylogenetically, i.e. strains WH7803, PROS-7-1,
A15-60 and A18-25c (Table 6.7). Noteworthy, no mutations were found in the
ortholog of this gene present in Synechococcus sp. WH7803 (gene ID
synWH7803_0139) after WGS analysis of cyanophage resistant mutants (see Chapter
4).

Regarding the function of this putative glycosyltransferase we can only speculate that
this enzyme may be involved in LPS biosynthesis given the altered LPS profile of
mutants (Fig. 6.3), but further, more extensive biochemical characterisation of the LPS
of the mutant and wild type WH7805 strains would be required to confirm this and
especially since, thus far, biochemical characterisation of the LPS of marine
Synechococcus is limited to only a few strains (Snyder et al., 2009). Indeed, given the
general sugar-modifying ability of glycosyltransferases it is possible that this enzyme
might be involved in the glycosylation of other cell surface exposed features,
particularly specific outer membrane proteins, as has been observed in the SwmA
protein of Synechococcus sp. WH8102 (Brahamsha, 1996b).

Given that mutants JC6 and JC7 do not have mutations in this WH7805_08977 gene,
further in-depth analysis of all the genes identified by whole genome sequencing is
required, particularly confirming mutations via Sanger sequencing to identify the

genes involved in cyanophage resistance in these particular mutants.
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Strain Clade Gene ID

Synechococcus
ROS8604 Ib 00104
WH8016 Ib 01809
WH7803 \Y 0139
PROS-7-1 Vib 00159
A15-60 Vlila 00152
A18-25c Vlila 00119

Prochlorococcus

MITO0701 LLIV 01502
MITO0702 LLIV 01761
MITO703 LLIV 02360

Table 6.7. Orthologs of the possible glycosyltransferase (gene ID WH7805_08977)

from Synechococcus sp. WH7805 in other marine picocyanobacteria

Noteworthy is that several genes contained mutations in all of the cyanophage resistant
Synechococcus sp. WH7805 mutants, as well as the two re-sequenced wild type strains
(WTo and WTe, see Table 6.5). This suggests sequencing errors in the originally
published  Synechococcus sp. WH7805 sequence (Genbank accession
NZ_AAOKO00000000.1). In this respect, further analysis of the Synechococcus sp.
WH7805 cyanophage-resistant mutants (Tables 6.5 and 6.6) revealed that mutants JC1
and JC2 show very similar profiles, but with mutant JC2 not possessing mutations in
genes encoding a histidine kinase, a periplasmic trypsin-like serine protease, a putative
nicotinamide nucleotide transhydrogenase, putative multidrug efflux transporter and a
short-chain dehydrogenase/reductase (SDR) superfamily protein. The fact that these
mutations are present in all other Synechococcus sp. WH7805 mutant and WT strains,

i.e. all except mutant JC2, may be due to the low sequence coverage of this mutant
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(only ~4 fold, compared to 14-182-fold for the other strains; see Table 6.3 and Fig.
6.10.B).

The prevalence of adsorption mutants in Synechococcus sp. WH7805 and the
mutations found in a glycosyltransferase that appears to be implicated in a modified
LPS phenotype indicate that the mechanisms of cyanophage resistance in this strain
are likely to be related to cell surface modification, in agreement to what has been
suggested for Prochlorococcus. However, to truly confirm the association of this
enzyme in cyanophage resistance it would be necessary to develop a genetic system
for Synechococcus sp. WH7805 and construct a mutant in the WH7805_08977 gene.
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7.1 Introduction

During the course of this work, the importance of viral infection of marine
Synechococcus has been discussed. In this respect, although viral lysis is a major factor
potentially controlling bacterial population abundance, precise rates have not yet been
determined, though estimates show up to 50% of daily viral lysis in planktonic
systems, a similar rate to grazing, the other main biotic cause of mortality of these
organisms (Danovaro et al., 2011; Fuhrman and Noble, 1995; Proctor and Fuhrman,
1990; Weitz et al., 2015). Thereby, predation of marine Synechococcus plays a central
role in terms of their mortality in pelagic systems while also serving to regenerate
nutrients and transport energy to higher trophic levels. This is caused by grazing (i.e.
predation or consumption) by eukaryotic protists as well as bacteriophage (i.e. viral)
lysis (Fuhrman, 1999; Pernthaler, 2005; Rodriguez-Valera et al., 2009; Sherr and
Sherr, 2002; Suttle, 2007).

However, in spite of high predation of marine Synechococcus, population sizes are
fairly stable showing no extinction (Flombaum et al., 2013). Such an observation can
be explained by rates of Synechococcus production counteracting this high mortality,
but also can be due to phage resistance and prey-selectivity mechanisms, or a mixture

of these.

Due to the small size of marine Synechococcus, mesozooplankton and small copepods
are not able to directly consume them, so the carbon flux is more likely to move to
these trophic levels from nanoflagellate and small ciliate grazers <5 um in size that
feed on these primary producers (Guillou et al., 2001). Although Synechococcus has
been determined to be grazed at a low level by heterotrophic nanoflagellates,
frequently called “poor quality food” (Christaki et al., 2002), Worden and Binder
(2003) demonstrated a grazing rate of about 50 % prey population consumption in 9

h, showing the high impact grazing can have on picocyanobacterial removal.

Thus far, however, little is known about the prey selectivity of grazers. It is often
thought to be undirected, with grazing rates dependent mainly on grazer—prey contact
rates, which are a function of cell density, cell motility and prey cell size (Boenigk et
al., 2001; Corno and Jirgens, 2006; Gonzalez, 1996; Matz and Jurgens, 2005; Matz
and Kjelleberg, 2005; Matz et al., 2002).
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It is generally known that protists can graze on a variety of bacterial species, but
viruses are usually highly specific for certain hosts (Fuhrman and Noble, 1995;
Fuhrman and Suttle, 1993). Prey evasion of protist grazing can be achieved by a variety
of mechanisms, such as high motility, reduction in cell size, toxin release, cell
aggregation by formation of an exopolymer and filamentation, among others (Apple
etal., 2011; Gonzalez, 1996; Pernthaler, 2005).

Zwirglmaier et al. (2009) showed that grazing selection of marine Synechococcus is
manifest at the strain level (Fig. 7.1) occurring at both the stage of ingestion and
digestion. Ingestion and digestion of a certain prey can be clearly distinguished by the
growth of the grazer, meaning that a digested prey will be assimilated hence supporting
the growth of the grazer, compared to only ingestion when the prey cell concentration

decreases but with no increase in grazer cell concentration.
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Figure 7.1. Grazing of P. danica on marine Synechococcus (modified from

Zwirglmaier et al. 2009)

Increase in grazer (predator) cell numbers versus the percentage of decrease in prey
(Synechococcus spp.) cell numbers. Positive grazing (ingestion and digestion of a
specific Synechococcus strain) was defined as a more than 8-fold increase in grazer
numbers (dashed line, X axis) while a decrease in more than 50 % of prey was defined
as the threshold for prey mortality due to grazing (dashed line, Y axis). Thus, prey
strains in quadrant A support growth of grazers (ingestion and digestion of prey),
strains in quadrant B are ingested, but do not support growth and are therefore
presumably not digested, while for strains in quadrant C there is no interaction between
grazer and prey. Synechococcus strains used in this work are highlighted in blue:
Synechococcus sp. WH7803 and WH7805 in quadrant C and the cyanophage-resistant
Synechococcus sp. WH7803-PHR in quadrant A.

Furthermore, Zwirglmaier et al. (2009) also showed that the cyanophage resistant
Synechococcus sp. WH7803 mutant PHR was more susceptible to grazing compared
to the wild type (Fig. 7.2.A) and that this mutant possessed a modified LPS profile
(Fig. 7.2.B), lacking a significant portion of its O-polysaccharide units, (see also Fig.
3.4). In this regard, cell surface properties seem to be a key aspect (Snyder et al., 2009;

Zwirglmaier et al., 2009).
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Figure 7.2. Grazing and LPS profile of Synechococcus sp. WH7803 and a cyanophage
resistant mutant (from Zwirglmaier et al. 2009)

(A) Growth curves of P. danica feeding on different prey strains. Note that the
cyanophage resistant Synechococcus sp. WH7803 mutant (PHR) supports growth of
the grazer while the wild type (WH7803) does not. Growth on Synechococcus sp.
WH8102 and Vibrio are used as a positive control for grazing. (B) SDS-PAGE
showing differences in LPS profiles of cyanophage resistant Synechococcus sp.
WH7803 mutant (PHR) and wild type (WT). The LPS profiles indicate greater
heterogeneity in the wild type in comparison with the mutant, indicating that a
significant portion of the mutant’s O-polysaccharide side-chain units have been lost.

The role of LPS in phage resistance/infection has previously been discussed in this
thesis. With respect to grazing, LPS modification seems to be related to
physicochemical properties of the cell surface of the prey, which could affect contact
rates with the grazer. In this regard, mutations in the LPS biosynthetic pathway of the
freshwater Synechococcus sp. PCC 7942 conferred resistance to grazing by the
Amoeba HGG1 (Simkovsky et al., 2012) meaning that cell surface properties can
directly affect protist grazing. The mechanism for grazing resistance related to LPS is
different from phage resistance, i.e. there are no known receptors involved in the

selection of the prey, but rather resistance seems to be related to a change in prey cell
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hydrophobicity. Accordingly, Monger et al. (1999) demonstrated that an augmented
prey cell hydrophobicity in Prochlorococcus and Synechococcus increased protist
predation, and studies carried out using a mutant of the soil bacterium Bradyrhizobium
japonicum lacking the LPS O-polysaccharide showed an increase in hydrophobicity

compared to the wild type (Park and So, 2000).

Moreover, cell surface hydrophobicity has been implicated as a possible factor for
selective grazing (Matz and Jirgens, 2001; Monger et al., 1999) while the ‘food
quality’ of the prey, in terms of C:N:P ratio, may be another discriminating factor (John

and Davidson, 2001; Shannon et al., 2007).

In marine Synechococcus, changes in cell surface properties can be directly related to
genome organization, since the genes involved in carbohydrate modification, such as
glycosyltransferases, glycoside hydrolase gene families and other enzymes possibly
related to O-polysaccharide biosynthesis, are located in genomic islands, variable parts
of the genome showing a deviation in the tetranucleotide frequency compared with the
core genome, and which could be the result of lateral gene transfer events (Dufresne
et al., 2008).

Although the case for Synechococcus sp. WH7803 seems to be more complicated than
only modifications in the LPS to avoid grazing and/or phage infection, an evident
relation between protist grazing and phage infection has been observed, but little is
known about it. In this regard, recent research in the Scanlan lab showed that in the
absence of phage infection, the phagotrophic nanoflagellate Cafeteria roenbergensis
ingested both Synechococcus sp. WH7803 and Synechococcus sp. WH8102, but only
Synechococcus sp. WH8102 supported growth of the flagellate. Nevertheless, once
Synechococcus sp. WH7803 was infected with cyanophage S-RSM4, C. roenbergensis
cell numbers again increased significantly, implying both ingestion and digestion of
this cyanophage-infected Synechococcus (Zwirglmaier et al., unpublished data). This
change in palatability of the prey could have an important ecological role, related to
the control of phage abundance by removing infected cells before they burst, which

opens the question regarding the universality of this phenomena.
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Figure 7.3 Grazing of Synechococcus spp. by C. roenbergensis predator (Zwirglmaier

et al., unpublished data).

(A) Prey concentrations: Synechococcus sp. WH7803 (7803), Synechococcus sp.
WH7803 in the presence of C. roenbergensis (7803+Ca); cyanophage-infected
Synechococcus sp. WH7803 (7803+phage); cyanophage-infected Synechococcus sp.
WH7803 in the presence of C. roenbergensis (7803+phage+Ca); Synechococcus sp.
WH8102 in the presence of C. roenbergensis (8102+Ca). (B) Concentration changes
of C. roenbergensis fed on Synechococcus sp. WH7803 (7803+Ca), infected
Synechococcus sp. WH7803 (7803+phage+Ca) or Synechococcus sp. WH8102
(8102+Ca, positive control) as food source. Data from one representative experiment
is shown (Zwirglmaier et al., unpublished data).

To examine the interactions between the two major biotic causes of bacterial mortality
in the marine pelagic water column, viral lysis and protistan grazing, affecting trophic
dynamics in the oceans and planetary biogeochemical cycles, it is necessary to study
the mechanisms underpinning their interactions, particularly focusing on the role that
the host cell surface plays in this process. Given that marine Synechococcus appear to
have the genetic potential for a variety of grazer evasion capabilities (Jones et al.,
2006), an approach based on biochemical and molecular biology techniques should

give important insights into this problem.

In this chapter, grazing of Synechococcus sp. WH7803 (as prey) by the nanoflagellates
C. roenbergensis and P. danica was studied. In order to confirm and study the
generality of the phenomena observed by Zwirglmaier et al. (2009), grazing of
Synechococcus sp. WH7803 was investigated in comparison with cyanophage infected
and resistant prey as well as to Synechococcus sp. WH7805.
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7.2 Objective

The aim of this work was to investigate the relationship between phage
infection/resistance and grazing of Synechococcus sp. WH7803 by the nanoflagellates
C. roenbergensis and P. danica. Also, grazing of cyanophage infected Synechococcus

sp. WH7805 was also studied as a comparison grazer-prey system.

7.3 Results and discussion
7.3.1 Determination of growth conditions of P. danica and C. roenbergensis
for grazing experiments

The protist grazers used in this work were Pteridomonas danica and Cafeteria
roenbergensis (Fig. 7.4), as described in section 2.2.5.

C. roenbergensis P. danica

Figure 7.4. Structure of the protist grazers C. roenbergensis and P. danica.

(A) Light microscopy. (B) Schematic diagram of the microscopy image in (A) showing
the two flagella.

189



Chapter 7: Grazing and viral infection of marine Synechococcus

Culturing of these organisms was not trivial since their feeding behaviour is poorly
known and growth rates depend on the food source available and with grazing
decreasing at high nutrient concentrations in the medium. In order to standardise the
culturing and experimental conditions, growth curves using different cell
concentration of prey and grazer were carried out (Fig. 7.5). Initial experiments used
the heterotrophic bacterium Halomonas sp. as the prey strain. Halomonas sp. has been
used before for grazing experiments performed in foraminifera (Mojtahid et al., 2011)
and shown to be a ‘good quality’ food supporting growth of P. danica (Fig. 7.5) and

C. roenbergensis (data not shown).

The high variability between biological and technical replicates was a constant
problem during this work and hindered the reproducibility and interpretation of data.
In Fig. 7.5 the growth of P. danica with different concentrations of prey and grazer

cells is shown as a representative of both grazers, i.e. P. danica and C. roenbergensis.

The optimal concentration of grazers for grazing experiments was between 1 x 10* and
5 x 10° cells mL?, as shown by an increase in grazer concentration linked with a
decrease in Halomonas prey cell concentration (Fig 7.5.B). The prey concentration
selected for grazing experiments was ~107 cells mL™ because although there was a
larger increase in grazer cell concentration when using 5 x 10° cells mL* prey, the
prey concentration remained stable during the experiment showing that either the
growth rate of the prey was counteracting mortality by grazing or that the grazers were

feeding on nutrients or other bacteria present in the medium.
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Figure 7.5. Growth curve of P. danica with Halomonas sp. as food source.

The starting culture had different prey (A) or grazer (B) cell concentrations. (A) Starting grazer concentration: 5 x 10° cells mL*; (B) Starting prey
concentration: 5 x 10° cells mL™. These experiments were performed at 23°C, although experiments at 13°C showed the same results with a
timescale of days instead of hours. Error bars indicate standard deviation of 3 biological replicates.
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Moreover, prey and grazer cell size also plays an important role in terms of feeding
behaviour. Halomonas sp., used in these initial experiments as prey to optimise grazer
feeding conditions, varies in size and tends to elongate when grown in liquid
conditions, so different pore size filters (0.8 and 1.2 um) were used to determine the
effect of prey size on grazing rates. The size of the filters was selected based on the
size of marine Synechococcus (~0.8 um) and Halomonas sp. in liquid medium (>
1 um). The resulting growth curves, described in Fig. 7.6, showed no difference related

to the filters used.
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Figure 7.6. Growth curve of P. danica cultured with Halomonas sp. filtered through

different pore size filters.
Error bars indicate standard deviation of 3 biological replicates.

Protist cell size, as determined using microscopy, showed high variability for
C. roenbergensis cells, from 1 to 10 um, whilst P. danica showed a more stable size
around 3 um. In order to achieve a homogeneous grazer cell size and to eliminate any
remaining Halomonas cells on which the grazers are maintained, P. danica and
C. roenbergensis cells were filtered through a 2 um pore-size membrane (Fig. 7.7),
which was selected based on microscopy and published data on the cell size of these
organisms (Boenigk, 2002; Mohapatra and Fukami, 2004; Sekiguchi et al., 2002). The
population of P. danica, as visualised using flow cytometry, is relatively uniform

before filtration (Fig. 7.7.A) but showed an increase in both forward and side scatter
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when analysing the filter (Fig. 7.7.B), suggesting clumping of cells, and almost no
cells passed to the flow through (Fig. 7.7.C). All this indicates that this nanoflagellate
has a homogeneous size. In contrast, C. roenbergensis showed a wide population size
before filtration (Fig. 7.7.A) that gets tighter in the filter (Fig. 7.7.B) but with most of
the cells passing through it (Fig. 7.7.B). This result confirms the observations made by
microscopy, where P. danica has a stable cell size of ~3 um whilst C. roenbergensis

has a higher variation in size.
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Figure 7.7. Size standardisation of P. danica and C. roenbergensis by filtration.

Flow cytometry analysis of cultures of P. danica (left column) and C. roenbergensis
(middle column) filtered by a 2 um pore size membrane. (A) before filtration, (B) cells
in the filter after filtration and (C) cells in the flow through. A culture of Halomonas sp.
(right column) is shown as size reference. FSC: forward scatter, SSC: side scatter.
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Nonetheless, filtration of the grazers resulted in almost complete elimination of
Halomonas sp. from the culture (data not shown), but since the feeding mechanism of
P. danica and C. roenbergensis includes the use of a flagella to attract prey (Boenigk,
2002) filtration caused loss of the flagella resulting in a lag period before grazing
resumed again. For this reason all subsequent grazing experiments carried out did not
involve filtration of the grazers and instead cultures with the lowest numbers of

Halomonas present were used.

7.3.2 Grazing of nanoflagellates on the cyanophage resistant

Synechococcus sp. WH7803 mutant R2

Previously, Zwirglmaier et al. (2009) showed that grazing of the cyanophage resistant
Synechococcus sp. WH7803 mutant PHR, resistant to cyanophage S-PM2, was higher
than the wild type. Here, | extended this work by carrying out grazing experiments
with the Synechococcus sp. WH7803 mutant R2, also resistant to S-PM2 and with a
different LPS profile compared to the wild type (see section 3.3.1). This mutant was
selected due to its phenotypic similarities with PHR, i.e. resistant to the same phage,
an LPS profile different from the wild type, and high growth rate compared to the other

cyanophage resistant mutants.

The results of grazing experiments on mutant R2 compared to the wild type are shown
in Fig. 7.8. As explained above, the high variability of biological and technical

replicates restricted the analysis, so individual replicates were studied separately.

Synechococcus sp. WH8102 was used as a positive control since this strain was already
known to be grazed well by both nanoflagellates (Zwirglmaier et al., 2009). It is
important to note that these experiments were performed over a 96 h period, compared
to 27 h in the Zwirglmaier et al. (2009) study.
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Figure 7.8. Grazing of cyanophage resistant Synechococcus sp. WH7803 mutant by

P. danica and C. roenbergensis

Grazing of P. danica (A) and C. roenbergensis (B) fed with cyanophage resistant
Synechococcus sp. WH7803 mutant R2 (Mutant), Synechococcus sp. WH7803 wild
type (WT) or Synechococcus sp. WH8102 (Control) as a positive control for grazing.
Data from one representative experiment and replicate is shown with lines of best fit.

Analysis of these grazing experiments showed that there was a clear difference in
growth of P. danica and C. roenbergensis (Fig. 7.8 and Table 7.1). This difference was
observed in a higher growth rate (up to 2.9 day!) and lower yield (up to 0.07) of
P danica compared to C. roenbergensis (up to 1 day* and 6.3 respectively, see Table
7.1).

Grazing of P. danica resulted in the same yield but a higher growth rate when feeding
on the cyanophage resistant mutant R2 compared to the wild type Synechococcus sp.
WH7803 (Table 7.1) whilst C. roenbergensis showed a similar growth rate but a lower
yield when feeding on the wild type Synechococcus sp. WH7803 compared to the
mutant R2 (Table 7.1).
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Moreover, the R2 mutant prey cell concentration increased over time, indicating that
either P. danica was feeding on heterotrophic bacteria associated with the mutant or
that the mutant growth rate was faster than the wild type in these conditions.
Noteworthy, the growth rate of P. danica feeding on the R2 mutant was higher than
the positive control, i.e. Synechococcus sp. WH8102, but the lag phase was 20 h
longer. This could be due to the accumulation of heterotrophic bacteria, i.e. better

‘quality food’ supporting growth of the grazer.

Nonetheless, in spite of this data being a representative of the results obtained for
several grazing experiments, this is the analysis of one experiment and replicate, due
to the high variability between biological and technical replicates, and thus conclusions
should be made carefully. Likewise, due to high variability and unstable growth of

C. roenbergensis most grazing experiments were carried out with P. danica.

P. danica C. roenbergensis
u [day] yield u [day] yield
WT 1.9 0.01 0.9 1.0
Mutant 2.9 0.01 1.0 0.6
Control 2.6 0.07 1.0 6.3

Table 7.1. Growth rate and yield of P. danica and C. roenbergensis feeding on

different Synechococcus prey

Growth parameters are of one grazing experiment and replicate of P. danica and
C. roenbergensis (see Fig. 7.8) feeding on Synechococcus sp. WH7803 (WT),
Synechococcus sp. WH7803 mutant R2 (Mutant) and Synechococcus sp. WH8102
(Control). Growth rate (i) was calculated during exponential growth. Growth yield
was calculated as the number of grazer cells produces per number of prey cells before
day three (72 h), where the prey cell numbers started to increase.
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7.3.3 Grazing of cyanophage infected Synechococcus sp. WH7803 and
Synechococcus sp. WH7805 by P. danica

To study the relationship between cyanophage infection and grazing of marine
Synechococcus, grazing experiments of infected compared to uninfected prey were

performed.

Grazing of Synechococcus sp. WH7803 can be observed in Fig. 7.9.A with a plummet
in prey concentration corresponding to an increase in grazer concentration, compared
to each individual predators separately, i.e. grazer and phage. The rise in P. danica
concentration when feeding on infected prey shows that the decrease in prey
concentration is not just a combined effect of both predators but the infected prey is
supporting growth of the grazer. Fig. 7.9.B shows grazing on Synechococcus sp.

WH8102 used as a positive control based on Zwirglmaier et al. (2009) (see Fig. 7.1).

Noteworthy again is the time scale of the experiment, which is ~7 days compared to
1 day used by Zwirglmaier et al. (unpublished data). This time scale is important since
this may affect the grazing results given that the cyanophage infection cycle is
probably shorter than that. Although the length of the infection cycle for S-RSM4 is
not known, for cyanophage S-PMZ2 it has been determined to be ~9 h (Wilson et al.,
1996). This would mean that infection of Synechococcus sp. WH7803 is faster than
the grazing rate, releasing cyanophages and organic matter, i.e. lysed cells, into the
medium. Unfortunately, there is no published information about whether P. danica is
a restricted bacterivore or if it can acquire nutrients dissolved in the media or feed on
phages, though it has been shown that nanoflagellates obtained from natural
environments can feed on viruses and virus-like particles (Gonzalez and Suttle, 1993).
Thus, the observed increase in grazer abundance cannot exclude growth due to
acquisition of nutrients as a result of prey lysis, rather than actual ingestion and

digestion of phage-infected Synechococcus prey.
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(Previous page)

Figure 7.9. Grazing of infected and uninfected Synechococcus sp. WH7803 by

P. danica

Grazing of P. danica (Grazer) fed with (A) Synechococcus sp. WH7803 (Prey) or (B)
Synechococcus sp. WH8102 (Prey, positive control) uninfected or infected with the
cyanophage S-RSM4 (Phage). The selection of S-RSM4 for this experiment was
because it infects Synechococcus sp. WH7803 and WH8102. Data from one
representative experiment and replicate is shown with lines of best fit.

Moreover, since Synechococcus sp. WH7805 was shown to be poorly grazed
Zwirglmaier et al. (2009) and because it is phylogenetically close but genetically
distinct from Synechococcus sp. WH7803, as discussed in previous chapters, grazing
experiments were carried out using Synechococcus sp. WH7805, P. danica and
cyanophage S-RIM34 to determine if the same phenomenon of increased palatability
of a phage-infected prey was shown with another Synechococcus strain.

In this experiment there does not seem to be a difference of grazing on infected
compared to uninfected cells (Fig. 7.10). This again can be related to the time scale of
the experiment (in this case ~10 days) and the low preference of P.danica for
Synechococcus sp. WH7805. Furthermore, a grazer control, using grazer fed only with
phages, was included, but no difference was observed compared to the sample with

the grazer alone.
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Figure 7.10 Grazing of infected and uninfected Synechococcus sp. WH7805 with
cyanophage S-RIM34 by P. danica

Grazing of P. danica (Grazer) fed with Synechococcus sp. WH7805 (Prey) uninfected
or infected with the cyanophage S-RIM34 (Phage). Synechococcus sp. WH8102 was
used as a positive control for grazing (Control). Data from one representative
experiment and replicate is shown with lines of best fit.

The results of grazing experiments with the nanoflagellates P. danica and
C. roenbergensis feeding on Synechococcus resulted in inconclusive analyses due to
the high variability of the system. For this reason, it is very important that future work
to understand the relationship between grazing and viral infection of Synechococcus
focus on the development of a new system, perhaps using grazers with higher growth

rates and lower biological variability. Furthermore, the inclusion of the cyanophage
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resistant Synechococcus sp. WH7805 mutants here characterised (see Chapter 6) could

help resolve the generality of the phenomenon observed by Zwirglmaier et al. (2009).
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Chapter 8: Conclusions

Here, the results of this thesis are discussed in the context of the original aims
highlighted in section 1.7. Further, future approaches are considered that will allow for
a better understanding of resistance mechanisms of marine Synechococcus to their co-

occurring cyanophages.

Most notably, as a result of work performed in this thesis, a new angle on cyanophage
resistance in marine Synechococcus was identified, implicating a role for ploidy status
in potentially adding ‘flexibility’ to mechanisms of resistance that have not previously

been described for bacteria.

In Chapter 3, cyanophage resistant Synechococcus sp. WH7803 mutants were
phenotypically characterised, demonstrating that not all were adsorption mutants,
which is the only known cyanophage-resistant mechanism so far reported for marine
Synechococcus and Prochlorococcus (see Avrani et al. 2011; Marston et al. 2012) but
rather these are likely to be replication defective mutants, i.e. affecting phage

replication at some point after adsorption.

In those mutants that were adsorption defective, resistance was hypothesised to be
linked to modification of cell surface properties, an idea supported by data from a
recent Prochlorococcus study (Avrani et al., 2011) which found mutations located in
genes related to cell wall and LPS biogenesis and membrane proteins. Unfortunately,
none of these genes was confirmed to be the genetic basis of cyanophage resistance in
these mutants due to the lack of a suitable genetic system in marine Prochlorococcus

preventing a reverse genetic approach that could re-create such a phenotype.

In this thesis, characterisation of Synechococcus sp. WH7803 interposon mutants in
the synWH7803 0192 and synWH7803 1767 genes, both involved in LPS
biosynthesis, was performed, a strain where a genetic system is available (see
Brahamsha 1996). However, mutants failed to segregate suggesting an essential nature
of the genes concerned but not allowing any specific conclusion on the role of these

genes in cyanophage resistance to be ascertained.

Analysis by WGS of cyanophage resistant Synechococcus sp. WH7803 mutants in
Chapter 4 demonstrated a large number of mutations occurring in each mutant, as well

as the re-sequenced wild type strain. This large number of mutations was mirrored by
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mutations occurring at varying frequencies. However, even when just assessing
mutations occurring at > 90 % frequency, no clear differences between mutants and
the published genome of Synechococcus sp. WH7803 were observed. This
phenomenon of a large number of mutations occurring at varying frequency was also
observed using a previously published Synechococcus sp. WH7803 WGS dataset
(Marston et al. 2012), casting doubt on the conclusions drawn in this manuscript. In
contrast, use of the same bioinformatics pipeline with a previously published
Prochlorococcus WGS dataset of a cyanophage resistant mutant (Avrani et al. 2011)
gave results in accordance with those published, i.e. identified specific mutations
occurring at 100 % frequency that could putatively be the molecular basis for
resistance. Given the monoploid nature of Prochlorococcus but the oligoploid nature
of Synechococcus sp. WH7803 led to the development of a hypothesis that ploidy level

was somehow playing a role in cyanophage resistance in this organism.

To precisely determine the ploidy level in Synechococcus sp. WH7803 and a related
strain Synechococcus sp. WH7805, a gPCR assay was optimised (Chapter 5) which
showed that Synechococcus sp. WH7803 possessed on average four copies of its
genome, whereas Synechococcus sp. WH7805 was monoploid. Subsequent growth
phase experiments showed no significant variation in copy number as a function of
early- mid- or late-exponential phase of growth leaving open the question whether
ploidy status varies at all in Synechococcus sp. WH7803 or if it stays constant.
Likewise, conclusions following assessing chromosome copy number during P-
deplete growth suggest that chromosome copy number does not change, albeit in a
manner perhaps contradicting logic since a decrease in P availability would suggest P
would limit DNA synthesis and hence decrease ploidy level. Further work assessing
ploidy level as a function of various environmental parameters is clearly needed here,
but regardless of whether ploidy level is constant or varies as a function of the
environment, this would imply some mechanism to maintain this number. How this is
done is unknown, though there is some evidence in the freshwater cyanobacterium
Synechococcus sp. PCC7942 that chromosomes are spatially ordered along the long
axis of the cell, which along with accurate mid-cell septum placement allows for near-

optimal segregation of chromosomes to daughter cells (Jain et al., 2012). In contrast,
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in Synechocystis sp. PCC6803 segregation of chromosomes to daughters is random
(Schneider et al., 2007).

Interestingly, in the gPCR experiments determining chromosome copy number
performed here, a relatively wide variation between experimental replicates was
observed, which was higher in Synechococcus sp. WH7803 compared to
Synechococcus sp. WH7805 (see Table 5.3). This variation is likely related to the fact
that the gPCR assay uses thousands of cells and provides an average DNA content per
cell, rather than assessing the chromosome number in an individual cell. This variation
suggests that individual cells may well have a different number of chromosomes,
which on average is around four copies in Synechococcus sp. WH7803. Indeed, such
variation would be in accordance with flow cytometry estimation of chromosome copy
number following DNA staining which suggests that 1-10 copies of the chromosome
occur in this organism (Binder and Chisholm, 1995). Though technically challenging,
future work should be directed to determining chromosome copy number in individual
Synechococcus sp. WH7803 cells. Furthermore, if WGS of single cells without DNA
amplification could be performed this could help identify mutations at the single cell
level. This would address whether individual cells in a population possess the same
mutations with the same frequency or if there is variation between individuals. If the

latter, is the process regulated and how?

Certainly the monoploid nature of Synechococcus sp. WH7805 suggests there is a
marked difference in chromosome copy number regulation compared to
Synechococcus sp. WH7803. This opens up several avenues of work comparing DNA
replication and segregation mechanisms in these phylogenetically closely related
strains. Potentially more interesting would be to assess the ploidy status across many
more marine Synechococcus strains to assess how widespread such a feature is, and if
possible to directly investigate the ploidy status of natural Synechococcus populations,

which if observed would imply that ploidy was prevalent and important in nature.

Moreover, WGS analysis of cyanophage resistant mutants of the monoploid strain
Synechococcus sp. WH7805 (Chapter 6) showed marked ‘simplicity’ in the mutations
identified i.e. compared to that seen in Synechococcus sp. WH7803. Such ‘simplicity’
identified a gene (WH7805_08977) encoding a possible alpha-glycosyltransferase in
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several of the mutants but not the wild type, which was confirmed by Sanger
sequencing, that likely forms the molecular basis of cyanophage resistance in these
mutants. Indeed, such a conclusion is in agreement with biochemical characterisation
of these cyanophage resistant Synechococcus sp. WH7805 mutants, which also
showed corresponding differences in LPS profiles and cyanophage adsorption
efficiencies (section 6.3.2). That a potential glycosyltransferase is playing a role here
is similar to that recently observed for Prochlorococcus cyanophage resistant mutants
(Avrani et al., 2011) where mutations in glycosyltransferases and enzymes involved
in LPS biosynthesis have been implicated. Taken together, the Synechococcus sp.
WH7805 and Prochlorococcus WGS profiles of these monoploid strains supports the
hypothesis that oligoploidy is responsible for the high variability and complex nature
of the observed mutation frequencies found in Synechococcus sp. WH7803.

Further evidence for a role of ploidy in this process, potentially permitting genome
flexibility, might be gleaned from the length of time required to initially obtain
cyanophage resistant mutants for each of these Synechococcus strains. Thus, growth
of surviving (cyanophage-resistant) Synechococcus sp. WH7805 mutants occurred
after ca. 1 month whereas for Synechococcus sp. WH7803 mutants were only obtained
ca. 1 year after infection (Spence, 2010). This might suggest that the multiple
chromosomes present in Synechococcus sp. WH7803 prevent fixation of resistance-
conferring mutations, which would not be possible in the monoploid strain

Synechococcus sp. WH7805.

The advantages of this mechanism are arguable, although the cost of resistance seems
to be slightly more pronounced in cyanophage resistant Synechococcus sp. WH7805
mutants, where growth rate decreased by up to 50 % (see Table 6.2) compared to 40 %
in cyanophage resistant Synechococcus sp. WH7803 mutants (Spence, 2010).
However, the need for repeated addition of cyanophage (ca. every three weeks) to the
Synechococcus sp. WH7803 cyanophage resistant mutants but not to the
Synechococcus sp. WH7805 mutants, to prevent them from lysing after transferring to
fresh medium (data not shown) suggests that a lack of selective pressure soon reverts

genotypes to wild type making them susceptible to infection.
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Nevertheless, the work performed in this thesis on cyanophage resistant
Synechococcus mutants is consistent with the ‘Kill the Winner’ hypothesis (see
Section 1.6) in which the presence of the cyanophage (parasite) increases the diversity
of the co-occurring host through resistance trade-offs. In this case, the trade-offs were
observed as a reduced growth rate of the cyanophage resistant mutants and different

LPS and adsorption profiles, as well as a clearly discernible clumping phenotype.

More broadly in future work it will be important to consider cyanophage-resistance
and ploidy in the context of the complexity of natural marine microbial systems where
Synechococcus ‘interacts’ with various other organisms, e.g. does ploidy play a role in
grazing avoidance? Grazing of marine Synechococcus by nanoflagellates has been
shown to be strain-selective Zwirglmaier et al. (2009), indicating that the grazer is
somehow able to detect ‘differences’ between Synechococcus strains. Furthermore,
cyanophage infection and resistance appears linked to grazing preference by these
nanoflagellates (Zwirglmaier et al., 2009; Zwirglmaier et al., unpublished), although
in work performed here (Chapter 7) the high biological variability in this predator-prey
system prevented further insights to be made. To address this problem, future work
should focus on establishing a ‘stable’ grazer-prey-cyanophage system that allows
high reproducibility of experiments studying feeding behaviour in the context of
cyanophage infection and resistance. Certainly, it is unknown how Synechococcus
balances the cost of cyanophage resistance with increased grazing susceptibility
Zwirglmaier et al. (2009) or the role that ploidy might play in genome
flexibility/adaptability to these two mortality factors. As yet, no ‘grazing resistant
mutants’ have been isolated, but cell surface properties are likely to play a role (see
Zwirglmaier et al. 2009) and there may well be an additional role for ‘ploidy’ status

here.
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