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Abstract
Shellie Bench

Comparative genomics and natural distributions of
phenotypically distinct strains of the nitrogen-fixing cyanobacterium
Crocosphaera watsonii

Crocosphaera watsonii is an ecologically important marine unicellular
diazotrophic cyanobacterium. It is often abundant in oligotrophic ocean regions
where it provides fixed nitrogen to nutrient-limited phytoplankton communities.
Previous genetic studies have observed genetic rearrangements but very little
sequence variation among natural populations or cultivated strains of Crocosphaera.
Those strains exhibit two phenotypes (large- and small-cell) with characteristics that
suggest different ecological roles and niches. Prior to this work, the genetic basis for
the phenotypic differences was unknown, and molecular methods for enumerating
natural C. watsonii could not differentiate between phenotypes. To address those
unanswered scientific questions, these studies compared the genomes of six C.
watsonii strains, three of each phenotype, which were isolated over large spatial and
temporal distances. A large portion of those genome sequences were shared among
all strains with nearly 100% nucleotide identity. However, there were also genes that
were specific to each strain, and others were specific to each phenotype, including
some which could explain phenotypic differences (e.g. EPS biosynthesis). Relative to

small-cell strains, large-cell strains had larger genomes and additional genetic



capabilities, including possibly increased adaptations to iron and phosphorus
limitation. Clustering based on genome sequences and content showed that strains
with a common phenotype were evolutionarily most closely related, regardless of
their time and location of isolation. Surprisingly, the genome of the C. watsonii type-
strain, WH8501, was quite unusual, even compared to those with the same phenotype,
suggesting it may not be appropriately representative of the species. To investigate
distributions of Crocosphaera types in the marine environment, molecular assays
were developed, based on phenotype-specific genes, and applied to samples from the
North and South Pacific. In those samples, small-cells dominated in the upper 75 m
where abundance of both types was much greater, while large-cells dominated in
samples with lower counts between 100 m and 175 m. There was also more evidence
that large-cells form aggregates in the N. Pacific. Future studies will be important to
determine which of the initial C. watsonii patterns described here can be generalized,

both in genomes, and in natural distributions of the two types.
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Chapter 1: Introduction

Nitrogen-fixing cyanobacteria in the global oceans

All marine ecosystems depend on primary production that is, for the most
part, carried out by phytoplankton. In most of the global oceans, the phytoplankton
community is dominated by cyanobacteria, of which the most abundant and
widespread are Prochlorococcus and Synechococcus (Waterbury et al., 1986;
Goericke and Welschmeyer, 1993; Liu et al., 1997; Partensky et al., 1999; Scanlan
and West, 2002). However, in wide areas of the oceans, production of phytoplankton
communities is limited by low available nutrients, particularly bioavailable nitrogen
(N). In those areas, nitrogen (N;)-fixing cyanobacteria, despite being much less
abundant, play a key ecological role by providing fixed N to the phytoplankton
community (Karl et al., 1997; Karl et al., 2002; Bonnet et al., 2009; Kitajima et al.,
2009; Shiozaki et al., 2010). This new N enables more primary production thereby
supporting the entire marine food web.

The major marine N»-fixing (i.e. diazotrophic) cyanobacteria fall into three
categories which are defined by morphology and life-style, as well as nitrogenase
(nifH) gene phylogeny. One group forms symbioses with eukaryotic phytoplankton
(e.g. Richelia and Calothrix). The second group includes free-living filamentous
species such as Trichodesmium, and the third group are free-living unicellular
cyanobacteria (i.e. UCYN) including Crocosphaera. With blooms that are easily

observed in surface waters, Trichodesmium was historically considered the major



contributor of fixed N (Capone et al., 1997). However a variety of studies have since
shown that UCYN, which are distributed throughout tropical and sub-tropical oceans,
could dominate global marine N»-fixation. For example, direct counts of unicellular
phycoerythrin-containing cyanobacteria (presumed to be diazotrophs) were observed
at concentrations of 10* to 107 cells/liter in the North Pacific (Zehr et al., 2001;
Church et al., 2005), and near 10’ cells/liter in the Atlantic (Falcon et al., 2004). A
variety of studies using quantitative polymerase chain reaction (qPCR) of the nifH
gene have found UCYN abundances between 10° and 10° gene copies/ liter in the
tropical South Pacific (Moisander et al., 2010), the North Pacific (Church et al., 2005;
Church et al., 2008), the tropical Atlantic (Langlois ef al., 2008), and the South
China Sea (Moisander ef al., 2008). Corresponding high levels of in-sifu unicellular
cyanobacterial N, fixation (0.02 to 4.5 nmol liter’ hour™ ) have also been recorded
(Zehr et al., 2001; Falcon et al., 2004; Montoya et al., 2004; Kitajima et al., 2009;
Moisander et al., 2010). These studies have clearly demonstrated the importance of

UCYN in global marine nutrient cycling.

Physiological studies in cultivated Crocosphaera

Cultured representatives of Crocosphaera have been isolated from the
Atlantic and Pacific Oceans and from latitudes ranging from 28°S to 24°N. To date,
all isolates are considered strains of the species Crocosphaera watsonii, and the
established type-strain is WH8501, isolated from the S. Atlantic in 1984 (Waterbury

et al., 1988). Researchers have investigated the molecular and physiological



responses of C. watsonii (primarily in WH8501) to a variety of environmental
changes. In response to phosphorus limitation, C. watsonii has shown reduced
growth and N,-fixation (Falcon et al., 2005) and increased expression of phosphorus
scavenging genes (Dyhrman and Haley, 2006). Interestingly, Crocosphaera exhibits
increased carbon and N,-fixation rates under increased CO; and Fe replete conditions,
suggesting it may be well adapted to rising atmospheric CO, concentrations (Fu et al.,
2008). Another study showed that Crocosphaera may have a relatively narrow
window of oxygen concentrations where it can fix N», which inexplicably was well
below atmospheric oxygen concentrations (Compaoré and Stal, 2010). C. watsonii is
also apparently adapted for growth and use of iron-rich nitrogenase proteins in iron
limited environments through mechanisms such as regulated expression of iron
response genes (Webb et al., 2001; Shi et al., 2010) and significant recycling of iron
metalloproteins (Tuit et al., 2004; Saito et al., 2011). In addition to the iron genes, a
number of metabolic functions are regulated on a diel basis, such as photosynthesis
and N,-fixation which are temporally separated during the diel cycle (Mohr et al.,
2010; Pennebaker et al., 2010; Shi et al., 2010; Hewson et al., 2009; Saito et al.,
2011). There is some evidence that diel gene expression patterns may be driven by
circadian control that regulates transcription through changes in genomic DNA

topology (Pennebaker et al., 2010) .



Phenotypic variation in Crocosphaera isolates

In addition to the experiments that have been carried out on single isolates,
additional studies have found physiological differences among C. watsonii cultivated
strains. Based on these differences, Crocosphaera strains can be divided into two
broad phenotypic categories. The first phenotype is characterized primarily by larger
cell diameters (over 4 pm) and production of copious amounts of extracellular
polysaccharide (EPS) (Webb et al., 2009; Sohm et al., 2011). This large cell-type
also has a wider temperature range for growth, higher per-cell N,- fixation rates and
higher photosynthetic efficiencies, as measured by F\/F,. In contrast, the small-cell
(i.e. <4 um) phenotype, which includes the WH8501 type-strain, produces at least 10
fold less EPS and has lower F\/F,,, and lower N,- fixation rates (Webb et al., 2009;
Sohm et al., 2011). Additionally, there is evidence of differences among isolates in
their phosphorus uptake capabilities. Specifically, some strains appear to be missing
a high affinity phosphate transporter gene (pszS) and/or an alkaline phosphatase gene
(Dyhrman and Haley, 2006). There does not appear to be a different geographic
distribution for the two phenotypes, as both types have been isolated from the North
Pacific and South Atlantic basins (Webb et al., 2009).

In light of their observed differences, the two phenotypes may have different
ecological niches and may have different influences in marine biogeochemical
cycling. The different photosynthetic efficiencies of the two types suggests they may
be adapted to different light-levels, and therefore may be found at different depths in

the water column, similar to the paradigm of high-light and low-light adapted clades



of Prochlorococcus (West and Scanlan, 1999; Rocap et al., 2003; Scanlan et al.,
2009). In addition, the significantly different rates of per-cell N»-fixation would
result in very different amounts of new nitrogen input to the ecosystem if one type
was largely dominant over the other. The most apparent difference between the types
is the level of EPS production, which also has ecological relevance. The exact
purpose of EPS production in Crocosphaera is not well understood, but EPS has been
shown to have cell-protective properties in a variety of cyanobacteria (Pereira et al.,
2009), which could make the large-cell types more resistant to cellular degradation.
Furthermore, cell aggregation has been observed in the EPS producing strains, and in
EPS-associated cells in natural samples (Webb et al., 2009; Sohm et al., 2011). Such
aggregates could result in a higher sinking rate for the large-cell type, thereby
increasing their relative contribution of nutrient export form the photic zone. This
export, analgous to marine snow, would also be enriched in carbon, because EPS has
a much higher C:N ration than cellular material (Passow et al., 2001; Sohm et al.,
2011). The only study to date that has investigated the two types in natural samples
used microscopy to determine the relative abundance of large cells and small cells at
a single depth during a research cruise in the western Equatorial and South Pacific
(Webb et al., 2009). In that sample set, Crocosphaera were relatively low abundance
(100-1400 cells/liter), the small cells slightly outnumbered the large-cells, and some
aggregation of the large-cells was observed (Webb et al., 2009). However, no

difference was found between the two types in response to nutrient amendments.



Previous studies of genetic variation in Crocosphaera populations and isolates

Marine cyanobacteria, as direct descendents of ancient phototrophs with
deeply rooted phylogenies, typically have substantial sequence diversity, even among
closely related species (Zhao and Qin, 2007; Dufresne et al., 2008). This observation
has been supported by a wide variety of genome sequences and large scale
environmental sequencing efforts that have focused on the most abundant taxa;
Prochlorococcus and Synechococcus (Rocap et al., 2002; Ernst et al., 2003; Rocap et
al., 2003; Venter et al., 2004; Rusch et al., 2007; Scanlan et al., 2009; Partensky and
Garczarek, 2010). In contrast to those studies, and despite clear phenotypic
differences between strains, sequences of Crocosphaera strains showed surprisingly
little sequence variation. An examination of the 16S-23S ITS region in nine C.
watsonii strains only found six single base positions varied out of nearly 900bp
(Webb et al., 2009). That is quite different from studies that have shown up to 45%
variation in the 16S-23S ITS region of Synechococcus and Prochlorococcus even
when adjacent 16S rRNA sequences were over 97% identical (Rocap et al., 2002;
Ernst et al., 2003; Brown and Fuhrman, 2005).

The contrasting genetic diversity patterns between Crocosphaera and
sympatric non-N»-fixing cyanobacteria was also observed in sequences beyond the
rRNA operon. In a comparison of five functional genes within seven Crocosphaera

strains and two large-insert environmental clones (BACs), all sequences were > 99%



identical (Zehr et al., 2007) . That level of identity in the context of the wide
geographic and temporal distance between the collection of strains and BACs
indicated that there is remarkably little DNA mutation accumulation among strains in
this genus. This finding was supported by a metagenomic study that found similar
levels of sequence identity between environmental sequences and the C. watsonii
WH&8501 genome (Hewson et al., 2009). Comparable genomic analyses in
Synechococcus and Prochlorococcus showed nucleotide sequence identity of
orthologous genes were often as low as 50-78% even when comparing species with >
96% 16S rRNA identity (Coleman et al., 2006; Zhao and Qin, 2007; Dufresne et al.,
2008) and large scale environmental sequencing showed a similar degree of sequence
variation in natural populations (Rusch et al., 2007). These results suggested the
evolutionary process in Crocosphaera is quite different than what has been observed
in Synechococcus and Prochlorococcus which appear to follow the canonical
evolutionary paradigm of gaining genetic variation through mutation accumulations.
Analysis of the C. watsonii WH8501genome and initial sequence comparisons
revealed that Crocosphaera, despite its apparent lack of sequence mutation
accumulation, may acquire diversity through genetic mobility. An unusually high
number of transposase genes was found in the C. watsonii WH8501 draft genome,
along with evidence for positive evolutionary selection in those genes (Mes and
Doeleman, 2006). Additionally, expression of Crocosphaera transposase genes was
observed in a metatranscriptome study, demonstrating that natural Crocosphaera

populations could be utilizing a similar process as cultured isolates (Hewson et al.,



2009). This is another aspect in which Crocosphaera are distinguished from
sympatric non-N»-fixing marine cyanobacteria, such as Synechococcus and
Prochlorococcus, which generally lack transposase genes. The most convincing
evidence that Crocosphaera acquire variation through genetic mobility was the
finding of large scale genomic rearrangements when BAC sequences were aligned to
the C. watsonii WH8501 draft genome, (Zehr et al., 2007). The transposase genes
flanking those rearrangements also suggested that such genetic mobility is likely
mediated by the abundant transposase genes in the WH8501 genome (Zehr et al.,
2007).

Transposons are highly abundant mobile genetic elements that mediate
genome shuffling within and between a wide variety of taxa (Aziz et al., 2010),
including plants (Feschotte et al., 2002), mammals (Lander et al., 2001; Waterston et
al., 2002), bacteria (Mahillon et al., 1999; Touchon and Rocha, 2007) and archaea
(Goodchild et al., 2004; Filee et al., 2007). Insertion sequences (IS’s), a type of
transposable element, have been observed in prokaryotes at frequencies from zero to
over 300 per genome. Within prokaryotic genomes, IS elements can have significant
metabolic costs associated with expressing the transposase genes (the protein coding
portion of transposons that catalyze DNA movement), as well as increasing the
probability of inactivating genes or regulatory regions and increasing homologous
recombination between multi-copy IS elements in the genome (Touchon and Rocha,
2007). Genomic IS abundance has also been correlated with both genome size and

the frequency of horizontal gene transfer (HGT) (Touchon and Rocha, 2007). Some



of the highest numbers of transposable elements have been found in proteobacterial
and cyanobacterial genomes, although a large fraction of cyanobacterial species lack
any recognized transposase genes in their genomes (e.g. Prochlorococcus), (Kaneko
et al., 2007; Touchon and Rocha, 2007; Frangeul et al., 2008; Stucken et al., 2010).
Researchers have also found abundant transposases in the deep oceans, suggesting
they play an important role in microbial communities in a variety of marine
environments (Konstantinidis et al., 2009). Based on these observations and the
evidence for the role of transposases in WH8501 genome rearrangements discussed
above, these elements appear to be important in Crocosphaera genomes. Primarily,
transposases appear to be critical in Crocosphaera’s unusual strategy to acquire

genetic diversity in the context of very little random mutation accumulation.

Unanswered questions and focus of the dissertation

In the context of marine microorganisms, Crocosphaera have been relatively
well studied. However, prior to the work described in this dissertation, a number of
areas remained nearly unexplored. Primarily, despite increasing evidence that there
are multiple phenotypes of C. watsonii, with ecologically important differences, the
genetic basis for those differences was essentially unknown. Because of that lack of
knowledge, no molecular markers were available that could differentiate between
phenotypes in natural populations. As such, the distributions and relative abundances

of the C. watsonii sub-types were also completely unknown.



The genome sequence from Crocosphaera WH8501, and some comparisons
to that genome, provided intriguing evidence of high sequence conservation, high
transposase abundance and significant genomic rearrangement. However, it was not
clear if a strain with the opposite phenotype would have the same genomic signatures.
The comparison of WH8501 (small-cell) genome to the WH0003 (large-cell) genome
was undertaken to explore that question.

After discovering sequences and genome features unique to each of those two
strains, it remained to be seen whether those features were representative of their
respective phenotypes. To address that issue, four additional genomes, two of each
phenotype, were sequenced and compared. Based on those six genomes, a suite of
genes have been identified as characteristic of each Crocosphaera phenotype,
including some that indicate the two types may have different adaptations to
environmental changes. A subset of those genes were crucial in the development of
molecular assays that can differentiate between the two types. The initial
experiments, described in this dissertation, that have applied those assays to natural
samples are first steps in acquiring a critical understanding of natural distributions of

the two Crocosphaera phenotypes that have quite significant ecological differences.
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Abstract

Unicellular nitrogen-fixing cyanobacteria are important components of marine
phytoplankton. Although non-nitrogen-fixing marine phytoplankton generally exhibit
high gene sequence and genomic diversity, gene sequences of natural populations and
isolated strains of Crocosphaera watsonii, one of the two most abundant open ocean
unicellular cyanobacteria groups, have been shown to be 98-100% identical. The low
sequence diversity in Crocosphaera is a dramatic contrast to sympatric species of
Prochlorococcus and Synechococcus, and raises the question of how genome
differences can explain observed phenotypic diversity among Crocosphaera strains.
Here we show, through whole genome comparisons of two phenotypically different
strains, that there are strain-specific sequences in each genome, and numerous
genome rearrangements, despite exceptionally low sequence diversity in shared
genomic regions. Some of the strain-specific sequences encode functions that explain
observed phenotypic differences, such as exopolysaccharide biosynthesis. The
pattern of strain-specific sequences distributed throughout the genomes, along with
rearrangements in shared sequences is evidence of significant genetic mobility that
may be attributed to the hundreds of transposase genes found in both strains.
Furthermore, such genetic mobility appears to be the main mechanism of strain
divergence in Crocosphaera which do not accumulate DNA microheterogeneity over
the vast majority of their genomes. The strain-specific sequences found in this study
provide tools for future physiological studies, as well as genetic markers to help

determine the relative abundance of phenotypes in natural populations.
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Introduction

Marine phytoplankton, which are dominated by cyanobacteria in most of the
world’s open oceans, are important in global marine biogeochemical cycles and
account for half of global carbon fixation (Waterbury et al., 1986; Goericke and
Welschmeyer, 1993; Liu et al., 1997; Partensky et al., 1999; Scanlan and West,
2002). The immense genetic diversity of phytoplankton communities has been
revealed through rRNA sequences and genomic sequencing of cultivated species, as
well as large scale environmental sequencing efforts (Rocap et al., 2002; Ernst et al.,
2003; Rocap et al., 2003; Venter et al., 2004; Rusch et al., 2007; Partensky and
Garczarek, 2010). As direct descendents of ancient phototrophs with deeply rooted
phylogenies, it is not surprising that cyanobacteria typically show a large amount of
genomic sequence heterogeneity, even among closely related species (Zhao and Qin,
2007; Dufresne et al., 2008). However, the genome diversity among Crocosphaera
strains and populations is an intriguing deviation from that observed trend.

In oligotrophic regions, phytoplankton production is often limited by
nutrients, especially nitrogen (N), and in those areas, nitrogen (N,) fixation provides
an important source of new N that supports primary productivity (Karl et al., 1997,
Karl et al., 2002; Bonnet et al., 2009; Kitajima et al., 2009; Shiozaki et al., 2010).
The major marine N»-fixing cyanobacterial taxa can be categorized into three groups
based on life-style and morphology: 1) symbiotic, including Richelia spp. and
Calothrix spp. 2) free-living and filamentous, like Trichodesmium spp. and 3) free-

living and unicellular, such as Crocosphaera spp. The two most abundant taxa of
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unicellular diazotrophs, as defined by nitrogenase gene (nifH) phylogeny, are the
uncultivated Group A (i.e. UCYN-A) and Group B, which is represented in culture by
a number of Crocosphaera watsonii strains. Previously, free-living unicellular
diazotrophs were thought to be relatively minor contributors to total marine N,
fixation (Capone et al., 1997). However, more recent studies have reported high
abundance using qPCR and direct cell counts (Zehr et al., 2001; Falcon et al., 2004;
Church et al., 2005a; Church et al., 2008; Langlois et al., 2008; Moisander et al.,
2008; Moisander et al., 2010), and measured high rates of in-situ unicellular
cyanobacterial N, fixation (Zehr et al., 2001; Falcon et al., 2004; Montoya et al.,
2004; Kitajima et al., 2009; Moisander et al., 2010), demonstrating that unicellular
diazotrophs are often significant contributors of new N in the global ocean.
Crocosphaera spp. strains have been isolated from the Atlantic and Pacific
Oceans between 28°S and 24°N latitudes. All isolates are strains of the species
Crocosphaera watsonii. These strains have important phenotypic differences with
ecological implications, such as the possible absence of phosphorus scavenging genes
in some strains (Dyhrman and Haley, 2006), and differences in cell size, temperature
growth optima, exopolysaccharide (EPS) production, and N, fixation rates (Webb et
al., 2009). It is likely that these differences affect the way each phenotype interacts
with the surrounding environment. For example, EPS production may alter cell
sinking rates, and has also been shown to have cell-protective properties in some
cyanobacteria (Pereira et al., 2009). The two strains described in this study have

contrasting phenotypes. C. watsonii WH8501, isolated from the South Atlantic in
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1984, has a smaller cell size (2-4 um), narrower temperature range, and does not
produce EPS. C. watsonii WHO0003, isolated from the North Pacific in 2000, has
larger cells (4.5 -5.5 um), produces large amounts of EPS, and has per-cell N,-
fixation rates approximately five times higher than the WH8501 strain (Webb et al.,
2009).

Despite differences in phenotype, a high degree of genetic similarity has been
observed among Crocosphaera strains. For example, when comparing a 950 bp
fragment of the typically variable 16S-23S rRNA ITS region, no strain was found to
vary at more than five of six total variable single base positions (Webb et al., 2009).
Another study examined sequences of five functional genes in seven Crocosphaera
strains and two large-insert environmental clones (BACs) and found that all strains
and BACs shared > 99% nucleotide identity for all gene fragments, suggesting that
there is remarkably little DNA mutation accumulation among strains in this genus
(Zehr et al., 2007). A metagenomic study supported this finding when similar levels
of sequence identity were observed between environmental sequences and the C.
watsonii WH8501 genome (Hewson et al., 2009). Such observations of
Crocosphaera genetic conservation are a striking contrast to non-N»-fixing marine
cyanobacteria genera (Prochlorococcus and Synechococcus) that exhibit a large
degree of genomic sequence divergence (Scanlan et al., 2009; Partensky and
Garczarek, 2010). Genome-wide analyses of those genera have shown nucleotide
sequences of orthologous genes often differ by 20 to 50% even when comparing very

closely related species (Zhao and Qin, 2007; Dufresne et al., 2008), The average
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nucleotide identity of orthologous genes in pair-wise whole genome comparisons of
cultivated Synechococcus and Prochlorococcus species (both within and between
genera) was between 50% and 78%, even in comparisons between species with >
96% 16S rRNA identity (Coleman et al., 2006; Zhao and Qin, 2007; Dufresne et al.,
2008). In addition, large scale environmental sequencing showed that this degree of
sequence variation is also present in natural populations (Rusch et al., 2007).

Observed phenotypic variation among C. watsonii strains could be explained
by genomic rearrangements such as that reported from alignment of environmental
BAC sequences to the WH8501 draft genome (Zehr et al., 2007). That study also
observed transposase genes (the genes responsible for genetic movement in
transposons) near rearrangements, hinting at a mechanism for genetic mobility. More
evidence that transposase genes may be important in Crocosphaera spp. was provided
shortly after the release of the C. watsonii WH8501 draft genome, when the unusually
high abundance of transposase genes was recognized, and evidence was found for
positive evolutionary selection in a subset of those genes (Mes and Doeleman, 2006).
A more recent study showed that this was not a culture-based phenomenon by
observing expression of some of those transposase genes in natural Crocosphaera
populations (Hewson et al., 2009).

Transposons are highly abundant mobile genetic elements that mediate
genome shuffling within and among all domains of life (Mahillon et al., 1999; Lander
et al., 2001; Feschotte et al., 2002; Waterston et al., 2002; Goodchild et al., 2004;

Filee et al., 2007; Touchon and Rocha, 2007; Aziz et al., 2010). The abundance of
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transposable elements in genomes has been correlated with both genome size and the
frequency of horizontal gene transfer (HGT) (Touchon and Rocha, 2007), and IS
elements have been observed in prokaryotes at frequencies from zero to over 300 per
genome, with proteobacteria and cyanobacteria species containing some of the
highest numbers (Kaneko et al., 2007; Touchon and Rocha, 2007; Frangeul et al.,
2008; Stucken et al., 2010). However, many cyanobacteria species do not have any
recognized transposases in their genomes (e.g. Prochlorococcus), and a study which
examined a small number of cyanobacterial genomes found very low numbers
(median = 1 per genome) even in the genomes which had transposases (Touchon and
Rocha, 2007). More recently, researchers found high abundances of transposases in
the deep oceans, suggesting they play an important role in microbial communities in a
variety of marine environments (Konstantinidis et al., 2009).

The aim of this study was to compare the genomes of two Crocosphaera
strains (C. watsonii WH8501 and C. watsonii WHO0003, referred to hereafter as
WHS8501 and WHO0003 respectively) in order to answer the following questions: 1) Is
the lack of DNA sequence divergence found in previous studies generalized across
the entire genome? and 2) are there strain-specific regions in each genome that can

explain the phenotypic differences between strains?
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Materials and Methods:

WH0003 genomic DNA amplification and 454 sequencing

A non-axenic culture of Crocosphaera watsonii WH0003 was grown in
nitrogen-free SO medium (Waterbury et al., 1986; Waterbury et al., 1988) in
polycarbonate tissue culture flasks with a 0.2 pm pore-size vent cap (Corning Inc.,
Corning, NY, USA) at 26°C under a 12:12 hour light/dark cycle. Because the cells
cannot be directly separated from their EPS matrix, DNA could not be extracted from
cultured cells using standard methods. Instead, an aliquot of densely grown cells was
subjected to 60 seconds of bead beating on a Mini-Beadbeater-96 (Biospec Products,
Bartlesville, OK) with a mixture of 0.5 mm and 0.1 mm beads to physically separate a
portion of the cells from their EPS. After bead-beating, the resulting mixture of cells
and EPS was passed through a 10 pm swinex filter prior to being sorted using the
Influx Mariner flow cytometer and cell sorter (Cytopeia Corp, Seattle, WA). The
flow rate was adjusted to allow approximately 2,000 events per second during sorting.
Replicates of 5,000 cells each were sorted into 1.5 ml microcentrifuge tubes
containing 150 pl of TE buffer, and stored at -80°C.

After freezing, cells were thawed and pelleted at 14,000 rpm (21,000 xg) for
approximately 40 minutes and the supernatant was discarded. Cells were resuspended
in 7 pl of GenomiPhi V2 sample buffer (Amersham Biosciences, Piscataway, NJ),
lysed by adding 2 pL of lysis buffer (400 mM KOH + 10 mM EDTA) and incubating
at 65°C for 3 min. The lysis was terminated by adding 2 pL of neutralization buffer

(600 mM Tris HCI, pH 7.5, 400 mM HCI) and placing the samples on ice. The
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resulting whole cell lysis was used directly in a 21 pL reaction by adding 8.5 puL of
reaction buffer, and 1.5 uL of GenomiPhi V2 enzyme mix (Amersham Biosciences,
Piscataway, NJ). Amplification was carried out in a thermal cycler at 30°C for 105
minutes, terminated at 65°C for 10 minutes, followed by temporary storage at 4°C,
and long-term storage at -20°C. Prior to 454 sequencing, amplified genomic DNA
was quantified using Pico Green (Invitrogen Corporation, Carlsbad, CA).

Shotgun library construction was carried out at the UCSC Genome
Sequencing Center (http://biomedical.ucsc.edu/GenomeSequencing.html) using
sorted cell amplified DNA and sequenced on the Genome Sequencer FLX instrument
using Titanium Series protocols according to the manufacturer's specifications (454

Life Sciences, Branford, CT).

Sequence assembly and analysis and ORF identification

The Y4 chip 454 sequencing run produced 540,451 reads, with an average
length of 418 bp for a total of 225,977,489 bp (~37x coverage of the genome). All
reads were assembled using Version 2.0.00 of the Newbler GS De Novo Assembler
program (454 Life Sciences, Branford, CT). The assembly was run via command line
interface using the “-nrm”, “-consed” and “-large” flags. All other parameters used
were the default values, as described in the manufacturer’s publication, “Genome
Sequencer Data Analysis Software Manual”.

The assembly resulted in 1390 contigs, ranging in length from 500 bp to

46,275 bp with a total length of 6,130,298 bp. Each contig was compared to the C.
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watsonii WH8501 draft genome (GenBank GI #67858163) using nucleotide BLAST
(Altschul et al., 1990), and contigs with over 100 bp sequence alignments to WH8501
were assigned to the WH0003 draft genome. There were 899 such contigs with a
total length of 5,465,610 bp. The remaining 491 contigs that showed less similarity,
or no similarity, to WH8501 were compared to a database of all prokaryotic proteins
using BLASTx (translated nucleotide query vs protein DB), and divided according to
the taxonomy of their best BLAST alignments. There were 227 contigs (totaling
424,894 bp) which were most similar to known cyanobacterial sequences. Those
contigs were labeled as “probable” WH0003 genome sequence. The remaining 260
contigs (237,640 bp) showed no homology to known cyanobacteria, and were
discarded from further analysis.

ORFs in the WHO0003 draft genome sequence were identified and annotated
using RAST (Aziz et al., 2008). The concatenated proxy genome was the input
sequence, and 5,693 features were predicted. Those features were annotated as
follows; 3 rRNA sequences (in a single operon), 39 tRNA sequences (71 to 87 bp
each), and 5,651 ORFs. In order to correct for the fact that the genome was
artificially concatenated, 618 ORFs which were predicted by RAST to read across the
ends of contigs were broken at the contig ends, and manually re-annotated using
BLAST results of the resulting broken ORFs. This process produced 762 non-broken
OREFs (from the original 618 contig-spanning sequences), resulting in a total of 5,795
ORFs in the WHO0003 draft genome (4,553,866 bp or 83.3% coding sequence). For

the WH8501 genome, the existing GenBank locations and functional annotations for
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all 5,958 ORFS were used, except for 1,211 ORFs that were identified as transposase
genes and subsequently re-annotated with their corresponding IS family assignments
(see methods and Table S1).

The WHO0003 genome sequences and annotations are publicly available in
GenBank (http://www.ncbi.nlm.nih.gov/). The Whole Genome Shotgun project has
been deposited at DDBJ/EMBL/GenBank under the accession AESD00000000. The
version described in this paper is the first version, AESD01000000. The 899 contigs
confidently assigned to the WH0003 have accession numbers AESD01000001-
AESDO01000899, and the additional 227 contigs that are “probable” WHO0003

sequences have accession numbers AESD01000900- AESD01001126.

Transposase annotation*

The observation of highly repetitive ORFs in the WH8501 genome, most of
which were annotated as hypothetical proteins, led to a reassessment of the functions
of those ORFs. Using a nucleotide sequence identity cutoff of 98%, ORFs were
placed into isoform groups, and the number of copies of each isoform was tabulated
(Table S2). Amino acid sequences for a representative of each isoform were used as
query sequences in a protein BLAST (BLASTp) against all prokaryotic proteins.
Sequences were annotated as transposase genes using the conservative criteria of a
total identity [tID = percent identity X percent of the ORF length aligned] of more
than 50% to known transposases. Those ORFs, as well as any originally annotated

transposase genes not represented in the isoform groups, were assigned to IS families
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according to sequence similarity to known families using the BLAST tool on the
ISfinder website (http://www-is.biotoul.fr/is.html) with default parameters (Siguier et
al., 2006). All of the re-annotated ORFs are listed in Table S1. A similar analysis was
carried out on the WHO0003 genome. ORFs initially annotated as hypothetical or
unknown proteins were compared (BLASTp) to all prokaryotic proteins. Sequences
with alignments to known transposases were annotated based on total identity (tID) as
follows; >50% tID: annotated as “transposase”, 35-50% tID: annotated as “similar to
transposase”, 10-35% tID: annotated as “possible transposase”. ORFs in all of those
categories, as well as those annotated as transposases by the RAST automated
annotation were assigned to IS families according to sequence similarity to known
families using the ISfinder BLAST tool (http://www-is.biotoul.fr/is.html) (Siguier et
al., 2000).

* See appendix 1 for additional analysis of WH8501 and WH0003 genomic

transposase ORFs

Genome comparisons

To assist in visualization of genome-wide comparison between the two
strains, proxy genome sequences were created by concatenating the draft genome
contigs into a single sequence. For C. watsonii WH8501, all 323 contigs were placed
in the same order in which they are listed in GenBank, roughly in order of descending
contig length. The WH0003 contigs were ordered according to the location of their

best BLAST alignment to the WH8501 proxy genome. The resulting two proxy
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genomes were aligned and visualized using the WebACT
(http://www.webact.org/WebACT/home ) version of the Artemis Comparison Tool
(Carver et al., 2005).

Nucleotide sequences for intergenic spaces (IGSs) over 50 bp and all ORFs
from each strain were used as query sequences in BLASTn comparisons against the
proxy genome of the other strain. The percent identity of the best BLAST alignment
for each sequence (for sequences with alignments > 50 bp) were used in Figures 1
and 2. For the taxonomic analysis of the WH0003 ORFs least similar to WH8501,
sequences were placed into three bins based on tID of the best BLAST alignment (35-
50% tID, 20-35% tID, and <20% tID). Translated amino acid sequences for all
sequences in each bin were compared to the NCBI nr protein database using
BLASTp. The results of those BLAST comparisons were used to construct the
taxonomic distributions (and likely origins) of the ORFs using the MEGAN program

(Huson et al., 2007).

Microarray gene expression

Methods for growth, RNA extraction, and microarray design and
hybridization of whole genome expression experiments were described in Shi et al.
(2010). Briefly, C. watsonii WH8501 cultures were grown under a 12:12 hour
light/dark cycle, and RNA was extracted at 8 time points (4 in dark and 4 in light).
The RNA samples from each time point were hybridized to an oligonucleotide array

designed from the WH8501 draft genome (NimbleGen design ID 2007-03-
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14 EW_C watsonii). A total of 320 oligonucleotide probes representing transposase
genes in three IS families and one putative transposase family (average of 80 probes
per family) were included on the array, which enabled the analysis described in this
manuscript. For each gene, the overall mean expression for all 8 time points was
calculated, and the relative expression for each time point was calculated relative to

that mean.

Results and Discussion

Broad Genome Comparison

The genomes of the two Crocosphaera strains (WH8501 and WHO0003) were
similar in size, %G+C, and number of predicted ORFs. Genomic DNA from the
WHO0003 strain was sequenced, assembled and analyzed (see methods), resulting in a
draft genome of 5.5 Mb in 899 contigs. There were an additional 227 contigs (0.4
Mb) that had no similarity to WH8501, but were identified as “probable” WHO0003
genome sequence, based on similarity to other cyanobacterial sequences (Table 1).
The total length of WHO0003 contigs (5.9 Mb) was similar in size to the previously
sequenced 6.2 Mb genome of the WH8501 strain. The WH8501 genome is
composed of fewer (323) and longer contigs than that of WHO0003, despite the fact
that the sequence data was over 35x coverage of the WHO0003 genome. This may
have been due to the difference between sequencing methods, since other

pyrosequencing projects have had similar difficulties assembling genomes without
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paired-end data (Goldberg et al., 2006; Hofreuter et al., 2006; Rothberg and Leamon,
2008; Tripp et al., 2010). The % G+C of the two genomes was very similar (37.1%
for WH8501 and 37.7% for WHO0003) and both genomes had just under 6,000
predicted genes (ORFs) (Table 1). Genome sequences of other cyanobacteria have
much higher variability in GC content within a single genus. For example, total %
G+C ranges from 31% to 51% in completed Prochlorococcus genomes and 52% to
66% in Synechococcus genomes (Partensky and Garczarek, 2010). Genome size also
varies more within these groups than in the two Crocosphaera strains (< 6%
variation), with completed genome sizes (as listed in NCBI completed genomes
http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) ranging from 2.2 Mb to 3.4 Mb (up
to 50% variation) in Synechococcus and 1.6 Mb to 2.7 Mb (up to 56% variation) in

Prochlorococcus.

Shared Genome Features

Most coding and non-coding regions of each genome were nearly identical
between the two Crocosphaera strains. Nucleotide BLAST comparisons of coding
sequences (ORFs) and non-coding intergenic spaces (IGSs) between the genomes
revealed that over 80% of each genome was >98% identical to the other strain at the
DNA sequence level (Figure 1). Below the highest category of sequence identity, the
number of sequences in each bin dropped rapidly, and for all BLAST alignments over
50 bp, there were very few (~ 5%) sequences between 92 and 97% identical, and none

was less than 78% identical (Figure 1). The finding that most of the two
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Crocosphaera strain genomes are nearly identical is consistent with previous results
that reported little to no sequence variation among a number of genetic markers
targeting functional genes of cultivated strains and natural populations (Zehr et al.,
2007). Surveys of the C. watsonii nitrogenase gene nifH also showed very little, if
any, sequence variation in either the Atlantic (Langlois et al., 2005) or the Pacific
Oceans (Church et al., 2005a; Church et al., 2005b). Additionally, 16S-23S rRNA
ITS sequences for 10 Crocosphaera strains varied at fewer than five single base
positions in a 950 bp amplicon, and some strains shared 100% identity in this region
that is typically variable (Webb et al., 2009). This level of genetic conservation is
particularly notable in phenotypically distinct Crocosphaera strains that have been
isolated from multiple natural populations, over several decades and from multiple
ocean basins. The genome conservation observed in the two Crocosphaera genomes
described in this study and the previously described environmental sequences (Zehr et
al., 2007) could be explained using three possible mechanisms. First, the species
could have a very effective DNA replication and error correction system, similar to
Deinococcus radiodurans (Slade et al., 2009). Second, the Crocosphaera population
could have undergone a relatively recent global selective sweep as a result of a single
strain gaining a trait that conferred a significant advantage over all other strains in the
species. The third possibility is that a recent bottleneck could have severely reduced
the population and resulted in loss of most genetic variation followed by a global re-
distribution of the species throughout tropical waters. However, with the limited

sequence data sets currently available, it is not possible to establish which of these
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three best explains the current observations. Future studies of genomic sequence
variation within and between additional strains, and among natural Crocosphaera

populations would help answer this question.

The high degree of nucleotide sequence conservation in Crocosphaera strains
also contrasts with sequence divergence observed in the sympatric, non-N,-fixing
cyanobacteria Prochlorococcus and Synechococcus (Rocap et al., 2002; Ernst et al.,
2003; Brown and Fuhrman, 2005; Rusch et al., 2007; Partensky and Garczarek,
2010). Pair-wise, whole genome comparisons of Synechococcus and Prochlorococcus
species as well as metagenomic sequencing of environmental samples showed a much
higher degree of variation in cultivated strains and in natural populations (Coleman et
al., 2006; Rusch et al., 2007; Zhao and Qin, 2007; Dufresne et al., 2008). However,
such sequence divergence was not seen in comparisons of environmental samples to
the WH8501 genome (Zehr et al., 2007; Hewson et al., 2009), nor in the comparison
between the Crocosphaera strains described in this manuscript, which suggests that
genome sequence diversity among Crocosphaera strains is much different than in

Synechococcus and Prochlorococcus taxa.

Strain-specific Genome Features

While much of the genome of C. watsonii is highly conserved at the
nucleotide sequence level, genetic variation between strains mostly is present as
genome rearrangements, insertions and deletions. Alignments of Prochlorococcus

genomes showed that strain-specific genetic material is often localized to large
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islands of variation (10 — 90 kb each) that do not have homology to other strains
(Coleman et al., 2006). The sequences in each Crocosphaera genome that were
strain-specific (10 to 15% of coding and non-coding sequences, see Figure 1) were
further analyzed to determine their genomic locations and whether they were
localized to similar islands of variation. Proxy genome sequences were constructed by
concatenating the contigs from each strain into a single sequence (see methods). The
BLAST percent identity of each ORF and IGS from one strain were plotted at the
position of the best BLAST match on the proxy genome of the other strain to
illustrate sequence similarity across the genomes as well as regions where there was
little or no sequence identity (Figure 2). The vast majority of the nearly identical
coding and non-coding sequences were spread across both proxy genomes, and
regions without similarity (i.e. strain-specific regions) occurred mostly in small
fragments across both genomes, rather than grouped into large islands. Because the
proxy genomes were both constructed from many contigs, it is possible that some
larger stretches of strain-specific sequence were not properly arranged, so their full
lengths would be unknown, but that cannot be assessed without closed genomes.
However, the vast majority of WHO0003 contigs contained some regions that were
shared with high nucleotide identity to WH8501; and yet, even on those contigs, the
strain-specific regions were consistently small and numerous. This suggests that it is
not an artifact of the genome status, but that a multitude of insertions, deletions and

genomic rearrangements have occurred since the strains diverged.
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The WHO0003 ORF sequences that were least similar to the WH8501 genome
were compared to public sequence databases and were generally most similar to
closely related cyanobacteria. Using a combination of sequence identity and length
of BLAST alignment, the total percent identity ([% ID] multiplied by [% of sequence
length aligned]) to the WH8501 genome was calculated for WH0003 ORF sequences.
There were 930 ORFs in theWH0003 genome with less than 50% total ID (tID) to the
WHS8501 genome. A combined tree of presumed taxonomy (Figure 3) showed that
about 15% of these ORFs (142 of the 930 total), with all tID categories
proportionately represented, could not be assigned or had no BLAST hits at the
MEGAN “MinScore” value of 35 (Huson et al., 2007). Nearly all assigned ORFs
(777 of 788) were most similar to known cyanobacteria. Most (34 of 49) of the ORFs
taxonomically identified as C. watsonii WH8501 were from the two tID categories
most similar to the WH8501 genome, and most of the remaining sequences (379
ORFs) were assigned to various Cyanothece spp. (a closely related unicellular N,-
fixing cyanobacterium). Only ORFs from the least similar tID category were
assigned to any species other than Crocosphaera and Cyanothece, and most of those
were assigned to other cyanobacterial genera (Figure 3). This suggested that most of
the WHOO0O3 strain specific ORFs were either horizontally transferred from
cyanobacteria, or were ancestral cyanobacterial genes that have been lost from the
WHS8501 genome. The 11 ORFs that were taxonomically similar to non-
cyanobacterial taxa could have been acquired via horizontal gene transfer (HGT), or

could be genes that do not have homologues in genomes of other cyanobacteria
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sequenced to-date. Because there are many transposase genes in the Crocosphaera
genomes and the abundance of insertion sequences in genomes is positively
correlated with the extent of HGT (Touchon and Rocha, 2007), it is not surprising

that these genomes show some evidence of HGT.

Most of the strain-specific ORFs in both genomes did not have annotated
functions, were transposases, or were redundant with the functions of shared genes,
leaving a relatively small number of gene functions that could be correlated with
phenotypic divergence. There were 351 ORFs in WH8501 that had no BLAST
similarity (i.e. no alignments >50 bp) to WH0003 (Table S3), half of which (176
ORFs) were transposases (also noted with an ** in Table S1) and ~100 more were
annotated as hypothetical or unknown function. The majority of these genes showed
diel expression patterns (listed in right column of Tabls S3) in a previous microarray
study (Shi et al., 2010). The functions of the 71 ORFs with annotated functions
(aside from transposases) are listed in the top two sections of Table S3. Most of those
had an identical or nearly identical function annotated in the WH0003 genome,
suggesting that the function is not missing from the WHO0003 genome, but is being
performed by an homologous gene. There were only nine WH8501 ORFs with
functions not found in the WHO0003 genome (listed at the top of Table S3). In
contrast, the WHO0003 genome had a larger number (609) of ORFs without BLAST
similarity to the WH8501 genome (Table S4). The majority (370) of those ORFs had
no assigned function, and only 24 were transposases. The functions of the remaining

215 ORFs with non-transposase functions are listed in the top section of Table S4. A
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significant portion (57) of those 215 ORFs were annotated with functions that had no
homologues in the WH8501 genome (using annotated gene descriptions). The
observation that the WH8501 genome contains a much smaller number of ORFs
without functional homologues than the WH003 genome may be an indication that
WHS8501 has lost genetic functionality with the accumulation of the highly abundant
transposase genes throughout its genome. Based on that observation, as well the
larger total number of strain-specific ORFs, it seems likely that the WHO0003 strain
has a number of genetic capabilities that are not present in the WH8501 strain, and

which may help explain the phenotypic differences between the strains.

Examination of the two longest WHO0003 strain-specific regions showed that
one is probably involved in DNA processing, and the other is involved in EPS
biosynthesis, which is distinctive of that strain’s phenotype. The largest region
unique to the WHO0003 genome was 28.5 kb long and was dominated by ORFs
annotated as hypothetical or unknown (Table S5). Five of the seven functionally
annotated ORFs were related to DNA replication or transcription, and the function of
one other ORF (bmgA) is a mobilization protein that plays a role in horizontal gene
transfer. These predicted ORF functions suggest that the region could provide an
aspect of DNA processing not carried out by the WH8501 strain. The second largest
(~25kb) strain-specific region of the WH0003 genome contained 23 ORFs, a number
of which had annotated functions related to polysaccharide biosynthesis and export
(Table 2). Alignment of the two genomes using the flanking shared sequences (6.6

kb from the beginning of the upstream contig and 2.3 kb to the end of the downstream
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contig) showed that the entire 25kb region has been replaced by a single transposase
gene in the WH8501 genome (Figure 4). The %G+C of the 25 kb region is 37.2%,
which is very close to the average for the entire WHO0003 genome, and most of the
highest quality blast alignments for ORFs in the region are to Cyanothece spp., a
closely related cyanobacterial species. Thus, this region does not appear to be a
horizontally transferred addition to the WHO0003 genome, but rather a deletion from
the WH8501 genome. It is also notable that six of the 15 functionally annotated
OREFs in this region had functions that are not found in the WH8501 genome
(indicated by an asterisk in Table 2), and eight of the 15 had functions (based on
annotation or COG similarity) related to polysaccharide synthesis and export (shown
in bold in Table 2 and with arrowheads in Figure 4). Those included three of the five
genes proposed as the core of the cyanobacterial EPS pathway (Pereira et al., 2009);
specifically, the wzx gene (CWATWHO0003 3507), the wza gene
(CWATWHO0003 3516) and the wzc gene (CWATWHO0003 3517). There are no
ORFs with sequence homology, or even conserved domain similarity, to any of these
three genes in the WH8501 genome. The other two genes in the EPS pathway (wzb
and wzy) have homologues in both strains, which further supports the supposition that
WHS8501 once had the ability to produce EPS, but lost that functionality through one
or more genomic deletion events. Because this region of the WH0003 genome
appears to be important in the EPS production that is characteristic of its phenotype, it

would be a prime target for physiological studies focused on EPS production, and
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also as a possible phenotypic marker in future studies of cultivated strains and natural

populations.

Transposase Gene Comparisons*

In contrast to the genome similarities between Crocosphaera strains, the
number of transposase genes per genome showed a six-fold difference with over
1,200 transposases identified in the WH8501genome, and just over 200 identified in
the WHO003 genome. Some of the highest numbers of transposases previously found
in cyanobacterial genomes were 362 and 469 in two Microcystis aeruginosa strains
(Kaneko et al., 2007; Frangeul et al., 2008), and 260 in Trichodesmium erythraeum
IMS101(Stucken et al., 2010). The number of transposase genes in the WH0003
genome (220) was similar in magnitude to those species, but the WH8501 genome
contained significantly more than previously reported cyanobacterial genomes
(Kaneko et al., 2007; Frangeul et al., 2008). In fact, the 1,211 genes annotated as
transposases (see methods) constituted more than 20% of the predicted ORFs in the
WHS8501 genome, and was far higher than the average of 40 transposases per genome

computed for 630 transposase-containing bacterial genomes (Aziz et al., 2010).

To further characterize the transposases in the genomes of both Crocosphaera
strains, they were assigned to IS families based on sequence similarity using IS finder
(Siguier et al., 2006). The resulting IS family distributions showed that WH8501 had
many more genes in most families, and the relative proportions of families were quite

different between strains (Table 3). The most numerous IS families in the WH8501
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genome contained many identical copies of the same sequence, suggesting that their
abundance is a result of widespread replication of those genes (see methods and Table
S4). For instance, of the 294 ORFs assigned to the IS5 family 283 are isoforms of the
same sequence, and for the IS1380 family, 119 of 120 ORFs are isoforms of the same
sequence. Such replication may partly explain the disparity in transposase abundance
between the genomes, as these genes were not highly replicated in the WH0003
genome (Table 3). However, it was not clear why transposases in the same IS
families, and even with similar sequences have not undergone similar levels of
replication in the WHO0003 strain. Because homologous recombination can be
enhanced between multi-copy IS elements (Touchon and Rocha, 2007), it is likely
that WH8501 has undergone more genomic recombination compared to WHO0003, but
that is difficult to assess without finished genome sequences. The differing patterns
of IS family abundance and replication between the genomes suggests that there are

strain-distinct mechanisms of regulating IS element activity.

The large number of transposase genes in WH8501 may have resulted from
genome assembly error or from the strain being maintained in culture for a relatively
long time. At the time of genome sequencing, WH8501 had been continuously
cultivated for 20 years, but WHO0003 was in culture for less than half that time (~9
years) when its genome was sequenced. However, recent metatranscriptome data has
shown that some of the transposases found in the WH8501 genome were actively
transcribed in natural Crocosphaera populations (Hewson et al., 2009). In addition,

microarray expression data showed that transposase genes in four IS families in the
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WHS8501 genome are up- and down-regulated on a daily cycle in culture. The
similarity to the pattern observed for the dnad gene (Figure 5), which encodes for a
DNA replication initiation protein (Messer, 2002; Zakrzewska-Czerwinska et al.,
2007) suggests that transposase expression may be coordinated with DNA replication
as has been observed in other organisms (Ton-Hoang et al., 2010). While more work
is required to investigate the full range and activity of transposase genes in these
strains, the available data suggest that transposase genes are actively expressed in

culture and natural populations, and some exhibit a diel expression pattern.

* See appendix 1 for additional analysis of WH8501 and WHO0003 genomic

transposase ORFs

Conclusions

The whole-genome comparison of two Crocosphaera strains revealed that,
although the strains have divergent phenotypes, the vast majority of the two genomes
are essentially identical at the nucleotide level, and only a small fraction of ORFs in
each genome are strain-specific. ORFs in one of the two largest contiguous strain-
specific regions in the WH0003 genome are likely to play a role in EPS biosynthesis,
and therefore likely to be important in establishing phenotypic characteristics. Many
of the strain-specific ORFs did not have annotated functions, and future discovery of
their functions may help further explain the physiological differences between strains.

Strain-specific sequences will also be useful for studying genetic and phenotypic
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variability in natural populations. Both genomes contained an unusually large
number of transposase genes, but the WH8501 strain harbored roughly six times the
number of these genes compared to the WHO0003 strain, and the IS family patterns of
the strains were quite different. Overall, these observations support the conclusion
that Crocosphaera spp. maintain an unusually high degree of genomic sequence
conservation, without accumulating significant nucleotide-level mutations, and strains

diverge through genomic insertions, deletions and rearrangements.
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Table 1. Genome assembly information and annotation summary.
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WHS8501
(GI #67858163) 6,238,156 | 323 | 720,107 | 19,313 | 37.1 | 5,958 | 1,211
WHO0003
(AESDO01000001-899) | 5,465,610 | 899 | 46,275 | 6,079 | 37.7 | 5,795 | 220
probable WH0003
(AESD01000900-1126) | 424,894 | 227 | 15,256 | 1,872 | 37.3 | 350 9
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Table 2. ORFs within WHO0003 strain specific genome region. (Functions related to
polysaccharide synthesis and export are in bold.)

most
ORF | ORF |RAST Annotated similar
ORF Locus Tag | start stop |function COG COG description
ContigC00178 (NCBI accession # AESD01000522)
Glycosyltransferases
CWATWHO0003 involved in cell wall
3496 7204 | 6563 |hypothetical protein COG0463 | biogenesis
Dehydrogenases with
different specificities
short-chain (related to short-chain
CWATWHO0003_ dehydrogenase/ alcohol
3497 7824 | 7303 |reductase SDR COG1028 |dehydrogenases)
Dehydrogenases with
different specificities
(related to short-chain
CWATWHO0003 _ alcohol
3498 7971 | 7840 |hypothetical protein COG1028 |dehydrogenases)
Sugar transferase Sugar transferases
involved in involved in
*CWATWHO0003 lipopolysaccharide lipopolysaccharide
3499 8768 | 8040 |synthesis COG2148 | synthesis
Thiamine
pyrophosphate-
dependent
Pyruvate dehydrogenases, E1
CWATWHO0003 dehydrogenase component beta
3500 9766 | 8780 |(lipoamide) COG0022 |subunit
Thiamine
pyrophosphate-
dependent
Pyruvate dehydrogenases, E1
CWATWHO0003_ dehydrogenase component alpha
3501 10854 | 9811 |(lipoamide) COG1071 |subunit
Predicted
oxidoreductase
(related to aryl-
CWATWHO0003 putative aldo/keto alcohol
3502 11877 | 10945 |reductase COG0667 | dehydrogenases)
*CWATWHO0003 macrocin-O-
3503 12620 | 11937 | methyltransferase none
CWATWHO0003 glycosyl transferase, Predicted
3504 14047 | 12869 | group 1 COG0438 | glycosyltransferases
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Contig02285 (NCBI accession # AESD01000523)

*CWATWHO0003 Predicted
3505 1039 26 | WbIG protein COG0438 | glycosyltransferases
CWATWH0003
3506 2511 | 1174 |hypothetical protein  |none
Membrane protein
involved in the
export of O-antigen
*CWATWHO0003 and teichoic acid
3507 3946 | 2633 O-antigen translocase | COG2244 | (wzx-like)
Predicted pyridoxal
phosphate-dependent
enzyme apparently
DegT/Dnr)/EryC1/Str involved in regulation
CWATWHO0003_ S aminotransferase of cell wall
3508 4998 | 3946 | family protein COG0399 |biogenesis
CWATWHO0003
3509 5645 | 5301 |hypothetical protein none
CWATWHO0003_
3510 5983 | 5657 |hypothetical protein none
CWATWHO0003_
3511 6492 | 6325 |hypothetical protein  |none
Acetyltransferases
CWATWHO0003_ acetyltransferase, (the isoleucine patch
3512 7097 | 6507 |putative COGO110 | superfamily)
Predicted
CWATWHO0003_ oxidoreductase domain dehydrogenases and
3513 8034 | 7090 |protein COG0673 |related proteins
UDP-N-acetyl-D-
mannosamine 6- UDP-N-acetyl-D-
*CWATWHO0003 dehydrogenase, mannosaminuronate
3514 9356 | 8031 |putative COG0677 |dehydrogenase
Predicted
polysaccharide nucleoside-
CWATWHO0003 biosynthesis protein diphosphate sugar
3515 11421 | 9538 | CapD COG1086 | epimerases
Periplasmic protein
involved in
*CWATWH0003 polysaccharide polysaccharide
3516 12854 | 11541 | export protein COG1596 | export (wza-like)
Uncharacterized
protein involved in
exopolysaccharide
CWATWHO0003 biosynthesis (wzc-
3517 15181 | 12926 | hypothetical protein | COG3206 | like)
CWATWHO0003
3518 15424 | 17586 | hypothetical protein none

* - genes without homologous functions in the WH8501 genome
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Table 3. Transposase IS family distribution in both genomes

IS family WHS8501 WHO0003
1S630 306 5
IS5 294 9
IS1634 152 9
IS1380 120 14
1S200/IS605 83 115
IS66 77 1
ISAzo13 49 2
1S3 41 0
1S4 38 6
IS701 32 1
1S607 14 22
ISAs1 3 3
Tn3 1

other 1 4
unknown” 210 18
total 1421 215

a — These ORFs were not included in those re-annotated in the WH8501 genome
because they could not be assigned with confidence to an IS family.
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Figures

Figure 1. Nucleotide BLAST similarity of open reading frames (ORFs) and
intergenic spaces (IGSs) of the two C. watsonii genomes to the opposite strain.
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Each feature was binned according to the percent identity of the top BLAST
alignment. E-values above 0.001 and alignments shorter than 50 bp were considered
not significant. Bars in inset figure show total number of features in each bin, and the
main figure bars represent the percent of the total number each feature type.
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Figure 2. Comparison of open reading frames and intergenic spaces between two C.
watsonii genomes.
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Nucleotide sequence identity of open reading frames (ORFs, in red) and intergenic
spaces (IGSs, in blue) between C. watsonii genomes. Each point represents a single
sequence with the x-coordinate as the subject position of top BLAST hit (i.e. highest
scoring pair or “HSP”) in the proxy genome sequence, and the y-coordinate as the
percent identity of the top BLAST alignment when compared to alternate strain
genome.

54



Figure 3. Taxonomic distribution of 930 ORFs in the WH0003 genome that show
little or no sequence similarity to the WH8501 genome.
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WHO0003 sequences were binned according to the level of sequence similarity to the
WH&8501 genome across the entire ORF. The number of sequences in each bin were
as follows: 751 in the <20% bin; 75 in the 20-35% bin; and 104 in the 35- 50% bin.
Pie charts show the relative contributions of the three bins to each branch.
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Figure 4. Alignment of WH8501 and WHO0003 contigs illustrating a 25kb region
specific to the WH0003 genome.
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WHS8501 contig (top) was aligned with WH0003 contigs (bottom), showing a 25kb
region of the WHO0003 genome (genes within large green shaded box) that has been
replaced by a single transposase gene in the WH8501 genome (marked with an X).
Red connecting bars and shading indicate regions of sequence homology.
Hypothetical genes are in light gray, transposase genes are yellow and ORFs with
other annotated functions are in blue (WH8501) or green (WHO0003). ORFs with
functions related to polysaccharide synthesis or export are marked with green
arrowheads. Descriptions of the numbered genes are listed below. See Table 2 for
annotated functions and COG similarities of the 25 contiguous, WH0003-specific
ORFs.

1) CWATWHO0003 3507: “O-antigen translocase”, similar to wzx

2) CWATWHO0003 3515: “polysaccharide biosynthesis protein CapD”

3) CWATWHO0003 3516: “polysaccharide export protein”, similar to wza

4) CWATWHO0003 3517: “uncharacterized protein involved in exopolysaccharide
biosynthesis”, similar to wzc.
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Figure 5. Expression of four IS family genes and dnaA in C. watsonii WH8501.
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Chapter 3

Investigation of Crocosphaera watsonii phenotypes

through whole genome comparison of six strains
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Abstract

Crocosphaera watsonii, a unicellular nitrogen-fixing cyanobacteria found in
oligotrophic oceans, can significantly influence marine biogeochemical cycles,
particularly carbon and nitrogen. Isolates of C. watsonii can be separated into two
phenotypes with environmentally important differences, suggesting that the two types
may have different ecological roles and niches. To better understand the evolutionary
history and differences in metabolic capabilities among strains and phenotypes, this
study compared the genomes of six C. watsonii strains, three in each phenotypic
group, which had been isolated over decades from a variety of ocean basins. While a
substantial portion of each genome was nearly identical to sequences found in the
other strains, sequences were identified that were specific to each strain or phenotype,
and some of those seemed to account for the phenotypic divergence of the strains.
While the small-cell type strains had smaller genomes and a relative loss in genetic
capabilities, the large-cell type strains were characterized by larger genomes, some
genetic redundancy, and potentially increased adaptations to iron and phosphorus
limitation. Consequently, strains with a shared phenotype were evolutionarily more
closely related to each other than to those with the opposite phenotype, regardless of
where or when they were isolated. An unexpected finding was that the C. watsonii
type-strain, WH8501, was quite unusual among these genomes, even those with a
shared phenotype, indicating it may not be the ideal choice to represent the species.
The genome sequences and analyses reported in this study will be important in future

studies to test the proposed difference in adaptation of the two phenotypes to nutrient
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limitation, and to identify phenotype-specific distributions within natural

Crocosphaera populations.
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Introduction

Crocosphaera watsonii is a unicellular nitrogen (N;)-fixing cyanobacterium
that is widely distributed throughout tropical and sub-tropical oligotrophic oceans. In
those regions, the low level of bioavailable nitrogen (N) often limits primary
production, and N,-fixing (i.e. diazotrophic) phytoplankton can be an important
source of N for the phytoplankton community. A variety of studies have
demonstrated that unicellular diazotrophic cyanobacteria, especially Crocosphaera
and UCYN-A, are abundant and contribute significant amounts of N in many
oligotrophic regions (Church et al., 2005, Church et al., 2008, Langlois et al., 2008,
Moisander et al., 2010, Zehr et al., 2001, Falcon et al., 2004, Montoya et al., 2004,
Kitajima et al., 2009). Crocosphaera strains, all of which are the species
Crocosphaera watsonii, have been successfully isolated from multiple ocean basins
and maintained in culture for many years. Although these strains exhibit phenotypic
differences, genetic comparisons have found the vast majority of sequences to be
essentially identical at the nucleotide level among cultivated strains and
environmental sequences (Zehr et al., 2007, Bench et al., 2011). In the context of
such high levels of sequence conservation, C. watsonii strains appear to diverge and
maintain genetic diversity through genetic rearrangements and by incorporating
strain-specific sequences (Zehr et al., 2007, Bench et al., 2011). Large numbers of
mobile genetic elements (i.e. transposase genes) in the C. watsonii WH8501 genome
provide a possible mechanism for such genetic insertions, deletions, and

rearrangements (Bench et al., 2011). Crocosphaera are distinguished by these
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characteristics from sympatric non-N»-fixing marine cyanobacteria, such as
Synechococcus and Prochlorococcus, which generally lack transposase genes and
have a high degree of genomic sequence diversity in cultured strains and
environmental sequences (Scanlan et al., 2009, Partensky & Garczarek, 2010, Zhao &
Qin, 2007, Dufresne et al., 2008, Coleman et al., 2006, Rusch et al., 2007)
Physiological studies of cultivated and natural populations of C. watsonii have
identified a number of genetic strategies in the species which appear to be adaptions
to the oligotrophic environment in which they are found. These include regulation of
gene expression, nitrogen fixation rates, and cellular protein content in response to
changes in nutrient (e.g. iron and phosphorus) levels and other environmental
variables (Hewson et al., 2009, Shi et al., 2010, Saito et al., 2011, Falcon et al., 2005,
Dyhrman & Haley, 2006, Webb et al., 2001, Fu et al., 2008, Compaoré & Stal, 2010,
Tuit et al., 2004). Currently cultivated C. watsonii strains can be divided into two
broad phenotypic categories; 1) those that produce large amounts of
exopolysaccharide (EPS) and have cell diameters over 4 pym and 2) those that do not
produce noticeable EPS, and have cell diameters less than 4 pm (Webb ef al., 2009,
Sohm et al., 2011). The most striking difference between the two phenotypes in
culture is that the large-cell strains produce over 10 times the amount of EPS as the
small size strains (Sohm et al., 2011). While the exact reason EPS is produced in
Crocosphaera sp. is not well understood, EPS production is known to have cell
protective properties (Pereira et al., 2009), and can also enhance carbon export from

surface waters in the form of marine snow (Passow et al., 2001, Sohm et al., 2011).
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A recent genomic comparison of two Crocosphaera strains, one of each of the two
phenotypes, identified a region in the large cell-type genome that is likely to play an
important role in EPS production (Bench et al., 2011). This region contained 25
genes, many of which encoded functions related to EPS biosynthesis, and all of which
were absent from the small-cell type genome. The two phenotype groups have
additional, ecologically relevant differences in phosphorus scavenging gene content,
growth temperature optima, per-cell nitrogen fixation rates, and photosynthetic
efficiency (Webb et al., 2009, Sohm et al., 2011, Dyhrman & Haley, 2006).

To better understand the genetic basis of the C. watsonii phenotypes, this
study compared the genomes of six strains, three in each phenotypic group, isolated
over wide spatial and temporal distances. This comparison included examining the
evolutionary relationships among strains and identifying genomic features and

metabolic capabilities that are unique to strains and phenotypes.

Materials and Methods

Strain growth and genomic DNA isolation and sequencing

The phenotypes, isolation location and genome GenBank accession numbers
for C. watsonii strains described in this study are listed in Table 1. All strains were
grown in nitrogen-free SO medium (Waterbury et al., 1986, Waterbury et al., 1988)
in polycarbonate tissue culture flasks with a 0.2 um pore-size vent cap (Corning Inc.,
Corning, NY, USA) at 26°C under a 12:12 hour light/dark cycle. The genome of the

WHS8501 strain was sequenced by the Joint Genome Institute (JGI) and the resulting
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publicly available sequence (accession number in Table 1) was used for comparisons
in this study. The WHO0003 strain’s genome was sequenced prior to this study by the
authors of this study, with detailed methods described in (Bench et al., 2011).
Briefly, a non-axenic culture was subjected to bead-beating to detach cells in from
their extracellular matrix (ECM), and subsequently, cells were sorted using
florescence activated cell sorting (FACS). The genomic DNA from the sorted cells
was amplified using the GenomiPhi V2 amplification kit (Amersham Biosciences,
Piscataway, NJ).

Genomic DNA for the four additional strains described in this study was
obtained using the same methods as the WH0003 strain ((Bench et al., 2011)), with
the following modifications: the WH8502 and WHO0401 strains do not produce large
amounts of ECM, so they were sorted without bead beating, and instead of
GenomiPhi, the amplification kit used for all four strains was the REPLI-g Midi kit
(Qiagen, Valencia, CA). The REPLI-g amplification method was based on the
protocol provided by Qiagen for “small numbers of cells or single cells”

(http://www.qiagen.com/products/genomicdnastabilizationpurification/replig/repligmi

nimidikits.aspx#Tabs=t2). Specifically, sorted cells were spun at 14,000 rpm

(20,800xg) for 40 minutes and the supernatant was discarded. Pelleted cells were
resuspended in 2.5 pl of PBS followed by 3.5 pul of Buffer D2 (see Qiagen protocol
above), and lysed in a 65C water bath for 5 minutes. The lysed cells were placed on
ice, and lysis was terminated by adding 3.5 pul of Stop Solution. Amplification was

immediately carried out in 50pul reactions, which contained the cell-lysis mix plus 1ul
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of REPLI-g Midi DNA Polymerase, 29ul of REPLI-g Midi reaction buffer, and 10 pl
of RT-PCR grade H»0.

Prior to 454 sequencing, amplified genomic DNA was quantified using Pico
Green (Invitrogen Corporation, Carlsbad, CA). Using sorted cell amplified DNA,
shotgun libraries for each strain were constructed and sequenced by the UCSC
Genome Sequencing Center (http://biomedical.ucsc.edu/GenomeSequencing.html) on
the Genome Sequencer FLX instrument using Titanium Series protocols according to

the manufacturer's specifications (454 Life Sciences, Branford, CT).

Genome assembly and annotation

For the four strains sequenced as part of this study, an average of 363,200
reads were generated per genome, with an average read length of 374 bp, there were
approximately 135,900 kb of sequence data for each genome (~23x to 30x coverage
of each genome, depending on genome size). The reads for each strain were
assembled separately using Version 2.0.00 of the Newbler GS De Novo Assembler
program (454 Life Sciences, Branford, CT). The assembly was run via command line
interface using the “-nrm”, “-consed” and “-large” flags. All other parameters used
were the default values, as described in the manufacturer’s publication, “Genome
Sequencer Data Analysis Software Manual”.

ORFs in each of the contig sequences for all four draft genomes were

identified and annotated using RAST (Aziz et al., 2008). A small number of contigs

[2 contigs, ~1.3 kb, from the WHO0401 genome, and 18 contigs (~14kb) from the
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WHO0005 genome] were removed from further analysis based on a lack of
recognizable coding sequence and/or their lack of any homology to known
cyanobacterial sequences. In addition to the annotated ORFs, each genome contained
a single rRNA operon and 39 tRNAs. The final number of bases and contigs in each
genome, as well as the %G+C and number of annotated ORFs are listed in Table 2.
The genome sequences and annotations deposited at DDBJ/EMBL/GenBank are

publicly available at http://www.ncbi.nlm.nih.gov/ using the accession numbers listed

in the Table 1.

Transposase genes were identified and assigned to IS families using the
BLAST tool on the ISfinder website (http://www-is.biotoul.fr/is.html) with default
parameters (Siguier et al., 2006). ORFs with protein BLAST (BLASTp) E-values of
<10~ were annotated as transposases, and assigned to the IS family of the top BLAST
hit. Also, a small number of ORFs (10 to 18 per genome) were annotated with the
transposase function by RAST, but did not have qualifying BLAST hits to the
ISfinder database. These were included in all of the transposase analyses, such as
genome counts, and IS family tallies. ORFs without a qualifying ISfinder hit and
RAST annotation lacking IS family information were listed as “unknown” in the IS
family counts. A very similar process was used to identify transposase genes in the
WHO0003 and WH8501, with one additional pre-analysis step for the WH8501
genome which involved identification and grouping of highly replicated sequences

genomes (see methods in (Bench et al., 2011)).
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Genome comparisons

Comparisons between all six genomes were based on nucleotide BLAST of
ORFs. The ORFs from each genome were used as queries in BLAST comparisons
against the other five genomes, and the criteria used to classify an ORF as shared
between genomes was > 95% nucleotide identity over at least 70% of the ORF length.
These criteria were based on the observation that the nucleotide sequences for shared
ORFs were generally >99% identical, and fell off rapidly below 98% (Fig. S1). The
same criteria were used to cluster ORFs within a single genome into repeat groups
using the cd-hit web server (Huang et al., 2010, Li & Godzik, 2006). To assess
similarities across all six genomes, six tables of BLAST results (one for each single
genome versus the other five genomes) were merged using custom software
according to sequence similarity and binned by the genomes in which the sequence
was present. From the original 34,455 ORFs in the six genomes, this process
produced a non-redundant set of 11,635 sequences that could represent all ORFs in all
six genomes. Each of the 11,635 sequences were grouped based on the pattern of
presence or absence of that ORF in the six genomes, and the total number of
sequences was calculated for each of the 63 possible pattern-groups.

The counts of sequences within each pattern-group (with the same total
number of genomes) were analyzed for non-random distribution by comparing the
observed value to the value expected if all groups were equal. For example, there
were 1,727 sequences within 15 possible pattern-groups for sequences found in

exactly two genomes, and if all groups were equally distributed, the expected value
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for each category would be 1727/15 or 115.1 sequences per pattern-group. The
statistical significance of differences between observed and expected values was
assessed using the y* goodness-of-fit test in Minitab (Minitab Inc., State College,
PA). In addition, pattern-groups for 2, 3, 4, and 5 genomes were summed into larger
groupings based on the strain phenotypes (e.g. sequences found only in large-cell
genomes were considered a single group) and the resulting distributions were
similarly assessed for statistically significant deviation of observed values from

expected values.

Analysis and PCR of specific groups of functional genes

In order to investigate the phylogenetic relationships of the six C. watsonii
strains, nucleotide sequences from 25 ORFs were concatenated and aligned and used
to construct a phylogenetic tree and distance matrix. The 25 genes were chosen using
the following criteria: 1) They were present in all 6 strains, 2) they had some variation
between strains (i.e. the vast majority of 100% identical ORF sequences could not be
used), and 3) they had homologues in the two Cyanothece species used as the
outgroup (sp. 51142 and CCYO0110, which are the two most closely related genomes
available, based in 16S rRNA similarity). Because the C. watsonii strains are very
closely related, nucleotide sequences were compared, rather than translated amino
acids. This allowed the analysis to take into account all possible sequence variation,
including synonymous third position changes. The sequence IDs for the original 200

sequences (25 ORFs from each of 8 genomes) that were concatenated are listed in the
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Table S1. Eight of the 150 Crocosphaera ORFs were split into two sequences, either
because they were on two contigs, or by an internal stop codon, which probably arose
from sequencing error. For these sequences, the two sequences are listed together in
a single cell, in the order in which they were aligned. The sequences were manually
concatenated into a single sequence for each genome, and the resulting 8 sequences
were initially aligned using ClustalX v2.0.11 (Larkin et al., 2007, Thompson et al.,
1994, Thompson et al., 1997), followed by some manual curation and phylogenetic
tree construction in MEGA4 (Tamura et al., 2007). The Neighbor-Joining method,
with 1000 bootstrap replicates, was used to construct the phylogeny (Saitou & Nei,
1987, Felsenstein, 1985). Evolutionary distances for the tree and distance matrix
were calculated based on the same alignment, using the Jukes-Cantor method in
MEGA4 (Jukes & Cantor, 1969, Tamura et al., 2007). For both the phylogeny and
distance matrix, all codon positions were included (1*, 2™, 3", and noncoding), and
positions containing alignment gaps and missing data were eliminated only in pair
wise sequence comparisons (Pair wise deletion option). There were 22,611 positions
in the final dataset.

Because of prior observations of differences between strains in photosynthetic
efficiency (Sohm et al., 2011), per-cell N,-fixation rates (Webb et al., 2009), and
phosphorus scavenging genes (Dyhrman & Haley, 2006), ORFs with functions
related to these processes were compared. All ORFs in the each of the six C. watsonii
genomes were compared to the Kyoto Encyclopedia of Genes and Genomes (KEGG)

database and given KEGG orthology (KO) assignments using the single-directional
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best hit method to assign orthologs via the web interface (

http://www.genome.jp/tools/kaas/ ) of the KEGG Automatic Annotation Server

(KAAS) (Moriya et al., 2007). Using the KO description and/or the RAST annotated
function, genes with roles in the structure or function of the two photosystems, N;-
fixation, and phosphorous transport/metabolism were identified. The number of
forms of each gene was totaled for each C. watsonii genome using the same criteria
used to create the table of 11,635 sequences described above (>95% ID over >70% of
the ORF).

The observation of at least one phenotype-specific form of the isi4 gene led to
a more detailed analysis of those ORFs. The C. watsonii psbC and isiA genes were
used as protein BLAST query sequences against the NCBI nr protein database, and
the ten most similar sequences to each were retrieved, followed by removing
redundant sequences. The resulting set of protein sequences were aligned along with
the C. watsonii ORFs (58 sequences total) using the online Multiple Sequence
Comparison by Log- Expectation (MUSCLE) tool with default parameters (

http://www.ebi.ac.uk/Tools/msa/muscle/ ). A phylogenetic tree was generated from

the resulting alignment using the UPGMA method with 500 bootstrap replicates in
MEGAS (Sneath & Sokal, 1973, Felsenstein, 1985, Tamura ef al., 2011).
Evolutionary distances, as the number of amino acid substitutions per site, were
computed using the Poisson correction method (Zuckerkandl & Pauling, 1965). All
ambiguous positions were removed for each sequence pair, and there were a total of

776 positions in the final dataset. In the WH0402 genome, two of the isi4 genes were
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split into two adjacent ORFs by a stop codon, with adjacent ORFs homologous to
adjacent regions of full length isi4 sequences, suggesting that the stop codons may
have arisen from sequencing errors. In both cases the adjacent ORFs were merged
prior to alignment, and are so noted on the phylogenetic tree in Fig. 8. The psbC
clade was identified by examining the sequence alignment for the ~114 amino acid
region (between the 5™ and 6™ transmembrane domains) of the protein that is known
to be absent from IsiA proteins (Laudenbach & Straus, 1988, Bricker, 1990).

Prior to the sequencing of any Crocosphaera genome other than WH8501,
fosmid libraries were constructed for multiple C. watsonii strains. The whole genome
sequences, which followed shortly afterward, made detailed analysis of those libraries
redundant, so they are not included in this study. However, initial analyses of fosmid
end sequences identified a gene in the library from a large-cell strain that was not
present in the WH8501 genome. Three different forms of this gene, peptidoglycan-
binding LysM:Peptidase M23B (referred to hereafter as /ysM), were present in the
WHS8501 genome, and the fosmid end sequence was a fourth form with <90%
similarity to the other three forms. Based on that finding, a PCR assay was developed
which provided support for the genomic comparisons. One reverse primer PCR
primer was designed to a conserved region of the /ysM gene (complementary to all
four gene forms), and individual forward primers were designed for each form using
Primer 3 (Rozen & Skaletsky, 1999). The sequences for all primers and PCR product
sizes are given in Table S2. PCR reactions were carried out in 50 pl reactions,

containing 2 pl of template DNA from 8 cultures (4 large-cell and 4 small cell types).
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Final reaction concentrations of reagents were as follows: 1x PCR buffer; 2% DMSO,
0.2mM each of dANTPs; 0.4 uM of each primer, and 2 units of Platinum taq
(Invitrogen, Life Technologies, Grand Island, NY). Reactions underwent an initial
heating step of 94°C for 90 seconds, then 30 cycles of: 94°C for 30 seconds, 56°C for
60 seconds, 72°C for 150 seconds, followed by a final extension step of 70°C for 5
minutes, and holding at 4°C. PCR reactions with bands of the expected size on an
agarose gel were verified by direct sequencing following reaction clean-up with
QIAquick PCR Purification kits (Qiagen, Valencia, CA). Sanger sequencing
reactions and electrophoresis were completed at the UC Berkeley sequencing center
using an Applied Biosystems 3730 DNA Analyzer according to manufacturer’s
protocols. The PCR results are summarized in Table S3, and for the six strains which
now have genome sequence data, corresponding ORF IDs have been added where

there was a positive PCR result.
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Results

Genome characteristics and sequence replication within genomes

Genome sequence statistics were tabulated for all six strains, and are
summarized in Table 2. The large-cell strains had genome sizes of nearly 6 Mb,
while two of the small-cell strains had genomes closer to 4.5 Mb. WHS8501 was the
exception to this pattern, with the largest genome (6.2 Mb) of the six strains. The total
number of ORFs per genome correlated closely with genome size, indicating similar
average ORF sizes and similar coding percentages for all strains. The %G+C was
nearly identical (37.6 — 37.7%) for five of the strains, and the sixth strain was very
similar (37.1%). All six genomes contained a single rRNA operon, which were
nearly identical among the strains. Within the 869 bp region examined in a previous
study (Webb et al., 2009), there were four positions with single nucleotide differences
among the six genomes. Three of these were identified by Webb et al. (2009) at
alignment positions 179, 324, and 794, and the fourth was at alignment position 514.
The difference observed at position 514 was a change from an adenine in five of the
genomes, to a guanine in strain WH8502 (a strain which was not included in the
Webb (2009) study). The WH8501 genome contained a much larger number of
transposase genes than any of the other 6 strains. Aside from WHS8501, the large cell
strains had slightly higher genomic abundance of transposase genes than the small-
cell strains. Two of the small-cell strains (WH8502 and WH0401) had the fewest (~

100) strain specific ORFs, while WH0402 had the most (over 300), and the remaining
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three strains (WH8501 and two large-cell strains) had ~200 strain specific ORFs
each.

The level of ORF duplication within genomes was assessed by clustering
identical sequences into groups of repeated genes. For all genomes, aside from that
of WH8501, highly repeated sequences were not found, and most ORFs grouped with
only 1 or 2 other sequences (Fig. 1 and Table 3). WH8501 was the only strain with
repeat-groups of greater than 10 sequences, which ranged from 14 to 277. Six of
these were very large groups of over 100 copies of a sequence in the genome. In
addition to more transposase genes and much more genomic sequence replication, the
transposase genes in the WH8501 genome also had a very different composition
when assigned to IS families (Fig. 2). Transposase genes in the other 5 genomes
mostly fell into the IS200/605 and IS607 families, with smaller numbers observed in
the IS4 and IS91 families. In contrast, the four most abundant IS families in the
WH&8501 genome were IS5, IS66, 1S630, IS1380, and IS1634. The other 5 strains

contained sequences in these families as well, but in very small numbers.

Shared and unique ORFs among the six genomes

The open reading frames (ORFs) of each strain were compared to the other
five strains using nucleotide BLAST. If a query sequence was >95% identical over at
least 70% of the length of the ORF, it was considered to be present in the reference
strain. A high percentage (78 to 89%) of ORFs in each large-cell strain was found in

the genomes of the other two large-cell strains, while a smaller percentage (62 to
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70%) was found in the genomes of the three small-cell strains (Fig. 3 and Table 4).
The WH8501 genome shared the most ORFs (79%) with the WH0401 genome, and
much less (67 to 73%) to the other four strains. In contrast, a large percentage (78 to
87%) of ORFs in the genomes of the other two small-cell strains (WH8502 and
WHO0401) was shared with all five other strains. Reciprocal genome comparisons did
not yield the same percentages because of differences in the numbers of ORFs in each
genome (Table 4). For example, when the WH8502 ORFs were queried against the
WHO0003 genome, 80% of them were found. However, only 64% of the WH0003
ORFs were found in the WH8502 genome. This is not surprising given that the
WHO0003 genome contains 6,145 ORFs, while the WH8502 genome contains only
4,965 ORFs (Table 2).

Based on the BLAST results of each genome against the other five, a single
set of sequences was established that represented all ORFs present in all six genomes.
Using the same criteria described above (95% identity over at least 70% of the length
of the ORF), the 34,455 ORFs from all six genomes were grouped into 11,635
sequences. The presence or absence of each of those sequences in the six genomes is
shown in Fig. 4. A total of 3,825 sequences were present in all six genomes, which
represented approximately 60% of ORFs in the largest genomes, and up to 80% of the
smallest genomes. The nucleotide percent identity for these 3,825 sequences
averaged 99.8%. Each genome also contained between ~100 and ~300 sequences
that were strain-specific (i.e. absent from all other strains). ORF IDs and functions of

those are listed in Table S4. For sequences found in exactly three strains, the largest
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category contained sequences that were present in only the three large-cell type
strains (781 sequences), and the second largest was sequences found in the three
small-cell strains (153 sequences) (Fig. 4B). The remaining 909 sequences present in
3 strains fell into 18 different categories with between 10 and 93 sequences in each
(see Table S5). The categories with sequences present in exactly two strains showed a
similarly skewed pattern, with the largest numbers of sequences in categories
segregated by phenotype (Fig. 4C and Table S5). There were 15 two-strain
categories containing a total of 1727 sequences. Of those, the six phenotype specific
categories contained over 1,250 sequences (751 in only large-cell strains, and 502 in
only small-cell strains, or an average of over 200 sequences per category), with only
474 sequences total in the remaining 9 categories (average of 53 sequences per
category). Overall, 3825 sequences were shared among all six strains, 2237
sequences were found exclusively in large-cell strains (in 1, 2 or 3 genomes), and
1121 were found only in small-cell strains, with the remaining 4452 present in at least
one strain of each phenotype.

The observed tendency of sequences to segregate by phenotype was tested for
statistical significance using the %> goodness-of-fit test. Sequences that were shared
between at least two genomes, but not present in all genomes were included in the
analysis. After binning by the number of genomes in which the sequence was found,
the observed number of sequences in each pattern-group (i.e. category) was compared
to the expected value if all categories were equal, and the differences between the

observed and expected values were used in the statistical tests (Fig. 5). In all cases,
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the deviation from expected was statistically significant with a P-value of 0.000. The
largest difference in observed values above expected values were generally in
categories of a single phenotype, particularly in sequences found in the three large-
cell genomes. Among sequences present in four genomes, there were four categories
with many more sequences than the expected values (Fig. 5). Two of these were
categories where a sequence was present in all of the small-cell genomes, plus one
large cell genome, and two categories were equally split between phenotypes (i.e. two
large-cell and two small-cell). The categories in the five-genome-bin showed the
least amount of deviation from expected values. Among those, the smallest category
was sequences present in the five genomes not including WHO0003, which had an
observed value well below the expected value. Overall, in categories where the
observed values were far below the expected values, there was no consistent pattern
of genomes or phenotypes that were included or excluded (Fig. 5).

A similar statistical analysis was conducted on counts of sequences in
categories that were further binned based on strain phenotypes. In that analysis, the
expected values were the product of the expected value for a single category (as
described above) multiplied by how many categories were binned. For sequences
found in 2 or 3 genomes, all bins that included only a single phenotype had observed
values much above the expected values, and in mixed phenotype bins the observed
values were well below expected values (Fig. 6). In the four-genome-bins, observed
values were closer to expected, and the bin that included categories split evenly

between phenotypes (i.e. sequences found in 2 genomes of each type) was the only
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group with a lower observed value than expected. Sequences found in five genomes
could be binned into two groups; 3 large-cell and 2 small-cell, or vice versa. Both of
those bins had observed values relatively close to the expected values, with one (3-
large-cell genomes) slightly above expected values, and one below. As would be
expected from differences in observed and expected values, the highest contribution
to the % statistic was from the bin of sequences found only in the three large-cell
genomes (5149 of 6509), followed by sequences found on only two large-cell
genomes (476 of 6509).

In a previous study of the WH0003 genome, a 25kb region was identified as
likely to be critical to EPS production because it contained a number of EPS-
biosynthesis genes and was present in WHO0003 genome, but absent from the
WHS8501 genome (Bench et al., 2011). Not surprisingly, most of the ORFs in this
region were also absent from the other two small-cell strains, and were present in all
large-cell strains (Table 5). Furthermore, in the large-cell strains, 23 of the 24 genes

were 100% identical at the nucleotide level over the full lengths of the ORFs.

Phylogenetic analysis and comparison of metabolic capabilities

To assess the evolutionary relationships of the six C. watsonii strains, a set of
25 functionally unrelated ORFs were used for sequence alignment and phylogenetic
tree construction. The nucleotide sequences for the 25 ORFs from each genome and
corresponding ORFs from the two most closely related Cyanothece species were

concatenated and aligned to generate a phylogenetic tree and distance matrix. As
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expected, the two Cyanothece species clustered together as an outgroup to the six
Crocosphaera strains (Fig. 7). The six Crocosphaera strains clustered into two sub-
clades with the three large-cell strains in one clade, and the three small-cell strains in
the second clade. Over the entire 22kb alignment, the distances between the
Crocosphaera strains was very small (Table 6). Within each of the phenotype sub-
clades, distances ranged from 0 to 0.009 substitutions per site, and between the two
clades distances were between 0.024 and 0.028. The distance between Crocosphaera
strains and Cyanothece sp. was approximately 0.16 substitutions per site.

In addition to the genes coding for EPS-biosynthesis described above, the six
C. watsonii genomes were explored for the presence and forms of genes involved in
N»-fixation, iron and phosphorus scavenging and metabolism and photosynthesis. All
genes related to N-fixation that were examined (nifB, D, E, H, K, N, T, U, V, V, W, X,
and Z, and g/nB) were present in a single copy in all six genomes. Phosphorus
scavenging and metabolism genes were less uniformly found in the genomes (Table
7). The pst genes were often present in multiple copies, with a range of copy
numbers per genome that did not appear to directly correlate with phenotype, except
for the presence of more pstS copies in the large-cell strains. There was a distinct
difference between the phenotypes in the various forms of alkaline phosphatase, with
phoD present in only large-cell strains, and phoA found exclusively in small-cell
strains (Table 7). A single gene copy was found in all genomes for most of the other

phosphorus-related genes, except for phnD where two copies were found in five of
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the six genomes. Finally, the total number of phosphorus-related genes examined here
was higher (30-32) in the large-cell strains than the small-cell strains (19-25).

Among the iron-related genes examined, many did not vary in copy number
among genomes (e.g. fur, tonB, and exbB/D), while others showed different patterns
of copy numbers among strains (Table 8). Some were variable, but copy numbers did
not correlate with phenotype or strain origins, such as feoA4 and dps. Others had
higher copy numbers in the large-cell strains, including isi4, feoB, and an iron-
binding ABC transporter, and only one gene (idiB) appeared to have higher copy
numbers in the small-cell strains (Table 8). Similar to the phosphorus-related genes,
but with a smaller difference, the total number of iron-related genes was higher in
large-cell strains (29-33) than in small-cell strains (25-28). Overall, photosystem
genes showed less variability among strains than the phosphorus and iron related
genes. Photosystem I (PSI) genes were present as a single copy in all six genomes,
with the exception of a few ORFs which were split by a stop codon (likely
sequencing error), or onto two contigs (Table 9). In addition, psaF and psaK were
not found in the WH8502 genome, and psal was not found in the WH0005 genome.
While most photosystem II (PSII) genes were also present in a single copy in the six
genomes, there were some exceptions. These included: psb28, which was present in
two forms in all six genomes; psbD, for which a second form was found in two
genomes; multiple genomes missing psbM and psbZ; and a large range among

genomes in the number of forms of psbA (Table 9).
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Based on the striking pattern of isi4 gene copy numbers observed in the six
genomes, it was singled out for phylogenetic analysis. Because isi4 shares
substantial sequence similarity with psbC, and it can often be difficult to differentiate
between the two genes based on gene annotation in public databases, both genes were
included in the analysis. The C. watsonii isiA and psbC genes were compared to
public databases, and the amino acid sequences most similar were downloaded and
aligned with the C. watsonii sequences from all strains for phylogenetic tree
construction. The resulting phylogeny showed four clades that corresponded to the
four forms of isi4 genes in the C. watsonii genomes, and one clade for the psbC genes
(Fig. 8). The Clade 1 form of isi4 has homologues in closely related cyanobacteria
(e.g. Cyanothece), as is seen with the psbC clade, although the psbC clade has much
shorter branch lengths. In the other three isi4 clades (3, 4, and 5), the most closely
related sequences to C. watsonii were from Trichodesmium erythraeum. In two of
those clades (4 and 5), the only sequences were from Crocosphaera and
Trichodesmium, (i.e. all sequences that were identified in public databases as most
similar to the C. watsonii genes were more similar to the other forms, so they were
placed into other clades). The three Trichodesmium-like isiA forms were also found
in mostly large-cell strains, with only one copy found in small-cell strain for any of
the forms. For all clades, there was very high (93 to 100%) bootstrap support for the

clustering of C. watsonii sequences with Cyanothece or Trichodesmium sequences.
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Discussion

The C. watsonii WH8501 genome appears to be unusual among this group of
Crocosphaera genomes in a number of respects, including genome size and
transposase abundance (Table 2), IS family distribution (Fig. 2), and genomic
sequence replication (Fig. 1). There is a possibility that some differences stem from
the fact that the genomic DNA preparation and sequencing methods for WH8501
were different than the other 5 strains (i.e. no cell sorting, and the use of Sanger
sequencing rather than pyrosequencing). But it is not clear how such methodological
differences would have led to the observed genomic differences. PCR experiments
from 16 separate loci have been based on the WH8501 genomic sequence and none
have found unexpected results. Four of those loci are described this study, four were
developed for another project by the authors of this study (data not shown), three
were described in Dyhrman and Haley (2006), and five were described in Zehr
(2007). Furthermore, a whole genome microarray was designed based on the
WH&8501 genome sequence, and subsequent experiments using cultured cells have not
shown any systematic problems that might call into question the validity of the
genome sequence. Transposase content (total length of 1211 transposase ORFs =
919,337 bp) accounts for most of the extra ~1.5 Mb in the WH8501 genome
compared to the other two small-cell strains. Of the six draft genomes, the WH0402
genome has the largest number of contigs and smallest average contig length and has
the highest ratio of ORFs to genome size. As such, ORFs are more likely to be split

between two contigs. Any strain-specific ORF that spanned two contigs would be
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counted twice (once for each part on the two contigs). This was seen in the genome
counts of iron-related and photosystem genes (Tables 8 and 9), where WH0402 had
multiple genes that were separated into 2 ORFs, both shorter than expected, and
annotated with the same function. This type of ORF-splitting may partly explain why
the WH0402 genome has the highest number and percentage of strain specific ORFs.
The extremely large number of transposase genes in the WH8501 genome are
mostly shared with at least one other strain, with only 71 being strain-specific (Table
2). However, it is not clear why the high level of gene replication observed in
WHS8501 transposase genes was not observed in any of the other genomes. In
addition, the relative abundances of IS families among the WH8501 strain-specific
transposases are not proportional to abundances in the whole genome. For example,
38 of the 71 strain-specific transposases are in the IS1380 and IS701 families, but in
the genome, these families are less abundant than a number of other families (Fig. 2).
In the non-WHS8501 strains the two most abundant IS families are 1S200/605 and
IS607, which are related to each other (Chandler & Mahillon, 2002), followed by the
IS4 and IS91 families. Interestingly, three of those four families have the unusual
property of lacking associated inverted repeat sequences, while the most abundant
families in WH8501 (e.g. IS5, IS66, 1S630, IS1380, and IS1634) are more typical
insertion sequences with associated inverted repeats (Siguier et al., 2006). The lack
of inverted repeats in their most common transposase families may partly explain the
five genomes do not have high levels of replication. Because IS elements are known

to confer adaptive advantages such as acquisition of new metabolic capabilities and
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increased genomic plasticity via genomic insertions, deletion and homologous
recombination between multi-copy elements (Chandler & Mahillon, 2002,
Lysnyansky et al., 2009), it seems that the WH8501 strain should be more adaptive to
environmental changes than the other strains. Future work could test this hypothesis
through competitive growth experiments conducted under changing physical and/or
chemical conditions.

The very high nucleotide percent identity (99.8%) for sequences shared
among all six strains illustrates that there has been very little mutation accumulation
since strain divergence. However, genome size and reciprocal genomic comparisons
(Table 2 and Fig. 3) suggest that the larger genomes of the large-cell strains contain
functions that are missing from the small-cell strains. The large-cell strains have
roughly 1,000 more ORFs in their genomes than two of the small-cell strains, and the
large-cell genomes show higher similarity to each other than to the small-cell
genomes (Fig. 3). Because the large-cell specific ORFs do not show similarity to
sequences in the small-cell strains, gene duplication cannot readily explain their
larger genome sizes. Furthermore, when examined for genomic sequence replication,
the large-cell strains do not show a large amount of gene duplication (Fig. 1). In
contrast, sequence replication may explain why WH8501 has a much larger genome
than the two strains with which it shares a phenotype. The large-cell specific
functions may have been acquired after phenotypic divergence, may have been lost

from the small-cell strains since divergence, or there may be a combination of both.
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The presence/absence patterns of the 11,635 sequences further suggests that
the large-cell strains harbor functions that are missing from the other three strains.
There were nearly 800 sequences shared among all three large-cell strains, and absent
from all small-cell strains (Fig. 4B, functions listed in Table S6). Of those sequences,
65% (501) were hypothetical or unknown, and only 3% (25) were transposases. The
remaining 246 sequences were annotated with a wide variety of functions, including a
number with functions related to DNA metabolism and modification, such as single
stranded binding proteins, and DNA polymerases and primases. In addition, large-
cell-specific sequences also include the EPS biosynthesis pathway genes identified in
the previous 2-genome comparison (Bench et al., 2011). In fact, 17 of the 24 genes
identified in a large deletion from the WH8501 genome are also absent from the other
two small-cell strains, but present in all three strains characterized by abundant EPS-
production (Table 5).

The dendrogram based on the presence/absence patterns of the 11,635
sequences (Fig. 4A), and the fraction of shared genes between strains both
demonstrate that the C. watsonii strains which share a phenotype are more closely
related than those that share a common origin (ocean basin, or year of isolation - see
Table 1). The three large-cell strains share many more ORFs among their group, than
they do with any of the small-cell strains (Fig. 3 and Table 4). In addition, the
categories with sequences found exclusively in large-cell strains were the most
overrepresented and contributed most to the statistical significance of differences

between observed and expected counts of sequences (Fig. 5 and Fig. 6). However,
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these three strains do not share a common isolation history. WHO0402 was isolated
from the South Atlantic two years after WH0003 and WHO0005 were isolated from the
North Pacific. Similarly, the three small-cell strains cluster together, yet WH0401
was isolated from the North Atlantic 20 years after WH8501 and WH8502 were
isolated from the South Atlantic. The two strains isolated in 2000 (WHO0003 and
WHO0005), and the two isolated in 1984 (WH8501 and WH8502) also cluster
together, but this is likely as a result of their shared phenotype. Unfortunately, we do
not have genomic sequence for a strain of the opposite phenotype which was co-
isolated with either of those two groups to test that theory. However, further evidence
for clustering by phenotype is provided by the sequence alignment and resulting
distance matrix and phylogenetic tree in Fig.7 and Table 6. With 1000 bootstrap
replicates, the C. watsonii strains cluster by phenotype with 100% support. The
evolutionary distances among the large-cell strains are nearly zero, and less than 0.01
substitutions per site among the small-cell strains, while distances between strains of
opposite phenotypes are larger (~0.03).

Examination of metabolic capabilities revealed some differences among
strains in genes related to iron and phosphorous metabolism, while very few were
observed in photosystem genes, and no differences were observed in N,-fixation
genes. Nitrogen fixation and photosynthesis are key metabolic functions of the
species, and duplication of genes required for those pathways could increase the
evolutionary fitness of the strain that acquired such a duplication (by providing an

alternate copy of the gene that could be used if one copy acquired a deleterious

86



mutation). However, while there are many genes and functions that are replicated
within the genomes of the six strains, no replication was observed in genes critical for
N,-fixation or most of the photosystem genes, with the exception of psbA4 and psb28
(Table 9). In contrast, a number of iron (e.g. isid, isiB, feoA, feoB, idiB) and
phosphorus (e.g. pstA, pstb, pstS) related genes were present in multiple copies in the
genomes, some of which were phenotype specific (Tables 7 and 8). The differences
in numbers of individual genes, and the resulting differences in total number of iron-
and phosphorus-related genes indicate that the large-cell strains may be better adapted
to the low nutrient conditions often found in oligotrophic oceans. As such, it seems
that the evolutionary divergence of the strains has resulted in phenotypes with
different genetic capabilities for dealing with environmental changes in the two most
critical nutrients (Fe and P) for a N,-fixing photo-autotroph such as C. watsonii.
Studies that have directly examined the response of C. watsonii (in cultures) to
changes in Fe and P have observed dramatic diel recycling of iron metalloproteins
(e.g. photosynthesis and N,-fixation proteins) as well as changes in growth, gene
expression , and nitrogen fixation rates (Dyhrman & Haley, 2006, Falcon et al., 2005,
Compaoré & Stal, 2010, Fu et al., 2008, Shi et al., 2010, Webb et al., 2001, Tuit et al.,
2004, Saito et al., 2011). Unfortunately, those studies were carried out almost
exclusively on the C. watsonii WH8501 type strain, so future experiments with
additional strains will be needed need to verify that the phenotypes are adapted

differently to low or changing nutrient levels. In addition, metatranscriptomic or
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metaproteomic studies could be used to verify that natural populations are actively
expressing the phenotype-specific genes.

The phylogenetic analysis of the isi4 and psbC genes produced three distinct
groups of sequences. The psbC sequences formed a clade with 100% bootstrap
support (Fig. 8, Clade 2 in shaded in grey box), and shorter branch lengths than the
isi4 clades, indicating less sequence divergence in psbC. This is not surprising
because PsbC, a chlorophyll binding protein, is a critical component of PSII under
significant selective pressure (Chisholm & Williams, 1988). For example, a single
amino acid substitution caused a significant decrease in both PSII quantum efficiency
(F\/F,) and oxygen evolution in the cyanobacterium Synechocystis (Ananyev et al.,
2005). The iron starvation-induced chlorophyll binding protein (IsiA) is a closely
related homologue of PsbC, but the two do not share the same function, as the
presence of isi4A cannot compensate for the loss of psbC (Singh & Sherman, 2007) .
Rather, at least three different functions have been established for IsiA proteins: 1)
chlorophyll-storage during iron-limited conditions, 2) dissipation of light-excitation
energy, and 3) a light antennae in PSI (Singh & Sherman, 2007, Sandstrém et al.,
2001, Chauhan ef al., 2011). Considering these functions, it is interesting that there
are striking differences in presence of isi4 genes in the six C. watsonii genomes, with
only one of the four isi4 forms being found in all six strains (Clade 1 in Fig. 8). It
should be noted that WHO0401 is not present in Clade 1 because the ORF was
truncated at the end of a relatively short (~700 bp) contig, thus the shorter sequence

could not be properly aligned. As such, it is possible the full length gene is not
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present in the WH0401 genome, but given the location of the ORF at the end of a
contig, it is more likely missing due to the multi-contig, draft status of the genome.
All of the C. watsonii (and Trichodesmium IMS101) isiA genes in Clade 1, including
the truncated WH0401 sequence, are adjacent to a downstream ORF that is identical
among six strains (100% nucleotide identity), but has inconsistent annotation (labeled
as “putative flavodoxin” in Table 8). In the four most recent C. watsonii genomes,
the ORF is annotated as flavodoxin (isiB), which is an iron-free replacement for
ferredoxin, the iron-sulfur electron transfer protein important in N,-fixation and CO,
fixation (Singh & Sherman, 2007). As observed in the C. watsonii genomes, isiB is
commonly found in a single operon with isi4 (Singh & Sherman, 2007, Chauhan et
al., 2011). However, in the two genomes sequenced and annotated previous to this
study (WH8501 and WHO0003) the ORF is annotated as a hypothetical protein. In
addition, BLAST sequence comparisons showed that all of the most similar
sequences in available databases (KEGG and NCBI) are also annotated as
hypothetical proteins. So, despite some evidence suggesting it is flavodoxin, without
further work (e.g. protein modeling or biochemical studies), it is not possible to say
with certainty that this ORF is indeed isiB.

The isiA genes in Clades 3, 4, and 5 appear to have a different evolutionary
history than the Clade 1 genes (Fig. 8). This is illustrated by the relatively long
branch length between Clade 1 and the rest of the isi4 genes, as well as the
observation that Clade 1 isi4 genes are found in a different genomic location than the

three other forms which are immediately adjacent, and on a single contig in the
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genomes of the three large-cell strains. Additionally, only Clade 1 forms of isi4 are
found in the species most closely related to C. watsonii by nifH and 16S rRNA
phylogenies (e.g. Cyanothece spp.), while the other three forms are only found in
Trichodesmium and more distantly related cyanobacteria. The co-located isi4 genes
(Fig. 8, Clades 3, 4, and 5) also have a flavodoxin gene immediately upstream, in
contrast to the Clade 1 ORFs that have the putative isiB gene downstream.
Additionally, despite amino acid sequence divergence of over 20% between the two
species, Trichodesmium has conserved synteny for the three adjacent isi4 ORFs,
illustrating that this gene order has been maintained since they diverged from their
last common ancestor.

Given the apparent ancient evolutionary origin of the adjacent isi4 genes, it is
surprising that the small-cell strains are missing most or all of these genes. However,
that observation provides a concrete example of generalized genomic gene loss that
was suggested by smaller genomes of the small-strains and by the significant number
of genes shared among large-cell strains, but absent from small-cell strains. One
mechanism for this gene loss is also found in the WH8501 genome, where the Clade
4 (Fig. 8) isiA gene is present, but the Clade 3 isi4 ORF has been interrupted by a
transposase gene, leaving only 195 bp of the ORF that is over 1000 bp in the genomes
of the large-cell strains. Furthermore, in the WH8501 genome, the Clade 5 isi4 gene
(downstream of the Clade 3 ORF) is completely absent, as is the isiB gene that should
be upstream of the Clade 4 gene. This is also an example of the type of gene loss that

would result from genetic rearrangements, which would be expected in a genome
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containing abundant transposase genes. Because IsiA plays an important role in
photosynthesis during iron-limited conditions (Chauhan et al., 2011), it is possible
that the two to three additional copies of the isi4 gene in the genomes of the large-cell
strains could make them better able to continue photosynthesis even in low iron
environments. This also may be a possible explanation for observations of higher

photosynthetic efficiency (¥,/F},) in the large-cell phenotype (Sohm et al., 2011).

Conclusions

The vast majority of genes in each of the six Crocosphaera genomes were
shared with at least one other strain, many with multiple strains, and a large fraction
were shared among all six strains at > 99% nucleotide identity, which was not
surprising in light of previous studies that have found a high degree of genetic
sequence conservation in the species. The genome of WH8501, which has been the
type-strain for the species for decades, was quite surprisingly found to be unique
within the small-cell phenotype, and among this group of isolates, in a number of
respects, such as a larger genome, much more abundant transpose genes, and much
higher levels of gene duplication. This certainly calls into question whether WH8501
should continue to be used as the type-strain for the species in future studies. Using a
number of genetic and statistical measures, C. watsonii strains with the same
phenotype clustered together, while similar clustering was not observed in strains

with temporal or spatial proximity of isolation. Despite substantial genetic similarity
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among the genomes of the six strains, the strain- specific and phenotype- specific
genes identified in this comparison seem to provide enough differences to result in
phenotypic divergence. The resulting phenotypes are characterized by smaller
genomes and more apparent gene loss in the small-cell strains, and larger genomes
and more redundancy in genetic and metabolic capabilities in the large-cell strains.
Finally, there is some evidence that among the redundant genes are capabilities which
may make the large-cell strains better adapted to iron and phosphorus limited
environments. The genome sequences analyzed in this study provide direction and
important data that can be applied to future studies to test that hypothesis, and others,

in isolated Crocosphaera strains as well as natural populations.
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Table 1. Crocosphaera watsonii strain origins and phenotypes

Year | Ocean basin Location Genome
Strain |Phenotype” jsolated| Where isolated |were isolated| Accession #
WH&8501| small-cell | 1984 S. Atlantic 28°S, 48°W |AADV00000000.2
WH&8502| small-cell | 1984 S. Atlantic 26°S, 42°W TBD
N. Pacific
WHO0003| 1 -cell | 2000 22°N, 158°W | AESDO01000000
arge-ce (St. ALOHA) ’
N. Pacific
WHO0005 | 1 - 2 22°N, 158° TBD
arge-cell 000 (St. ALOHA) N, 158°W
WHO401| small-cell | 2002 | T cauatorial | ooy 4oow TBD
Atlantic
S. tori
WH0402 | large-cell | 2002 equatorial |} oq 370p TBD
Atlantic

a: large cell size strains in italics
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Table 2. Genome sizes and gene content statistics for six Crocosphaera watsonii

strains
= ! =
?D O 3 'E < E 3 gjo
=] + S 52 S g =
= %) o = S = e S
h= _ N & - 2 e ? 2 @
5 Ee L © 23§ 237 =3 %
7 5 5 TS KRE ES oz
o0 5 I+ @ = 3 > @ =
o > = = o — = E
8 37 E & @ £ e
= DS * o= z.
n 229
‘g WHS8501 | 6,238,156 | 37.1 H 5,958 1,211 | (3.8%) 71 320
ZJ 104
@ WHS8502 | 4,683,052 | 37.6 | 4,965 165 (2.1%) 4 869
£ 132
1 WH0401 4,551,017 | 37.7 | 4,997 166 (2.6%) 4 918
E 223
g *WHO0003| 5,892,658 | 37.7 | 6,145 | 223 (3.6%) 9 1,130
r— 167
$ *WHO0005 5,975,524 | 37.6 | 5,919 204 @ (2.8%) 10 1,266
)
%0 315
S WH0402 5,880,358 | 37.7 | 6,471 @ 216 | (4.9%) 19 1,343

a: An ORF was considered strain-specific if it had no BLAST similarity to ORFs in
any other genomes at 95% ID over 70% of the ORF length
b: The number of contigs is given as an indicator of genome completeness.
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Figure 1. Abundance of repeated sequences in each C. watsonii genome
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ORFs from each genome that were > 95% identical (over > 70% of the ORF length)
were identified and the number of sequences that were repeated within a genome
were counted. Groups were plotted as the number of sequences in one group (x-axis),
versus the total number of sequences in groups of that size (e.g. 5 groups of 2
sequences each would have a total of 10 sequences, so that point would be plotted at
position 2,10). For most of the strains, sequences were not highly repeated, falling
into groups of 2 or 3 sequences. WH8501 was the only strain with groups of more
than 10 sequences, including six groups with over 100 repeats (see Table 3).
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Table 3.

Counts of repeated sequences in each C. watsonii genome.

number of | number of
repeats in groups in total
Genome | each group genome sequences
6 1 6
5 1 5
WHO0003 3 2 2
2 66 132
4 2 8
WHO0005 > 49 08
6 1 6
5 2 10
WH0401 3 3 9
2 8 16
3 1 3
WHO0402 > 45 90
10 1 10
WHS8502 3 2 6
2 21 42
277 1 277
150 1 150
139 1 139
129 1 129
124 1 124
82 1 82
68 1 68
64 1 64
50 1 50
46 1 46
% 32 1 32
31 1 31
E 17 1 17
16 1 16
15 1 15
14 1 14
10 1 10
8 1 8
7 2 14
6 2 12
4 6 24
3 6 18
2 49 98
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Figure 2. Abundance and distribution of IS families in each of the six C. watsonii

genomes
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The 16 most abundant IS families are shown, with remaining families combined in
the “other” category. Transposase ORFs were assigned to IS families based on
sequence similarity to known IS elements using [Sfinder.
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Figure 3. Percentage of ORFs shared between C. watsonii strains
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ORFs for each genome were used as query sequences against the other five genomes
in nucleotide BLAST searches. Alignments >95% identity over at least 70% of the
ORF were totaled and plotted as a percent of the total number of ORFs in the query
genome. Small-cell strains are represented by red shades, and large-cell strains by
shades of blue.

103



Table 4. Percentage of ORFs shared between C. watsonii strains

comparison genome (query sequences)

WH8501 WHO0401 WHO0003 WHO0005

WH8501 83.2% 82.3% 68.6% 66.6% 66.5%
78.6% 64.4% 64.4% 62.9%
WHO0401 79.1% 86.5% 70.5% 70.1% 68.9%

WHO0003 72.2% 80.4% 80.8% 81.0% 79.0%

Reference genome

WHO0005 67.0% 77.7% 77.4% 77.7% 77.2%

72.9% 86.0% 86.3% 87.0% 89.2%

OREFs for each genome were used as query sequences against the other five genomes
in nucleotide BLAST searches. Alignments >95% identity over at least 70% of the
ORF were counted and are presented as a percent of the total number of ORFs in the
query genome. Red shades indicate small-cell strains, and blue shades indicate large-
cell strains.
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Figure 4. Presence/absence of all ORFs in six C. watsonii genomes
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Presence (green) or absence (black) of 11,635 sequences that represent all ORFs in
the genomes of six strains (A). Each strain is represented by the column above the

strain names, and each row represents one sequence. Rows are grouped by the

number of strains in which the sequence is found, and the total number of sequences
in each category is listed on the left. The dendogram above the columns is based on
the presence/absence pattern for all 11,635 rows. Zoomed in views of the sequences
found in 3 strains (B) and 2 strains (C) are shown with total for sub-categories listed

on the left.
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Figure 5. Counts of ORFs found in genomes of 2, 3, 4 and 5 C. watsonii strains
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Observed counts of ORFs for each category, indicated by bars, were compared to the
expected count for each category, indicated by black lines. Categories were binned
by the number of genomes in which a sequence was present, and expected counts
were calculated by assuming all categories were equally likely in each bin. The 6-
genome presence/ absence pattern for each category is indicated by the boxes below
the bars (black= sequence is absent for that genome, colored = present). The y2
goodness-of-fit test indicated statistically significant difference between observed and
expected counts for all categories (n = 6640, Df =55, x2 = 8469, p =0.000).
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Figure 6. Combined counts of ORFs found in genomes of 2, 3, 4 and 5 C. watsonii
strains

1200 Observed = Expected

1000

“ — —
g 800
5 — —
&
b
5 600
@
Ne]
£
3
Z 400
| ] — —
200
— —
o || || || || ||
2L TL+1S 1 1S 3L [2L+1S12S+1L1 3S 3L+1S1 204251 3S+1L 3S+2L | 3L+2S
WH8501 [
WH8502 ||
WH0401
WH0003
WH0005 .
WH0402 ||
(#of binsincluded) 3} (9 () m @ 1 B © 0 B 0B
Presentin 2 genomes Present in 3 genomes Presentin 4 genomes In 5 genomes

ORF sequences were binned based on the phenotypic category of the genomes in
which the sequence was found (using criteria of 95% identity over >70% of the ORF
length). The 6-genome presence/ absence pattern for each category is indicated by
the boxes below the bars (black= sequence is absent for that genome, colored =
present - with blue shades indicating large-cell strains and red shades indicating small
cell strains). The total number of sequences in each bin (grey bars) was compared to
expected counts (black lines) that were calculated by assuming all categories were
equally likely in each bin, and summing the number of binned categories. The y2
goodness-of-fit test indicated statistically significant differences between observed
and expected counts for all categories (n = 6640 , Df =11, y2 = 6509, p =0.000) .
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Table 5. Presence/absence of 24 genes in putative EPS-critical region identified in the
WHO0003 genome.

Global %ID

WHS8501

WH8502

W0003 ORF ID

Annotated Function

R e e[~~~ |~ |~ |~ [~~~ |~ |~ |~ |~ [~ ]|~ |~ [~ |~ |~ [~ [WH0003

== e e e ke, R ==~ |~ |~ |~ |~ |~= [~ |~ |~ |~ |~ |~ |~ [WHO005

R [~ |~ |~ |~~~ |~ |~ [~~~ |~ |~ |~ |~ |~ |~ [~ ]|~ |~ |~ |~ |[WH0402

o
g
:
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

o
©

OEOOOOOOOOOOOOOOOOOOOO

CWATWHO0003_3496

hypothetical protein

CWATWHO0003_3497

short-chain dehydrogenase/reductase SDR

CWATWH0003_3498

hypothetical protein

CWATWH0003_3499

Sugar transferase involved in lipopolysaccharide synthesis

CWATWH0003_3502

putative aldo/keto reductase

CWATWH0003_3503

macrocin-O-methyltransferase

CWATWHO0003_3504

glycosyl transferase, group 1

CWATWHO0003_3505

WbIG protein

CWATWHO0003_3506

hypothetical protein

CWATWH0003_3507

O-antigen translocase

CWATWH0003_3508

DegT/DnrJ/EryC1/StrS aminotransferase family protein

CWATWH0003_3509

hypothetical protein

CWATWH0003_3510

hypothetical protein

CWATWH0003_3511

hypothetical protein

CWATWH0003_3512

acetyltransferase, putative

CWATWH0003_3513

oxidoreductase domain protein

CWATWH0003_3514

UDP-N-acetyl-D-mannosamine 6-dehydrogenase, putative

CWATWH0003_3515

polysaccharide biosynthesis protein CapD

CWATWHO0003_3516

polysaccharide export protein

CWATWH0003_3517

hypothetical protein

CWATWH0003_3518

hypothetical protein

CWATWH0003_3519

Animal haem peroxidase

CWATWH0003_3520a1

Transposase, 15200/15605 family
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Figure 7. Phylogenetic relationship of six C. watsonii strains and two Cyanothece
species, based on 25 genes.
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Evolutionary relationships were inferred based on a 25kb alignment of 25
concatenated genes using the Neighbor-Joining method and the percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches. The optimal tree with the sum of
branch length = 0.24091980 is shown drawn to scale, with branch lengths in units of
base substitutions per site.
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Table 6. Estimates of Evolutionary Divergence among six C. watsonii strains and two
Cyanothece species, based on 25 genes.

Croco Croco Croco Croco Croco Croco Cyanothece Cyanothece
WHS8502 WH8501 WH0401 WH0003 WHO0005 WH0402 51142 CCY0110
Croco
WH8502 0.0048 0.0091 0.0277 0.0277 0.0279 0.1613 0.1647
Croco
WH8501 0.0067 0.0279 0.0278 0.0280 0.1616 0.1652
Croco
WH0401 0.0238 0.0238 0.0239 0.1625 0.1657
Croco
WHO0003 0.0000 0.0002 0.1622 0.1648
Croco
WHO0005 0.0002 0.1622 0.1647
Croco
WH0402 0.1623 0.1648
Cyanothece
51142 0.1159
Cyanothece
CCYo110

The numbers of base substitutions per site are shown based on the pairwise analysis
of 8 sequences using the Jukes-Cantor method. Each sequence includes the same 25
concatenated genes used to construct the phylogenetic tree above.
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Table 7. Counts of phosphorous-related genes in each C. watsonii genome

M w2 =«
S | S|l
KEGG SIS S| 2|2
Orthology § § § § E E
Gene | number Function
phnD | K02044 |phosphonate binding 21212111212
phosphate regulon transcriptional
phoB | K07657 |regulator 1 | 1|1 1 1 1
phoH | K06217 |phosphate starvation-inducible protein | [/ 1|1 1 1 1
phoR | K07636 |phosphate regulon sensor 11111 1 1 |2
phoU | K02039 |phosphate transport system regulator 111 ] 1 1 1 1
pstA | K02038 |phosphate transport system permease 313131 ]3]1
pstB | K02036 |ATP-binding phosphate transport 31314131313
periplasmic phosphate-binding ABC-
pstC | K02037 |transporter 2121211 [1]2
pstS | K02040 |high-affinity phosphate-binding 6 | 5713|134
phosphodiesterase/ alkaline
phoD | KO1113 |phosphatase D 212121 0]07]0
phoA alkaline phosphatase 01010 11|11
alkaline phosphatase
(non-phoD & non-phoA) 214 12]10]0 1
dedA alkaline phosphatase-like 1| 1] 1 1 1 1
pitA KO03306 |inorganic phosphate transporter 1| 1] 1 1 1 1
ppa KO01507 |inorganic pyrophosphatase 2112 |1]1]2
ppk K00937 |polyphosphate kinase 1| 1] 1 1 1 1
ppX KO01524 |exopolyphosphatase 1| 1] 1 1 1 1
Total| 30 | 30 | 32 | 19 | 22 | 25
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Table 8. Counts of iron-related genes in each C. watsonii genome

(likely split ORFs are marked with *)

Nl || =] =«
SIS S|l
KEGG S SIS R|2
Orthology § § § E E E
Gene number Function
iron-stress chlorophyll-binding protein
isiA (CP43") 41414132
fldA/isiB | K03839 |flavodoxin 1 212121212
putative flavodoxin I 1|1 ]1]1]1
idiA/fut4/| KO02012 |iron(III) transport system substrate-binding
afud/fbpA protein I |11 |1 |1]1
idiB/futB/
afuB/fopB | K02011 |iron(III) transport system permeaseprotein | I | 0 | I |2 |2 |1
idiC/futC/ iron(III) transport system ATP-binding
afuC/fbpC| K02010 |protein 1|1 (2*%1|1]1
feoA K04758 |ferrous iron transport protein A 31213 ]2]3]|2
feoB K04759 |ferrous iron transport protein B 4 1 3]16% 2|3 ]|2
fur KO03711 |ferric uptake transcriptional regulator 4141414144
ferric siderophore transport system,
tonB K03832 |periplasmic binding protein I |11 |1 ]1]1
ferric siderophore transport system,
exbB KO03561 |biopolymer transport protein 212121222
exbD/tolR | KO03559 |Biopolymer transport protein 212121222
dps K04047 |starvation-inducible DNA-bindingprotein | 0 | I |1 |1 ][0 |0
bfr K03594 |bacterioferritin 212121222
K02014 |ferrichrome-iron receptor I |1 ]2]1]1]2
iron complex transport system substrate-
K02016 |binding protein (ABC transporter) 41212 ]1]1]0
Total (counting split ORF as 1) 3312913326 [28]25
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Table 9. Counts of Photosystem I and II genes in the genome of each C. watsonii

strain. (likely split ORFs are marked with *)

S I RN - -~ i~
KEGG S S22 2|2
Orthology § g § E E E
Gene | number Function
Photosystem I genes
btpA K06971 |photosystem I biogenesis protein 1] 1 2% 1 1 1
saA K02689 [PSI P700 chlorophyll a apoprotein A1l 2% | 1 1 |2%] 1 1
saB K02690 |PSI P700 chlorophyll a apoprotein A2 1] 1 2% 1 1 1
saC | K02691 |photosystem I subunit VII 1| 1 1 1 1 1
saD | K02692 |photosystem I subunit IT 1] 1 1 1 1 1
saE | K02693 photosystem I subunit IV 1] 1 JIR! 1 1
saF | K02694 |photosystem I subunit III 1| 1 1 1 1 |0
saK | K02698 |photosystem I subunit X 1] 1 / 1 1 10
saL K02699 |photosystem I subunit XI 110 |1 1 1 1
Photosystem II genes
sb27 | K08902 photosystem II Psb27 protein 1| 1 JIR! 1 1
sb28 | K08903 |photosystem II 13kDa protein 212 12121212
shA K02703 |PSII P680 reaction center D1 protein 7131113123
sbB K02704 [PSII CP47 chlorophyll apoprotein 1| 1 1 1 1 |0
sbC | KO02705 |PSII CP43 chlorophyll apoprotein I 1 1 1 1
sbD | K02706 [PSII P680 reaction center D2 protein 2| 1 1 1 1|2
sbE K02707 |PSII cytochrome b559 subunit alpha 1| 1 1 1 1 1
sbF | K02708 [PSII cytochrome b559 subunit beta 1| 1 1 |1 1 1
sbH | K02709 |PSII 10 kDa phosphoprotein 1| 1 1 1 1 1
NI K02710 |photosystem II reaction center protein | I /|1 1 1
shJ KO02711 |photosystem II reaction center protein J 1| 1 1 1 1 1
sbK | K02712 |photosystem II reaction center protein K 1| 1 /|1 1 1
shbL K02713 |photosystem II reaction center protein L 1| 1 1 |1 1 1
sbM | K02714 |photosystem II reaction center protein M 1|10 | 1]1]01]0
sbN | KO02715 |photosystem II reaction center protein N I /|1 1 1
PS II oxygen-evolving enhancer protein 1
shO | K02716 |(manganese-stabilizing protein) 1| 1 1 1 1 1
sbP K02717 |PS II oxygen-evolving enhancer protein2 | [ | [ 2 |1 1 1
shU | K02719 |photosystem II 12 kD extrinsic protein 1] 1 1 |1 1 1
sbV | K02720 |photosystem II cytochrome ¢550 1] 1 1 |1 1 1
sbX | K02722 photosystem II protein X 1] 1 1|1 1 1
shZ K02724 |photosystem II reaction center protein Z 0] 0 1 1 1 1
Total (counting split ORFas 1) 37| 30 | 32 | 33 | 31 | 30
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Figure 8. Evolutionary relationships of C. watsonii psbC and isiA genes

gi|218438766 Cyanothece sp. PCC 7424 7
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100 gi|209526690 Arthrospira maxima CS-328
42 gi[291585679 Arthrospira platensis NIES-39
100 [ 91156750011 Synechococcus elongatus PCC 6301
100 gi|755009|gb Synechococcus elongatus PCC 6301
—  gi|220907842 Cyanothece sp. PCC 7425 Clade 1
7 100 gi|172036700 Cyanothece sp. ATCC 51142 (isiA-like)
{ gi|126657643 Cyanothece sp. CCY0110

23 CwatDRAFT 3258
Croco WHB502 2199.peg.4736
34 Croco WHO0005 2200.peg.3318

Croco WHO0003 2936. peg. 780

Croco WHO0402 272.peg.5907t05906 *

gi|22299174 Thermosynechococcus elongatus BP-1
gi|1161272 Synechocystis sp. PCC 6803
gi|16330391Synechocystis sp. PCC 6803
gi|163937832 Synechocystis sp. PCC 6803
gi|218437578 Cyanothece sp. PCC 7424
gi|307151576 Cyanothece sp. PCC 7822
i|218244947 Cyanothece sp. PCC 8801
gi|159026302 Microcystis aeruginosa PCC 7806
gi|166366856 Microcystis aeruginosa NIES-843
gi|172035575 Cyanothece sp. ATCC 51142 Clade 2
gi|126657371 Cyanothece sp. CCY0110 (psbC-like)
Croce WHO0402 272.peg. 1296
CwatDRAFT 0143
Croco WH0401 271.peg.535
Croco WH8502 2199.peg. 1865
Croco WHO0003 2936, peg. 2745
Croco WHO0005 2200.peg.512
0i[300868042 Oscillatoria sp. PCC 6506 7
gi|332710758 Lyngbya majuscula 3L
a0 @ 100 0i|119509834 Nodularia spumigena CCY 89414
gi|17231494 Nostoc sp. PCC 7120
100 [— gi|86607219 Synechococcus sp. JA-3-3Ab
L gi|86609708 Synechococcus sp. JA-2-3Ba(2-13)
100 rgi|El6ESl)7221 Synechococcus sp. JA-3-3Ab
75 L gi|86609710 Synechococcus sp. JA-2-3Ba(2-13) Clade 3
gi|332708648 Lyngbya majuscula 3L
gi|300868041 Oscillatoria sp. PCC 6506
100 gi|17231495 Nostoc sp. PCC 7120
36 gi|119509833 Nodularia spumigena CCY 9414
gi|113476104 Trichodesmium erythraeum IMS101
Croco WH0402 272 peg.882to883 *
02 08 100 Croco WH0003 2936. peg. 5637
Croco WHO0005 2200. peg. 90
gi|113476103 Trichodesmium erythraeum IMS101
100 Croco WHO0005 2200.peg. 91
100 | Croco WH0402 272.peg.884 Clade 4
Croco WHO0003 2936. peg. 5635
CwatDRAFT 0024

gi|113476105 Trichodesmium erythraeum IMS101
100 Croco WH0402 272.peg.881
g Clade 5

98
Croco WHO0005 2200. peg.89
1090 Groco WH0003 2936, peg. 5638

Croco WH8502 2199.peg.126 **

0.4 03 0.2 0.1 0.0

Relationships were inferred using the UPGMA method with bootstrap support, as
percent of 500 replicates, shown next to the branches. The optimal tree with the sum
of branch length = 5.82073916 is shown drawn to scale, with branch lengths
computed using the Poisson correction method in the units of number of amino acid
substitutions per site. Small-cell Crocosphaera strain sequences are in red text and
large-cell strains are in blue text. Gray shading indicates psbC sequences. Orange
shading indicates the three adjacent likely isi4 ORFs in Crocosphaera and
Trichodesmium genomes. ** indicates the ORF is truncated by end of contig.

* indicates two adjacent ORFs separated by a stop codon (likely sequencing error)
were combined into a single sequence.

114



Chapter 4

Natural abundances of two Crocosphaera types

in the North and South Pacific
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Abstract

Crocosphaera watsonii is an abundant unicellular nitrogen (N) fixing
cyanobacterium that is important in marine ecosystems, primarily because it supplies
fixed nitrogen to the phytoplankton community in oligotrophic oceans. Isolates of C.
watsonii are separated into two phenotypes (large-cell and small-cell) with genetic
and metabolic differences in environmentally important processes such as
exopolysaccharide production, nitrogen fixation rates, and photosynthetic efficiency,
which indicates that the two types may have different impacts on nutrient cycling, and
different marine niches. However, prior to this study, molecular assays for C.
watsonii abundances in natural samples were unable to differentiate between the two
phenotypes, so their distributions were essentially uncharacterized. As a first step to
understanding those distributions, this study developed C. watsonii type-specific
qPCR assays and applied them to samples from the North and South Pacific. Both
samples sets showed a rapid decline in both Crocosphaera types between 45 and 75
m, and a dominance of the large-cell types below 100 m. In contrast, above 75 m,
small-cell types typically outnumbered large-cell types by a factor of 10 or more, and
this was more pronounced in the N. Pacific. In addition, despite cell-diameters of ~6
um, a significant portion of the large-cell types were captured on 10 um pore size
filters in N. Pacific samples from above 75 m, suggesting aggregation was more
common in that sub-population. Because this is the first study to report natural
abundances of the two C. watsonii types throughout the water column, future

experiments will be needed to determine which patterns observed in these samples are
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typical in all ecosystems, and which vary by season or ocean basin. This study, and
future work using the newly developed assays, will provide important details of C.
watsonii populations, which are critical for assessing the role of Crocosphaera in

global biogeochemical cycling.
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Introduction

Crocosphaera watsonii 1s a species of unicellular nitrogen (N) fixing
cyanobacteria (UCYN) that is important in marine primary production and
biogeochemical cycling. This is especially true in oligotrophic gyres where nitrogen
is often a limiting nutrient, and C. watsonii can provide biologically available
nitrogen to the phytoplankton community by fixing nitrogen at significant rates (Zehr
et al., 2001; Falcon et al., 2004; Montoya et al., 2004; Kitajima et al., 2009;
Moisander et al., 2010). As such, UCYN are among the largest contributors of fixed
nitrogen in marine systems and measurements of UCYN abundance, made using
direct microscope counts and qPCR of the nifH gene, are important for estimating
basin-scale N,-fixation rates. Direct counts have recorded abundances of 10* to 10’
cells/liter in the North Pacific (Zehr et al., 2001; Church et al., 2005), and near 10°
cells/liter in the Atlantic (Falcon et al., 2004), and qPCR studies have found between
10° and 10° gene copies/ liter in multiple ocean basins (Zehr et al., 2001; Church et
al., 2005; Church et al., 2008; Langlois et al., 2008; Moisander et al., 2010; Falcon et
al., 2004; Moisander et al., 2008). Such measurements of natural Crocosphaera
abundances count the species as a single population because there is no genetic
variation in the nifH gene.

The lack of genetic variation observed in Crocosphaera nifH sequences was
also observed in the 16S rDNA sequence, and a number of other genes that were
examined in natural populations and cultivated strains (Zehr et al., 2007). Despite

that apparent genetic conservation, two distinct phenotypic categories have been
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identified in C. watsonii isolates. The first (large-cell) phenotype has cell-diameters
over 4 um, produces abundant extracellular polysaccharide (EPS), has higher
photosynthetic efficiencies (F,/F,), and higher per-cell nitrogen fixation rates (Webb
et al., 2009; Sohm et al., 2011). The other (small-cell) type has cell diameters less
than 4 um, and does not produce noticeable amounts of EPS. There is also evidence
that the small-cell types also grow in a narrower temperature range, and are missing
some phosphorus scavenging genes that are found in the large-cell types (Dyhrman
and Haley, 2006; Webb et al., 2009). More recently, genome comparisons found that
the large-cell types contained a variety of genetic functions that were missing from
the genomes of the small-cell types, such as EPS biosynthesis, iron stress response
genes, and phosphorus metabolism genes (Bench et al., 2011; Bench et al., 2012).
Because of their genetic and metabolic differences, it is likely that the two types have
different impacts on biogeochemical cycling. For example, EPS is a carbon-rich
compound that can protect cells and cause aggregation which increases sinking rates
(Passow et al., 2001; Pereira et al., 2009; Sohm et al., 2011), which would make the
large-cell types more significant contributors to carbon export from surface water
than the small-cell types. The differences in iron and phosphorus related genes
further suggest that the two C. watsonii types may be differently adapted to their
chemical environment, and therefore may have different niches. However, because
the standard methods used to measure natural Crocosphaera abundances are limited
to viewing the species as a single population, very little is known about the

distribution of two types in the water column or the global oceans. A single previous
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study carried out microscopic cell counts to quantify relative abundance of two
classes of Crocosphaera cell size in the western South Pacific (Webb et al., 2009).
That work only included a single depth, but in those samples, the smaller cells were
slightly more abundant than the larger cells. Evidence of cell aggregation was also
seen in the larger-cells (Webb et al., 2009), which further supports the possibility of
different levels of nutrient export by the two phenotypes. In light of the ecologically
relevant differences between types, is it important to better understand their
distributions in order to accurately assess the impact of the species on nutrient cycling
and the marine ecosystem.

The first goal of this study was to use the recently identified phenotype-
specific genes to develop molecular assays to differentiate between Crocosphaera
types. The second goal was to apply those assays to water column samples and
thereby provide an initial assessment of the distribution of the two C. watsonii types

in natural populations.
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Methods

Design and testing of gPCR assays

Previously completed comparisons of six Crocosphaera watsonii genomes
enabled identification of genes unique to each phenotype (Bench et al., 2011; Bench
et al., 2012). Two genes were identified for each phenotype that were found in all of
the genomes of that type, but were absent from all genomes of the alternate type.
Primer-probe set (pps) was designed for each gene using Primer 3 (Rozen and
Skaletsky, 1999) with a goal Ty, of 64°C for primers, and 74°C for probes. All four
genes and corresponding primer and probe sequences were used in nucleotide
BLAST searches against the CAMERA (Sun et al., 2011) and GenBank NT and
WGS (Benson et al., 2003) databases to verify that they did not have significant
sequence similarity to other known organisms. The genes used as template sequences
and the resulting primers and probes for all four loci are listed in Table 1, and the
design of the pps for the nifH locus was previously described (Moisander et al.,
2010). Dual-label probes were synthesized with FAM fluorescent tags and TAMRA
quenchers. Reactions were set up in sterile PCR hoods using UV sterilized optical
tubes or plates and contained 1.5 - 2 pl of template DNA plus 1 pl of each primer (10
uM), 0.5 ul of probe (10 uM), 12.5 pul TagMan Gene Expression 2X Master Mix
(Applied Biosystems), and water to a final volume of 25 pl. Amplification and
detection was carried out on an ABI 7500 instrument using the following 2-step
reaction: initial steps of 50°C for 2 minutes, then 95°C for 10 minutes, then 45 cycles

0of 90°C for 15 seconds, then 60°C for 60 seconds. Each run included 3 or 4 no
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template controls (NTCs) and a set of standards, in triplicate, with known gene copies
from 10° to 10" per reaction. Following each run, the C, of each standard was plotted
versus the log of its gene copy number to create a standard curve. The equation for
that standard curve was used to calculate the gene copies in each of the sample
reactions from the same run.

Standards were made from amplified genomic DNA from strains of the
appropriate phenotype. To avoid amplifying DNA from contaminants in non-axenic
cultures, cells were sorted using a flow cytometer prior to whole genome
amplification (WGA) with Repli-g (Qiagen). The sorting and WGA were carried out
as described in the methods used for genome sequencing of C. watsonii strains
(Bench et al., 2011; Bench et al., 2012). Amplified genomic DNA was quantified
using Pico Green (Life Technologies), and genome copies/pl were calculated based
on the DNA concentration and the draft genome sizes (Bench et al., 2012).
Appropriate dilutions were made to generate a set of standards that contained 10° to
107 genome copies in 2pl (the volume used in each reaction). Multiple sets of the
prepared genomic standards were compared in triplicate to nifH linearized plasmid
standards to verify the DNA quantification, and relative reaction efficiency, and no
significant differences were observed between the plasmid and any of the genomic
standards (Supp. Fig. 1 and 2).

Tests for cross reactivity and inhibition were carried out for all loci using
multiple mixtures of DNA from different C. watsonii strains. Names and phenotypes

of C. watsonii strains used are listed in table 2. Four test mixtures contained genomic
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DNA from WHS8501 and WHO0003 strains in the following ratios: 1:3, 3:1, 1:10, and
10:1. Eight additional test mixtures contained WH8501 or WH0003 DNA mixed
with 3-fold more DNA (final ratio of 1:3) from one of four additional strains
(WHS8502, WH0401, WH0401, and WHO0005). The pps for each locus was tested for
amplification and inhibition in triplicate qPCR reactions with the 12 different
mixtures, which ranged over an order in magnitude in target DNA and non-target
DNA concentrations, and included samples that contained only target DNA as well as
only non-target DNA. Copy numbers from qPCR reactions were very close (+ 30%
for nearly all samples) the expected numbers based on DNA concentrations used in
each reaction, and there was no amplification in any of the samples that did not
contain target DNA. Because there was no apparent cross-reactivity or inhibition
from non-target strains, all four pps were determined to be appropriate for use in

environmental samples.

Sample collection, DNA extraction and gPCR of cruise samples

South Pacific samples were collected during the R/V Kilo Moana cruise
KMO0703 in March and April of 2007. Cruise station locations as well as methods for
water sample collection and processing and DNA extraction were described
previously (Moisander et al., 2010). North Pacific samples were collected during the
BioLINCS cruise in September of 2011, which took place north of Station Aloha
(Figure 1). At each station, water samples were collected from multiple discrete

depths (5 to 175 m) in Niskin bottles mounted on a CTD rosette. Two to three liters
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of collected water was filtered through two in-line Durapore filters (10 um pore size,
followed by 0.2 um pore size). Filters were placed in bead beater tubes with 0.1 g
sterile glass beads, immediately frozen and subsequently stored at -80°C until DNA
extraction.

The DNA extraction protocol used for N. Pacific samples is a further
modification of the modified DNeasy Plant MiniKit (Qiagen) protocol used in to
extract the S. Pacific samples (Moisander et al., 2008; Moisander et al., 2010). Filters
were thawed and 400 ul of AP1 buffer (provided in kit) was added to each tube.
Samples then underwent three freeze-thaw cycles of rapid freezing in liquid Ny,
followed by rapid thawing in a 65°C heat block. The samples were then bead-beat in
Mini-Beadbeater-96 (Biospec Inc.) for 2 minutes. Tubes were centrifuged briefly
prior to addition of 45 pul (20 mg/ml) of Proteinase K (Qiagen), and then vortexed
briefly and incubated (with rocking) at 55°C for 1 hour. An RNaseA digestion was
then carried out by adding 4 ul of RNaseA to each sample, vortexing and incubating
at 65°C for 10 minutes. The filters were removed from the tubes, and 130 pl of AP2
buffer (provided in kit) was added to each tube followed by a brief vortex and a 10
minute incubation on ice. Tubes were spun for 5 minutes at 14,000 RPM to pellet
beads large precipitates, and the supernatant for each sample was then transferred to
sterile 2 ml locking Sample tubes RB (Qiagen). DNA was then extracted from the
transferred supernatant using the standard reagents and protocols for “Plant Cell &
Tissues” with the “DNeasy Plant Mini” kit in the QIAcube instrument. The final

elution volume for each sample was 100 pl.
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The capD and UDPhydro assays of environmental samples used the same
qPCR reaction contents (except template DNA), genomic DNA standards, and
cycling conditions as those used in the pps testing described above. DNA extracts
were diluted 1:5 (N. Pacific samples) or 1:1 (S. Pacific samples) and 1.5 pl of the
dilution was used in triplicate reactions. For the N. Pacific samples, nifH reactions
contained 2 pl of undiluted DNA extract in duplicate reactions, and for the S. Pacific
samples, previously reported nifH gene copies (Moisander et al., 2010) were used for
comparison to capD and UDPhydro gene copies. The diluted template DNA
reactions had a higher limit of quantification (LOQ) in the resulting qPCR
calculations, and as such a number of samples from 100 m and below were under this
LOQ. The good correlation with the undiluted nifH copy numbers, which were well
above the LOQ, provided enough confidence in those data to include them in this
analysis. However, some or all of the samples that were below the LOQ will need to

be re-run with undiluted template DNA to verify those numbers.
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Results and Discussion

Despite known phenotypic differences in cultivated strains, Crocosphaera
watsonii has been treated as a single population in environmental samples, because
available molecular markers were designed for genes that showed no genetic
variation between strains or within natural populations. However, genomic
comparisons of multiple cultivated strains revealed strain-specific and phenotype-
specific genes that could be used to differentiate between strains (Bench et al., 2011;
Bench et al., 2012). Based on that genomic data, four qPCR assays were designed as
part of this study; two designed to target large-cell type strains, and two targeted to
small-cell strains. Each pps was designed to a separate gene, resulting in assays for 4
different genomic loci (Table 1). Using the established Group B nifH pps (Moisander
et al., 2010) as a positive quantitative control, each qPCR locus was thoroughly tested
using DNA from six C. watsonii cultivated strains (see methods). All loci amplified
quantitatively as expected for DNA from strains with the targeted phenotype, and did
not amplify with DNA from non-target phenotype strains (Table 2 and Supp. Fig. 1
and 2). For example, the two loci designed to target large-cell strains (capD and
polyExp), amplified as predicted only with DNA from large-cell type strains
(WHO0003, WH0005, and WH0402). This was true for all loci, even when DNA from
non-targeted phenotype strain (i.e. not expected to amplify) was ten-fold greater than
DNA from the targeted strain (see methods). This testing demonstrated that, when
using DNA from isolates, all four qPCR assays were robust without cross-reactivity

or noticeable inhibition from un-targeted C. watsonii phenotypes.
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Following testing with DNA from isolated strains, the qPCR assays were
applied to two sets of research cruise samples to investigate the natural distributions
of the two phenotypes. One sample set was collected during September 2011 north of
Hawaii in the oligotrophic gyre of the N. Pacific Ocean (Figure 1). Collected water
samples were filtered through two in-line filters; first one with a 10um pore size,
followed by one with a 0.2um pore size. Because all C. watsonii isolates have cell
diameters that range from 3.5 um to ~6 um (Webb et al., 2009; Sohm et al., 2011), it
is predicted that the vast majority of naturally occurring C. watsonii should pass
through the 10 pm filter and be captured on the 0.2 um filter. However, the large-cell
phenotype is also known to produce copious amount of EPS, and to form multi-cell
aggregates as a result (Webb et al., 2009; Sohm et al., 2011). Such aggregates could
contribute to retention of the large-cell type on the larger pore size filter, as was
observed in microscopic examination of the Crocosphaera community the western
South Pacific (Webb et al., 2009). To test that prediction, phenotype specific assays
were run on both filter sizes and the relative contribution of the 0.2 pm filter sample
to the total for each sample was calculated. For the vast majority of samples assayed
with the UDPhydro, (small-cell specific) locus, nearly 100% of gene copies were
found on the 0.2 um filter, and only four samples out of 58 (plus three that had no
amplification) showed less than 80% of gene copies on the 0.2 um filter (right panel
in Figure 2).

The large-cell specific assay (capD) showed a very different pattern, with less

than 40% of the total copies found on the 0.2 um filter for many samples collected
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from 75 m and shallower (left panel in Figure 2). The samples collected from deeper
than 75 m had a pattern more similar to the small-cell locus, but with a slightly higher
fraction of samples in the 50- 85% range. The distinction in samples from above and
below 75 m could be explained by the presence of two subgroups of large-cell type
Crocosphaera, such as a shallow population that forms large aggregates, as observed
in isolates, and is adapted to higher light, and a second deeper population that is
adapted to lower light levels and has less aggregation. This would be similar to what
is observed in sympatric Prochlorococcus strains that have established separate high-
light and low-light niches in the water column (West and Scanlan, 1999; Rocap et al.,
2003; Scanlan et al., 2009). Alternatively, the pattern could be explained by a process
where aggregates break up as they sink and/or are partially grazed. This would
release some cells from aggregates, thereby allowing a larger proportion to pass
through the 10 pum filter. If that were the explanation for the observed pattern, it
would mean that the presence of C. watsonii below 75 m is not necessarily indicative
of those cells being active and dividing, but is primarily a result of sinking and
mixing. Because the two proposed scenarios have vastly different predictions for the
metabolic state of the deeper population of cells, it is unclear what contribution that
population may be making to the microbial ecosystem at those depths. Future
experiments could possibly differentiate between the two scenarios by measuring
sinking rates using sediment traps, and assessing the viability of the deeper
population through measurements such as relative cellular fluorescence and relative

gene expression levels of the two groups.
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Comparing abundances of the two Crocosphaera types along the cruise track
revealed that the small-cell type accounted for the vast majority of total
Crocosphaera abundance in samples shallower than 75 m, while the large-ell type
dominated in samples deeper than 100 m (Figure 3). Total Crocosphaera, as
measured by nifH qPCR with the two filter sizes summed for each sample (see
methods), was very high (often >10° gene copies per liter) in samples from 50 m and
shallower, and rapidly declined by 2 to 3 orders of magnitude between 50 and 100
meters, decreasing to abundances of ~10° gene copies per liter at and below 150 m
(upper left panel of Figure 3). The small-cell Crocosphaera showed a similar pattern,
with UDPhydro gene abundances ranging from over 10° gene copies per liter at the
surface to less than 10° gene copies per liter in samples at or below 125 m (Figure 3,
upper right panel). By comparison, the large-cell type Crocosphaera were much less
abundant in the upper water column (<75 m depth) at 10* to 10> gene copies (capD
locus) per liter (lower left panel of Figure 3). However, many samples below 75 m
had capD abundances measured well above 10° copies per liter, which was often
much higher than the small-cell abundance in the same samples. As such, the ratio of
large-cell to small-cell Crocosphaera (as calculated by dividing capD gene copies by
UDPhydro gene copies for each sample) was typically between 0.01 and 0.1 in
samples above 50 m, while it was between 4 and 8 in samples below 75 m (lower
right panel of Figure 3). This ratio was the highest at station 2 (~20 km distance in
figure 3), in the 100 and 125 m samples and second highest at station 7 (~110 km

distance) in the 125 and 150m samples. These stations also had some of the highest
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abundances of large-cell type Crocosphaera in the upper water column, which
apparently supports the proposed scenario of a sinking process driving abundances of
large-cells in deeper samples.

Flow cytometry measurements (FCM) of Crocosphaera abundances also
showed the highest counts in the shallowest samples (Supp. Table 1). However,
while there was some correlation in relative abundances, FCM cell counts were far
below qPCR counts (7% to 35% of nifH gene copies) and no Crocosphaera cells
were found by FCM below 75 m. This may be due to the much higher limit of
detection and much smaller sample size for FCM, or it could indicate that the cells in
deeper water are less metabolically active and have a corresponding low level of
fluorescence that prevents proper assessment by FCM. More detailed comparisons of
qPCR and FCM data will be needed to clarify the reason for the apparent discrepancy
between the two counts.

Abundances of the two Crocosphaera phenotypes were also measured in
samples taken at three stations during a research cruise in the South Pacific Ocean in
the spring of 2007. In these samples, the surface abundances of Crocosphaera were
nearly as high as those measured in the N. Pacific samples, with nifH and UDPhydro
assays measuring nearly 10° gene copies per liter to well over 10° copies per liter
(Figure 4). In contrast to the N. Pacific samples, large-cell abundances were much
closer to the small-cell abundances in surface samples. In fact, at station 23, the
large-cells were more abundant at all depths except for 75 m. The tendency, observed

in N. Pacific upper water column samples, to capture a substantial portion of large-
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cell type Crocosphaera on the 10 pm filter was not seen in S. Pacific samples. Based
on capD gene copies, only one sample showed less than 60% of large-cells on the 0.2
um filter, two samples were between 60-70% and all remaining samples were over
80%, with an average of 89% for all samples (Supp. Table 2). In the small-cell gPCR
assays (UDPhydro locus) over 80% of total abundance was measured on the 0.2 pm
filter for all samples, with many close to 100% and an overall average of 92%. The
much higher abundance of the large-cells in surface coupled with their lower rate of
capture on the 10 um filter could be explained by the presence of different
Crocosphaera strains in the S. Pacific samples than those in the N. Pacific samples. If
the S. Pacific strains produced less EPS, there would be less aggregation.
Alternatively, the physical and/or chemical conditions in the S. Pacific could simply
have been more favorable to the large-cell types than the conditions in the N. Pacific,
thereby enabling the large-cell types to grow to higher abundances.

While the small-cell type Crocosphaera were less dominant in the S. Pacific
upper water column samples relative to the N. Pacific samples, at depths below 75 m
both sample sets showed a similar dominance of large-cell type Crocosphaera,
supporting the theory that a faster sinking rate and longer persistence of large-cell
type, which are typically protected by EPS, could result in an over-representation of
that phenotype in deeper samples. However, with only two sample sets, and only
minimal understanding of the conditions that favor the two phenotypes, future

experiments will be needed to support or rule out that proposed process.
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Conclusions

The qPCR assays developed for this study provide a straightforward and
robust method to assess the relative abundances of two sub-types of Crocosphaera in
natural samples. As this is the first study to examine depth profiles of the two types,
and only included samples from two regions and seasons, it is impossible to draw
broad conclusions about natural abundances. However, in both of these samples,
there was a dramatic decline in overall Crocosphaera abundance between 40 m and
100 m. In addition, the small-cell types are usually dominant by 1-2 orders of
magnitude in the upper water column (above 75 m), while the large-cell types
dominate in samples from below 75 m. The N. Pacific samples also showed more
evidence of aggregation in the large-cell types than samples from the S. Pacific. In
future work, it will be important to determine if the same patterns are observed in all
regions where Crocosphaera is abundant. Because both sample sets had very high
Crocosphaera numbers, the relative abundance patterns of the two types will also
need to be assessed in samples with lower population counts. If these patterns are
determined to be common, or universal, they will be important to consider when
estimating Crocosphaera contributions to marine nitrogen and carbon cycling. An
important part of that determination will be identifying the processes that drive
abundances of the two Crocosphaera phenotypes. It is possible that there are two
sub-types of large-cell Crocosphaera adapted to different niches (one shallow, and

one deep), or that there are significant differences in sinking and decay processes for
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the small- and large-cell types. It may also be that the distributions of the two
Crocosphaera types results from a more complicated combination of both
explanations. Future experiments using additional field samples will be required to
better understand Crocosphaera ecology, and the assays developed during this study

will help researchers carry out those experiments.
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Table 1. Primer and probe sequences and gene information for each qPCR assay

locus.
Locus source NCBI Forward Reverse
name accession # source ORF primer primer Probe
(target . function , , \ \ (5'to3")
phenotype) (strain) (5'to 3") (5'to 3"
capD polysaccharide GCCGCTAATTG |GCAAGAAAATC
(Large- (]5\511{11()1070633) biosynthesis T/f G? g 15 é: (;F’l(“:? CT éx TGCTAGATTAC| CCACGGAATCC
cell) protein CapD cc CTGG
polyExp .
(Large- EHJ11764 | polysaccharide | CCTAGCACGGA | TGTTCCTGGAC | TGCGCCAGTTG
cell) (WHO0003) export protein |CGAAATTAGGC|GACGTACTTGC| GCCTCATCCA
U(Dsigiiro ZP 00518025 Siﬁlgllfzggzrse AAATCCTCGGT | CCACCGGCAAC ggé‘ggm! ¢ Cf(\:
) . GCTGACTTCG | CTCTAAACC
cell) (WH8501) hydrolase CTGGC
ATPhelica TTTCGTTTTAC | TTGAGGGTATC | GGCATTCAGCG
(Small- Z%?ggégﬁo AT};"?pendem CATTCCTTTAG | CACAGAAACAA | TTTGCGTAATC
cell) chicase TACGC TAGC GGA
nifH ZP 00516386 | Nitrogenase |CGTAATGCTCG|CACGACCAGCA gﬁ{;ggggggéﬁ
(both types)| (WHS8501) iron protein | AAGGGTTTGA | CAACCAACT CCTGAGCC
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Table 2. qPCR results for all loci with DNA from cultivated C. watsonii strains

qPCR amplification results for each locus”
Strain
Phenotype | Name capD polyExp |UDPhydro |[ATPhelica | nifH
WHO0003 (+) (+) no amp. no amp. (+)
Large-cell | who005 (+) (+) no amp. no amp. (+)
WH0402 (+) (+) no amp. no amp. (+)
WHS8501 | no amp. | noamp. (+) (+) (+)
Small-cell WHS8502 | no amp. | no amp. (+) (+) (+)
WHO0401 | noamp. | noamp. (+) (+) (+)

a: (+) indicates that amplification was quantitative between 10° and 10" gene copies
for all loci. See supplemental figures 1 and 2 for C; vs log gene copy plots.

“no amp.” indicates that in all tested reactions, amplification was completely
undetected (i.e. no C; value could be calculated).
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Figure 1. North Pacific cruise sample locations
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Numbers indicate the eight stations where samples for this study were collected
during the September 2011 BioLINCS cruise in the N. Pacific. The Hawaiian Islands
and Station ALOHA are shown for reference only.
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Figure 2.

Percent of each type of C. watsonii found on the 0.2 pm filter

(remaining fraction was found on the 10 pm filter)
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For each locus, the total gene copies were calculated for each sample by summing
gene copies on both filters (10 um and 0.2 pm), and the contribution of gene copies
on the 0.2 um filter was calculated as a percent of that total. The results were plotted
as percentages (x-axis) vs depth in the water column (y-axis). The stations where
samples were collected are designated by the symbols in the legends at the bottom of
the plots. The UDPhydro locus (specific for small-cell strains) is on the right, and the
capD locus (specific for large-cell strains) is on the left.
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Figure 3. Patterns of Crocosphaera abundance in the N. Pacific
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Contour plots of qPCR gene copies of total Crocosphaera (nifH, upper left), small-
cell type Crocosphaera (upper right), large-cell type Crocosphaera (lower left) and
the ratio of the two subtypes to each other (lower right). The data was plotted
according to the distance between samples, with the X-axis as km along the cruise
transect starting from the south most station (station 5). The station order from 0 to
~200 km is: 5, 2, 3,4, 8,7, 10, 12 (See Figure 1).
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Figure 4. Depth profiles of C. watsonii and two sub-types at three stations in the S.
Pacific
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Depth profiles of qPCR gene copies of total Crocosphaera (nifH, blue diamonds),
small-cell type Crocosphaera (UDPhydro, red circles), and large-cell type
Crocosphaera (capD, green pyramids), at three different stations in the S. Pacific
during the KMO0703 cruise in March to April of 2007.
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Chapter 5: Conclusions and future directions

It is well established that Crocosphaera watsonii are crucial members of the
marine phytoplankton community and substantially contribute to marine
biogeochemical cycling, principally via Nj-fixation. Through work using cultured
isolates, researchers have also begun to understand the physiological and genetic
characteristics of Crocosphaera, and have determined that C. watsonii strains have at
least two distinct phenotypes with ecologically important differences. The research
described in this dissertation builds upon and significantly expands the current
understanding of C. watsonii genetics, physiology, and ecology.

Work done using the Crocosphaera WH8501 genome and large-insert
environmental clones indicated the species may utilize a novel evolutionary paradigm
that involves exceptionally high levels of DNA sequence conservation in combination
with large-scale genome rearrangements mediated by abundant mobile genetic
elements. The genomic comparison of two phenotypically different strains confirmed
that this paradigm occurs throughout the genomes, and revealed that genome of one
small-cell strain ( WH8501) harbored many times the number of genomic transposase
genes. That comparison also identified a number of genes unique to each strain,
including a genomic fragment that was specific to the WHO0003 (large-cell) genome,

which encoded genes critical for the biosynthesis of EPS, a characteristic of that

phenotype.
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While many of the observed differences between the C. watsonii WH8501 and
WHO0003 genomes appeared likely to distinguish each phenotype, genomic sequence
from additional strains would be needed to verify those conclusions. As such, the
following study which compared six Crocosphaera genomes, three of each
phenotype, was a logical extension of the first genomic comparison. The larger
genomic comparison found an extremely high abundance of transposases in the C.
watsonii WH8501 genome that was, in fact, unique to that genome, and not indicative
of the small-cell phenotype. Other features of the WH8501 genome distinguished it
from other small-cell strains, and suggested that WH8501 may not be appropriate for
use as the type-strain to represent the species in future physiological studies.

The six-genome comparison also verified a number of findings from the
original two genome comparison, such as the genome-wide paradigm of remarkably
high DNA sequence conservation amidst abundant large-scale rearrangements. As a
result of this pattern, much of all six C. watsonii genomes were essentially identical to
each other, despite being isolated from across wide temporal and geographic
distances. Some sets of genes were also found to be strain- or phenotype-specific,
such as a large-cell specific region containing the EPS biosynthesis genes originally
identified in the C. watsonii WH0003 genome. The small-cell strains have smaller
genomes with corresponding loss of genetic capabilities, while the large-cell strains
have larger genomes with type-specific functional capabilities that may make them
better adapted to nutrient limitations, especially iron and phosphorus. In some

respects, the Crocosphaera genomes resemble those of non-cyanobacterial facultative
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pathogens, which often harbor abundant mobile genetic elements and show evidence
of genome decay. The accumulation of such deleterious genome features is typically
associated with a reduced effective population size and the corresponding increased
likelihood of these features becoming fixed within the population. As such, it may be
that the small-cell strains have, or recently had a smaller effective population which
resulted in the higher levels of genome decay in that type as well as the higher
transposase abundance in WH8501. Future studies with strains of both types will be
needed to verify both this hypothesis and the proposed adaptive differences between
strains. In addition, further sequencing efforts of more Crocosphaera strains will be
crucial to verify the unique nature of the WH8501 genome, as well as the proposed
phenotype-specific features. Finally, as the relatively limited collection of isolated
strains are unlikely to fully represent the diversity in natural populations, large-scale
sequencing efforts should also be conducted using DNA from natural samples of
Crocosphaera in order to potentially identify heretofore unknown genotypes and
phenotypes.

Because the molecular assays that have been used to investigate natural
Crocosphaera populations were designed for genes that have no genetic variation
among known C. watsonii strains, the genome sequences included in this dissertation
were instrumental in the development of molecular (i.e. qPCR) assays that could
distinguish between the two phenotypes. Applying those newly developed assays to
natural samples revealed, for the first time, relative abundance patterns of the two

Crocosphaera types in the water column. Two sets of samples, from the North and
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South Pacific, exhibited some similar patterns such as high abundances above 40 m
followed by rapidly declining counts between 40 and 100 m. There was also a
dominance of the small-cell types in the shallower (< 75 m) samples at both locations,
while large-cells dominated the deeper (=100 m) samples, which also had overall
lower abundances. This may be a result of differences between the two types in light-
level adaptation, sinking rates and/or cellular resilience. An intriguing difference
found between sample sets was that, based on the fraction of gene copies found on the
larger pore-size filter, the N. Pacific large-cell types appeared to aggregate to a
greater extent than the S. Pacific large-cell population. This hints at the possibility of
two different sub-types of large-cell Crocosphaera, one in each Ocean Basin.
However, the difference could also be a result of changes in environmental
conditions. The Crocosphaera abundance patterns observed in the initial data
described here are only a first step in understanding the distributions of the two types,
and the processes that control those distributions. Many additional locations, times,
and conditions will need to be sampled and assayed for the Crocosphaera sub-types
before basin-scale patterns are confidently identified. However, once those patterns
are identified, they will be crucial for better estimating the global contribution of

Crocosphaera to marine biogeochemical cycles.
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Appendix 1: Additional analysis of WH0003 and WHS8501
transposase ORFKs

Methods

IS family distribution was compared between the two C. watsonii genomes
using two methods: 1) the total abundance of each family in the two genomes, and 2)
examining the relative contribution of each IS family to the total in each genome
(Figure S1). For those comparisons, the IS families were assigned as described in the
methods section of the main text. In addition, transposase genes in the WH8501
genome were grouped according to their IS family and plotted according to their
position in the genome to investigate potential genomic patterns within families, or
across all families (Figure S2). The genome positions are based on a concatenation of
all WHS8501 contigs as described in the methods section of the main text.

In order to identify potentially functional transposons in the most highly
repeated IS family in the WH8501 genome (IS5 family ISCwa22 aal, 283 copies),
the upstream and downstream regions were examined. A BLASTn search (Altschul
et al., 1990) of the 1,527 bp transposase gene plus 250 bp upstream and downstream
of the ORF against the nucleotide sequence of the WH8501 genome revealed that
there were 135 copies of the full ORF with additional conserved sequences flanking
both ends in the genome. These 135 sequences were aligned using ClustalX Version

2.0 (Higgins and Sharp, 1988; Thompson et al., 1994; Thompson et al., 1997; Larkin
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et al., 2007) and showed high sequence conservation in the ORF as well as 144 bp
upstream and 36 bp downstream (> 99% nucleotide ID, see Table S6, and Figures S3
and S4). The 19 bp inverted repeat with a single mismatch between the two
sequences was identified at both ends of the alignment using “einverted”, a program
that is part of the EMBOSS package (Rice et al., 2000). A search using “etandem”
(also part of the EMBOSS package (Rice et al., 2000)) with a minimum repeat length

of 5bp found no direct repeats in the ORF or in the conserved flanking regions.

Results and Discussion

Because IS elements are typically over 700 bp (Mabhillon and Chandler, 1998;
Mahillon et al., 1999), and both strains had a similar percentage of transposase ORFs
that were over 700 bp, IS sequences have undergone a similar amount of sequence
degradation in both strains, despite the large difference in abundance of these genes.
In order for transposases to be widely found in all domains of life (Aziz et al., 2010),
there must be some selective pressure that enhances their integration into genomes.
Indeed, a study showed evidence of positive selection in one IS family in the
WHS8501 genome (Mes and Doeleman, 2006). However, other research has shown
that IS elements typically have negative impacts on prokaryotic cellular fitness due to
the metabolic cost of expressing the genes and the high probability of gene
inactivation upon IS insertion in gene-dense genomes (Touchon and Rocha, 2007).
So, while the selective pressures on mobile elements in prokaryotes are complicated

and not fully understood, it is possible that the much higher number of transposases in
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the WH8501 genome have resulted in a lower level of fitness when compared to the
WHO0003 strain.

Large differences were found between the two genomes in transposase and IS
family abundances (as discussed in the main text, and seen in Table 3 and Figure S1).
For example while WHO0003 had a number of transposases that were similar to those
which were highly replicated in WH8501, the family with the fewest replicated
sequences in WH8501 (IS200/IS605) made up the majority of transposase genes in
WHO0003, and actually had fewer total representatives in the WH8501 genome
(Figure S1). In addition to differences in the numbers of each IS family in the two
genomes, the genomic distribution (i.e. positions in the genomes) of transposase
genes, and each IS family was also quite different between the two Crocosphaera
strains. Transposase genes were grouped by IS family and mapped onto the WH8501
proxy genome (concatenated contigs as described in the methods of the main text),
the genes in all of the IS families were generally evenly distributed, but in some
regions there were multiple transposases that were very close or adjacent to each
other (Figure S2). This may partly be explained by the fact that many transposons
insert at specific recognition sequences, so it is possible that a single recognition
sequence could facilitate multiple insertion events resulting in a string of adjacent
transposons. Also, because mobile elements are more likely to be maintained in
regions of low selective pressure, such as duplicated genes, or redundant newly
acquired laterally transferred sequences (Touchon and Rocha, 2007), those regions

would also be more likely to accumulate multiple IS elements. Finally, some IS
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elements require two or more adjacent ORFs for activity (Mahillon and Chandler,
1998), so those ORFs would be expected to be found in pairs or groups. Despite such
mechanisms that could result in uneven transposase distribution, most transposase
ORFs were well distributed throughout the WH8501 genome (Figure S2). In
contrast, the smaller number of transposase genes in the WH0003 genome were more
unevenly distributed (data not shown) indicating that the transposases have either had
a shorter residence time in that genome, or been less actively replicated. Other
studies have observed that IS element abundance diverges much faster than the rest of
the genome, such that no correlation can be found between IS abundance and
evolutionary distance, even among closely related strains of prokaryotes (Touchon
and Rocha, 2007). The very closely related Crocosphaera strains in this study with
vastly different abundances of transposase genes seem to be an example of this
phenomenon.

The dissimilar distributions and abundances of transposases and their IS
families in the two C. watsonii genomes indicate that they are under different
regulatory controls and/or evolutionary pressures. There is evidence that the some of
the WH8501 transposase genes are regulated on a diel cycle (Figure 5), but additional
experiments will be required to determine if the WHO0003 transposase genes are
similarly regulated. Coordination of transposase expression has been observed in
other cyanobacteria (Labiosa et al., 2006), and is consistent with the fact that
transposition is often modulated by or requires host factors such as the DnaA protein,

DNA gyrase, chaperones, and the Dam protein (Mahillon and Chandler, 1998). The
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pattern of transposase expression is also consistent with a number of studies that have
shown diel regulation of many metabolic and cellular processes in the Crocosphaera
genome (Church et al., 2005; Mohr et al., 2010; Pennebaker et al., 2010; Shi et al.,
2010). While more work is required to investigate the full range and activity of
transposase genes in these strains, the available data suggest that transposases have
been integrated with other cellular processes and are regulated on a diel cycle.

The most highly repeated IS family in the WH8501 genome, IS5 family
ISCwa22 aal, was examined to determine how many of its 283 copies appeared to be
complete transposons, and therefore likely to be currently or recently involved in
genome movement. Based on nucleotide sequence alignments, 135 copies of the
transposase also shared >99% sequence identity upstream (144 bp) and downstream
(36 bp) of the ORF (Figure S3 and S4 and Table S6). A 19bp inverted repeat with a
single nucleotide mismatch was identified at the beginning of the upstream, and the
end of the downstream conserved sequence, but no direct repeats were found in the
gene or the flanking conserved regions (see methods above). The lack of direct
repeats was not surprising because these sequences are most similar to the ISCwa2
family which is described in IS finder (Siguier et al., 2006) as having members
without direct repeats. The presence of a conserved sequence containing inverted
repeat flanking both ends of the ORF suggests that nearly 50% (135 of 283) of the
genes coding for the most repeated transposase family are part of functional
transposons. This indicates that the replication of this sequence is recent and

ongoing, which is also indicated by the high genome copy number of the IS family.
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Similar analysis of the other 49 IS families would be required to determine which of
those families are also currently active, and to establish a correlation between genome
copy number and proportion of functional transposons, but such extensive analyses

are beyond the scope of this genome comparison.
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Figure S1. Distribution of transposase IS families in both genomes.
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Transposase genes were categorized according to IS families using the IS finder tool.
Bars represent the total number of genes in each IS family, and pie charts show the
proportion of the total that each family represents within each genome.
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Figure S2. Distribution of IS families in the Crocosphaera WH8501 genome.
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154



Figure S3. Schematic representation of transposase gene and conserved flanking
regions.

Transposase Gene

1 144 1,687 1,722

Proposed transposon region of 1,722 bp, including a transposase gene as indicated by
a black background with a white arrow showing ORF direction. The 144 bp upstream
conserved region (UCR) and 36 bp downstream conserved region (DCR) are shown
in gray, and the two corresponding 19 bp inverted repeats (IR) are shown as red lines
with red arrows above indicating the direction of each repeat.
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Figure S4. Fasta formatted ORF and flanking conserved regions for the IS5 family
[SCwa22 aal transposase.

\
> IS5 family ISCwa22 aal transposase alignment consensus sequence

attagggtttgctgaataa)

ctcccagttgttggtcaagaacaaATGTATCGAAAAGAGGAGCAACCTTTACCGCCCCCA
GAAAAATTTGAATTACCTTTCGAGGGCAAATTGTC-CCCCAATAATCGTTGGGTAATCAT
GGCAGAGTTGATACCTTGGGATGATTTTGAGGAAGAATATGCTAAACTTTTTT-CAGCAG
AAAAAGGTGCGCCAGCCAAACTATTTAGAATGGCATTAGGGACATTAATTATTAAGGAAA
AATTAGGAACAAGTGATAGAGAAACTATAGAACAGATTAGAGAAAATCCCTATCTACAAT
ACTTTATAGGTTTAAATTGTTATCAACAAGAGCAACCACTGGAATCTTCAATGCTAGTTC
ATTTTAGGAAAAGAATTGATAGAGAATTGATAAACAAAA-TCAATAAAAAAATAGTAAAA
AGAGAAATAGACAAGAGTGACAAAGAAGTAAAAAAAAA-GGATTGTCTCCAAGAAAAAGG
AGAAAAAATAAAAAATAAAGGTAAACTAATTTTAGATGCGACTTGTG-CGCT-AGCAGAC
ATCAAATACCCAACGGATTTAGGCATATTAAATCAAGCCAGAATTGAGACAGAAAGAATA
ATAGATAATC-TTTATAAACCATTAAGAGTAAAATTGAGAAAAAAGCCGAGAA-CTTCTA
GAAAAATTGCTAGAAAGGAATACTTAAAAGTAGCTAAAAAACGAAAATTATCTTATCAAG
AA-AGAAGAAAAGCTATCGGGAAACAGTTAAAATACCTTAAGAAAAATTTAGGAAATATA
GAAGACTTAATTCAAGCTGGGGCTTCC-CTGGAAAATCTGAGTAAAAGACAG-AAAAATT
GTCTAGAGACTA-TCAAAAAAGTTTATGAACAACAACAGTCAATGT-GGGAGAATAAGAC
CCAGAGTGTTCCTCAAAGAATTGTAAGTTTAACTCAACCGCATATTCGTCCAATAGTGAG
GGGAAAAGCAGGAAAACCAATAGAGTTTGGAGCTAAACTCTCAGTAAGCTGTGTAGATAA
CTATATGTTTCTAGACAAAATAAGTTGGGAAAACTTCAATGAATCTTATCATTTAAAAGA
ACAAGTAGAAAAGTATAAAGAAACGTTTGGCTATTATCCCGAATCCGTCCATGTAGATAA
AATTTATCGAACTAGGGAAAACAGAAATTGGTGTAAGGAAAGAGGGATAAGAATCAGTGG
TCCGAAGTTAGGAAGACCTCCGAAAAATGTCAGTGAAGAAGAAAAGAAAGAAGCCCACTC
CGATGAATGCTTCCGTAATGCTATTGAGGGAAAGTTTGGACAAGCTAAACGAAGATTTAG
CCTAAATCTCGTGATGACAAAACTCCCTGAAACCTCCATTACATCTATTGCTATTACATT
TTTAGTTGTCAATCTTTCTAAACTTCTGAGGCAGTTTTTGTCGCTTTTTTTGTCCTTATT
TACTAATAATAGAACA-GGGGAACTCATCAAACCGCCTTTCATTAATTTTGATTATACTT
TAAACAA-TTTTTGTGTACTAAAACTTATTGATTTGTCAGAAAATTCTTGGTCAAAAGTG
GCA- tttttcagcaaaccctaat

- J

Text colors are coordinated with figure S3 above; black upper-case text is the
transposase coding sequence, and grey lower-case text is the conserved flanking
sequence. Start and stop codons for the transposase gene are highlighted in green and
red respectively. The 15 positions where a small number of sequences (usually one
or two) had single base insertions are indicated with a dash. 19bp inverted repeat (IR)
sequences are underlined and highlighted in maroon, with the single bp mismatch
between the two IR indicated by yellow text.
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Appendix 2: Chapter 2 supplemental tables

Table S2. WH8501 Transposase Isoform Counts

Number of
Transposase Isoform ORFs
Transposase IS5 family ISCwa22 aal 283
Transposase IS5 family ISCwa2l aal 8
Similar to Transposase IS5 family 3
1S5 total 294
Transposase [S630 family ISCwa33 aal 142
Transposase 1S630 family ISCwa35 aal 127
Transposase [S630 family ISCwa29 aal 15
Transposase 1S630 family ISCwa30 aa2 5
Transposase 1S630 family ISCwa31 aal 3
Transposase 1S630 family ISCwa28 aal 2
Transposase [S630 family ISCwa32 aa2 2
Transposase 1S630 family ISCwa34 aal 2
Transposase 1S630 family ISCwa27 aal 1
Similar to Transposase IS630 family 7
15630 total 306
Transposase IS1380 family ISCwa5 aal 119
Similar to Transposase IS1380 family 1
181380 total 120
Transposase 1S1634 family ISCwal aal 142
Transposase [S1634 family ISCwa6 aal
Similar to Transposase IS1634 family 1
151634 total 152
Transposase 1S66 family ISCwa4 aal 75
Similar to Transposase IS66 family 2
1566 total 77
Transposase 1S200/IS605 family ISCwa8 aa2 22
Transposase 1S200/IS605 family ISCwal5 aa2 17
Transposase 1S200/IS605 family ISCwal3 aa2 14
Transposase 1S200/IS605 family ISCwall aa2 5
Transposase 1S200/IS605 family ISCwal3 aal 4
Transposase 1S200/IS605 family ISCwa7 aa2 4
Transposase 1S200/IS605 family ISCwal2 aa2 3
Transposase 1S200/IS605 family ISCwal4 aa2 3
Transposase 1S200/IS605 family ISCwal(0 aa2 2
Transposase 1S200/IS605 family ISCwal6 aa2 2
Transposase 1S200/IS605 family ISCwa9 aa2 2
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| Similar to Transposase 1S200/IS605 family | 5
18200/1S605 total 83
| Transposase ISAzo13 family ISCwa38_aal | 49
| Similar to Transposase IS3 family | 41
Transposase 1S4 family ISCwal9 aal 24
Transposase [S4 family ISCwal8 aal 10
Transposase 1S4 family ISCwal7 aal 1
Transposase 1S4 family ISCwa20 aal 1
Similar to Transposase IS4 family 2
154 total 38
Transposase [S607 family ISCwa26 aa2 7
Transposase IS607 family ISCwa24 aa2 4
Transposase IS607 family ISCwa23 aa2 1
Transposase 1S607 family ISCwa25 aa2 1
Similar to Transposase IS607 family 1
18607 total 14
Transposase IS701 family ISCwa37 aal 29
Transposase [S701 family ISCwa36 aal 3
18701 total 32
Transposase ISAs1 family ISCwa3 1
Similar to Transposase ISAs1 family 2
ISAs1 total 3
Transposase ISH3 family ISCwa39 aal 1

Transposase Tn3 family ISCwa40 aal
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Table S5. WHO0003 ORFs in longest strain-specific region

WHO0003 Locus Tag ORF

(genome accession Length | Annotated function

#AESD01000000) (bp)

CWATWHO0003 4887 314 | DNA polymerase beta domain protein region
CWATWHO0003 4888 356 |hypothetical protein
CWATWHO0003_4889 341 | protein of unknown function DUF86
CWATWHO0003 4890 2108 | hypothetical protein

CWATWHO0003 4891a4 1184 | Primase 2

CWATWHO0003_ 4891b4 348 | hypothetical protein

CWATWHO0003 4892 269 | hypothetical protein

CWATWHO0003 4893 1802 | hypothetical protein

CWATWHO0003 4894 1064 | hypothetical protein
CWATWHO0003_4895 707 | hypothetical protein
CWATWHO0003_4896 1583 | hypothetical protein

CWATWHO0003 4897 794 | hypothetical protein

CWATWHO0003 4898 1139 | NAD/NADP transhydrogenase beta subunit
CWATWHO0003_4899 737 | hypothetical protein

CWATWHO0003 4900 2714 |hypothetical protein

CWATWHO0003 4901 308 |hypothetical protein
CWATWHO0003_4902 626 | hypothetical protein

CWATWHO0003 4903 515 | hypothetical protein

CWATWHO0003 4904 878 | mobilization protein BmgA
CWATWHO0003 4905 329  |hypothetical protein
CWATWHO0003_4906 125 | hypothetical protein

CWATWHO0003 4907 1004 | hypothetical protein

CWATWHO0003 4908 446 | hypothetical protein

CWATWHO0003 4909 788 | hypothetical protein
CWATWHO0003 4910 743 | hypothetical protein
CWATWHO0003 4911 758  |single-strand DNA-binding protein
CWATWHO0003 4912 197 | hypothetical protein
CWATWHO0003 4913 350 |hypothetical protein
CWATWHO0003 4914 413 | hypothetical protein

CWATWHO0003 4915 407 | Single-stranded DNA-binding protein
CWATWHO0003_4916 347 | hypothetical transcriptional regulator
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Appendix 3: Chapter 3 Supplemental tables and figures

Figure S1. Percent identity bins of all ORFs in each genome vs other 5 genomes
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Nucleotide BLAST similarity of ORFs in each of the six C. watsonii genomes as

compared to the other five genomes. All ORFs in each genome were used as query
sequnecs, and top BLAST hits were binned by % identity. The number of ORFs in
each bin are represented by the height of the bars. The color of each bar, as listed in
the legends, corresponds to the genome that was used as the BLAST reference

sequence.
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Table S2. LysM gene PCR primer sequences and product sizes

Product
Primer Name | Primer Sequence size with

reverse

primer (bp)

Reverse all 5'CCT GTR YTR CCA TTT CDG C n/a
LysM Fwd 3 | 5' CCC TTA TAT CCC ACA CCA TAG 397
LysM Fwd 4 | 5'CGA AGA AGC CAA CAG TAT TGT G 1401
LysM Fwd 6 | 5'CTA AAC AGT GTC AGA AAT GAA AAA GCT G 518
LysM_Fwd 7 | 5'CTA GAG ACT GTC AAC GAA CAG 638
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Table S3. ORF IDs and lengths for the 4 LysM gene forms in 6 C. watsonii genomes
and PCR results [(+) or (—) amplification] for 2 additional strains.

C.

watsonii Pheno- |LysM_3 ORFs| LysM_4 ORFs |LysM_6 ORFs | LysM_7 ORFs
. type (600 bp) (2061 bp) (1185 bp) (1185 bp)
strain
WH0402 3003
WH0402 | large cell WH0402 3004 WH0402 1788 WH0402 0610 WH0402 1003
WHO0003 | large cell | WH0003 0900 | WH0003 3214 WHO0003_5014 WHO0003_5018
WHO0005 5028 670%.1”; po
WHO0005 | large cell | WH0005 2591 | WHQ0005 4551 | (truncated at end g
f contig) (not annotated as
of contig ORF)
WH0004 | large cell (H) PCR (t) PCR (H) PCR (+) PCR
no genome no genome no genome no genome
WHO0401 | small cell | WH0401 0089 | WHO0401 4464 | WHO0401 1496 none
WHS8502 | small cell | WH8502 1480 | WHS8502 4505 | WHS8502 1556 none
CwatDRAFT CwatDRAFT CwatDRAFT
WHS8501 | small cell 5403 2860 0871 none
WH0002 | small cell (+) PCR (+) PCR (+) PCR (-) PCR
no genome no genome no genome no genome
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Table S5. Counts of sequences in each category, based on genomes in which the
sequences was found.
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2 & 3|5 5 5 5 7 2|38 g 55 TE
- 5§ 5 5 2 ¢
2 2 0 0 0 0] 175 1151 599  52.0%
2 2 0 0 0 0268 1151 1529 132.8%
2 2 0 0 0 0308 1151 1929 167.5%
2 11 1 0 0] 30 1151 -851 -73.9%
2 11 0 0 144 1151 289  25.1%
2 11 0 0| 15 1151 -100.1 -87.0%
2 11 0 1 0 0| 18 1151 -97.1 -84.4%
2 1 1 0 0 ﬁ- 101 1151 -141  -12.3%
2 11 0 0 0| 5 1151 -1101  -95.7%
2 11 0 0 1 0 0] 29 1151 -86.1 -74.8%
2 11 0 0 0 0 95 1151 201  -17.5%
2 11 0 0 0 37 1151 781 -67.9%
2 0 210 0o o 1 69 1151 -46.1  -40.1%
2 0 210 0 0 0 166 1151 509  44.2%
2 0 210 0 0 1 267 1151 1519  131.9%
3 3 0 0 0 0| 781 922 6889 747.5%
302 1 1 0 0] 10 922 -822 -8.1%
3002 1 0 ﬁ- 35 922 572 -62.0%
3002 1 0 0 13 922 792  -85.9%
3002 1 1 0 0] 9 922 22 -23%
3002 1 0 ﬁ- 78 922 -142  -15.4%
3002 1 0 0 13 922 792  -85.9%
3002 1 1 0 0] 8 922 72  -18%
3002 1 0 0 64 922 282 -30.5%
3002 1 0 23 922 692 -75.0%
3001 2 1 67 922 252 -27.3%
3001 2 1 0 91 922 -12  -12%
3001 2 1 0 93 922 08  0.9%
3001 2 1 0| 20 922 722 -783%
31 210 0 1 0| 16 922 -762 -82.6%
3001 2 0 0 1 0] 76 922 -162 -17.5%




301 2 35 922 572 -62.0%
301 2 34 922 582 -63.1%
3.1 2 66 922 262 -28.4%
303 153 922 609  66.0%
4 31 1 103 1071 -41  -3.8%
4 3 1 0 1421071 349 32.6%
4 3 1 0 78 1071 -29.1  -27.1%
4 2 2 1 29 1071 781 -72.9%
4 2 2 1 311071 <761 -71.0%
4 2 2 0 60 1071 -47.1  -44.0%
4 2 2 1 367 1071 2599  242.8%
4 2 2 1 39 1071 -68.1  -63.6%
4 2 2 0 411071 661 -61.7%
4 2 2 1 201 1071 939 87.7%
4 2 2 1 39 1071 -68.1  -63.6%
4 2 2 0 25 1071 821 -76.7%
4 1 3 226 1071 1189  111.1%
4 1 3 22 1071 851  -79.5%
4 13 203 107.1 959  89.6%
5 2 3 93 2440 -1460 -59.8%
5 2 3 272 2440 280  11.5%
5 2 3 223 2440 210 -8.6%
5 3 2 212 2440 320 -13.1%
5 3 2 331 2440 870 357%
5 3 2 328 2440 840 344%
I 1 0 223 1950 280  144%
110 167 1950 -280  -14.4%
110 315 1950 1200 61.5%
I 0 1 132 1950 -630 -32.3%
10 1 229 1950 340  17.4%
10 1 104 1950 910 -46.7%
A 3825 na__ na n/a
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Appendix 4: Chapter 4 supplemental tables and figures

Figure S1. gPCR Standard curves of nifH linearized plasmids and genomic DNA
from C. watsonii strains using nifH primer-probe set.
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Genomic DNA from C. watsonii strains was amplified (see methods) and copies

calculated according to DNA concentration and genome size. Sets of standards were

prepared in triplicate for each strain from 10° to 10’ genome copies, and qPCR

amplification was carried out. C;’s were compared to triplicate reactions of the well-
established nifH linearized plasmids with the same number of copies per reaction that

were run on the same plate.
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Table S1. Flow cytometry (FCM) counts of Crocosphaera cells compared to nifH
gene copies (QPCR) for samples in the North Pacific.

ratio of FCM
Depth nifH gene FCM Croco count to nifH
station (m) copies/ liter cells/liter copies
2 5 1.83E+06 1.45E+05 0.08
2 25 7.31E+05 2.51E+05 0.34
2 45 1.64E+06 2.43E+05 0.15
3 5 1.85E+06 1.50E+05 0.08
3 25 5.52E+05 1.97E+05 0.36
3 45 7.70E+05 1.70E+05 0.22
3 75 4.09E+05 5.76E+04 0.14
4 5 5.06E+05 6.01E+04 0.12
4 25 2.77E+05 2.95E+04 0.11
4 45 3.92E+05 5.86E+04 0.15
4 75 4.62E+05 8.86E+04 0.19
5 5 1.96E+06 2.01E+05 0.10
5 25 3.00E+06 2.25E+05 0.08
5 45 1.41E+06 9.78E+04 0.07
7 5 1.26E+06 2.09E+05 0.17
7 25 3.72E+06 5.00E+05 0.13
7 45 1.55E+06 3.16E+05 0.20
7 75 2.31E+05 2.27E+04 0.10
8 5 1.71E+06 3.52E+05 0.21
8 25 2.84E+06 4.66E+05 0.16
8 45 2.10E+06 4.73E+05 0.23
12 5 9.79E+05 2.18E+05 0.22
12 25 1.07E+06 1.32E+05 0.12
12 45 1.27E+03 1.09E+05 86.12
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Table S2. Flow cytometry (FCM) counts of Crocosphaera cells compared to nifH
gene copies (qQPCR) for samples in the South Pacific.

capD (large-cell) UDP (small-cell)
station depth (m) % on 0.2um filter | % on 0.2um filter

6 15 91.5% 98.1%
6 30 91.7% 98.1%
21 5 35.8% 79.5%
21 15 90.1% 99.1%
21 30 98.4% 98.2%
21 50 91.5% 91.5%
21 75 80.3% 99.0%
21 95 88.3% 98.4%
21 150 91.4% 99.1%
22 5 95.4% 98.8%
22 15 96.0% 0.0%

22 30 95.8% 99.7%
22 50 95.9% 98.7%
22 75 94.5% 97.9%
22 100 59.3% 85.1%
22 135 98.5% 97.3%
22 175 85.8% 87.6%
23 5 99.2% 99.9%
23 15 99.0% 99.7%
23 30 98.4% 99.9%
23 50 97.7% 99.3%
23 75 97.2% 99.7%
23 100 100.0% 100.0%
23 128 68.7% 96.9%
23 150 91.7% 94.9%
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