


AN ABSTRACT OF THE DISSERTATION OF

Nathaniel M. Brown for the degree of Doctor of Philosophy in Microbiology

presented on March 1, 2016.

Title: Advances in Freshwater Cyanobacterial Genomics

Abstract approved:
Theo W. Dreher

Limnology is undergoing a transition to high-throughput -omic analysis of fresh-
water bacterial communities. An important first step in making the transition is to
characterize several genomes that can be used as references to guide metagenome
assembly and analysis. Here I characterize four new freshwater cyanobacterial

genomes, a pair of lake community metagenomes, and a temperate phage.

e The Anabaena sp. WA102 genome is sequenced with long-read sequencing
to finished status, unique structural features of the genome are analyzed, a
comparative genomic analysis with other members of the Nostocaceae is car-
ried out, and its capacity to produce anatoxin-a (and related toxin variants)

is assessed

e Two metagenomes of the cyanobacterial bloom community in Anderson Lake,

Jefferson County, Washington State, USA are analyzed, using the finished



Anabaena sp. WA102 genome to identify the dominant anatoxin-a-producing
strain in the metagenomes and determine that the dominant cyanobacterial

strain is nearly identical and likely clonal between blooms in 2012 and 2013

Two new Nostocaceae genomes, Anabaena sp. AL93 and Aphanizomenon

sp. WA102, are sequenced and compared with Anabaena sp. WA102

A new freshwater Cyanobium species is isolated and its genome is sequenced,
a temperate cyanobacterial phage that infects the strain is also isolated and

sequenced and its integration into the host genome is characterized



©C0pyright by Nathaniel M. Brown
March 1, 2016
All Rights Reserved



Advances in Freshwater Cyanobacterial Genomics
by

Nathaniel M. Brown

A DISSERTATION
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented March 1, 2016
Commencement June 2016



Doctor of Philosophy dissertation of Nathaniel M. Brown presented on

March 1, 2016.

APPROVED:

Major Professor, representing Microbiology

Chair of the Department of Microbiology

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection
of Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Nathaniel M. Brown, Author



ACKNOWLEDGEMENTS

I thank my advisor, Dr. Theo Dreher, for his patience and quixotic positivity. I
thank my parents, Tim and Jamie Brown, for their support. I thank my grandfa-
ther, Cyrus Austin, for explaining to me that the most difficult achievements are
also the most worthwhile. I thank my friends, Nathan and Carly Hill, for keeping
me grounded in reality. I thank my labmates, Tim Otten and Connor Driscoll, for

listening to my endless talking.



TABLE OF CONTENTS

Page

1 Objective and Background 1
1.1 Objective . . . . . . . . 1
1.2 Background . . . . . .. L 2

2 Introduction 4
2.1 Freshwater cyanobacterial blooms . . . . . . . ... .. ... .. ... 4
2.2 Environmental metagenomics . . . . . .. ... L0 6
2.3 Current state of cyanobacterial genomics . . . . . . . . ... ... .. 8

3 Structural and Functional Analysis of the Closed Genome of the Recently

Isolated Toxic Anabaena sp. WA102 12
3.1 Introduction . . . . . . . . .. .. 13
3.2 Results . . . . . . . . 15

3.2.1 The Anabaena sp. WA102 culture and genome . . . . . . . . 15
3.2.2 Comparison of Anabaena sp. WA102 long- and short-read
genome assemblies . . . ... .o 16
3.2.3 The Anabaena sp. AL93 culture and genome . . . . . . . .. 18
3.2.4 Phylogenomic relationship between Anabaena sp. WA102,
AL93, and other fully sequenced Nostocacaea . . . . . . . . . 19

3.2.5 Comparing gene content and metabolic capabilities of An-
abaena sp. WA102 and AL93 with other Nostocaceae genomes 19
3.2.6 Capacity for synthesis of anatoxin-a and other secondary

metabolites . . . . ... Lo 22

3.2.7 Lack of synteny with Anabaena sp. 90 . . . . . . . .. ... 24

3.2.8 The mobilome . . . . . . . ... ... L. 26
3.2.9 Relationship between the Anabaena sp. WA102 genome and

the Anderson Lake metagenome . . . . . . . ... ... ... 29

3.2.10 A recent deletion event in the Anabaena sp. WA102 genome 29

3.2.11 Tandem repeat of the anatoxin-a anaBCD promoter region . 30

3.3 Discussion . . . . . ..o 31
3.3.1 The recently cultured toxic isolate, Anabaena sp. WA102,

closely reflects the parent strain in Anderson Lake . . . . . . 31

3.3.2 Closing the genome reveals details about genome architecture 33
3.3.3 Predicted ecologic profile of Anabaena sp. WA102 . . . . . . 34



TABLE OF CONTENTS (Continued)

Page

3.3.4 Evolution of the Anabaena sp. WA102 genome . . . . . . . . 35

3.4 Methods . . . . . . . 36
3.4.1 Sample collection . . . . . ... ... ... 36

3.4.2 Culture establishment and maintenance . . . . . . . . .. .. 37

3.4.3 LC-MS/MS . . . . .. 38

3.4.4 DNA extraction and amplification . . . . . . .. . ... ... 39

3.4.5 DNA sequencing . . . . . . . . . ... 40

3.4.6 Draft genome binning . . . . . .. ... 40

3.4.7 Finished Anabaena sp. WA102 genome analysis . . . . . . . 42

3.4.8 Comparative genomics among members of the Nostocaceae . 43

3.4.9 Accession numbers used instudy . . ... ... ... ... 44

3.5 Tables and Figures . . . . . . . . .. ... oL 45

4 Identification of the major anatoxin-a producing cyanobacterium in Ander-

son Lake, its dynamics, and its distribution in the Puget Sound region 61
4.1 Introduction . . . . . . . . . ... 62
4.2 Results. . . . . .. . 63

4.2.1 Anabaena sp. WA102 is the dominant cyanobacterial species
in the 2012 Anderson Lake bloom metagenome sample . . . 63
4.2.2  Aphanizomenon sp. WA102, a novel non-toxic Nostocaceae
species in Anderson Lake . . . . . . . . ... ... ... ... 66

4.2.3 Comparison of Anabaena/Aphanizomenon population genomes
clustered within the July 2012 and May 2013 metagenomes. 67
4.2.4 Anabaena colony morphology correlates with anatoxin-a pro-

duction . . . . . . . . 69
4.2.5 Distribution of Anabaena sp. WA102 across the Puget Sound
region and Nostocaceae diversity . . . . . . . .. .. .. ... 71
4.3 DiScussion . . . . . . ... 75

4.3.1 Anabaena sp. WA102 was the major anatoxin-a producer in
Anderson Lake in metagenome samples from July 2012 and

May 2013 . . . . . . 75
4.3.2 Anabaena sp. WA102 is not always the dominant nitrogen-
fixing autotroph in Anderson Lake . . . . . . . .. ... ... 77

4.3.3 Anabaena sp. WA102 is sparsely distributed throughout the
Puget Sound Region . . . . . . ... ... ... ... 79



TABLE OF CONTENTS (Continued)

Page
4.4 Methods . . . . . . .. 80
4.4.1 Sample collection . . . . . .. ... 80

4.4.2

Single-colony isolation, toxin extraction, and DNA sequencing 81

4.4.3 DNA extraction from lake samples for shotgun metagenomic
and amplicon sequencing . . . . . . . ... ... 81
4.4.4 ¢cpcBA-IGS amplicon primer design, amplification, and se-
QUENCING . . .« v v vt 82
4.4.5 ¢cpcBA-1GS amplicon analysis . . . . .. ... ... .. ... 83
4.4.6 Metagenome analysis . . . . . .. ... o0 84
4.4.7 Genome compariSons . . . . . . .o ... 86
4.5 Tables and Figures . . . . . . . .. .. .. oo 87

5 The genome of a novel freshwater picocyanobacterium, Cyanobium sp. LC18,

and lysogenization by of one of its temperate phages, C-CRS01 96
5.1 Introduction . . . . . . . . . ... 97
52 Results . . . . . . . . 98
5.2.1 Cyanobium sp. LCI18 is a novel cyanobacterial species from

the Klamath River System . . . . . . . ... ... ... ... 98

5.2.2 S-CRSO1 infects Cyanobium sp. LC18 . . . . . . . ... . .. 99

5.2.3 The C-CRSO1 genome . . . . . .. ... ... ... ..... 100

5.2.4 C-CRSO01 lysogenizes Cyanobium sp. LC18 . . . . . .. . .. 103

5.3 Discussion . . . . . ..o e 104
5.3.1 Relevance of the Cyanobium sp. LC18 genome to diversity-

driven sequencing of the Cyanobacteria . . . . . . . . . . .. 104

5.3.2 Isolation of a novel freshwater temperate Siphovirus, C-CRS01105

5.3.3 Lysogenization of Cyanobium sp. LC18 by C-CRS01 . . . . 106

5.4 Methods . . . . . . .. 107

5.4.1 Isolating Cyanobium sp. LC18 and culture maintenance . . . 107

5.4.2 Isolating C-CRSO01 on Cyanobium sp. LC18 . . . . .. . .. 107

5.4.3 Transmission Electron Microscopy of C-CRSO01 . . . . . . .. 109

5.4.4 Isolating Cyanobium sp. LC18 lysogens . . . . . . . .. . .. 109

5.4.5 DNA preparation for C-CRS01 and Cyanobium sp. LC18 . . 110

5.4.6

High-throughput sequencing of Cyanobium sp. LC18 lysogen
and C-CRS01 genomes . . . . . . .. .. ... ... ..... 110



TABLE OF CONTENTS (Continued)

Page
5.4.7 Assembling and analyzing the Cyanobium sp. LC18 lysogen
and C-CRS01 genomes . . . . . .. ... .. ... ...... 111
5.4.8 PCR amplification of prophage junctions . . . . . ... ... 112
5.5 Tables and Figures . . . . . . . . . . ... 114
6 Conclusion 120
7 Contributions from authors 125

7.1 Chapter 3: Structural and Functional Analysis of the Closed Genome
of the Recently Isolated Toxic Anabaena sp. WA102 . . . . . . . . .. 125

7.2 Chapter 4: Identification of the major anatoxin-a producing cyanobac-
terium in Anderson Lake, its dynamics, and its distribution in the
Puget Sound region . . . . . .. ..o 125

7.3 Chapter 5: The genome of a novel freshwater picocyanobacterium,
Cyanobium sp. LC18, and lysogenization by of one of its temperate
phages, C-CRSO1 . . . . . . . . .. . 126

Bibliography 127



Figure

3.1

3.2

3.3

LIST OF FIGURES

Page

Location of Anderson Lake and picture of culture. A) A map of
the Puget Sound region in Washington State, USA. Anabaena sp.
WA102 was isolated from Anderson Lake at 48.0190 N, 237.1963 W
on the Olympic Peninsula. B) A brightfield micrograph of Anabaena
sp. WA102 at 200x magnification. Vegetative cells measure 7.1 by
6 pum on average. Colonies are heterocystous because the culture is
maintained in nitrogen-free medium (BG-11p). . . . . . . . . .. ..

HPLC-MS/MS survey of anatoxin-a and derivatives. A) HPLC elu-
tion of compounds extracted from the Anabaena sp. WA102 culture
and two Anderson Lake samples (WA102 and WA103). Anatoxin-a
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standard. Anatoxin-a peaks are surrounded by a gray dashed line.
No variants of anatoxin-a were detected. B) Ion mass spectra for
anatoxin-a are compared from lake sample WA102 (May 20th, 2013
with 12.5 pg/L anatoxin-a), lake sample WA103 (June 17th, 2013
with 35.8 ug/L anatoxin-a), and the culture. All spectra match the
spectrum of the anatoxin-a standard closely. . . . . . . . .. .. ..

PacBio read length distribution for the Anabaena sp. WA102 cul-
ture. PacBio read length average 8.5 kbp, allowing complete assem-
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ted as a black ring with demarcations every 100 kbp. Average GC
content in 10 kbp non-overlapping windows is plotted outside of the
genome ring. The first track within the genome ring includes the lo-
cation of the oriC' and RNA elements. The oriC' was determined to
lie downstream of dnaA among DnaA-binding motifs. The following
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the center connect repeated regions in the genome, determined by
blastn alignment of the finished genome against itself. Note that
repeat regions often coincide with gaps in the Illumina assembly.
B) Genome-wide plot of cumulative GC skew. GC skew was aver-
aged across 1 kbp non-overlapping windows of the genome and then
cumulatively summed. Minimum and maximum points on the cu-
mulative GC skew plot should indicate oriC' and terC, respectively.
However, the signal from the cumulative GC skew is weakened, pre-
venting precise prediction of oriC, terC| and the replicon arms. . . . 50

3.5 Nostocacaea phylogenetic tree. A phylogenetic tree constructed
from amino-acid alignments of single-copy orthologs present in all
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3.6 KEGG orthologs (KO) differentially represented among the com-
pared Nostocaceae genomes. All proteins from each Nostocaceae
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Anabaena sp. AL93, though anaH is missing from both. The 5’
region of anaB and upstream promoter region is triplicated in An-
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3.16 Tandem duplication of the putative anaBCD promoter region. A)
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4.1 Anatoxin-a occurrence in Anderson Lake. A) Lakes in Washing-
ton State, USA, with anatoxin-a levels measuring above the 1ug/L
state guideline level for recreational exposure. The mean measured
anatoxin-a level is shown for each lake, though it must be noted that
these means are based on an unevenly sampled data and include ex-
treme outlier values. Data is from https://www.nwtoxicalgae.org/.
B) Anatoxin-a levels measured over the past 7 years in Anderson
Lake, Jefferson County, WA. The summer months June-August are
highlighted in yellow and the 1ug/L guideline level is shown as a
dashed line. Points in black represent anatoxin-a measurements >1
pg/L and points in gray represent measurements <1 ug/L. C) To-
tal (Kjeldahl) nitrogen:total phosphorus ratios (TN:TP) measured
over the past 7 years. A TN:TP of 35, at which nitrogen-fixing
cyanobacteria are thought to be uncompetitive with non-nitrogen-
fixing cyanobacteria is shown as a dashed gray line. Measurements
of TN:TP >35 are shown as gray dots, and measurements <35 are
shown as black dots. . . . . . .. .. ... ... ... L. 87
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4.2 Metagenome analysis of Anderson Lake samples. A) Average cov-
erage depth plot of contigs from the July 7th, 2012 Anderson Lake
metagenome sample. Sequencing reads (30 Gbp of Illumina HiSeq
100-nt paired-end reads) were assembled into 230,285 contigs with
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1). The Anabaena population genome with average coverage depth
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(dark red circles). B) Average coverage depth plot of contigs from
the May 20th, 2013 Anderson Lake metagenome sample. Contigs
were assembled from 4.6 Gbp of [llumina MiSeq 250-bp paired-end
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4.3 Anabaena morphotypes in Anderson Lake. A) Two Anabaena mor-
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contrast, 200x magnification). A colony exhibiting the large-cell
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Chapter 1 Objective and Background

1.1 Objective

The purpose of this study is to expand the characterization of freshwater cyanobac-
teria by sequencing and characterizing new freshwater cyanobacterial genomes.
Bacterial genome sequences contain a wealth of information that can inform us
about a strain’s ecological niche [47], its ability to produce useful or novel natu-
ral products [4], its ability to produce toxins or pathogenicity factors [148], and
- by comparing it with other bacterial genomes - its evolutionary history [67].
However, acquiring genomic information for freshwater cyanobacteria poses many
challenges. Sometimes a strain cannot be isolated in culture, so that it must be
sequenced directly from environmental samples along with many other bacteria.
The metagenomic sampling techniques and computational tools required for this
have only just recently become available. Additionally, cyanobacterial genomes are
often filled with repetitive DNA sequence that can fragment the genome assembly.
The DNA sequencing technology to overcome this barrier currently is becoming
cheap enough to be practical for small academic laboratories, but it is not always
clear how to apply this technology to environmental samples. Solutions for these
principal problems were sought in this body of work while attempting to identify

the major anatoxin-a producing cyanobacterial strain in Anderson Lake, Jefferson



County, Washington, USA.

1.2 Background

The Cyanobacteria are relatively well studied as a phylum, but many genera within
this phylum remain poorly characterized. The marine Prochlorococcus and Syne-
chococcus genera are disproportionately well studied because they are responsible
for a large fraction of the oxygenation and carbon fixation on Earth [110]. Marine
filamentous cyanobacteria are often examined for natural products that can serve
as pharmaceuticals, and so receive a large amount of research attention [153, 61].
In contrast, terrestrial and freshwater cyanobacteria, though representing much of
the diversity within the Cyanobacteria, have received less attention. Freshwater
cyanobacteria, the focus of this work, are important for several reasons. They
form eutrophic blooms that deoxygenate water, cause fish kills, and shade out na-
tive aquatic plant species [106]. These blooms can also produce toxic compounds
that may cause cancer or paralysis [100, 18]. At lower concentrations, freshwater
cyanobacteria can produce taste and odor compounds that make drinking water
unpalatable [64]. Freshwater cyanobacteria can also provide nutrition, and are used
in some health-food products [45]. Like marine cyanobacteria, freshwater strains
can also produce a variety of useful natural compounds [55]. Recognizing the im-
portance of freshwater cyanobacteria and leveraging innovations in DNA sequenc-
ing technology, there have been several recent efforts to acquire a more balanced

sampling of genomes from the Cyanobacteria, including freshwater cyanobacteria



135, 23, 94].



Chapter 2 Introduction

2.1 Freshwater cyanobacterial blooms

Freshwater cyanobacterial blooms occur when conditions allow freshwater
cyanobacteria to grow and dominate an inland water body such as a lake or reser-
voir. They are bacterial dysbioses of freshwater ecosystems that can have outsized
negative, non-linear effects on the entire ecosystem [29]. Blooms can produce
toxins or anoxic conditions that kill fish [127] and other animals, in addition to
killing macrophytes by blocking sunlight from reaching the benthos [63]. Some of
the causes of freshwater cyanobacterial blooms are clear, but their relative impor-
tance is debated. Temperature, nutrient input, water column stratification, and
light levels have all been implicated as (not necessarily independent) environmen-
tal drivers of freshwater cyanobacterial blooms [108, 83, 56, 10]. Blooms likely
are becoming more frequent globally due to increased average global temperature
(149, 107]. In addition to abiotic drivers, blooms can perpetuate themselves by
increasing nutrient concentrations and cycling rates [22] and reduce the resilience
of freshwater ecosystems to slight changes in environmental conditions, which in
turn provokes bloom relapses [58]. As non-linear phenomena, blooms can also
collapse suddenly. Hypothetical drivers of bloom collapse include both abiotic

and biotic drivers: water column mixing, temperature change [167], grazing pres-



sure by predators, and viral-induced lysis [111, 49]. Freshwater cyanobacterial
bloom collapse has received relatively less attention than bloom emergence, and
many questions remain regarding the relative importance of hypothetical drivers
of collapse. Bloom collapse often occurs in autumn, coincident with decreased day
length and temperature and destratification of the water column, suggesting that
abiotic environmental drivers are important. Although viral-induced algal bloom
collapse has been thoroughly documented for Emiliana huzleyi in marine systems
9, 140, 59], data regarding viral-induced freshwater bloom collapses is scarce [111].
A barrier to determining if viruses cause freshwater cyanobacterial bloom collapse
is the difficulty in measuring changes in the cyanobacterial bacteriophage popu-
lation separately from changes in the entire lake’s bacteriophage population and
then correlate those changes to changes in the host population. For example, stain-
ing encapsidated viral DNA with epifluorescent dye and then counting virus-like
particles (VLPs) does not distinguish between cyanobacteria-specific phages and
non-cyanobacteria-specific viruses [101]. Higher resolution methods are needed.
There has been a recent call to better understand the bacterial and viral drivers of
bloom emergence and collapse, since abiotic drivers have thus far failed to explain
many observed bloom dynamics [163]. DNA sequencing technology may provide
the resolution needed to identify and quantify the dynamics of individual bacterial
species and their corresponding bacteriophages during the lifecycle of a freshwa-
ter cyanobacterial bloom. The analytical technique that may make this possible
is metagenomics, which is the sequencing, resolution, and characterization of a

community of bacterial genomes present in a single environmental sample, such as



water taken from a lake. This study uses new sequencing techniques and metage-
nomic strategies to begin characterizing freshwater lake blooms and freshwater
bloom-forming cyanobacteria in order to gain a better understanding of the biotic
factors of a freshwater bloom lifecycle. In addition, a novel picocyanbacterium
and its temperate phage are isolated and their genomes are sequenced. Progress
is being made towards this goal, though observation of phage lysis terminating a

freshwater cyanobacterial bloom remains elusive.

2.2  Environmental metagenomics

DNA sequencing platforms such as the Illumina HiSeq platform have reduced the
price of DNA sequencing to the point where it has become practical to sequence
the DNA from a bacterial community in an environmental sample [93]. This is
usually done with [llumina short-read DNA sequencing technology, which can pro-
duce contiguous nucleotide sequences as long as 250bp. The short reads must
be aligned with each other and concatenated with computational algorithms into
larger nucleotide sequences that can be analyzed bioinformatically. These short-
read assembly algorithms typically fail to concatenate the reads into contiguous
nucleotide sequences (contigs) representing entire bacterial genomes. If more than
one bacterial genome is present in the sample, such as is the case with environ-
mental samples, then the multiple contigs that compose a single bacterial genome
must be separated from contigs that compose other bacterial genomes. Clustering

contigs from a metagenome into distinct bacterial genomes is a central challenge



of metagenomics and has important implications such as functional characteriza-
tion of the genes and biochemical pathways encoded in each genome and assigning
putative ecological roles for the bacteria represented by particular genomes. Ad-
ditionally, clustering the contigs to determine the population dynamics of closely
related bacterial species within a lake is important for answering many questions
regarding freshwater cyanobacterial bloom emergence and collapse. Nucleotide
contig clustering draws upon traditional statistical learning techniques to group
contigs together by statistics that distinquish contigs from different genomes. It
has recently been shown that two of the most important statistics by which to
cluster contigs in a metagenome are tetranucleotide frequency and average contig
coverage depth [1, 134]. Tetranucleotide or pentanucleotide frequency is a measure
of the nucleotide composition of a contig determined by counting the number of
four- or five- nucleotide combinations observed in the contig, and varies between
genomes from different taxa [154]. Average contig coverage depth is a measure of
how many times a contig was observed during DNA sequencing and indicates the
relative abundance of a particular contig, with contigs from the same genome shar-
ing the same relative abundance. Using these statistics, metagenome contigs often
can be clustered into nearly complete representations of the original genomes, as
measured by counts of bacterial universal unique marker genes. These clustered
contigs are called population genomes, because they may contain more than one
strain of a particular bacterial species [1]. This approach is new, and the quality
and utility of these population genomes is still uncertain. However, they hold the

promise of resolving the population dynamics of closely related bacterial species -



and their bacteriophages - in complex environmental samples such as lake water.
It is important at this stage to assess the quality of these population genomes by

comparing them with high-quality finished genomes derived from the environment.

2.3 Current state of cyanobacterial genomics

The Cyanobacteria are well studied as a phylum, however certain clades within the
Cyanobacteria have been neglected, as measured by the small number of genomes
sequenced from those clades [129, 34]. This has driven several groups to expand
the number and diversity of sequenced genomes from the Cyanobacteria. The pic-
ocyanobacteria are the cyanobacterial clade with the largest number of sequenced
genomes. The picocyanobacteria include the Prochlorococcus, Synechocococcus,
and Cyanobium genera and 194 total genome sequences deposited in NCBI Gen-
bank as of February 2016. However, among those three genera, Prochlorococcus
accounts for 151 genomes, Synechococcus for 39, and Cyanobium for 3. The out-
sized number of genomes sequenced among the Synechococcus and Prochlorococcus
genera is due to intense study of these ubiquitous marine cyanobacteria for their
importance in global biogeochemical cycles (though some of the Synechococcus
genomes are from freshwater strains). While this is important, it does not con-
tribute much to the study of freshwater systems and the cyanobacteria that inhabit
them. The Cyanobium genus, on the other hand, has been shown to be globally
important in freshwater ecosystems and able to produce useful natural products,

but lacks representative genomes. In addition, bloom-forming cyanoabacteria (for



example, from the Nostocaceae family) are well known to produce similar secondary
metabolites [32]. In order to put the study of freshwater cyanobacterial population
dynamics (blooms in particular) on a firm foundation, more high-quality, finished
freshwater cyanobacterial genomes need to be sequenced. These genomes will aid
in vetting population genomes that are clustered from freshwater metagenomes,
reveal prophages that may contribute to bloom collapse, and illuminate the popu-
lation structure and evolution of closely related cyanobacterial strains that cause
freshwater cyanobacterial blooms. New natural products with potentially useful or
toxic properties are likely to be found in novel freshwater cyanobacterial genomes
as well.

This work introduces four new freshwater bacterial genomes (for Anabaena sp.
WA102, Aphanizomenon sp. WA102, Anabaena sp. AL93, and Cyanobium sp.
LC18), an instructive freshwater lake metagenome analysis, and a novel freshwa-
ter temperate picocyanobacterial bacteriophage genome. Analysis from chapter
3 shows that long-read sequencing will be important for obtaining novel high-
quality cyanobacterial genomes with relevance to lake environments, such as that
of Anabaena sp. WA102, and reaffirms that many bloom-forming cyanobacte-
rial genomes are prone to frequent rearrangement. Chapter 4, building on the
high-quality genome sequence of Anabaena sp. WA102 discussed in chapter 3,
investigates the clonality of a cyanobacterial bloom population, begins to probe
the population dynamics of freshwater cyanobacteria as revealed by metagenomics,
and tracks the distribution of a particular toxic strain across the region. The novel

genome from a culture of the freshwater picocyanobacterium Cyanobium sp. LC18



and its temperate bacteriophage, C-CRS01, is discussed in chapter 5.
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3.1 Introduction

Anabaena (some isolates are also named Dolichospermum [158]) are filamentous,
nitrogen-fixing cyanobacteria that often form blooms in eutrophic water bodies.
Traditionally, they have been studied as models of multicellular development in
bacteria [48]. Their ability to fix both carbon and nitrogen makes them a key
part of the biogeochemical cycle. Further, they can produce a range of bioactive
secondary metabolites, which have been shown to threaten public health whenever
toxic blooms occur in drinking or recreational water bodies [82, 15].

Anatoxin-a is one of the most toxic secondary metabolites produced by An-
abaena species [18]. It acts as a nicotinic acetylcholine receptor agonist in ani-
mals, paralyzing muscles and causing death by asphyxiation [19]. The toxin is
synthesized via a polyketide synthase (PKS) pathway encoded by a cluster of
at least eight genes [92]. Anatoxin-a is known to be synthesized by five gen-
era of Cyanobacteria: Anabaena (Dolichospermum), Oscillatoria, Aphanizomenon,
Cylindrospermum, and Phormidium [121]. The entire PKS gene cluster has been
sequenced and confirmed to produce anatoxin-a or a variant (homoanatoxin-a and
dihydroanatoxin-a) in Anabaena sp. strain 37, Oscillatoria sp. strain PCC 6506,
and Cylindrospermum stagnale PCC 7417 [121, 12, 15, 92]. We describe a novel
species of anatoxin-a-producing Anabaena from Anderson Lake, Washington State,
USA, Anabaena sp. WA102.

Many cyanobacterial genomes remain in draft form (51 according to [135]).

Cyanobacteria genomes are often resistant to standard assembly approaches when
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using Illumina short-insert DNA libraries, due to the fact that they have a large
percentage of mobile elements (as much as 11% of the genome) that repeat through-
out the genome [66]. These repeats, and other types of repetitive DNA, are nearly
identical in sequence and longer than the insert size of typical DNA sequencing
libraries. This causes ambiguous alignment and scaffolding of contigs on either
side of the repeat and fragments the genome assembly [114]. While most of the
gene content of these genomes properly assembles, reads from mobile element re-
gions usually do not and are omitted from analysis. Structural variation in the
genome, such as large deletions or tandem duplications, is also obscured in unfin-
ished genome assemblies. Until recently, the only sequencing methods that have
allowed assembly across repeat regions and produced finished Nostocaceae genomes
have been Sanger sequencing and hybrid assembly of 454 and Illumina sequencing
libraries that require laborious extra finishing steps. Increasing access to long-read
sequencing platforms will circumvent these problems and help to close complex
bacterial genomes in a single assembly step [70].

We describe a PacBio sequencing dataset of 8.5 kbp average read length that
was used to finish and close the genome of Anabaena sp. WA102. We compare the
long-read sequencing results to genome assembly from short-read sequences and
describe structural features of potential physiological relevance that are missed in
analysis of assemblies derived from short-read sequencing. We also compare the
complete genome of the cultured isolate (Dec 2014) to the genome of a closely

related population genome in Anderson Lake (Jul 2012).
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3.2 Results

3.2.1 The Anabaena sp. WA102 culture and genome

Anabaena sp. WA102 was isolated from a water sample collected during a
cyanobacterial bloom in Anderson Lake in Jefferson County, Washington, USA
on May 20th, 2013 (Figure 3.1A). Anatoxin-a levels in the lake were 12.5ug/L.
The non-axenic culture was first established in BG-11y medium, then a single con-
tiguous colony - assumed to be clonal - was isolated from the established culture
and serially propagated in BG-11y. Colonies from the culture are heterocystous
due to lack of nitrogen in the medium and have mean vegetative cell dimensions
of 7.1 by 6 pm (Figure 3.1B). HPLC-MS/MS analysis showed that the culture
produced anatoxin-a, with no detectable homoanatoxin-a nor dihydroanatoxin-a
(Figure 3.2).

DNA extracted in December 2014 (19 months after culture establishment) was
used to construct a library of size-selected fragments (over 8 kbp). Four PacBio
SMRT cells were used to sequence a total of 1.13 Gbp with an average read length
of 8.5 kbp (Table 3.1 and Figure 3.3). Two contigs representing the 5.7 Mbp
chromosome (Figure 3.4A) and a 76.5 kbp plasmid that make up the complete
Anabaena sp. WA102 genome were de novo assembled from the output of two
PacBio SMRT cells (Genbank:CP011456-7). At an average nucleotide coverage
of 49.8x, the average Phred quality score for the genome is 48.86 (a 1/76,913
probability of the assignment of an erroneous nucleotide).

The average GC content of the Anabaena sp. WA102 chromosome is 38.4%.
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There are 5091 predicted genes on the chromosome, including 4667 protein-coding
sequences (1824 of which encode hypothetical proteins), 365 pseudogenes, 5 riboso-
mal RNA operons, and 43 tRNA genes (Table 1). DnaA boxes and a surrounding
AT-rich region identify a single putative origin of replication from nucleotides 1457-
1702. The genome has an unusual GC skew pattern (Figure 3.4B) that does not
allow for terC' site prediction, as also seen with some other cyanobacteria [53, 161].
rRNA operons are scattered throughout the chromosome, not concentrated near
the origin of replication, and in one case oriented against the presumed direction
of replication. If Anabaena sp. WA102 is oligoploid like many cyanobacteria [52],
then there may be less need to encode highly expressed genes such as the rRNA
operons near the origin of replication to increase their copy number or orient them
to optimize transcription during replication. The plasmid is 76.5 kbp long (1.3% of
genome) and has an average GC content of 37.7%. There are 88 genes encoded on
the plasmid, including 75 protein coding sequences, the majority of which are hy-
pothetical proteins (57) or pseudogenes (13), and no rRNA or tRNA genes (Table
3.1).

3.2.2 Comparison of Anabaena sp. WA102 long- and short-read
genome assemblies
DNA from the Anabaena sp. WA102 non-axenic culture was extracted in December

2014 (7 months after culture establishment) and used to construct an Illumina

TruSeq metagenome. That library was sequenced as 100nt paired-end reads on
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the HiSeq 2000 instrument, yielding 3.83 Gbp of total sequence, of which 738 Mbp
(19%) mapped to the closed Anabaena sp. WA102 PacBio genome assembly. A
draft Anabaena sp. WA102 genome was extracted from an assembly of this short-
read Illumina sequencing data using the mmgenome package. The draft genome
is not complete, but the sum length of contigs in the draft genome is within 1%
of the length of the closed Anabaena sp. WA102 genome. When the draft genome
is aligned against HMM profiles in an HMM profile database of essential bacterial
genes from the mmgenome package, 105 essential genes found in other members of
the Nostocaceae are also found in the new genomes (compared with 104 essential
genes in the closed Anabaena sp. WA102 genome, see Table 3.2). This suggests
that the draft genome is nearly complete and representative of actual gene content.
Using blastn, 819 of 820 contigs in the Anabaena sp. WA102 draft genome align
to the closed reference genome (e-value < 1073%), further suggesting that the draft
genome assembly has little contamination. Some of the contigs in the draft genome
overlap when aligned to the closed genome, forming 230 regions of contiguous
coverage with 229 gaps that are scattered around the circular genome (Figure
3.4A).

The gap regions sum to 34,166 bp (0.6% of the reference genome), containing 97
genes. Over half of these (56 genes) have more than one copy in the genome, includ-
ing 26 genes from a single cluster of transposases. Many single-copy hypothetical
genes that coincide with gaps have low complexity regions. Most gaps (green tiles
on Figure 3.4A) coincide with long repeat regions in the genome, whose multiple

copies are connected by green arcs (Figure 3.4A). The repeat regions include the
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five rRNA operons, genes encoding transposons and homing endonucleases, and
other repeat regions discussed in more detail below. In some cases gaps coincide
with GC-rich regions. These results agree with previous observations of gaps in
[Nlumina assemblies due to long repeat regions and regions of low nucleotide com-
plexity [114]. The large number of contigs generated from the short-read Illumina
sequences emphasizes the prevalence of long repetitive elements in the Anabaena
sp. WA102 genome and the value of long-read sequencing technologies in pro-
ducing finished genomes. This is further demonstrated by observations of tandem
repeats in the long-read assembly, observation of structural variants in the popu-
lation, analysis of genome synteny with another closely related Anabaena genome,

and a full count of mobile elements within the genome (described below).

3.2.3 The Anabaena sp. AL93 culture and genome

Anabaena sp. AL93 is an anatoxin-a producing strain isolated in non-axenic cul-
ture from a toxic bloom in American Lake, Washington in 1993 (MA Crayton,
personal communication). It provides local geographical context for Anabaena sp.
WA102, since American Lake is only 100 km from Anderson Lake. It also pro-
vides some evolutionary context as a close relative of Anabaena sp. WA102 (see
phylogeny below). The genome was sequenced with 1.36 Gbp of [llumina MiSeq
250-bp paired-end reads. Contigs representing 5.7 Mbp of the Anabaena sp. AL93
draft genome were binned using the mmgenome package to yield a nearly com-

plete genome with 105 essential genes according to the database in the mmgenome
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package.

3.2.4 Phylogenomic relationship between Anabaena sp. WA102,

AL93, and other fully sequenced Nostocacaea

The closed genome from Anabaena sp. WA102 and the draft genome from An-
abaena sp. AL93 can be placed phylogenetically among draft and full genomes
from members of the Nostocaceae. The ancestral relationship of eleven genomes
from the Nostocaceae constructed with a phylogenetic tree based on 1408 clusters
of unique orthologs from each genome (Figure 3.5). Unanimity among 1000 tree
constructions yielded 100% bootstrap support for every internal node. The tree
was rooted at Nostoc sp. PCC 7107, according to [135]. Anabaena sp. WA102 and
Anabaena sp. AL93 are most closely related to each other. They form a distinct
clade with Anabaena sp. 90, a microcystin toxin-producing strain from Finland

[161].

3.2.5 Comparing gene content and metabolic capabilities of An-

abaena sp. WA102 and AL93 with other Nostocaceae genomes

The gene contents of Anabaena sp. WA102 and closely related Nostocaceae
genomes were also assigned to metabolic pathways using the KEGG ortholog
database. All genes necessary for nitrogen fixation (nif DKH ) were found through-

out these genomes. Figure 3.6 highlights metabolic pathways with differential
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representation in Anabaena sp. WA102 and its relatives. Differences in sulfur
metabolism are evident among the genomes. The ssu operon, which is involved
in transport and metabolism of organic sulfur compounds [37], was intact in An-
abaena sp. WA102. It was absent or incomplete in 6 of 11 Nostocaceae, including
Anabaena sp. 90. ssuABCDE and tauD (taurine metabolism) are in the same
gene cluster in Anabaena sp. WA102 and are likely co-regulated. Anabaena sp.
WA102 also possesses the fhuBC' genes, which encode two parts of the ferric hy-
droxamate ABC transporter. The presence of these genes suggest that Anabaena
sp. WA102 is well equipped to import organic sulfur compounds and iron from
the environment. This may provide a competitive advantage in providing the iron-
sulfur clusters that are necessary for nitrogen fixation in niches with low sulfate
availability.

Other genes present in Anabaena sp. WA102 but not in Anabaena sp. 90 or
other Nostocacaea (Figure 3.6) may also provide competitive advantage under cer-
tain conditions. btuB is necessary for vitamin B12 uptake from the environment
[72]. The urtABCDE cluster allows uptake and metabolism of nitrogen-rich urea
[3]. cydAB encode the cytochrome bd-type oxidase, which has been shown to be
necessary for Nostoc sp. PCC 7120 survival under nitrogen-limited conditions and
is hypothesized to scavenge oxygen in heterocysts to prevent oxidation of nitroge-
nase [95]. The presence of pizGHIJL genes, which encode a phototactic system,
suggests that Anabaena sp. WA102 is positively phototactic and likely motile
[170]. In support of this hypothesis, Anabaena sp. WA102 encodes a twitching-

motility pilus gene pilT, and a pilus assembly gene pilC' (loci AA650.16975 and
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16980). Gas vesicle genes present in two clusters (loci AA650-0781 to 07850 and
AA650-07865 to 07870) support mobility through buoyancy control [159].

A number of metabolic genes are absent from Anabaena sp. WA102, but present
in Anabaena sp. 90 or other Nostocaceae. pecABCEF, the genes responsible for
phycoerythrocyanin synthesis [156]), are absent from Anabaena sp. WA102 but
present in its close relative Anabaena sp. AL93 [152]. Phycoerythrocyanin is a
photosynthetic pigment that absorbs light maximally at 575nm (green light) and
confers a competitive advantage in coastal and freshwater environments where
phytoplankton and turbid waters absorb much of the red light that is maximally
absorbed by the ubiquitous phycocyanin pigment [156]. These two strains can
be distinguished by their pigments, a critical element in niche adaptation. Both
strains encode genes to synthesize the phycobilins phycocyanin and allophyco-
cyanin, but only Anabaena sp. AL93 encodes the genes for phycoerythrocyanin
synthesis. The absence of a phycoerythrocyanin operon suggests that Anabaena sp.
WA102 would not compete well in shade from other photosynthetic organisms or
deeper and murkier water because it cannot efficiently absorb green light. Rather,
it may avoid shade or deeper water by positive phototaxis to the lake surface
driven by gas vesicle buoyancy. The psbJLM components of the photosystem II
apparatus are intermittently distributed throughout the Nostocaceae in this study
but are completely absent from Anabaena sp. WA102. Different combinations of
light harvesting genes in each genome, without a phylogenetic pattern, suggest
that they are selected for under different light conditions and perhaps horizontally

transferred.
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3.2.6 Capacity for synthesis of anatoxin-a and other secondary

metabolites

Cyanobacteria produce many secondary metabolites, including products of nonri-
bosomal peptide synthetase (NRPS) and polyketide synthase (PKS) genes. Much
concern about freshwater cyanobacterial blooms stems from their production of
toxic secondary metabolites. Fourteen gene clusters in the Anabaena sp. WA102
genome encode putative secondary metabolite synthesis proteins (Figure 3.4A).
Anatoxin-a is made by proteins encoded in cluster eleven located between nu-
cleotides 4,362,415 and 4,392,159, confirming that Anabaena sp. WA102 indeed
is able to produce anatoxin-a, as detected by HPLC-MS/MS (Figure 3.2). The
anaA-G genes in this 30 kbp cluster are syntenous with homologs in Anabaena sp.
37 and Anabaena sp. AL93 (Figure 3.7). However, genes anaA, anal, and anaJ
are rearranged between the Anabaena anatoxin-a clusters and the Oscillatoria and
Cylindrospermum clusters [92].

Comparing ana clusters between Anabaena sp. WA102, Anabaena sp. AL93,
Anabaena sp. 37 (Genbank:JF803645), Cylindrospermum stagnale sp. PCC
7417 (Genbank:NC019757), and Oscillatoria sp. PCC 6506 (Genbank:FJ477836)
showed differences in the anaG gene (Figure 3.7 and 3.8). The AnaG protein
plays a key role in determining the anatoxin variant produced [92]. AnaG adds
an acetyl group and either one or two methyl groups to the bicyclic thioester pre-
cursor, forming either anatoxin-a or homoanatoxin-a, respectively. Oscillatoria

sp. PCC 6506, which produces 99% homoanatoxin-a and 1% anatoxin-a, possesses
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the largest methyltransferase domain in AnaG. The smaller AnaG methyltrans-
ferase domain in Anabaena sp. 37, a producer of anatoxin-a [121], is evidently
not involved in homoanatoxin-a synthesis. The AnaG methyltransferase domain is
missing entirely in Anabaena sp. WA102 and Anabaena sp. AL93, which are also
producers of anatoxin-a (Figure 3.7 and 3.8). In Cylindrospermum sp. PCC 7417,
which produces dihydroanatoxin-a, AnaG lacks the methyltransferase domain as
well as the phosphopantetheine transferase domain on the extreme C-terminus
(Figure 3.8). In the same strain, an oxidoreductase gene, Cylst6226, not present in
the other ana clusters, is present (Figure 3.7) and implicated in dihydroanatoxin-a
synthesis [92]. Note that annotation of genes anaH-J differs between [92] and [15];
we have chosen to follow [92].

The anatoxin-a synthetase gene cluster from Anabaena sp. AL93 revealed an
organization most similar to that of Anabaena sp. WA102, although the AL93
AnaG gene is shorter in the C-terminal region. There are also differences in genes
situated between anaG and anal, which include genes not thought to be involved
in anatoxin synthesis. Notably, all clusters (not shown for Oscillatoria sp. PCC
6506 in Figure 3.7, but referred to in [92]), share a MATE efflux pump homolog
(anal). MATE efflux pumps encoded within the saxitoxin gene cluster are known
to export saxitoxin, another toxic secondary metabolite, from the producing cell

[113]. They may play a similar role with anatoxin-a.
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3.2.7 Lack of synteny with Anabaena sp. 90

Among the completely sequenced Anabaena genomes, Anabaena sp. WA102 is
most closely related to Anabaena sp. 90, sharing an average nucleotide identity
(ANT) of 91.5% and 2331 gene homologs. Despite this relatively close relationship,
there are major differences in overall genome architecture. Whereas the Anabaena
sp. 90 genome has two chromosomes of 4.33 and 0.82 Mbp, Anabaena sp. WA102
has a single chromosome. Local nucleotide alignment showed that there is little
long-range synteny between the two Anabaena genomes (Figure 3.9).

Novichkov et al illustrated common paradigms of synteny between genomes
within a genus using dotplots [102]. Aligning genome sequences between species
of Pseudomonas yielded long stretches of synteny, but aligning genomes sequences
between species of Streptococcus showed no synteny. Those dotplots are recreated
and shown beside the dotplot for Anabaena sp. 90 and WA102 (Figure 3.10). Or-
thologs from each pair of aligned genomes were aligned by BLASTP, showing that
average amino acid identity between orthologs of the Anabaena genomes was the
highest (Figure 3.10). The dotplot of the Anabaena genomes is very fragmented,
although these genomes are relatively closely related. The distinct X-shape to
dotplots of Pseudomonas and Streptococcus genomes indicate chromosomal inver-
sions around the origin of replication [38]. This pattern is missing in the dotplot
of Anabaena genomes, indicating the infrequency or absence of these inversions.
Figure 3.10 indicates that the Anabaena genomes have experienced a relatively

faster rate of recombination versus point mutation. This is not uncommon among
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bacterial genomes but varies among different taxa [141]. Length distributions of
the local colinear blocks (LCB’s) from alignments calculated by Mauve (Figure
3.11) support the general disruption of gene order between Anabaena sp. WA102
and 90. The largest local colinear blocks encompass biosynthetic gene clusters and
a cryptic prophage discussed below. The LCBs are not clearly bounded by either
repeat sequences or mobile elements, which does not lend a clear explanation for
their rearrangement between the two bacteria.

In addition to long-range shuffling, we also detected local rearrangement of
genes within clusters. For instance, an LCB at nucleotides 1,992,912-2,007,469
that includes thirteen genes in Anabaena sp. WA102 corresponds to the region
between nucleotides 3,575,881-3,591,878 in Anabaena sp. 90 that includes four-
teen genes (Figure 3.12). Genes in this syntenous region are putatively involved in
complex carbohydrate biosynthesis and export (being mostly glycosyltransferases
and including an ABC transporter). Of these, two glycosyltransferases, an acyl-
transferase, and a hypothetical protein are unique to Anabaena sp. WA102 and six
glycosyltransferases are unique to Anabaena sp. 90. The remaining nine genes in
Anabaena sp. WA102 and eight genes in Anabaena sp. 90 are homologous or share
homologous domains. Two transposases are responsible for interrupting just one
portion of synteny in this region, leaving 4 breaks in synteny unexplained. This
suggests that recombination interrupts synteny even in otherwise conserved gene

clusters, though the mechanism for recombination is not always clear.
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3.2.8 The mobilome

108 transposases (79 intact and 29 pseudogenes) were automatically annotated by
the NCBI pipeline, constituting 2% of the genome. Manual annotation with the
aid of the IS Finder database [137] increased the number of intact and fragmented
transposases to 130. In addition to transposases, 30 HNH homing endonuclease
reverse transcriptases are encoded in the Anabaena sp. WA102 genome, bringing
the total number of intact and degenerate mobile elements to 160. Phylogenetic
relationships between insertion sequences show that two groups of closely related
[S4-family insertion sequences predominate (20 in the IS10-like group and 25 in
the IS4Sa-like group) among a wider representation of IS families (Figure 3.13).
Aligning nucleotide sequences adjacent to each side of the coding sequence of these
insertion sequences revealed the unique inverted repeat sequence for each group:
ATTCAACAYTTCTG for the IS10-like group, and CCGCCTTGTCACCCGT-
TAAG for the IS4Sa-like group. These two groups of transposases catalyze their
transposition via three acidic residues in their active site: two aspartates and a
glutamate, and transpose in a cut-and-paste fashion (non-replicative) [27].

Other common mobile elements found in bacterial genomes are prophages, cryp-
tic prophages, and phage-like elements such as gene transfer agents (GTAs). No
signature phage regions were detected with the PHAST phage-detection webserver.
The IslandViewer 3 webserver, which detects genomic islands, highlighted an 18
kbp region between nucleotides 1,179,961 and 1,198,734. This region is also con-

tained in the largest local colinear block (LCB) calculated by Mauve between
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Anabaena sp. WA102 and Anabaena sp. 90. Within the LCB, there is a 19
kbp insertion in Anabaena sp. WA102 relative to Anabaena sp. 90. The LCB
boundaries likely denote the exact boundaries of a cryptic prophage: nucleotides
1,179,211-1,198,554. This region contains a putative phage terminase large subunit
that was automatically annotated by Prokka and confirmed with 100% confidence
by Phyre2 structure-guided annotation. The terminase large subunit is a compo-
nent of a DNA packaging protein unique to Caudovirales. Within this region also
lie 21 hypothetical proteins, one IS-4 family transposase, one pseudogene, and one
integrase. The large proportion of hypothetical proteins is consistent with a phage
origin. The integrase lies 134 nucleotides downstream of a methionine tRNA, which
may have served as an integration site (attB) of the prophage. The GC content in
the region is 32.9%, lower than the genome average of 37.7% and consistent with
a horizontally transferred region that has a distinct nucleotide composition. The
small size of the region, lack of other identifiable phage proteins such as capsid or
tail structure proteins, and the insertion of a transposon common to the bacte-
rial genome suggest that this region is a partly degraded cryptic prophage. Several
other phage integrases were automatically annotated, but these integrases are often
functionally mislabeled. Alternatively, they may be site-specific integrases native
to or co-opted by the bacterial genome for functions other than prophage integra-
tion and excision. These alternative functions are likely, considering the absence
of other readily identifiable phage genes near these integrases.

Besides transposons and phage-like elements, a single plasmid was identified,

rounding out the mobile element complement of Anabaena sp. WA102. The plas-
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mid was identified as a 92 kbp contig assembled from PacBio reads. Fifteen kbp
of nucleotide sequence from each end of the contig aligned with 99% similarity
(overlapped with lower quality sequence at the extremities) and was trimmed from
the final plasmid sequence. The trimmed plasmid sequence is 77 kbp long, with
a 37.2% average GC content. The 88 genes on the plasmid include 75 intact and
13 pseudogenes. A parAB operon on the plasmid suggests that it is a low-copy
plasmid (confirmed by an average read coverage less than that of the chromosome)
with a well described partitioning mechanism [125]. The parAB operon and sur-
rounding nucleotide sequence bears at least 86% similarity to the parAB operon
and its surrounding sequence on the chromosome (Figure 3.14). Interestingly, the
plasmid carries at least part of a non-ribosomal peptide synthase (NRPS) clus-
ter. One protein within the cluster shows significant similarity to AdpD from the
anabaenopeptilide cluster in Anabaena sp. 90 (BLASTP e-value = 6.9 x 107!21).
The other three biosynthetic proteins in the cluster show similarity to a malonyl
CoA-acyl carrier protein transacylase, a [-ketoacyl synthase, and a short-chain
dehydrogenase. Plasmid-borne NRPS clusters are not uncommon. A recent com-
prehensive survey of NRPS and polyketide synthase (PKS) clusters in all bacte-
rial genomic data deposited at the National Center for Biotechnology Information
(NCBI) revealed that 10% of NRPS/PKS clusters in Cyanobacteria are located on
plasmids [160]. Importantly, the plasmid encodes four putative site-specific inte-
grases, which may facilitate integration into a bacterial chromosome. Coupled with
nucleotide similarity between the plasmid and the chromosome, where site-specific

integrases can also be found, this indicates that the region of plasmid similarity
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on the chromosome may be considered a genomic island.

3.2.9 Relationship between the Anabaena sp. WA102 genome and

the Anderson Lake metagenome

To relate the Anabaena sp. WA102 genome to the bloom in Anderson Lake, the
WA25 metagenome was sampled from Anderson Lake on July 7th, 2012. The sam-
ple was taken near the peak of a cyanobacterial bloom, when the anatoxin-a level
was 187 pg/L (https://www.nwtoxicalgae.org/Data.aspx). The metagenome
contains a genome from a strain of Anabaena sp. WA102 that is nearly iden-
tical to the culture and is likely an ancestor from 10 months before the culture
strain was isolated and 2.5 years before it was sequenced. Reads from the July
2012 metagenome (short-read Illumina), the December 2013 culture (short-read
[lumina), and the December 2014 culture (long-read PacBio) were mapped to the

closed reference genome to observe differences in the genome.

3.2.10 A recent deletion event in the Anabaena sp. WA102 genome

The length of the PacBio reads not only allowed us to close the Anabaena sp.
WA102 genome but also revealed structural variation in the population. The 21
kbp segment between nucleotides 4,790,517 and 4,812,024 was also present (99%
similarity) on a 25 kbp contig in the PacBio assembly, reflecting the existence of

a 4kbp indel variant within the genomes of the Anabaena sp. WA 102 culture
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population (Figure 3.15). Mapping reads from the Anabaena sp. WA102 PacBio
dataset showed that the contig had an average coverage of 25x, approximately
one-third of the average coverage of the chromosome (73x), and that the deletion
actually lies between nucleotides 4,800,950 and 4,804,900. This suggests that the
deletion is present in two-thirds of the Anabaena sp. WA102 culture population.
The indel appears to be a deletion that arose after December 2013, since the longer
sequence is predominant in sequencing reads from both the July 2012 metagenome
and the December 2013 culture (Figure 3.15). An XseA homolog (the large sub-
unit of exonuclease VII) and two hypothetical gene products are deleted in the
variant. In well characterized Escherichia coli xseA mutants, there is an increased
recombination phenotype [20], suggesting the same may be true for two-thirds of

the Anabaena sp. WA102 culture population.

3.2.11 Tandem repeat of the anatoxin-a anaBCD promoter region

Intriguingly, the anatoxin-a synthase region in the PacBio assembly of Anabaena
sp. WA102 showed that the first 173 bp of the anaB gene and 398 bp upstream
of the gene had been triplicated (Figures 3.7 and 3.16). This is in contrast with
the genome of Anabaena sp. AL93, which does not have a triplication of the
anaB promoter region. The 398 nucleotides upstream of anaB include four high-
scoring putative promoters, identified in silico using Virtual Footprint and the
PRODORIC database of position weight matrices for bacterial promoters [97].

Assembling Illumina reads from the Anabaena sp. WA102 culture with IDBA
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v1.1.1 and PriceTT fails to correctly resolve the tandemly triplicated promoter
region (Figure 3.16A). To determine when this triplication arose, reads from the
July 2012, Dec 2013, and Dec 2014 sequencing runs were mapped to the triplicated
region (Figure 3.16B). Illumina reads from the Anderson Lake metagenome and
the Anabaena sp. WA102 culture mapped across the two unique junctions formed
by the triple tandem repeats, confirming its presence as early as 2012 in Anderson
Lake and also in the culture sequenced in December of 2013. In contrast, none
of the reads from the Anabaena sp. AL93 culture mapped across the unique
junctions formed by the tandem repeats (indicated by arrows in Figure 3.16B).
This triplication is unique to Anabaena sp. WA102 among all known anatoxin-
a cluster sequences and has been stable for at least 2.5 years, in both Anderson
Lake and under culture conditions. Toxin production has been measured in the
culture (Figure 3.2), so the tandem repeat is not interrupting transcription of
the anaBCD operon. Instead, triplication of the putative promoter region may

increase transcription of the operon.

3.3 Discussion

3.3.1 The recently cultured toxic isolate, Anabaena sp. WA102,

closely reflects the parent strain in Anderson Lake

Anabaena sp. WA102 is a novel anatoxin-a-producing member of the Nostocaceae

isolated from Anderson Lake on the Olympic Peninsula in Washington in 2013. It is



32

in stable non-axenic culture. The Anabaena sp. WA102 genome is unique among
sequenced Anabaena genomes because it was sequenced within seven months of
isolation. Other Anabaena strains have been in culture for several decades prior to
whole genome sequencing and changes in a strain’s genome can accumulate over
such long periods. Sequencing a strain soon after isolation increases the relevance of
the sequenced genome to the environment from which it was isolated and provides
a reference point for later studies of the strains genome.

Anabaena sp. WA102 produces anatoxin-a in culture (Figure 3.2). The toxin
is produced by NRPS and PKS enzymes encoded by the anaA-J gene cluster. A
triple tandem repeat of the anaB putative promoter region in the cultured isolate
(Figure 3.16A) is present in a nearly identical strain in the environment (July 2012
Anderson Lake sample, WA25 in Table 2), which suggests that it originates from
and is relevant to the lake environment. Tandem repeats of genes and promoters
commonly arise in bacterial genomes but are unstable and can collapse through
homologous recombination or strand slippage at high frequency, unless the repeat
is under selection [84, 123]. Thus, tandem repeats have been hypothesized to
act as a crude selection-regulated response to environmental change [2, 122, 69].
Additionally, tandem repeats provide redundancy that drives the innovation, am-
plification, divergence (IAD) cycle that generates genetic novelty [99]. Tandemly
repeated promoters, in particular, allow for promoter regions to generate or acquire
new regulatory binding sites that can change the expression pattern of an operon
[131]. Further study of this tandem repeat may be fruitful for several reasons. Most

noteworthy is that these tandem repeats are 617nt long and identical, which makes
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them highly susceptible to homologous recombination that can either expand or
collapse the repeats [5]. Tandem repeats tend to be deleted rather than expanded
unless deletion is selected against. This instability may be exacerbated by the
deletion of the xseA gene in part of the population (Figure 3.15A), which causes a
hyper recombination phenotype in Escherichia coli. That the tandem duplication
can be detected in Anabaena sp. WA102 over a span of two years, including in
Anderson Lake, suggests that a selective pressure in the lake and in the culture
may be maintaining the triplication. Key questions are whether the tandem re-
peat increases expression of the anaBCD operon and production of anatoxin-a, and
whether elevated expression is under selection. Determining the selective pressure
preserving the tandem repeat in the Anabaena sp. WA102 culture may illuminate

the function of anatoxin-a in the environment.

3.3.2 Closing the genome reveals details about genome architecture

Long-read sequencing technology will increasingly allow for bacterial genomes to
be assembled in a single step [71]. Closing the Anabaena sp. WA102 genome with
as few as two PacBio SMRT cells demonstrates that it is pragmatic to use non-
axenic environmental enrichments of targeted bacterial species in order to obtain
their finished genomes. The long-read library (PacBio C6-P4 technology) used
in this study yielded an average read length of 8.5 kbp, which is long enough to
span long-repeat regions in most bacterial genomes including refractory genomes

such as those of the bloom-forming cyanobacteria Anabaena and Microcystis [70,
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166]. Greater access to long-read sequencing raises expectations for the quality
of bacterial genome assembly and will yield new insight into the mobilome and
structural variation in bacterial populations. The mobilome in many bacteria
may be under-represented because mobile elements that are repeated throughout
bacterial genomes cannot be assembled correctly with short-insert DNA libraries.
Observing structural variation such as erosion of synteny (Figure 3.9 and 3.12)
and accumulation of local repeats (Figure 3.16) will enhance our understanding of
bacterial evolution. In fact, short-insert libraries can be incorrectly assembled to
suggest features that do not exist. An example of that is the missrepresentation of
the anaB tandem repeat region in the Anabaena sp. WA102 genome (Figure
3.16A). De mnovo assembly of short-insert genomic libraries is not sufficient to
determine the number of replicons in a genome or overall gene order. Further,
this method is liable to miss structural variants within a population, such as the
fractional presence of an zseA-bearing insertion (Figure 3.15A). While short-read
sequencing possesses distinct shortcomings in describing structural features of a
genome, nearly all single-copy genes that make up the majority of a bacterial
genome can be assembled from short-read Illumina sequencing runs (Table 3.1 and

Figure 3.4A).

3.3.3 Predicted ecologic profile of Anabaena sp. WA102

Mapping proteins from Anabaena sp. WA102 to the KEGG ortholog database

indicates a metabolism acclimated to a nutrient-rich freshwater environment with
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ample sunlight. The inability to produce phycoerythrocyanin, produced by some
related Anabaena, coupled with positive phototaxis and gas vesicle operons sug-
gest that it competes for light by outmaneuvering other photosynthetic organisms
and rising to the surface of the water to avoid niches with less green light. Com-
petition experiments between other nitrogen-fixing autotrophs and Anabaena sp.
WAT102 could test these hypotheses. Freshwater cyanobacteria are known to secrete
hydroxamate-based siderophores to chelate iron in water [162]. These siderophores,
including those encoded by the fhu genes in Anabaena sp. WA102, are then trans-
ported across the cell membrane by ferric-hydroxamate transporters [145]. Effi-
ciently scavenging sulfur and iron would help maintain iron-sulfur clusters that are
heavily used in nitrogen fixation and photosynthesis, so the predicted ability of
Anabaena sp. WA102 to assimilate organic sulfur and oxidized iron from the lake
environment may confer a growth advantage in some conditions over cyanobacteria

lacking ssu, tau and fhu genes (Figure 3.6).

3.3.4 Evolution of the Anabaena sp. WA102 genome

A genomic island and a complementary plasmid carrying novel genetic cargo (Fig-
ure 3.14), tandem triplication of a promoter (Figure 3.16), observed deletion of a
4kb fragment of the genome (Figure 3.15), the ubiquity of mobile elements (Figure
3.13), and the nearly total absence of synteny with Anabaena sp. 90 (Figure 3.9)
suggest that the genome is in rapid flux. The potential for the genome to rad-

ically rearrange may allow Anabaena sp. WA102 to respond to gradual changes
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in the environment, such as climate change, if such changes offer the opportunity
to adjust gene expression profiles. The increased availability of closed genomes as
long-read sequencing becomes more widely used will allow us to quantify the rate
of genome recombination in Anabaena and other bacteria. It will then be possi-
ble to test hypotheses for the most prevalent mechanisms and drivers of genome
remodeling.

More genomes from closely related species need to be finished with long-read
sequencing. These genomes can then be arranged in an alignable tight genome
cluster and assayed for gene family growth and loss, and for rearrangements [118].
Alternatively, resequencing metagenomes of the original environment of Anabaena
sp. WA102 - Anderson Lake - at regular intervals is currently feasible. This
approach would generate a regular time series record of the evolution of the entire

Anabaena sp. WA102 genome in its native environment with nucleotide resolution.

3.4 Methods

3.4.1 Sample collection

500 mL samples were collected from Anderson Lake, Washington State (48.0190
N, 237.1963 W) by the Jefferson County Public Health Department during the
2012 and 2013 cyanobacterial toxic bloom seasons. Samples were collected at
a depth of 0-0.5m and may have included a dense windblown scum. Samples

were shipped overnight on ice and several milliliters (depending on the sample
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density) were filtered through 0.2pm Pall Supor 200 and 1.2um-pore-size Whatman
GF/C 24mm-diameter filters. Filters were stored at -80°C for later metagenomic

sequencing. The culture was established upon sample arrival as described below.

3.4.2 Culture establishment and maintenance

A culture was established from a 0-0.5m deep bloom sample collected from An-
derson Lake on May 20th, 2013. The lake sample was concentrated tenfold by
low-speed centrifugation (5,000 RCF). No buoyant cells were observed. Approxi-
mately 20 puL of the concentrate was placed on a glass slide. Anabaena colonies
were individually isolated by serially transferring the aliquot with an automatic
pipette between at least five separate 50 pL. MilliQQ water droplets on the glass
slide. Colonies were considered to be isolated when no other cells or cell debris
were visible in the surrounding water droplet under 200x magnification on a Zeiss
brightfield microscope. Isolated colonies were placed in 200 uL of BG-11j (i.e., BG-
11 without nitrogen). BG-115 medium was prepared according to the Susan Golden
Lab protocol (UC San Diego). One surviving colony was outgrown in BG-11, for
several months, its identity was verified microscopically, and a single colony was
again isolated into 200 pL of BG-115. The outgrown colony was then maintained
long-term in non-axenic batch culture in BG-11y under white fluorescent illumina-
tion of approximately 20 puEm™2s™! at 24°C with a light/dark cycle of 16hr/8hr.
In addition to this culture, Dr. Mike Crayton from Pacific Lutheran University,

Tacoma, Washington kindly shared a culture of Anabaena AL93 isolated in 1993
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on BG-11 agar slants from American Lake, Pierce County, Washington State. It

was maintained under the same conditions listed above but in BG-11 medium.

3.4.3 LC-MS/MS

Filters from lake samples were resuspended by dispersion in 500mL TNE buffer
(50mM Tris-HC1 (pH 7.5), 100mM NaCl, 0.1lmM EDTA). Samples from resus-
pended filters or cultures were frozen and thawed for three cycles to release in-
tracellular contents. Samples were centrifuged at 5,000 RCF for 5 min, and the
supernatant was removed for LC-MS/MS analysis. LC-MS/MS analysis was con-
ducted using a hybrid quadrupole-time of flight instrument (AB Sciex TripleTOF,
Foster City, CA) coupled to a Shimadzu Nexeral.C-30a UHPLC system (Shimadzu,
Columbia, MD). The DuoSpray ion source (AB Sciex, Foster City, CA) was oper-
ated in the positive electrospray ionization mode and the following settings were
used: ion source gas 1, 40 psi; ion source gas 2, 50 psi; curtain gas, 25 psi; gas
temperature, 550C; and ion spray voltage, 5500 V. The declustering potential (DP)
was 80 V and the collision energy (CE) was set to 27 V. The instrument was oper-
ated in positive ion polarity and high-resolution product ion mode. Precursor ion
selection was performed in the quadrupole operated at unit resolution. Precursor
ions screened included: m/z 166.1 (anatoxin-a, MH+, C10H16NO+), m/z 168.1
(dihydro-anatoxin-a, MH+, C10H18NO+), m/z 180.1 (homoanatoxin-a, MH+,
C11H18NO+) and m/z 182.2 (dihydro-homoanatoxin-a, MH+, C11H20NO+).

Product ion mass spectral data were acquired using a scan range of m/z 50650.
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Auto calibrations were performed prior to each LC-MS/MS run. Chromatographic
separations were carried out using an Agilent Zorbax RRHD SB-18 column (1.8m
particle size, 2.1x150mm) held at 40C. A binary solvent system was used consist-
ing of water (solvent A, Fisher Optima LC/MS grade) and acetonitrile (solvent
B, Fisher Optima LC/MS grade), both containing 0.1% formic acid (98% pure,
Sigma Aldrich). The following gradient was applied: 5% B hold for 0.5 min then
increase to 90% B within 5 min, reduce to 5% within 0.5 min and the hold for 5

min. Flow rate was 0.5 mL/min. Sample injection volume was 10 uL.

3.4.4 DNA extraction and amplification

DNA was extracted from cultures by concentrating the culture tenfold at 40,000
RCF and washing mucilage from the cell pellet with TNE buffer (50mM Tris-
HCI1 (pH 7.5), 100mM NaCl, 0.1mM EDTA). The cell pellet was resuspended in
TNE buffer and treated with a method from Neilan et al. [126] that had the
following modifications. The protein fraction was removed with two 25:24:1 phe-
nol/chloroform /isoamyl alcohol extractions followed by two chloroform extractions.
Residual phenol was removed with a final diethyl-ether extraction. Total DNA from
lake samples used for metagenome analysis was extracted from 1.2um-pore-size fil-

ters by macerating the filters with a pestle and extracting DNA as described.
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3.4.5 DNA sequencing

Samples are listed (Table 1). Each Illumina library was prepared and sequenced
at the Oregon State University Center for Gene Research and Biotechnology, Cor-
vallis, Oregon. The Anabaena sp. WA102 culture was also sequenced using the
PacBio C6-P4 long-read sequencing platform at the Washington State University
Molecular Biology and Genomics Core, Pullman, Washington. Prior to PacBio
sequencing, DNA fragments were size-selected on the BluePippin system (Sage
Science) to enrich for reads longer than 8 kbp. Raw reads were collected from four

PacBio SMRT cells.

3.4.6 Draft genome binning

[lumina metagenomes were assembled using idba version 1.1.1 assembler soft-
ware [112] on a 64-bit Linux server with 500GB of RAM. Prior to assembly, any
reads containing ambiguous basecalls ("N”) were culled. The large chromosome
from the Anabaena sp. 90 genome (Genbank:NC019427) was used as a refer-
ence to guide assembly. Within idba, assemblies with kmer sizes ranging from
20nt to the sequence read length (100nt to 250nt) in 10nt increments were com-
bined in the final assembly. Sequencing data from four PacBio SMRT cells for the
Anabaena sp. WA102 culture was self-corrected, assembled, and polished using
the Hierarchical Genome Assembly Process (HGAP) Pipeline at the Washing-
ton State University Molecular Biology and Genomics Core. Reads from original

fastq files were mapped to the Illumina and PacBio assemblies using bwa ver-
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sion 0.7.5a-r405 [80]. Average coverage depth for each contig was calculated us-
ing samtools version 0.1.18 (r982:295) and the calc.coverage.in.bam.depth.pl script
from the mmgenome package (https://github.com/MadsAlbertsen/mmgenome)
[1]. The mmgenome network.pl script generated a network of contigs based upon
paired-end read data extracted from the bwa-generated SAM file. Bacterial and
archaeal metagenome contigs were taxonomically classified using the Phylopy-
thiaS+ support vector machine (SVM) classification software with only a con-
tig fasta file and not a scaffold fasta file (https://github.com/algbioi/ppsp)
[51]. 16S marker genes were detected in the contig file and used by Phylopy-
thiaS+ to select an SVM training dataset automatically. Putative protein cod-
ing sequences were identified in each assembly fasta file using Prodigal version
2.6.2. To identify essential genes, putative protein sequences were aligned against
a curated hmm database from the mmgenome package with the HMMER ver-
sion 3.0 package (http://hmmer.janelia.org/) [35]. A custom data genera-
tion shell script based on the data.generation.2.1.0.sh script from mmgenome was
used to combine the above processes (https://github.com/russianconcussion/
data.analysis.scripts/blob/master/mmgenome.datagen.sh). Average cover-
age depth, network, taxonomic classification, and essential gene data for each
assembly were imported into a data.frame structure in R. Finally, the mmgenome
R package was used to generate a plot of genome clusters within the metagenomes,
define and evaluate completeness of the clusters, and export well defined genome
clusters as contigs in fasta format. Genome clusters in fasta format were annotated

using Prokka version 1.11 [133].
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3.4.7 Finished Anabaena sp. WA102 genome analysis

The finished Anabaena sp. WA102 genome was annotated using Prokka version
1.11 and the NCBI Prokaryotic Genome Annotation Pipeline after submission to
Genbank

(Genbank:CP011456-7, for chromosome and plasmid, respectively). Non-ribosomal
and polyketide synthesis gene clusters were annotated using the AntiSMASH web-
server (http://antismash.secondarymetabolites.org/) [90]. The genome was
scanned for prophages and genomic islands using the PHAST (http://phast.
wishartlab.com/) and IslandViewer 3 (http://www.pathogenomics.sfu.ca/
islandviewer/) webservers [173, 31]. Insertion sequences were manually anno-
tated with the IS Finder database [136]. BLASTN and CIRCOS were used to
detect local alignments between Anabaena sp. WA102 and Anabaena sp. 90 and
plot the corresponding similarities (http://circos.ca/) [16, 74]. BLASTN, Ge-
nomicRanges, and CIRCOS were used to detect large repeat regions within the
Anabaena sp. WA102 genome and map the Anabaena sp. WA102 Illumina as-
sembly contigs to the finished genome [75]. Long and short repeat regions were
also detected using RepeatScout to model repeat regions and RepeatMasker to an-
notate them (http://www.repeatmasker.org) [116]. Protein domains within the
AnaG protein were identified with the SMART online protein domain database
[78].  Whole genomes were aligned using Mauve 2.4.0 on default settings and

Gepard 1.30.
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3.4.8 Comparative genomics among members of the Nostocaceae

The putative protein-coding contents of Anabaena sp. WA102, Anabaena sp.
AL93, Dolichospermum sp. AWQC131C, and Dolichospermum sp. AWQC310F
was annotated using Prokka version 1.11. Protein content from Anabaena vari-
abilis ATCC 29413, Anabaena sp. 90, Anabaena sp. PCC 7108, Anabaena cylin-
drica PCC 7122, Nostoc sp. PCC 7107, Nostoc sp. PCC 7120, and Nostoc sp.
PCC 7524 were downloaded from Genbank. Protein-coding contents from each
of the eleven genomes were used to build a genome-wide phylogenetic tree. The
protein sequences were subjected to an all-versus-all BLASTP alignment to iden-
tify orthologs that occur once in each genome. These were clustered with the
mecl algorithm and aligned with muscle [39, 36]. Protein alignments were masked
with zorro to reduce noise from uninformative amino acid alignment positions and
checked for a best fit among protein evolution models with ProtTest version 3.1
[165, 25]. The best-fit protein evolution model was used in RAxML to generate
the final tree, which was rooted within the Nostoc genus outgroup at Nostoc sp.
7107, in accordance with Shih et al. [142, 135]. Proteins were also mapped to
the free KEGG database from 2011 and compared across metabolic pathways [65].
A grid that correlates highlighted KEGG comparisons with the phylogenetic tree
described above was generated using the adephylo package in R [60]. Proteins were
also mapped to the COG database, which had been updated in 2014 to include

four new functional categories [44].
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3.4.9 Accession numbers used in study

Anabaena sp.  WA102 [Genbank:CP011456-7], Anabaena sp. AL93 [Gen-
bank:LLJOU00000000], Dolichospermum sp. AWQC131C, Dolichospermum. sp.
AWQC310F, Anabaena variabilis ATCC 29413 [Genbank:NC007413], Anabaena
sp. 90 [Genbank:NC_019427 and Genbank:CP003285], Anabaena sp. PCC
7108 [Genbank:KB235895], Anabaena cylindrica PCC 7122 [Genbank:NC_019771],
Nostoc sp. PCC 7107 [Genbank:NC_019676], Nostoc sp. PCC 7120 [Gen-
bank:NC_003272|, Nostoc sp. PCC 7524 [Genbank:NC_019684|, Anabaena sp. 37
anatoxin-a region [Genbank:JF803645], Oscillatoria sp. PCC 6506 anatoxin-a re-
gion [Genbank:FJ477836|, Cylindrospermum sp. PCC 7417 [Genbank:NC_019757],
and WA25 metagenome sample [SRA:SRP066506]
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Figure 3.1: Location of Anderson Lake and picture of culture. A) A map of the Puget Sound region in
Washington State, USA. Anabaena sp. WA102 was isolated from Anderson Lake at 48.0190 N, 237.1963 W on the
Olympic Peninsula. B) A brightfield micrograph of Anabaena sp. WA102 at 200x magnification. Vegetative cells
measure 7.1 by 6 pm on average. Colonies are heterocystous because the culture is maintained in nitrogen-free
medium (BG-11p).
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Figure 3.2: HPLC-MS/MS survey of anatoxin-a and derivatives. A) HPLC elution of compounds extracted
from the Anabaena sp. WA102 culture and two Anderson Lake samples (WA102 and WA103). Anatoxin-a elutes
at approximately 2 minutes, as indicated by the anatoxin-a standard. Anatoxin-a peaks are surrounded by a gray
dashed line. No variants of anatoxin-a were detected. B) Ion mass spectra for anatoxin-a are compared from lake
sample WA102 (May 20th, 2013 with 12.5 pug/L anatoxin-a), lake sample WA103 (June 17th, 2013 with 35.8 pug/L
anatoxin-a), and the culture. All spectra match the spectrum of the anatoxin-a standard closely.
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Figure 3.3: PacBio read length distribution for the Anabaena sp. WA102 culture. PacBio read length average
8.5 kbp, allowing complete assembly of the Anabaena sp. WA102 across long repeat regions.
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Figure 3.4: Plot of the Anabaena sp. WA102 genome. A) The genome is plotted as a black ring with demarcations
every 100 kbp. Average GC content in 10 kbp non-overlapping windows is plotted outside of the genome ring. The
first track within the genome ring includes the location of the oriC' and RNA elements. The oriC' was determined
to lie downstream of dnaA among DnaA-binding motifs. The following two interior rings denote predicted protein-
coding sequences, first on the positive strand (clockwise) and then on the negative strand (counter-clockwise).
NRPS-PKS clusters identified by antiSMASH are shown as red tiles in the fourth interior track. Mobile elements
- homing endonucleases and transposases - are plotted on the fifth interior track as orange and yellow tiles,
respectively. Contigs from the binned Illumina genome of the culture (Figure 3.6) were aligned to the closed
genome and 229 gaps in the Illumina assembly are represented as green tiles in the sixth interior track. Green arcs
across the center connect repeated regions in the genome, determined by blastn alignment of the finished genome
against itself. Note that repeat regions often coincide with gaps in the Illumina assembly. B) Genome-wide plot
of cumulative GC skew. GC skew was averaged across 1 kbp non-overlapping windows of the genome and then
cumulatively summed. Minimum and maximum points on the cumulative GC skew plot should indicate oriC' and
terC, respectively. However, the signal from the cumulative GC skew is weakened, preventing precise prediction
of oriC, terC, and the replicon arms.
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Figure 3.5: Nostocacaea phylogenetic tree. A phylogenetic tree constructed from amino-acid alignments of
single-copy orthologs present in all genomes of some of the fully sequenced members of the Nostocacaea.
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Figure 3.6: KEGG orthologs (KO) differentially represented among the compared Nostocaceae genomes. All
proteins from each Nostocaceae genome were mapped to the online KO database. Orthologs with significant
differences among the genomes were highlighted in the above table for comparison. Nostocaceae genomes are
arranged according to the phylogenetic tree for easy comparison. The Anabaena sp. WA102 genome encodes a
sulfur metabolism cluster absent or incomplete in 6 out of 11 Nostocaceae genomes.
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Figure 3.8: Comparison of the AnaG protein domains among Cyanobacteria. The AnaG protein sequences
from Oscillatoria sp. PCC 6506 and Anabaena sp. 37 have methyltransferase domains not present in any other
AnaG protein sequences. The methyltransferase domains are divergent. The methyltransferase in Oscillatoria
sp. PCC 6506 is proposed to contribute a methyl group that makes the homoanatoxin-a variant of anatoxin-a.
AnaG lacking a methyltransferase domain (or containing a non-functional domain) likely prevents production of

homoanatoxin-a. In support of that, no homoanatoxin-a was detected in the Anabaena sp. WA102 culture.
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Figure 3.9: Nucleotide alignment between Anabaena sp. 90 and WA102. Although Anabaena sp. 90 and WA 102
share 91.5% average nucleotide identity, they nearly entirely lack synteny. Additionally, the Anabaena sp. 90
genome is divided between two chromosomes, unlike the single chromosome of the Anabaena sp. WA102 genome.
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Figure 3.11: Probability density of the local colinear block (LCB) lengths for three bacterial genera. The same
pairwise genomes comparisons from the dotplots in Figure 9 are aligned in Mauve. Mauve generates LCBs, which
are syntenous regions defined by conserved termini, and that may contain large insertions. The lengths of these
LCBs are plotted in a probability density plot for each pairwise genome comparison. The mean LCB length for
each pairwise genome comparison is shown as a dotted line with the value printed above the graph. Pseudomonas
genomes have a mean LCB length of 32.5 kbp, Anabaena 3.3 kbp, and Streptococcus 210 bp, quantifying what
can be observed in the dotplots.
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Figure 3.12: Comparing synteny within a local colinear block between Anabaena sp. WA102 and 90 (nucleotides
1,179,150-1,203,874 and 2,682,853-2,688,083, respectively). Within this local colinear block, there is evidence of
interruption by transposases. Most of the six instances of broken synteny in this LCB are not clearly attributable
to a particular mechanism.
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Figure 3.13: Phylogenetic tree of transposase protein sequences encoded in the Anabaena sp. WA102 genome.
The phylogenetic relationship between 130 annotated transposase protein sequences is sketched out in the tree.
Two large clades of closely related transposases dominate the tree. The IS4Sa clade includes 25 transposases
and the IS10 clade includes 20 transposases, which both belong to the larger IS4 transposase family. These
transposases have a DDE-type active site that facilitates cut-and-paste transposition. The IS4Sa clade has an
identical terminal direct repeat sequence: CCGCCTTGTCACCCGTTAAG. The IS10 clade has the terminal
direct repeat sequence: ATTCAACAYTTCTG.



29

Plasmid
Site-specific integrase dParA
ParB ]
[ l6500 [13000 [19500 [26000 [32500 [39000 l45500 [52000 [58500 [65000 [71500
[3711500  [3718000  [3724500  [3731000  [3737500 I374400 [3750500  [3757000 [3770000  [3776500  [3783000
Site-specific integrase dParA
P 9 ParB
Chromosome

Figure 3.14: Nucleotide alignment between Anabaena sp. WA102 chromosome and plasmid. Nucleotide simi-
larity between the chromosome and the plasmid indicates that the plasmid may be integrative and form genomic
islands either by integrating into a site on the chromosome or by homologous recombination with the chromo-
some. The plasmid may be integrative because it encodes site-specific integrases, which can also be found at the
homologous site on the chromosome.
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Figure 3.15: Deletion mutation detected in Anabaena sp. WA102 culture. A deletion mutation was detected in
the PacBio long-read assembly of the Anabaena sp. WA102 culture. Mapping reads to the indel region showed
that the deletion occurred between nucleotides 4,800,950 and 4,804,900. The deletion arose after December 2013
and expanded through the population to roughly two-thirds of the culture population by December 2014.
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Figure 3.16: Tandem duplication of the putative anaBCD promoter region. A) Alignment of the anaB gene
and upstream promoter region between different assemblies of the Anabaena sp. WA102 culture. Promoters
were identified with the Virtual Footprint online server, and only promoters with PWM alignment scores greater
than 12 were plotted. The 5’ end of the anaB gene and upstream promoter region are triplicated in the PacBio
assembly. None of the Illumina assemblies correctly assemble the tandem triplication. Assembly of 100 bp reads
by IDBA v1.1.1 failed to correctly assemble the anaB gene and the promoter region. Assembly by PriceTI v1.0.1,
using the IDBA contig to seed the assembly, produced two alternate versions of the anaB region. In the first
version, the anaB gene and the upstream promoter region are both improperly assembled. In the second, the
anaB gene and the most proximal portion of the promoter region are correctly assembled, but triplication is not
assembled. B) Read coverage across the promoter region upstream of the anaB gene. Illumina metagenome reads
from a toxic bloom in Anderson Lake (WA25, blue line), Anabaena sp. AL93 culture (green line), and Anabaena
sp. WA102 culture are mapped across anaB and its upstream promoter region. Coverage is summed at each
nucleotide and illustrates the absence of two junctions formed between the triplications where the green line drops
to zero for the Anabaena sp. AL93 culture. In contrast, both the Anabaena sp. WA102 culture and the Anderson
Lake metagenome contain the junctions formed by the triplication because read coverage does not fall to zero at
those loci. Presence of the triplication in the Anderson Lake metagenome indicates that it formed in the Anabaena
sp. WA102 genome nearly a year prior to establishing the culture. It has been under selection in the environment
and continues to be selected for in culture. *Read coverage values for the July 2012 Anderson Lake metagenome
have been divided by 10 to facilitate comparison along the ordinate.
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4.1 Introduction

Toxic cyanobacterial blooms are increasing in frequency and severity [107, 149].
Rising global temperatures and increasing eutrophication are among the factors en-
abling freshwater cyanobacteria to expand their range and intensify bloom events.
These freshwater cyanobacteria often produce noxious or toxic secondary metabo-
lites that can foul drinking water or prevent recreational use [17]. The genomic
characteristics, growth dynamics, and repertoire of secondary metabolites of many
of these toxic cyanobacteria are still unknown.

Anatoxin-a is a cyanobacterial neurotoxin that can paralyze animals, causing
death by asphyxiation. It is produced by at least six cyanobacteria genera, includ-
ing Anabaena, Dolichospermum, Oscillatoria, Aphanizomenon, Cylindrospermum,
and Phormidium [121]. Tt was recently implicated in the death of a herd of approx-
imately 100 elk that drank anatoxin-a-contaminated water from a water trough in
New Mexico [88]. Public health officials often close freshwater lakes to public ac-
cess for recreation or drinking water when anatoxin-a levels rise, as in the case of
Anderson Lake [33].

Anderson Lake has some of the highest anatoxin-a levels among Washington
State lakes (Figure 4.1A). It has had toxic cyanobacterial blooms annually for
at least the past 7 years (Figure 4.1B). The blooms usually occur between May
and September and produce anatoxin-a levels well in excess of the Washington
State guidelines for safe recreational exposure (1ug anatoxin-a per liter). These

blooms are often composed of nitrogen-fixing species such as Anabaena and Apha-
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nizomenon, which is likely due to the low total nitrogen:total phosphorus ratio in
the lake (Figure 4.1C) [147]. Several of the cyanobacterial species that could po-
tentially produce anatoxin-a have been observed in Anderson Lake [33]. We took
multiple approaches to identify the cyanobacteria responsible for producing exces-
sive levels of anatoxin-a during summer blooms in Anderson Lake during 2012 and
2013. We had previously isolated the putative major toxin producer, Anabaena sp.
WA102, in culture and completed its genome [11]. In this work, we took a broader
approach by surveying the lake bloom bacterial community with deep metagenomic
sequencing, single-colony isolation and genomic sequencing, and HPLC-MS/MS in
the spring and summer of 2013. We also conducted a cyanobacteria-specific phy-
logenetic marker survey to identify the distribution of the anatoxin-a producer in
surrounding freshwater lakes during the summer and fall of 2012. These studies
confirmed Anabaena sp. WA102 as the major producer of anatoxin-a in Anderson

Lake during sampling periods in 2012 and 2013.

4.2 Results

4.2.1 Anabaena sp. WA102 is the dominant cyanobacterial species
in the 2012 Anderson Lake bloom metagenome sample
A sample of surface water was taken from Anderson Lake on July 7th, 2012 dur-

ing a toxic cyanobacterial bloom event (Figure 4.1B), with anatoxin-a levels at 187

pg/Lon July 9th (https://www.nwtoxicalgae.org). The sample was collected as
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a retentate on a 1.2 um-pore-size filter, enriching for large cyanobacterial colonies.
Shotgun metagenomic sequencing of total DNA extracted from the sample yielded
a metagenome of 100-nt paired-end reads totaling 30.1 Gb. The metagenome was
assembled into 230,285 contigs with total size of 255 Mbp and an N50 of 1,530
bp. Nonpareil [128] estimates that the metagenome has covered 92.0% of the bac-
terial community in the sample. Clustering the contigs by read coverage depth
from this metagenome and a metagenome of the Anabaena sp. WA102 non-axenic
culture yielded separable bacterial population genomes (Figure 4.2). Genome clus-
ters for five cyanobacterial genera were identified in the metagenome sample. The
dominant bacterial genome cluster in the July 7th lake metagenome was classified
within the Anabaena genus using Phylophythia S+. This matched the most abun-
dant cluster of contigs in the Anabaena sp. WA102 culture metagenome (see the
y-axis of Figure 4.2), suggesting that the genome from the lake is closely related
to the Anabaena sp. WA102 species.

To quantify the relationship between the lake population genome and the An-
abaena sp. WA102 culture reference genome, the metagenome was randomly down-
sampled 10% and mapped to the reference genome (to facilitate mutation identifi-
cation by Breseq). Of the sequence reads from the lake sample metagenome that
mapped to the contigs clustered and labeled as Anabaena sp. WA102 in Figure
4.2A,99.4% also mapped to the Anabaena sp. WA102 reference genome [Genbank:
CP011456-7]. That is, only 0.6% of reads were recruited from incorrectly clustered
contigs in the metagenome (Figure 4.2A). Reads failed to map to a total of 6,199

nucleotides (0.11% of the 5,782,034 bp reference genome). Average coverage depth
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was 399. Fifty-seven nucleotide differences that occurred with 100% frequency in
mapped reads were detected between the reference genome and the population
genome from the lake (Table 4.1). Adding 36 polymorphisms found among the
mapped reads (including a 72-nt indel) brings the detected differences between the
bloom population genome and the reference genome to 164 nucleotides, giving a
99.997% nucleotide identity between the two genomes. Therefore the bloom and
reference genomes can for practical purposes be considered to represent the same
strain.

Importantly, the only genes in the July lake metagenome sample that encode for
anatoxin-a production occur within the dominant Anabaena sp. WA102 popula-
tion genome (contigs with anatoxin-a genes highlighted in dark red in Figure 4.2A).
Mapping all metagenome reads to known anatoxin-a synthetase cluster nucleotide
sequences (from Cylindrospermum stagnale PCC 7417 [Genbank:NC_019757.1],
Oscillatoria sp. PCC 6506 [Genbank:FJ477836.1], and Anabaena sp. WA102 [Gen-
bank:CP011456]) confirms that the synthetase cluster from Anabaena sp. WA102
is the only one detected. These results indicate that the dominant cyanobacterium
in the July lake metagenome sample is the previously described Anabaena sp.
WAT102, the only bacterium detected in that sample able to produce anatoxin-a.
The dominant Anabaena sp. WA102 strain shows minimal nucleotide diversity if
polymorphisms among the mapped reads are considered. There are 36 polymor-
phisms among the reads from the Anabaena sp. WA102 bloom strain (only one
of these differences spans more than a single nucleotide: a 72-nt indel that maps

to position 1,479,670 in the reference genome), indicating that the bloom is likely
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clonal.

4.2.2  Aphanizomenon sp. WA102, a novel non-toxic Nostocaceae

species in Anderson Lake

A second lake surface water sample was taken on May 20th, 2013, prior to the
bloom peak, when the anatoxin-a level in Anderson Lake was 12.5 pug/L. The high-
est level observed in 2013 was 38.7 ug/L on 28 May (https://www.nwtoxicalgae.
org). Shotgun metagenomic sequencing of total DNA extracted from the sample
collected onto a 1.2 pm filter yielded a 4.6 Gb metagenome with a total size of 223
Mbp and an N50 of 1,165 bp. Nonpareil estimates that the metagenome sample
has covered 67.0% of the bacterial community in the sample. The metagenomes
were assembled and contigs were clustered into population genomes by average
read coverage depth as described above. The dominant cyanobacterial population
genome (100 average coverage depth, see x-axis in Figure 4.2A) corresponded to a
cluster of contigs classified by Phylopythia S+ as Anabaena with sequences that
were distinct from Anabaena sp. WA102 (Figure 4.2B). This cluster of contigs
contained 4.5 Mbp total, including 105 unique single-copy essential marker genes
and 112 total single-copy essential marker genes according to the mmgenome R
package. Closed genomes from the Nostocaceae have between 104 and 106 unique
essential genes according to mmgenome, indicating that the binned genome is
nearly complete with little contamination. Analysis with CheckM [109] reached

the same conclusion (99.89% complete, 3.6% contamination). Visual inspection of
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the May 20th 2013 lake water sample indicated the predominance of cyanobacte-
rial colonies with a morphology consistent with Aphanizomenon flos-aquae. The
Anabaena/Aphanizomenon clade is known to be intermixed [120] and it is not sur-
prising for a species with Aphanizomenon morphology to be identified as Anabaena
by sequence-dependent means (PhylopythiaS+). We refer to this species as Aph-
anizomenon sp. WA102. Its population genome assembly contains no anatoxin-a
biosynthetic genes, nor biosynthetic genes for other known toxins.

A second cyanobacterial population genome, classified as Anabaena by Phy-
lopythia S+ and containing anatoxin-a biosynthesis genes, was present in the
metagenome at a lower average coverage depth (20 average coverage depth in Fig-
ure 4.2B). This population genome matched the sequence of Anabaena sp. WA102.
With a total of 4.1 Mbp, this cluster of contigs represented 71% of the 5.7 Mbp

Anabaena sp. WA102 reference genome.

4.2.3 Comparison of  Anabaena/Aphanizomenon  population
genomes clustered within the July 2012 and May 2013

metagenomes.

In each metagenome, two Nostocaceae (Anabaena/Aphanizomenon) genome bins
were identified (Figure 4.2). Pairwise comparison of the genome-wide average-
nucleotide identities (gANT) between these four population genomes supported the
identifications made in Figure 4.2. The gANI between the 2012 and 2013 Anabaena

sp. WA102 population genomes was 99.85%, and the gANI between the 2012 and
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2013 Aphanizomenon sp. WA102 population genomes was 99.94%. This indicates
that the same two cyanobacteria were present in the 2012 and 2013 samples. These
two cyanobacteria are markedly distinct, however, with a gANI of 88.7% that is
well below the 96.5% level recommended as the boundary between species [157].
Predicted genes from the Anabaena sp. 102 and Aphanizomenon sp. WA102
genomes were mapped to the online KEGG ortholog database and compared across
KEGG metabolic pathway maps. Of 1,313 non-redundant KEGG orthologs found
in the two genomes, 1,213 (92.4%) are shared, while Anabaena sp. WA102 en-
codes 85 unique orthologs, and Aphanizomenon sp. WA102 encodes 15 unique
orthologs. Since the Aphanizomenon sp. WA102 population genome is a nearly
complete population genome, some genes may be missing. However, if several genes
from a KEGG ortholog pathway are absent from Aphanizomenon sp. WA102 and
present in Anabaena sp. WA102, it is unlikely that those several genes failed to as-
semble or cluster with the genome, and it is likely that Aphanizomenon sp. WA102
actually lacks those orthologs. The organic sulfur uptake and metabolism genes
ssuABCDE and tauD, positive phototaxis genes pizGHIJL, cytochrome cydBA,
red light response genes cphl/repl, and iron import genes fhuBC are absent in
Aphanizomenon sp. WA102 but present in Anabaena sp. WA102. The large num-
ber of sulfur metabolism genes absent from Aphanizomenon sp. WA102 suggests
that this pattern is not due to poor assembly of the genes or improper contig clus-
tering. Rather, it suggests a meaningful difference in the ability to uptake organic
sulfur and metabolize it, which may contribute to swapped dominance at different

times between Anabaena sp. WA102 and Aphanizomenon sp. WA102 in Anderson
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Lake.

4.2.4 Anabaena colony morphology correlates with anatoxin-a pro-

duction

At times, two morphologies of Anabaena are present in Anderson Lake, a smaller-
celled Anabaena flos-aquae-like morphotype and a larger Anabaena crassa-like type
(Figure 4.3). Each of these Anabaena morphologies is distinct from the Aphani-
zomenon flos-aquae morphology. A third Nostocaceae genome that may corre-
spond to the crassa-like morphotype was not resolved in the metagenomes dis-
cussed above. Morphology, particularly size, can be determined both genetically
and environmentally [171, 138], and the environmental determinant can be strong
in the case of Anabaena [172]. If the cell size and colony morphology of Anabaena
spp. in Anderson Lake is plastic, then both morphologies of Anabaena may be
associated with anatoxin-a production. To find if the morphology of the Anabaena
colonies can be used to guide prediction of anatoxin-a production in Anderson
Lake, we isolated 25 Anabaena flos-aquae-like colonies and 10 Anabaena crassa-
like colonies directly from lake surface water samples on June 18th and 25th, 2013.
The anatoxin-a concentration in Anderson Lake on June 17th, 2013 was 35.8 ug/L,
indicating that the anatoxin-a producer was present in the lake. Anatoxin-a could
be measured in 19/25 flos-aquae-like colonies, but in only 2/10 crassa-like colonies
(Figure 4.3C). This suggests that Anabaena flos-aquae-like colonies are more likely

to be associated with anatoxin-a production. Consistent with this, Anabaena sp.
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WA102, an anatoxin-a producer from Anderson Lake that is in culture, has a
morphology similar to Anabaena flos-aquae.

To determine if the genomes from the flos-aquae-like and crassa-like Anabaena
colonies are related to the genomes identified from the metagenomes, DNA was ex-
tracted and amplified from a single colony each from the larger- and smaller-celled
Anabaena morphotypes with multiple-displacement amplification (MDA) and se-
quenced with 250-nt paired-end reads on the Illumina MiSeq platform. Sequencing
reads from the MDA were mapped to the Anabaena sp. WA102 and Aphani-
zomenon sp. WA102 genomes. Reads from MDA of the flos-aquae-like colony
covered 93.1% of the Anabaena sp. WA102 genome, including the anatoxin-a gene
cluster, and 47.65% of the Aphanizomenon sp. WA102 genome. Reads from the
MDA of the crassa-like colony mapped to 16.8% of the Anabaena sp. WA102
genome, excluding the anatoxin-a gene cluster, and 4.8% of the Aphanizomenon
sp. WA102 genome. These results suggest that the flos-aquae-like colony mor-
phology, which resembles the morphology of Anabaena sp. WA102 in culture, is
indicative of the presence of an anatoxin-a producing species, whereas the crassa-
like colony morphology is not. Although this relationship is not causal, it can guide
lake management decisions. Additionally, the crassa-like colony morphology does
not belong to either Anabaena sp. WA102 nor Aphanizomenon sp. WA102, nor

could the anatoxin-a synthetase region be detected in its amplified DNA.
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4.2.5 Distribution of Anabaena sp. WA102 across the Puget Sound

region and Nostocaceae diversity

To assess the distribution of Anabaena sp. WA102 across the region, surface water
from eleven freshwater lakes surrounding the Puget Sound, including Anderson
Lake, were sampled ten times each (every two weeks) from May to October 2012.
Three additional samples taken in 2012 from Anderson Lake and a sample taken
on February 21st, 2013 from Clear Lake were also included. Samples were filtered
onto 1.2 um-pore-size filters to enrich for cyanobacterial colonies. Total DNA was
extracted from the filters and the cpcBA-IGS phylogenetic marker region was am-
plified from each sample with the polymerase chain reaction (PCR). We included
a positive control composed of DNA from the Anabaena sp. WA102 culture and
a negative control composed of DNA from a culture of Synechococcus sp. PCC
7942. The forward primer from [8] was used in combination with a newly designed
reverse primer to create an amplicon approximately 430 bp in size that can be
fully sequenced on the Illumina MiSeq platform. The marker includes parts of the
phycobilin phycocyanin genes cpcA, cpcB, and the intergenic region between them.
This region is unique to cyanobacteria and contains highly variable sequence, en-
abling cyanobacterial species alone to be identified in lake microbial communities
and to be distinguished from each other. The primers were designed to anneal
to conserved DNA motifs in members of the family Nostocaceae, but not other
members of the Cyanobacteria (such as Synechococcus sp. PCC 7942).

A total of 823,202 amplicons were sequenced from 96 samples (including con-
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trols). After removing low-quality sequences, 3,506 operational taxonomic units
(OTUs) were clustered at 3% nucleotide similarity according to [104]. Removing
OTUs with fewer than 20 sequences in order to simplify analysis, 597,665 ampli-
cons from 19 OTUs remained for analysis. Despite attempts to equalize the mass
of DNA contributed from each sample prior to pooling and sequencing, 80% of
processed amplicons could be attributed to only two samples, the positive con-
trol (328,879 amplicons) and the June 18th, 2012 sample from Lake Ketchum
(142,623 amplicons). This is likely due to the near absence of Nostocaceae, or any
cyanobacterial bloom, in most samples. The negative control contained 52 am-
plicons that matched amplicon sequences from the positive control. The negative
control and positive control were processed in adjacent wells, and aerosol from
the positive control (328,879 amplicons) likely contaminated the negative control
prior to PCR amplification. This suggests that low counts may be erroneous. To
protect against this source of error, 62 samples with fewer than 500 amplicons (ten
times the number of amplicons observed in the negative control, which would avoid
contamination of the same magnitude seen in the negative control) were removed
before analysis. 584,651 amplicons (71% of all sequenced amplicons) from the re-
maining 23 samples, including the positive control, were analyzed. Representative
nucleotide sequences from the 19 remaining OTUs were realigned against each
other and placed in a phylogenetic tree, with poorly supported nodes (bootstrap
support < 90%) omitted (Figure 4.4). The tree shows five well supported clades
that differ between each other in the alignment largely due to indels. The tree

shows that OTUs 1, 5, 6, 9, 12, and 19 form a well supported clade of closely re-
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lated sequences. These OTUs were detected in significant numbers in the positive
control, which is known to be a single isolate. Inspection of the alignment indicated
that each of these OTUs shared the same indels and differed by one nucleotide in
the approximately 430 nt amplicon. There are two other similar clades formed by
OTUs 2, 7, 8, 10, 16, and 17 and OTUs 3, 11, 13, 14, and 18, as well as two well
resolved OTUs (4 and 15), resulting in five distinct OTU clades (Figure 4.4).
The Nostocaceae community from each sample is displayed in a heat-map
(Figure 4.5), in which samples are arranged by similarity according to multi-
dimensional scaling of the weighted unifrac metric for each community. The pos-
itive control is most similar to samples from Anderson Lake, with large counts
of OTU clade 1. This is expected, considering that the positive control contains
DNA from Anabaena sp. WA102, which was in turn isolated from Anderson Lake.
It also indicates that OTU clade 1 represents the toxic Anabaena sp. WA102
species, confirmed by the fact that the c¢pcBA-IGS sequence from the Anabaena
sp. WA102 genome and the OTU 1 representative sequence are identical. The
October 2012 Anderson Lake sample is not clustered with the May and July 2012
samples, showing changes in the Nostocaceae community in Anderson Lake over
the bloom season. The February 2013 sample from Clear Lake and October 2012
sample from Echo Lake cluster with the May 2012 sample from Anderson Lake
(during a bloom with anatoxin-a levels exceeding state guidelines in Anderson
Lake) because of high counts of OTU group 3. However, counts of OTU clade 1 in
the February 2013 Clear Lake and October 2012 Echo Lake samples are similar to

counts found in the negative control (124 and 37, respectively, whereas the negative
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control had 49) and may not indicate the presence of OTU 1. OTU clades 2 and 3
are common among many lakes, and occur in combination with OTU groups 1, 4,
and 5. The geographic distribution of the OTU clades can be seen in the map of
the Puget Sound Region (Figure 4.6), showing the prevalence of OTU clades 2 and
3 and the near absence of OTU clade 1 except in Anderson Lake. Anabaena sp.
WA102 (OTU 1) was thus not widespread throughout lakes in the Puget Sound
region in 2012, though it may be present at low levels in lakes throughout the
region.

Intriguingly, the cpcBA-IGS from Aphanizomenon sp. WA102 could not be
detected in the July 7th, 2012 sample from Anderson Lake, despite its abundant
presence in the same sample according to the shotgun metagenome data from the
same sample (Figure 4.2). There are three mismatches on the reverse cpcBA-
IGS primer compared to the Aphanizomenon sp. WA102 cpcBA-IGS region. In
contrast, there are two mismatches on the forward primer and a single mismatch on
the reverse primer compared to the Anabaena sp. WA102 cpcBA-1GS, which was
successfully detected by PCR. (Figure 4.7). Presumably the additional mismatch on
the forward primer destabilized annealing to Aphanizomenon sp. WA102 cpcBA-

IGS DNA sufficiently to prevent amplification.
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4.3 Discussion

4.3.1 Anabaena sp. WA102 was the major anatoxin-a producer in

Anderson Lake in metagenome samples from July 2012 and

May 2013

Deep shotgun metagenome sequencing of surface water collected from the An-
derson Lake toxic bloom on July 7th, 2012 revealed Anabaena sp. WA102 to
be the dominant cyanobacterial component. Its genome coverage depth was ap-
proximately 40-fold greater than that of the next-most populous cyanobacterium,
Aphanizomenon sp. WA102. With only 57 nucleotide differences occurring in all
reads mapped between the Anabaena sp. WA102 population genome clustered
from the metagenome and the closed Anabaena sp. WA102 reference genome, the
identity of the dominant cyanobacterium in this lake sample is clear. The only
anatoxin-a genes identified within the metagenome assembly were found to cluster
in the Anabaena sp. WA102 population genome, identifying Anabaena sp. WA102
as the sole anatoxin-a producer detected in the metagenome. The metagenome
is estimated to cover 92% of the genomes in the environmental sample, leaving
the possibility that a less abundant anatoxin-a-producing cyanobacterium remains
undetected by the metagenome. However, it is clear that the most abundant bac-
terial component, Anabaena sp. WA102, is also the major producer of anatoxin-a
in the July 2012 Anderson Lake bloom. There may be other sources of anatoxin-a

in the lake, such as cyanobacterial anatoxin-a producers in the benthos, that were
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not captured in the surface-water bloom samples. Further metagenomic analysis
of Anderson Lake should include samples from several depths of the water column,
as well as the benthos.

Isolating single colonies of Anabaena from Anderson Lake confirmed that An-
abaena sp. WA102 was the dominant anatoxin-a producer in Anderson Lake. Of
the two morphologies of Anabaena colonies that coexisted in Anderson Lake on
June 18th and June 25th, 2013, only the Anabaena-flos-aquae-like colonies were
strongly associated with anatoxin-a production (Figure 4.3C). This is the same
morphology as the Anabaena sp. WA102 culture (Figure 4.3). Further, the DNA
sequence from one of these colonies mapped to 93.1% of the Anabaena sp. WA102
genome, including the anatoxin-a sythetase gene cluster, confirming its identity.
The correlation between Anabaena sp. WA102 morphology and anatoxin-a pro-
duction suggests that it may be reasonable to predict whether or not a bloom is
toxic by visual inspection, though more samples should be considered.

PCR amplifying the cpcBA-IGS region from DNA isolated from three Anderson
Lake samples throughout the 2012 bloom season verified the presence of Anabaena
sp. WA102 when anatoxin-a levels are high in the lake (Figures 4.5, 4.6). Samples
from May 2013 and July 2013, when anatoxin-a levels were above Washington
state guidelines, showed large counts of the OTU 1 amplicon, which represents
the cpcBA-IGS from Anabaena sp. WA102. These combined results from 2012
and 2013 suggest that Anabaena sp. WA102 may be a perennial cause of high

anatoxin-a levels in Anderson Lake.
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4.3.2 Anabaena sp. WA102 is not always the dominant nitrogen-

fixing autotroph in Anderson Lake

Although Anabaena sp. WA102 was dominant in the July 7th, 2012 bloom sam-
ple (Figure 4.2A), it is not always the dominant nitrogen-fixing Nostocaceae in
Anderson Lake. The May 20th, 2013 metagenome sample showed that Anabaena
sp. WA102 was less abundant than Aphanizomenon sp. WA102 (Figure 4.2B).
In addition, the Nostocaceae community from the May and October 2012 cpcBA-
IGS samples showed higher abundances of OTU 3 or OTU 2, respectively, than
OTU 1 (Anabaena sp. WA102) (Figure 4.5). The identities of the Nostocaceaea
represented by OTUs 2 and 3 are presently unknown, but they are distinct from
Aphanizomenon sp. WA102, which was not detected in the amplicon study be-
cause of primer mismatches (Figure 4.7) that were unknown at the outset of these
experiments. Independence from PCR primers is a major advantage of shotgun
metagenomics, especially when studying organisms with uncharacterized genomes.

Comparing the Anabaena sp. WA102 and Aphanizomenon sp. WA102 genomes
shows that they share all but 100 of 1,313 KEGG orthologs that mapped to the
two genomes. As far as KEGG orthologs represent core metabolic functions in
bacteria, this suggests that Anabaena sp. WA102 and Aphanizomenon sp. WA102
share a sizable number (92.4%) of core metabolic functions. The few differences in
core metabolism between these two Nostocaceae, which share a photoautotrophic,
nitrogen-fixing niche in the same lake, may indicate the reasons that they exchange

dominance in Anderson Lake throughout the seasons. Two biochemical pathways
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with the greatest differences between the two species are light-response and sulfur
metabolism pathways.

Conspecific cyanobacteria such as different ecotypes of Prochlorococcus spp.
specialize in collecting different light spectra, thus occupying non-competing niches
[156]. However, both of the Anderson Lake Nostocaceae encode phycocyanin and
allophycocyanin, but none of the other known phycobilins, so that they are in com-
petition for the same light spectrum. The ability of Aphanizomenon sp. WA102
to respond to changes in light conditions seems limited compared to Anabaena sp.
WA102, since it lacks the pixGHIJL positive phototaxis genes [170] and ¢phl /repl
genes for the phytochrome red-light-response two-component system [168]. The
ability to move towards light conferred by the piz operon or to modify the photo-
systems in response to a shift in the red-light spectrum conferred by phytochrome
suggests that Anabaena sp. WA102 would outcompete Aphanizomenon sp. WA102
for light in a dynamic light environment. This may become important during the
well-lit summer months, when the cyanobacterial bloom forms patches of shade in
contrast to well lit open areas of the lake. Anabaena sp. WA102 would be able
to modify its photosystems in response to being shaded by a bloom, as well as be
able to migrate towards open sunlit areas of the lake.

In addition, Aphanizomenon sp. WA102 lacks the ssuABCDE operon and
tauD gene involved in sulfur metabolism [37]. These genes would give Anabaena
sp. WA102 a competitive edge if sulfate levels drop in the water column, perhaps
during a bloom, allowing it to assimilate sulfonates. The role of sulfur in freshwa-

ter cyanobacterial ecology is not well understood, largely because sulfur is not well
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measured in freshwater cyanobacterial ecology studies. However, some freshwater
cyanobacteria have evolved dramatic responses to sulfur deprivation, indicating
that sulfur depletion may limit growth on some occasions, and may be relevant to
freshwater cyanobacterial ecology. For example, Fremyella diplosiphon, a filamen-
tous freshwater cyanobacterium, uses phycocyanin, which can compose half of a
cyanobacterium’s protein biomass, to store sulfur [54]. During sulfur deprivation,
it will stop production of sulfur-rich phycocyanin, consume the protein, and initi-
ate production of a sulfur-poor phycocyanin homolog. As shotgun metagenomics
becomes more common for characterizing freshwater lake systems at the genetic
and genomic levels, complementary measurements of elements such as sulfur and
iron may illuminate new aspects of cyanobacterial metabolism and competition in

freshwater lakes.

4.3.3 Anabaena sp. WA102 is sparsely distributed throughout the

Puget Sound Region

Tracking the Nostocaceae communities across the Puget Sound Region with the
cpcBA-1IGS phylogenetic marker showed that among the 11 sampled lakes, An-
abaena sp. WA102 is only abundant in Anderson Lake. Low counts of cpcBA-IGS
OTU 1, which represents the cpcBA-IGS sequence from Anabaena sp. WA102,
were detected in all but Spanaway, Harts, and Cassidy Lakes, but such low counts
are below our threshold of confidence since similar counts of OTU 1 were found in

the negative control.
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Invasive members of the Nostocales are spreading across the world, likely in re-
sponse to increasing global temperatures. Their shared ability to fix nitrogen, grow
efficiently under different light conditions, persist in cold temperatures between sea-
sons by forming akinetes, and produce toxic and allelopathic secondary metabolites
such as anatoxin-a enables them to invade freshwater lakes. The scarcity of An-
abaena sp. WA102 throughout the Puget Sound Region may give public health
officials the chance to prevent its spread to the region by treating Anderson Lake
with herbicides. It will be important in the future to monitor lakes in the region

for the spread of this potent anatoxin-a-producing species.

4.4 Methods

4.4.1 Sample collection

500 mL samples were collected from Anderson Lake, Jefferson County, Washington
State (48.0190°N, 237.1963°W) by the Jefferson County Public Health Department
during the 2012 and 2013 cyanobacterial toxic bloom seasons. Samples were col-
lected at a depth of 0-0.5 m and may have included a dense windblown scum.
Samples were shipped overnight on ice and 10-25 mL (depending on the sample
density) were filtered through 1.2 gum-pore-size Whatman GF/C 24 mm-diameter

filters. Filters were stored at -80°C for later DNA analysis.
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4.4.2 Single-colony isolation, toxin extraction, and DNA sequencing

Freshwater samples were collected on June 17th and 24th, 2013 from Anderson
Lake. Samples were stored at 4°C for up to a week for colony isolation (no chlorosis
was observed). Anabaena colonies were individually isolated by serial transfer
between MilliQQ water droplets on a glass slide. Colonies were considered to be
isolated when no other cell debris was visible in the surrounding water droplet
under 200x magnification on a Zeiss brightfield microscope. Isolated colonies were
suspended in 50ul sterile MilliQQ water in a micro-centrifuge tube before being
frozen by immersion in liquid nitrogen and thawed in a water bath at 25°C to
gently release cytoplasmic contents (freeze/thaw cyle was repeated three times).
Samples then were centrifuged at 23,000 RCF for 5 min to pellet crude cell mass
and supernatants were removed for HPLC-MS/MS toxin analysis. DNA from the
pellets of these samples was extracted with three -80°C/20°C freeze-thaw cycles
followed by a cold alkaline lysis [119]. DNA was then amplified from the colony
with multiple displacement amplification (Qiagen REPLI-g kit, cat no. 150023)

and sequenced with 250-nt paired-end reads on an Illumina MiSeq instrument.

4.4.3 DNA extraction from lake samples for shotgun metagenomic

and amplicon sequencing

Total DNA from lake samples was extracted from 1.2 pym-pore-size filters by macer-

ating the filters in 500 L, TNE (50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.1 mM
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EDTA) with a pestle. Cell material was pelleted with low-speed centrifugation,
resuspended in TNE buffer, and DNA was extracted by a method from Neilan et
al. [126] that had the following modifications. The protein fraction was removed
with two 25:24:1 phenol/chloroform/isoamyl alcohol extractions followed by two
chloroform extractions. Residual phenol was removed with a final diethyl-ether

extraction. DNA was stored at -20°C.

4.4.4 cpcBA-IGS amplicon primer design, amplification, and se-

quencing

Nucleotide sequences for complete cpcB and cpcA genes and the cpcBA intergenic
sequence from the Nostocaceae family were downloaded from NCBI (November
2015). The nucleotide sequences from each gene (c¢pcB and cpcA separately) were
translated and codon-aligned using the pal2nal.pl script with default settings [151].
These codon alignments were used to locate conserved primer binding sites in the
cpeB and cpcA coding sequence that would allow polymerase chain reaction (PCR)
amplification across the most variable regions of cpcB, cpcA, and the cpcBA inter-
genic sequence. Primers were also chosen to produce a PCR product less than 450
bp, so that an overlap between paired-end 250-nt Illumina MiSeq reads is created
when sequenced. The chosen primers were:

forward - NB78 5> GGCTGCTTGTTTACGCGACA,

reverse - NB81 5" GTCCTTGGGTATCAGCAGATGC.

The forward primer was reported by [8]. Each primer has a T,, of 57°C and to-
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gether they yield a PCR product of approximately 430 bp (the size of the cpcBA
intergenic spacer varies). The following PCR program was used with the Kapa
HotStart ReadyMix HiFi Kit (cat no. KK2601, Kapa Biosystems, Wilmington,
MA) to amplify from extracted environmental DNA: initial denaturation at 95°C
for 3:00 followed by denaturation at 98°C for 0:20, primer annealing at 60°C for
0:15, and extension at 72°C for 0:30 for 30 cycles, with storage at 4°C. The se-
quencing library was prepared using the Nextera XT Index Kit. Prior to pooling
the indexed amplicons for sequencing, their molarities were equalized using the
SequalPrep Normalization Plate Kit (cat no. A10510-01, ThermoFisher Scientific,
Waltham, MA). The library was sequenced on the Illumina MiSeq platform with

300-nt paired-end reads.

4.4.5 c¢pcBA-IGS amplicon analysis

Fastq files from each sample were processed in mothur v1.36.1 [132] using a
batch file that can be found at https://github.com/russianconcussion/data.
analysis.scripts/blob/master/cpcba.batch. This workflow was based on the
Mothur MiSeq SOP [73]. Amplicons from each sample were deduplicated, aligned,
and clustered at a 3% nucleotide similarity threshold [104] in mothur to form
3,506 operational taxonomic units (OTUs). The ”*.shared” file from mothur
was then imported into R with the phyloseq package, incorporated into a com-
plex phyloseq object with metadata for each sample and a phylogenetic tree

of OTUs. The data was visualized for exploratory data analysis in phyloseq
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[89] using the R script found at https://github.com/russianconcussion/data.
analysis.scripts/blob/master/cpcba.R. To simplify the dataset for interpre-
tation while keeping the majority of the data, OTUs with fewer than 20 sequences
were removed from further analysis, leaving 19 OTUs for analysis. Representative
sequences from these OTUs were realigned against each other with Muscle v3.8.31
[36] run on default settings to obtain a more efficient alignment and placed in a
phylogenetic tree using the general time-reversible nucleotide substitution model
in FastTree 2.1.8 [117]. Internal nodes with less than 90% bootstrap support were
removed using Newick Utilities v. 1.6 [62]. OTUs were plotted on a map of the

Puget Sound region using the maptools package [6] in R.

4.4.6 Metagenome analysis

DNA extracted from the July 7th, 2012 Anderson Lake sample was shotgun se-
quenced using 100-nt paired-end reads on the [llumina HiSeq 2000 platform. Reads
from the 30.1 Gbp metagenome were uploaded to the NCBI Short-Read Archive
[SRA:SRS1169983]. The May 20th, 2013 Anderson Lake sample was shotgun
sequenced using 300-nt paired-end reads on the Illumina MiSeq platform, and
reads from the 4.6 Gbp metagenome were uploaded to the NCBI Short-Read
Archive [SRA:SRR2939624]. Metagenomes were assembled using idba version
1.1.1 assembler software [112] on a 64-bit Linux server with 500GB of RAM.
Prior to assembly, any reads containing ambiguous basecalls ("N”) were culled.

The large chromosome from the Anabaena sp. 90 genome [Genbank:NC019427]
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was used as a reference to guide assembly. Within idba, assemblies with kmer
sizes ranging from 20 nt to the sequence read length (100 nt to 250 nt) in
10nt increments were combined in the final assembly. Reads from original fastq
files were mapped to the assemblies using bwa version 0.7.5a-r405 [80]. Aver-
age coverage depth for each contig was calculated using samtools version 0.1.18
(r982:295) [81] and the calc.coverage.in.bam.depth.pl script from the mmgenome
package (https://github.com/MadsAlbertsen/mmgenome) [1]. The mmgenome
network.pl script generated a network of contigs based upon paired-end read data
extracted from the bwa-generated SAM file. Bacterial and archaeal metagenome
contigs were taxonomically classified using the PhylopythiaS+ support vector ma-
chine (SVM) classification software with only a contig fasta file and not a scaf-
fold fasta file (https://github.com/algbioi/ppsp) [51]. 16S marker genes were
detected in the contig file and used by PhylopythiaS+ to select an SVM train-
ing dataset automatically. Putative protein coding sequences were identified in
each assembly fasta file using Prodigal version 2.6.2 [57]. To identify single-
copy essential marker genes, putative protein sequences were aligned against a
curated hmm database from the mmgenome package with the HMMER ver-
sion 3.0 package (http://hmmer.janelia.org/) [35]. A custom data genera-
tion shell script based on the data.generation.2.1.0.sh script from mmgenome was
used to combine the above processes (https://github.com/russianconcussion/
data.analysis.scripts/blob/master/mmgenome.datagen.sh). Average cover-
age depth, network, taxonomic classification, and essential gene data for each

assembly were imported into a data.frame structure in R. Finally, the mmgenome
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R package was used to generate a plot of genome clusters within the metagenomes,
define and evaluate completeness of the clusters, and export well defined genome
clusters as contigs in fasta format. Genome clusters in fasta format were annotated
using Prokka version 1.11 [133]. Contigs from the binned genome of Anabaena sp.
WA102 and the bam file of reads mapped to the contigs were used to extract raw
reads from the original fastq files that map to the contigs. Using breseq v0.27.1,
the extracted reads were mapped to the Anabaena sp. WA102 reference genome
[Genbank:CP011456-7] and mutations were called [28]. Mutations were displayed
using Circos v0.67-7 [74]. Metagenome completeness was estimated using Non-

pareil v2.4 on default settings [128].

4.4.7 Genome comparisons

Population genomes were compared using the webserver for the average nu-
cleotide identity (ANI) tool from the Konstantinidis Lab (http://enve-omics.
ce.gatech.edu/ani/) [50]. Gene content was mapped to the KEGG ortholog
database with the KEGG Mapper webserver (http://www.genome.jp/kegg/
tool/map_pathwayl.html) [65]. Comparisons between KEGG orthologs found in
each genome were made using the iPATH webserver (http://pathways.embl.de/)

[79] and the pathview package in R [85].
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Figure 4.1: Anatoxin-a occurrence in Anderson Lake. A) Lakes in Washington State, USA, with anatoxin-a
levels measuring above the 1ug/L state guideline level for recreational exposure. The mean measured anatoxin-a
level is shown for each lake, though it must be noted that these means are based on an unevenly sampled data and
include extreme outlier values. Data is from https://www.nwtoxicalgae.org/. B) Anatoxin-a levels measured over
the past 7 years in Anderson Lake, Jefferson County, WA. The summer months June-August are highlighted in
yellow and the 1ug/L guideline level is shown as a dashed line. Points in black represent anatoxin-a measurements
>1 pg/L and points in gray represent measurements <1 ug/L. C) Total (Kjeldahl) nitrogen:total phosphorus ratios
(TN:TP) measured over the past 7 years. A TN:TP of 35, at which nitrogen-fixing cyanobacteria are thought to
be uncompetitive with non-nitrogen-fixing cyanobacteria is shown as a dashed gray line. Measurements of TN: TP
>35 are shown as gray dots, and measurements <35 are shown as black dots.
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Figure 4.2: Metagenome analysis of Anderson Lake samples. A) Average coverage depth plot of contigs from the
July 7th, 2012 Anderson Lake metagenome sample. Sequencing reads (30 Gbp of Illumina HiSeq 100-nt paired-end
reads) were assembled into 230,285 contigs with total size of 255 Mbp and an N50 of 1,530 bp. Contigs belonging
to population genomes are clustered on the plot according to coverage depth from the sequenced Anabaena sp.
WA102 culture (y-axis) and coverage depth in the July 2012 Anderson Lake metagenome sample (x-axis). Two
species of Anabaena were identified by PhylopythiaS+. The Anabaena population genome with average coverage
depth of 1,200 is nearly identical to Anabaena sp. WA102 (Table 1). The Anabaena population genome with
average coverage depth of 30 in the Anderson Lake metagenome is actually Aphanizomenon sp. WA102 (see
text). The only anatoxin-a biosynthetic (ana) genes identified cluster with the Anabaena sp. WA102 population
genome (dark red circles). B) Average coverage depth plot of contigs from the May 20th, 2013 Anderson Lake
metagenome sample. Contigs were assembled from 4.6 Gbp of Illumina MiSeq 250-bp paired-end reads. The
total assembly is 223 Mbp and has an N50 of 1,165. The Aphanizomenon sp. WA102 population genome has
an average coverage depth of 100 in the Anderson Lake metagenome and the Anabaena sp. WA102 population
genome has an average coverage depth of 20. The only anatoxin-a genes detected on contigs cluster with the
Anabaena sp. WA102 population genome (dark red circles), which was confirmed by mapping reads to known
anatoxin-a biosynthetic gene clusters.
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Figure 4.3: Anabaena morphotypes in Anderson Lake. A) Two Anabaena morphologies present in Anderson Lake
on June 18th, 2013 (phase contrast, 200x magnification). A colony exhibiting the large-cell Anabaena-crassa-like
morphology is shown on the left. Several intertwined filaments exhibiting the small-cell Anabaena-flos-aquae-
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Anabaena flos-aquae-like colonies in panel A. C) Anatoxin-a detection in individual colonies of Anabaena isolated
from Anderson Lake on 18th and 25th June, 2013. Ten colonies with an Anabaena-crassa-like and 25 colonies
with an Anabaena-flos-aquae-like morphology were tested for anatoxin-a by HPLC-MS/MS.
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Figure 4.4: Unrooted phylogenetic tree showing relationship between the 19 most abundant Nostocaeae cpcBA
OTUs detected in Puget Sound area lakes in 2012. Five monophyletic clades emerge, which we denote as OTU
clades. The OTUs subsumed by each group are listed in parentheses underneath the OTU group name. OTU
clade 1 represents Anabaena sp. WA102. These clades likely represent Nostocaceae strains detected in Puget
Sound Region lakes, with intra-strain variation within each group represented by individual OTUs.
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Figure 4.5: A heat-map of the OTU communities in ¢pcBA-IGS amplicon libraries by lake. The OTU clades as
defined by Figure 6 are shown on the y-axis. The lake samples are arranged by similarity according to MDS of
the weighted unifrac metric for each OTU community.
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Position = Mutation Frequency Description

1152 (plasmid +A 1 intergenic
1473 (plasmid +A 1 intergenic
79606 +A 1 intergenic
239095 +G 1 intergenic
385092 G coding
469686 T ntergenic
707437 A ntergenic
954599 G ntergenic
993032 A ntergenic
1165656 +G ntergenic
1242731 +A 1 ntergenic
1289386 +T 1 ntergenic
1444344 4T 1 ntergenic
1445624 +G 1 coding
1500146 Al bp ntergenic
1882597 +G ntergenic
2354763 +T ntergenic
2366065 +G ntergenic
2609407 +A ntergenic
2644835 Al bp 1 intergenic
2700751 +T 1 coding
2805367 +G 1 ntergenic
2842547 +T 1 ntergenic
2994651 —+T ntergenic
3016229 +G ntergenic
3046399 B ntergenic
3068191 B ntergenic
3123663 1 ntergenic
3210975 A 1 ntergenic
3546967 X 1 ntergenic
3564151 1 ntergenic
3692513 coding
3736799 ntergenic
3736816 ntergenic
3736983 4 ntergenic
3747047 b ntergenic
3769563 4 ntergenic
3774081 E 1 ntergenic
3774218 E 1 ntergenic
3788976 5 1 coding
3964228 pa 1 ntergenic
3973756 B ntergenic
3995848 B ntergenic
4071859 B ntergenic
4075444 B ntergenic
4175477 = ntergenic
4331943 4 ntergenic
4572417 E 1 ntergenic
4720867 B 1 ntergenic
4742240 1 ntergenic
4798252 B 1 ntergenic
4840966 A 1 ntergenic
4895400 B 1 ntergenic
5011934 1 ntergenic
5076417 1 ntergenic
5145703 1 ntergenic
5652574 + 1 coding
2462571 \ 0.547 ntergenic
3075204 A 0.533 ntergenic
452792 A 0.481 L24Vg
932525 G 0.378 ntergenic
3229658 A 0.333 ntergenic

462570 T 0.316 ntergenic
3229649 A 0.292 ntergenic
932534 T 0.285 ntergenic
931010 A 0.277 ntergenic
1479670 A 0.27

464837 C 0.256 G54G
694185 C 0.245 ntergenic
3229657 JAN 0.235 ntergenic
2531697 A 0.23 ntergenic
930986 T 0.218 ntergenic
2531702 G 0.207 ntergenic
5187836 G 0.202 P13S
930993 A 0.198 ntergenic
3541890 T 0.198 ntergenic
2464846 C 0.171
2531705 T—G 0.149 intergenic
618885 T—C 0.142 *71Q
618886 A—G 0.135 *TIW
372989 A—=G 0.132 ntergenic
2531706 A—G 0.125 ntergenic
932553 T—C 0.124 ntergenic
618890 G—A 0.118 ntergenic
5187827 G—A 0.113 P16S
3541911 G—oA 0.104 ntergenic
1869592 T 0.1 ntergenic
658806 —C 0.095 ntergenic
4156524 G 0.095 ntergenic
2663634 1b 0.079 ntergenic
3280532 C— 0.07 ntergenic
790525 A=G 0.069 ntergenic
932542 A—=G 0.056 ntergenic

Table 4.1: Differences between the Anabaena sp. WA102 population genome and the Anabaena sp. WA102
reference genome. The Anabaena sp. WA102 population genome clustered from the July 7th, 2012 metagenome
of Anderson Lake surface water shows 57 differences that occur in all reads mapped to the Anabaena sp. WA102
reference genome. Average read depth coverage was 399x and 6,199 nucleotides had no read coverage.
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Sound region in 2012.



Aphanizomenon sp. WA102
Mismatches (4 total)
Primers

Mismatches (3 total)
Anabaena sp. WA102

Forward primer (NB78)

GCTTAAATGGTTTGCGCGAA ...

AT T

GCTTGAACGGCTTGCGCGAA ...

AT

GCTTAAATGGCTTGCGCGAA ...

95

Reverse primer (NB81)

AAGTGCGCACGTGACGTT
A

AAGTGCGCCCGTGACGTT
T

AAGTGCGCTCGTGACGTT

Figure 4.7: Comparison of c¢pcBA-IGS primer sequences and primer annealing sites in Aphanizomenon sp.
WA102 and Anabaena sp. WA102. Aphanizomenon sp. WA102 has one more mismatch than Anabaena sp.
WA102, presumably preventing its detection in DNA samples from Anderson Lake.
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Cyanobium sp. LC18, and lysogenization by of one of its temperate

phages, C-CRS01
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5.1 Introduction

The picocyanobacteria include three genera of cyanobacteria, Prochlorococcus,
Synechococcus, and Cyanobium, that form a clade and are characterized by cell
diameters less than 3 um [13]. These genera are thought to be some of the earliest
members of the Cyanobacteria, and resolving their phylogeny is important for un-
derstanding major biogeochemical events in Earth’s ancient history [7]. Prochloro-
coccus and marine Synechococcus are well studied in marine systems, however
relatively poorly studied in freshwater ecosystems. There are both freshwater and
marine strains among the Synechococcus and Cyanobium genera, but of the 43
genome sequences from these two genera deposited in NCBI Genbank, only 11
(approximately 25%) are from freshwater strains as of February 2016. Considering
the greater diversity among freshwater strains than among marine strains iden-
tified in marker gene studies of the Synechococcus and Cyanobium genera [130],
much of the genomic diversity of this ancient clade remains unsampled. In addi-
tion, the Cyanobium genus is the most common of the picocyanobacterial genera
found in freshwater lakes [14], where picocyanobacteria can contribute as much as
80% of photosynthetic activity in a freshwater lake [146]. While picocyanobacteria
are considered non-bloom-forming cyanobacteria, they can grow densely enough
to out-compete larger photoautotrophic species in oligotrophic lakes [146].
Cyanobacteria-bacteriophage (phage) interactions are not well studied in lakes,
but evidence is accumulating that suggests cyanobacterial phages may some-

times play a role in freshwater cyanobacterial strain turnover and bloom collapse
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[111, 49]. Studies of phage that infect marine picocyanobacteria have yielded
insights into cyanobacterial physiology and ecology, showing how bacteriophages
manipulate their hosts’ metabolism during infection [155, 87], and unveiling a viral
carbon shunt in the global carbon cycle [24].

We isolated a novel picocyanobacterial species, Cyanobium sp. LC18, from Up-
per Klamath Lake in Klamath County, Oregon, USA. We sequenced the genome of
Cyanobium sp. LC18 and determined its phylogentic relationship to other member
of the Synechococcus and Cyanobium genera. We also isolated a novel temperate
cyanophage, S-CRS01, on Cyanobium sp. LC18 and described the integration of

the S-CRS01 genome into the genome of Cyanobium sp. LC18.

5.2 Results

5.2.1 Cyanobium sp. LCI18 is a novel cyanobacterial species from

the Klamath River System

Cyanobium sp. LC18 was isolated from the Klamath River System in 2007 (Fig-
ure 5.1). The non-axenic culture was sequenced and assembled into 27,025 contigs
with an N50 of 3,485 bp and total size of 47.0 Mbp. A draft genome of 133 contigs
was clustered from the assembly using the mmgenome package to separate them
out by average contig coverage depth and average GC content. The draft genome
is 3,290,107 nucleotides in size, and contains 108 single-copy essential marker genes

from the mmgenome HMM marker gene database and 106 unique single-copy es-
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sential marker genes. That there are two single-copy essential marker genes (108
- 106) that are not unique indicates that there is some level of contamination.
Both the number of unique single-copy essential marker genes and genome size
are in concordance with the reference Cyanobium sp. PCC 6307 genome, which
contains the same number of marker genes from the same database, and a genome
size of 3,342,364 nucleotides. This suggests that the Cyanobium sp. LC18 draft
genome bin is nearly complete and relatively uncontaminated. A phylogenetic tree
showing its relationship with other picocyanobacterial genomes was built using 514
amino acid sequences from putative proteins shared between 25 Synechococcus and
Cyanobium genomes (Figure 5.2). Cyanobium sp. LC 18 formed a clade with other
freshwater Cyanobium species among species of marine Synechococcus. Its closest
relative is Cyanobium sp. PCC 6307, and with a genome-wide average nucleotide
identity (gANI) of 93.11%, it is a distinct species (proposed gANI threshold for
species is 96.5%) [157].

5.2.2 S-CRSO01 infects Cyanobium sp. LC18

Surface water samples from Copco Reservoir were collected on September 30th,
2008 and viruses were concentrated with PEG precipitation. The virus concentrate
was added to exponential-phase Cyanobium sp. LC18 in BG-11 top-agar. Plaques
less than 1 mm in diameter were observed on BG-11 top-agar plates seeded with
culture (Figure 5.3A). Agar plugs taken from several of these plaques were resus-

pended in SM buffer, and sterile-filtered. DNA from 8 resuspended plaques was
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prepared for pulsed-field gel electrophoresis. Each plaque showed a single band
with the same migration pattern, indicating a putative phage genome of between
50-60kb (Figure 5.3B), within the typical size range for phage genomes (which are
most often from the order Caudovirales). Transmission electron microscopy showed
that the plaques contained Siphoviridae, members of the Caudovirales with pro-
late icosahedral heads (59 nm wide by 84 nm long) and flexible, non-contractile
tails (Figure 5.3C). The sterile-filtered plaque suspension was used to inoculate a
second top-agar plate seeded with exponential-phase Cyanobium sp. LC18. These
steps were repeated once more on a third top-agar plate, confirming that a passage-
able, filterable agent was causing infection of Cyanobium sp. LC18. An isolated
plaque resuspended from the third top-agar plate was used to infect a culture of
Cyanobium sp. LCI18 in liquid BG-11 media and prepare a phage stock (Figure
5.3D). The density of C-CRS01 virions was 1.459 g/ml when measured by the
refraction index of the phage fraction from an equilibrium CsCl gradient, indi-
cating that the virion is approximately 40% DNA and 60% protein (common for

Caudovirales).

5.2.3 The C-CRS01 genome

DNA isolated from the phage stock was sequenced on the Illumina HiSeq platform
with 100 bp paired-end reads and assembled into a single 60,518 nt contig. The GC
content of the genome was 66.3%, slightly lower than the host genome GC content
of 69.6%. 85 ORF's were identified with Prodigal and 31 were annotated. 28 ORFs
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were annotated with high confidence (greater than 80%) using Phyre2 tertiary
structure-guided alignment and 3 ORFs were annotated by BLASTP alignment,
leaving 54 ORF's annotated as hypothetical proteins (Table 5.2 and Figure 5.4).
Among annotated proteins were the expected structural proteins such as the major
capsid protein, portal protein, major tail protein, and tail tape-measure protein.
In addition, a phage-like integrase and Xis-like directionality factor suggested a
temperate lifestyle for C-CRS01, explored further below.

Like many other members of the Siphoviridae, C-CRS01 encodes a pair of
RecTE-like proteins (C-CRS01.00018 and C-CRS01.00020). Although the role of
these proteins in phage replication is not clearly understood, they have been co-
opted as genetic engineering proteins for recombineering, a high-efficiency in vivo
bacterial genome engineering method [115]. Importantly, efficient RecTE-driven
recombineering is limited to bacteria that are closely related to the bacterial host
to which the RecTE phage proteins are native. The potential of these proteins for
genome engineering in picocyanobacteria is currently being explored.

Three proteins in the C-CRS01 genome, the NblA-like protein, Rubisco-fold-
like protein, and spore photoproduct lyase (C-CRS01-00050, C-CRS01_00057, and
C-CRS01.00067) may be a signature of the photosynthetic lifestyle of its host,
Cyanobium sp. LC18. Phages that infect photosynthetic hosts and encode genes
involved in photosynthesis have been dubbed photosynthetic phages, because they
modulate photosythesis during infection [86]. NbIA is a polypeptide in many
cyanobacteria necessary for photobleaching in response to sulfur, nitrogen, and

phosphate starvation and has been found in other cyanophages that infect fresh-
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water cyanobacteria. Cyanobacteria photobleach under nutrient starvation, hy-
drolyzing their phycobilisome proteins, which can comprise half of the protein
mass of a cell, to harvest the significant stores of sulfur, nitrogen, and phosphate
for cellular metabolism. The C-CRS01 NblA-like amino acid sequence is similar
to protein 1.107.02539 in Cyanobium sp. LC18 (BLASTP e-value 1x10-14, 46.15%
identity). L107.02539 is also an NblA-like protein-coding gene (Phyre2 confidence
score 92.8%). The NDbIA protein has been found in many cyanophages, is rel-
atively highly conserved in amino acid sequence, and is considered a signature
gene of cyanophages [169, 46, 98]. Rubisco (d-ribulose-1,5-bisphosphate carboxy-
lase/oxygenase) is present in all photosynthetic organisms and is responsible for
fixing carbon from atmospheric carbon dioxide. The amino acid sequence from
the C-CRS01.00057 gene found in C-CRSO01 bears similarity to the C-terminal
40 amino acids of the Rubisco small subunit from spinach (amino acids 80-121
in Uniprot Q43832). Although the role of the Rubisco small subunit is unknown,
directed point mutations in amino acids 88-104 from the C terminus region of Syne-
chococcus sp. PCC6301 increased the Km of the Rubisco holoenzyme for COy by
0.5 to 2-fold [41]. Tt is possible that the polypeptide encoded in C-CRS01 may al-
ter the activity of the host Rubisco holoenzyme during infection or latency. Spore
photoproduct (5-thyminyl-5,6-dihydrothymine) is the most common pyrimidine
photodimer that forms in dsDNA under UV irradiation. The spore photoproduct
lyase, originally found in Bacillus spores, monomerizes thymine nucleobases from
the spore photoproduct using SAM radical chemistry (rather than the photochem-

ical energy used by many photolyases) after the spores germinate [139]. Its activity
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contributes to the extreme longevity of Bacillus spores. Surprisingly, this is the
first time that a spore photoproduct lysase or photolyase has been observed in a
cyanophage. A spore photoproduct photolyase would provide effective protection
for phage DNA in an environment with high levels of UV radiation, such as those

inhabited by cyanophages and their photosynthetic hosts.

5.2.4 C-CRSO01 lysogenizes Cyanobium sp. LCI18

That C-CRS01 encodes an integrase and Xis-like directionality factor suggests that
it can integrate into the Cyanobium sp. LC18 genome. To test this hypothesis,
putative Cyanobium sp. LC18 [C-CRS01] lysogens were grown by isolating and
outgrowing a colony that grew in the middle of a lacuna formed by C-CRSO01 on
a lawn of Cyanobium sp. LC18 in BG-11 top agar. The isolated colony was out-
grown in liquid BG-11 and DNA was extracted from the culture. The genome
was sequenced and analyzed as described above. A single 161.1 kbp contig was
assembled that contained the full C-CRS01 prophage with 61.5 kbp of bacterial
genome sequence adjacent to the attL site and 38.9 kbp of bacterial genome se-
quence adjacent to the attR site (Figure 5.5A). The att core sequence shared by
attP, attB, attL, and attR was determined to be TACGACATCCGTGA. The in-
tegration junctions were verified by PCR, using primers that anneal on either side
of the attB, attP, attR, and attL sites and extend across the junctions (Figure
5.5B). Interestingly, C-CRS01 integrated into a hypothetical-protein-coding gene

in Cyanobium sp. LC18. The hypothetical protein encodes a helix-turn-helix do-
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main and may bind DNA. Often temperate phages will integrate into the middle
of tRNA sequences on the host chromosome and complement the disrupted tRNA
by supplying the missing portion of the tRNA in its own genome [124]. In this
case, C-CRSO1 complements the disrupted hypothetical protein with a homolo-
gous sequence encoded in its own genome (Figure 5.5C and D). The C-terminus
of the phage-encoded protein sequence includes an additional eight amino acids,
AAAADDPA. The alanine-rich nature of this C-terminal sequence suggests that

it may be a proteolytic tag [42].

5.3  Discussion

5.3.1 Relevance of the Cyanobium sp. LCI18 genome to diversity-

driven sequencing of the Cyanobacteria

Cyanobium sp. are the most common cyanobacterial species in freshwater ecosys-
tems [14]. In addition, Cyanobium species can encode useful natural products
[76]. However, only 3 genomes representing this genus are available in NCBI Gen-
bank (as of February 2016). Considering their ubiquity in freshwater ecosystems
and their potential utility, more genome sequences from this genus should be con-
tributed to the public databases. Future freshwater ecological studies and natural
product biomining efforts will benefit from greater genome sequencing coverage of
this genus. Towards this end, we have isolated a novel species of picocyanobacteria,

Cyanobium sp. LC18, from the freshwater Klamath River System and deposited
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its draft genome sequence in Genbank.

5.3.2 Isolation of a novel freshwater temperate Siphovirus, C-CRS01

The novel temperate cyanobacterial phage C-CRS01 was shown to infect and lyse
Cyanobium sp. LC18. This specific interaction between a bacteriophage and a
member of the the most abundant genus in freshwater lakes may shed light on
bacteriophage/cyanobacterial dynamics in freshwater ecosystems in general. Some
studies have observed a proliferation of virus-like particles (VLPs) during a collapse
in freshwater cyanobacterial blooms, though these observations have not carried
convincing statistical support for the correlation between the two events [111, 49].
However, the hypothesis of viral-induced freshwater cyanobacterial bloom collapses
is now beginning to attract serious attention [111, 163]. A key challenge of test-
ing the hypothesis that bacteriophages cause freshwater cyanobacterial bloom col-
lapses is identifying and quantifying the bacteriophages responsible for infecting
cyanobacterial bloom strains. This is difficult when measuring the quantity of
all bacteriophages in a lake ecosystem, since they are so abundant for all the di-
verse bacterial species that may be present. Effective methods for identifying and
quantifying the dynamics of a particular bacterium or phage include quantitative
or digital PCR. In order to track a specific organism with PCR methods, an ap-
propriate PCR amplicon marker must be selected. Sequencing phage and host
cyanobacterial genomes will expand the list of possible targets to track via highly

specific and quantitative methods such as quantitative or digital PCR.
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Several putative proteins in the C-CRS01 genome are of special interest. The
spore photoproduct lyase is the first to be seen in a cyanobacterial phage genome.
Most phages rely on bacterial host photolyases to repair pyrimidine dimers that
accumulate in their DNA while packaged in the capsid [21]. Host photolyases
usually require activation by blue light in order to repair dimers. The spore pho-
toproduct lyase is interesting in that it is independent of light, suggesting that
there is some utility to the phage in resolving pyrimidine dimers without a need
for blue light. The spore photoproduct lyase may also confer similar longevity to
C-CRS01 phage that are inert for long periods as it does to Bacillus spores [30].
The RecT-like recombinase and RecE-like exonuclease are also especially interest-
ing. These homologs of the RecTE proteins from the Rac prophage in Escherichia
coli are likely capable of facilitating recombineering. Recombineering is an in vivo
genomic engineering technique that efficiently incorporates single-stranded donor
DNA molecules (such as synthetic oligonucleotides) into a host chromosome at
the replication fork [96]. Importantly, the RecTE enzymes are most efficient in
bacteria closely related to the host bacterium of the phage in which the RecTE
enzymes are found [26]. These RecTE enzymes may facilitate recombineering in

Cyanobium species and related species among the picocyanobacteria.

5.3.3 Lysogenization of Cyanobium sp. LC18 by C-CRS01

Many temperate cyanobacterial bacteriophages have been isolated [105, 77, 43,

150] and lysogeny is a well established phenomenon in freshwater cyanobacteria
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[144]. However, C-CRS01 is the first temperate cyanobacterial phage for which
the integration site has been described and experimentally verified. Much recent
attention has been focused on the benefits that temperate phages confer on their
hosts [103, 40]. Lysogenic conversion is the process by which a prophage alters the
phenotype of its host, which can have a positive impact on the fitness of a lysogen.
C-CRS01 and Cyanobium sp. LC18 constitute an experimentally tractable system

to study the effects of lysogenic conversion in cyanobacteria.

5.4 Methods

5.4.1 Isolating Cyanobium sp. LC18 and culture maintenance

Cyanobium sp. LCI18 was isolated on May 31st, 2008 from Upper Klamath Lake,
Klamath County, Oregon (42.4160174°N | 237.9062507°W). The non-axenic culture
was maintained under 10 gEm~2s™! cool white fluorescent light with a light /dark

cycle of 16 hr/8 hr at 24°C in BG-11 medium.

5.4.2 Isolating C-CRSO1 on Cyanobium sp. LC18

Samples from Upper Klamath Lake were collected from surface water at multiple
sites in the reservoir on September 30th, 2008 and stored at 4°C. Samples were
combined and approximately 2L was filtered through a 0.2 pM-pore-size Supor
membrane filter (Pall Corporation, Port Washington, NY, USA) to remove most

cellular organisms. NaCl and PEG 8000 were added to the filtrate (final con-
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centrations: 1M NaCl and 2.7% PEG 8000) and stirred at 4°C in the dark for
5 days. The solution was centrifuged at 9,000 RCF for 30 min, supernatant was
decanted, and the pellet was resuspended in 5 mL of SM buffer (100 nM NaCl,
8 mM MgSO,4-7H20, 50 mM Tris-HC1 (1M, pH 7.5)). Chloroform was added to
the resuspension, gently mixed, and centrifuged at low speed for 2 min to remove
remaining PEG 8000. The aqueous phase was extracted and stored at 4°C in the
dark. 20 pL of the phage resuspension was mixed with 0.5 mL of Cyanobium sp.
LC18 exponential phase culture in 4.5 mL of molten BG-11 top agar (0.75% w/v
agar) at 45°C. The mixture was kept at 45°C for 15 min to encourage phage ad-
sorption, then plated on BG-11 agar plates and incubated under 10 pEm~2s~! cool
white fluorescent light with a light/dark cycle of 16 hr/8 hr at 24°C. Plaques were
observed after 1 month of bacterial growth. Plaques were picked with a sterile
pipette tip, resuspended in 100 uL SM buffer, and stored at 4°C in the dark. A re-
suspended plaque was then diluted and serially replated twice on fresh Cyanobium
sp. LCI18 top-agar plates, as described above, to purify the phage. Phage stock
was prepared by ultracentrifuging 60 mL of sterile-filtered C-CRS01 lysate (10 mL
per each of 6 ultraclear thinwall tubes (Beckman-Coulter, Brea, CA), layered on
top of a 1 mL 5% sucrose cushion) in a Beckman-Coulter L8-70M ultracentrifuge
using a SW41 rotor at 150k RCF for 170 min. Each pellet was resuspended in 100
puL SM buffer, combined with the other resuspensions, and stored at 4°C in the
dark. 1 mL of a second phage stock was purified on a CsCl equilibrium gradient
by isopycnic ultracentrifugation (layered on top of 8mL of 1.5 g/mIL CsCl solution

in a tube in an SW41 swinging rotor and centrifuged at 150k RPM for 20 hr). The
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characteristic opalescent phage band was extracted from the centrifuge tube and

the refractive index of the suspension was measured with an Abbé refractometer.

5.4.3 Transmission Electron Microscopy of C-CRS01

CsCl gradient-purified phage was applied to a glow-discharged carbon-type B, 300-
mesh copper grid (Ted Pella, Redding, CA, USA) and stained with 1% phospho-
tungstic acid, pH 6.5. Samples were observed on a Philips CM-12 transmission

electron microscope at 60 kEV.

5.4.4 TIsolating Cyanobium sp. LC18 lysogens

Cyanobium sp. LC18 lysogens containing the C-CRS01 prophage were obtained
by spotting 10 uL of a 10° PFU/mL C-CRS01 phage stock onto a BG-11 top-agar
lawn of Cyanobium sp. LC18. After two weeks of growth, a lacuna approximately
6 mm in diameter developed where the phage had been placed, with well sepa-
rated cyanobacterial colonies growing within the clearing. One of these isolated
cyanobacterial colonies - presumed to be a lysogen growing due to superinfection
immunity - was picked with a sterile plastic pipette tip, used to inoculate 10 mL of
liquid BG-11 media, and outgrown. 1 mL of the outgrown culture was added to 1
mL sterile 50% glycerol and stored in a 2 mL cryovial at -80°C. DNA was isolated

from the remaining culture for genome sequencing.
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5.4.5 DNA preparation for C-CRS01 and Cyanobium sp. LC18

Genomic DNA was extracted from C-CRSO01 phage stock by adding RNAse A,
1 M CaCl, and DNAse I (to final concentration of 250 ng/mL, 50 mM, and 0.1
U/mL, respectively) and incubating for 1 hr at room temperature to remove ex-
ogenous nucleic acids. Capsids were digested by adding 20% w/v SDS and 20
mg/mL Proteinase K (to a final concentration of 0.2% w/v and 0.2 mg/mL, re-
spectively) and incubating for 1 hr at 37°C. Excess protein was separated in a 1:1
phenol:chloroform phase (pH 8.0) and DNA was extracted and then precipitated
with 0.5 vol of 7.5 M ammonium acetate and 2 vol isopropanol at room tempera-
ture for 10 min, centrifuged for 10 min at 13k RCF, the supernatant was decanted,
and the pellet was air-dried and resuspended in TE buffer (10 mM Tris-HCI, pH
8.0 and 1 mM EDTA). Cyanobium sp. LC18 genomic DNA was extracted by cen-
trifuging 1 mL of culture at 5k RCF, decanting the supernatant, and resuspending
the pellet in TNE buffer. The resuspended pellet was treated using a method from
Neilan et al. [126].

5.4.6 High-throughput sequencing of Cyanobium sp. LC18 lysogen
and C-CRS01 genomes
Cyanobium sp. LCI18 lysogen and C-CRS01 genomic DNA were sequenced as

individual libraries prepared with the Nextera X'T library preparation kit on the

Mlumina HiSeq 2000 platform using 100-nt paired-end reads.
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5.4.7 Assembling and analyzing the Cyanobium sp. LC18 lysogen

and C-CRS01 genomes

The Cyanobium sp. LCI18 genome was assembled using idba_hybrid v1.1.1 on
default settings, except with a kmer step size of 10. The putative protein-
coding contents of Cyanobium sp. LCI18 was annotated using Prokka version
1.11. Protein contents from all other strains used in the phylogenomic tree
was downloaded from NCBI Genbank (NCBI Genbank Accession Numbers:
NZ_AATZ00000000, NZ_ADXL00000000, NZ_ADXMO00000000, NC_008319,
NC_007516, NZ_AZXL00000000, NC_007513, NZ_LFEK00000000, NC_007776,
NC_007775, NZ_CP006269, NZ_CP006270, NZ_CP006271, NZ_BAWS00000000,
NZ_BAUB00000000, NC_019681, NC_019680, NC_010480, NC_010479, NC_010478,
NC_010477, NC_010476, NC_010475, NC_010474, CP014003, CP014002,
CP014001, CP014000, CP013999, CP013998, NZ_ABRV00000000, NZ_CM001776,
NZ_ALWC00000000, NC_019692, NC_019691, NC_019702, CP000100, NC_009482,
NZ_AAUA00000000,  NZ_AANP00000000, NZ_CP006473, NZ_CP006472,
NZ_CP006471, NZ_AANO00000000, NC_009481, NZ_AAOK00000000,
NZ_AGIK00000000, NZ_CP011941, NC_005070, NZ_LN847356, NZ_CP006882,
NC_019675, NZ_DS990557, NZ_DS990556, JMRP01000001-JMRP01000071).
Protein-coding contents from each of the 25 genomes were used to build a genome-
wide phylogenetic tree. The protein sequences were subjected to an all-versus-all
BLASTP alignment to identify orthologs that occur once in each genome. These

were clustered with the mcl algorithm and aligned with muscle [39, 36]. Protein
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alignments were masked with zorro to reduce noise from uninformative amino acid
alignment positions and checked for a best fit among protein evolution models
with ProtTest version 3.1 [165, 25]. The best-fit protein evolution model was used
in RAXML to generate the final tree, which was rooted within the Nostoc genus
outgroup at Nostoc sp. 7107, in accordance with Shih et al. [142, 135]. Phyre2
and BLASTP were used to annotate putative proteins in the C-CRS01 genome
(68, 16]. The C-CRS01 genome was plotted using Circos [74].

5.4.8 PCR amplification of prophage junctions

The attL, attR, attB, and attP sites of the C-CRS01 phage, the Cyanobium sp.
LC18 lysogen, and the non-lysogenic Cyanobium sp. LC18 were PCR amplified to
detect their presence in each sample. The attL and attR amplicons from Cyanobium
sp. LC18 lysogen were sequenced to verify the prophage junction sequences that
were assembled from high-throughput sequencing of the lysogen. Primers NB37
and 40 were used to amplify the attB site, NB37 and 38 to amplify the attL junc-
tion, NB39 and 40 to amplify the attR junction, and NB38 and 39 to amplify the
attP site (Table 5.1). A master mix of 0.5 uL Phusion HiFi polymerase (Thermo-
Scientific, Pittsburgh, PA), 1 uL ANTPs (10mM), 10 pL 5x Phusion GC buffer, 2.5
pL forward primer (10uM), 2.5 uL reverse primer (10 uM), 1 ul template DNA,
3 pL 1,2-propanediol, and 29.5 puL. H20 was used. PCR cycling conditions were:
initial denaturation at 95°C for 3:00, then 35 cycles of denaturation at 98°C for

0:20, primer annealing at 71°C for 0:15, and extension at 72°C for 0:30, followed



113

by storing the samples at 4°C prior to agarose gel electrophoresis.



5.5 Tables and Figures
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Primer  Sequence Position T,
NB0037 AGCCCAAGCCGTTCTTCTG attL 5’ end (bacterial chromosome) 67

NB0038 AGGGTCTGCAACAGCTTGG  attL 3’ end (prophage chromosome)  65.9
NB0039 ATCCGCTGCTCGGGTTGATG attR 5’ end (prophage chromosome) 71.9
NB0040 AACGCCTGGGACCGTTTCTC attR 3’ end (bacterial chromosome)  69.8

Table 5.1: Primers used for PCR amplification across phage integration junctions.

Figure 5.1: Micrograph of Cyanobium sp. LC18. A 200x magnification brightfield micrograph of Cyanobium
sp. LC18
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Figure 5.2: Phylogenomic tree of the Cyanobium sp. LC18 genome and 24 other Cyanobium and Synechococcus
genomes. 514 amino acid sequences for orthologs shared between all 25 genomes in the analysis were concatenated
and aligned to propose the evolutionary relationship between Cyanobium sp. LC18 and other picocyanobacteria.
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Cyanobium sp. LC18
3 days P.l. C-CRS01

B

Figure 5.3: Evidence of the novel cyanobacterial phage C-CRS01 infecting Cyanobium sp. LC18. A) Plaques
less than 1mm in diameter forming on a lawn of Cyanobium sp. LC18 in a BG-11 top-agar plate. B) Pulsed-field
gel electrophoresis of DNA extracted from two different plaques shows a phage genome size of approximately
60 kbp. C) 45,000x magnification transmission electron micrographs reveal that the phage is a member of the
Siphoviridae, with a flexible, non-contractile tail and prolate icosahedral capsid. D) Comparison of a liquid lysate
of Cyanobium sp. LC18 and an uninfected culture 3 days after infection.
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Figure 5.5: Integration of C-CRS01 genome into the host Cyanobium sp. LC18 genome. A) Contig 28 from the
assembly of a putative Cyanobium sp. LC18 lysogen indicates that the C-CRS01 genome does indeed integrate into
the host genome (to scale). B) PCR verification of the prophage junctions in the Cyanobium sp. LC18 lysogen:
lanes 1 and 2 are amplifications of the attL and attR junctions (respectively) from a non-lysogenic Cyanobium
sp. LC18 strain, showing no detection of either junction, lanes 3 and 4 are amplifications of the attL and attR
junctions (respectively) from a Cyanobium sp. LC18 lysogen, showing detection of both junctions as expected,
lane 5 shows amplification of the attP junction in C-CRS01 genomic DNA (no bacterial DNA) C) Diagram (not
to scale) showing the site of integration for C-CRS01 in Cyanobium sp. LC18. C-CRS01 integrates into a putative
DNA binding protein with a helix-turn-helix domain. The amino acid and DNA sequence beginning from the attB
region of the putative protein to the C-terminus of the protein is shown. D) After integration, C-CRS01 fuses the
disrupted protein at the attL site with a homologous amino acid sequence encoded in its genome that includes an
8-amino-acid addition at the C terminus: AAAADDPA. The sequence of the fusion protein formed is shown at
the bottom.
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Chapter 6 Conclusion

This body of work expands the number of freshwater cyanobacterial genomes and
cyanobacterial phage genomes available in the public databases, contributing to
a firm foundation for future metagenomics studies in freshwater habitats. Three
novel Nostocales genomes, Anabaena sp. WA102, Aphanizomenon sp. WA102,
and Anabaena sp. AL93, provide insight into genome evolution, variation in the
anatoxin-a biosynthesis gene cluster, and variation in core metabolic pathways
among the Nostocales. Large-scale genome rearrangement was observed between
closely related Anabaena sp. WA102 and Anabaena sp. 90, indicating that An-
abaena genome rearrangement may have a role in adaptation to changing condi-
tions. Finishing additional closely related Anabaena genomes will allow recom-
bination, point mutation, and gene gain/loss rates to be quantified. Comparing
the anatoxin-a biosynthesis gene cluster in closely related Anabaena sp. WA102
and Anabaena sp. AL93 highlighted a triplication of the anaB promoter region in
Anabaena sp. WA102. This - likely unstable - triplication is hypothesized to be
under selective pressure and increase expression of the putative anaBCD operon
in Anabaena sp. WA102. Testing this hypothesis by comparing anaBCD tran-
scription and anatoxin-a production levels in Anabaena sp. WA102 and Anabaena
sp. AL93 is a promising future research direction. Interestingly, although An-

abaena sp. WA102 and Aphanizomenon sp. WA102 share the same habitat and
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high sequence similarity (88.7% gANI), they swap dominance in Anderson Lake
at two different time points. Comparing the core metabolic pathways encoded
in their genomes shows that they have major differences in light response strate-
gies and sulfur metabolism pathways. Anabaena sp. WA102 is capable of sens-
ing and responding to changes in red light levels via the ¢phl /repl phytochrome
two-component system and is capable of positive phototaxis because of encoding
the entire piz operon, whereas Aphanizomenon sp. WA102 encodes neither sys-
tem. Additionally, Anabaena sp. WA102 is capable of assimilating organic sulfur,
whereas Aphanizomenon sp. WA102 is not. Both of these predicted differences
in core metabolism may be clues to how Anabaena sp. WA102 outcompetes other
similar Nostocales to dominate Anderson Lake during the warm summer months.
A more complete time series detailing Nostocales population dynamics in Ander-
son Lake alongside environmental parameters such as temperature, light levels,
day length, and nutrient levels would provide a framework for understanding how
these two species compete in their natural environment.

The utility of long-read sequencing for finishing high-quality cyanobacterial
genomes is demonstrated by finishing the Anabaena sp. WA102 reference genome.
This is especially important for cyanobacterial genomes, which are refractory to
assembly from short-read sequencing data. Questions about recombination and
horizontal gene transfer are easiest to address with finished genomes, and since
the most common mode of bacterial evolution is recombination rather than point
mutation [102], these questions are paramount for understanding how bacteria

evolve. Bacteria such as Anabaena that undergo dramatic boom/bust bloom cycles
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may be highly recombinogenic during blooms due to an increase in the number of
opportunities for horizontal transfer and recombination of homologous sequences
between individuals in the large population of bloom bacteria [143]. Finishing
more Anabaena genomes would allow for measuring the rate of recombination
and determining the frequency of recombination versus mutation events, which
would indicate how recombinogenic this genus is relative to other bacterial genera.
The biosynthetic gene clusters responsible for secondary metabolite synthesis, such
as anatoxin-a, are modular and hypothesized to be horizontally transferred and
recombine with each other to generate novel metabolites [91]. This is the first
complete genome sequence of an anatoxin-a-producing cyanobacterium, placing
the anatoxin-a biosynthetic gene cluster in context with the rest of the Anabaena
sp. WA102 genome. If more genomes from anatoxin-a-producing strains can be
finished, then the relative position of the anatoxin-a biosynthesis gene clusters in
each finished genome can been compared between strains for signs of wholesale
horizontal gene transfer of the gene cluster and synteny within the gene clusters
can be compared for signs of horizontal gene transfer.

Sequencing technology, sampling strategies, and computational tools have re-
cently been developed that enable high-quality bacterial population genomes to be
extracted from assemblies of deep shotgun metagenomes [164, 134, 1]. By extract-
ing the population genome of Anabaena sp. WA102 from the 2012 Anderson Lake
metagenome, we were able to compare it to our cultured Anabaena sp. WA102
isolate. Extracting the sequencing reads that mapped to the population genome

and then mapping them to the finished Anabaena sp. WA102 isolate genome re-
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vealed that the Anabaena sp. WA102 population genome from the metagenome
was nearly complete, only lacking 0.11% (6,199 nt) of the full genome, and nearly
clonal, with 36 polymorphisms (representing a total difference of 107 nt) detected
from reads at an average read coverage depth of 399. With the major caveat that
reads from the Anabaena sp. WA102 population genome did not map to 6,199 nt of
the finished Anabaena sp. WA102 isolate genome, there were very few differences
between the Anabaena sp. WA102 isolate and the Anabaena sp. WA102 popula-
tion genome. The near clonality of the Anabaena sp. WA102 population genome
might mean that the 2012 Anderson Lake bloom began from a severe genetic bot-
tleneck, with one or a few closely related strains responsible for seeding the bloom.
There may be interesting implications for the evolution of Anabaena sp. WA102
if it annually undergoes a population bottleneck. Annually sequencing the bloom
strain in Anderson Lake may reveal interesting patterns of evolution related to
this potential cyclic evolutionary force. Synthesizing results from the 3rd and 4th
chapters, it may be possible to sequence the finished genome of the bloom strain di-
rectly from a carefully prepared lake sample using long-read sequencing technology
since the bloom strain is the most abundant bacterium and relatively clonal. Fur-
ther, the near clonality of the Anabaena sp. WA102 population genome supports
the hypothesis that some freshwater cyanobacterial blooms may be susceptible to
rapid termination by bacteriophage infection in a kill-the-winner event. This hy-
pothesis needs to be tested by either isolating candidate phages on Anabaena sp.
WA102 and tracking both phage and host populations over time with quantita-

tive molecular methods such as qPCR or with culture-independent metagenomic
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methods that can track relative abundances of both phage and host.

Finally, a new temperate cyanobacterial phage and freshwater Cyanobium host
system has been established. Cyanobium sp. LC18 is a newly isolated species of
freshwater picocyanobacteria with a high-quality draft genome. Although this is
only one genome, it is an important contribution, considering that there are only
11 freshwater picocyanobacterial genomes of 183 total picocyanobacterial genomes
deposited in Genbank and only 3 Cyanobium genomes (as of February 2016). Ad-
ditional picocyanobacterial genome sequences are essential for resolving the early
cyanobacterial phylogenetic lineage and correlating the evolution of cyanobacte-
rial physiological innovations with biogeochemical events on ancient Earth [7].
The temperate cyanobacterial siphovirus C-CRS01 was isolated on Cyanobium
sp. LCI18, its genome was sequenced, and its genome was shown to integrate
into an ORF on the Cyanobium sp. LCI18 genome. As evidence mounts that
freshwater cyanobacterial blooms are susceptible to bacteriophage lysis [111, 49],
establishing cyanobacterial host/phage model systems is important for being able
to track host/phage population quantities and dynamics in freshwater lakes. The
Cyanobium sp. LC18/C-CRS01 system offers specific DNA sequences that can be
tracked with qPCR to quantify their population dynamics during bloom lifecycles
in Upper Klamath Lake.

This body of work includes multiple incremental advances that will help to move
the field of limnology forward, particularly as focus shifts to the biotic drivers
of bloom emergence and collapse and methodology relies more heavily on high-

throughput -omics methods.
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Chapter 7 Contributions from authors

7.1 Chapter 3: Structural and Functional Analysis of the Closed

Genome of the Recently Isolated Toxic Anabaena sp. WA102

Nathan M. Brown and Theo W. Dreher conceived and designed the experimen-
tal plan, with input from F. Joan Hardy and Ryan S. Mueller, and wrote the
manuscript with input from other authors. Nathan M. Brown conducted most
of the experiments. Ryan S. Mueller provided bioinformatic advice and analysis.
Jonathan W. Shepardson assisted with experiments. Zachary C. Landry conducted
the phylogenomic analysis; Claudia S. Maier and Jeffrey T. Morré conducted the

mass spectrometry analysis.

7.2 Chapter 4: Identification of the major anatoxin-a producing
cyanobacterium in Anderson Lake, its dynamics, and its distri-
bution in the Puget Sound region

Nathan M. Brown and Theo W. Dreher conceived and designed the experimen-

tal plan, with input from F. Joan Hardy and Ryan S. Mueller, and wrote the

manuscript with input from other authors. Nathan M. Brown conducted most of

the experiments. Claudia S. Maier and Souyun Ahn conducted the mass spec-
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trometry analysis.

7.3 Chapter 5: The genome of a novel freshwater picocyanobac-
terium, Cyanobium sp. LCI18, and lysogenization by of one of

its temperate phages, C-CRS01

Nathan M. Brown and Theo W. Dreher conceived and designed the experimen-
tal plan and wrote the manuscript. Nathan M. Brown conducted all experiment
and carried out most analysis. Zachary C. Landry conducted the phylogenomic

analysis. Jeff H. Chang sequenced and assembled the C-CRS01 genome.
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