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Abstract

Freshwater picocyanobacteria are an essential component of our waterbodies, fulfilling a role of
global primary producers in waters which are often limited or co-limited by nitrogen. However,
they remain relatively poorly understood, especially in comparison to their marine relatives. Also
poorly understood is the picocyanobacterial metabolism of organic sources of nitrogen. Research
has traditionally focused on inorganic sources such as ammonium or nitrate, however it is becoming
increasingly evident that organic nitrogen is bioavailable and an integral component of the freshwater
nitrogen pool. In this thesis, we sequence five strains of freshwater picocyanobacteria and compare their
encoding capabilities to a common Synechococcus model cyanobacterium (Synechococcus elongatus). We
increased the representation of freshwater picocyanobacteria, and found reduced encoding of nitrite-
associated assimilation genes in picocyanobacteria. Further differences in encoded antennae proteins
highlight the differences between freshwater picocyanobacteria (Synechococcus spp. of the Syn/Pro
clade) and Synechococcus elongatus, highlighting the need for a ’true’ freshwater picocyanobacterium
model organism. Utilising comparative genomic analyses we investigated the nitrogen assimilation
capabilities of freshwater picocyanobacteria, comparing these to picocyanobacteria of different habitats
in addition to larger freshwater cyanobacteria. The diversity displayed among nitrogen assimilation
capabilities reveals the evolutionary history of the picocyanobacteria, showcasing the environments
in which these organisms evolved. These analyses revealed significant variation in the encoded amino
acid transporters between freshwater picocyanobacteria and larger freshwater cyanobacteria. With
different amino acid transporters having different amino acid preferences and uptake rates, this may
have implications for amino acid bioavailability. Other sources of potentially differentially bioavailable
nitrogen include novel organic forms, such as chitin and glyphosate. Finally, we conduct a growth assay
to determine the assimilation capabilities of amino acids as an organic nitrogen source, and explore
the proteomic response to growth on selected amino acids using quantitative proteomic analysis. The
growth assay revealed widespread amino acid assimilation as a sole nitrogen source for freshwater
picocyanobacteria, enabling a wide N pool which may contribute to their limnetic dominance. However,
proteomic analysis revealed a subtle stress response in freshwater picocyanobacteria when grown on
selected amino acids, potentially due to the accumulation of metabolites. Together, the work increases
our understanding of the nitrogen assimilation capabilities of freshwater picocyanobacteria, with a
focus on organic sources of nitrogen.






COVID Statement

The COVID pandemic, amid lockdowns and travel uncertainty, impacted this thesis. This was most
keenly felt in the absence of field-work and mesocosm-based experiments. Prior to the COVID lock-
downs, preparation and planning was underway to carry out fieldwork in the Lake District to investigate
associations between DON composition and the microbial community. In addition, discussions were
underway with the CEH Aquatic Mesocosm Facility to carry out amino acid-spiking investigations.
However, the restrictions implemented due to COVID, caused by continual and unpredictable lock-
downs, necessitated a change in thesis direction towards carrying out lab experiments in the Life
Sciences Building at the University of Bristol, which reduced the risk of work interruption. Furthermore,
the delays caused by COVID and associated loss of time reduced my capability to cope with equip-
ment delays and failure. I received a grant from the National Environmental Isotope Facility to carry
out work investigating the uptake and incorporation of 1*C,'>N-labelled amino acids in freshwater
picocyanobacteria, however extended equipment failure and my approaching thesis deadline meant
that the processed samples were not able to be analysed.

iii






Dedication and acknowledgements

This thesis is dedicated to my nephew, Ezra Phillips. Although it will be many years before you know
the meaning of half the words in here, I hope it encourages you to follow your interests, have a love
for the natural world, and to hang on in there when things get tough.

My supervisors have supported me throughout this experience. Thank you Patricia for all the guidance
and encouragement, for never letting me forget to look up from the details and see the bigger picture.
You always gave me confidence in my abilities and this would not have happened without your
mentorship. Likewise, thank you Stephen for the advice and ecological expertise you were always so
happy to share. Id also like to thank Penny for your enthusiasm in the project and inspiration for its
direction. The Sanchez-Baracaldo lab has been star-studded during my time here. Thank you Giorgio
and Jo for showing me that this was possible, and for all the help along the way.

A huge thank you goes to Annie. You came into my life and changed it forever. You always kept me
sane when times got hard and reminded me to enjoy the small things, all the while being a consistent
companion in the hills throughout the years. The same applies to Rebecca. Thank you for putting up
with me throughout all this and for always putting a smile on my face, whether wanted or not. I can’t
express sufficiently how grateful I am for you. Another huge thank you goes to Vicki. We’ve been
on this journey together from the start and I wouldn’t have made it past the first year without our
hours and hours of chats (and our shared email writing sessions). Of course none of this would have
been possible without the support of my family. Thank you Mum, Dad, and Sara for supporting me so
much. Your pride is obvious every time I visit, most evident by the fact that phytoplankton has become
part of your lexicon. I'm sure Grandmas Lily and Audrey, and Grandpas Len and Stanley, would be
delighted to know that there’s another Doctor in the family.

Finally, I would like to thank all my friends who have lent an ear, a distraction, or a supporting shoulder
throughout this period. I extend much thanks to my friends in Browns, especially Emily, Saskia, Ben,
and Isolde. Also my climbing friends - Toby, Sam, Katie, and Zoonii; you helped make this activity a
great outlet for a bad day. Lastly, I would like to thank the friends who have been with me through
thick and thin, and no matter the distance remain true confidants. Michael Carr and Jonathan (Bonno)
Abrahams, for listening to me moan for five years straight; Ziyin Wang, for being my de-facto therapist;
and Jonathan Simmons and Sam Specterman, for all our gaming evenings.

A PhD can never be a solo endeavour; I'm glad you were around to help me through.






Author’s declaration

I declare that the work in this dissertation was carried out in accordance with the re-
quirements of the University’s Regulations and Code of Practice for Research Degree
Programmes and that it has not been submitted for any other academic award. Except
where indicated by specific reference in the text, the work is the candidate’s own work.
Work done in collaboration with, or with the assistance of, others, is indicated as such.
Any views expressed in the dissertation are those of the author.

vii






Table of Contents

Abstract

COVID Statement

Dedication and acknowledgements

Author’s declaration

Table of Contents

List of Tables
List of Figures
Abbreviations

1 Freshwater Picocyanobacteria and Their Nitrogen Diet

1.1  Contributions and Acknowledgements . . . . . ... ... ... .. ..........

1.2 Introduction . . . . . . . . . . . e

1.3  The Ecological Significance of Picocyanobacteria . . . . . . . ... ... ... .....

1.3.1
1.3.2
1.3.3

Picocyanobacteria and Trophic State . . . . .. ... ... ... ... .....
Picocyanobacteria and Water Quality . . . . . . ... ... ... ...,

Picocyanobacteria and Global Processes . . . . .. ... ... ... ......

1.4 Freshwater Picocyanobacteria vs. Marine Picocyanobacteria . . . . . ... ... ...

1.4.1
1.4.2
1.4.3

Picocyanobacteria Phylogenetics . . . . ... ... ... .. ... ... ... .
Representation of Freshwater Picocyanobacteria . . . . . . ... ... ....

Sequenced Picocyanobacteria Genomes . . . . ... ... ... ...

1.5 The Diversity of Nitrogen . . . . . . . . . .. ... .. ... . L

1.5.1
1.5.2
1.5.3
1.5.4

The Importance of Nitrogen . . . . . . . ... ... ... ... .. .......
Diversity of Nitrogen Forms in the Environment . . . . . ... ... ... ..
Energetics of Nitrogen Assimilation . . . ... ... ... ... ........

Nitrogen Forms and the Phytoplankton Community . .. ... ... .. ...

ix

iii

vii

ix

xiii

XV

xvii

O NN N NN e

11



TABLE OF CONTENTS

3

1.6 Molecular Basis of Cyanobacterial Nitrogen Assimilation . . . . ... ... ... ...
1.6.1  Regulation of Nitrogen Assimilation . . .. ... ... ... ..........
1.6.2  Ammonium/Ammonia Assimilation . . .. ... ... .. L0 L
1.6.3  Nitrate/Nitrite Uptake . . . . . . . . . ... ... .. ... ... .
1.6.4 Nitrogen Fixation . . . . . . . . . ... . ..
1.6.5 Urea Assimilation . . . . . . ... ... . L L L L
1.6.6 Amino AcidUptake . . . . . . . . .. ...
1.7 Molecular Basis of Cyanobacterial Amino Acid Metabolism . . . . .. ... ... ...
1.7.1  Glutamate, Glutamine, Proline, and Arginine Metabolism . .. ... ... ..
1.7.2  Aspartate, Asparagine, Lysine, Threonine, and Methionine Metabolism . . . .
1.7.3  Isoleucine, Valine, and Leucine Metabolism . . . ... ... .. ... .....
1.7.4  Aromatic AA (Tyrosine, Phenylalanine, and Tryptophan) Metabolism . . . . .
1.7.5  Glycine, Serine, Cysteine, and Alanine Metabolism . . . ... ... ... ...
1.7.6  Histidine Metabolism . . . . . . .. .. ... .. ... .. .
1.8 Summary . . . . ..
1.9 Objectives . . . . . . . o o e

Draft Genome Sequences of Five Freshwater Syn/Pro Clade Picocyanobacteria
2.1 Contributions and Acknowledgements . . . ... ... ... ... ... ... .. ...
2.2 Introduction . . . . . . . ...
23 Methodology . . . . . . .
2.3.1  Culture Collection and Maintenance . . .. . ... ... ... .........
23.2 Genome Extraction . . . . . .. .. ... Lo o
2.33 DNA Sequencing and Genome Assembly . . . . . . ... ... ... .. ....
234 Comparative GEnomics . . . . . . . . . .. ... e
2.3.5  Phylogenomic Analysis . . ... ... ... ..
24 Resultsand Discussion . . .. .. ... .. ... ... L
241 Genome Statistics . . . . . . ... o
24.2 Phylogenomic Analysis . . .. ... ... ... ... ... ...
243 Comparative Genomics . . . . . . . . . ... Lo
25 Conclusions . . . ... ...
2.6 Limitations . . . . . . . ..

2.7 Future Directions . . . . . . . . . . . . e

Nitrogen Assimilation in Cyanobacteria Varies with Habitat and Cell Morphology
3.1 Contributions and Acknowledgements . . . ... ... ... ... ... .. .. ...
3.2 Introduction . . . . . . . ...
3.3 Methodology . . . . . . .

3.3.1 Taxa Selection and Genome Datasets . . . . . . . . . . .. ... ... .....

37
37
38
41
41
41
41
42
42
43
43
44
45
55
56
57



TABLE OF CONTENTS

3.3.2  Nitrogen Assimilation Gene Identification . . . . . ... ... . ... ... .. 64
3.3.3 Comparative Genomic Analyses. . . . . . . . ... ... .. ... 65
3.3.4 Phylogenomic Analysis . . ... ... ... . ... 65
34 Results . . ... . e 66
3.4.1 Phylogenomic Analyses . . . . . . ... ... 66
3.4.2  Cyanobacteria Utilise Inorganic Forms of Nitrogen Through Different Machinery 67
3.43  Amino Acid Transporter Distribution Differs Significantly Among Cyanobacteria 69
3.44 Picocyanobacteria Encode Pathways to Assimilate Known and Novel Organic
Forms of Nitrogen . . . . . ... ... . ... .. . ... 74
3.4.5 Nitrogen Regulation and Nitrogen Metabolism . . .. ... ... ... ... .. 75
3.5 Discussion . . .. ... 76
3.5.1 Differential Nitrogen Assimilation Capabilities and Their Ecological Implications 77
3.5.2 Phylogenetic Affinity Largely Determines Nitrogen Assimilation Capabilities 84
3.6 Conclusions . . . . . .. ... 85
3.7 Limitations . . . . . . . ... 86
3.8 Future Directions . . . . . . . .. ... 87
The Picocyanobacterial Response to Growth on Amino Acids 89
41 Contributions and Acknowledgements . . . ... ... ... ... ... ... .. ... 89
4.2 Introduction . . . . . . . . . .. 89
43 Methodology . . . . . . . . 92
43.1 Generation of Axenic Cultures . . . . .. ... ... ... ... ... ... 92
43.2 Growth Rate Measurements . . . . . ... ... ... ... .......... 94
4.3.3  Protein Extraction and Quantitative Proteomics . . . . . . . . ... ... ... 95
44 Results . . . .. 99
441 Most Amino Acids are Bioavailable with Limited Differences in Maximum
Specific GrowthRate . . . . . . . ... ... .. ... 99
4.4.2  'The Duration of Lag Phase Varies Significantly Between Picocyanobacteria
Strains and Nitrogen Concentration . . .. ... .. .. ... ......... 103
4.4.3  Proteomic Response to Growth on Amino Acids . . . . . . . ... ... .... 106
45 DIscussion . . . . ... e e 115
4.5.1 'The Diversity of Bioavailable Amino Acids . . . . . .. ... ... .. ..... 117
4.5.2 Differential Proteomic Response Between Amino Acid Nitrogen-Substrates . 121
4.6 Conclusions . . . . . ... ... 124
47 Limitations . . . . . . . . ... e 126
4.8 TFuture Directions . . . . . . . . .. ... 128
Conclusions 129
5.1 Contributions and Acknowledgements . . . ... ... ... ... ... ...... 129

xi



TABLE OF CONTENTS

52 Summary . . ..o 129

5.3 Implications . . . . . . . . . .. 133

5.4 Critical Analysis and Future Directions . . . . . .. .. ... ... ... ... ..... 134
54.1 The Dominance of Picocyanobacteria . . . . . . ... ... ... ... ..... 134

5.4.2  The Complete Role of Dissolved Organic Nitrogen . . . ... .. ... .... 136

5.4.3 Limitations and Knowledge Gaps . . . . . . ... ... ... .. ........ 137

55 FinalRemarks . . . . . . .. .. L 138

A Supplementary Figures 141
B Supplementary Tables 161
C Supplementary Text 349
C.1 Attempts to Produce an Axenic Culture . . . . . .. .. ... .. .. ... ... 349
C.1.1 Useof Antibiotics . . . . . . . . . ... L 349

C.1.2  Serial Dilution and Solid-Liquid Alternate Incubation . . . . . . .. ... ... 350
Bibliography 351

Xii



List of Tables

1.1

1.2

2.1

2.2

23

31

4.1

4.2

4.3

44

4.5

4.6

4.7

Amino acids as a sole nitrogen source in cyanobacteria . . . . . ... ... ... ...

Components of cyanobacteria ABC-type amino acid transporters . . . .. ... ... ..

Genomic features of the sequenced freshwater picocyanobacteria . . . . ... ... ...

Number of eggNOG classifications of proteins encoded by the five sequenced sub-cluster

5.2 Synechococcus genomes and five selected Synechococcus elongatus strains . . . . . . .

Genes encoding photosynthesis machinery and antennae proteins found in the five se-
quenced sub-cluster 5.2 Synechococcus genomes and five selected Synechococcus elongatus

SErainS . . . . . . . e e e s

Statistical significance of differential enrichment of amino acid transporters between F-Pcy
and SE-Cy, T-Pcy, M-Pcy,and LF-Cy . . . . . . . . .. . ... ... ... ... ...

Substrates utilised as sole nitrogen sources . . . . ... ... L Lo Lo

Summary of growth characteristics for Synechococcus sp. CCY9618 supplemented with

nitrogen substrates at high concentration (250 mg NLY) . .. .. .. ... ... .. ...

Summary of growth characteristics for Synechococcus sp. CCY9618 supplemented with

nitrogen substrates at low concentration (1mgNL?Y) . . ... ... .. ..........

Summary of growth characteristics for Synechococcus sp. CCAP1479/10 supplemented

with nitrogen substrates at high concentration (250 mg NL™?) . .. ... ... ... ...

Summary of growth characteristics for Synechococcus sp. CCAP1479/10 supplemented

with nitrogen substrates at low concentration (1 mgNL?) ... ... ...........
Comparisons of amino acid nitrogen-substrate DEPs . . . . . . ... ... ... ......

Amino acid-grown Synechococcus sp. CCAP1479/10 up-regulated DEPs associated with

nitrogen assimilation and amino acid biosynthesis compared to nitrate . . . .. ... ..

xiii



LIST OF TABLES

4.8 Amino acid-grown Synechococcus sp. CCAP1479/10 up-regulated DEPs associated with

non-nitrogen transporters compared to nitrate

4.9  Selected DEPs in Synechococcus sp. CCAP1479/10 grown on amino acid nitrogen-substrate
compared to nitrate

Xiv



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

2.1

2.2

2.3

3.1

3.2

3.3

4.1

4.2

4.3

Locations of recorded picocyanobacteria blooms . . . . . .. ... ... .. ... ... ..
The evolutionary relationships of Cyanobacteria . . . . . .. ... ... ... .......
The evolutionary relationships of picocyanobacteria . . . . . .. .. ... ... ... ...
Availability of freshwater picocyanobacteria vs. marine picocyanobacteria genomes . . .
The assimilation of nitrogen in cyanobacteria . . . . . . ... ... ... ... ... ..
Intracellular regulation of the global nitrogen regulator NtcA . . . . . ... ... ... ..

Biosynthesis pathways of the 20 proteinogenic amino acids in cyanobacteria . . . . . . .

GC content and genome size of cyanobacteria characterised into habitat and phylogeny .

Maximum likelihood phylogeny showing the relationship of newly sequenced strains
within the Syn/Proclade . . . . . . . . . ... ..

Gene neighbourhood of the narB-nrtABCD-nirA operon for nitrate assimilation . . . . .

Phylogeny of picocyanobacteria . . . . . . ... ...

Prevalence of genes encoding transporters and metabolic enzymes involved in assimilation

of cyanobacterial nitrogen sources . . . . . . ... Lo Lo e

Amino acid transporters and their prevalence in cyanobacteria . . . . . . ... ... ...

Workflow of TMT-based quantitative proteomics to investigate the picocyanobacteria

response to growth on selected aminoacids . . . . . . ... ... L.

Growth curves of Synechococcus sp. CCY9618 and Synechococcus sp. CCAP1479/10 culti-

vated under different nitrogen substrates . . . . .. ... ..o Lo oL

Functional annotation of Synechococcus sp. CCAP1479/10 DEPs when grown on various

amino acids compared to nitrate and nitrogen-starvation . . . ... ... ... ... ...

XV

10

12

18

20

28



LIST OF FIGURES

4.4 Area-proportional Euler diagrams for amino acid nitrogen-substrate DEP overlaps com-

4.5

paredtonitrate . . . . . ... 109

KEGG pathway enrichment analysis of growth on amino acid nitrogen-substrate v. nitrate 111

xvi



Abbreviations

2-0G. . 2-oxoglutarate

AP . Allophycocyanin

AA Amino Acid

AAT . Amino Acid Transporter

ABC . ATP-Binding Cassette

AGC. Automatic Gain Control
G Carbon

DCAA . Dissolved Combined Amino Acid
DEP . Differentially Expressed Protein
DEAA Dissolved Free Amino Acid

DIN . Dissolved Inorganic Nitrogen
DON. Dissolved Organic Nitrogen
FACS . Fluorescent-Activated Cell Sorting
F-Pcy. Freshwater Picocyanobacteria
GOGAT. ... Glutamate Synthase

GS .. Glutamine Synthetase

HMW High Molecular Weight

LE-Cy oo Larger Freshwater Cyanobacteria
LMW Low Molecular Weight

M-Pey .o Marine Picocyanobacteria

N o Nitrogen

NHs . o e Ammonia

NHy . o Ammonium

NO3 . Nitrate

NO o e Nitrite
P Phosphorus

PBS . Phycobilisome

PC . . Phycocyanin

PE .. Phycoerythrin

xvii



ABBREVIATIONS

OD . Optical Density

SB . Solvent B

SCO Single-Copy Ortholog

SE-Cy .t Synechococcus elongatus Strains
T-PCY -t Thermal Picocyanobacteria
TDAA. .. Total Dissolved Amino Acids
TMT o Tandem Mass Tag

xviii



Chapter 1

Freshwater Picocyanobacteria and Their

Nitrogen Diet

1.1 Contributions and Acknowledgements

This chapter was written with feedback from Patricia Sanchez-Baracaldo and Stephen Maberly.

1.2 Introduction

Picocyanobacteria comprise the smallest morphological genera of Cyanobacteria and are the most glob-
ally abundant photosynthetic organisms [1]. They are the dominating primary producer in marine and
freshwater oligotrophic environments [2-4], while also abundant in more productive waters [5]. Nitro-
gen (N) can be a limiting or co-limiting nutrient in these environments [6]; as such the concentration
and speciation of N is of great interest to understand the proliferation of picocyanobacteria [7-9]. The
impact of traditional forms of N (such as nitrate (NO3~) and ammonium (NH,4*)) on picocyanobacteria
has been extensively studied, though ecological and genomic research has often focused on marine
systems [10, 11]. In contrast, the extent of bioavailable N speciation and assimilatory mechanisms in
their freshwater relatives is less understood, with a growing awareness of the bioavailability of organic
N sources further complicating our understanding of how freshwater picocyanobacteria respond to

their nutrient pool [12-14].



CHAPTER 1. FRESHWATER PICOCYANOBACTERIA AND THEIR NITROGEN DIET

This thesis aims to increase our knowledge of the N assimilation capabilities of freshwater pico-
cyanobacteria with a focus on organic sources of N. A foundation for these investigations is provided
by this first chapter, introducing picocyanobacteria and their ecological importance in marine and
fresh waters, the current understanding of N assimilation capabilities, and a broad overview of amino

acid (AA) biosynthesis and degradation pathways in cyanobacteria.

1.3 The Ecological Significance of Picocyanobacteria

Picocyanobacteria are coccoid or bacillus-shaped organisms of the phylum Cyanobacteria found
commonly as single cells [15]. Phenotypically characterised by a very small cell size ranging from
0.2 to 2 um, picocyanobacteria constitute the smallest group of the Cyanobacteria yet have a large
impact on global aquatic ecosystems [16]. They are able to thrive in a wide range of habitats, from the
ice-covered lakes of the High Arctic [17] to the marine tropics [18], abundant in highly eutrophic [19]
and oligotrophic lakes [20], and found in riverine systems [21]. As autotrophic primary producers,
picocyanobacteria provide fixed carbon (C) to their ecosystem via photosynthesis, with significant
picocyanobacterial contributions to total C common in non-eutrophic environments. In oligotrophic
Lake Baikal, 81% of C fixation is carried out by picoplankton [22], while picocyanobacteria account for
up to 54% of total photosynthesis in Canadian pre-Alpine lakes [23]. Changes in the picocyanobacteria
biomass at the base of the food chain can have a cascading impact on organisms which are magnitudes
larger. With fixed C transferred from the picocyanobacteria primary producers up multiple trophic
levels, alterations in picocyanobacterial abundance and community structure can result in ecosystem
shifts [24, 25]. The focus of this thesis is freshwater picocyanobacteria, however selected information
about marine picocyanobacteria is included in this introduction to provide a comparison between

picocyanobacteria from the two environments.

1.3.1 Picocyanobacteria and Trophic State

The trophic state of an aquatic habitat will greatly influence its picocyanobacterial population [4, 26].
Though picocyanobacteria are widely prevalent in both freshwater and marine environments, the

biomass of picocyanobacteria relative to the total phytoplankton biomass can vary, as can the pico-
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cyanobacteria community structure [27, 28]. In marine systems, a productivity gradient from the polar
regions to the oligotrophic tropics reveals variations in dominant picocyanobacteria. Prochlorococcus
numerically dominates offshore tropical environments, with their distribution largely limited to be-
tween latitudes 45°N and 40°S [29]. Heavily-streamlined genomes and a very small size (Prochlorococcus
spp. are the smallest known non-symbiotic photoautotroph) contribute to this niche success, minimis-
ing resource requirements in these oligotrophic environments and maximising nutrient exchange and
diffusion rate [30, 31]. As marine waters become gradually more productive, in temperate regions and
around coastlines [32], Prochlorococcus abundance decreases and is replaced by Synechococcus, able
to out-compete Prochlorococcus away from ultra-oligotrophic environments [31]. In contrast, among
freshwater environments (where research has typically focused on temperate lakes), Synechococcus is
the primary genus of picocyanobacteria, with Cyanobium and Vulcanococcus spp. also present to a
lesser extent (Prochlorococcus is absent) [15, 33, 34]. In these environments, Synechococcus dominates
the picocyanobacteria fraction, yet the relative proportion of picocyanobacteria compared to larger
phytoplankton can alter considerably and is largely influenced by the trophic state. Nutrient limitation
in oligotrophic lakes favour picocyanobacteria over larger phytoplankton species, with similar patterns
also displayed in mesotrophic lakes, resulting in Synechococcus comprising the bulk of biomass in
these environments [35-38]. This success in oligotrophic environments is commonly associated with
the small size of picocyanobacteria, their high surface area to volume ratio supporting faster uptake
of limited nutrients [39], hence enabling them to out-compete larger phytoplankton. This trait also
results in picocyanobacterial sensitivity to small nutrient changes in their environment, facilitating

early indications of nutrient enrichment [35].

As freshwater systems become more eutrophic, competition for nutrients is reduced and larger phy-
toplankton begin to grow in abundance relative to the picocyanobacteria [40]. This ecological shift
in phytoplankton community is affected by the depth of the water body. In most eutrophic lakes,
the contribution of picocyanobacteria to overall lake biomass does not exceed 10% due to increased
abundance of larger phytoplankton groups such as diatoms, dinoflagellates, and larger cyanobacteria
[4, 41]. In these habitats, the proportion of picocyanobacterial biomass to overall primary production
is diminished, however their actual contribution as primary producers to higher trophic levels may

remain considerable. This is dependent on the community structure of the eutrophic-dominating phy-



CHAPTER 1. FRESHWATER PICOCYANOBACTERIA AND THEIR NITROGEN DIET

toplankton. Some of these groups, such as filamentous cyanobacteria and colonial diatoms, are inedible,
leading to a zooplanktonic shift to smaller species (i.e. rotifers) which feed on smaller picoplankton
(including picocyanobacteria) [42]. Lake morphology also impacts picocyanobacterial dominance in
eutrophic waters. Though picocyanobacterial contribution to total biomass is generally reduced in
eutrophic environments, shallow eutrophic lakes can maintain a large picocyanobacterial influence,

especially from Spring to Autumn [43, 44].

Picocyanobacterial abundance in varying freshwater environments, from shallow eutrophic to deep
oligotrophic, provides evidence of proliferation supported by differential adaptation of photosynthesis-
associated molecular mechanisms. As photoautotrophs, picocyanobacterial growth is dependent on
the absorption of light energy by photosynthetic pigments and their subsequent excitation; electrons
are transferred to photosynthetic reaction centres and ultimately, in the form of ATP and NADPH,
towards the Calvin cycle producing glucose and other metabolic intermediates [45]. However, pigments
do not universally absorb light, instead absorbing a range of specific wavelengths across the visible
(and occasionally far-red [46]) light spectrum [47]. As a result, the composition of photosynthetic
pigments in an organism dictates the distribution of photosynthetically-active radiation, which in turn
partly determines organism abundance. This is seen in picocyanobacteria among their light capturing
antennae of phycobilisomes (PBSs) composed of up to three pigments, a central core of allophycocyanin
with stacked rods of phycocyanin (PC) and (if present) phycoerythrin (PE) [48]. Picocyanobacteria
populations in deep oligotrophic lakes are abundant in PE (red phycobiliprotein which absorbs visible
light at 540 - 570 nm), while populations of picocyanobacteria in eutrophic shallow lakes lack PE,
instead containing rods of PC only (able to absorb light at 610 - 630 nm) [49]. These pigment patterns
reflect the wavelengths of light most available to the picocyanobacteria in these differing environments.
The abundance of PE-rich picocyanobacteria in clear oligotrophic lakes reflects their ability to absorb
green light in deeper water layers, with light able to penetrate due to reduced biomass at the surface.
In contrast, turbid eutrophic lakes favour the dominance of PC-rich picocyanobacteria, absorbing
red light near the surface [49-51]. This feature of environmental selection pressures dictating the
necessary molecular equipment for survival is a key theme in this thesis, and is demonstrated in the

molecular machinery found in picocyanobacteria to assimilate N.
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1.3.2 Picocyanobacteria and Water Quality

An algal bloom is the rapid proliferation of algae caused by a relaxation of factors limiting growth (e.g.
N or phosphorus (P) influx) or a reduction in processes causing biomass loss (e.g. reduced water flow).
It requires nutrient levels to be adequate to support the biomass produced and thus is typically found
in productive sites, though blooms have also been recorded in oligotrophic systems [69]. These events
are regularly associated with cyanobacteria, posing risks to ecosystem health through fast population
growth. Picocyanobacteria were originally described as a non-blooming group [70], however it is now
clear that picocyanobacterial blooms are a world-wide phenomenon (Figure 1.1). Algal blooms can
degrade water quality with excessive cyanobacterial growth restricting water transparency. Reduced
light availability subsequently inhibits growth of macrophytes which in turn impacts higher trophic
levels [71]. Cyanobacteria blooms also lead to abnormally high contributions of cyanobacteria to
primary production. This can negatively impact food webs due to the low concentrations of long chain-
essential fatty acids in cyanobacteria compared to other primary producers (e.g. eukaryotic algae) [72].

This disrupts the transfer of long chain-essential fatty acids across trophic levels, negatively impacting

Figure 1.1: Locations of recorded picocyanobacteria blooms. Locations include Lake Constance
(Germany) [52], Lake Zab-szék (Hungary) [53], Gippsland Lakes (Australia) [54], Gorky Reservoir
(Russia) [55], Rosarito Reservoir (Spain) [56], Utah Lake (USA) [5], New Zealand lakes [26], Lake
Lazduny (Poland) [57], Venice Lagoon (Italy) [58], Comacchio Lagoon (Italy) [59], Pearl River Estuary
(China) [60], San Francisco Bay (USA) [28], Pensacola Bay (USA) [61], Florida Bay (USA) [62], Singapore
[63], Guantanamo Bay (Cuba) [64], Seto Inland Sea (Japan) [65], Baltic Sea [66], Black Sea [67], and
Gulf of Mexico [68]. Note that this list is not comprehensive.
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organisms of higher trophic levels reliant on essential fatty acid uptake [73]. Bloom decay is primarily
caused by physical conditions becoming unsuitable (e.g. seasonal shift, reduction of stratification,
nutrient depletion) [74]; cyanobacterial die off releases organic matter, promoting bacterial growth
which is often coupled with anoxia [75]. The decay of substantial blooms can cause intense localised

anoxia, resulting in fish death during extreme conditions [75].

Though rapid cyanobacteria population increase can directly impact the ecosystem through obstruct-
ing light and a decrease in nutritional quality, cyanotoxin accumulation is the major public health
concern. Cyanotoxins are toxic secondary metabolites produced by some cyanobacterial genera, and
are generally split into hepatotoxins, cytotoxins, and neurotoxins [76]. The most ecologically impor-
tant cyanotoxin is microcystin, a liver-targeting heptatoxin which is ubiquitously found in aquatic
environments worldwide [77, 78]. Microcystins are most commonly produced by Microcystis spp., but
production has also been detected from freshwater and marine picocyanobacteria [79-81]. Population
growth leads to an increased concentration of microcystin during algal blooms; associated toxin
ingestion mostly impacts pets and livestock due to increased exposure to active algal blooms, with
mortality rates increasing [82]. In addition to animal poisoning, human microcystin exposure through
insufficient reservoir treatment or contaminated water activities can lead to extensive organ damage,
with death recorded in isolated incidents [83]. Freshwater Synechococcus strains have also been found
to produce cylindrospermopsin (cytotoxin) and anatoxin-a (neurotoxin), highlighting risks to public
health when exposed to picocyanobacteria blooms [84]. In addition to harmful toxins, Synechococcus
can produce 2-methylisoborneol and geosmin [80, 85]. These compounds have a potent odour (akin to
mould) which negatively impacts potable water quality and necessitates their costly removal from

water sources before becoming suitable for consumer use.

1.3.3 Picocyanobacteria and Global Processes

Global physical processes can influence, and be influenced, by picocyanobacteria. Microbially-induced
calcite precipitation involves the formation of calcium carbonate crystals from solution, a vital process
in the natural calcification of aquatic environments which can result in large-scale C storage [86].
Freshwater Synechococcus spp. in oligotrophic environments can trigger this precipitation, and though

the exact mechanism is yet to be elucidated, Kosamu et al suggests that the picocyanobacterial cell wall
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provides a template for the precipitation reaction to occur [87, 88]. While picocyanobacteria impact their
environment through calcite precipitation, the environment is directly impacting picocyanobacteria
through a changing climate. Increasing global temperatures will promote picocyanobacteria growth,
with Synechococcus growth rates enhanced with increased CO; concentration and higher temperature
[89-91]. This can lead to greater incidence of picocyanobacteria blooms, threatening potable water

quality and ecosystem health, and requiring investment to mitigate cyanotoxin risks.

1.4 Freshwater Picocyanobacteria vs. Marine Picocyanobacteria

1.4.1 Picocyanobacteria Phylogenetics

Cyanobacteria are an ancient phylum, diversifying through billions of years to occupy a plenitude
of ecological niches [93]. Estimates for the divergence of Cyanobacteria from their closest relatives
(Vampirovibrionia) range from 2.54 to 3.37 billion years ago [94-96], with the earliest diverging
taxa (Gloeobacter) preserving a number of primitive characteristics (unicellular morphology and
thylakoid absence [92]). The emergence of multicellularity in filamentous forms of cyanobacteria (i.e.
Pseudanabaena and Leptolyngbya, among others) is thought to have contributed to the increase in
cyanobacterial diversification around the time of the Great Oxidation Event (2.4 billion years ago),
resulting in the widespread colonisation of aquatic and terrestrial habitats [97, 98] (1.2). The majority
of extant cyanobacteria are derived from two clades - the Macrocyanobacteria and Microcyanobacteria
(Figure 1.2) [92]. These are monophyletic clades which differentiated around the time of the Great
Oxidation Event, primarily characterised by cell diameter [99]. Macrocyanobacteria include taxa with
cell diameters > 3 pm and is a highly diverse clade containing the greatest phylogenetic diversity within
Cyanobacteria [98]. Meanwhile, Microcyanobacteria maintained smaller cell diameters (between 2 and

3 pm), with a sub-group eventually evolving very small cells and radiating into picocyanobacteria [98].

Physically, picocyanobacteria are defined as unicellular cyanobacteria with a cell diameter smaller than
2 um, comprising taxa within the Microcyanobacteria, Macrocyanobacteria, and basal clades associated
with hot springs (i.e. convergent evolution of pico-morphology at various stages of cyanobacterial
history). However, the primary lineage of picocyanobacteria form a monophyletic clade in the Micro-

cyanobacteria, termed the Syn/Pro clade [100]. This clade was first identified in 2005 and is in essence,
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1.4. FRESHWATER PICOCYANOBACTERIA VS. MARINE PICOCYANOBACTERIA

the ’true’ picocyanobacteria, exhibiting the smallest sizes. Though initially reliant on marine taxa,
subsequent sampling has improved the resolution and four sub-clusters are now evident in the Syn/Pro,
generally split between habitat (Figure 1.3). Sub-cluster 5.1 contains most marine Synechococcus spp.,
prevalent throughout the global oceans, and is further sub-divided into 20 sub-clades [101]. A sister
group to sub-cluster 5.1 contains the Prochlorococcus, the most abundantly sampled sub-cluster. This is
further divided into high-light and low-light clades (and further sub-ecotypes), specifically adapted to
light niches in the tropical ocean [102]. Freshwater picocyanobacteria are found in sub-clusters 5.2
and 5.3, though both sub-clusters contain marine picocyanobacteria as well. Sub-cluster 5.2 contains
the majority of known freshwater picocyanobacteria and has recently been significantly expanded by
widespread sampling from Cabello-Yeves et al [103]. No ecotypes or sub-clades are identified with
sub-cluster 5.2 as yet, though the increased representation now enables greater elucidation of this
sub-cluster. This also applies to sub-cluster 5.3 - previously a very small sub-cluster with minimal
representation, now expanded [103]. However, taxonomic names do not represent well-defined groups
in phylogenetic terms [104]; while the Syn/Pro clade contain the majority of picocyanobacteria, a
small number of Synechococcus are also represented among basal clades and the Macrocyanobacteria,
phylogenetically distant from the Syn/Pro clade [105-107]. These strains were isolated from hot spring
(basal) and estuarine (Macrocyanobacteria) locations in contrast to the mix of habitats of Syn/Pro

Synechococcus and may indicate a case of convergent evolution of pico-sized morphology.

1.4.2 Representation of Freshwater Picocyanobacteria

Freshwater picocyanobacteria are widespread and abundant, yet their importance to the global ecosys-
tem is not fully understood as a result of their historic under-representation in ecological research
and genomic sequencing. The early adoption of Synechococcus elongatus PCC 7942 and Synechococcus
elongatus PCC 6301 as freshwater model organisms resulted in the common utilisation of these strains
to understand cyanobacterial photosynthesis and circadian rhythms [109-111]. Their general use as a
Synechococcus model organism has led to the common misconception that Synechococcus elongatus are
picocyanobacteria [112-118]. Not a member of the Syn/Pro, Synechococcus elongatus are a sister group
to this clade of ’true’ picocyanobacteria, and therefore are not representative of the wider freshwater

picocyanobacteria community. The recent focus on freshwater picocyanobacteria has begun to shift



CHAPTER 1. FRESHWATER PICOCYANOBACTERIA AND THEIR NITROGEN DIET

Cyanobium sp. RS427
Cyanobium sp. MED843
Synechococcus sp. WH8102
Synechococcus sp. WH8109
Synechococcus sp. CC9605
Synechococcus sp. BL107

Cyanobium sp. SAT1300 :
Synechococcus sp. CC9902 Marl ne
Synechococcus sp. CC9311

Cyanobium sp. MED195 SyneChOCOCCUS
Synechococcus sp. WH8016 sub-cluster 5.1

Synechococcus sp. WH7805

Synechococcus sp. WH7803

Cyanobium sp. ARS6

Synechococcus sp. RS9917

Synechococcus sp. RS9916

P. marinus str. MIT9301 i )

P. marinus str. AS9601 High-light adapted
Prochlorococcus sp. MIT0604

P. marinus str. MIT9215

P. marinus str. MIT9202

P. marinus str. MIT9312

P. marinus str. CCMP 1986

P. marinus str. MIT9515 Prochlorococcus
P. marinus str. NATL2A

P. marinus str. NATL1A

Prochlorococcus sp. MIT0801

P. marinus str. CCMP1375

P. marinus str. MIT9211 .

P. marinus str. MIT9313 Low-light adapted
P. marinus str. MIT9303

Synechococcus sp. GFBO1

Cyanobium sp. PCC7001

Synechococcus sp. 8F6

Cyanobium sp. BaikalG2

[k 7= 2,

Synechococcus sp. CB0205 i
Synechococcus sp. CB0101 Cy anOblum &
Vulcanococcus limneticus LL Synechococcus
Synechococcus sp. WH5701

Synechococcus sp. 1G10 SUb-C|USter 5 2

Synechococcus sp. MW101C3
Synechococcus sp. BO8801
Cyanobium gracile PCC6307
Cyanobium sp. CACIAM14

Synechococcus sp. Tous SynechOCOCCUS
Synechococcus sp. Lanier
Synechococcus sp. RCC307 sub-cluster 5.3

Synechococcus spongiarum SP3
Synechococcus spongiarum 15L
Synechococcus spongiarum 142
Synechococcus spongiarum SH4
Synechococcus elongatus PCC7942
Synechococcus elongatus PCC6301
T Prochlorothrix hollandica PCC9006

I Synechococcus sp. PCC7335

| L Leptolyngbya sp. PCC7375

L Nodosilinea nodulosa PCC7104

T L] L] L]
2000 1500 1000 500 Age (Mya)

N

Figure 1.3: The evolutionary relationships of picocyanobacteria (adapted from Sanchez-Baracaldo
et al., 2019 [108]). This phylogenetic tree displays relationships between the sub-clusters of the Syn/Pro
clade. Marine picocyanobacteria are located in sub-clusters 5.1, 5.2, and 5.3, and the Prochlorococcus
sub-cluster. Freshwater picocyanobacteria are found in sub-cluster 5.2 and sub-cluster 5.3. A group of
marine picocyanobacteria 3-Synechococcus are not found in the Syn/Pro clade, instead located among
the Macrocyanobacteria (not shown). All strains shown are in the Microcyanobacteria clade



1.5. THE DIVERSITY OF NITROGEN

attention away from Synechococcus elongatus and on to the Syn/Pro clade, achieved through sequencing
of freshwater Syn/Pro genomes and phylogenetic investigations to understand the genetic variety

within the Syn/Pro and the resulting ecological influence [103, 108, 119].

1.4.3 Sequenced Picocyanobacteria Genomes

Picocyanobacterial genomic research has historically focused on marine environments, until recently
neglecting freshwater habitats. With the first marine picocyanobacteria genome sequenced in 2003, it
took 11 years to reach 100 sequenced genomes in 2014, exponentially increasing to 1,688 genomes in
2023 (Figure 1.4). Meanwhile, the first freshwater picocyanobacteria was sequenced in 2012, eight years
after Synechococcus elongatus PCC 6301, reaching 100 freshwater picocyanobacteria genomes by 2020,
and 282 in 2023 (Figure 1.4). There are currently almost 6x the amount of available marine genomes
than freshwater, a discrepancy which has until recently hindered the ability to study picocyanobac-
teria in freshwater habitats from a genomics perspective. Further difficulties have arisen due to the
metagenomic approach to picocyanobacteria sequencing, resulting in smaller than expected genomes
which are likely incomplete [120]. Therefore, only a subset of currently available genomes are suitable
for comparative genomic analyses, reducing the available pool of genomes substantially. Therefore,
increased genomic representation of freshwater picocyanobacteria is important to enhance our un-
derstanding of the molecular mechanisms present in freshwater environments. These environments
are typically comprised of a greater diversity of habitats (compared to marine environments) due
to increased nutrient heterogeneity and varied spatial and physical factors [121, 122]. Consequently,
this may have enhanced the diversity of freshwater picocyanobacteria genomes, enabling greater

adaptability to grow in diverse niches.

1.5 The Diversity of Nitrogen

1.5.1 The Importance of Nitrogen

N is an essential nutrient that is necessary for life on Earth as a component of proteins and nucleic
acids. It is the most abundant element in our atmosphere in the form of Ny, however this form of N is

only bioavailable to N-fixing bacteria (diazotrophs) [123, 124]. Due to this, N is often sparse in natural
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Figure 1.4: Availability of freshwater picocyanobacteria vs. marine picocyanobacteria genomes.
The cumulative number of genomes, including metagenome-assembled genomes, belonging to the
picocyanobacterial families of Synechococcaceae and Prochloraceae are plotted based on their isolation
habitat and year submitted to NCBI. Synechococcus elongatus genomes are not included.

aquatic and terrestrial systems and acts as one of two long-established principal limiting factors of
phytoplankton production alongside P [125]. The classic paradigm of nutrient limitation states that P is
limiting in freshwaters while N is limiting is marine environments [126]. However, it is now generally
accepted that the role of N in freshwater has been understated [6, 8], thus the co-limitation of N and P
is considered the dominant nutrient state in freshwater (and marine [7]) environments. This includes

nutritionally-starved oligotrophic habitats in addition to eutrophic lakes with high productivity [9].

The largest inputs of N in aquatic environments are terrestrial leaching and point source pollution,
atmospheric deposition, and microbial N fixation [127]. In the UK alone, 2 Tg N yr™! flows from the
land to fluvial and limnetic systems, while 0.8 Tg N yr'! travels further to estuarine and thalassic
environments [128]. This land-based N is heavily influenced by anthropogenic activities which will be
explored below. Another substantial source of aquatic N is atmospheric deposition, emitted through
agricultural activity and the combustion of fossil fuels [129]. This atmospheric N is typically found
in the forms of NH,*, NO3", and nitric oxides, with resulting deposition leading to acidification and
nutrient enrichment of water bodies potentially hundreds of kilometers away [129, 130]. On the other

hand, N fixation is a naturally large source of N which feeds primary producer communities by fixing
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atmospheric N (unreactive N;) to NH4*, providing bioavailable N upon subsequent NH," release.
N fixation is a relatively common trait in cyanobacteria, found in both filamentous and unicellular
morphologies, with the marine cyanobacterium Trichodesmium alone supplying over 100 Tg N y!
to marine N budgets [131] - an important source of N to picocyanobacteria in the oligotrophic open
ocean [132]. Additionally, evidence of picocyanobacterial genetic capability of N, fixation has been

found though attempts to express these genes have as yet been unsuccessful [33, 133].

Anthropogenic N loads have significantly altered the global N cycle, depositing over 140 Tg N yr-1
onto the terrestrial system and directly into water bodies from point sources such as factories or
sewage treatment plants [127, 134]. Terrestrial N loading primarily consists of agricultural non-point
pollution sources including N-rich fertiliser applied to overcome nutrient limitation and organic waste
generated from livestock [135]. However, this is not fully contained on land - large quantities of N are
leached every year (up to 35 Tg N yr-1 [136]), entering into riverine systems and significantly enriching
fluvial N transport. On the other hand, direct fluvial input from industry and sewage treatment are the
primary contributors of N point source pollution, typically releasing less N than combined non-point
sources (though often major sources of N pollution near urban areas) [135, 137]. In addition to an
increased frequency of high-magnitude harmful algal blooms, elevated concentrations of N itself,
especially in the form of NO3~, can compromise drinking water quality and endanger public health via
increased carcinogenic risk [138-140]. The vastness of the open ocean has not rendered it immune to
the impact of anthropogenic pollution, with N load increasing relative to P by 0.24 umol kg™ yr! in

the North Pacific Ocean [141].

1.5.2 Diversity of Nitrogen Forms in the Environment

The prevailing sources of bioavailable N in freshwater have typically been dissolved inorganic N (DIN)
forms, such as NH;* and NO3™ [142]. These accumulate due to the release of sewage and leaching of
fertiliser, with ammonium nitrate (NH4NO3) the most commonly applied fertiliser in the UK [143].
However, the use of urea as an organic fertiliser is increasing, and now accounts for over 50% of
worldwide fertiliser application [144]. This has raised awareness of urea, naturally only found in low

concentrations, as an organic driver of phytoplankton growth [144, 145].
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On the other hand, the contribution of other forms of dissolved organic N (DON) to phytoplankton
productivity has received less attention [146]. Historically, N budgets and water quality measurements
have neglected DON bioavailability and diminished its role as a N source, instead focusing on miti-
gating NH,* and NOs~ concentrations to prevent eutrophication. However, research has shown that
cyanobacteria can grow utilising DON and AAs specifically as their sole N source [147, 148] (Table 1.1).
The DON pool is a heterogenous mixture of nitrogenous compounds with significant concentrations
of urea, AAs (both free and combined), nucleic acids, and humic substances amid many thousands of
other compounds [146]. DON originates from a variety of allochthonous sources, including human
and livestock excretion, cellular decay, soil leachate, and atmospheric deposition, and the contribution
of DON to the dissolved N pool can be considerable (22 - 74%) [131, 149, 150]. Among freshwater
catchments in both temperate and tropical environments, DON regularly represents the bulk of total
dissolved N in oligo- and meso-trophic waterbodies [151-153]. Meanwhile, the abundance of DON
remains high in eutrophic freshwater environments, though the DON:DIN ratio decreases as DIN
concentration increases due to increased anthropogenic effects [153, 154]. DON is generally split into
low molecular weight (LMW; < 1,000 Da) and high molecular weight (HMW; > 1,000 Da) classes
[155]. The bioavailability of these two groups vary, with greater molecular complexity (i.e. HMW)
resulting in recalcitrant compounds and reduced bioavailability [156, 157], while the LMW pool is
labile and highly bioavailable, often found at decreased concentrations in oligotrophic environments
compared to HMW molecules due to its low retention time [158]. From the total DON pool, up to 60%
is thought to be readily metabolised by primary producers, significantly increasing the bioavailable N
load in downstream waters and contributing to eutrophication [159, 160]. Many European legislative
frameworks have been implemented which focus on inorganic N sources to quantify and manage
eutrophication ([161-163]), yet the effective regulation of waters requires the consideration of ad-
ditional N sources. Incorporation of organic N into the nutrient paradigm will allow us to enhance
our understanding of the dangers of natural and anthropogenic DON on these systems and begin to

effectively alleviate and mitigate them [146].

AAs are an essential bioavailable component of DON, found as both readily consumed dissolved
free AAs (DFAA) or dissolved combined AAs (DCAA) forming polypeptides of varying size. The

concentration of DFAAs in surface waters are typically in the nM range, yet their rapid turnover
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Table 1.1: Amino acids as a sole nitrogen source in cyanobacteria

Strain Effective Sole N Source Ineffective Sole N Reference
AAs Source AAs
Synechococcus sp. PCC 7002  Ala; Arg; Asn; Asp; Glu; Trp [164]
Gln; Gly; His; Phe; Pro;
Ser; Thr
Synechococcus sp. PCC 6301  Gln Gly; Glu; Asp; Asn; His; [165]
Met; Leu; Ala; Ser; Pro;
Arg
Synechocystis sp. PCC 6714 Gln; Asn; Arg Gly; Glu; Asp; His; Met; [165]
Leu; Ala; Ser; Pro
Anabaena sp. PCC 7118 Gln; Arg Gly; Glu; Asp; Asn; His; [165]
Met; Leu; Ala; Ser; Pro
Pseudanabaena sp. PCC 6903  Asn; Arg Gly; Glu; Gln; Asp; His; [165]
Met; Leu; Ala; Ser; Pro
Pseudanabaena sp. PCC B2 Gln; Asn Gly; Glu; Asp; His; Met; [165]
Leu; Ala; Ser; Pro; Arg
Anabaena sp. PCC 7122 Ala; Arg; Asn; Asp; Gly; Cys; His; Ile; Leu; Lys; [166]
Glu; Gln; Pro; Phe; Ser; Val ~ Met; Thr; Trp; Tyr
Nostoc muscorum His, Gln, Asn; Trp; Ser; Glu; Ala; Tyr; Cys; Asp; [167]
Leu; Ile; Met; Val; Lys Thr; Gly; Arg; Pro; Phe
Nostoc ANTH Gln; Asn; Arg - [168]
Microcystis aeruginosa Ala; Arg; Leu; Glu; Asp Lys [169]
Spirulina platensis Lys; Arg; Pro; Thr; Trp; - [170]

Glu; Tyr; Asp; Gln; Ala;
Gly; Asn; Leu; His; Ser;
Val; Cys; Met

and efficient microbial uptake suggests a disproportionately large contribution of DFAAs to satisfy
N requirements [171, 172]. DFAAs can be found at much greater concentrations in lake sediments
(30 - 60 uM [173]), yielding a large supply of N upon sedimentary disturbance. DCAAs are generally
found at higher concentrations than DFAAs (low pM range), however are not as readily available
for N assimilation, first requiring sufficient extracellular catabolism to enable intracellular uptake
[174]. As a proportion of total DON, the total dissolved AA (TDAA) pool (TDAA = DFAA + DCAA) in
freshwater environments (5 - 28 % [175, 176]) makes up a greater proportion of DON than in marine
environments (1 - 12 % [177]). Furthermore, oligotrophic waterbodies have a greater proportion of
TDAA than eutrophic waters, increasing the role of TDAA as a N source in low nutrient environments

[178]. The diversity of AAs may also play a role in the dominance of freshwater picocyanobacteria,

15



CHAPTER 1. FRESHWATER PICOCYANOBACTERIA AND THEIR NITROGEN DIET

with the composition of other bacterial communities shown to be influenced by preferential uptake of
specific DFAAs [179]. Differing microbial community, catchment land use, and the variety of nutrient
inputs can impact the AA composition, resulting in waterbodies with varying dominant TDAA profiles

[171, 173, 174].

1.5.3 Energetics of Nitrogen Assimilation

The energy required to assimilate N may provide insights into the preferential status of different
nitrogenous forms. The most reduced form of inorganic N is NH;*, commonly thought to be the
preferred cyanobacterial N source [180]. This is due to the immediate incorporation of NH,* into
the C skeleton via the glutamine synthetase/glutamate synthase (GS-GOGAT) pathway, yielding two
molecules of glutamate (Figure 1.5). Meanwhile, NOs™ and nitrite (NO,") are oxidised forms of N
requiring active transport and reduction to NH,~ for subsequent incorporation [181]. This is achieved
through a two-step process (Figure 1.5); first the reduction of NO3™ to NO,™ requiring two electrons
and nitrate reductase (encoded by narB), followed by the reduction of NO,™ to NH," requiring six
electrons and nitrite reductase (encoded by nirA). Though less energetically favourable than NH,*,
NO3™ and NO,™ assimilation is much less costly than Nj fixation. In the absence of suitable N sources,
diazotrophic cyanobacteria can fix N, into NH,4*, catalysed by nitrogenase [182]. However, this reaction
is energetically demanding, requiring 16 molecules of ATP and eight electrons (provided by reduced
ferredoxin) per molecule of N, fixed. As such, other sources of N are preferred when available, though

diazotrophs are often pioneering species in nutrient deficient environments [183].

The assimilation of organic forms of N may be just as energetically favourable as inorganic forms, if
not more so, though research in this area is less well explored and focused on urea [12, 184]. Urea can
be imported into the cell via passive diffusion or active transport, though low natural concentrations
of urea commonly results in uptake by the high-affinity Urt transport system [185] (Figure 1.5). Urea is
hydrolysed by the constitutively expressed Ni?*-dependent urease, producing two NH,* molecules for
efficient N incorporation plus a by-product of carbon dioxide which can be further incorporated into
the Calvin Cycle [186, 187]. Assimilation of AAs, especially glutamate, may be the most advantageous
for cyanobacteria. Gluatamate is the N donor for all AAs, providing an amine-group directly to eight of

the 20 proteinogenic AAs and indirectly, via AA intermediates, to the remaining 12 [188]. Additionally,
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glutamate and glutamine together provide all the N necessary for nucleotide biosynthesis [188]. The
assimilatory benefits of other AAs are based on the products of their catabolism and length of their
degradative pathways, with proline and aspartate an additional effective source of glutamate (described
in more detail in section 1.7.2) [189]. The greater N content of AAs compared to inorganic sources
may provide another advantage; six AAs contain two or more amine groups, arginine bearing the
largest number of N atoms for assimilation. This increased N content is utilised as a N store, with long
chains of arginine and aspartate forming cyanophycin in larger cyanobacteria (though not present in

picocyanobacteria) [190, 191].

1.5.4 Nitrogen Forms and the Phytoplankton Community

The dominant forms of N can impact the composition of the phytoplanktonic community [192]. It
has previously been determined that the trophic status of a water body can alter which taxa are able
to dominate their environment (see section 1.3.1), with macrocyanobacterial growth favourable in
eutrophic concentrations [193-195], while picocyanobacteria dominate oligotrophic environments [38,
196]. However, the composition of bioavailable N can also modify the species community. Mesocosm
experiments have showed that the proportion of NH,* to NO3™ has direct impact on a mixed community,
favouring cyanobacteria at elevated NH,* concentrations and eukaryotic phytoplankton (especially
diatoms) at increased NO;~ concentration [197]. This pattern of cyanobacterial preference of reduced
forms of N extends to DON, where marine and freshwater urea and DFAA uptake are associated
with cyanobacteria and cryptophyte growth [198-200]. However, few studies have investigated the
different components of DON and their role in influencing microbial composition, outside of urea. The
energetic advantages of AA assimilation, and their increased importance in oligo- and meso-trophic
environments, may suggest strong potential influences on picocyanobacteria and cyanobacteria as a

whole.

1.6 Molecular Basis of Cyanobacterial Nitrogen Assimilation

Model cyanobacteria such as Synechocystis sp. PCC 6803, Nostoc sp. PCC 7120, and Synechococcus

elongatus PCC 7942 have been the conduits for the majority of molecular cyanobacterial research.
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Figure 1.5: The assimilation of nitrogen in cyanobacteria. N is taken up from the environment in
many forms. Most N sources are metabolised into NH,* which is subsequently incorporated into C
skeletons via the glutamine synthetase/glutamate synthase pathway (GS-GOGAT). Atmospheric N is
fixed to NH," by nitrogenase in diazotrophs. NH," is imported through the Amt1 transporter, with
Amt2/3/4/B being accessory transporters to aid uptake. At high concentrations and alkaline pH, NH4*
in the form of ammonia (NHs) can be taken up passively. NOs™ and NO,™ are imported via different
systems in freshwater and marine cyanobacteria. The Nrt complex in freshwater cyanobacteria displays
high affinity for both NOs;™ and NO;," while marine cyanobacteria utilise NrtP to import NOs™ and
FocA to import NO,". Once imported, NO3™ is reduced to NO," by nitrate reductase (NarB), which is
subsequently reduced to NH,4* by nitrite reductase (NirA), all encoded on a singular operon (nirA-
nrtABCD-narB /nirA-nrtP-narB). Urea can be transported passively or imported via the Urt ATP-binding
cassette (ABC) transporter system, then hydrolysed by urease (UreABC) to produce two molecules
of NH,;* and one molecule of CO, (not shown). Uptake of AAs depends on transporter preferences,
with N-I and N-III transporters able to uptake neutral AAs, while N-II and Bgt transporters can uptake
charged AAs. GItS and GtrABC are glutamate-specific transporters. Transporter component functions
are indicated by colours. Green: transmembrane proteins (different shades indicate hetero-oligomers);
purple and orange: ATPases; yellow: periplasmic substrate-binding proteins. Dashed arrows indicate
passive uptake. Other sources of DON are not included due to unknown assimilation mechanisms.
This figure displays N assimilation pathways found in cyanobacteria from freshwater and marine
environments, thus not all cyanobacteria have all these assimilation capabilities.
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1.6. MOLECULAR BASIS OF CYANOBACTERIAL NITROGEN ASSIMILATION

While it is expected that, broadly, freshwater picocyanobacteria behave similarly to these strains
(especially non-filamentous genera such as Synechocystis or Synechococcus elongatus), the necessary
research on assimilation pathways has not been carried out. Therefore, this section primarily refer-
ences cyanobacteria as a whole, with known picocyanobacterial research and mechanistic differences

mentioned.

Most bioavailable nitrogenous forms require active transport to be assimilated into the cell. This
primarily takes place via ATP-binding cassette (ABC) transporters or active permeases. An ABC
transporter utilises the energy supplied from the hydrolysis of ATP to an ATP-binding domain to
transport substrates across a membrane. These transporters typically contain three distinct subunits - an
extracellular/periplasmic substrate-binding domain which selectively binds to extracellular nutrients.
This brings the bound substrate to the trans-membrane domain which then imports the substrate
via a conformational change triggered by ATP hydrolysis in the ATP-binding domain [201]. On the
other hand, the mechanism behind active permease transport utilises antiporter action, importing

high-affinity substrates while co-transporting ions (such as Ca®*, H*, Na*) out of the cell [202].

1.6.1 Regulation of Nitrogen Assimilation

The regulation of N assimilation in cyanobacteria is controlled by the concentration of intracellular
N in the form of NH4* and its incorporation into glutamate via the GS-GOGAT pathway. This is
generally achieved through three regulatory proteins, and the monitoring of one metabolite. The
global N regulator NtcA (encoded by ntcA), signal transduction protein PII (encoded by ginB) and co-
activating factor (encoded by pipX) form a network of interactions to respond to the internal indicator
of N availability, 2-oxoglutarate (2-OG) [203, 204]. An intermediate of the TCA cycle and synthesised
by isocitrate dehydrogenase (encoded by icd), 2-OG is a key regulating metabolite which links C
metabolism to N assimilation [205]. Acting as the C backbone of NH," incorporation into glutamate,
fluctuations in N availability (NH4" concentration) lead to resultant change in 2-OG abundance (Figure
1.6). In times of sufficient N, the concentration of 2-OG remains steady due to constant production via
the TCA cycle and incorporation into glutamate. However, when the NH,* substrate is not sufficiently
available, intracellular 2-OG builds up, resulting in the rapid activation of signal pathways to promote

N uptake [206].
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Figure 1.6: Intracellular regulation of the global nitrogen regulator NtcA. In sufficient N condi-
tions, 2-OG concentration remains stable due to incorporation into the C skeleton via the GS-GOGAT
pathway. This enables PII to bind PipX, resulting in an inactivated NtcA. When N is limited, 2-OG accu-
mulates and interacts with PII, causing dissociation of PipX. Free PipX interacts with NtcA leading to
enhanced activity of NtcA, enabling transcription of the NtcA regulon present in many N assimilation
genes. GS: glutamine synthetase; GOGAT: glutamate synthase.

The N signalling network relies on PII as the direct sensor of 2-OG concentration [207]. During NH,*
abundance, PII and PipX form a stable complex [208]. However, an increase in 2-OG concentration
due to N depletion results in the binding of accumulated 2-OG to PII, altering PII-PipX structure and
promoting the dissociation of PipX [209] (Figure 1.6). Free PipX is now available to form a complex
with NtcA and 2-OG [210]. The NtcA-PipX-2-OG complex has the capability to activate transcription
of the NtcA regulon, promoting expression of many genes involved with N assimilation (including
glnB (encodes PII) and ntcA) [211-213]. Once N limitation is relieved, the corresponding decrease in
ATP:ADP ratio leads to ADP interacting with PII, in turn reducing the interaction between PII and

2-0G, resulting in the subsequent formation of PII-PipX complexes to deactivate NtcA [214].
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1.6. MOLECULAR BASIS OF CYANOBACTERIAL NITROGEN ASSIMILATION

Though this is the primary method of N assimilation regulation in cyanobacteria, there are additional
factors which may be involved. An additional transcriptional regulator, NtcB (encoded by ntcB), has
been identified in Synechococcus elongatus PCC 7942 and Macrocyanobacteria but not found in marine
picocyanobacteria [215-217]. NtcB enhances the ability to transcribe the NO3/NO,™ assimilation
operon (nirA-nrtABCD-narB) alongside NtcA, activated in response to NO;™ [218]. Furthermore, though
most research on the regulation of N assimilation has focused on DIN, genes involved with DON
assimilation and metabolism have been identified within the NtcA regulon [213, 219]. This includes
a urea transporter and charged AA transporter, in addition to genes involved with AA biosynthesis
and degradation [213]. Though comprehensive studies of NtcA regulation of DON assimilation genes
are lacking, the role of NtcA as a promoter of DFAA and DCAA uptake is likely and supports the

utilisation of these N sources as essential nutrients when available.

1.6.2 Ammonium/Ammonia Assimilation

Extracellular NH,* uptake is primarily carried out via active permeases (Figure 1.5). The major NH,*
transporter in cyanobacteria is Amt1, encoded by amt1 (part of the NtcA regulon) and first characterised
in Synechocystis sp. PCC 6803 [220]. The Amt1 transporter displays high affinity to NH,* and enables
uptake at low nutrient concentrations (UM range) [220]. A number of accessory proteins are also
associated with the Amt1 complex. These include AmtB (amtB) from Synechococcus elongatus PCC
7942 [221], Amt2 (amt2) and Amt3 (amt3) from Synechocystis sp. PCC 6803 [220], and Amt4 (amt4)
from Nostoc sp. PCC 7120 [222]. The expression of these proteins are within the NtcA regulon, with the
exception of amt3 where no such NtcA-binding site has been found [213]. The function of these proteins
is suggested to assist with Amt1 NH," uptake via incorporation into the Amt trimer, maximising the

activity of Amt1 to enable uptake at reduced NH4" concentrations [220].

In addition to active transport, ammonia (NH3) can diffuse across the lipid bilayer or through porins
providing a passive source of NH,* following protonation, demonstrated by the growth of Amt1
deletion (Aamt1) strains when grown under high NH4* concentrations [223]. However, passive NH3
uptake is insufficient to sustain N requirements in all but the most nutrient-enriched environments,
suggesting porins are involved with NHj leakage rather than uptake, with active NH4 " transport the

primary method of uptake [224].
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As described previously, intracellular NH,™ is incorporated into the C skeleton of 2-OG through the
GS-GOGAT pathway. The first phase of this pathway utilises glutamine synthetase (GS) to catalyse
the amination of glutamate to glutamine via the addition of NH,". GS activity is present in two forms
in cyanobacteria, GSI (encoded by glnA) and GSIII (encoded by ginN) (GSII is primarily found in
eukaryotes [225]). The expression of these two proteins are determined by the intracellular N status
[226]. GSI is the primary form of GS in cyanobacteria, responsible for more than 95% of GS activity
in Synechocystis sp. PCC 6803 [206]. On the other hand, GSIII accounts for only 3% of Synechocystis
sp. PCC 6803 GS activity when grown under N-replete conditions, rising to 20% when N limitation
is induced [227]. Thus, though GSIII activity is only auxiliary to the constitutively expressed GSI in
sufficient N conditions, the onset of N limitation requires the ability to scavenge the maximum amount
of NH,* [228]. Furthermore, unlike GSI, glnN (GSIII) is not present in all cyanobacteria, suggesting
this additional boost for N assimilation is not ubiquitous among this group [228]. The second step of
the GS-GOGAT pathway is catalysed by glutamate synthase (encoded by glsF), which catalyses the
formation of two glutamate molecules via the incorporation of 2-OG into the previously produced

glutamine.

1.6.3 Nitrate/Nitrite Uptake

The uptake of NO3; /NO," is carried out via alternative mechanisms in freshwater and marine cyanobac-
teria (Figure 1.5). The first major cyanobacterial NO3™ transport system was identified in Synechococcus
elongatus PCC 7942 and is a member of the ABC superfamily [229]. This transporter, termed NRT, is
encoded by four genes - nrtABCD - located in the NtcA-regulated nir operon, and displays high affinity
for both NO3™ and NO;™ [230]. Comparative genomic analyses have identified NRT in most freshwater
cyanobacteria strains, yet it is absent from marine cyanobacteria, regardless of phylogenetic affiliation
[217]. Instead, marine cyanobacteria encode different transporters to import NO3;~ and NO,". NrtP
(encoded by nrtP) is a permease of the major facilitator superfamily which has high affinity for NO5
only, displaying reduced affinity to NO,™ [231]. Meanwhile, FocA (encoded by focA) is the high affinity
NO,™ transporter present in marine cyanobacteria [232], thus the co-expression of FocA and NrtP

contributes the required machinery for high-affinity uptake of both NO5;™ and NO,".

Additional NO3;/NO,™ transporters have also been identified. Some Synechococcus spp. encode a
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1.6. MOLECULAR BASIS OF CYANOBACTERIAL NITROGEN ASSIMILATION

novel transporter (NrtS) with a lower affinity for NO; /NO,™ than the primary NRT and NrtP/FocA
transporters, however NrtS was only actively expressed in the marine Synechococcus sp. PCC 7002
encoding two copies of nrtS [233]. Expression of nrtS was not achieved in Synechococcus elongatus PCC
7942 which encodes only a single copy of the gene [233]. However, as neither strain studied are Syn/Pro
clade Synechococcus, the wider distribution of NrtS in picocyanobacteria is unclear. Furthermore,
transporters for other substrates may also import NO,". The cyanate transporter of Synechococcus
elongatus PCC 7942, encoded by cynABD, was found to actively transport NO,™ [234]. Though displaying
lower affinity for NO,™ than the NRT transport system, the cyanate transporter was able to contribute
30% of required N for optimum growth, though only in the absence of cyanate [234]. However, the
presence of cyanate also constitutes a source of N, with cyanase (encoded by cynS) catalysing the

bicarbonate-dependent conversion of cyanate to NH; and CO, [235].

1.6.4 Nitrogen Fixation

The nitrogenase complex is the central component of N fixation, responsible for reducing atmospheric
N, into NH; and Hj. Nitrogenase consists of two distinct enzymes - dinitrogenase reductase and
dinitrogenase - encoded by the nifHDK operon [236]. N fixation requires a substantial amount of
reducing energy, supplied by the action of dinitrogenase reductase via reduced ferredoxin and ATP.
Electrons are transferred to the N2-bound FeMo-cofactor (molybdenum component can be substituted
with vanadium or iron [123]) of dinitrogenase and six sequential reduction events fully reduce one
molecule of N, to two molecules of NH;. Many accessory proteins are involved with this reaction,
encoded by three other nif operons (nifENXW, nifB-fdxN-nifSU, and nif VZT). The function of these
proteins primarily include structural assistance for FeMo-cofactor assembly (NifE, NifN, NifX) [237]
and precursor synthesis (NifS, NifU, NifB) [238]. Nitrogenase is inactivated by oxygen (O;), thus
cyanobacteria have evolved mechanisms to reduce O, exposure. These include the temporal separation
of photosynthesis and nitrogenase function [239, 240], or spatial separation through the development
of heterocysts (filamentous cyanobacteria) and diazocytes (Trichodesmium spp.) [241, 242]. These
specialised cells produce an environment for nitrogenase which lacks photosynthetic machinery,
enabling effective N; reduction in localised anaerobic conditions [243, 244]. Once N is fixed into NHj3

in these specialised cells, it must be transported to vegetative cells; in heterocysts, high levels of GS
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alongside low concentrations of GOGAT suggest fixed N is transferred in the form of glutamine [245].
Additionally, the accumulation of cyanophycin in heterocyst cells provides a reservoir of arginine and

aspartate to utilise when N is scarce [246].

1.6.5 Urea Assimilation

Urea can be imported through passive diffusion or active transport, the latter being the dominant
method of uptake due to generally low environmental concentrations [131]. The active transport
system in cyanobacteria is Urt, a five-component ABC-type transporter (UrtABCDE) that has high
affinity for urea enabling uptake at low concentrations (< 1 pM) [247]. The Urt components are encoded
by the urtABCDE operon and under NtcA regulatory control. However, recent research has suggested
there may be additional regulatory mechanisms for urt expression, due to seemingly independent
up-regulation compared to other NtcA-controlled genes [248]. This may be due to the use of urea as a
C source in addition to N, while it has also been suggested that Urt may transport additional molecules

[184].

The hydrolysis of urea into NH3 and CO; is carried out via urease and its accessory proteins. These are
encoded by the NtcA-regulated ureABCDEFG operon, with ureABC encoding the urease enzyme itself
while ureDEFG encode chaperone proteins which stabilise urease conformation and aid in metallocentre
active site formation [249-251]. Cyanobacteria can encode the ure operon without the urt operon,
with urease necessary for breaking down internally generated urea to prevent toxic accumulation

[184].

1.6.6 Amino Acid Uptake

Environmental DFAAs can be imported into the cell through eight different transporters in cyanobac-
teria (Figure 1.5) [252]. These transporters vary depending on which AAs are selectively taken up,
differing based on characteristics such as hydrophobicity and charge of the AA. This results in different
transporter preferences, potentially impacting the diversity of AAs imported. Much of this research
has been carried out with the model cyanobacteria of Synechocystis and Dolichospermum, and thus

knowledge is lacking in picocyanobacterial characterisation.

24



1.6. MOLECULAR BASIS OF CYANOBACTERIAL NITROGEN ASSIMILATION

There are four major ABC-type broad-specificity AA transporters (AAT) in cyanobacteria [253-255].
Of these four, two are primarily associated with neutral AA uptake - N-I and N-III [253, 255]. The most
common method for AAT characterisation is the production of a deletion mutant, knocking out one or
more components of the transporter system and determining changes in AA uptake. Knockout and
full deletion of the five-component N-I transporter (Table 1.2) resulted in severely impaired uptake
of neutral AAs, in addition to histidine (likely due to its weak basic side chain (pKa of 6.0) resulting
in partial protonation at pH 7) [253]. Uptake assays have also revealed that proline is the preferred
substrate of N-1, alongside leucine and phenylalanine [253, 256, 257]. The N-IIT AAT fulfils a similar
function to N-I transporting neutral hydrophobic AAs, however different preferred substrates are
found [255]. Inactivation of this transporter resulted in a 50% decrease of glycine uptake in Nostoc sp.
PCC 7120 (a species which also harbours the N-I transporter) compared to wildtype, in addition to

reductions in proline, glutamate, and alanine among others [255].

Charged AAs are imported into the cell via the action of other transporters. Acidic AAs are imported
by N-II, this four-protein complex encoded by the natF-natG-natH-bgtA gene cluster (Table 1.2)
[254]. Removal of the N-II transporter resulted in severely reduced uptake of aspartate and glutamate,
indicating these are the preferred substrates for this acidic AAT [254]. Further competition assays and
deletion studies suggest N-II can recognise acidic and neutral polar AAs, displaying a range of AA
uptake potential [254, 258]. The only basic AAT in cyanobacteria is the Bgt transporter which shares its
ATPase with the N-II transporter (Table 1.2). The uptake of basic AAs (arginine, lysine, and histidine)
significantly decreased upon bgtB deletion, though the magnitude of histidine uptake reduction was
lessened due to its import from neutral transporters at pH 7.0 [254, 259]. Additionally, aspartate and
glutamine uptake dropped (to a lesser extent) upon bgtB deletion, suggesting limited capability of

importing other AAs [254].

In addition to broad-specificity ABC-type AATs, two glutamate-specific transporters have been identi-
fied in cyanobacteria [259]. The first is a tripartite ATP-independent periplasmic (TRAP) transporter,
consisting of two integral membrane proteins (encoded by gtrA and gtrB) and a periplasmic substrate-
binding protein, identified in Synechocystis sp. PCC 6803 (gtrC) [259]. AgtrAB and AgtrC strains

resulted in the impaired uptake of glutamate with a 30% reduction in import compared to wildtype
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Table 1.2: Components of cyanobacteria ABC-type amino acid transporters

Transporter Protein Function

NatA ATP-binding

NatB Periplasmic substrate binding
N-I (Neutral) NatC Transmembrane protein

NatD Transmembrane protein

NatE ATP-binding

NatF Periplasmic substrate binding
N-II (Acidic) NatG Transmembrane prote%n

NatH Transmembrane protein

BgtA ATP-binding
BgtA ATP-binding

Bgt (Basic) BgtB Transmembrane protein and
periplasmic substrate binding
Natl Periplasmic substrate binding
Nat] Transmembrane protein

N-IIT (Neutral) NatK Transmembrane protein
NatL ATP-binding
NatM ATP-binding

[259]. The second glutamate transporter is GItS, a mono-component permease also characterised in
Synechocystis sp. PCC 6803 [259]. Similarly to the TRAP transporter, a AgltS strain resulted in the
disruption of Na-dependent glutamate uptake (56 - 69% of wildtype) while other AAs were unaffected.
The presence of glutamate-specific transporters is noteworthy due to the central role of glutamate in

N incorporation, responsible for providing amine groups for subsequent AA biosynthesis.

Further AATs have been putatively identified though not yet fully characterised. An AA permease
(DmeA) of the DMT superfamily was identified in Synechococcus elongatus PCC 7942 [258]. The deletion
of dmeA resulted in significantly reduced uptake (30%) of aspartate, glutamine, and glutamate compared
to wildtype [258]. Interestingly, deletion of the N-II transport system and presence of DmeA resulted
in an almost compete impairment of DmeA substrates (< 10% of wildtype). As AdmeA did not affect
the expression of the N-II transporter, it is thought that DmeA is dependent on the activity of N-II
for function and may enhance uptake of AAs through this ABC-type AAT though the mechanism
of this function is not known. Another novel cyanobacterial AAT is the Ala/Gly:cation symporter
(AgcS), discovered in the halotolerant cyanobacterium Aphanothece halophytica [260]. This is encoded

by apagces1 with high homology to the AGCS superfamily. Though no deletion mutants for this gene
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have been created, transformation of apages1 into E. coli strain JW4166 (which is deficient in glycine
import) resulted in the Na-dependent uptake of glycine [260]. Co-addition of other AAs (aspartate and
glutamine) reduced the uptake of glycine, indicating an interaction between these additional AAs and

the transporter.

Transporters involved with the uptake of small chains of DCAA have been putatively identified in
cyanobacterial genomes, though also not experimentally characterised. An open reading frame in
Synechococcus elongatus PCC 6301 displays 43.6% identity to oppC from Salmonella typhimurium
[261]. This encodes an oligopeptide permease membrane protein which imports peptides into the cell.
Expression of this gene in Synechococcus elongatus PCC 6301 has not yet been detected and typical
promoter motifs missing upstream may suggest that this gene may be a pseudogene or regulated by
an uncommon regulator [261]. Additionally, a component of a dipeptide transporter has been found
in marine Synechococcus and Prochlorococcus genomes [10]. This component is homologous to dppB
which encodes an integral membrane subunit of the ABC-type transporter Dpp. The Dpp transporter
is linked to the utilisation of di/tripeptides and may present a further novel method of uptake for

combined amino acids [262].

1.7 Molecular Basis of Cyanobacterial Amino Acid Metabolism

An understanding of the cyanobacterial ability to biosynthesise and metabolise AAs is vital to under-
stand the mechanisms behind AA assimilation. The recent mass sampling of freshwater picocyanobac-
teria and subsequent comparative genomics has demonstrated the presence of enzymatic biosynthesis
for all 20 proteinogenic AAs [103]. However, despite the importance of these essential processes
for biological function, our understanding of entire pathways are relatively poor, especially for AA

catabolism [189].
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1.7. MOLECULAR BASIS OF CYANOBACTERIAL AMINO ACID METABOLISM

1.7.1 Glutamate, Glutamine, Proline, and Arginine Metabolism

Glutamate is the central molecule of AA biosynthesis, itself synthesised from glutamine and 2-OG.
This reaction is catalysed by the ferredoxin-dependent GOGAT in freshwater picocyanobacteria (GlsF)
though an NAD(P)H-dependent GOGAT (GItB/GItD) is also present in Synechocystis [263] (Figure 1.7).
The deamination of glutamate to yield 2-OG and NH, " is catalysed by glutamate dehydrogenase (GdhA),
an enzyme not present in freshwater picocyanobacteria, preventing the direct recycling of glutamate
to NH4* [103, 264]. Glutamate is converted to glutamine by the incorporation of NH4* catalysed
by GS, with two isoforms as discussed in section 1.6.2. Glutamate is also the substrate for proline
biosynthesis with the successive action of three enzymes - ProB, ProA, and ProC - phosphorylating
glutamate followed by two reduction steps to yield proline. Larger cyanobacteria encode proline oxidase,
PutA, which can catabolise proline to glutamate via reduction of NADP*, however the presence of
this enzyme in picocyanobacteria is undetermined [265]. The universal importance of glutamate to
metabolic processing highlights its favourability as a N source, supported by growing evidence for

glutamate assimilatory preference over DIN forms [154].

Arginine, synthesised through a glutamate precursor, is composed of 33% N making it the most N-rich
AA. Eight successive reactions, including the incorporation of N from glutamate, carbomyl phosphate
(synthesised from glutamine), and aspartate, yield arginine (Figure 1.7) with all enzymes present in
freshwater picocyanobacteria [103]. However, the distribution of arginine catabolism pathways are
less well understood. Due to the large N pool available in arginine, multiple pathways are known
for potential N liberation. Research has not yet been conducted on the freshwater picocyanobacteria
encoding capabilities of these pathways, though Synechococcus elongatus encodes none in full [266, 267].
Of two partially encoded pathways of arginine degradation in Synechococcus elongatus, the first is via
the arginine decarboxylase pathway, decarboxylating arginine to agmatine (SpeA) and subsequent
conversion to putrescine and the release of urea (ArgH) [103, 266]. Alternatively, arginine oxidation
to 2-ketoarginine releases NH,* through the action of arginine oxidase (AROD) [266]. An additional
pathway of arginine-N catabolism has been identified in marine Synechococcus, via the oxidation of
arginine by nitric oxide synthase (SyNOS) yielding citrulline and NOs™ [267]. Further metabolism of

these metabolic products is yet to be determined although multiple methods of arginine-N degradation
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and its high N-content suggest a key role of arginine in N mobilisation.

1.7.2 Aspartate, Asparagine, Lysine, Threonine, and Methionine Metabolism

The transamination (catalysed by AspC) of glutamate with the TCA intermediate oxaloacetate results
in the generation of aspartate and 2-OG (Figure 1.7) [268]. This reaction can also be performed in the
reverse direction, transaminating aspartate to yield glutamate. Aspartate can be additionally catabolised
by deamination, catalysed by aspartase (AspA), to produce the TCA intermediate fumarate and NH,",
with these enzymes encoded by freshwater picocyanobacteria [103]. With AAT preferences often
dictated by charge, the uptake and assimilation capabilities of negatively-charged aspartate may be
concomitant with glutamate, potentially resulting in adaptations to efficiently utilise aspartate as a
nutrient source. Aspartate also functions as the precursor to asparagine biosynthesis, with aspartate
amination by glutamine yielding asparagine and glutamate (catalysed by AsnB). The hydrolysis of
asparagine, catalysed by asparaginase (AnsB), yields aspartate and NH4* [269]. Mechanisms for both

asparagine biosynthesis and catabolism are encoded by freshwater picocyanobacteria [103].

Aspartate can be further metabolised to aspartate-4-semialdehyde, the substrate for biosynthesis of
threonine and lysine. The three-step reaction pathway for threonine generation (ThrA, ThrB, and ThrC)
and the five-step pathway for lysine (DapA, DapB, DapL, DapF, and LysA) are all encoded by freshwater
picocyanobacteria [103, 270, 271]. Threonine can be degraded through two pathways, both encoded
by freshwater picocyanobacteria [103]. Threonine dehydratase (IlvA) catalyses the degradation of
threonine, releasing NH4* and «-ketobutyrate, an important intermediate in isoleucine biosynthesis.
The secondary catabolic pathway is via the oxidation of threonine by threonine dehydrogenase
(tdh), yielding 2-amino-3-oxobutanoate which is subsequently cleaved to form glycine and acetyl
Co-A [272]. On the other hand, lysine catabolism is less well understood. Two pathways have been
identified in bacteria, one degrading lysine via a saccharopine intermediate, the other via a cadaverine
intermediate [273, 274]. However, genomic analysis of Microcystis aeruginosa, a Macrocyanobacterium
often associated with cyanotoxin production, revealed neither of these two pathways for cyanobacterial

lysine degradation [275].

Cyanobacterial methionine biosynthesis is unclear. In other bacteria, methionine is produced from
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an aspartate-4-semialdehyde precursor, yielding methionine through the action of MetA, MetB, and
MetC [276]. However, cyanobacteria do not encode these enzymes, nor homologs, though the final
reaction of methionine biosynthesis catalysed by methionine synthase (MetH) is present [189, 276].
This knowledge gap remains to be elucidated but may suggest an alternative precursor for methionine
in cyanobacteria. Methionine degradation is primarily through conversion to S-adenosylmethionine,
an important cofactor for biological methylation, and subsequent recycling to homocysteine catalysed
by MetK and AhcY, both identified in cyanobacteria [189]. This lack of understanding over methionine
biosynthesis resembles research into methionine bioavailability. Evidence is mixed, with methionine
found to be a preferred source of organic matter in marine environments though also determined to

be one of the least abundant AA among DON [277, 278].

1.7.3 Isoleucine, Valine, and Leucine Metabolism

The precursor for valine, leucine, and isoleucine biosynthesis is pyruvate while the latter additionally
utilises a-ketobutyrate (generated through threonine catabolism) (Figure 1.7). All enzymes associated
with these biosynthesis pathways are encoded by freshwater picocyanobacteria [103]. However,
degradation pathways are not fully explored. Though common degradation pathways to acyl-CoA
derivatives generally begin with a reversed final biosynthesis reaction [279], subsequent degradation
mechanisms are understudied in cyanobacteria. While degradation pathways are not known, the
abundance of valine and leucine in freshwater environments (isoleucine is routinely found at very low
concentrations) indicates these AAs are potential nutrient sources [280, 281]. A greater understanding of
their degradative pathways will be beneficial to understand picocyanobacterial ecology and underlying

mechanisms behind DON nutrient uptake.

1.7.4 Aromatic AA (Tyrosine, Phenylalanine, and Tryptophan) Metabolism

The aromatic AAs are produced from a chorismate precursor, generated via the shikimate pathway
[282]. The tryptophan biosynthetic pathway begins with the conversion of chorismate to anthranilate
(TrpE/TrpG), with all enzymes conserved in picocyanobacteria and larger cyanobacteria [103, 189].
Though the first step of phenylalanine and tyrosine biosynthesis is the conversion of chorismate to

prephenate (AroH), subsequent steps are not yet fully determined in cyanobacteria. For phenylalanine,
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the initial step from prephenate to phenylpyruvate is encoded (PheA) in picocyanobacteria, though the
following conversion to phenylalanine is unknown. In contrast, the final step of tyrosine biosynthesis is
encoded in picocyanobacteria (TyrA), though the enzyme responsible for transamination of prephenate
to arogenate is as yet unclear [283]. Information of the cyanobacterial degradation of aromatic AAs is
also sparse. Tryptophan may be degraded to 4-oxalocrotonate, and onwards to pyruvate and acetate
while releasing NH,*, though this is yet to be demonstrated in cyanobacteria [284]. Phenylalanine
may be degraded by its deamination to cinnamate catalysed by phenylalanine ammonia lyase (PAL),
identified in two filamentous cyanobacteria [285]. Though many unknowns remain regarding aromatic
AA biosynthesis and degradation, the presence of enriched phenylalanine in freshwater is linked to
limnetic systems influenced by agriculture, suggesting increased concentrations of phenylalanine in

areas of nutrient abundance [286].

1.7.5 Glycine, Serine, Cysteine, and Alanine Metabolism

Glyoxylate is a precursor molecule to glycine and serine [189]. The light-dependent photorespiratory
pathway yields glycine via glyoxylate amination, subsequently converting glycine to serine by the
reversible action of serine hydroxymethyltransferase (GlyA). Catabolism of glycine can be carried out
directly through glycine oxidase, producing glyoxylate and NHj, or decarboxylated by the glycine
cleavage system yielding 5,10-methylenetetrahydrofolate, an important cofactor and an intermediate
in one-C metabolism [287]. Serine can also be synthesised via a light-independent pathway from a
glycerate-3-P precursor, which undergoes oxidation (SerA), amination (SerC), and dephosphorylation
(SerB) to form serine [288]. The catabolism of serine is via serine deaminase (SdaA/SdaB), producing
pyruvate and NH, ", though the presence of this pathway in cyanobacteria is not known. The importance
of glycine as a putative N source is emphasized by its abundance in both freshwater and marine
environments (glycine is commonly the most abundant AA in these DON pools) [278, 280, 289, 290],

and its ability to be utilised as a single nutrient source by a variety of bacterial species [291].

Serine acts as a precursor for cysteine and alanine. Cysteine is synthesised through the acetylation
(CysE) and sulfonation (CysK/CysM) of serine, while cysteine is desulfonated (NifS) to yield alanine
[292, 293]. Alanine is also produced by the reductive amination of pyruvate, catalysed by alanine

dehydrogenase (adh) [294]. This reaction is reversible, thus also yields pyruvate and NH4* as alanine
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(and cysteine) degradation products. These enzymes are conserved in cyanobacteria [103, 189]. Though
not generally found at the elevated concentrations of glycine, alanine and serine are significant com-
ponents of the DON pool, especially pronounced in marine environments [277, 278]. Their abundance

combined with short degradation pathways may indicate a favourable status as a nutrient source.

1.7.6 Histidine Metabolism

The biosynthesis pathway of histidine is well-conserved in cyanobacteria, forming histidine from the
nucleotide precursor 5-phosphoribosyl-1-pyrophosphate [103, 189]. However, cyanobacterial histidine
catabolism is unknown. A common pathway of histidine degradation is deamination to urocanate
and NH;", then subsequent conversion to formiminoglutamate. These reactions are catalysed by the
histidine utilisation system (Hut) proteins, not encoded by cyanobacteria [295]. Histidine is present
in the freshwater DON pool in low to moderate amounts, yet is N-rich (consisting of 3 N atoms) and
thus may be nutritionally beneficial [280, 290]. However, the lack of Hut proteins and subsequent
unknown method for histidine catabolism requires clarification to elucidate the bioavailable capability

of histidine.

1.8 Summary

Freshwater picocyanobacteria are an ecologically significant group, globally abundant and key primary
producers in both oligotrophic and eutrophic freshwater environments. Unlike their marine relatives,
relatively little is known about the genomic capabilities of freshwater picocyanobacteria, with the non-
picocyanobacterial Synechococcus elongatus strains historically dominating freshwater Synechococcus
biological and ecological research. With picocyanobacteria dominating freshwater environments,
a greater understanding of the factors (physical, morphological, biological) contributing to this is
essential. The constraint of N limitation is often present in environments where picocyanobacteria
thrive, suggesting the freshwater picocyanobacteria N uptake capabilities may contribute to their
dominance. While the concentration of N strongly influences the cyanobacterial community, so do
the molecular forms with which N is found. The bioavailability of DON has attracted greater interest

in recent years, with AAs in particular providing diverse sources of N especially in oligotrophic
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environments. The increased sampling and sequencing of freshwater picocyanobacteria has improved
our understanding of the genomic capabilities of this essential group. An investigation into the N
assimilation machinery of freshwater picocyanobacteria will provide insights into their dominance

and increase understanding of their ecologic role and capabilities.

1.9 Objectives

Objective 1: Increase the representation of freshwater picocyanobacteria by sequencing five

strains and comparing these genomes to Synechococcus elongatus

Picocyanobacteria represent an essential source of freshwater biomass yet remain understudied, espe-
cially in comparison to marine environments. The scarcity of freshwater picocyanobacteria genomes
has led to a reduced understanding of the ecology and molecular capabilities of this important group,
and greater representation is necessary to elucidate their dominant role in freshwaters. In addition
to increased genomic representation, the utility of Synechococcus elongatus as a model freshwater
Synechococcus is questioned by the greater prevalence of Syn/Pro clade Synechoccocus picocyanobac-
teria. In Chapter 2, draft genomes are produced of five freshwater picocyanobacteria strains from
the UK and the Netherlands. These genomes are compared to Synechococcus elongatus, both with a
broad focus on genomic content and with in-depth investigation into photosynthetic and NO3; /NO,
assimilatory machinery. Differences between the Syn/Pro Synechococcus and Synechococcus elongatus
are discussed, including the representativeness of Synechococcus elongatus as a model organism for

freshwater Synechococcus.

Objective 2: Investigate the encoded N assimilation capabilities of freshwater picocyanobac-
teria, comparing these to marine picocyanobacteria, thermophylic picocyanobacteria, Syne-

chococcus elongatus, and larger freshwater cyanobacteria

The uptake and assimilation of the important nutrient N is of great importance to picocyanobacteria
productivity, however it is little understood compared to marine picocyanobacteria and larger fresh-
water cyanobacteria. Recent increased sampling of freshwater picocyanobacteria, aided by strains
sequenced in Chapter 2, have increased the representation of this keystone group, and enabled greater

analysis of their genomic features. The encoded molecular machinery associated with N assimilation
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is investigated in Chapter 3 and compared to that of picocyanobacteria in other habitats, and larger
freshwater cyanobacteria, especially the sister group of freshwater picocyanobacteria, Synechococcus
elongatus. A particular focus is on AA uptake. These molecules are a ubiquitous component of DON,
regularly constituting a large percentage of bioavailable DON yet they remain under-researched,
particularly in comparison to other forms of organic N like urea. This work aims to increase our
understanding of how freshwater picocyanobacteria import sufficient N to thrive in oligotrophic

environments, and discusses the evolutionary adaptations associated with their environment.

Objective 3: Investigate the capability of freshwater picocyanobacteria to utilise AAs as sole
N sources and explore the proteomic response to growth on glutamate, proline, arginine, and

asparagine

The results from Chapter 3 prompted our investigation into the AA uptake capabilities of freshwater
picocyanobacteria. A diverse set of AATs are found in freshwater picocyanobacteria, with their specific
set of encoded AATs not found in larger freshwater cyanobacteria. We hypothesised that the AATs
present in a genome may determine the AAs which can act as sole N sources. To investigate this, a
growth assay featuring 20 proteinogenic AAs and novel organic substrates was carried out for two
strains of freshwater picocyanobacteria. This assessed the ability of freshwater picocyanobacteria to
import these AAs, and to relate this back to the AATs which they encode. We further wanted to inves-
tigate how picocyanobacteria respond to growth on AA substrates. Utilising quantitative proteomic
analysis, the proteomic response to picocyanobacterial growth on arginine, asparagine, glutamate, and

proline compared to NO3~ was explored and differentially expressed pathways identified.
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Chapter 2

Draft Genome Sequences of Five
Freshwater Syn/Pro Clade

Picocyanobacteria

2.1 Contributions and Acknowledgements

This chapter has been adapted from an article published in the Journal of Genomics [34]. The figures,
tables, methods, and results/discussion remain the same. The introduction (section 2.2) has been
expanded to provide more background to Synechococcus strains and introduce genome assembly from
non-axenic cultures. Furthermore, the conclusion (section 2.5), limitations (section 2.6), and future
directions (section 2.7) paragraphs are new to this chapter. The submitted article was edited with
contributions from Patricia Sanchez-Baracaldo, Henk Bolhuis, Michele Grego, and Penny Johnes. The

full reference of the published article is below:

Druce, E., Grego, M., Bolhuis, H., Johnes, P. J. & Sanchez-Baracaldo, P. 2023. Draft Genome Sequences
of Synechococcus sp. strains CCAP1479/9, CCAP1479/10, CCAP1479/13, CCY0621, and CCY9618: Five

Freshwater Syn/Pro Clade Picocyanobacteria. Journal of Genomics, 11, 26-36.

All sequenced strains were received from culture collections. Henk Bolhuis and Michele Grego sent

Synechococcus spp. CCY0621 and CCY9618 from Culture Collection Yerseke (CCY) while Synechococcus

37



CHAPTER 2. DRAFT GENOME SEQUENCES OF FIVE FRESHWATER SYN/PRO CLADE
PICOCYANOBACTERIA

spp. CCAP1479/09, CCAP1479/10, and CCAP1479/13 were sent from the Culture Collection of Algae
and Protozoa (CCAP). Jane Coghill and Christy Waterfall at the Bristol Genomics Facility carried out
genome sequencing. Giorgio Bianchini assisted with phylogenomic tree construction. All other work,

including DNA extraction, genome assembly, and comparative genomic analysis, is my own.

2.2 Introduction

Picocyanobacteria play a key role in aquatic ecosystems, contributing a significant proportion of total
primary production in both marine and fresh waters [25, 296, 297]. These unicellular cyanobacteria,
sized between 0.5 and 2 pm, are distributed globally, from temperate and tropical open oceans to
alpine lakes and eutrophic reservoirs [298-300]. Freshwater picocyanobacteria are predominately
Synechococcus strains which can dominate the picophytoplankton component (1 - 99% [70]) and total
biomass (10 - 70% [27]) depending on trophic status and depth [52, 122]. Other taxonomic names

associated with freshwater picocyanobacterial strains are Cyanobium spp. [301] and Vulcanococcus

spp. [33].

For decades, Synechococcus elongatus strains have been the primary focus for cyanobacterial molecular
and ecological research. Synechococcus elongatus PCC 7942 (isolated from a pond in Berkeley) was the
first cyanobacterium to be transformed by exogenous DNA [302], while the first complete genome
sequence of Synechococcus was achieved for Synechococcus elongatus PCC 6301 (isolated from Waller
Creek, Texas) [303]. In addition to their role in pioneering genomic research, the light-harvesting
mechanisms in cyanobacterial photosynthesis were explicated through characterisation of the phyco-
bilisome (PBS) in Synechococcus elongatus PCC 6301 [304]. The popularity of Synechococcus elongatus
strains has further led to their use as model organisms to investigate the interactions between fresh-
water cyanobacteria and the surrounding environment. This includes the molecular characterisation
of carbon (C) and nitrogen (N) assimilation systems and their regulation [209, 234, 305], the response
to nutrient deprivation and stresses [306—309], and the ability to adapt to variations in light intensity
and temperature [310-313]. Though Synechococcus elongatus cells are larger than those of the Syn/Pro
clade Synechococcus [314, 315], and do not fall under the ’pico-’ threshold (; 2 pm), they are often used

as models for freshwater picocyanobacteria [221, 223, 229, 233, 258]. However, the emergence of the
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Synechococcus elongatus strains as a deep branching sister group to the monophyletic Syn/Pro clade
suggests Synechococcus elongatus provides an unrepresentative model of freshwater picocyanobacteria

and freshwater Synechococcus [316].

A sequenced genome presents a myriad of opportunities to understand how an organism has adapted
to its environment. Analysing genomes can reveal unknown nutrient preferences, mechanisms for
essential life processes, and responses to environmental stressors. Of special interest in cyanobacteria
are two essential metabolic pathways - photosynthesis and N metabolism. Due to their distinction as the
only prokaryote capable of performing oxygenic photosynthesis and their role in the Great Oxidation
Event (2.4 billion years ago [317]), considerable research interest has focused on cyanobacterial
photosynthesis, both in understanding the function of the photosynthetic apparatus and elucidation
of the early evolution of photosynthesis [318, 319]. On the other hand, N (alongside phosphorus) is
often the limiting factor for cyanobacterial growth in aquatic systems [9]. The sequenced genomes of
Synechococcus elongatus strains have revealed insights into the capabilities of mitigating N-starvation in
freshwater Synechococcus (i.e. identification of a cyanate transporter for nitrite assimilation [234, 320]),
though significant differences between Synechococcus elongatus and Syn/Pro strains have already been
identified, such as differential capabilities of urea utilisation and the presence of N-fixing capability in

a freshwater picocyanobacterium [33, 184].

The availability of sequenced freshwater Synechococcus genomes from the Syn/Pro clade has lagged
behind that of marine picocyanobacteria [108]. The first marine Synechococcus and Prochlorococcus
genomes became available two decades ago [48, 232, 321], and since then many studies have utilised
genomics to understand the ecology and evolution of marine picocyanobacteria, ranging from the
evolutionary mechanisms behind niche adaptation to the diversity of PBSs among marine Syne-
chococcus [10, 322-324]. Only recently has attention turned towards freshwater picocyanobacteria,
with representatives sequenced from Italy [33], Spain [301], and Central and South America [108],
before a substantial global increase through the efforts of Cabello-Yeves et al. [103]. This increased
representation of Syn/Pro clade freshwater picocyanobacteria will aid in reducing the knowledge gap
between marine and freshwater picocyanobacterial environmental adaption, itself enlarged due to the

heterogenous nature of freshwater environments [325], and determine further genomic distinctions
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between Syn/Pro freshwater picocyanobacteria and Synechococcus elongatus strains.

Genome sequencing has traditionally relied on first obtaining an axenic culture, a time-consuming task
for many cyanobacteria with strongly associated heterotrophic bacteria [326]. However, the rise of next-
generation sequencing and advancements in genome assembly have made genomes cheaper, quicker,
and easier to decipher while providing new possibilities for the separation of a desired genome from a
pool of multi-genomic reads [327]. The first barrier to overcome in non-axenic cyanobacterial genome
sequencing is the generation of a mono-phototrophic culture [328]. This is generally much easier than
achieving an axenic culture, disregarding the requirement for complete contamination elimination,
instead focusing on growth of the single desirable species for DNA extraction and sequencing. Once
sequenced, the primary challenge is separation of cyanobacterial sequences from sequences originating
from the associated heterotrophic bacteria. This can be achieved through the utilisation of metagenome
binning for heavily contaminated samples or analysis of de Bruijn graphs from genome assembly
[327, 329]. Incorporated into genome assembler software (such as SPAdes [330]), de Bruijn graphs
generate assemblies by tracing a path through reads (nodes) of k-mer length (i.e. splitting a 150-
nucleotide read into 86 overlapping 65-mers) based on overlapping sequences [331]. This would ideally
provide a single chromosome displaying one path between contigs, however duplicated genes and
repetitive DNA sequences result in more complex contig alignments. Though not assembled into a
single chromosome, these multiple alignments can aid in identifying relationships between contig
clusters, especially when paired with other contig characteristics such as sequence coverage and

presence of expected taxon-specific genes.

To increase freshwater Syn/Pro clade genomic representation and identify genetic diversity between
these and Synechococcus elongatus strains, we sequenced five picocyanobacteria held in culture collec-
tions, originally isolated from European lakes. Synechococcus sp. CCY0621 (Leiden) and Synechococcus
sp. CCY9618 (Vinkeveen) were isolated from the Netherlands, and Synechococcus sp. CCAP1479/9,
Synechococcus sp. 1479/10, and Synechococcus sp. 1479/13 were isolated from Windermere in the UK.
Phylogenomic analyses revealed their positions in the Syn/Pro clade, while their genome content was
compared with Synechococcus elongatus strains, especially with regards to photosynthetic machinery

and nitrate (NO3 ") metabolism where multiple differences were identified.

40



2.3. METHODOLOGY

2.3 Methodology

2.3.1 Culture Collection and Maintenance

Three Synechococcus strains were obtained from the Culture Collection of Algae and Protozoa: Syne-
chococcus sp. CCAP1479/9, Synechococcus sp. CCAP1479/10, and Synechococcus sp. CCAP1479/13, all
isolated from Windermere, UK. Two Synechococcus strains were obtained from the Culture Collection
Yerseke: Synechococcus sp. CCY0621 and Synechococcus sp. CCY9618, isolated from ponds in the Nether-
lands (Leiden and Vinkeveen respectively) (Appendix Figure A.1). All strains were mono-phototrophic
and grown in 25 cm? vented flat-sided cell culture flasks with BG-11 medium [332]. An LMS Series
2 Cooled Incubator (Appleton Woods, UK) was used at 20 °C with 10-20 umol m™ s! of white light

under a 16 h: 8 h light:dark cycle.

2.3.2 Genome Extraction

Aliquots of 1.8 mL of each mono-phototrophic culture were harvested to extract genomic DNA using
DNeasy UltraClean Microbial Kits (Qiagen, Germany) according to the manufacturer’s instructions.
Once purified, genomic DNA was stored at -80 °C in 10 mM Tris buffer at pH 8. DNA concentration
and quality was measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) and a

Qubit 2.0 Fluorometer (Thermo Scientific, USA).

2.3.3 DNA Sequencing and Genome Assembly

Whole genome library preparation and sequencing was carried out by the University of Bristol
Genomics Facility, UK. DNA libraries were prepared for each strain using Truseq Nano LT Kit (Illumina,
USA) and sequenced using Illumina NextSeq 500/550 Mid Output Kit v2 (300 cycles) (Illumina, USA)
to generate paired-end reads (2x150 bps). Raw reads were trimmed using Trimmomatic v0.39 [333]
with parameters Leading: 20, Trailing: 20, SlidingWindow:4:20, MinLen: 20, and assembled de novo
using SPAdes v3.14.1 [330] with k-mers of 67, 77, 87, 97 and a coverage cutoff of 20 in —careful mode. A
BLAST [334] database was generated at the amino acid sequence level for each assembly and searched
against a collection of 1,054 core cyanobacterial genes (CCGs) [335]. Bandage v0.8.1 [336] was used

to visualise strain assemblies and separate out cyanobacterial sequences based on contiguous CCG-
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containing nodes as demonstrated in previous assemblies [329] (Appendix figures A.2 - A.6). Contigs
which did not contain cyanobacterial genes were discarded, in addition to short (<200 bp) contigs. The
assembled genomes had overall coverages ranging from 552x to 939x (Table 2.1) and were structurally
annotated with GeneMark.hmm-2 v1.05 [337], Prodigal v2.6.3 [338], INFERNAL v1.1.2 [339], and
tRNAscan-SE v2.0.5 [340]. Genome completeness was estimated by identifying cyanobacteria-specific
single-copy orthologous genes using BUSCO v3.0.2 [341]. The draft genomes were submitted to
JGI IMG/ER [342] (GOLD Analysis Project IDs: Ga0436386, Ga0436387, Ga0436388, Ga0436389, and
Ga0436390). The five draft genomes were deposited to the DDBJ/Genbank/ENA repositories with
accession numbers JAFKRG000000000 (CCY9618), JAFKRH000000000 (CCY0621), JAFKRI000000000
(CCAP1479/13), JAFKRJ000000000 (CCAP1479/10), and JAFKRK000000000 (CCAP1479/9). The average

nucleotide identity (ANI) between these newly sequenced strains is shown in Appendix Table B.1.

2.3.4 Comparative Genomics

Functional annotation was determined through the eggNOG web server [343]. Two-tailed t-tests were
applied to carry out statistical analysis on total COG numbers and COGs normalised as a proportion of
total genome. JGI IMG/ER was used to carry out KEGG [344] comparative genomic analysis for photo-
synthesis and NO3;™ metabolism pathways between Synechococcus elongatus (Synechococcus elongatus
PCC 7942, Synechococcus elongatus UTEX 2973, Synechococcus elongatus PCC 6301, Synechococcus
elongatus FACHB-242, Synechococcus elongatus FACHB-1061) (average ANI pairwise for all strains >

99 %) and the sequenced Synechococcus strains.

2.3.5 Phylogenomic Analysis

The evolutionary relationships of the newly sequenced strains with a selection of cyanobacterial
taxa sampling a broad range of morphologies, lifestyles, and metabolisms, were estimated through
phylogenomic analysis. Our dataset included 373 cyanobacteria genomes (no metagenome-assembled
genomes) and ortholog sequences from 143 protein-coding genes (the latter based on previously
published studies [94, 97, 98]). We performed BLAST searches with these ortholog sequences against
the 373 genomes using BLASTP v2.11.0+ [345] with an E-value threshold of 107, retaining the hit

with the highest score and extracting the corresponding protein sequences. The resulting sequences
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were aligned using MAFFT v7.511 [346] with the -localpair —maxiterate 1000 parameters. Maximum-
likelihood gene trees were constructed using IQ-TREE 2.2.0 [347], implementing the LG protein
evolution model and the —fast option. These gene trees were used to identify the clusters of sequences
that were most closely associated with the BLAST query sequences - these clusters were assumed to
be ‘true’ orthologs. These true orthologs were re-aligned with MAFFT (same parameters as above)
and inspected with mis-aligned columns and alignment positions with a gap content higher than 80%
removed from each alignment. The best evolutionary model for each gene was determined by using
IQ-TREE with the -m MF option [348], selecting the model with the lowest BIC score. A maximum-
likelihood partitioned phylogenomic analysis was performed using IQ-TREE [349]. Using the previously
determined evolutionary models, partitioned analysis was carried out with IQ-TREE using -p and -B
1000 parameters with each gene assigned to its own partition. The -p option constrains all partitions to
the same topology and branch length but allows each partition to have a different overall evolutionary
rate, while -B 1000 produces ultrafast bootstrap support values [350]. This analysis was carried out

twice with the two resulting trees compared to confirm no significant differences between them.

2.4 Results and Discussion

2.4.1 Genome Statistics

The newly sequenced picocyanobacteria genomes consist of 88 to 133 contigs (average of 112) and
range in size from 2.9 Mbps to 3.3 Mbps (average of 3.2 Mbps), significantly larger than Synechococcus

elongatus strains (p < .001). Synechococcus sp. CCY9618 has the smallest genome and is composed of

Table 2.1: Genomic features of the sequenced freshwater picocyanobacteria

Synechococcus  sp. Synechococcus sp. Synechococcus sp. Synechococcus sp. Synechococcus — sp.

CCAP1479/9 CCAP1479/10 CCAP1479/13 CCY0621 CCY9618
Genome size (bp) 3,288,920 3,313,705 3,299,582 3,230,971 2,927,161
Contigs 88 108 132 101 133
N50 (bp) 207,208 151,487 78,719 105,719 94,487
Genome coverage 825X 939X 552X 818X 865X
DNA coding (%) 92 92 92 91 91
DNA G+C (%) 69 69 69 67 68
Total genes 3,423 3,502 3,507 3,471 3,165
Protein encoding genes 3,364 3,441 3,446 3,407 3,109
Completeness (%) 98 99 98 99 99
Average Nucleotide Identity 73.5808 73.4985 73.5014 73.3739 73.3276
to Synechococcus elongatus
PCC 7942
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the largest number of contigs, with an N50 value of 94,487 (Table 2.1). Synechococcus sp. CCAP1479/10
has the largest genome, while Synechococcus sp. CCAP1479/9 contains the fewest contigs (88) and
the largest N50 (207,208). Genome coverage is high among the assemblies (552x — 939x) with genome
completeness estimated at 98.2 — 98.7%. It should be noted that these genomes have not been completely

closed yet a high genome completeness suggests that the ‘missing’ part of the genome is limited.

All five genomes contain high GC contents ranging from 67.45 - 69.36% (Table 2.1). This is consis-
tent with previously sequenced freshwater picocyanobacteria and Synechococcus elongatus, regularly
featuring a high (>60%) GC content [103, 108]. Compared to marine Syn/Pro strains, freshwater Syne-
chococcus have significantly larger genome sizes (p < .001; primarily due to genomic streamlining
of Prochlorococcus spp. [351]) and higher GC content (p < .001) (Figure 2.1). Meanwhile, the trend of
increasing GC content with increasing genome size present in freshwater and marine Synechococcus
is not found in larger cyanobacteria (cell size greater than 2 um). Higher genomic GC contents have
been linked with increased horizontal gene transfer and protection against DNA damage through
higher resilience against UV irradiation, contributing to picocyanobacterial genomic plasticity and
environmental adaptability [352, 353]. Conversely, lower GC contents in marine picocyanobacteria

may indicate selection in N limited environments due to the reduced N requirement for AT pairs [354].

2.4.2 Phylogenomic Analysis

Phylogenomic analysis was carried out to identify the closest relatives of the newly sequenced fresh-
water picocyanobacteria. All five strains belong to the Cyanobium and Synechococcus freshwater
sub-cluster 5.2 of the Syn/Pro clade (Figure 2.2). Synechococcus sp. CCAP1479/10, Synechococcus sp.
CCAP1479/13, and Synechococcus sp. CCAP1479/13 form a monophyletic clade, with Synechococcus sp.
BO8801 (Lake Constance, Germany) and Synechococcus sp. FACHB-909 (Baohu Lake, China) the closest
related strains (a sister group to these three newly sequenced picocyanobacteria). Synechococcus sp.
CCY0621 and Synechococcus sp. CCY9618 are more distantly related and appear as outgroups to the
CCAP newly sequenced strains. In contrast, Synechococcus elongatus strains are a sister group of the

Syn/Pro.

Interestingly, the phylogenomic tree produced in this study differs in the placement of the Nodosilin-
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Figure 2.1: GC content and genome size of cyanobacteria characterised into habitat and
phylogeny. Freshwater Synechococcus include picocyanobacteria found in the Syn/Pro clade and

Synechococcus elongatus strains. The newly sequenced strains are clustered with the freshwater Syne-
chococcus.

eales compared to other phylogeneomic analyses (Appendix Figure A.7) [94, 104, 329]. The Nodosilin-
eales are often found as a sister group to the Syn/Pro + Prochlorothrix clade, however in this analysis
the Nodosilineales are a sister clade to the Macrocyanobacteria. There are two reasons for this. Firstly,
the bootstrap support for the Nodosilineales as a sister group to the Syn/Pro is low in some analyses
(i.e. 50% support [104]), questioning the ’true’ location of the Microcyanobacteria. Secondly, this study
focuses on the Syn/Pro, over-representing taxa to improve the resolution of this clade. This may have

introduced artefacts into the surrounding taxa, namely the positioning of the Nodosilineales.

2.4.3 Comparative Genomics

Freshwater picocyanobacteria from the Syn/Pro clade are derived taxa that specialised in a planktonic
habitat. The newly sequenced genomes were functionally annotated with eggNOG and KEGG, in

addition to five Synechococcus elongatus genomes (Synechococcus elongatus PCC 7942, Synechococcus
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Figure 2.2: Maximum likelihood phylogeny showing the relationship of Synechococcus sp.
CCAP1479/9, Synechococcus sp. CCAP1479/10, Synechococcus sp. CCAP1479/13, Synechococ-
cus sp. CCY0621, and Synechococcus sp. CCY9618 within the Syn/Pro clade. New sequenced
picocyanobacteria are highlighted in red. The tree was constructed from 373 cyanobacteria and 143
orthologous proteins. Bootstrap values less than 100 are displayed at branching nodes while blank
nodes have a support of 100. The tree is rooted using Melainabacteria spp. as an outgroup. An expanded
tree is shown in Appendix Figure A.7.

elongatus UTEX 2971, Synechococcus elongatus PCC 6301, Synechococcus elongatus FACHB-242, and
Synechococcus elongatus FACHB-1061). This enabled insights into the genomic capabilities of the

scarcely researched freshwater sub-cluster 5.2 of the Syn/Pro clade compared to Synechococcus elongatus.
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2.4.3.1 Overall Genome Content

Of the 19 functional COG categories identified, 11 categories differed significantly between our
sequenced genomes and Synechococcus elongatus strains, in terms of total gene number and genes as a

percentage of the total genome (Table 2.2, Appendix Tables B.3 and B.4).

Five of these categories were found to be significantly increased in our sequenced genomes (defence
mechanisms (V), cell wall/membrane/envelope biogenesis (M), carbohydrate transport and metabolism
(G), amino acid transport and metabolism (E), lipid transport and metabolism (I)), while three were
significantly decreased (translation, ribosomal structure and biogenesis (J), cell motility (N), nucleotide
transport and metabolism (F)). The total number of genes associated with three categories (post-
translational modification, protein turnover (O), energy production and conversion (C), coenzyme
transport and metabolism (H)) were significantly greater in our sequenced genomes (p < .001), though
as a proportion of their genome were significantly greater in Synechococcus elongatus strains (p = .006,
p =.007, p < .001 respectively). Additionally, KEGG analysis revealed 1,425 KO terms within at least
one of the sub-cluster 5.2 freshwater picocyanobacteria of which 183 terms were not identified in
Synechococcus elongatus strains. Meanwhile, 162 KO terms are found in Synechococcus elongatus but

absent from our newly sequenced strains (Appendix Table B.5).

Our sequenced sub-cluster 5.2 strains encode significantly more genes involved in carbohydrate (G),
amino acid (E), and lipid (I) transport and metabolism than Synechococcus elongatus strains (p <
.001). Conversely, Synechococcus elongatus strains encode significantly more nucleotide transport
and metabolism genes (F; p < .001). As the Synechococcus elongatus genome size is smaller than
that of our sub-cluster 5.2 freshwater strains, it may be expected to encode a reduced number of
nucleotide-associated genes, though this is not found. These genomic differences may be caused by
the different environmental niches these two clades inhabit. Fresh waters are spatially diverse and
exhibit a greater amount of nutrient heterogeneity than ocean environments [6]. Multiple other factors
contribute to freshwater habitat niches, including light availability, temperature, water retention time,
and composition of the surrounding microbial community [15]. However, while sub-cluster 5.2 and
Synechococcus elongatus strains have been isolated from geographically distant locations, they occupy

the same position in the water column (limnetic zone [108]) and are more dominant in temperate waters
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(though the full biogeographic distribution of Synechococcus elongatus is not clear). Increased genomic
sequencing of taxa from sub-cluster 5.2 will aid in understanding freshwater picocyanobacteria ecology

and the evolutionary context of these divergent lineages.

Further differences have been identified in the number of genes responsible for information storage and
cellular processes between our sequenced strains and Synechococcus elongatus strains. Genes encoding
defence mechanisms (V) and cell wall biogenesis-related (M) proteins are significantly increased in
our newly sequenced strains (p < .05). Meanwhile, Synechococcus elongatus strains have significantly
higher numbers of genes involved in translation (J) and cell motility (N) (p < .001). Research on
cyanobacterial chemo- and photo-taxis has focused on Synechocystis spp. which exhibit a "gliding’ form
of motility utilising a type IV pilus system [355]. Motility among marine Synechococcus spp. is achieved
through multiple mechanisms, the most common through S-layer rotation [356, 357], while recent
findings have identified phototactic behaviour in Synechococcus elongatus [358]. However, the motility
of sub-cluster 5.2 is yet to be determined. These differences in core cellular control may represent
subtle changes in clade behaviour. As Synechococcus elongatus PCC 7942 is traditionally used as a
model for freshwater Synechococcus, the genotype and associated phenotypes for these strains may

distort expectations of the Syn/Pro clade due to genomic differences between these two groups.

2.4.3.2 Photosynthesis Machinery

A comparison of the photosynthesis pathway between the newly sequenced picocyanobacteria and
Synechococcus elongatus reveals a number of differences. Among core Photosystem II (PSII) components,
the gene for the D2 protein (psbD) is surprisingly absent from the newly sequenced strains (in addition
to two recently sequenced Synechococcus elongatus) (Table 2.3). The D2 protein forms part of the PSII
reaction core alongside D1 (encoded by psbA) and is essential in binding the necessary redox-active
cofactors for electron transfer [359]. The presence of psbD in other sub-cluster 5.2 strains is likewise
unclear - absent from Synechococcus sp. BO8801 yet found in Synechococcus sp. 1G10 and Cyanobium
gracile PCC 6307 (data not shown). However, psbD is essential for photosynthetic growth, suggesting the
absence of psbD from our sequenced picocyanobacteria is a result of the unclosed nature of the genome.
psbC is found clustered with psbD in other cyanobacteria (e.g. Synechococcus elongatus PCC 7942 and

Synechocystis sp. PCC 6803), though the contig encoding psbC in our sequenced Synechococcus spp. is

49



CHAPTER 2. DRAFT GENOME SEQUENCES OF FIVE FRESHWATER SYN/PRO CLADE
PICOCYANOBACTERIA

truncated upstream (where the psbD locus is usually found). Other genes encoding photosynthesis
electron transport proteins that are absent from our newly sequenced sub-cluster 5.2 strains include
petL, encoding the cytochrome b6f complex subunit 6, and petE encoding plastocyanin, responsible for
transferring electrons from cytochrome bé6f to Photosystem I (PSI). Cytochrome b6f is an intermediate
in the transport of electrons from PSII to PSI, however the role of PetL in the complex is unclear. A
function linked to stability of the dimeric state of the cytochrome bé6f complex has been suggested
while the non-essential nature of PetL in cyanobacteria has been demonstrated [360, 361]. Accepting
electrons from cytochrome bé6f, copper-containing plastocyanin is another essential component of
the photosynthesis electron transport chain. However, most cyanobacteria also contain Fe-containing
cytochrome c6 (encoded by pet). Expression of these two electron carriers is regulated by copper
availability, a response to Fe-limitation [362]. Plastocyanin absence in sub-cluster 5.2 strains appears
to reduce adaptability in low-Fe environments, though heterocyst-forming cyanobacteria have been
shown to preferentially utilise cytochrome c6 for electron transport, even in the presence of copper
[363]. Further notable differences include the presence of psb28-2 (a PSII assembly factor with a distinct
function from psb28-1 [364]) only in Synechococcus elongatus and an additional copy of psal (encoding
a PSI transmembrane protein [111]) in the newly sequenced strains (Table 2.3). While the deletion of
psbD is an artefact and must be resolved by the generation of closed freshwater picocyanobacteria
genomes, further research to investigate the impact of the putative petL and petE gene deletions is

necessary to elucidate this key physiological process in freshwater picocyanobacteria.

In addition to core photosynthetic electron transport apparatus, the copy number and composition
of antennae proteins comprising the light-harvesting PBS displays subtle differences (Table 2.3).
Synechococcus elongatus strains encode two copies of apcD, encoding a key component of the allo-
phycocyanin (AP) central core of PBS, though our newly sequenced sub-cluster 5.2 picocyanobacteria
encode solely apcD1. The role of ApcD has been shown to slightly vary between Synechococcus elonga-
tus PCC 7942 and another cyanobacterial model organism - Synechocystis sp. PCC 6803. ApcD is vital
for efficient energy transfer from the PBS to PSI in Synechococcus elongatus PCC 7942 while the lack
of ApcD has no impact on PSI energy transfer in Synechocystis sp. PCC 6803, instead inhibiting state
transitions in response to unbalanced light conditions [365]. Furthermore, multiple copies of apcD have

been linked to photoacclimation to far-red light (700 - 750 nm) [366] and low light conditions [367].
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Since Synechococcus elongatus is not known to be capable of far-red absorption, it’s more likely that the
additional encoding of apcD may result in the enhanced capability of low light photoacclimation. This
may suggest greater adaptability in low light conditions for Synechococcus elongatus strains, potentially
resulting in community shifts in heavily shaded areas.

Table 2.3: Genes encoding photosynthesis machinery and antennae proteins found in the five
sequenced sub-cluster 5.2 Synechococcus genomes and five selected Synechococcus elongatus
strains. Genes were identified through KEGG annotation. Copy number is indicated by the number of

'+’ symbols. Absence of the gene indicated by ’-.

KO Gene Product | CCAP CCAP CCAP CCY CCY PCC UTEX PCC FACHB- FACHB-
1479/9 1479/10  1479/13 0621 9618 7942 2973 6301 242 1061
Photosynthesis
PSII
K02703 PsbA ++ +++ +4+ +4+ ++ +4+ +4+ +4+ +++ ++
K02706 PsbD - - - - - ++ ++ ++ - -
K02705 PsbC + + + + + + + + + +
K02704 PsbB + + + + + + + + + +
K02707 PsbE + + + + + + + + + +
K02708 PsbF + + + + + + + + + +
Ko02713 PsbL + + + + + + + + + +
Ko02711 PsbJ + + + + + + + + + +
Ko2712 PsbK + + + + + + + + + +
K02714 PsbM + + + + + + + + + +
K02709 PsbH + + + + + + + + + +
K02710 Psbl + + + + + + - + _ _
Ko2716 PsbO + + + + + + + + + +
Ko02717 PsbP + + + + + + + + + +
K08901 PsbQ - - - - . B B . N _
Ko03541 PsbR - - - - - - - - - -
K03542 PsbS - - - - - - - - - -
K02718 PsbT + + + + + + - + + +
K02719 PsbU + + + + + + + + + +
K02720 PsbV + + + + + + + + + +
Ko02721 PsbwW - - - - - . - - - -
Ko2722 PsbX + + + + + + + + + +
K02723 PsbY + + + + + + + + + +
K02724 PsbZ + + + + ++ + + + + +
K08902 Psb27 + + + + + + + + + +
K08903 Psb28 + + + + + + + + + +
K08904 Psb28-2 - - - - - + + + + +
PSI
K02689 PsaA + + + + + + + + + +
K02690 PsaB + + + + + + + + + +
K02691 PsaC + + + + + + + + + +
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Table 2.3 continued from previous page
KO Gene Product | CCAP CCAP CCAP CCY CCY PCC UTEX PCC FACHB- FACHB-
1479/9 1479/10  1479/13 0621 9618 7942 2973 6301 242 1061
K02692 PsaD + + + + + + + + + +
K02693 PsaE + + + + + + + + + +
K02694 PsaF + + + + + + + + + +
K08905 PsaG - - - - - - - - - -
K02695 PsaH - - - - - - - - - -
K02696 Psal ++ +4+ ++ ++ +4+ + + + + +
K02697 Psa] + + + + + + + + + +
K02698 PsaK + + + + + ++ ++ ++ ++ ++
K02699 Psal + + + + + + + + + +
K02700 PsaM + + + + + + + + + +
K02701 PsaN - - - - - - - - - -
K14332 PsaO - - - - - - - - - -
Ko02702 PsaX - - - - - - - - - -
Cytochrome
bé/f complex
K02635 PetB + + + + + + + + + +
K02637 PetD + + + + + + + + + +
K02634 PetA + + + + + + + + + +
K02636 PetC + + + ++ + + + + + +
K02642 PetL - - - . . + + . . .
K02643 PetM + + + + + + + + + +
K03689 PetN + + + + + + - + + +
K02640 PetG + + + + + + + - + +
Photosynthetic
electron trans-
port
K02638 PetE - - - - - + + + + +
K02639 PetF ++++ ++++ +++ ++++ ++++ +++ +++ +++ +++ +++
Ko02641 PetH + + + + + + + + + +
K08906 Pet] + + + ++ ++ +++ +++ +++ +++ +++
F-type ATPase
Ko2112 beta + + + + + + + + + +
Ko2111 alpha + + + + + + + + + +
Ko2115 gamma + + + + + + + + + +
Ko2113 delta + + + + + + + + + +
Ko02114 epsilon + + + + + + + + + +
Ko02110 c + + + + + + + + + +
Ko02108 a + + + + + + + + + +
K02109 b ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
Antenna Pro-
teins
Allophycocyanin
K02092 ApcA + + + + + + + + + +
K02093 ApcB + + + + + + + + + +
K02094 ApcC + + + + + + + + + +
K02095 ApcD + + + + + ++ ++ + ++ ++
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Table 2.3 continued from previous page

KO Gene Product | CCAP CCAP CCAP CCY CCY PCC UTEX PCC FACHB- FACHB-
1479/9 1479/10  1479/13 0621 9618 7942 2973 6301 242 1061

K02096 ApcE + + + + + + + + + +

K02097 ApcF + + + + + + + + + +

Phycocyanin

Ko02284 CpcA ++ ++ ++ + - ++ ++ ++ ++ ++

K02285 CpcB +++ 4+ +++ ++ + ++ ++ ++ ++ ++

K02286 CpcC - - - - - ++ ++ ++ ++ ++

K02287 CpcD + + + + + + + + + +

K02288 CpcE + + + + + + + + + +

K02289 CpcF + + + + + + + + + +

K02290 CpcG ++ +4+ ++ ++ +4 + + + + +

Phycoerythrin

K05376 CpeA - - - - - - - - -

K05377 CpeB - - - - - - - - - -

K05378 CpeC ++ ++ ++ ++ ++ - - - - -

K05379 CpeD - - - - - - -

K05380 CpeE - - - - - - - - -

K05381 CpeR - - - - - - - - - -

K05382 CpeS - - - - - + + + + +

K05383 CpeT - - - - - - -

K05384 CpeU - - - - - - - - -

K05385 CpeY - - - - - - - - - -

K05386 CpeZ - - - - - - - - - -

There are more significant variations in the encoding of phycobiliprotein-rods which radiate out from
the PBS core. There are differences in the copy number of phycocyanin (PC) subunits c¢pcA and cpcB
with Synechococcus sp. CCY9618 encoding only cpcB. Other newly sequenced genomes encode both
subunits with cpcB at an increased copy number compared to Synechococcus elongatus strains (Table
2.3). Interestingly, cpcC is absent from our sub-cluster 5.2 strains. This encodes the LR33 PC-associated
linker polypeptide, responsible for stabilising rod substructures [368]. Meanwhile, the same strains
encode an additional copy of cpcG (encoding a linker protein required for rod attachment to the AP
core), with the two copies having distinct roles in PSII (cpcGI) and PSI (cpcG2) in Synechocystis sp. PCC
6803 [369]. The absence of cpcG2 in Synechococcus elongatus strains suggests further differences in
photosynthetic machinery between the two groups. Furthermore, while phycoerythrin (PE) is known
to be absent in Synechococcus elongatus strains, it has been observed in other sequenced sub-cluster 5.2
freshwater picocyanobacteria [108]. However, the strains sequenced in this study are absent of cpeAB

indicating PBS rods of PC only. Though lacking PE subunits, freshwater Synechococcus encode various
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PE-associated proteins. Our sequenced Synechococcus encode two copies of cpcC, a PE-associated rod
linker protein, while Synechococcus elongatus encode cpeS, an S-type lyase essential for mature PE
generation [370, 371]. It is unclear if these genes are expressed, and the function they provide for
Synechococcus lacking PE. Alternatively, this may suggest that the ancestor of Syn/Pro Synechococcus
and Synechococcus elongatus had the capability to produce PE pigments, this trait lost in the subsequent
evolutionary history of these strains in their freshwater environments, with remnants of PE-associated

genes remaining.

2.4.3.3 nirA Operon

The most abundant N source in fresh water is NO3~ [372], a nutrient which cyanobacteria can access via
the narB-nrtABCD-nirA operon. This operon encodes the necessary proteins for NO3~ assimilation, yet
the gene neighbourhood of this operon differs between sub-cluster 5.2 freshwater picocyanobacteria
and Synechococcus elongatus. This operon consists of a NO3/NO,™ bi-specific ATP-binding cassette-
type transporter (nrtABCD), nitrate reductase (narB), and nitrite reductase (nirA). Among our newly
sequenced strains (with Synechococcus sp. CCY9618 an exception), nirA and nirB are transcribed
in the opposite direction to nrtABCD whereas Synechococcus elongatus encodes the six core genes
contiguously (Figure 2.3). Furthermore, there are unrelated genes flanking nrtABCD - anthranilate
phosphoribosyltransferase and a hypothetical gene. Contiguous operons are known for rapid gene
expression for all proteins of a specific cellular process, however the unassociated genes and two-
way transcription may suggest sub-cluster 5.2 freshwater picocyanobacteria respond slower to NO3

inducement, though bidirectional promoters may be involved.

Additional genes involved with NO,™ assimilation are found in Synechococcus elongatus strains but
absent from our sequenced strains. These include nirB, required for maximal nitrite reductase activity,
and ntcB, a transcription factor involved in NO, -induced gene activation [218, 373]. Though NOj" is
the most abundant traditional N source, it is also the most energetically costly, requiring eight electrons
to reduce fully to ammonium (NH;*) (NO3;~ > NO,” > NH,*) [374]. Increasing the preference for NO,
over NO;3~ can reduce this demand which may result in substantial energy savings. Synechococcus sp.
CCY9618 encodes a homologous transporter previously only identified in marine picocyanobacteria

(nrtP) which preferentially takes up NO;™ over NO,™ [231]. The differences between sub-cluster 5.2
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Figure 2.3: Gene neighbourhood of the narB-nrtABCD-nirA operon for nitrate assimilation.
Green arrows are genes involved with NO;™ assimilation. Orange arrows are genes involved with
photosynthesis. Blue arrows are genes involved with C metabolism. Black arrows are other annotated
genes while grey arrows indicate hypothetical genes. petA: apocytochrome f (K02634). petC: cytochrome
b6f complex iron-sulphur subunit (K02636), psa}: photosystem I subunit 9 (K02697), psaF: Photosystem
I subunit 3 K02694), xfp: xylulose-5-phosphate/fructose-6-phosphate phosphoketolase (K01621), ackA:
acetate kinase (K00925), sdhB: succinate dehydrogenase/fumarate reductase iron-sulphur subunit
(K00240), sdhA: succinate dehydrogenase/fumarate reductase flavoprotein subunit (K00239), sdhC:
succinate dehydrogenase/fumarate reductase cytochrome b subunit (K00241).

freshwater picocyanobacteria and Synechococcus elongatus may indicate differing preferences for

nutrient growth, influencing the composition of the Synechococcus community.

2.5 Conclusions

The five newly sequenced freshwater picocyanobacteria expand the number of genomes available for
sub-cluster 5.2 of the Syn/Pro clade. Comparative genomic analysis has revealed significant diversity
within the genomic capabilities of freshwater picocyanobacteria (Syn/Pro Synechococcus spp.) v Syne-
chococcus elongatus. The two groups encode different molecular machinery for both photosynthesis
(PBS composition) and NO3;/NO,™ assimilation, likely impacting their preferred ecological niches.
Variations in encoded antennae proteins suggest that freshwater Syn/Pro picocyanobacteria may have
reduced capability of low light absorption compared to Synechococcus elongatus while the presence of

NO, -associated genes (nirB and ntcB) in Synechococcus elongatus may be an indication of preferential
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uptake of this nutrient. Phylogenomic analysis revealed that these newly sequenced strains are closely
related in Syn/Pro sub-cluster 5.2. Though only two major pathways were investigated in detail in this
study, the ecological variety within freshwater Synechococcus and within sub-cluster 5.2 of the Syn/Pro
clade is demonstrated. A greater understanding of the environmental influence and molecular capabili-
ties of keystone freshwater picocyanobacteria populations requires a focus on Syn/Pro Synechococcus

communities and increased sampling of these strains to reveal additional genomic diversity.

2.6 Limitations

Next generation sequencing techniques have revolutionised genomic research by providing high-
throughput sequencing capacity quicker and at reduced cost [375]. This has led to the increase in
available sequenced genomes, though completeness has suffered as a result [376]. While closed genomes
allow the set of contigs to be converted into a singular genome without gaps, draft genomes contain
multiple contigs with unknown regions between contigs harbouring genetic content. The genomes
sequenced in this study were not closed and contained gaps between the contigs. The extent of
sequences missing can be estimated through assembly data (such as N50) and bioinformatic tools
(such as BUSCO [341]), though these are imperfect. The N50 (the smallest contig with which half the
genome is sequenced by contigs of size N50 and larger) value is linked to the contiguity of an assembly,
though recent research has demonstrated poor correlation between this and genome completeness
[377, 378]. BUSCO (Benchmarking Universal Single-Copy Orthologues) is currently the main method
for assessing genome completeness [379]. This tool identifies orthologous single-copy genes that are
lineage-specific, with the cyanobacteria database comprising 773 BUSCO genes. However, this too has
its limitations, over-estimating completeness and reliant on a gene reference database which may not
be appropriate [379]. Though there are techniques to infer the presence of missing genes (i.e. psbD in
this study) such as molecular interrogation (with PsbD identified in the proteomics analysis of Chapter
4), investigating the gene position, and identifying neighbouring clusters, the generation of closed

genomes is the most reliable method to accurately determine gene presence or absence.

This work provides a genomic context for Syn/Pro sub-cluster 5.2 freshwater picocyanobacteria, yet

experimental validation is required to bridge the gap between genotype and phenotype. The presence
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of a gene alone is not sufficient for expression, as previously demonstrated for the N-fixing nif genes of
Vulcanococcus limneticus LL [33]. The phenotype produced from the differences in molecular machinery
in the photosynthesis pathways of Synechococcus elongatus and our newly sequenced strains must be
characterised to better understand the evolutionary divergence between these two groups. Likewise
with NO,™ assimilation, Synechococcus elongatus encodes additional genes for NO,™ metabolism and
regulation though it is unknown the competitive advantage this provides over Syn/Pro sub-cluster
5.2 freshwater picocyanobacteria, especially due to the low concentrations of NO,™ in fresh water
[380]. Molecular research focusing on this freshwater group will provide much-needed insight into
the diversity within freshwater Synechococcus and the ecological responses to multiple environmental

conditions.

2.7 Future Directions

This study has sequenced five new freshwater picocyanobacteria from sub-cluster 5.2 of the Syn/Pro
clade and conducted comparative genomic analyses to compare these genomes to those of Synechococcus
elongatus strains. In the following chapters, further insights into the molecular machinery of these
strains are uncovered with a focus on N assimilation. Utilising similar techniques to this study, the
next chapter conducts a large-scale comparative genomic analysis on the N assimilatory capabilities of
freshwater Syn/Pro clade picocyanobacteria compared to freshwater Synechococcus elongatus, marine
picocyanobacteria, thermophylic picocyanobacteria, and other larger freshwater cyanobacteria (>
2 pm) (Chapter 3). Once the genomic capabilities of N assimilation are determined, experimental
validation is carried out with growth assays and proteomic responses measured for several organic N
sources (Chapter 4). This work will provide insights into the response of freshwater picocyanobacteria

to a diverse range of N forms.

External to this body of work, further sequencing of sub-cluster 5.2 of the Syn/Pro clade is essential
to grow the number of genomes available. The global reach of these freshwater picocyanobacteria
compared to Synechococcus elongatus strains emphasises the requirement for focused research into
this sub-cluster, both genomically and ecologically. In addition to sub-cluster 5.2, Cabello-Yeves et al.

have sequenced genomes from freshwater picocyanobacteria belonging to sub-cluster 5.3, previously
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only represented by a handful of strains [103]. Further understanding of the evolutionary divergence
between these sub-clusters of freshwater picocyanobacteria is essential in developing an holistic

outlook towards microbial communities, especially for keystone groups such as the picocyanobacteria.
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Chapter 3

Nitrogen Assimilation in Cyanobacteria
Varies with Habitat and Cell

Morphology

3.1 Contributions and Acknowledgements

This chapter was written with feedback from Stephen Maberly and Patricia Sanchez-Baracaldo, provid-
ing advice and contributing to editing. Giorgio Bianchini assisted with phylogenomic tree construction.

All other work carried out is my own.

3.2 Introduction

Picocyanobacteria (0.5 — 2 pm) are globally abundant prokaryotes that contribute significantly to aquatic
primary production [381, 382]. Marine Prochlorococcus and Synechococcus genera alone are responsible
for 25% of ocean primary production with a total biomass of 1.6 x 10 g C [299, 383]. This has led
to widespread research into their ecology, evolution and genomic capabilities [10, 323, 384, 385]. In
contrast, less is known about freshwater picocyanobacteria despite their ecological importance [3, 108,
386, 387]. Though picocyanobacteria frequently dominate the freshwater cyanobacterial community

(primarily Synechococcus spp.), contributing up to 90% of total lake cyanobacteria biomass [4], few

59



CHAPTER 3. NITROGEN ASSIMILATION IN CYANOBACTERIA VARIES WITH HABITAT AND CELL
MORPHOLOGY

studies have utilised molecular ecology techniques [52, 122] and, more recently, genomic data to

provide insights into their ecological adaptation [33, 103, 108].

Nitrogen (N) is a limiting or co-limiting nutrient in fresh waters [6, 388]. To overcome this, some
cyanobacteria can transform inert atmospheric N, into bioavailable ammonium (NH4"), though this
is an uncommon trait in freshwater picocyanobacteria (only encoded in a single freshwater pico-
cyanobacterium to date (Vulcanococcus limneticus LL) [33]). Conversely, the high energetic costs of
N fixation favour uptake and assimilation of dissolved forms of N, commonly inorganic forms such
as NH,", nitrate (NOj3"), and nitrite (NO,") [374]. However, the widespread abundance of dissolved
organic N (DON) and its recently demonstrated bioavailability represents an under-researched N-pool,
consisting of urea, amino acids (AAs), chitin, and glyphosate, among a multitude of humic compounds

[154, 184, 252, 322, 389].

The molecular processes behind DON assimilation are not fully understood, with the exception of
urea. Urea is primarily imported via an ATP-binding cassette (ABC)-type transporter and catabolised
through urease activity, with these systems regulated by NtcA [390]. AA transporters (AATs) have been
experimentally identified in model cyanobacteria (Synechococcus elongatus PCC 7942, Synechocystis sp.
PCC 6803, and Anabaena sp. PCC 7120), with regulatory mechanisms linked to NtcA [213, 220, 254, 255,
259]. Though AATsS are involved in heterocyst function, they also enable environmental AA uptake
and provide a highly varied N source [254]. In addition to free AAs, combined AAs in the form of small
oligopeptides are further potential sources of N for which transporters have been putatively identified
in cyanobacteria [261, 262]. Other components of DON are slowly being uncovered as bioavailable.
Among these nutrients with the greatest ecological impact is chitin, one of the most abundant natural
compounds [391]. The molecular machinery necessary for chitin assimilation in cyanobacteria is not
fully understood, but two catabolic pathways are indicated by the presence of chitinase (ChiA) or chitin
deacetylase (ChdA) [389]. ChiA directly catalyses the hydrolysis of chitin into glucosamine monomers
that can be assimilated [392], while ChdA catalyses the conversion of chitin to chitosan. This is then
hydrolysed by chitosanase (ChoA) to generate glucosamine [393]. The herbicide glyphosate is another
novel N (and phosphorus (P)) source which is increasingly found in fresh waters, with recent studies

showcasing cyanobacterial growth on glyphosate (including Synechococcus) [394-396].
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Eutrophication of freshwaters through anthropogenic inputs of inorganic and organic N can lead to
community shifts and the formation of cyanobacterial blooms, including the production of cyanotoxins
[397]. While most research is focused on Microcystis and other traditional bloom-forming species,
picocyanobacteria are now being associated with bloom formation with strains of toxin-producing
Synechococcus having been identified [16, 84]. Synechococcus spp. are abundant in both oligotrophic
and eutrophic fresh waters. In oligotrophic systems especially, picoplankton can constitute the bulk
of the phytoplankton biomass [3], partly as a result of their large surface area to volume ratio that
enables them to out-compete larger phytoplankton (> 2 um) when resources are limiting [5, 19, 398].
Synechococcus regularly dominates the picoplankton fraction in aquatic environments, with this high
abundance and rapid uptake resulting in picocyanobacteria acting as ‘first responders’ to natural or
anthropogenic nutrient enrichment [35]. In eutrophic conditions, larger freshwater cyanobacteria (e.g.
Microcystis spp. and Dolichospermum spp.) contribute the bulk of biomass to lake systems [43, 399];
however, the abundance of Synechococcus remains high and provides an important source of primary

production and potential toxin generation [3].

Interest in picocyanobacteria has increased considerably in the last two decades with the use of molec-
ular and genomic approaches underpinning ecological understanding. These studies have traditionally
focused on marine environments, elucidating cellular mechanisms behind niche adaptation in the
open ocean (such as a large number of subpopulations of Prochlorococcus as a response to highly
mixed habitats [400] and differential adaptation to low phosphorus concentrations among marine
Synechococcus eco-types [323]. This has led to a wealth of marine Prochlorococcus and Synechococ-
cus genomes while knowledge of freshwater picocyanobacteria remains restricted. The scarcity of
sequenced freshwater picocyanobacteria genomes has limited genetic approaches to uncover the
ecological context of this keystone group. Most molecular research involving freshwater Synechococcus
has instead utilised Synechococcus elongatus PCC 7942 [314, 401, 402], a strain belonging to a sister
group of the Syn/Pro clade and lacking some of their derived traits (such as pico-size morphology)
[108]. The Syn/Pro clade contains freshwater and marine picocyanobacteria comprising the genera
Synechococcus, Prochlorococcus, Cyanobium, and Vulcanococcus [403]. Sparse taxonomic representation
has previously limited our understanding of the Syn/Pro clade along with their genomic capabilities

and evolutionary history. However, recent sequencing of freshwater picocyanobacteria genomes has
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increased their representation and provided greater accuracy for comparative genomic analyses, uncov-
ering a more flexible genome in freshwater picocyanobacteria which may enable greater adaptability

to their environment [34, 103, 108, 301].

In this study, we conducted comparative genomic analyses of cyanobacteria to identify encoded
organic and inorganic N assimilation capabilities and mechanisms within a phylogenetic framework.
We report the distribution of molecular machinery for N assimilation in freshwater picocyanobacteria,
comparing these to picocyanobacteria of different environments (marine and thermal), the non-Syn/Pro
Synechococcus strains of Synechococcus elongatus, and larger freshwater cyanobacteria. Our results
have implications to understand how molecular machinery influences cyanobacterial communities

across habitats and morphologies.

3.3 Methodology

3.3.1 Taxa Selection and Genome Datasets

Cyanobacterial genomes were obtained from the National Center for Biotechnology Information
RefSeq database [404] and JGI IMG/ER [342] in September 2020. Taxa sampling focused on freshwater
picocyanobacteria while broad sampling of marine picocyanobacteria, thermophylic picocyanobacteria,
Synechococcus elongatus strains, and larger ( > 2 pm) freshwater cyanobacteria primarily from the
Macrocyanobacteria (senso [98]) were also selected to provide a comparison between these groups and
freshwater picocyanobacteria. This places the capabilities of freshwater picocyanobacteria in a wider
context and enables us to identify different approaches to N assimilation between habitats and cell

size morphologies.

3.3.1.1 Criteria Methodology

A representative sample of Cyanobacteria taxa were selected based on their habitat, cell size, and
sequence availability, with their assembly quality assessed through genome completeness (Appendix
Table B.6). This study focuses on the uptake and metabolic capabilities of cyanobacteria in pelagic
and limnetic environments, further including benthic picocyanobacteria isolated from hot spring

cyanobacterial mats for comprehensive picocyanobacteria coverage. Selected genomes were then cate-

62



3.3. METHODOLOGY

gorised based on their isolation source into freshwater and marine habitats, in addition to the benthic
hot spring picocyanobacteria. The isolation source was determined through manual checking of the
cyanobacterial metadata (Genbank, JGI, scientific literature). In this study, marine habitats are defined
as salinities greater than 18 ppt of dissolved salts. This incorporates open ocean environments (salinity
of 35 ppt [405]) and coastal/poly-haline brackish environments (salinity of 18 - 32 ppt [406]) into one
condition. The salinity of a freshwater habitat is defined as water with less than 0.5 ppt [407]. The
genomes were also categorised by cell-size - picocyanobacteria (0.5 - 2 pm) and larger cyanobacteria
(> 2 pm). Where possible, cell size data was obtained by experimental observation (i.e. the designation
of Synechococcus elongatus as non-picocyanobacteria [314]). However, the cell size for the majority of
sequenced cyanobacteria is difficult to ascertain due to insufficient experimental analysis. In this case,
size data was primarily inferred via taxonomic classification (phylogeny and nomenclature (i.e. Syne-
chococcus spp.)). Finally, to facilitate comparisons between freshwater picocyanobacteria of the Syn/Pro
clade (primarily Synechococcus spp.) and basal freshwater Synechococcus spp., these latter strains are
distinctly categorised and broadly labelled as Synechococcus elongatus strains. This group includes the
currently sequenced Synechococcus elongatus genomes, other basal Synechococcus spp. PCC 6312/PCC
7502, and Thermosynechococcus elongatus spp. Although this grouping is polyphyletic and contains
distantly related strains [408], their historic classification as Synechococcus (and Thermosynechococcus),
cellular size greater than 2 pm [409], yet clear divergence from the Syn/Pro, led to their classification

as a single group in this analysis. In total, five groupings are compared for N assimilation capabilities:

« F-Pcy (freshwater picocyanobacteria)

« SE-Cy (Synechococcus elongatus strains)

« T-Pcy (thermophylic picocyanobacteria)

+ M-Pcy (marine picocyanobacteria)

LF-Cy (larger freshwater cyanobacteria)

Quality control was carried out on all genomes to reduce biased genome representation. The com-

pleteness of genomes was assessed using BUSCO [341], utilising a single-copy ortholog (SCO) dataset
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specific for cyanobacteria. Genomes where SCO presence was < 90 % were excluded. This resulted
in a high-quality cyanobacterial dataset of 166 genomes to determine metabolic capabilities reliably
across a wide phylogenetic range. This cyanobacterial dataset was split into the five groups previ-
ously mentioned consisting of: 17 F-Pcy genomes; nine Synechococcus elongatus genomes; eight T-Pcy
genomes; 81 M-Pcy genomes; and 51 LF-Cy genomes (of which 16 are from unicellular species, 35
from filamentous species). The recent increase in Cyanobacterial sequencing has resulted in on-going
changes to their taxonomic classification [104]. Anabaena spp., Dolichospermum spp., and Aphani-
zomenon spp. have historically been identified as separate species, but are now grouped into the ADA
clade [410]. Furthermore, the taxonomy of Anabaena spp. and Dolichospermum spp. is undergoing a
transition, with previously identified planktonic Anabaena spp. being reclassified as Dolichospermum
[411]. However, in this study the Anabaena classification for isolates as used by original authors is

retained.

3.3.2 Nitrogen Assimilation Gene Identification

An in-depth search through the scientific literature and maps of metabolic pathways identified 171
genes involved in cyanobacteria N assimilation. To examine literature related to N assimilation, a
comprehensive database search of Google Scholar and PubMed was manually carried out with the
search terms ("Cyanobacteria” or "Cyanobacterial) and ("Nitrogen” or "Dissolved organic nitrogen” or
“nitrate” or “nitrate” or "ammonium” or "ammonia” or "urea” or “peptide” or "amino acid” or “chitin” or
“glyphosate”) and ("assimilation” or "uptake” or "metabolism”). In addition, KEGG pathway mapping
[344] was utilised to identify enzymes involved in cyanobacterial AA biosynthesis. These searches
identified experimentally characterised proteins involved in the transport of inorganic (NH4*, NO5",
NO;") and organic (urea, AAs, peptides, chitin, glyphosate) forms of N, in addition to proteins involved
in the regulation of N assimilation, N fixation, metabolic enzymes for incorporation of N, and AA
biosynthesis enzymes. These target genes were used for comparative genomics analyses with query

sequences from multiple species detailed in Appendix Table B.8.
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3.3.3 Comparative Genomic Analyses

Target genes in our genome dataset were identified using BLASTP [334], with query sequences
(when found) from Synechococcus sp. 1G10, Synechococcus sp. JA-3-3Ab, Synechococcus sp. WH8102,
Synechococcus sp. MIT9509, Prochlorococcus marinus MIT9303, and Synechococcus elongatus PCC 7942
(Appendix Table B.8). An E-value threshold of 1 x 10 (1 x 107!? for genes of < 100 AAs) was used
to determine the presence of these genes. This E-value was chosen to ensure homology between
identified sequences and query sequences (in addition to the generation of gene trees). When identified
sequences were matched with more than one target gene, the identity of the sequence was determined
by largest bit-score. Identified genes for each target were compiled and then aligned with MAFFT
[346] using local pair alignment. For each gene, phylogenetic trees were estimated in IQ-TREE [412]
using the LG + F + R7 model, which was determined to be the best-fitting model based on BIC scores.
Phylogenies were implemented as an additional check for homology to the target gene, ensuring
identified sequences were closely related to the reference sequences. This additional check is necessary
to prevent false positive identifications, especially among the many transporters analysed in this study
which regularly have high sequence identity to other transporters responsible for different substrates
(i.e. NrtABCD for NO3;~ and CmpABCD for bicarbonate). Hypergeometric statistical testing and FDR
adjustment was carried out in R [413] to identify statistically significant enrichment and depletion of

these genes in the genomes of F-Pcy, SE-Cy, T-Pcy, M-Pcy, and LF-Cy.

3.3.4 Phylogenomic Analysis

Evolutionary relationships of the taxa utilised in this study were estimated using phylogenomic
analysis. Our genome dataset consisted of 166 cyanobacteria genomes (further utilised for comparative
genomics), Melainabacteria as an outgroup (composed of Gastranaerophilales and Vampirovibrionales),
and a further 205 cyanobacteria genomes of varying morphologies and lifestyles to improve the
resolution of the phylogenomic analysis. In total, our dataset for phylogenomic analysis included 373
cyanobacteria genomes in addition to ortholog sequences from 143 protein-coding genes (based on
previously published studies [94, 97, 98]). To identify these ortholog sequences among our genome
dataset, we performed BLAST searches (query sequences found in Appendix Table B.8) using BLASTP

v2.11.0+ [345] utilising an E-value cutoff of 107°. The hit with the highest score was retained and the
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corresponding protein sequences extracted. These sequences were then aligned using MAFFT v7.511
(-localpair, -maxiterate 1000 parameters) [346] and maximum-likelihood trees constructed with IQ-tree
v2.2.0 [347] (LG protein evolution model, -fast). These individual gene trees were used to identify
‘true’ ortholog sequences, determining these based on cluster association with the BLAST query
sequences, with these true orthologs re-aligned with MAFFT. Re-alignments were inspected manually
and mis-aligned columns were removed, as were alignment positions with a gap content higher than
80%. The model with the lowest BIC score was chosen as the optimal evolutionary model for each gene
using IQ-TREE’s -m MF option [348]. Subsequently, a maximum-likelihood partitioned phylogenomic
analysis was carried out with IQ-TREE, partitioned using the -p and -B 1000 [350] parameters and
the previously established evolutionary models with each gene assigned to its own partition (as in
Chapter 2). This analysis was repeated twice and the resulting trees compared to confirm there were no
appreciable differences between them. Finally, the resultant tree was pruned (to improve visualisation)
to include only the 166 cyanobacteria strains utilised in the comparative genomics analyses (plus the

Melainabacteria outgroup), with the full tree found in Appendix Figure A.7.

3.4 Results

3.4.1 Phylogenomic Analyses

Phylogenomic analyses find two major clades of Cyanobacteria known as the Macro- and Micro-
cyanobacteria, consistent with previous studies [94, 98, 104, 119]. However, in contrast to these
previously published studies, this analysis features a different position for the LPP clade (i.e. Nodosilinea,
Halomicronema, etc.). This may be due to multiple reasons. Firstly, the over-representation of Syn/Pro
in this analysis may yield artefacts in the phylogenomic tree, especially in the surrounding taxa of the
Syn/Pro (i.e. the LPP). Secondly, though the LPP are typically found as a sister group of the Syn/Pro,
the bootstrap support for this group can be low (as seen in Strunecky et al. [104]), suggesting there

remains some uncertainty over the ’true’ position of the LPP.

The majority of picocyanobacteria are Microcyanobacteria, belonging to a monophyletic clade of
Synechococcales containing Synechococcus, Prochlorococcus, Cyanobium, and Vulcanococcus (Syn/Pro

clade comprising sub-clusters 5.1, 5.2, and 5.3, and Prochlorococcus spp.) (Figure 3.1), consistent with
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previous studies [108, 414]. Freshwater and marine Synechococcus are distributed in previously recog-
nised sub-clusters [415]. F-Pcy are found in sub-clusters 5.2 and 5.3, while sub-cluster 5.1 comprises
marine Synechococcus. Prochlorococcus spp. form a sister sub-cluster to marine Synechococcus (Figure
3.1). A monophyletic clade of thermophylic Synechococcus (recently renamed Thermostichales [104])
isolated from American hot springs [133, 416] are termed the Hot Spring clade (T-Pcy) and are the
most divergent picocyanobacteria to the Syn/Pro (Figure 3.1). Marine Synechococcus spp. are found
primarily in sub-cluster 5.1 of the Syn/Pro clade, though are also represented in sub-cluster 5.2 and 5.3.
M-Pcy are also present in the Macrocyanobacteria with estuarine-dwelling 8-cyanobacteria comprising
Synechococcus spp. forming a monophyletic sister clade to the Chroococales Geminocystis. Though in
the Macrocyanobacteria, environmental pressures may have played a role in driving a reduction of cell
diameter in this group, independently yielding pico-size morphology through convergent evolution.
Synechococcus elongatus strains appear as a sister group to the Syn/Pro clade while Synechococcus
sp. PCC 6312, PCC 7505, Thermosynechococcus spp., alongside Synechococcus elongatus, make up the
polyphyletic SE-Cy, forming a basal lineage of freshwater Synechococcus. LF-Cy are grouped according
to their taxonomic classification, with five orders analysed: Oscillatoriales (3 taxa), Nostocales (3 taxa),

Chroococales (3 taxa), Pleurocapsales (1 taxon), and Synechococcales (3 taxa).

3.4.2 Cyanobacteria Utilise Inorganic Forms of Nitrogen Through Different

Machinery

NH,* is a vital source of N in freshwater and marine environments. Consequently, molecular machinery
for its assimilation is abundant across all habitats and present in all genomes studied. Amt1 is the
primary NH,* transporter for cyanobacteria and is encoded by almost all genomes studied, though
notably absent among the N,-fixing freshwater ADA clade (Anabaena spp., Aphanizomenon spp.,
and Dolichospermum spp.) (Figure 3.2). In contrast to the abundant nature of Amtl, the encoded
accessory NH, " transporters vary between habitat and cell size. F-Pcy encode amtB, producing an
accessory transporter which promotes NH, " uptake at lower concentrations [221]. This is the only
NH," accessory transporter encoded by F-Pcy and more frequent in these strains than in both M-Pcy
(q < .001) and T-Pcy (q = .001), fully absent in the latter environment. Among M-Pcy, another NH,*

accessory protein, Amt3, is present in the 3-Synechococcus though the larger clade of sub-cluster 5.1
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Figure 3.1: Phylogeny of picocyanobacteria. This maximal likelihood tree (
on 143 orthologous proteins, rooted using Melainabacteria as an outgroup. Node support values were
generated with ultrafast bootstrap approximations with bootstrap values less than 100 displayed above
branching nodes while blank nodes have support of 100. Taxonomic classification is coloured by
order (see inset legend) and sub-groupings. The ADA clade includes Anabaena, Dolichospermum, and
Aphanizomenon spp.. Note that some sub-groupings are polyphyletic. Sub-clades are given in boxes
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