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Abstract  
 
Cyanobacteria are an ancient clade of photosynthetic prokaryotes, varying in morphology, 

physiology, biochemistry and habitat. They evolve by typical prokaryotic mechanisms 

including horizontal gene transfer (HGT). Some species produce toxins (cyanotoxins) that 

present health hazards to humans and animals, with potential harm to local economies. The 

biosynthetic pathways and roles of some cyanotoxins are unclear. The rapid increase in high 

quality publicly available genomes presents opportunities for discovery from comparative 

genomics in cyanobacteria. The work presented here focuses on three topics in cyanobacteria, 

using bioinformatics analyses of 130 cyanobacterial genomes. Firstly, I consider hypotheses 

for the biosynthesis and physiology of the non-encoded neurotoxin 2,4-diaminobutanoic acid 

(2,4-DAB). Secondly, I consider hypotheses for the biosynthesis and potential roles of its 

structural analogue, β-N-methylaminoalanine (BMAA). These topics use similar 

methodology: pairwise and multiple sequence alignment, profile hidden Markov models, 

substrate specificity and active site identification, and the reconstruction of gene phylogenies. 

We show that some species have genes involved in known biochemical pathways to 2,4-DAB 

– genes coding for proteins in the aspartate 4-phosphate pathway (including the 

diaminobutanoate-2-oxo-glutarate transaminase, the downstream decarboxylase, 

diaminobutanoate decarboxylase, and ectoine synthase) – and BMAA (homologs of the 

Staphylococcus aureus genes sbnA and sbnB). We highlight the possible involvement of  

2,4-DAB and BMAA in the production of siderophores. We show that the biosynthesis of 

2,4-DAB and BMAA is likely to be confined to a limited number of species, or to occur via 

different, unknown, pathways. Thirdly, I investigate hypotheses concerning the association of 

HGT events with environmental context. I test existing hypotheses claiming that genetic 

exchanges are more frequent in extreme habitats (versus mesophilic) and in terrestrial 

habitats (versus aquatic). My results, based on reconciliation of gene trees with the species 

tree, do not suggest a link between the prevalence of HGT and extreme or terrestrial 

environments. I highlight the need for complete descriptions of the isolation source and 

culture type (axenic, non-axenic monocyanobacterial culture, environmental sample), the 

need for accurate and robust methods for HGT inference, and for more objective and detailed 

criteria for environmental classification and of cyanobacterial species. This work contributes 

to research into cyanobacterial neurotoxins and provides insights into the prevalence and 

distribution of HGT in cyanobacteria. 
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Lay Summary  
 

Cyanobacteria are a group of bacteria that have existed for billions of years. Although all 

species of cyanobacteria are genetically related, they may differ in the way they look, the 

substances they produce, and the habitats they live in. Some cyanobacteria produce toxins 

that can be harmful to the health of humans and animals. How and why cyanobacteria 

produce these toxins is still a mystery. In recent years, scientists across the world have 

dedicated time and effort to sequencing genomes of cyanobacteria (i.e. reading their DNA). 

Since DNA specifies the features of the organism, this presents an opportunity to “mine” the 

DNA data of cyanobacteria for insight into their biology, using computers. The work 

presented here focuses on three topics in cyanobacteria, using 130 cyanobacterial genomes. I 

investigate how and why cyanobacteria produce two toxins known by the abbreviations 2,4-

DAB and BMAA. We find that some species have the genes for the production of 2,4-DAB 

and/or BMAA and we believe the production of these toxins is associated with the need to 

capture iron from the environment. The third topic concerns horizontal gene transfer (HGT). 

HGT is a process in cyanobacteria and most other bacteria, where genes are passed from 

organism to another. I investigate whether cyanobacteria experience more or less HGT, 

depending on the environment they live in. Specifically, I checked whether or not HGT is 

more frequent in extreme habitats such as hot springs (versus benign habitats such as 

seawater), and in land environments that experience variability in resources such as water 

(versus aquatic environments, which are more stable). My results do not suggest a link 

between the amount of HGT and either extreme habitats or land habitats. Future work would 

be assisted by more complete details of the organisms whose genomes were sequenced; and 

careful use of pure samples for laboratory detection of toxins. These would allow more 

detailed classification of the environment and make it easier to link toxin production to 

features of the genome.   
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1.1 The 4 W’s of Cyanobacteria 
 
1.1.1 Who 
 

Cyanobacteria (from the Greek word κυανos = blue) are an ancient, monophyletic, 

widespread and diverse group of ecologically important Gram-negative photosynthetic 

bacteria. They are taxonomically classified within the Kingdom Monera (Prokaryota), 

Division Eubacteria, class Cyanobacteria and they were originally referred to as “blue-green 

algae” (initially, cyanobacteria were taxonomically classified as eukaryotic algae; the name is 

derived from the colour conveyed by the photosynthetic pigment phycocyanin, when present 

in sufficiently high concentrations) (Whitton and Potts, 2012). According to the current 

taxonomy, an estimated 150 genera of cyanobacteria, containing over 2000 species, have 

been identified (Ernst et al., 2006; Hitzfeld et al., 2000). Cyanobacterial taxonomy is an 

active field of research and their classification, division into orders and number of genera are 

the subject of recurrent revision (Komarék 2016; Komarék et al., 2014). 

 

Cyanobacteria are morphologically, physiologically and metabolically diverse. They are 

currently the only recognised prokaryotes capable of oxygenic photosynthesis (although 

some species can also grow heterotrophically) and, with a global biomass estimated to exceed 

1015g, they are of major ecological relevance to the Earth’s primary productivity, contributing 

significantly as a carbon sink (Garcia-Pichel, 2009). A subset of cyanobacterial species fix 

nitrogen and they play a key role in the global nitrogen budget (Karl et al., 2002). Molecular 

nitrogen (N2), although abundant in the environment, is inert and for it to be biologically 

incorporated it must be reduced through the action of the nitrogenase enzyme complex 

(Percival and Williams, 2014). Nitrogenase is irreversibly inactivated by free oxygen making 

this process incompatible with that of photosynthesis, and hence photosynthetic and nitrogen-

fixing cyanobacteria had to develop strategies that enabled both processes, in harmony 

(Postgate, 1998). Cyanobacteria either temporally or spatially separate photosynthesis from 

nitrogen fixation. Temporal separation strategies entail, for example, that cyanobacteria fix 

carbon during the day and nitrogen at night (Stal and Krumbein, 1987). Filamentous 

cyanobacteria undergo a type of spatial separation, where heterocysts - larger, differentiated 

anaerobic cells, interspersed among vegetative cells or at the end of the trichome – develop in 

response to a lack of combined nitrogen sources in the environment and are responsible for 

fixing nitrogen (Wolk et al., 1994). Heterocysts express nif genes and synthesise the 
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nitrogenase enzyme complex (Garcia-Pichel, 2009). Cyanobacteria can be free-living or 

symbiotic, and symbiotic associations can range from loose mutualistic relationships to 

obligate endosymbiosis. There are numerous symbiotic partnerships known between 

cyanobacteria and a wide range of eukaryotic hosts, including diatoms, dinoflagellates, fungi 

(e.g. lichens), plants (e.g. Cycads, Azolla, rice plants, duckweed, mosses) and animals (e.g. 

sponges, ascidians, corals). These associations are beneficial because cyanobacteria provide 

the host with fixed nitrogen and/or fixed carbon, receiving protection (i.e. from predators and 

environmental extremes) in return (Adams et al., 2012).  

 

The genomes of free-living cyanobacteria vary widely in GC content (from 32 to 71%) and in 

size (from 1.6 to 14 x 106 base pairs; 1700 to 10 000 genes), with the smallest cyanobacterial 

genome sizes equalling those of most bacteria, and the largest matching those of some 

eukaryotic fungal genomes (Garcia-Pichel, 2009). Cyanobacterial cells are also larger than 

most other bacteria and archaea cells (which are, on average, 4μm), ranging in size from 

<1μm for unicellular species (e.g. Prochlorococcus), to over 50μm for multicellular types 

(e.g. Cyanothece). They mostly occur in three unicellular morphological shapes: spherical, 

rod and spiral (e.g. Synechococcus, Chroococcus), but can also grow in colonies (e.g. 

Microcystis) or filaments (e.g. Oscillatoria, Aphanizomenon) (Singh and Montgomery, 

2011). Apart from heterocysts, cyanobacteria can have other specialist (i.e. differentiated or 

morphology-specific) cell types, including trichomes, hormogonia and akinetes (Fig. 1.1). In 

all representatives of the filamentous orders, cells are arranged in trichomes. The number and 

position of cells within each trichome is characteristic of the genus (Komárek et al., 2003). 

Hormogonia, distinct reproductive segments of the trichomes, can form upon trichome 

fragmentation. These short filaments (5-25 cells) exhibit active gliding motility 

(cyanobacteria do not possess flagella) and are important in symbiotic colonisation (Rippka 

et al., 1979; Wong and Meeks, 2002). Akinetes are large, thick-walled, spore-like cells that 

allow filamentous cyanobacterial survival under unfavourable conditions (Flores and 

Herrero, 2010). They are resistant to desiccation, extreme temperatures, and phosphate-

deprivation and, in natural planktonic populations, massive akinete formation occurs at the 

end of the growth season (Kaplan-Levy et al., 2010). Cyanobacteria can grow as biofilms and 

some species can proliferate and accumulate at the surface of water producing macroscopic 

mats and blooms (Rastogi et al., 2015; Rossi et al., 2012).  
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Table 1.1 Classification of cyanobacteria into five orders. Orders IV and V are 
monophyletic. Compiled from Sukenik et al. (2009) and Tomitani et al. (2006).  
 
Name Morphology Type of asexual 

reproduction 
Examples 

Chlorococcales 
(I) 

Unicellular or non-
filamentous aggregates 
of cells.  
Non-heterocystic. 

Binary fission in 1, 2 
or 3 symmetric or 
asymmetric planes, or 
by budding. 

Cyanobium, 
Gloeobacter, 
Gloeocapsa, 
Synechococcus 

Pleurocapsales 
(II) 

Unicellular or non-
filamentous aggregates 
of cells.  
Non-heterocystic. 
Rarely form akinetes. 

Internal multiple 
fission, yielding 
baeocysts, or binary 
fission. 

Stanieria, 
Chroococcidiopsis, 
Myxosarcina, 
Pleurocapsa 

Oscillatoriales 
(III) 

Filamentous and  
non-heterocystic. Forms 
uniseriate (one cell) 
trichomes, without true 
branching 
(unidirectional 
filaments in one plane). 
Does not form akinetes.  

Binary fission in one 
plane.  

Arthrospira, 
Leptolyngbya, 
Oscillatoria, 
Spirulina 

Nostocales (IV) Filamentous and 
heterocystic. Forms 
trichomes with one or 
more cells, without true 
branching. Some 
species produce 
akinetes. 

Binary fission in one 
plane.  

Calothrix, 
Nodularia, Nostoc, 
Tolypothrix 

Stigonematales 
(V) 

Filamentous and 
heterocystic. Forms 
multiseriate trichomes 
in several planes (truly 
branched). Some 
species produce 
akinetes. 

Binary fission in more 
than one plane. 

Hapalosiphone, 
Fischerella, 
Geitleria, 
Stigonema 

 
 
1.1.2 When 
 

The ancient ancestors of today’s cyanobacteria are amongst the oldest organisms on Earth 

and are believed to have originated between 2500 and 3500 million years ago (Schirrmeister 

et al., 2016; Schopf and Packer, 1987). Uncertainty still exists regarding time of origin and of 

early speciation events due to the scarceness of Precambrian fossil deposits (i.e. most 

Precambrian sedimentary rocks have been subducted or have been heavily metamorphosed 

by igneous activity) and limited characteristics for the identification of taxa (Schirrmeister et 
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al., 2015). Nevertheless, fossil records of cyanobacteria still contain the oldest entries that can 

be confidently assigned to any extant group of organisms, including microfossil traces from 

Archaean sedimentary rocks bearing indisputable cyanobacterial morphologies (Furnes et al., 

2004) and carbon isotopic data consistent with Rubisco-mediated CO2-fixation (Schopf, 

2012). The abundant organo-sedimentary laminated macrofossils from the Phanerozoic, 

known as stromatolites, offer convincing evidence that cyanobacteria originated between 

2700 and 3200 million years ago and inhabited shallow seas and lakes (Flannery and Walter, 

2012; Homann et al., 2015). Stromatolites - biogenic, laminated, biochemical accretionary 

structures formed in shallow waters by the trapping, binding and precipitating activity of 

microorganisms - occur nowadays and often in extreme environments (i.e. high temperature, 

salinity and sediment influx), where grazing by metazoans, algae and protists is considered to 

be low (Riding, 1999; Taylor et al., 2009). Examples of these structures exist in the 

Caribbean (Highborne Cay, Bahamas) and in Western Australia (Shark Bay) and are viewed 

as environmental equivalents to those inhabited by cyanobacteria in the early Earth (Allwood 

et al., 2006; van Kranendonk, 2006).  

 

Cyanobacteria have played a key role in shaping the Earth’s environment and history. As the 

first photosynthetic organisms to evolve, they are believed to have been responsible for 

raising the levels of free oxygen in the atmosphere during the Archaean and Proterozoic Eras 

– an event referred to as the Great Oxygenation Event (GOE), ca. 2.4 billion years ago 

(Bekker et al., 2004) –,  which enabled the oxygenation of Earth’s atmosphere, the formation 

of the protective ozone layer, as well as the development of aerobic respiration and complex 

life (Schirrmeister et al., 2015). Nevertheless, the timing of emergence of O2-producing 

photosynthesis and the extent of cyanobacteria abundance prior to the GOE is still a subject 

of debate (Lyons et al., 2014). Evidence of transient “oxygen oases” suggests that oxygenic 

photosynthesis pre-dated the GOE (Ligrone, 2019), but it is known that most major 

taxonomic groups of cyanobacteria, including the lineage that led to chloroplasts, appeared 

after this event (Sánchez‐Baracaldo and Cardona, 2020). Cyanobacteria are implicated in the 

evolution of photosynthetic plants and algae. It is believed that, in the late Proterozoic/early 

Cambrian, events occurred where a cyanobacterial cell was engulfed by a eukaryotic cell. In 

this mutualistic relationship, cyanobacteria provided organic compounds to the eukaryotic 

host via photosynthesis and received the protection of the host in return (Sukenik et al., 

2009). This endosymbiotic event is thought to have occurred recursively and independently 
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during the evolution of protists and higher plants, and is the origin of the eukaryotic 

chloroplast (Falcón et al., 2010; Raven and Allen, 2003; Sagan, 1967).  

  

1.1.3 Where 
 

Cyanobacteria are widely distributed throughout many different environments and can be 

found in almost every habitat on Earth. They are present in aquatic environments including 

freshwater, brackish and marine habitats, and also in soils (Chen et al., 2021; Sukenik et al., 

2009). Cyanobacteria are prolific in freshwater environments such as tropical, subtropical and 

temperate wetlands (e.g. Pantanal, the marshes in Florida and Belize and the prairie marshes 

of North America) (Mayer and Galatowitsch 2001; McCormick and O’Dell, 1996), rice fields 

(Roger and Ladha, 1992), lake benthos (including spring-fed ponds and subalpine, tropical 

and subtropical lakes) (Carrick and Steinman, 2001; Dodds and Castenholz, 1987; Higgings 

et al., 2003; Loeb and Reuter, 1981) and lotic freshwaters (e.g. streams in tropical, tundra, 

forested, desert and coastal plain regions of North America, Asia, Australia, Africa and 

Europe) (Grimm and Petrone, 1997; Sheath and Cole, 1992; Ward, 1985). Despite the fact 

that much of the world’s oceans is destitute of life due to their ultra-oligotrophic nature 

(Holland, 1978), the marine environment is rich in planktonic cyanobacteria, and all major 

taxonomical groups are presented in the marine plankton. It is estimated that cyanobacteria 

encompass <10% of the oceanic phytoplankton in high latitudes and up to >50% in tropical 

oligotrophic waters (Paerl, 2000). They are also present in coastal and estuarine waters, such 

as the Baltic Sea (Kononen et al., 1996), Peel-Harvey Estuary in Australia (Huber, 1986), 

Lake Ponchartrain in the USA (Dortch et al., 1999) and coastal lagoons of South America 

(Paerl and Fulton, 2006). Cyanobacteria are the oldest photoautotrophic component of 

biological soil crust communities, and are often their most important primary producers 

(Rivera-Aguilar et al., 2006). They can be encountered across the globe, from the dryland 

areas of Africa (Büdel et al., 2016) to the mountains at the Northern Urals (Novakovskaya et 

al., 2022). Cyanobacteria can also populate what are considered extreme habitats. They can 

survive the extreme cold and near absence of liquid water, characteristic of the cryosphere 

(Vincent, 2007; Wynn-Williams, 2000). There have been reports of cyanobacteria in snow 

(e.g. Alaska) (Takeuchi, 2001), glacier ice (e.g. Svalbard) (Stibal et al., 2006), lake ice and 

ice-shelves (e.g. McMurdo ice shelf) (de los Ríos et al., 2005), and cold desert ecosystems in 

the Artic, Antarctica and alpine regions. They can be found in many geothermal habitats 

worldwide, with exemplars of well-studied extremophilic/extremotolerant cyanobacterial 
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communities existing at the Yellowstone National Park (e.g. White Creek, Norris Geyser 

Basin, Lower Geyser Basin, Octopus, Mushroom and Clearwater springs) (Miller et al., 2006; 

Ward and Castenholz, 2000; Ward et al., 2006; 2012). Cyanobacteria can withstand living at 

high salinities, including in salt lakes, solar salterns, hypersaline lagoons, halite, hypersaline 

sulphur springs and evaporite crusts of gypsums (Javor, 1989; Oren, 2006). Such habitats are 

widespread across the world and comprise the Great Salk Lake, Utah (Brock, 1976), the Abu 

Gabara Lake in Wadi Natrun, Egypt (Imhoff et al., 1979), salterns in Queensland, Australia 

(Coleman and White, 1993), the Solar Lake, Sinai (Potts, 1980), the Dead Sea (Volcani, 

1944), among others. Many cyanobacteria can grow at a pH range from 7 to 11, and they 

frequently dominate alkaline environments, such as soda lakes across Africa, Europe, Asia, 

Australia, North, Central and South America (Andreote et al., 2018). Cyanobacteria are 

present in environments exposed to high levels of UV radiation, spanning urban (e.g. walls 

and pavements), intertidal (e.g. mudflats and salt water marshes) and terrestrial habitats (e.g. 

mountainous areas) (Garcia-Pichel, 2009; Seckbach and Oren, 2007), and thrive in 

contaminated environments with high metal concentrations (Huertas et al., 2014). They are 

important components of crust and soil structure, especially when subject to water stress, 

which is the case of many desert regions (Alwathnani and Johansen, 2011; Hagemann et al., 

2017). The Atacama Desert, known for its wide range of environmental extremes, including 

the fact that it is the driest non-polar habitat on Earth, is a prolific site for the study of 

xerophilic cyanobacteria (Lacap et al., 2011). Overlap exists between environmental 

conditions in desert regions on Earth and on Mars, which have fueled research concerning the 

capability of cyanobacteria to survive extraterrestrial conditions (Mapstone et al., 2022). 

Despite the adaptability of cyanobacteria to life in different environments, bona fide reports 

of cyanobacterial growth in highly acidic environments, with a pH < 3, or under very high or 

very low pressures (i.e. barophiles) are lacking (Brock, 1973; Paerl et al., 2000).  

 
1.1.4 Why 
 

Research in cyanobacteria is prolific and worthwhile, and here I will focus on two reasons 

why investigation in this field is important: biotechnological applications of cyanobacteria 

are numerous and relevant in many different fields, and the hazardous consequences to 

animal and human health derived from the production of a myriad of different cyanobacterial 

toxins (cyanotoxins).  
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Cyanobacteria are rich sources of bioactive compounds and specialised metabolites (syn: 

secondary metabolites) with potential uses for mankind. Multiple applications have been 

described in the food, agriculture, cosmetics, pharmaceutical, biotechnology and fuel 

industries (see below). Regarding the first, some species (e.g. Arthrospira and 

Aphanizomenon flos-aquae, generally known as “Spirulina”) are used as food by indigenous 

populations in Africa and Central America, and their commercial importance as a dietary 

supplement has risen in recent years due to their alleged protein-rich, low-calorie, 

cholesterol-free, vitamin-loaded properties (Sotiroudis and Sotiroudis, 2013). Compounds 

derived from the shikimate pathway are of interest to the cosmetic industry as they could 

potentially be used as natural UV blockers in the formulations of creams and varnishes 

(Soule et al., 2009) and novel gel extracts from Aphanothece sacrum could be useful as 

moisturisers and anti-inflammatory agents (Okeyoshi et al., 2021). In the pharmaceutical 

industry, synthesis of cyanobacterial fatty acids is currently being investigated for 

anticarcinogenic, antibiotic, antifungal and antiviral properties (El-Baz et al., 2013) and 

Astaxanthin from Haematococcus pluvialis is being study as a potential drug therapy in HIV 

(Singh et al., 2017). There are many other cyanobacterial metabolites with possible 

antibacterial (Jaki et al., 2000), antitumorigenic (Gerwick et al., 1994), antifungal (Kajiyama 

et al., 1998) and antimalarial (Papendorf et al., 1998) properties. Concerning agriculture, 

nitrogen-fixing cyanobacterial species are currently used as a low-cost bio-fertiliser for paddy 

fields used in rice cultivation in various geographical locations worldwide (Watanabe and 

Rockwood, 1979). The symbiotic association of Anabaena and the water fern Azolla is also 

cultivated for use as green manure and as food for poultry and swine (Kaushik and 

Venkataraman, 1979). Cyanobacteria have environmental biotechnology applications, such as 

wastewater purification and bio-remediation as they are capable of oxidising oil components 

(Martins et al., 2011). Recent studies on polyhydroxy-alkanoate (PHA), which accumulates 

intracellularly in some cyanobacteria, indicate that this compound may be used in the 

production of bio-plastics (Steinbüchel et al., 1998). Numerous academic and industrial 

ventures are investigating the potential use of cyanobacteria as a bio-fuel, since many species, 

in certain conditions, produce molecular hydrogen via the activity of the nitrogenase and 

hydrogenase enzyme complexes (Doamekpor et al., 2019; Dutta et al., 2005). Recruiting the 

efficient carbon assimilation process of cyanobacteria for atmospheric CO2 sequestering has 

also been discussed as a potential solution for reducing global levels of carbon dioxide 

(Sukenik et al., 2009). Efforts to study the largely unexplored cyanobacterial inventory of 

specialised metabolites are likely to increase in future years. 
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Although cyanobacterial species are not infectious agents, nor are classified as true 

pathogens, they can produce various low molecular weight toxins (usually alkaloids and 

cyclic peptides). The majority of these are potent substances, with LD50 in the range between 

10 and 200µg/kg (Chorus, 2001). Cyanotoxins are usually named after the original producer 

organism and are often classified regarding their biological effects on human organs (Codd et 

al., 2005). They include (I) neurotoxins (e.g. anatoxin-a, anatoxin a-(s), homoanatoxin-a, 

saxitoxin, neosaxitoxin, 3-N-methyl-2,3-diaminopropanoic acid (BMAA) and 2,4-

diaminobutanoic acid (2,4-DAB)) (Colas et al., 2021; Llewellyn, 2006; Nunn and Codd, 

2017; Vega and Bell, 1967); (II) hepatotoxins (e.g. microcystin and nodularin) (Labine and 

Minuk, 2009); (III) cytotoxins (e.g. cylindrospermopsin) (Armah et al., 2013); (IV) 

tumorigenic toxins (e.g. microcystins) (Žegura et al., 2011); and (V) irritants and the 

gastrointestinal toxins (e.g. lipopolysaccharides, aplysiatoxins, lyngbyatoxins, 

debromoaplysiatoxin) (Metcalf and Codd, 2012; Stewart et al., 2006). There are other 

cyanotoxins, whose toxicological profiles are still poorly understood (e.g. microviridin) 

(Funari and Testai, 2008). Although they have been found in most environments and are 

considered an ancient, widespread phenomenon, the physiological roles of most cyanotoxins 

are unknown.  

 

The main exposure route to cyanotoxins is through the ingestion of contaminated water or 

food (including supplements), although contact-exposure (e.g. in recreational waters) and 

aerosolization (i.e. through inhalation) can also lead to significant illness (Carmichael et al., 

1985). Depending on the toxin, the concentration and the route to exposure, acute symptoms 

can range from sore throat, pneumonia, earache, allergic reactions and gastroenteritis to liver 

damage, nervous system drainage and even death (Metcalf and Codd, 2012). The 

consequences of chronic exposure to cyanotoxins are less clear. However, studies have 

suggested that higher rates of liver cancer in some parts of China and Serbia may be 

associated with exposure to hepatotoxins in drinking water (Carmichael, 1994; Svircev et al., 

2009).  

 

The current understanding of the ecotoxicology of cyanotoxins is largely derived from 

investigations of animal and human health incidents. Many animal deaths have been 

attributed by cyanotoxins, including those of sheep, cattle, horses, pigs, dogs, bats, birds, fish 

and primates (Codd et al., 2005). Cattle are believed to be at increased risk, given their large 
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water consumption from (usually) nutrient-enriched water sources, prone to contamination by 

cyanobacteria (Metcalf and Codd, 2012). Multiple events of cattle deaths by cyanotoxin 

ingestion have been described (Mez et al., 1997; Saker et al., 1999). Although less frequent, 

human health incidents, including illness and death, are also continuously reported. Among 

known events are outbreaks of gastroenteritis from exposure to LPS (Teixeira et al., 1993), 

hepatomegaly from exposure to cylindrospermopsins (Griffiths and Saker, 2003) and 

pneumonia-like symptoms from exposure to Microcystis scum (Turner et al., 1990). Perhaps 

the most well-known incident occurred in a haemodialysis clinic in Caruaru, Brazil, where 

the water to be used in treatment was contaminated with microcystins and 

cylindrospermopsin, causing the death of 100 patients (Pouria et al., 1998; Carmichael et al., 

2001). Widespread fish-kills may occur due to contamination by cyanotoxins or may follow 

the natural life cycle of cyanobacterial blooms, i.e. bloom decomposition leads to a decline in 

the available oxygen, resulting in the death of fish by asphyxiation (Metcalf and Codd, 2012).  

 

The production of cyanotoxins is thought to occur in greater quantities during periods of algal 

blooms. Blooms are most frequent when water temperature is higher (i.e. during summer 

months in temperate zones and year-round in tropical and sub-tropical regions) and in 

conditions of elevated inorganic nitrogen and phosphorus (i.e. in eutrophic lakes and 

reservoirs) (Kosten et al., 2012). The presence of blooms is generally undesirable, due to the 

accumulation and rotting of stagnant scums, which are accompanied by taste and odour 

problems (Sukenik et al., 2009). They can have detrimental effects on human and animal 

health, and can also severely impact local economies (Steffensen, 2008). Although not all 

cyanobacterial species appear to produce cyanotoxins, at least 25 species have been 

associated with adverse health effects, and toxic algal blooms have been reported worldwide, 

including many locations in Europe, USA, Australia, Africa, Asia and New Zealand (Percival 

and Williams, 2014). 

 

Risk management of cyanobacterial blooms is a complex task. It is thought that most 

standard drinking water treatments (e.g. coagulation, sedimentation and filtration) are 

effective only at removing large concentrations of cyanotoxins (Percival and Williams, 

2014). The rehabilitation of waters affected by cyanobacterial blooms is difficult as most 

toxins can remain potent for long periods of time, even after the death of cyanobacterial cells 

(Saadi et al., 1995). Algal blooms are expected to increase in quantity, extension and 

duration, following anthropogenic activities and global warming, and the prevention of 
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bloom formation is believed to be the best way to ensure cyanotoxin-free water (Paerl and 

Otten, 2013). 

1.2 Comparative Genomics 
 
1.2.1 Definition and importance 
 

Cross-species comparative genomics is a field of biology dedicated to the comparison of 

genome sequences from different species and it is a powerful tool to study evolution. 

Comparing the characteristics that define different organisms enables the establishment of 

kinship relationships (i.e. phylogenetic trees) and the discovery of regions of similarity and 

difference between species. This analysis of evolutionary relationships can provide valuable 

information on the organisms’ genetic makeup, development, phenotype and behaviour and 

how they change over time. The first two whole bacterial genomes (that of Haemophilus 

influenzae Rd and Mycoplasma genitalium) were published in 1995 (Fleischmann et al., 

1995; Fraser et al., 1995) and since then, comparative genomics has proved useful in 

understanding the genetic basis for bacterial diversity and speciation. Generally, in the 

biomedical field, comparative genomics has allowed breakthroughs in the identification of 

pathogenesis-related genes/species, susceptibility to disease, as well as the development of 

new drug targets (Frishman et al., 2003). Ecological applications include strategies for 

conservation of rare, endangered and even extinct species (Zoonomia Consortium, 2020).  

 

Genome comparisons have revealed an astonishing unity amongst all life (e.g. in microbial 

genomes, approximately 70% of the genes are highly conserved, over long phylogenetic 

distances (Koonin et al., 1997; Tatusov et al., 2000)). Nevertheless, more than a third of all 

genes in sequenced genomes lack known functions and there are over 2000 characterised 

enzymes that do not have an associated gene (de Crécy-Lagard and Hanson, 2013). One of 

the biggest challenges in comparative genomics is the accurate functional annotation of 

genomes. Function prediction is often achieved via homology-based (i.e. BLAST) or context-

based methods (i.e. the “guilt by association” principle (Aravind, 2000)), whereby known and 

unknown genes are grouped through various different and often complementary approaches, 

and the function of the unknown gene is inferred by the function of the known gene. Some of 

the strategies often used include comparison of gene location, relative gene order and 

regulation and the examination of gene loss, duplication and horizontal gene transfer events. 
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nomenclature) in order to produce a standard set of stable, non-redundant reference 

sequences (O'Leary et al., 2016). RefSeq collaborates with multiple expert groups, including 

UniProtKB and the Institute for Genomic Research (TIGR) to help maintain and improve 

data quality through the exchange of sequence information and functional annotation (Pruitt 

et al., 2005). All RefSeq data has been subjected to quality assurance checks and undergoes 

regular updates of functional annotation and taxonomy attributions, excluding genomes with 

poor sequencing and assembly quality and/or with significant contamination (Haft et al., 

2018). Among RefSeq’s goals are reducing the number of proteins annotated as “hypothetical 

protein” or “Domain of Unknown Function (DUF)”, associating Enzyme Commission (EC) 

numbers, Gene Ontology (GO) terms, gene symbols, literature references and explanatory 

comments for every entry. Unlike GenBank, a publicly available archival database of 

redundant genomic sequence records encompassing several alternate information on protein 

annotation and name, RefSeq allows researchers to focus on the best representative sequence 

data and use a stable and consistent coordinate system that can be used to unambiguously 

reference specific genetic sequences, allowing accurate reporting and reproducible results 

(Nosek et al., 2015).  

 

The RefSeq prokaryotic genome collection includes bacterial and archaeal genomes with 

different levels of quality and sampling density. All prokaryotic genomes are consistently 

annotated via the Prokaryotic Genome Annotation Pipeline (PGAP), which has been 

continuously upgraded (Tatusova et al., 2016). In response to the growing number of 

identical proteins shared by many genomes, each with a distinct accession number, NCBI 

introduced, in 2013, a non-redundant new protein data model and accession prefix (WP) for 

the RefSeq collection, which drastically reduced the redundancy in prokaryotic proteins 

(Tatusova et al., 2014). As of this date, the RefSeq collection of prokaryotes has nearly  

200 000 genomes and 150 million non-redundant proteins (Li et al., 2021). 

 
1.2.3 Some tools used: understanding what they are 
 
1.2.3.1 Orthogroup prediction using OrthoFinder 
 

The inference of homology relationships (i.e. the relationship between two genes/proteins 

sequences that have descended from a single last common ancestor (LCA)) is fundamental to 

our understanding of evolution and species diversity and most comparative genomic 

applications, such as phylogenetic and metabolic reconstructions, require proteins from 
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different species to be grouped in orthologous gene families. Homologs (i.e. genes/proteins 

with a common origin) can be classified as orthologs – homologs derived from a single gene 

in the LCA by speciation –, paralogs – homologs that are related by gene duplication – or 

xenologs – homologs derived from horizontal gene transfer events (Fitch, 1970, 2000; Gray 

and Fitch, 1983). The rationale behind grouping gene families into orthogroups (i.e. a set of 

genes that descended from a single gene in the LCA of a clade of species) is that they often 

have the same or similar functions. However, orthogroup prediction is not a trivial task as it 

is complicated by, among other things, the presence of paralogs and xenologs, i.e. an 

orthogroup can encompass orthologous, paralogous and xenologous sequences (de Crécy-

Lagard and Hanson, 2013). 

 

Ziying Ke grouped the 130 cyanobacterial genomes used in the analyses depicted in Chapter 

2, 3 and 4 into orthogroups using OrthoFinder (v.2.1.2) (Emms and Kelly, 2015). 

OrthoFinder is an orthogroup inference algorithm for protein coding genes across multiple 

species that has been shown to be more accurate at predicting orthogroups than the 

previously available software (i.e. MultiParanoic (Alexeyenko et al., 2006), OMA (Altenhoff 

et al., 2010), TreeFam (Li et al., 2006), eggNOG (Jensen et al., 2007) and the widely used 

OrthoMCL (Li et al., 2003)) by between 8 and 33%. OrthoFinder addresses gene length bias 

in orthogroup inference. Other advantages of using this software is that it is fast, freely 

available, easy to use, robust to the missing genes typical of incomplete genomes and de novo 

transcriptome assemblies, and it is scalable to thousands of genomes (Emms and Kelly, 

2015). 

 

One parameter that can be manually chosen when running OrthoFinder is the inflation value 

for the Markov Clustering Algorithm (MCL) (van Dongen, 2000). For each inflation value 

(default parameter = 1.5), a different set of orthogroups is generated. Increasing the inflation 

parameter leads to higher precision at the cost of lower recall (i.e. more orthogroups with 

fewer sequences each) and decreasing the inflation value leads to lower precision, but higher 

recall (i.e. fewer, but larger orthogroups). 
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1.2.3.2 Multiple sequence alignment using MAFFT 
 

Alignment of DNA/protein sequences is one of the core processes in comparative genomics. 

A multiple sequence alignment (MSA) is the mapping of the nucleotides/amino acids in one 

sequence onto the nucleotides/amino acids in another sequence, with gaps (representing 

insertions or deletions) introduced to optimise the number of matching positions (Hardison, 

2003). It is implied that all input sequences on a MSA are homologous (i.e. derived from a 

single LCA) and aligned residues are usually interpreted to share an evolutionary origin 

and/or to be functionally related (Katoh et al., 2009). The information provided on sequence 

similarity is crucial for predicting function and for phylogenetic inference (Flicek et al., 2003; 

Woese and Fox, 1977).  

 

MAFFT (Multiple Alignment using Fast Fourier Transform) is a similarity-based MSA 

software, first released in 2002 (Katoh et al., 2002), that has become increasingly popular due 

to its high performance, speed and the few computational resources required (Golubchik et 

al., 2007; Nuin et al., 2006). MAFFT has shown higher accuracy than previously available 

methods, including TCoffee and Clustal W, and is currently used in several highly-regarded 

projects, such as Pfam (Bateman et al., 2004; Katoh et al., 2005). For amino acid alignment, 

MAFFT uses the BLOSUM62 substitution matrix by default, suitable for aligning distantly 

related sequences (Eddy, 2004). In our analyses, MAFFT (v.7.307) was run with the E-ins-I 

algorithm, which means that all pairwise alignments were computed with a local alignment 

algorithm with generalised affine gap costs. The rationale behind this is that, in an MSA, 

conserved residues frequently fall into un-gapped blocks separated by relatively non-

conserved regions and the generalised affined gap costs allow non-conserved regions to be 

effectively ignored (i.e. unaligned regions are left unaligned at the pairwise alignment stage) 

(Altschul, 1998). In order to solve incorrectly introduced gaps, MAFFT was run with the 

iterative refinement method (10000 cycles of iterative refinement), which means that the 

MSA was partitioned in two groups that were each realigned using a group-to-group 

alignment algorithm. This was repeated 10000 times or until no more improvements were 

possible (Katoh et al., 2009). 
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1.2.3.3 Analyses of specialised metabolite clusters using antiSMASH 
 

Specialised metabolites (syn: secondary metabolites; “secondary” because they do not 

directly contribute to the organisms’ growth or reproduction, but may confer a selective 

advantage to the organism) produced by prokaryotes are a rich and important source of 

antimicrobials and other bioactive compounds. Although these compounds have diverse 

chemical structures, their biosynthetic pathways, organised in biosynthetic gene clusters 

(BGCs), are often conserved (Blin et al., 2019). Usually, all the genes required for precursor 

biosynthesis, assembly and modification of the compound scaffold, as well as genes for 

resistance, export and regulation are clustered together in BGCs. Gene clustering (i.e. the 

proximity on the genome) is one of the most useful clues to gene function, especially in 

prokaryotes, where functionally related genes are often arranged in operons (de Crécy-Lagard 

and Hanson, 2013). With the rapid increase in sequenced genomes, fast and reliable in silico 

approaches for the identification and analysis of specialised metabolites are essential to 

complement chemical/analytical strategies. 

 

AntiSMASH (Antibiotics and Secondary Metabolite Analysis Shell) 

(https://antismash.secondarymetabolites.org) is currently considered to be the “gold standard” 

tool for the identification, annotation and analysis of BCGs in bacterial and fungal genomes 

(Blin et al., 2021). Prior to antiSMASH, there were many available tools for the analysis of 

specialised metabolism: BAGEL3 (van Heel et al., 2013), CLUSEAN (Weber et al., 2009), 

ClustScan (Starcevic et al., 2008), NP.searcher (Li et al., 2009), NRPSPredictor2 (Rausch et 

al., 2005), PRISM (Skinnider et al., 2020), RiPPER (Santos-Aberturas et al., 2019), SBSPKS 

(Anand et al., 2010), SMURF (Khaldi et al., 2010) and TOUCAN (Almeida et al., 2020). 

However, these approaches were usually specific to the characterisation of particular classes 

of clusters. AntiSMASH provides a successful integration of the previously available tools, 

whilst ensuring high(er) accuracy in cluster annotation (Blin et al., 2021). The software uses 

many techniques for the prediction and annotation of BGCs, including the prediction of the 

chemical structures of NRPS/PKS products using profile hidden Markov models (pHMMs), 

BLAST, substrate specificity/active site searches, as well as manually curated BGC cluster 

rules, similar to those used by PRISM (Craig et al., 2011), SMURF (Bauer et al., 2015) and 

BAGEL (de Jong et al., 2010). AntiSMASH is also equipped with a tool for comparative 

gene cluster analysis, allowing for rapid inference of genes and operons based on homology, 

and with a database for specialised metabolism Clusters of Orthologous Groups (smCOGs), 
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which enables the prediction and categorisation of accessory gene function (Medema et al., 

2011). There are a multitude of independent tools incorporating or utilising antiSMASH, 

including the antibiotic resistance target seeker ARTS (Mungan et al., 2020), the mass-

spectronomy-guided peptide mining tool Pep2Path (Medema et al., 2014), the sgRNA design 

tool CRISPY-web (Blin et al., 2020) and the BGC classification and clustering platform BiG-

SCAPE (Navarro-Muñoz et al., 2020). 

 

1.2.3.4 Phylogeny reconstruction using IQ-Tree 
 

Phylogenetic trees (syn: phylogenies) are diagrams representing the evolutionary history of 

different species or genes from a common ancestor (Fig. 1.3). In a phylogeny, nodes are 

connected by branches. Each branch corresponds to the persistence of a genetic lineage/gene, 

and each node represents the origin of a new lineage/gene (i.e. in the case of a lineage, this is 

called a speciation event) (Yang and Rannala, 2012). Phylogenetic studies can be used to 

help answer a myriad of different biological questions, stemming from gene prediction 

(Kellis et al., 2003) and reconstruction of ancestral genomes (Latysheva et al., 2012) to 

understanding the origin and spread of viral infection (Li et al., 2020) and migration patterns 

(Drummond et al., 2002). Various different methods can be used to generate phylogenies and 

which approach is best is still the subject of debate. The four main methods for inferring 

molecular phylogenies are pairwise distances (i.e. neighbour-joining (NJ) and unweighted 

pair group method with arithmetic mean (UPGMA)), maximum parsimony (MP), maximum 

likelihood (ML) and Bayesian inference methods (Whelan et al., 2001). 

 

In character-based methods (i.e. MP, ML and Bayesian inference methods), all sequences in 

the alignment are simultaneously compared, considering one character (i.e. a site in the 

alignment) at a time so as to calculate a score for each tree (Yang and Rannala, 2012). The 

tree score corresponds to the minimum number of changes in MP methods, the log-likelihood 

value for ML approaches and the posterior probability for Bayesian inference (Whelan et al., 

2001). In ML and Bayesian inference approaches a substitution model of evolution is used 

(i.e. model-based methods). Nowadays, ML and Bayesian-based inferential techniques are 

believed to be the most powerful and robust for phylogeny reconstruction, especially when 

inferring deep phylogenies (Yang and Rannala, 2012). ML approaches have been shown to 

outperform distance and parsimony methods over a wide range of realistic conditions (Gaut 

and Lewis, 1995; Guindon and Gascuel, 2003; Huelsenbeck, 1995; Kuhner and Felsenstein, 
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1994). They also allow for robust statistical assessment and provide the means for comparing 

competing trees and models (Whelan et al., 2001). One drawback of ML inference is the fact 

that, except for very small data sets, there are an immense number of possible trees and an 

exhaustive search is often a computational bottleneck (Felsenstein, 1978). To circumvent this 

issue, heuristic searches (i.e. “best guess”) are often used. These approaches usually employ a 

“hill climbing” technique, where a starting tree is generated using a fast algorithm and then 

local rearrangements are performed to improve the tree score. Heuristic searches provide no 

guarantee of finding the optimal tree (i.e. the global optimum/the summit) (Swofford, 1996). 

 

IQ-TREE is currently considered the “gold-standard” software for ML phylogeny inference, 

often performing better than (i.e. achieving higher likelihoods) RAxML (Stamatakis, 2006) 

and PhyML (Guindon et al., 2010), in a time-efficient manner (Nguyen et al., 2014).  

IQ-TREE employs a stochastic algorithm, developed to attempt to escape local optima trees, 

which is a recurrent problem in hill-climbing approaches. The success of IQ-TREE stems 

mainly from two factors: (1) combining elements of hill-climbing algorithms, random 

perturbation of current best trees (stochastic nearest neighbour interchange (NNI)), and a 

broad sampling of initial starting trees (i.e. a small population of locally optimal trees) result 

in high(er) likelihood and (2) the implementation of a phylogenetic likelihood library (Flouri 

et al., 2015) – an optimised application programming interface that allow users to quickly 

implement likelihood calculations, model parameter, branch length optimisation and tree 

space exploration – helps reduce time for likelihood computation (Nguyen et al., 2014).  

IQ-TREE also incorporates ModelFinder (Kalyaanamoorthy et al., 2017), a model-selection 

method that combines substitution models with a flexible rate heterogeneity across sites 

(RHAS) model, which allows users to identify the best-fitting model of sequence evolution 

(i.e. the best-fitting substitution model and the best-fitting RHAS model) that led to the data. 

ModelFinder is often fast(er), more flexible and accurate than other available model-selection 

methods (Darriba et al., 2011, 2012; Lanfear et al., 2012). 

 

Assessing phylogenetic uncertainty remains a challenging statistical problem. Non-

parametric bootstrapping is a widely used technique for estimating the phylogenetic support 

of certain clades/splits and it is crucial for assessing the robustness of a tree (Felsenstein, 

1985; Swofford, 1996). It consists of a numerical re-sampling approach where a subset of a 

multiple sequence alignment is generated (i.e. pseudo-replicates) from the data by random 

sampling with replacement, repeated several times (usually 1000 replicates) and compared 
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(Sleator, 2011). Bootstrap values, usually represented in percentages within each branch, are 

then placed on the reconstructed tree (Fig. 1.3). Bootstrap values of > 70% are thought to 

represent “true” clades in phylogenetic trees (Hillis and Bull, 1993; Hillis et al., 1992). In this 

work, ultrafast bootstrap (UFBoot2, implemented in the IQ-TREE software (Hoang et al., 

2017)) was used when reconstructing phylogenies as it is less computationally intensive, is 

relatively robust against moderate model violations and has been proved to achieve more 

unbiased branch support than standard bootstrap (Efron, 1992; Felsenstein, 1985). 

 

The most common and widely accepted reconstructions of cyanobacterial phylogenies are 

those based on comparisons of the 16S small subunit ribosomal RNA gene (16S rRNA) 

sequences (Bernroitner et al., 2009; Garcia-Pichel et al., 1998; Giovannoni et al., 1988; 

Gugger and Hoffmann, 2004; Honda et al., 1999; Ishida et al., 2001; Iteman et al., 2000; 

Litvaitis, 2002; Moore et al., 2019; Neilan et al., 1997; Turner et al., 1999). Most of these 

cyanobacterial phylogenies were reconstructed using distance-based methods (NJ 

approaches) and comprised a relatively small number of species. The accurate structure of 

cyanobacterial phylogenies cannot be easily resolved as most of their diversity originates in 

an explosive radiation that took place early during evolutionary history (Garcia-Pichel, 2009). 

Given the divergence between the current taxonomic treatment of cyanobacteria and the 

natural system that reflects their evolutionary relationships, ecology and physiology are 

important parameters in understanding cyanobacterial phylogenetic relationships (Garcia-

Pichel, 2009). 

 

Although the most prominent traits of cyanobacterial ribosomal phylogeny have found 

support when other genes or multi-locus analyses were performed, conflicting results of 

phylogenies based only on 16S rRNA sequences suggest that trees based on a single gene are 

not sufficient to resolve relationships among very closely or very distantly related organisms 

(Casamatta et al., 2005; Fox et al., 1992). With the rapid increase in sequenced genomes, 

where most/all genes from a multitude of species is available, it is now possible to 

reconstruct phylogenetic trees from concatenated methods, thought to converge faster on the 

true topology (Gadagkar et al., 2005) (Fig. 1.3). Combined analyses taking into account 

several single gene data sets concatenated into one larger data set have rarely been applied to 

cyanobacterial phylogenies (Kauff and Büdel, 2010). 
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Figure 1. 3. State-of-the-art cyanobacterial species phylogeny prior to our phylogeny 
reconstruction. The phylogeny from Walter et al. (2017) was estimated using a similar 
approach with AMPHORA2 and ML (using MEGA) for 100 genomes. The placement of 
well-described cyanobacterial species/orders is comparable to our phylogeny.  
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Whilst most phylogenetic analysis to date only consider the vertical mode of inheritance 

(parent – offspring), recent evidence shows a significant degree of horizontal gene transfer 

(HGT) events, especially in prokaryotic species (i.e. in certain species the amount of HGT is 

comparable or higher than the rate of spontaneous mutation (Lawrence, 2002)), and must be 

taken into account when constructing species phylogenies. There are ways to address and 

potentially minimise the detrimental effects of HGT on phylogenetic inference. Ziying Ke 

used AMPHORA’s protein phylogenetic marker database (Wu and Eisen, 2008), which 

consists on a set of curated protein sequence alignments and corresponding profile hidden 

Markov models (pHMMs, see below) from representatives of complete bacterial genomes. 

These markers are universally distributed in bacteria, are usually present as a single copy 

within the genome, and are believed to be somewhat resistant to HGT (i.e. are thought to not 

have been subject to extensive HGT). Due to the substantial influence of HGT on prokaryotic 

evolution, phylogenetic networks, which consider genetic exchanges between species 

(instead of phylogenetic trees, which only consider vertical descent) have been used to more 

correctly attempt to depict evolutionary relationships (Kunin et al., 2005).  

 

1.2.3.5 Profile hidden Markov models using HMMER 
 

Functionally related proteins frequently share common patterns of amino acids. Different 

residues within a sequence are subject to different selective pressures (i.e. some positions 

may be conserved; some may tolerate certain substitutions whilst conserving physiochemical 

properties, such as hydrophobicity, charge or size; and others may be evolutionary neutral 

and/or variable) and multiple sequence alignments can be used to understand conservation 

patterns. 

 

Profile HMMs (pHMMs) are statistical models that convert information from multiple 

sequence alignments into a set of probability values that reflect position-specific variation in 

evolutionary related sequences (Eddy, 1998; Reyes et al., 2017). pHMMs are designed to 

represent multiple sequence alignments and they characterise precisely each position of a 

sequence, including matches, insertions and deletions (Fig. 1.4). Since pHMMs model the 

diversity of a set of homologs, they show higher sensitivity than position-independent (i.e. 

position invariant for both similarity and gap evaluation) similarity-based methods (i.e. 

BLAST (Altschul et al., 1990)) for the detection of remote (i.e. distant) homologs. 
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believed to be dependent on specific cellular systems/factors, namely gene content, donor and 

recipient species, cell physiology and environmental conditions (Hardiman et al. 2016; 

Sheppard et al., 2020).  

 

HGT has been shown to occur frequently across cyanobacterial evolutionary history. In some 

species, it may have contributed to the acquisition of advantageous traits, enabled niche 

adaptation and led to the emergence of new phenotypes. In cyanobacterial genomes, between 

9.5% and 16.6% of genes are thought to have been acquired through HGT (e.g. 11% in 

Synechocystis) (Ochman et al., 2000; Nakamura et al., 2004). There are many examples of 

HGT events reported in cyanobacteria, including (i) the transfer of the nif operon to 

Microcoleus chthonoplastes from Desulfovibrio (Bolhuis et al., 2010), (ii) the transfer of 

citrullinating enzymes from cyanobacteria into animals (Cummings et al., 2021), (iii) the 

transfer of ATP sulfurylases and class I fructose biphosphate adolases to cyanobacteria from 

eukaryotic green and red algae (Godde et al., 2018), (iv) the transfer of components of the 

eukaryotic actin cytoskeleton  –  actin and profilin – into Microcystis (Guljamow et al., 

2007), and (v) the transfer of the cluster coding for the pigment phycoerythrin in the 

filamentous cyanobacteria Planktothrix from closely-related strains (Tooming-Klunderud et 

al., 2013). All mechanisms of HGT (i.e. transformation, conjugation and transduction) are 

known in cyanobacteria. Natural transformation has been documented in some cyanobacterial 

species, including Synechococcus sp. PCC 7942 (Nakasugi et al., 2006), Synechocystis 

(Grigorieva and Shestakov, 1982; Stevens-Jr and Porter, 1986), Anabaena sp. PCC 7120 

(Trehan and Sinha, 1981) and Thermosynechococcus elongatus BP-1 (Iwai et all., 2004; Onai 

et al., 2004). Although no special requirements are known to induce competency in 

transformable cyanobacteria, light has been shown to positively influence transformation in 

Synechococcus and Synechocystis spp. (Morrison et al., 2005). Despite less documented, 

conjugation is known in several Anabaena strain (Muro-Pastor et al., 1994; Wolk et al., 

1984). Cyanophages are frequently encountered in marine cyanobacteria and are known to 

possess several important photosynthesis genes, as well as other genes from both archaea and 

bacteria. Gene transfer and recombination in marine cyanobacteria is believed to be mediated 

by these cyanophages (Zeidner et al., 2005). The importance of transduction in freshwater 

species is still unclear.  

 

There are three different strategies to identify and quantify HGT events: in vitro, in vivo and 

in-silico approaches. In vitro analyses include laboratory experiments conducted under highly 
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controlled conditions and rely on quantitative techniques such as microfluidics (Lopatkin et 

al., 2016), qPCR (Wan et al., 2011) and flow cytometry (Loftie-Eaton et al., 2014). In vivo 

approaches often consist of experiments using well-characterised strains/representative 

bacterial communities in native/natural environments (Klümper et al., 2014; Li et al., 2018). 

In-silico techniques, used in this work, are often based on analyses of genomic sequence data 

and focus on computational techniques to identify HGT events and how they affect 

population structure or phylogenies. In-silico methods are largely based on the fact that when 

a gene/protein sequence from a particular organism has a strong similarity to a homolog from 

a distant organism, then it is indicative of an HGT event. These approaches can be broadly 

separated into two groups: parametric and non-parametric (i.e. phylogenetic) (Ravenhall et 

al., 2015). Parametric approaches include strategies that attempt to find genes that 

significantly differ from the genomic average (i.e. deviant GC content, trinucleotide analysis, 

or codon usage) (Lawrence and Ochman, 2002). Non-parametric methods analyse 

incongruences between gene and species tree and flag discrepancies as potential gene 

duplication, gene loss or HGT events (Ravenhall et al., 2015) (Figure 1.5). Phylogenetic 

inference is currently believed to be the best way to detect HGT events (Husnik and 

McCutcheon, 2018; Syvanen, 1994). These analyses also allow the inference of the donor 

and recipient of a particular transfer event, as well as the approximate time of transfer 

(Yerrapragada et al., 2009). 
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Figure 1.5. Diagram representing a gene phylogeny with one horizontal gene transfer 
(HGT). The transfer (t) has a donor in species D and a recipient in species R. Figure from 
Darby et al. (2017).  
 

I used the NOTUNG software for HGT inference (Stolzer et al., 2012). NOTUNG is the first 

parsimony-based reconciliation algorithm for a duplication-transfer-loss (DTL) event model. 

Some important features that differentiate NOTUNG from other reconciliation programs 

(reviewed in Doyon et al., 2011) are (1) the fact that it reports on all optimal event histories 

that are temporally feasible (i.e. transfers from ancestral nodes to the nodes that descended 

from them; transfers in the opposite direction - from descendants to ancestors - are classified 

as temporally infeasible), (2) it places no restriction on speciation times, (3) it does not 

require a species tree with branch lengths, (4) it allows for the rearrangement of gene trees 

with weakly-supported edges (i.e. poorly supported nodes in the gene phylogeny can be 

rearranged to match the species phylogeny’s topology) and (5) it allows for the resolution of 

non-binary gene trees. NOTUNG also comprises a phylogenomic analysis function that 

aggregates and summarises results across all reconciled gene trees and all nodes/branches of 

the species tree, providing useful information on ancestral gene content, HGT traffic between 

species and the timings of genome expansion/contractions (Stolzer et al., 2012). 
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1.3 Thesis outline 
 

In this thesis, I present the results of several comparative genomic analyses of 130 

cyanobacterial species. Through the use of computational techniques, such as phylogeny 

reconstruction, multiple sequence alignments, profile hidden Markov models (pHMMs), 

sequence similarity searches, specialised metabolite cluster identification and characterisation, 

and active site specification, I report on cyanobacterial species capable of neurotoxin 

production, offering plausible physiological explanations for their biosynthesis. I present my 

work on the development of a pipeline for finding horizontal gene transfer (HGT) events in 

cyanobacterial species using the NOTUNG software. This data allowed my scientific 

contribution to the current debate on whether or not the occurrence of HGT events is associated 

with the environmental context experienced by a species. The work presented here 

substantially improves our understanding of 2,4-DAB and BMAA production in cyanobacteria 

and the extent to which HGT events have impacted cyanobacterial evolution. My work 

comprises an important methodological resource for large scale in-silico cyanotoxin discovery 

and HGT inference, which could be applied to species other than cyanobacteria, and improves 

the current understanding of cyanobacterial diversity, biochemistry and physiology.  
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1.4 Research questions 
 

1 Chapters 2 & 3  Given the known pathways for the biosynthesis of 2,4-DAB, BMAA and 
their precursors in other species, is the production of these neurotoxins 
possible in cyanobacteria?    

2 Chapters 2 & 3  Are there cyanobacterial species that encode all enzymes in a known 
pathway for the biosynthesis of 2,4-DAB and/or BMAA?    

3 Chapters 2 & 3  Are key enzymes in pathways leading to 2,4-DAB and/or BMAA co-
localised within specialised metabolite clusters?    

4 Chapters 2 & 3  Which cyanobacterial species are potentially capable of biosynthesising 
2,4-DAB and/or BMAA?    

5 Chapters 2 & 3  Are the neurotoxins 2,4-DAB and BMAA widespread in cyanobacteria?    

6 Chapters 2 & 3  Is there a phylogenetic, biochemical, physiological or morphological 
relationship between 2,4-DAB and/or BMAA producers?    

7 Chapters 2 & 3  Can a physiological role be predicted for the biosynthesis of 2,4-DAB 
and/or BMAA in cyanobacteria? (i.e. why do cyanobacteria produce these 
neurotoxins?)    

8 Chapter 3 Do cyanobacterial species synthesise a bound form of BMAA via the pam 
gene cluster from Paenibacillus larvae?    

9 Chapter 3 Is there an explanation for the fact that the precursor of BMAA – 2,3-DAP 
– has never been detected in analytical studies to date?    

10 Chapter 4 Is HGT common in cyanobacteria?    

11 Chapter 4 Is HGT in cyanobacteria more common between closely-related species 
or species that have diverged a long time ago?    

12 Chapter 4 Is the prevalence of HGT in cyanobacteria associated with the 
environment?    

13 Chapter 4 Is HGT more prevalent in extreme environments, as opposed to more 
benign habitats?    

14 Chapter 4 Is HGT more prevalent in terrestrial environments, as opposed to aquatic 
niches?  
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1.5 Chapter summaries 
 
1.5.1 Chapter 2 
 

Cyanobacteria can present health hazards to humans and animals due to the production of a 

wide range of toxins (cyanotoxins), which include the sometimes co-occurring, non-encoded 

diaminoacid neurotoxins 2,4-diaminobutanoic acid (2,4-DAB) and its structural analogue  

β-N-methylaminoalanine (BMAA). Knowledge of the biosynthetic pathway for  

2,4-DAB, and its role in cyanobacteria, is lacking. The aspartate 4-phosphate pathway is a 

known route of 2,4-DAB biosynthesis in other bacteria and in some plant species. Another 

pathway to 2,4-DAB has been described in Lathyrus species. I used bioinformatics analyses 

to investigate hypotheses concerning 2,4-DAB biosynthesis in cyanobacteria. I assessed the 

presence or absence of each enzyme in candidate biosynthesis routes, the aspartate  

4-phosphate pathway and a pathway to 2,4-DAB derived from S-adenosyl-L-methionine 

(SAM), in 130 cyanobacterial genomes using sequence alignment, profile hidden Markov 

models, substrate specificity/active site identification and the reconstruction of gene 

phylogenies. In the aspartate 4-phosphate pathway, for the 18 species encoding 

diaminobutanoate-2-oxo-glutarate transaminase, the co-localisation of genes encoding the 

transaminase with the downstream decarboxylase or ectoine synthase - often within hybrid 

non-ribosomal peptide synthetase (NRPS)-polyketide synthases (PKS) clusters,  

NRPS-independent siderophore (NIS) clusters and incomplete ectoine clusters - is compatible 

with the hypothesis that some cyanobacteria use the aspartate 4-phosphate pathway for  

2,4-DAB production. Through this route, in cyanobacteria, 2,4-DAB may be functionally 

associated with environmental iron-scavenging, via the production of siderophores of the 

schizokinen/synechobactin type and of some polyamines. In the pathway to 2,4-DAB derived 

from SAM, eight cyanobacterial species encode homologs of SAM-dependent 3-amino-3-

carboxypropyl transferases. Other enzymes in this pathway have not yet been purified or 

sequenced. Ultimately, the biosynthesis of 2,4-DAB appears to be either restricted to some 

cyanobacterial species, or there may be multiple and additional routes, and roles, for the 

synthesis of this neurotoxin. 
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1.5.2 Chapter 3 
 

Cyanobacterial toxins (cyanotoxins) include the diaminoacid neurotoxin 3-N-methyl-2,3-

diaminopropanoic acid (β-N-methylaminoalanine, BMAA). Knowledge of the biosynthetic 

pathway for BMAA, and its role in cyanobacteria, is lacking. Present evidence suggests that 

BMAA is derived by 3-N methylation of 2,3-diaminopropanoic acid (2,3-DAP) and, although 

the latter has never been reported in cyanobacteria, there are multiple pathways to its 

biosynthesis known in other bacteria and in plants. I used bioinformatics analyses to 

investigate hypotheses concerning 2,3-DAP and BMAA biosynthesis in cyanobacteria. I 

assessed the potential presence or absence of each enzyme in candidate biosynthetic routes 

known in Albizia julibrissin, Lathyrus sativus seedlings, Streptomyces, Clostridium, 

Staphylococcus aureus, Pantoea agglomerans, and Paenibacillus larvae, in 130 

cyanobacterial genomes using similar methodology to that described in Chapter 2 (i.e. 

sequence alignment, profile hidden Markov models, substrate specificity/active site 

identification and the reconstruction of gene phylogenies). Most enzymes involved in 

pathways leading to 2,3-DAP in other species were not found in the cyanobacteria analysed. 

Nevertheless, two species appear to have the genes sbnA and sbnB, responsible for forming 

the 2,3-DAP constituent in staphyloferrin B, a siderophore from Staphylococcus aureus. It is 

currently undetermined whether these species are also capable of biosynthesising BMAA. It 

is possible that, in some cyanobacteria, the formation of 2,3-DAP and/or BMAA is associated 

with environmental iron-scavenging. The pam gene cluster, responsible for the biosynthesis 

of the BMAA-containing peptide, paenilamicin, so far appears to be restricted to 

Paenibacillus larvae. It was not detected in any of the cyanobacterial genomes analysed, nor 

was it found in 93 other Paenibacillus genomes or in the genomes of two BMAA-producing 

diatom species. I hypothesise that the presence, in some cyanobacterial species, of the 

enzymes 2,3-diaminopropionate ammonia-lyase (DAPAL) and reactive intermediate 

deaminase A (RidA) may explain the failure to detect 2,3-DAP in analytical studies. Overall, 

the taxonomic distribution of 2,3-DAP and BMAA in cyanobacteria is unclear; there may be 

multiple and additional routes, and roles, for the biosynthesis of 2,3-DAP and BMAA in 

these organisms. 
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1.5.3 Chapter 4 
 

Horizontal gene transfer (HGT) plays an important role in the evolution of prokaryotes, 

including cyanobacteria. A key unresolved question is, the extent to which HGT is associated 

with environmental conditions. It has been proposed that an unusually high prevalence of 

HGT may occur between prokaryotes in physicochemically extreme environments, although 

this is not supported by all studies. It has also been suggested that soil may be an extreme 

environment from the organism’s point of view, hence a terrestrial environment may be 

associated with high HGT. We investigate these hypotheses using reconciliation of gene 

family phylogenies with the species phylogeny for 130 cyanobacteria, followed by 

phylogenetically corrected statistical comparisons across species. We find no association 

between the prevalence of HGT and either an extreme or a terrestrial environment. Future 

studies could benefit from more detailed environmental information (e.g. free-living versus 

biofilm; bulk soil versus rhizophere) and optimal growth conditions (e.g. temperature and 

pH). 

 
1.5.4 Chapter 5 
 

I summarise the main findings of my work, highlight the limitations of my studies and 

present thoughts on future directions.  
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Chapter 2 
 
Genomic insights into the 
biosynthesis and physiology of 
the cyanobacterial neurotoxin  
2,4-diaminobutanoic acid  
(2,4-DAB) 
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2.1 Preface  
 
 
The work in this chapter has been published as a manuscript in Phytochemistry and the 

first-person plural is used throughout to maintain consistency. Minor changes have been 

made to the published version to preserve formatting across the thesis. I performed all 

analyses, wrote the first draft of the manuscript and supplementary materials, and produced 

table 2.1 and figures 2.7-2.9.  

 

Peter B. Nunn produced all figures depicting biochemical pathways/reactions and molecules 

(figures 2.1-2.6). Ziying Ke performed the reconstruction of the cyanobacterial species 

phylogeny and orthogroup prediction.  

 

Citation: 

 

Mantas, M. J. Q., Nunn, P. B., Ke, Z., Codd, G. A., Barker, D., 2021. Genomic insights into 

the biosynthesis and physiology of the cyanobacterial neurotoxin 2,4-diaminobutanoic acid 

(2,4-DAB). Phytochemistry 192, 112953. 
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2.3 Introduction 
 

The non-encoded diaminoacid neurotoxin 2,4-diaminobutanoic acid (2,4-DAB) (syn:  

2,4-diaminobutyric acid; α,γ-diaminobutyric acid; γ-aminobutyrine) (Fig. 2.1) was first 

discovered in acid hydrolysates of polymyxin antibiotics (Catch and Jones, 1948). It is widely 

distributed and occurs in the cell wall of Gram-positive bacteria (Perkins and Cummins, 

1964), in the seeds of leguminous plants (Bell, 1962; Nigam and Ressler, 1966) and as a 

homopolymer in Streptomyces celluloflavus USE32 and Streptoalloteichus hindustanus 

NBRC15115 (Yamanaka et al., 2020). Both 2,4-DAB and its structural analogue  

β-N-methylaminoalanine (BMAA) are neurotoxic (Chen et al., 1972; Tan et al., 2018). These 

neurotoxins have also been found to be co-distributed in some cyanobacterial species (Al-

Sammak et al., 2014; Rosén and Hellenäs, 2008), but may also occur alone (Krüger et al., 

2010; Violi et al., 2019). 

 

The biosynthetic pathway to 2,4-DAB is well documented in other bacteria (Yamamoto et al., 

1992; Yamanaka et al., 2020) and in the legume Lathyrus sylvestris (Nigam and Ressler, 

1966), but it has not been established in cyanobacteria. Also, the extent of 2,4-DAB 

biosynthesis among cyanobacteria has not been widely determined.  

 

There are at least four factors contributing to the lack of knowledge concerning the presence 

of 2,4-DAB in cyanobacteria: (i) the biosynthetic pathway(s) in cyanobacteria are unknown; 

(ii) some early analytical techniques to analyse cyanobacterial extracts for the presence of 

2,4-DAB and its analogues have lacked sensitivity and specificity (Cohen, 2012; Faassen et 

al., 2016; Jiang et al., 2013; Lage et al., 2016; Rosén et al., 2016); (iii) whilst adequate 

O
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Figure 2.1. Structure of 2,4-diaminobutanoic acid in the ionised form                        
(2,4-diaminobutanoate). This form is present at physiological pH values. The carboxyl 
group is then completely ionised and positive charge is shared between the two amino 
groups. Figure: Peter B. Nunn; used with permission.  
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analytical methods can unambiguously assign 2,4-DAB biosynthesis to a monocyanobacterial 

axenic culture, ambiguity can arise regarding toxin origin when non-axenic cyanobacterial 

environmental samples and laboratory cultures, and mixtures of cyanobacterial 

species/strains are examined; (iv) the facultative expression of 2,4-DAB biosynthesis means 

that lack of evidence for this toxin is not evidence of its absence under all conditions. Some 

of these problems are beginning to be resolved. For example, although a consensual standard 

method of sample preparation and analytical techniques for the identification of 2,4-DAB and 

BMAA has been lacking, it is now widely agreed that tandem mass spectrometry (MS/MS) is 

the best currently available tool for the correct identification and quantification of these 

neurotoxins, as it relies on four identification criteria, whilst resolving structural isomers, 

improving detection limits and reducing background interference (Faassen et al. 2016; 

Faassen, 2017; Metcalf et al., 2017). 

 

The environmental and toxicological monitoring of cyanobacterial mass populations, for 

example by microscopy and by chemical, immunological, toxicological and remote sensing 

methods (Meriluoto et al., 2017), is being successfully complemented by molecular genetic 

methods (Kurmayer et al., 2017; Pan et al., 2002). The latter include the targeting of genes 

involved in the biosynthesis of specific cyanotoxins by polymerase chain reaction (PCR)-

based methods (Humbert, 2017; Kurmayer et al., 2017). The contribution of molecular 

genetic methods to the early detection of cyanobacteria with the potential for the production 

of 2,4-DAB and its isomers, would similarly contribute to the overall risk management of the 

production of these neurotoxins. To enable this, knowledge of the biosynthetic pathway(s) for 

2,4-DAB formation, with gene identification is necessary. These needs are addressed here by 

our bioinformatics study to test hypotheses concerning the biosynthetic pathway or pathways 

for 2,4-DAB in cyanobacteria. 

 

As suggested by Nunn and Codd (2017), a possible route for the biosynthesis of 2,4-DAB is 

through the aspartate 4-phosphate pathway (Fig. 2.2). This pathway is utilised by bacteria, 

fungi and higher plants to produce four encoded amino acids; methionine, threonine, 

isoleucine and lysine, at various branchpoints (Jander and Joshi, 2010). The pathway starts at 

aspartate transaminase (EC 2.6.1.1), which catalyses a reversible transamination between 

glutamate and oxaloacetate to yield aspartate and 2-oxo-glutarate (Jansonius and Vincent, 

1987). Aspartate then serves as substrate for aspartate kinase (EC 2.7.2.4), which catalyses 

the formation of aspartate 4-phosphate. Aspartate 4-semialdehyde is then synthesised from 
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aspartate 4-phosphate via the action of aspartate-semialdehyde dehydrogenase (EC 1.2.1.11) 

(Jander and Joshi, 2010). These three enzymes are widespread in prokaryotes and are 

essential for their viability (Cohen, 1987; Muriana et al., 1991). 
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Figure 2.2. The aspartate 4-phosphate pathway. Established routes to                            
2,4-diaminobutanoate (2,4-diaminobutanoic acid) and derivatives. The nomenclature is from 
www.brenda-enzymes.org; the Enzyme Commission numbers are as follows: (1) aspartate 
transaminase: EC 2.6.1.1; (2) aspartate kinase: EC 2.7.2.4; (3) aspartate-semialdehyde 
dehydrogenase: EC 1.2.1.11; (4) diaminobutanoate-2-oxo-glutarate transaminase:              
EC 2.6.1.76; (5) diaminobutanoate acetyltransferase:  EC 2.3.1.178; (6) ectoine synthase:  
EC 4.2.1.108; and (7) ectoine hydroxylase: EC 1.14.11.55. Multiple-step pathways are 
indicated by *. Figure: Peter B. Nunn; used with permission. 
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2.3.1 The aspartate 4-phosphate pathway and the biosynthesis of  
2,4-DAB 

 

An additional branch-point from this pathway at aspartate 4-semialdehyde begins with 

diaminobutanoate-2-oxo-glutarate transaminase (EC 2.6.1.76), which catalyses the 

biosynthesis of 2,4-DAB. 2,4-DAB has been described as a precursor for the biosynthesis of 

1,3-diaminopropane (Ikai and Yamamoto, 1997; Yamamoto et al., 1992) (Fig. 2.3), and the 

compatible solutes ectoine and hydroxyectoine (Louis and Galinski, 1997; Reuter et al., 

2010) (Fig. 2.2). In Acinetobacter baumannii, 2,4-DAB is also biosynthesised by the activity 

of diaminobutanoate-2-oxo-glutarate transaminase, utilising aspartate 4-semialdehyde as 

substrate (Ikai and Yamamoto, 1997). This diaminoacid is subject to decarboxylation by the 

activity of 2,4-DAB decarboxylase (EC 4.1.1.86) to yield 1,3-diaminopropane (Yamamoto et 

al., 2000; Yamamoto et al., 1992). Transaminases can exhibit multiple substrate specificity, 

and the substrate for the 2,4-DAB transaminase may differ. In a species of Xanthomonas,  

2,4-DAB has been shown to be synthesised by a transaminase for 2,4-DAB, 

diaminobutanoate-pyruvate transaminase (EC 2.6.1.46), which uses pyruvate, instead of  

2-oxo-glutarate, as the oxo-acid (Rao et al., 1969). In organisms that produce the 

hydrogenated pyrimidine derivative ectoine, an ect operon is usually found, encompassing 

the genes ectB (encoding diaminobutanoate-2-oxo-glutarate transaminase), ectA (encoding 

2,4-diaminobutanoate acetyltransferase, EC 2.3.1.178) and ectC (encoding ectoine synthase, 

EC 4.2.1.108). EctC can be regarded as a marker enzyme for ectoine-producers (Widderich et 

al., 2014a). The route to ectoine biosynthesis was elucidated by Peters et al. (1990) in cell-

free extracts of Ectothiorhodospira halochloris and Halomonas elongata. It begins with the 

transamination of aspartate 4-semialdehyde, catalysed by diaminobutanoate-2-oxo-glutarate 

transaminase (enzyme 4, Fig. 2.2), to yield 2,4-DAB, which serves as substrate for 

diaminobutanoate acetyltransferase (enzyme 5, Fig. 2.2) to produce N4-acetyl-2,4-

diaminobutanoic acid. Ectoine synthase (enzyme 6, Fig. 2.2) catalyses the ring closure 

reaction, leading to the end product, ectoine. A fraction of the organisms that encode the 

ectoine operon are capable of producing 5-hydroxyectoine through a position- and stereo- 

specific hydroxylation of ectoine, via the activity of ectoine hydroxylase (ectD,  

EC 1.14.11.55) (Bursy et al., 2007). Although compatible solutes are known in many 

cyanobacteria (Klähn and Hagemann, 2011), ectoine and hydroxyectoine have not been 

identified in these organisms (Nunn and Codd, 2017). Until this present investigation, no 
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genetic investigations have attempted to establish whether the biosynthesis of 2,4-DAB in 

cyanobacteria occurs through the aspartate 4-phosphate pathway. 

 

 

In prokaryotes, toxicity-related genes are often found within specialised metabolite clusters 

(secondary metabolite clusters), which are synthesised by a process external to the default 

ribosomal system, via a non-ribosomal synthetic mechanism (NRPS) (Jones et al., 2010), 

which involves a multienzyme complex (Miller and Gulick, 2016). Compounds that, unlike 

peptides, do not contain nitrogen, may be biosynthesised by similar enzyme assemblies, 

named polyketide synthetases (PKS) (Robbins et al., 2016), and others can be synthesised 

through hybrid NRPS/PKS complexes (Fisch, 2013). Many classes of cyanotoxins, including 

cylindrospermopsins, saxitoxins, nodularins and microcystins are known to be produced via 

these routes (Kellmann et al., 2008; Mbedi et al., 2005; Mihali et al., 2008; Moffitt and 

Neilan, 2004). A third and less widespread category of multienzyme complexes exists in 

cyanobacteria, namely the NRPS-independent siderophore biosynthesis systems (NIS). NIS 

clusters are responsible for the production of siderophores, including rhizobactin 1021, 

schizokinen and synechobactin (Challis, 2005; Årstøl and Hohmann-Marriott, 2019). 

 

2.3.2 Siderophores  
 

Siderophores are low molecular weight (400-1000kDa) carrier molecules that function in 

microbial iron uptake (Simpson and Neilands, 1976). These iron-chelators are usually Fe(III)-
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Figure 2.3. The synthesis of 1,3-diaminopropane from 2,4-DAB. Established route to     
1,3-diaminopropane. The nomenclature is from www.brenda-enzymes.org; the Enzyme 
Commission numbers are as follows: (1) diaminobutanoate-2-oxo-glutarate transaminase: 
EC 2.6.1.76; (2) diaminobutanoate decarboxylase: EC 4.1.1.86. Figure: Peter B. Nunn; used 
with permission. 
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specific, and bind Fe(III) with an affinity of the order of 1030. Of the compounds that are used 

as siderophores by cyanobacteria, two - schizokinen and synechobactin - have been shown to 

be synthesised following the decarboxylation of 2,4-DAB (Balasubramanian et al., 2006; 

Nicolaisen et al., 2008; Årstøl and Hohmann-Marriott, 2019).  

 

The low concentration of iron (picomolar to nanomolar range) in the environment is typically 

rate-limiting for the growth of cyanobacteria and siderophores are essential to reconcile the 

profound insolubility of Fe(III) with the vital need of iron in cellular activities (Cunningham 

and John, 2017; Sunda and Huntsman, 2015). Cyanobacteria have larger iron requirements 

than non-photosynthetic bacteria (Shcolnick and Keren, 2006), as the processes of 

photosynthesis and, in some species, of N2 fixation, require Fe-containing ferredoxin and 

nitrogenase, respectively (Simpson and Neilands, 1976). Cyanobacteria capable of producing 

siderophores under Fe-limiting conditions are probably at a selective advantage in microbial 

competition, protection from heavy-metal toxicity and bloom formation (Simpson and 

Neilands, 1976; Årstøl and Hohmann-Marriott, 2019). 

 

Schizokinen, first discovered in Bacillus megaterium ATCC 19213 and isolated from 

Anabaena sp. strains PCC 7120 and PCC 6411 (Goldman et al., 1983; Simpson and Neilands, 

1976), contains a derivative of 1,3-diaminopropane (Nunn and Codd, 2017). Synechobactins, 

amphiphilic cyanobacterial siderophores from Synechococcus sp. PCC 7002 (Armstrong and 

Van Baalen, 1979) are identical in structure to schizokinen, except for the fully saturated 

fatty acid tail on one of the two a-hydroxamate groups (Ito and Butler, 2005), but also 

contain the same derivative of 1,3-diaminopropane (Nunn and Codd, 2017). There is 

currently no biochemically substantiated biosynthetic pathway established for the 

cyanobacterial siderophores schizokinen and synechobactin. However, it is known that 

citrate-based siderophores are produced by NRPS-independent synthases (NIS) in 

cyanobacteria (Årstøl and Hohmann-Marriott, 2019), and that the two siderophores are 

structurally similar to other dihydroxamate-type siderophores, such as rhizobactin 1021 

(Persmark et al., 1993) and aerobactin (de Lorenzo et al., 1986). A priori, we hypothesise that 

cyanobacteria use the same metabolic route. Rhizobactin 1021 is synthesised from the 

hydroxylation and acetylation of two molecules of 1,3-diaminopropane, which combined 

with citrate by a NIS synthetase, yields schizokinen (Lynch et al., 2001) (Fig. 2.4). 
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2.3.3 Polyamines  
 

Polyamines, polycationic hydrocarbon molecules with multiple amino groups, have important 

roles in prokaryotic protein synthesis (Igarashi and Kashiwagi, 2000; Shah and Swiatlo, 

2008), also contributing to cyanobacterial bloom formation and siderophore production 

(Keating et al., 2002). Spermidine, a widespread polyamine in all groups of cyanobacteria 

(Hosoya et al., 2005), can be synthesised from putrescine via two different routes (Fig. 2.5). 

Putrescine biosynthesis is shared by both pathways and may occur via ornithine, through the 

action of ornithine decarboxylase (EC 4.1.1.17) or via arginine, which serves as the initial 

substrate for arginine decarboxylase (EC 4.1.1.19), agmatine iminohydrolase (EC 3.5.3.12) 

and N-carbamoylputrescine amidohydrolase (EC 3.5.1.53) (Zhu et al., 2015). The classical 

pathway begins with the decarboxylation of SAM by S-adenosylmethionine decarboxylase 

(SAMDC, EC 4.1.1.50). The decarboxylated SAM and putrescine serve as substrates for the 

biosynthesis of spermidine, in a reaction catalysed by spermidine synthase (SPDS,  

EC 2.5.1.16) (Lee et al., 2009; Shah and Swiatlo, 2008). In the alternative pathway, 

carboxyspermidine dehydrogenase (CASDH, EC 1.5.1.43) catalyses the reaction between 

aspartate 4-semialdehyde and putrescine that leads to carboxyspermidine, which is then 

decarboxylated by carboxyspermidine decarboxylase (CASDC, EC 4.1.1.96) to yield 

spermidine (Hanfrey et al., 2011; Lee et al., 2009). In organisms encoding diaminobutanoate-

2-oxo-glutarate transaminase and diaminobutanoate decarboxylase, 1,3-diaminopropane is 

produced and can serve as a substrate for CASDH, yielding carboxynorspermidine, which in 

turn is used by CASDC to produce norspermidine (Yamamoto et al., 1986; Zhu et al., 2015). 

Both the putative and alternative pathways for spermidine biosynthesis have been described 

Figure 2.4. The biochemical pathway to schizokinen (Previous page). The established 
route to rhizobactin 1021 in Sinorhizobium meliloti (Lynch et al., 2001) includes schizokinen 
as its immediate precursor. (The enzyme responsible for the biosynthesis of rhizobactin 1021 
from schizokinen is currently unknown). Nomenclature is from www.brenda-enzymes.org. 
The genes rhbA and rhbB (Lynch et al., 2001), correspond to the enzymes 
diaminobutanoate-2-oxo-glutarate transaminase (RhbA, EC 2.6.1.76) and diaminobutanoate 
decarboxylase (RhbB, EC 4.1.1.86). The enzymes RhbD (an acetylase), RhbE (which 
catalyses the oxidation of a single amino group of 1,3-diaminopropane), RhbC and RhbF 
(which catalyse condensation reactions) are unclassified. Redrawn from Lynch et al., (2001). 
The molecule in square brackets* represents 2,4-diaminobutanoate (2,4-diaminobutanoic 
acid) after rotation of the amino and carboxylate functions about carbon-2 to allow visual 
alignment of the amino groups in 1,3-diaminopropane and subsequent derivatives. Figure: 
Peter B. Nunn; used with permission. 
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in cyanobacteria (Zhu et al., 2015). In these species, the route to norspermidine via the 

alternative pathway could represent another physiological role for the production of 2,4-DAB 

via the aspartate 4-phosphate pathway.  
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Figure 2.5. The biochemical pathways to spermidine and norspermidine in 
cyanobacteria. The established route to spermidine and norspermidine is adapted from Zhu 
et al. (2015) and the figure of Lee et al. (2009) has been redrawn and updated.                   
The nomenclature is from www.brenda-enzymes.org; the Enzyme Commission numbers 
are as follows: (1) arginase: EC 3.5.3.1; (2) arginine decarboxylase: EC 4.1.1.19; (3) 
agmatine ureohydrolase:  EC 3.5.3.11; (4) agmatine iminohydrolase: EC 3.5.3.12;                              
(5) N-carbamoylputrescine amidohydrolase: EC 3.5.1.53; (6) ornithine decarboxylase:       
EC 4.1.1.17; (7) S-adenosylmethionine decarboxylase: EC 4.1.1.50; (8) spermidine synthase: 
EC 2.5.1.16; (9) diaminobutanoate-2-oxo-glutarate transaminase: EC 2.6.1.76;                 
(10) diaminobutanoate decarboxylase: EC 4.1.1.86; (11) carboxyspermidine dehydrogenase: 
EC 1.5.1.43; (12) carboxyspermidine decarboxylase: EC 4.1.1.96. Reactions (7) and (8) are 
involved in the biosynthesis of spermidine from putrescine via the classical pathway. 
Reactions (11) and (12) are involved in the biosynthesis of spermidine (in species without 
1,3-diaminopropane) or norspermidine via the alternative pathway (where                         
1,3-diaminopropane is available). Figure: Peter B. Nunn; used with permission. 
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2.3.4 The biosynthesis of 2,4-DAB derived from SAM and other  
pathways to 2,4-DAB 

 

There is another known mechanism to 2,4-DAB biosynthesis. In Lathyrus species, 

isoxazolinones are used for the biosynthesis of both 2,3-diaminopropanoic acid (2,3-DAP) 

and 2,4-DAB. In Pisum sativum and Lathyrus sativus seedlings, b-(isoxazolin-5-on-2-yl)-

alanine (BIA) was shown to be synthesised from O-acetyl-L-serine (OAS) and isoxazolin-5-

one by cysteine synthase (EC 2.5.1.47). 2,3-DAP can be released after enzymatic cleavage of 

BIA (Ikegami et al., 1991). In Lathyrus odoratus seedlings, 2-(3-amino-3-carboxypropyl)-

isoxazolin-5-one (ACI), the higher homologue of BIA, is present and causes neurotoxic 

symptoms similar to 2,4-DAB in experimental animals (Lambein, 1981). This amino acid 

was shown to be synthesised from SAM and isoxazolin-5-one (Callebaut and Lambein, 1977; 

Ikegami et al., 1993). A suitable route to 2,4-DAB would be through enzymatic transfer of 

the 3-amino-3-carboxypropyl moiety from SAM to an intermediate, which could be cleaved 

to yield 2,4-DAB (Ikegami and Murakoshi, 1994) (Fig. 2.6). Although the transferase from 

Lathyrus odoratus has not been purified or sequenced, SAM-dependent 3-amino-3-

carboxypropyl transferases have been described that can catalyse this transfer reaction 

(Meyer et al., 2020; Reeve et al., 1998; Riekhof et al., 2005). However, no enzyme has been 

shown to be able to cause the cleavage of such a complex. Additionally, although there are no 

reports of isoxazolinones having been found in cyanobacteria (Nunn and Codd, 2017), the 

four-carbon chain of methionine has been shown to be donated from SAM to a variety of 

structures, other than isoxazolinones. Previously characterised naturally occurring 3-amino-3-

carboxypropyl-substituted heterocycles shown to derive from SAM as the donor of the  

3-amino-3-carboxypropyl side chain include discadenine in Dictyostelium discodeideum 

(Taya et al., 1978), a modified nucleotide in Escherichia coli tRNA (Nishimura et al., 1974), 

plant siderophores of the mugineic acid family (Shojima et al., 1990; Shojima et al., 1989), 

the post-translationally modified histidine of elongation factor 2, diphthamide (Chen and 

Bodley, 1988), and the polyamine, spermidine (Zhu et al., 2015). 
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2,4-DAB could be also formed non-enzymatically. In the protein gliadin, the neurotoxin is 

formed chemically from glutamine following Hoffman degradation (Synge, 1939), and from 

asparagine during peptide synthesis (Ressler, 1956). There appear to be no biological 

equivalents to these reactions. 

 

2.3.5 Our contribution 
 

In this study, we use bioinformatics tools to investigate hypotheses concerning 2,4-DAB 

biosynthesis in cyanobacteria through the assessment of the presence or absence of each 

enzyme in the aspartate 4-phosphate pathway and a pathway to 2,4-DAB derived from SAM, 

across 130 cyanobacterial genomes. We propose that, in cyanobacteria, the biosynthesis of 

2,4-DAB through the aspartate 4-phosphate pathway occurs but is limited to a subset of 

species. We highlight its potential physiological roles in siderophore and polyamine 

biosynthesis. We also suggest that 2,4-DAB production from SAM may be possible in some 

cyanobacterial species, however in-depth analyses are hindered, as candidate enzymes and 

intermediates participating in this pathway are lacking. Ultimately, the biosynthesis of  

2,4-DAB appears to be either restricted to some cyanobacterial species, or there may be 

multiple and additional routes, and roles, for the synthesis of this neurotoxin. 

 

Figure 2.6. The pathway to 2,4-DAB derived from S-adenosylmethionine (SAM). 
The formation of 2,4-diaminobutanoate (2,4-diaminobutanoic acid) from                                
S-adenosylmethionine (SAM) and isoxazolin-5-one in Lathyrus sylvestris (Callebaut and 
Lambein, 1977; Ikegami and Murakoshi, 1994). ACI: 2-(3-amino-3-carboxypropyl)-
isoxazolin-5-one (Kuo et al., 1982). The enzymes catalysing the two reactions are 
unclassified. Figure: Peter B. Nunn; used with permission. 
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2.4 Methodology 
 

2.4.1 Phylogenetic reconstruction 
 

130 high-quality cyanobacterial genomes and three outgroup genomes (one Proteobacteria, 

one Actinobacteria, and one Chloroflexi) were selected from RefSeq (Supplementary 

Material Section S4). 

 

The genomes used were sequenced from species cultured under different conditions. The 

majority (53-54%) of genomes were extracted from species grown in axenic culture, whilst 

the remaining genomes were derived from species in non-axenic monocyanobacterial 

cultures (21-22%), or consisted of metagenome-assembled genomes (15-16%). The culture 

types of the organisms yielding the remaining 8-9% of the genomes are unknown (i.e. were 

not disclosed/described by authors/databases) (Supplementary Table S6).  

 

Genome-wide protein sets were compared with BLAST (Altschul et al., 1997) and clustered 

into orthogroups using OrthoFinder (v.2.1.2) (Emms and Kelly, 2015) with a permissive 

MCL (van Dongen, 2000) inflation value of 1.1 for species phylogeny reconstruction. This 

resulted in 9591 orthogroups of two or more sequences each. Multiple sequence alignments 

were generated for all orthogroups using MAFFT (v.7.307) (Katoh and Standley, 2013). 

Orthogroups were mapped to pre-defined reliable AMPHORA2 markers for bacteria (Wu and 

Eisen, 2008). 29 orthogroups showed no strong evidence of horizontal gene transfer, or 

systematic deviation from the single maximum likelihood species tree, which was 

reconstructed from the concatenation of these 29 orthogroups using the LG+C60+F+R 

substitution model in IQ-TREE (v.1.6.10) (Nguyen et al., 2015) (Supplementary Material 

Section S6). Branch support was estimated using ultrafast bootstrap with 1000 replicates 

(Hoang et al., 2017), the tree was rooted between the ingroup and outgroup, and the outgroup 

was removed. The tree was annotated using the iTOL software (Letunic and Bork, 2016). 

 

2.4.2 Profile hidden Markov models 
 

From the protein sequence database at the NCBI (https://www.ncbi.nlm.nih.gov/), amino acid 

sequences with the same enzyme nomenclature as given in the BRENDA database (Chang et 

al., 2021) were selected for each enzyme in the aspartate 4-phosphate pathway (Fig. 2.2) and 
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for SAM-dependent 3-amino-3-carboxypropyl transferase (Fig. 2.6). Sequence choice 

prioritised cyanobacterial proteins and, where absent/scarce, bacterial proteins. The selection 

of multiple sequences from the same species was avoided. The number of sequences selected 

for the construction of each profile hidden Markov model (pHMM) ranged from 15 to 62 

(Supplementary Table S8), comparable with an average of 22 sequences used for seed 

alignments in the Pfam database (Sonnhammer et al., 1998). For each enzyme, multiple 

sequence alignments were generated using MAFFT (v.7.307), with the E-ins-I algorithm, and 

pHMMs were generated using HMMER (v. 3.1b2) (hmmer.org).  

 

Quality assessments were performed to analyse how accurate the generated pHMMs were at 

finding homologues, using cytochrome C oxidase subunit III, phycobilisome protein, 

photosystem II protein and photosystem II reaction centre M protein as positive controls 

(Supplementary Material Section S7.1). 

 

The pHMMs for enzymes in the aspartate 4-phosphate pathway and for SAM-dependent 3-

amino-3-carboxypropyl transferase were used to search proteins of the 130 cyanobacterial 

genomes for homologues using HMM search in the HMMER package, with the default 

threshold (E-value £ 0.01).  

 

2.4.3 Online database searches 
  

Where necessary to confirm absence, enzymes in the aspartate 4-phosphate pathway (Fig. 

2.2) and SAM-dependent 3-amino-3-carboxypropyl transferase (Fig. 2.6) were also used as 

queries in BLAST searches against all cyanobacterial proteomes available at NCBI. 

 

2.4.4 Substrate specificity and active site identification 
 

In order to differentiate between the enzymes present in the aspartate 4-phosphate pathway 

(Fig. 2.2) and the pathway to 2,4-DAB from SAM (Fig. 2.6) from homologous enzymes that 

carry out different functions, active site and substrate specificity searches were conducted for 

enzymes downstream of- and including diaminobutanoate-2-oxo-glutarate transaminase, and 

the SAM-dependent 3-amino-3-carboxypropyl transferase, based on knowledge from the 

literature, indicated below.  
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Sequence alignments, including information about strictly conserved sites, residues involved 

in ligand-binding, pyridoxal 5'-phosphate (PLP)-binding, iron-binding, SAM-binding, and 

stabilisation of loop-architectures were available for diaminobutanoate-2-oxo-glutarate 

transaminase (Richter et al., 2019), diaminobutanoate acetyltransferase (Richter et al., 2020), 

ectoine synthase (Widderich et al., 2016), ectoine hydroxylase (Reuter et al., 2010; 

Widderich et al., 2014a; Widderich et al., 2014b), SAM-dependent 3-amino-3-carboxypropyl 

transferase (Reeve et al., 1998; Riekhof et al., 2005), and to some extent for 

diaminobutanoate decarboxylase (Yamamoto et al., 2000). No information is currently 

available regarding the active site of diaminobutanoate-pyruvate transaminase. Where data 

were available, multiple sequence alignments were constructed for each of these enzymes 

using MAFFT, which comprised the significant pHMM search hits from the cyanobacterial 

species in the dataset, as well as sequences with known active sites and substrate specificity 

from the literature, listed above. Multiple alignments were visualised using Jalview 

(v.2.11.1.0) (Waterhouse et al., 2009). Amino acid differences between sequences with 

known active sites and the significant pHMM search hits in cyanobacteria were counted, 

giving a Hamming distance (Supplementary Tables S12-S17). Low Hamming distance 

indicates well-conserved sequence at the active site. This serves as supporting evidence that 

the pHMM search hit in question corresponds to a true enzyme in the aspartate 4-phosphate 

pathway or in the pathway to 2,4-DAB derived from SAM.  

 

2.4.5 Gene family phylogeny reconstruction  
 

To further aid in the differentiation between enzymes belonging to the aspartate 4-phosphate 

pathway (Fig. 2.2) and the pathway to 2,4-DAB from SAM (Fig. 2.6) from homologs with 

different functions, gene trees were reconstructed for enzymes downstream of- and including 

diaminobutanoate-2-oxo-glutarate transaminase, and the SAM-dependent 3-amino-3-

carboxypropyl transferase, using IQ-TREE with the protein substitution model chosen 

according to BIC at the ModelFinder step (Kalyaanamoorthy et al., 2017). Branch support 

was estimated with ultrafast bootstrap for 1000 replicates (Supplementary Fig. S3-S9). The 

grouping of sequences with different functional annotations was assessed. For example, in a 

gene phylogeny, if one sequence is included within a group of sequences with a different and 

consistent functional annotation, it is plausible to assume that the first sequence may have 

been mis-annotated and should adopt the annotation of the neighbouring branches. 
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2.4.6 Analysis of specialised metabolite clusters  
 

AntiSMASH (v.5.1.2) (Blin et al., 2019) was used for the identification and annotation of 

specialised metabolite clusters in the cyanobacterial species in the dataset. 

Diaminobutanoate-2-oxo-glutarate transaminase and diaminobutanoate decarboxylase were 

checked for their co-localisation within specialised metabolite clusters and their proximity to 

each other. In species where these enzymes were not inserted in specialised metabolite 

clusters, the Artemis Comparison Tool (ACT) (Carver et al., 2005) was used for the 

localisation of the proteins in the genome, their juxtaposition, and assessment of the 

neighbouring genes. 

 

2.4.7 Compilation of evidence of 2,4-DAB-producing cyanobacteria from 
the literature 

 

Supplementary Table S5 presents a compilation of 13 studies which have reported evidence 

from analytical chemistry of cyanobacterial species capable of producing 2,4-DAB or  

2,4-DAB and BMAA. Information regarding the analytical method used to identify and 

quantify the neurotoxins, as well as the culture type of the cyanobacterial samples are 

included, if available. 

2.5 Results and discussion 
 

2.5.1 Cyanobacterial species encoding enzymes in the aspartate  
4-phosphate pathway 

 

The first three enzymes in the aspartate 4-phosphate pathway (Fig. 2.2), aspartate 

transaminase, aspartate kinase and aspartate-semialdehyde dehydrogenase, are widespread in 

cyanobacteria. These enzymes are responsible for amino acid biosynthesis and metabolism 

and, in the few genomes where genetic evidence for one or more of these enzymes was 

lacking (one instance for aspartate transaminase, five instances for aspartate kinase and four 

instances for aspartate-semialdehyde dehydrogenase), we propose errors in sequencing, 

assembly, genome annotation or functional annotation as explanations (Supplementary 

Tables S1-S13).  
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Based on knowledge from active site and substrate specificity searches (Supplementary 

Tables S12-S17), from the 130 cyanobacterial species present in our dataset, 

diaminobutanoate-2-oxo-glutarate transaminase is believed to be present in 18 species, out of 

which only seven also encode diaminobutanoate decarboxylase (Table 2.1). Xanthomonas sp. 

encodes a transaminase that uses pyruvate, instead of 2-oxo-glutarate, as the oxo-acid (Rao et 

al., 1969). In cyanobacteria a gene for diaminobutanoate-pyruvate transaminase  

(EC 2.6.1.46) was not found in the genome of any species. 

 

  Proximity 
on genome 

Inclusion in specialised 
metabolite cluster 

Specialised cluster type 

Chroococcidiopsis 
thermalis PCC 7203  
  

Adjacent No Not applicable 

Cyanobacterium 
aponinum PCC 10605  
  

Adjacent Yes Siderophore/NIS cluster 

Gloeobacter violaceus 
PCC 7421 
  

Adjacent No Not applicable 

Hapalosiphon sp. 
MRB220 
  

Not 
adjacent 

Yes (transaminase),  
No (decarboxylase)  

NRPS/PKS cluster 
(transaminase) 

Moorea bouillonii 
PNG 
  

Not 
adjacent 

No Not applicable 

Phormidium 
ambiguum NIES-2119  
  

Adjacent Yes Siderophore/NIS cluster 

Trichormus variabilis 
ATCC 29413 

Adjacent Yes Siderophore/NIS cluster 

 

 

 

 

 

Table 2.1. Localisation in the genome of the enzymes diaminobutanoate-2-oxo-glutarate 
transaminase and diaminobutanoate decarboxylase. On the left are the cyanobacterial 
species encoding both enzymes. AntiSMASH was used to identify and annotate specialised 
metabolite clusters containing both 2,4-DAB transaminase (EC 2.6.1.76) and decarboxylase 
(EC 4.1.1.86). When these enzymes where not included in specialised metabolite clusters, the 
Artemis Comparison Tool (ACT) was used to locate the proteins and characterise the 
neighbouring genes. 
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No cyanobacterial genomes appeared to encode diaminobutanoate acetyltransferase or 

ectoine hydroxylase, and only three species appear to possess the gene coding for ectoine 

synthase: Calothrix rhizosoleniae SC01, Hydrocoleum sp. CS-953 and Planktothricoides sp. 

SR001. 

 

Some species were shown to encode diaminobutanoate-2-oxo-glutarate transaminase but not 

diaminobutanoate decarboxylase (e.g. Nodularia sp. NIES-3585), and vice-versa (e.g. 

Phormidium tenue NIES-30). There was also variation in the range of specialised metabolite 

clusters in which these enzymes were co-localised (Fig. 2.7). 

 

Single cyanobacterial species derived from axenic cultures that encode diaminobutanoate-2-

oxo-glutarate transaminase (Calothrix brevissima NIES-22, Chroococcidiopsis thermalis 

PCC 7203, Cyanobacterium aponinum PCC 10605, Cyanobacterium PCC 7702, 

Cylindrospermum stagnale PCC 7417, Gloeobacter violaceus PCC 7421, Myxosarcina sp. 

GI1, Nodularia sp. NIES-3585, Stanieria cyanosphaera PCC 7437 and Trichormus variabilis 

ATCC 29413), are believed to be able to biosynthesise 2,4-DAB through the aspartate  

4-phosphate pathway, since contamination by other 2,4-DAB-producing bacteria can be 

excluded. It is possible that other cyanobacterial species encoding the transaminase that were 

not cultured in axenic conditions are also 2,4-DAB-producers (namely Acaryochloris marina 

MBIC11017, Hapalosiphon sp. MRB220, Hydrocoleum sp. CS-953, Moorea bouillonii PNG, 

Nostoc calcicola FACHB-389, Nostoc linckia z2, Phormidium ambiguum NIES-2119 and 

Tolypothrix bouteillei VB521301). However, this would have to be verified in genomes 

sequenced from axenic cultures. There is no apparent correlation between species encoding 

genes for 2,4-DAB transaminase/decarboxylase and a specific cyanobacterial morphology, 

biochemistry or habitat (Fig. 2.7).  
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2.5.2 Where the gene coding for 2,4-DAB transaminase is located within  
a NIS-cluster, it probably plays a physiological role in 
environmental iron-scavenging 

 

From the seven cyanobacterial species encoding both diaminobutanoate-2-oxo-glutarate 

transaminase and diaminobutanoate decarboxylase, three (Cyanobacterium aponinum  

PCC 10605, Phormidium ambiguum NIES-2119 and Trichormus variabilis ATCC 29413) 

were shown to have both enzymes, co-localised within NIS clusters, as predicted by 

antiSMASH (Fig. 2.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Species phylogeny showing the cross-species distribution of specialised 
metabolite clusters containing a gene coding for diaminobutanoate-2-oxo-glutarate 
transaminase (EC 2.6.1.76) (Previous page). The enzymes encoded by each species are 
indicated by coloured circles, next to the species name. For enzymes’ accession numbers, see 
Supplementary Tables S12-S17. See Supplementary Fig. S2 for bootstrap support of each 
branch. 
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Lynch et al. (2001), proposed a biosynthetic route to rhizobactin 1021 in the symbiotic 

nitrogen-fixing bacterium Sinorhizobium meliloti, where schizokinen was indicated as the 

preceding compound to rhizobactin 1021. Since schizokinen is an intermediary product of the 

siderophore rhizobactin 1021, it is possible that these siderophores share an enzymatic 

pathway (Årstøl and Hohmann-Marriott, 2019). The biosynthesis of synechobactin is 

probably an extension of the pathway to schizokinen (Årstøl and Hohmann-Marriott, 2019). 

Evidence supporting these statements has been provided in cyanobacteria: Nicolaisen et al. 

(2008) identified a cluster of genes in Anabaena sp. PCC 7120 homologous to the 

biosynthesis-genes for rhizobactin 1021 and Balasubramanian et al. (2006) identified the 

siderophore characteristic IucABC-family proteins in an eight-gene operon, in 

Synechococcus sp. PCC 7002.   

 

Figure 2.8. The localisation of the enzymes diaminobutanoate-2-oxo-glutarate 
transaminase, the downstream decarboxylase, and ectoine synthase within siderophore 
clusters and incomplete ectoine clusters. The top three clusters correspond to NIS clusters 
and the bottom cluster corresponds to an incomplete ectoine cluster. The organisation of NIS 
clusters follows the same pattern: diaminobutanoate-2-oxo-glutarate transaminase            
(EC 2.6.1.76), followed by diaminobutanoate decarboxylase (EC 4.1.1.86) and IucA/IucC 
(EC 6.3.2.38, EC 6.3.2.39) family siderophore biosynthesis protein. Arrows point to the 
orientation of transcription. AntiSMASH was used to identify and annotate specialised 
metabolite clusters containing both 2,4-DAB transaminase and decarboxylase or 2,4-DAB 
transaminase and ectoine synthase (EC 4.2.1.108). 



 55 

There are eight genes involved in the regulation, biosynthesis and transport of rhizobactin 

1021 from 1,3-diaminopropane (Lynch et al., 2001). The genes rhbA, rhbB, rhbC, rhbD, 

rhbE and rhbF are part of a single operon and function in the biosynthesis of the siderophore. 

The product of rhbA and rhbB shows similarity to the proteins diaminobutanoate-2oxo-

glutarate transaminase and diaminobutanoate decarboxylase (involved in 1,3-diaminopropane 

synthesis), whilst the products of rhbC, rhbD, rhbF and rhbE are homologous to the iron 

uptake chelate domains IucA, IucB, IucC and IucD, involved in the production of aerobactin 

(Lynch et al., 2001). These genes are characteristic of siderophore clusters (i.e. NIS 

biosynthesis pathways contain at least one enzyme with conserved N-terminal iron uptake 

chelate domains (Årstøl and Hohmann-Marriott, 2019)), and all characterised NIS clusters 

known to date encode either one or the two homologous synthetases IucA/IucC (de Lorenzo 

et al., 1986; de Lorenzo and Neilands, 1986). These synthetases define the NIS pathway and 

are present in the siderophore clusters of three cyanobacterial species in the dataset (Fig. 2.8), 

which we propose are able to synthesise iron chelators of the schizokinen/synechobactin type. 

Additional proteins, such as (GNAT family) N-acetyltransferase, lysine 6-monooxygenase, 

a/b hydrolase and transport proteins (e.g. iron-siderophore ABC transporter substrate-

binding protein, ABC transporter ATP-binding protein, MFS transporter, and the TonB-

dependent receptor) found in the cyanobacterial NIS clusters of Fig. 2.8, also have similar 

functional annotations to the proteins in the NIS clusters of other species (Challis, 2005; 

Lynch et al., 2001).  

 

The synthesis of rhizobactin 1021 is similar to that of aerobactin (Årstøl and Hohmann-

Marriott, 2019). Both iron-chelators are citrate-based hydroxamate siderophores with similar 

structures, differing only in the presence of a fatty acid moiety in rhizobactin 1021 and an 

additional carboxylic acid moiety and two saturated carbon atoms in each of the symmetrical 

arms of aerobactin (Lynch et al., 2001). It has been argued that, if aerobactin was derived 

from the same substrate as rhizobactin 1021 (i.e. 1,3-diaminopropane instead of lysine), the 

resulting product would have the same structure as rhizobactin 1021 (Lynch et al., 2001). 

Given this, Lynch et al. (2001) proposed that 1,3-diaminopropane is incorporated into 

rhizobactin 1021 by steps similar to those involved in the biosynthesis of aerobactin. 

However, since there is no evidence in the literature for the production of these siderophores 

in cyanobacteria, we hypothesise that the enzymes used for the biosynthesis of 
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schizokinen/synechobactin in cyanobacteria also correspond to those used for the 

biosynthesis of aerobactin and rhizobactin 1021.  

 

The co-localisation of the 2,4-DAB transaminase and decarboxylase with the IucA/IucC 

synthetase genes, inside an NIS cluster, suggests that these enzymes provide the catalysis to 

form siderophores of the schizokinen/synechobactin type (Årstøl and Hohmann-Marriott, 

2019). Hence, we propose that, in some cyanobacteria, 2,4-DAB can be biosynthesised 

through the aspartate 4-phosphate pathway, which is likely to play a physiological role in 

environmental iron-scavenging.  

 

Since hydroxamate siderophores have the capability of complexing with metals in addition to 

iron (i.e. copper, uranium) (McKnight and Morel, 1980; Rashmi et al., 2013), additional 

physiological roles of 2,4-DAB as an antimicrobial agent (Matz et al., 2004) or in the 

detoxification of heavy metals (Årstøl and Hohmann-Marriott, 2019), respectively, may exist.  

 

The genomes of Cyanobacterium aponinum PCC 10605 and Trichormus variabilis ATCC 

29413 were both derived from axenic cultures, and therefore, based on our genomic analyses, 

it seems probable that these species are able to synthesise 2,4-DAB through the aspartate  

4-phosphate pathway, possibly as a by-product of the production of siderophores of the 

schizokinen/synechobactin type. Although Cyanobacterium aponinum PCC 10605, 

Trichormus variabilis ATCC 29413 and Phormidium ambiguum NIES-2119 were all isolated 

from freshwater environments, siderophores are also known to be produced in terrestrial and 

marine environments (Årstøl and Hohmann-Marriott, 2019), possibly via the same pathways.  

 

Since no cyanobacterial species in the dataset encode a gene for diaminobutanoate-pyruvate 

transaminase, the synthesis of 2,4-DAB, where present in cyanobacteria, appears to occur via 

a 2,4-DAB transaminase that uses 2-oxo-glutarate, and not pyruvate, as the oxo-acid. 

However, the possibility of uncharacterised diaminobutanoate-pyruvate transaminase 

enzymes, non-homologous to those that are known, cannot be disregarded. Without further 

knowledge of the relevant metabolite pool sizes in cyanobacteria, particularly of pyruvate, 

and the kinetic properties of the transaminase, the possibility of 2,4-DAB biosynthesis in 

cyanobacteria via diaminobutanoate-pyruvate transaminase cannot be excluded. 
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2.5.3 Co-localisation of 2,4-DAB transaminase within hybrid NRPS/PKS 
and unanswered questions 

 

Many siderophores are polypeptides that are biosynthesised by members of the NRPS 

multienzyme family (Challis, 2005). These siderophores are different in structure from 

schizokinen (Jeanjean et al., 2008). Eleven species of cyanobacteria were found to encode 

2,4-DAB transaminase within hybrid NRPS/PKS clusters. The product of these specialised 

metabolite clusters and the role played by 2,4-DAB transaminase is unknown. However, 

some similarity to pyoverdine clusters was found (Supplementary Table S4), possibly 

suggesting still unknown/uncharacterised siderophore pathways in cyanobacteria. 

 

Although siderophores of the schizokinen type have been described in Anabaena sp. 

(Armstrong and Van Baalen, 1979; Simpson and Neilands, 1976), we did not find the genes 

for diaminobutanoate-2-oxo-glutarate transaminase or diaminobutanoate decarboxylase in the 

genome of Anabaena cylindrica PCC 7122. This is suggestive of a different pathway to 

siderophore production (i.e. not via the aspartate 4-phosphate pathway) and/or a yet- 

uncharacterised siderophore in this species. Our results are compatible with those of 

Goldman et al. (1983), who showed that Anabaena cylindrica PCC 7122 is able to produce 

hydroxamate siderophores with different characteristics compared to schizokinen.   

 

Gloeobacter violaceus PCC 7421 was shown to encode both 2,4-DAB transaminase and 

decarboxylase, via adjacent genes on the genome, but not within a specialised metabolite 

cluster. Given that in cyanobacteria, siderophores were found to be produced in all but the 

most early-branching clades (Årstøl and Hohmann-Marriott, 2019), this finding may point to 

potentially additional and unknown physiological roles for the production of 2,4-DAB; for 

example, to enable this species to synthesise siderophores from 1,3-diaminopropane via a yet 

uncharacterised route; or to circumvent the loss of key genes essential for the production of 

iron chelators of the schizokinen/synechobactin type in this species.  

 

2.5.4 An incomplete ectoine cluster as supporting evidence for the use 
of the aspartate 4-phosphate pathway for the production of  
2,4-DAB in cyanobacteria 

 

From the three cyanobacterial species that encode ectoine synthase (Fig. 2.7), Calothrix 

rhizosoleniae SC01 is the only one that also possesses diaminobutanoate-2-oxo-glutarate 
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transaminase. The genes coding for these enzymes appear adjacent on the genome and are 

predicted to be co-localised within an ectoine cluster (Fig. 2.8). 

 

The fact that the genes for diaminobutanoate-2-oxo-glutarate transaminase and ectoine 

synthase appear adjacent on the genome of this species is compatible with our hypothesis that 

cyanobacteria use the aspartate 4-phosphate pathway for the production of 2,4-DAB from 

aspartate-4-semialdehyde.  

 

Our results are supported by the findings of Czech et al. (2018) and Widderich et al. (2014a), 

who showed that, when present in cyanobacteria, ectoine synthase genes appear alone (i.e. as 

orphan genes), and not as part of complete ectoine clusters. It is currently not clear whether 

the solitary ectoine synthases are remnants of previously intact ectoine biosynthetic routes, 

whether they were recruited by existent genes in the ectoine pathway, whether they rely on an 

environmental provision of substrate to ectoine synthesis, or whether they have evolved new 

enzymatic functions, while possibly still retaining the capability of converting N4-acetyl-2,4-

diaminobutanoic acid to ectoine (Czech et al., 2018; Widderich et al., 2014a). 

 

The cyanobacterium Calothrix rhizosoleniae SC01 was isolated from a symbiotic diatom of 

the genus Chaetoceros. In resemblance to what occurs in Pseudomonas syringae pv. syringae 

B728a (Kurz et al., 2010), we speculate that the diatom could provide the cyanobacterial 

symbiont with the substrate for the synthesis of ectoine. Genome-driven investigations of 

compatible solutes in the plant pathogen Pseudomonas syringae pv. syringae B728a indicated 

that this bacterium does not produce ectoine naturally under laboratory conditions (i.e. as it 

lacks the ectAB genes), but when surface-sterilised leaves of its host plant Syringa vulgaris 

were subjected to osmotic stress, ectoine production was observed (Kurz et al., 2010). The 

clustering of cyanobacteria in the phylogenomic studies of Czech et al. (2018) suggest that, 

when present, ectoine synthases in these species are probably catalytically competent. 

 

2.5.5 Polyamine biosynthesis in cyanobacteria and additional potential 
physiological roles of 2,4-DAB 

 

The co-localisation of the 2,4-DAB transaminase with CASDH and CASDC could indicate 

another physiological role for the biosynthesis of 2,4-DAB in cyanobacteria: that of 

polyamine (e.g. spermidine and norspermidine) biosynthesis (Fig. 2.5).  
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The gene pair CASDH/CASDC is present in nine cyanobacterial species in the dataset: 

Scytonema sp. HK-05, Tolypothrix bouteillei VB521301, Chamaesiphon minutus PCC 6605, 

Scytonema hofmannii PCC 7110, Nostocales cyanobacterium HT-58-2, Nostoc linckia z2, 

Leptolyngbya boryana dg5, Scytonema tolypothrichoides VB-61278 and Myxosarcina sp. 

GI1 (Fig. 2.7), and are only adjacent in the genome of the latter.  

 

The presence, in a species, of diaminobutanoate-2-oxo-glutarate transaminase and 

diaminobutanoate decarboxylase with CASDH and CASDC is indicative of the ability to 

produce norspermidine through the alternative pathway for polyamine biosynthesis (Lee et 

al., 2009) (Fig. 2.5). However, the gene pair CASDH/CASDC was not found to be adjacent 

to, nor included in the same specialised metabolite cluster of diaminobutanoate-2-oxo-

glutarate transaminase in any cyanobacterial species in the dataset. This suggests that, in 

cyanobacteria, the alternative pathway for polyamine biosynthesis is largely used for 

spermidine biosynthesis rather than norspermidine production, consistent with the findings of 

Lee et al. (2009).  

 

However, in Tolypothrix bouteillei VB521301, the enzymes participating in the synthesis of 

spermidine via the classical pathway, SAMDC and SPDS, appear co-localised with 

diaminobutanoate-2-oxo-glutarate transaminase, within the same hybrid NRPS/PKS cluster 

(Fig. 2.9). We suggest that, in some cyanobacteria, spermidine synthesis may be linked to  

2,4-DAB production, which is itself associated with the biosynthesis of yet unknown 

specialised metabolites, probably siderophores (i.e. the product of the NRPS/PKS cluster is 

currently undetermined). This would not be unprecedented as, in addition to their core 

physiological roles (e.g. in cell proliferation, growth and development), polyamines have 

been shown to be involved in microbial swarming (Sturgill and Rather, 2004), biofilm 

formation (Lee et al., 2009; McGinnis et al., 2009) and siderophore production (Brickman 

and Armstrong, 1996; Griffiths et al., 1984; Pfleger et al., 2007).  
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Domain of Unknown Function (DUF) 3419 domain-containing protein (Supplementary Table 

S17). In Roseofilum reptotaenium AO1-A, the protein found was annotated as  

S-adenosylmethionine—diacylglycerol (DAG) 3-amino-3-carboxypropyl transferase, 

suggesting in this species, a reaction with a diacylglycerol acceptor. Complexes resulting 

from the transfer of the four-carbon chain of methionine from SAM to DAG have been 

described in bacteria (Riekhof et al., 2005), plants and fungi (Künzler and Eichenberger, 

1997), and are involved in the replacement of membrane phospholipids with non-phosphorus 

lipids, when phosphate becomes limited in the environment (Benning et al., 1995; Geiger et 

al., 1999). 

 

Cyanobacterial species encoding SAM-dependent transferases are candidates for 2,4-DAB 

production derived from SAM. The purification and characterisation of the enzymes in this 

pathway and their specificity, as well as knowledge regarding possible acceptors for the 

transfer reaction are needed to further analyse the possibility of 2,4-DAB production in 

cyanobacteria through this route.  

 

2.5.7 Comparison between bioinformatics results and the analytical 
chemistry data from the literature 

 

In an attempt to support our bioinformatics findings with analytical data from the literature, 

we compared our results with those of 13 studies where evidence for 2,4-DAB- or 2,4-DAB- 

and BMAA-producing cyanobacteria was provided (Supplementary Table S5). A scenario 

where a particular species is shown to encode the necessary genes needed for the biosynthesis 

of 2,4-DAB, and is proven to produce the same compound via analytical studies, serves as a 

strong indicator that this species is a 2,4-DAB-producer. On the other hand, a species that 

lacks the genes responsible for 2,4-DAB production, but is shown by analytical studies to 

produce the neurotoxin could be indicative of a false-positive result derived from a failed 

analytical method (especially probable if non-axenic cultures and/or low-specificity methods 

were employed), or suggests the existence of other, still undescribed routes to the 

biosynthesis of 2,4-DAB. All studies used variations of MS/MS for 2,4-DAB/BMAA 

identification and quantification, however only four analyses were derived from axenic 

cultures. Our 130 cyanobacterial species dataset and the compilation from the literature 

overlapped in six species: Aphanizomenon flos-aquae, Cylindrospermopsis raciborskii, 

Microcystis aeruginosa, Nodularia spumigena, Planktothrix agardhii and Synechococcus 
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elongatus. All species, apart from the latter, do not appear to have genes coding for 2,4-DAB 

transaminase, 2,4-DAB decarboxylase, and ectoine genes. Synechococcus elongatus, derived 

from an axenic culture, has a gene coding for 2,4-DAB decarboxylase, which is not included 

in a specialised metabolite cluster, and is lacking a gene for 2,4-DAB transaminase. This 

observation may suggest different routes for 2,4-DAB biosynthesis, or that there are 

unknown 2,4-DAB transaminase enzymes, non-homologous to those that have been 

characterised. The scarce amount of analytical studies using axenic cultures of clearly defined 

cyanobacterial species (most studies only include the cyanobacterial genus) does not allow 

for further comparisons. 

2.6 Summary and conclusions  
 

We have provided an initial bioinformatics insight into potential pathways of 2,4-DAB 

biosynthesis in cyanobacteria, which can lead to future experimental investigations. 

 

The bioinformatics results point towards 2,4-DAB biosynthesis in some cyanobacterial 

species via the aspartate 4-phosphate pathway. In some cyanobacteria, the enzymes 2,4-DAB 

transaminase/decarboxylase are co-localised within NIS clusters, suggesting a functional 

association with siderophore biosynthesis. The fact that 2,4-DAB transaminase is found 

adjacent to an ectC gene in one cyanobacterial species serves as supporting evidence that 

cyanobacteria can produce 2,4-DAB via the aspartate 4-phosphate pathway, where it can 

serve as a substrate for either 1,3-diaminopropane or ectoine synthesis.  

 

Due to the occurrence of 2,4-DAB transaminase/decarboxylase within hybrid NRPS/PKS 

clusters, we suggest that 2,4-DAB production may also be associated with polyamine 

synthesis, which itself is associated with biofilm formation and siderophore production. 

Species in which these enzymes occur outside specialised metabolite clusters may have 

developed new and, as yet, unknown physiological roles for 2,4-DAB biosynthesis, or may 

have lost genes needed for the production of siderophores, ectoine or polyamines. 

 

In some cyanobacterial species, 2,4-DAB may be derived from SAM. Further information 

regarding the enzymes in this pathway, their specificity and possible acceptors is needed to 

further test this hypothesis.  
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Ultimately, the ability to synthesise 2,4-DAB via the aspartate 4-phosphate pathway and the 

pathway derived from SAM does not appear to be universal among cyanobacteria. This 

means that either 2,4-DAB is not a widespread neurotoxin in these species, or that there are 

additional and yet unknown pathways for the synthesis of 2,4-DAB. The presence of NIS 

clusters is also limited, appearing scattered in the species phylogeny. 2,4-DAB production 

and the presence of NIS clusters is not linked to specific environments, biochemistry or 

morphology. 
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Chapter 3 
 
Genomic insights into the 
biosynthesis and physiology of 
the cyanobacterial neurotoxin  
3-N-methyl-2,3-diaminopropanoic 
acid (BMAA)  
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3.1 Preface 
 
 
The work in this chapter has been published as a manuscript in Phytochemistry and the 

first-person plural is used throughout to maintain consistency. Some changes have been 

made to the published version to preserve formatting across the thesis, and the introduction 

has been extended. I performed all analyses, wrote the first draft of the manuscript and 

supplementary materials, and produced table 3.1 and figures 3.6-3.8.  

 

Peter B. Nunn produced all figures depicting biochemical pathways/reactions and molecules 

(figures 3.1-3.5 and 3.9). 
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biosynthesis and physiology of the cyanobacterial neurotoxin 3-N-methyl-2,3-

diaminopropanoic acid (BMAA). Phytochemistry 200, 113198. 
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3.3 Introduction 
 

3-N-methyl-2,3-diaminopropanoic acid (syn: α-amino-β-methylaminopropionic acid, 

MeDAP; β-N-methylaminoalanine, BMAA) is a neurotoxin that was first isolated from seed 

of Cycas micronesica (Vega and Bell, 1967; Nunn, 2017). BMAA is a non-encoded amino 

acid (i.e. not coded for by a codon in the genetic code). It has since been detected in a range 

of organisms, including some species of cyanobacteria (Cox et al., 2003; Cox et al., 2005; 

Banack et al., 2007; Downing et al., 2011; Downing and Downing, 2016). Ecological and 

physiological functions for BMAA have not been determined and metabolic pathways for the 

biosynthesis of BMAA in cyanobacteria are currently unknown. Among other benefits, 

knowledge of such pathways would allow targeting of specific biosynthesis genes by 

polymerase chain reaction (PCR)-based methods, which could be used as an early-warning 

system for the potential presence of cyanotoxins in water resources and other environments 

(Humbert, 2017; Kurmayer et al., 2017). 

 

Interest in BMAA was generated by the possibility that it may be a contributory causative 

agent of the chronic neurological complex, amyotrophic lateral 

sclerosis/parkinsonism/dementia (ALS-PDC) of Guam (Nunn, 2017), but this remains a 

controversial matter (Chernoff et al., 2017; Dunlop et al., 2021). It has been show that the 

dietary habits of the indigenous Chamorro people of Guam, known to be rich in food 

containing BMAA (i.e. cycad seeds, cycad flour, and fruit bats that feed on the sarcotesta of 

the same seeds (Banack et al., 2006; Cox and Sacks, 2002)), associated with biomagnification 

of this neurotoxin in the food chain (i.e. fruit bats were reported to suffer a biomagnification 

of up to 100x compared with the concentration of BMAA in the coralloid roots of Cycas trees 

(Banack and Cox, 2003; Cox et al., 2003)), were concomitant with higher incidences of 

neurodegenerative diseases (Kurland and Mulder, 1954; Spencer et al., 1986). 

Epidemiological evidence for an environmental risk factor(s) in the causation of ALS-PDC 

exists with the possibility that BMAA, alongside other cycad toxins/carcinogens (i.e. 

methylazoxymethanol (MAM)-β-D-glucoside, formaldehyde-responsive miRNAs (Spencer 

et al., 2012; Spencer, 2019)) play a role in the incidence of sporadic neurodegenerative 

diseases in genetically vulnerable individuals (Bradley et al., 2013).  

 

BMAA occurs free and as two bound forms (Vega and Bell, 1967; Polsky et al., 1972; 

Dossaji and Bell, 1973; Murch et al., 2004; Faassen et al., 2016) but the chemical complexes 



 68 

in which BMAA is incorporated (corresponding to the soluble bound form and TCA-

precipitated bound form) have not been elucidated. All three fractions of BMAA may or may 

not be present in organisms shown to produce BMAA (Rosén et al., 2016) and it cannot be 

dismissed that free and bound BMAA moieties may be derived from different metabolic 

precursors (Nunn and Codd, 2017). 

 

The extent of BMAA biosynthesis throughout the Cyanobacteria has not been systematically 

determined due, to some extent, to analytical limitations (Faassen, 2014; Mantas et al., 2021). 

It is widely accepted that analytical methods using tandem mass spectrometry (MS/MS) 

methods are the most suitable for the identification and quantification of BMAA (Cohen, 

2012; Faassen et al., 2012; Faassen, 2014). However, variation still exists regarding sample 

processing and separation methods (Faassen, 2014) and inter-laboratory comparisons are 

scarce (Faassen et al., 2016). Despite such problems, the ability of axenic, single strain 

cultures of some cyanobacteria to biosynthesise BMAA has been unequivocally confirmed 

(Eriksson et al., 2009; Downing et al., 2011; Downing and Downing, 2016). 

 
In this study, we used bioinformatics tools to investigate hypotheses concerning BMAA 

biosynthesis in cyanobacteria through an assessment of the presence or absence of enzymes 

in six known potential metabolic pathways, across 130 cyanobacterial genomes. We show 

that most enzymes involved in pathways leading to the putative precursor of BMAA  

(2,3-diaminopropanoic acid, 2,3-DAP) in other species, were not found in cyanobacteria. 

Genes coding for SbnA and SbnB, by whose concerted action the biosynthesis of 2,3-DAP is 

known to occur in Staphylococcus aureus, were found, though limited to a subset of 

cyanobacterial species. We highlight the potential physiological role of 2,3-DAP in 

siderophore formation in some cyanobacterial species and show that the pam gene cluster, 

responsible for directing the biosynthesis of peptide-bound BMAA in Paenibacillus larvae, 

was not detected in 130 cyanobacterial species, nor was it found in 93 genomes of 

Paenibacillus (other than P. larvae) or two diatom species. We also show that the presence, 

in some cyanobacterial species, of genes putatively encoding the enzymes  

2,3-diaminopropionate ammonia-lyase (DAPAL, EC 4.3.1.15) and reactive intermediate 

deaminase A (RidA, EC 3.5.99.10) could explain the failure to detect 2,3-DAP in analytical 

studies. The biosynthesis of 2,3-DAP in cyanobacteria appears to be either restricted to a 
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small subset of cyanobacterial species, or there may be multiple, additional, routes for the 

biosynthesis of this amino acid. 

 

3.4 Routes to the biosynthesis of 2,3-DAP and BMAA in 
other taxa and potential relevance in cyanobacteria 

 

3.4.1 The biosynthesis of BMAA from 2,3-diaminopropanoic acid  
(2,3-DAP)  

 

The simplest explanation for the biosynthesis of BMAA is through the 3-N methylation of 

2,3-DAP, found free and as simple derivative forms in plant species (Gmelin, 1959; Nunn 

and Codd, 2017) (Fig. 3.1). 

 

However, mechanistic support for this pathway (Brenner et al., 2003) is lacking in 

cyanobacteria. First, although the possible genes encoding cysteine synthase-like and 

methyltransferase enzymes occur in cyanobacteria (Aráoz et al., 2010), the existence of such 

enzymes with specificity for the proposed substrates remains speculative. Second, since this 

pathway requires ammonium, it may be difficult to reconcile with the results of Downing et 

al. (2011), who showed that BMAA levels in the non-nitrogen-fixing cyanobacterium 

Microcystis PCC 7806 increase under conditions of nitrogen (ammonium/nitrate) starvation 

and decrease when ammonium is added. Finally, this pathway assumes that BMAA is 
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Figure 3.1. Biochemical pathway to free 2,3-diaminopropanoate and BMAA as 
proposed by Brenner et al. (2003). A cysteine synthase-like enzyme catalyses the synthesis 
of 2,3-diaminopropanoate from S-O-acetylserine, phosphoserine, cysteine or 3-cyanoalanine, 
and ammonium. A likely intermediate in this reaction is 2-aminoacrylate (dehydroalanine). 
S-adenosyl-S-methionine (SAM) donates the 3-N-methyl group to 2,3-diaminopropanoate, 
yielding BMAA. Figure: Peter B. Nunn; used with permission. 
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biosynthesised by direct methylation of free 2,3-DAP, which has not been found in any 

cyanobacterial species or in cycads, which can accommodate cyanobacteria, to date.  

 

There are at least four known biosynthetic routes to 2,3-DAP. Two are complex pathways in 

plants, and the others are simpler mechanisms found in Streptomyces and Staphylococcus. 

 

3.4.2 Biosynthesis of 2,3-DAP from uracil in Albizia julibrissin  
 
2,3-DAP biosynthesis from uracil occurs in plants such as Albizia julibrissin, which produce 

albizziine (3-N-ureido-2,3-diaminopropanoic acid) from uracil as part of the pyrimidine 

degradation pathway (Brown and Turan, 1995, 1996). This pathway encompasses five steps 

and the enzymes dihydrouracil dehydrogenase (syn: dihydropyrimidine dehydrogenase, 

DUD, EC 1.3.1.2), dihydropyrimidinase (DHP, EC 3.5.2.2), and b-ureidopropionase (syn:  

β-alanine synthase, N-carbamoyl-β-alanine amidohydrolase, bUP, EC 3.5.1.6) (Fig. 3.2). In 

theory, the methylation reaction resulting in the formation of BMAA could occur at any step 

in the metabolic pathway; 1-methyluracil, a potential methylated primary precursor, does not 

appear to be a natural product. Albizziine formation is almost entirely confined to the 

Mimosoideae, and there is no indication of its presence in cyanobacteria. 
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3.4.3 Biosynthesis of 2,3-DAP from b-(isoxazolin-5-on-2-yl) in Lathyrus 
sativus seedlings  

 

Lathyrus sativus biosynthesises the amino acid b-N-oxalyl-2,3-diaminopropanoic acid  

(b-ODAP) (Rao et al., 1964). In the pathway to b-ODAP, b-(isoxazolin-5-on-2-yl)-S-alanine 

(BIA), identified by Kuo et al. (1998) in germinating seedlings of this species, is synthesised 

from isoxazolin-5-one and S-O-acetylserine via cysteine synthase (EC 2.5.1.47). Although 

BIA, and not 2,3-DAP, was detected in L. sativus seedlings, convincing evidence exists 

supporting the hypothesis that 2,3-DAP is the immediate precursor of b-ODAP (Malathi et 

al., 1970; Ikegami et al., 1999). Hence, it is suggested that 2,3-DAP, derived from BIA, is 

used to synthesise b-ODAP via S-2,3-diaminopropionate N-oxalyltransferase (EC 2.3.1.58) 

(Nunn and Codd, 2017) (Fig. 3.3). This enzyme has not been purified or sequenced. Since, in 

this pathway, 2,3-DAP does not appear free in plant seedlings, it is hypothesised that 

substrate channelling may occur, i.e. that the 2,3-DAP intermediate remains bound to the 

catalytic site of the enzyme, until the following reaction coverts it to the final product (Nunn 

and Codd, 2017). This process occurs frequently in a broad spectrum of metabolic reactions 

(Agius, 1997; Jørgensen et al., 2005). Although there are no reports of 2,3-DAP released 

from a bound form after hydrolysis of cyanobacterial cells, the fact that a 3-N-derivative of 

2,3-DAP could be formed whilst the amino acid remains bound to the catalytic site of an 

enzyme could explain the failure to detect free 2,3-DAP in BMAA-producing cyanobacterial 

species (Nunn and Codd, 2017). Nevertheless, although isoxazolinones are widespread in 

plants (Lambein et al., 1986) and bacteria (Becker et al., 2017), there are no reports of their 

presence in cyanobacteria.  

Figure 3.2. Biochemical pathway to S-2,3-diaminopropanoate from uracil in Albizia 
julibrissin (Previous page). Redrawn from Brown and Turan (1996). Uracil serves as a 
precursor for 5-hydroxyuracil formation through (1) unspecified hydroxylase activity and 
(2) an amination reaction, forming 5-aminouracil. (3) Dihydrouracil dehydrogenase (syn: 
dihydropyrimidine dehydrogenase, DUD, EC 1.3.1.2) reduces 5-aminouracil, in an 
NADPH-dependent reaction, to 5-amino-5,6-dihydrouracil, which serves as substrate for 
(4) dihydropyrimidinase (DHP, EC 3.5.2.2). Following cleavage of the pyrimidine ring, 
catalysed by DHP, S-2,3-diaminopropanoate is formed from S-albizziinate by hydrolysis, 
catalysed by (5) b-ureidopropionase (syn: β-alanine synthase, N-carbamoyl-β-alanine 
amidohydrolase, bUP, EC 3.5.1.6). The nomenclature is from www.brenda-enzymes.org . 
The charged forms of the amino acids are those predominating at physiological pH 
values. Figure: Peter B. Nunn; used with permission.   
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3.4.4 Biosynthesis of 2,3-DAP from serine in Streptomyces, Clostridium 
and plants  

 
2,3-DAP biosynthesis from serine has been unequivocally shown to occur during the 

production of the antibiotics tuberactinomycin (TUB) and viomycin, in Streptomyces (Carter 

et al., 1974), and also in the biosynthesis of the similar peptide antibiotic, capreomycin, in 

Streptomyces capreolus A250 (Wang and Gould, 1993; Felnagle et al., 2007), although this 

was recently contested by Hsu et al. (2020). TUBs contain several unusual amino acids 

including β-ureidodehydroalanine, β-lysine, S-capreomycidine and 2,3-DAP, and are 

believed to be biosynthesised by a non-ribosomal peptide synthesis (NRPS) mechanism 

(Thomas et al., 2003). Following the identification of the viomycin biosynthetic gene cluster 

from Streptomyces sp. ATCC 11861, it became apparent that the biosynthesis of 2,3-DAP 

relied on the concerted action of two enzymes: VioK and VioB (Thomas et al., 2003). VioK 
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Figure 3.3. Biochemical pathway to S-2,3-diaminopropanoate from b-(isoxazolin-5-on-
2-yl) in Lathyrus sativus seedlings. Redrawn from Ikegami et al. (1999). The nomenclature 
is from www.brenda-enzymes.org; Enzyme Commission numbers are: (1) cysteine synthase: 
EC 2.5.1.47; (2) S-2,3-diaminopropionate N-oxalyltransferase: EC 2.3.1.58. The charged 
forms of the amino acids are those predominating at physiological pH values.                      
S-2,3-diaminopropanoic acid is shown in square brackets as it is not released free from the 
enzyme during the reaction. Figure: Peter B. Nunn; used with permission. 
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is an ornithine cyclodeaminase (OCD) (EC 4.3.1.12) and VioB (syn: 2,3-diaminopropanoic 

acid synthetase) is a putative O-acetyl-S-serine sulfhydrylase (OASS), homologous to serine 

dehydratases and cysteine synthases. However, while cysteine synthases use sulfur from 

sulfide in the addition reaction, VioB is thought to use the nitrogen from ammonium, released 

from S-ornithine by VioK (Thomas et al., 2003). The combined action of VioK and VioB 

enables the direct transfer of ammonium needed to form the 3-N amino group of 2,3-DAP, 

by-passing the generally low intracellular concentration of ammonium and driving the 

reaction towards 2,3-DAP formation (Fig. 3.4). Similar mechanisms operate in Bacillus 

cereus and Bacillus thuringiensis subsp. kurstaki YTP-1520 for the biosynthesis of the 2,3-

DAP-containing peptide antibiotic, zwittermicin A (Emmert et al., 2004; Zhao et al., 2008). 

However, although multiple enzymes can catalyse β-replacement reactions involving 

ammonium (Parmeggiani et al., 2018), the rate of diffusion of ammonia inside a cell can be a 

limiting factor (Beasley et al., 2011). 

Figure 3.4. Biochemical pathway to S-2,3-diaminopropionate from S-serine in 
Streptomyces, Clostridium and some plants. Redrawn from Thomas et al. (2003).  
(1) ornithine cyclodeaminase (syn: OCD, VioK, EC 4.2.1.12) catalyses the cyclisation of  
S-ornithine to S-proline, releasing ammonium, using NAD+ as cofactor in Clostridium sp. PA 
3679, Nicotiana tabacum, Datura stramonium and in Lupinus angustifolius (Costilow and 
Laycock, 1971; Mestichelli et al., 1979; Muth and Costilow, 1974).  
(2) S-2,3-diaminopropionate synthetase (VioB, unclassified) catalyses the biosynthesis of a 
PLP-bound 2-aminoacrylate intermediate from S-serine or O-acetyl-S-serine (OAS) (Carter 
et al., 1974; Wang and Gould, 1993) and subsequently catalyses a b-substituent replacement 
reaction, similar to that observed with cysteine synthases. The enzyme nomenclature is from 
www.brenda-enzymes.org. The charged forms of the amino acids are those predominating at 
physiological pH values. Figure: Peter B. Nunn; used with permission. 
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3.4.5 Biosynthesis of 2,3-DAP in Staphylococcus aureus 
 

Under iron-limiting conditions, Staphylococcus aureus synthesises two carboxylate-type 

siderophores, staphyloferrin A (SA) (Konetschny-Rapp et al., 1990) and staphyloferrin B 

(SB) (Beasley et al., 2011). To date, SB is the only iron-chelator known to contain 2,3-DAP 

(Cheung et al., 2009). S. aureus contains a nine-gene sbn siderophore biosynthesis operon 

(sbnA-I) in which SbnA and SbnB are responsible for 2,3-DAP biosynthesis (Thomas et al., 

2003; Beasley et al., 2011; Kobylarz et al., 2014) (Fig. 3.5). SbnA (N-(2-amino-2-

carboxyethyl)-S-glutamate synthase, EC 2.5.1.140) is a pyridoxal 5’-phosphate (PLP)-

dependent enzyme similar to VioB (Heine et al., 2004) and commonly annotated as cysteine 

synthase (Kobylarz et al., 2014). However, unlike all previously known sulfhydrylases, SbnA 

uses S-O-phosphoserine (OPS) instead of OAS as substrate, with S-glutamate as nitrogen 

donor, instead of sulfur (Kobylarz et al., 2016). SbnB (N-[(2S)-2-amino-2-carboxyethyl]-S-

glutamate dehydrogenase, EC 1.5.1.51) is homologous to the OCD protein family (including 

VioK) and amino acid dehydrogenases (Beasley et al., 2011). Nevertheless, Kobylarz et al. 

(2014) showed that SbnB uses NAD+ as substrate, rendering it a closer relative of NAD+-

dependent amino acid dehydrogenases than to ornithine cyclodeaminase (OCD). 
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3.4.6 Biosynthesis of peptide-bound BMAA 
 

Although free forms of BMAA in cyanobacteria could be biosynthesised directly by a 

pathway analogous to that of Brenner et al. (2003), another possibility is that free BMAA is 

released from a polymeric structure by metabolic turnover of small molecules or 

macromolecule assemblies (Tripathi and Gottesman, 2016). Galantins and paenilamicins are 

examples of peptide-bound BMAA that might act as reservoirs for the neurotoxin and release 

it upon metabolic turnover (Nunn and Codd, 2017). These peptides are either hypothesised 

(galantins) or known (paenilamicins) to be synthesised via a NRPS mechanism (Müller et al., 
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Figure 3.5. Biochemical pathway to 2,3-diaminopropanoate in Staphylococcus aureus. 
Redrawn from Kobylarz et al. (2014). (1) SbnA (N-(2-amino-2-carboxyethyl)-S-glutamate 
synthase, EC 2.5.1.140) uses PLP and the substrates S-O-phosphoserine (OPS) and             
S-glutamate to form the serine-glutamate conjugate: N-(1-amino-1-carboxyl-2-ethyl)-S-
glutamate (Kobylarz et al. (2014); syn N-[(2S)-2-amino-2-carboxylethyl]-S-glutamate, 
ACEGA*). (2) SbnB (N-[(2S)-2-amino-2-carboxyethyl]-S-glutamate dehydrogenase,        
EC 1.5.1.51) oxidatively hydrolyses ACEGA, in an NAD+-dependent reaction, to yield    
2,3-diaminopropionate, 2-oxo-glutarate and NADH (Kobylarz et al., 2014). The 
nomenclature is from www.brenda-enzymes.org. The charged forms of the amino acids are 
those predominating at physiological pH values. The intermediate may or may not be 
released during the reaction. It has been chemically synthesised (Hsu et al., 2020). Figure: 
Peter B. Nunn; used with permission. 
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2014). Several classes of other cyanotoxins are produced via the same mechanisms (Moffitt 

and Neilan, 2004; Mbedi et al., 2005; Kellmann et al., 2008; Mihali et al., 2008) and it is 

possible that an as yet unidentified specialised metabolite cluster exists for cyanobacterial 

BMAA biosynthesis. 

 

Peptide-bound BMAA occurs in the bacterium Paenibacillus larvae (Müller et al., 2014). 

Complex antibacterial, antifungal and cytotoxic peptide paenilamicins are biosynthesised by 

an elaborate hybrid NRPS/polyketide synthetase (PKS) system (pam), in which 2,3-DAP is 

methylated within the specialised cluster to form BMAA (Garcia‐Gonzalez et al., 2014; 

Müller et al., 2014). The pam gene cluster has been found only in P. larvae. There are more 

than 200 characterised Paenibacillus species occurring naturally in the environment (Nunn 

and Codd, 2019). Paenilamicins are similar in structure to the antibiotic peptide galantin 1 

(Shoji et al., 1975; Sakai and Ohfune, 1992), also isolated from P. larvae subsp. pulvifaciens 

(Sakai and Ohfune, 1990). It is hypothesised that both galantins and paenilamicins are 

biosynthesised by similar NRPS mechanisms, comprising a transmethylase, which produce 

peptide-bound BMAA (Nunn and Codd, 2017). However, the biosynthetic route to this 

peptide has not been investigated biochemically. Peptides larger than paenilamicins and 

galantins and insoluble in protein precipitants may exist in cyanobacteria, which would 

explain the bound BMAA found in pellet fractions (Nunn and Codd, 2017). To date, 

galantins and paenilamicins are the only peptides known to contain this neurotoxin.  

 

Enzyme-bound 2,3-DAP occurs in the peptide antibiotic dapdiamides from Pantoea 

agglomerans CU0119 (Dawlaty et al., 2010). In P. agglomerans, dapdiamides are 

biosynthesised by an NRPS module comprising two genes for the production of 2,3-DAP 

(ddaA and ddaB) (Hollenhorst et al., 2010). 

 

Another possibility is that BMAA biosynthesis could occur via the dehydration or 

desulfydration of a serine or cysteine residue, respectively, after insertion into a peptide chain 

by an NRPS module (Nunn and Codd, 2017). This would generate a dehydroalanine (DHA) 

residue, enclosed within a protein or peptide. The addition of ammonium to the double bond 

of the DHA residue would generate 2,3-DAP (Eiger and Greenstein, 1948), which, if  

N-methylated, could yield peptide-bound BMAA. If these hypothetical peptides were subject 

to metabolic turnover, free BMAA would be released intracellularly. Dehydroamino acids are 

abundant in cyanobacteria (Siodłak, 2015) and are chemically reactive (Humphrey and 
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Chamberlin, 1997). Available methods for obtaining peptide-bound DHA enzymatically have 

not been described, and it is currently not possible to bioinformatically test the feasibility of 

this pathway for the production of 2,3-DAP and/or BMAA in cyanobacteria. 

 

3.5 Methodology 
 

Methods are similar to/based on those of Chapter 2. A summary, highlighting the main 

differences/changes to the methodology already described, is presented here.  

 

 iTOL (Letunic and Bork, 2016) was used to re-annotate a previously published phylogeny of 

130 high-quality cyanobacterial genomes of various culture types (Chapter 2). 

 

From the protein sequence database at the NCBI (https://www.ncbi.nlm.nih.gov), amino acid 

sequences with the same enzyme nomenclature as in the BRENDA database were selected 

for each enzyme in the known pathways of 2,3-DAP and/or BMAA biosynthesis (Fig. 3.2-

3.5) to build profile hidden Markov models (pHMMs) (Supplementary Section 7.1). The 

pHMMs for each enzyme were used to search proteins of the 130 cyanobacterial genomes for 

homologs using HMM search (HMMER package v.3.1b2, hmmer.org), with a default 

threshold (E-value £ 0.01). Where necessary to confirm absence, protein sequences for 

enzymes in the known pathways for 2,3-DAP and/or BMAA biosynthesis were also used as 

queries in BLAST searches (Altschul et al., 1997) against all cyanobacterial proteomes 

available at the NCBI. 

 

To differentiate between enzymes present in the known pathways for 2,3-DAP and/or BMAA 

biosynthesis and homologous enzymes carrying out different functions, active site and 

substrate specificity searches were conducted for DUD, DHP, bUP, cysteine synthase, SbnA, 

SbnB, VioK, DAPAL, and RidA based on knowledge from the literature (Supplementary 

Section 7.2). To further aid in differentiation, gene trees were reconstructed for DUD, DHP, 

bUP, cysteine synthase, SbnA, SbnB, VioK, and DAPAL using IQ-TREE (Nguyen et al., 

2014) (Supplementary Fig. S1-S8).  

 

AntiSMASH (bacterial version, v.5.1.2) (Blin et al., 2019) was used to search for the pam 

gene cluster of P. larvae (Supplementary Table 19) in the 130 cyanobacterial species in the 
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dataset and in an additional 93 Paenibacillus spp. genomes (Supplementary Table S20). In 

two diatom genomes (Supplementary Table S21), sequenced from species previously shown 

to produce BMAA (Jiang et al., 2014; Réveillon et al., 2016), a combination of antiSMASH 

bacterial and plant (plantiSMASH) options were used to search for the pam gene cluster 

(Oliver et al., 2021).  

 

3.6 Results and discussion 
 

3.6.1 Cyanobacterial species encoding enzymes in the pathway to  
2,3-DAP from uracil in Albizia julibrissin  

 

Several enzymes can catalyse the first two reactions in the pathway to 2,3-DAP from uracil 

(Fig. 3.2) and further information is needed regarding their substrate specificity in order to 

test the feasibility of these reactions in cyanobacteria. 

 

Our results indicate that NADPH-dependent DUD (EC 1.3.1.2) was not found in any of the 

130 cyanobacteria in our dataset. Protein sequences with some similarity to DUD are present 

in 125 cyanobacterial species, however they are functionally annotated to enzymes other than 

DUD and similarity to a sequence model of known DUD is low (Supplementary Table S1). It 

is currently not possible to discern if these protein sequences have the same substrate 

specificity and/or are able to catalyse the synthesis of 5-amino-5,6-dihydrouracil from  

5-aminouracil.  

 

DHP belongs to the cyclic amidohydrolase family of enzymes, which also include 

allantoinase, dihydroorotase, hydantoinase, and imidase (Holm and Sander, 1997). Although 

these metalloenzymes possess similar active sites and may use analogous catalysis 

mechanisms (Huang, 2015), they have different substrate specificities and relatively low 

amino acid sequence identity (Hsu et al., 2010; Peng and Huang, 2014). Site-directed 

mutagenesis studies on a DHP from Pseudomonas aeruginosa have shown that histidine 

residues at positions 59, 61, 183, and 239 (H59, H61, H183, H239) and the aspartate residue 

at position 316 (D316) are essential for the assembly of the binuclear metal centre of the 

active site, whereas the tyrosine residue at position 155 (Y155), the serine residue at position 
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289 (S289), and the asparagine residue at position 337 (N337) are necessary for substrate- 

binding. These residues are conserved in all DHPs (Huang, 2015).  

 

In our study, six cyanobacterial species appear to possess a gene putatively coding for DHP 

(EC 3.5.2.2): Nodosilinea nodulosa, Lyngbya confervoides, Leptolyngbya ohadii IS1, 

Spirulina major, Desertifilum sp. IPPAS B-1220 and Chroogloeocystis siderophila (Fig. 3.6). 

The catalytic site described is conserved in all amino acid sequences (Supplementary Table 

S2), except for the conserved serine residue that is substituted by threonine in five out of the 

six sequences functionally annotated as DHP.  

 

Similarly to DHP, bUP (EC 3.5.1.6) belongs to a large class of amidohydrolases, including 

nitrilases, cyanide hydratases, aliphatic amidases and ureidohydrolases, that, although 

catalysing different reactions, have relatively low, but significant, amino acid sequence 

identity (Bork and Koonin, 1994; Novo et al., 1995). Studies on the crystal structure of  

N-carbamyl-R-amino acid amidohydrolase have indicated a conserved cysteine (C), glutamic 

acid (E), and lysine (K) residue that form a catalytic triad in the active site (Novo et al., 1995; 

Nakai et al., 2000; Walsh et al., 2001). bUP hydrolases require a Zn2+ ion as a catalytic 

cofactor (Walsh et al., 2001).  

 

34 cyanobacterial species appear to have a putative gene for bUP (Table 3.1). All amino acid 

sequences from these species were functionally annotated as Zn-dependent hydrolases 

(Supplementary Table S3). 
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Table 3.1. Cyanobacterial species with a putative gene for b-ureidopropionase (bUP,  
EC 3.5.1.6). Lyngbya confervoides and Leptolyngbya ohadii were found to have two copies. 
 

Species with a putative gene for b-ureidopropionase 

Lyngbya confervoides 
Chroococcidiopsis thermalis 
Phormidium ambiguum 
Leptolyngbya ohadii 
Desertifilum sp. IPPAS B-1220 
Planktothrix tepida 
Cyanobacteria bacterium TMED229 
Planktothrix serta 
Spirulina major 
Leptolyngbya sp. “hensonii” 
Chroogloeocystis siderophila 
Leptolyngbya boryana 
Phormidesmis priestleyi 
Spirulina subsalsa 
Dactylococcopsis salina 
Oscillatoriales cyanobacterium JSC-12 
Phormidium tenue 
Myxosarcina sp. GI1 
Planktothrix paucivesiculata 
Chamaesiphon minutus 
Planktothrix sp. PCC 11201 
Kamptonema formosum 
Oscillatoria sp. PCC 6506 
Roseofilum reptotaenium AO1-A 
Nodosilinea nodulosa 
Pseudanabaena biceps 
Alkalinema sp. CACIAM 70d 
Planktothrix agardhii 
Planktothrix prolifica 
Planktothrix rubescens 
Planktothrix mougeotii 
filamentous cyanobacterium ESFC-1 
Aliterella atlantica 
Tychonema bourrellyi 
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Six cyanobacterial species appear to have putative genes for both DHP and bUP. These are 

the same species, listed above, that have putative genes for DHP (Fig. 3.6). In the apparent 

absence of a gene for NADP-dependent DUD, this thus appears to be an unlikely route to 

BMAA in cyanobacterial species. Nevertheless, given the presence of many cyanobacterial 

protein sequences similar to DUD, biochemical studies on the feasibility of this pathway for 

BMAA biosynthesis in these six cyanobacterial species are merited.  

 

3.6.2 Cyanobacterial species encoding enzymes in the pathway to  
2,3-DAP from b-(isoxazolin-5-on-2-yl) in Lathyrus sativus seedlings  

 
Cysteine synthase (EC 2.5.1.47) appears to be ubiquitous in cyanobacteria with 127 of the 

130 species examined having two or more copies of a putative gene coding for the enzyme. 

In Hydrocoleum sp. CS-953, genetic evidence for the presence of this enzyme is lacking; this 

may be due to errors in sequencing, assembly, genome annotation and/or functional 

annotation. O-acetyl-S-serine-dependent enzymes, such as cysteine synthase, have conserved 

alanine, phenylalanine and glycine residues at positions 132 (A132), 152 (F152), and 185 

(G185), respectively (Kobylarz et al., 2016). These residues are conserved in most 

cyanobacterial cysteine synthases (Supplementary Table S4). 

 

Although S-2,3-diaminopropionate N-oxalyltransferase (EC 2.3.1.58) is included in enzyme 

databases such as BRENDA (Chang et al., 2021), no corresponding amino acid or nucleotide 

sequence is available. In the protein sequence database at NCBI 

(https://www.ncbi.nlm.nih.gov) four sequences are associated with EC 2.3.1.58, which are all 

functionally annotated as cysteine synthase A. S-2,3-diaminopropionate N-oxalyltransferase 

appears to have been described once in Lathyrus sativus (Malathi et al., 1970), but since then 

has not been purified or sequenced. Whether the enzyme is specific to L. sativus, or was 

mistakenly characterised, is undetermined. Nevertheless, until further data become available 

on the enzyme’s substrate specificity, catalytic site and taxonomic distribution, no conclusion 

can be advanced regarding the use of this pathway (Fig. 3.3) for BMAA formation in 

cyanobacteria. 
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3.6.3 Cyanobacterial species encoding genes for 2,3-DAP biosynthesis 
via SbnA/SbnB and VioK/VioB 

 

SbnA has been shown to be homologous to VioB and cysteine synthase, and SbnB to be 

homologous to VioK (Beasley et al., 2011). Despite their structural similarity, these enzymes 

catalyse different reactions. Bioinformatically, in order to understand whether cyanobacteria 

possess either gene (i.e. sbnA/sbnB and/or vioK/vioB), it is necessary to be able to distinguish 

between the pairs of homologous enzymes (i.e. SbnA/VioB/cysteine synthase and 

SbnB/VioK). Analysis of SbnA crystals from Staphylococcus aureus incubated with OPS 

revealed the structure of the intermediate N-(1-amino-1-carboxyl-2-ethyl)-S-glutamate (syn: 

N-(1-amino-1-carboxyl-2-ethyl)glutamic acid, ACEGA), allowing the identification of three 

conserved active site residues: arginine at position 132 (R132), tyrosine at position 152 

(Y152) and serine at position (S185), essential for the highly specific OPS recognition and 

turnover and intermediate formation (Kobylarz et al., 2016). 

 

Site-directed mutagenesis studies by Kobylarz et al. (2016) showed that, in addition to R132, 

Y152 and S185, substrate specificity also required the positively-charged residues lysine at 

position 100 (K100), and arginine at position 224 (R224), thought to be responsible for  

S-glutamate binding. A four amino acid insertion: glycine at position 126 and 127 (G126, 

G127), tyrosine at position 128 (Y128), and leucine at position 129 (L129) was also shown to 

be moderately conserved in SbnA and in homologs that biosynthesise 2,3-DAP (Kobylarz et 

al., 2016). The substrate specificity of SbnB is still uncertain (Beasley et al., 2011). 

Nevertheless, it was shown to differ from ornithine cyclodeaminases (including VioK) and 

alanine dehydrogenases as its active site has been expanded to accommodate a larger 

substrate than ornithine or alanine (Kobylarz et al., 2014). This is evident by the presence of 

an arginine at position 94 (R94), forming a salt bridge to the ACEGA terminal carboxylate 

(Kobylarz et al., 2014). 

 

Two cyanobacterial species appear to encode both SbnA and SbnB: Coleofasciculus 

chthonoplastes and Moorea producens (Fig. 3.6). In these species, the corresponding 

catalytic residues characteristic of SbnA (i.e. K100, G126, L129, R132, Y152, S185, and 

R224) and SbnB (i.e. R94) are conserved (Supplementary Table S5-S6). Other protein 

sequences, functionally annotated as cysteine synthase family proteins, include the 

corresponding residues K100, G126, R132, and S185 (Supplementary Table S5). The 
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possibility exists that these enzymes perform the same catalytic functions as SbnA. No 

species appear to have orphan copies of sbnA or sbnB (i.e. encoding SbnA but not SbnB, or 

vice-versa).  
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Cylindrospermopsis sp  CR12
Cylindrospermopsis raciborskii CS-505
Raphidiopsis curvata NIES-932
Raphidiopsis brookii D9
Sphaerospermopsis kisseleviana NIES-73
'Nostoc azollae' 0708
Anabaena cylindrica PCC 7122
Trichormus sp  NMC-1
Aphanizomenon flos-aquae NIES-81
Dolichospermum compactum NIES-806
Dolichospermum circinale AWQC310F
Cylindrospermum stagnale PCC 7417
Nodularia sp  NIES-3585
Nodularia spumigena CCY9414
Fremyella diplosiphon NIES-3275
Nostoc carneum NIES-2107
Aulosira laxa NIES-50
Tolypothrix tenuis PCC 7101
Calothrix brevissima NIES-22
Fortiea contorta PCC 7126
Nostoc calcicola FACHB-389
Nostoc linckia z2
Nostoc punctiforme PCC 73102
Anabaenopsis circularis NIES-21
Nostoc piscinale CENA21
Trichormus variabilis ATCC 29413
Calothrix elsteri CCALA 953
Scytonema hofmanni UTEX 2349
Scytonema sp  HK-05
Tolypothrix campylonemoides VB511288
Scytonema millei VB511283
Scytonema tolypothrichoides VB-61278
Nostocales cyanobacterium HT-58-2
Mastigocladopsis repens PCC 10914
Scytonema hofmannii PCC 7110
Tolypothrix bouteillei VB521301
Fischerella major NIES-592
Fischerella thermalis PCC 7521
Fischerella muscicola CCMEE 5323
Hapalosiphon sp  MRB220
Mastigocladus laminosus UU774
Chlorogloeopsis fritschii PCC 6912
cyanobacterium PCC 7702
Calothrix rhizosoleniae SC01
Richelia intracellularis HH01
Calothrix parasitica NIES-267
Mastigocoleus testarum BC008
Aliterella atlantica CENA595
Chroococcidiopsis thermalis PCC 7203
Chroogloeocystis siderophila 5 2 s c 1
Phormidium ambiguum NIES-2119
Chamaesiphon minutus PCC 6605
Crinalium epipsammum PCC 9333
Crocosphaera watsonii WH 8501
unicellular cyanobacterium SU3
Candidatus Atelocyanobacterium thalassa
cyanobacterium endosymbiont of Epithemia turgida isolate EtSB
unicellular cyanobacterium SU2
Hydrococcus rivularis NIES-593
Microcystis aeruginosa NIES-843
Geminocystis sp  NIES-3708
Geminocystis herdmanii PCC 6308
Cyanobacterium aponinum PCC 10605
Chondrocystis sp  NIES-4102
Myxosarcina sp  GI1
Stanieria cyanosphaera PCC 7437
Spirulina major PCC 6313
Spirulina subsalsa PCC 9445
filamentous cyanobacterium ESFC-1
Dactylococcopsis salina PCC 8305
Rubidibacter lacunae KORDI 51-2
Moorea bouillonii PNG
Moorea producens PAL-8-15-08-1
Coleofasciculus chthonoplastes PCC 7420
Planktothrix prolifica NIVA-CYA 406
Planktothrix rubescens PCC 7821
Planktothrix mougeotii NIVA-CYA 405
Planktothrix agardhii NIVA-CYA 126/8
Planktothrix sp  PCC 11201
Planktothrix paucivesiculata PCC 9631
Planktothrix serta PCC 8927
Planktothrix tepida PCC 9214
Limnoraphis robusta CS-951
Lyngbya aestuarii BL J
Arthrospira maxima CS-328
Arthrospira platensis NIES-39
Hydrocoleum sp  CS-953
Trichodesmium erythraeum IMS101
Microcoleus vaginatus FGP-2
Oscillatoria nigro-viridis PCC 7112
Tychonema bourrellyi FEM_GT703
Kamptonema formosum PCC 6407
Oscillatoria sp  PCC 6506
Oscillatoriales cyanobacterium USR001
Oscillatoria acuminata PCC 6304
Planktothricoides sp  SR001
Leptolyngbya valderiana BDU 20041
Phormidium willei BDU 130791
Desertifilum sp  IPPAS B-1220
Roseofilum reptotaenium AO1-A
Cyanobacteria bacterium TMED177
Cyanobacteria bacterium TMED229
Cyanobacteria bacterium TMED188
Prochlorococcus marinus str  MIT 9313
Cyanobium gracile PCC 6307
cyanobacterium BACL30 MAG-120619-bin27
Candidatus Synechococcus spongiarum LMB
Synechococcus elongatus PCC 6301
Prochlorothrix hollandica PCC 9006
Nodosilinea nodulosa PCC 7104
Phormidium tenue NIES-30
Halomicronema hongdechloris C2206
Lyngbya confervoides BDU141951
Limnothrix sp  PR1529
Alkalinema sp  CACIAM 70d
Leptolyngbya boryana dg5
Phormidesmis priestleyi ULC007
Oscillatoriales cyanobacterium JSC-12
Leptolyngbya sp  hensonii
Neosynechococcus sphagnicola sy1
Leptolyngbya ohadii IS1
Oscillatoriales cyanobacterium MTP1
Thermosynechococcus elongatus BP-1
Thermosynechococcus sp  NK55a
Synechococcus lividus PCC 6715
Acaryochloris marina MBIC11017
Gloeomargarita lithophora Alchichica-D10
Pseudanabaena biceps PCC 7429
Gloeobacter kilaueensis JS1
Gloeobacter violaceus PCC 7421
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Figure 3.6. Species phylogeny showing the cross-species distribution of key enzymes 
involved in the biosynthesis of S-2,3-diaminopropanoate and BMAA (Previous page). 
The enzymes encoded by each species are indicated by coloured rectangles, next to the 
species name. DUD: dihydropyrimidine dehydrogenase; bUP: b-ureidopropionase; DAPAL:  
2,3-diaminopropionate ammonia-lyase; RidA: reactive intermediate deaminase A. For the 
accession numbers of the enzymes, see Supplementary Tables S1-S6, S9, S15-S16. This is a 
re-annotation of the phylogeny of Chapter 2, who also provide bootstrap support  
(Appendix A, Supplementary Fig. S2). 
 

In the cyanobacterium Coleofasciculus chthonoplastes, putative sbnAB appear together and 

are co-localised within an NRPS/PKS1 cluster (Fig. 3.7). The product of this cluster is 

unknown, but the complex resembles the NPRS assembly responsible for synthesising the 

siderophore amonabactin P 750 in Aeromonas hydrophila subsp. hydrophila ATCC 7966 

(Barghouthi et al., 1989). Given that sbnAB are involved in the biosynthesis of staphyloferrin 

B in Staphylococcus aureus, and that the NRPS cluster containing these genes in 

cyanobacteria is similar to that of a siderophore-producing cluster in Aeromonas hydrophila, 

we hypothesise that, in some cyanobacteria, 2,3-DAP is probably involved in the production 

of iron-chelators. Our previous study indicated the same physiological role for 2,4-DAB, a 

structural isomer of BMAA (Chapter 2). Nevertheless, in the absence of a nearby 

methyltransferase, a feasible route to BMAA is lacking in Coleofasciculus chthonoplastes. In 

the cyanobacterium Moorea producens, putative sbnAB appear adjacent on the genome, but 

are not co-localised within a specialised metabolite cluster, and do not have an adjoining 

methyltransferase (Fig. 3.7). Nearby genes are not suggestive of any specific biosynthetic 

pathway, indicating multiple and different roles of 2,3-DAP in cyanobacteria. 
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acid). In Streptomyces albulus PD-1, NjxA and NjxB, homologous to cysteine 

synthase/serine dehydratase and OCD respectively, use S-serine and S-ornithine as substrates 

and lack the conserved residues indicated in SbnA and SbnB (Supplementary Table S7 – S8). 

From the description of Xu et al. (2015), it appears that NjxA and NjxB are more structurally 

similar to VioK and VioB, than to SbnA and SbnB. The substrate specificities of SulG, 

homologous to OCD, and SulH, homologous to cysteine synthase, have not been 

characterised. However, they too lack the conserved residues encoded in SbnA and SbnB 

(Supplementary Table S7 – S8). It is possible that cyanobacterial homologs of SbnA and 

SbnB, with distinct amino acid residues at the catalytic site, are still capable of synthesising 

2,3-DAP. 

 

In S. albulus PD-1, the genes responsible for 2,3-DAP biosynthesis (NjxA nd NjxB) were 

found to be adjacent on the genome, but not co-localised within poly(S-diaminopropionic 

acid) synthetase gene clusters (Xu et al., 2015). The possibility that putative SbnA and SbnB 

in the cyanobacterium Moorea producens are responsible for the biosynthesis of 2,3-DAP for 

use in an unidentified, specialised metabolite cluster cannot be disregarded.   

 

In contrast to SbnA and SbnB, to date, the active sites of VioK and VioB have not been 

characterised. Provisionally, VioB and VioK may be distinguished from their homologs 

SbnA and SbnB by functional annotation in bioinformatics databases. VioK can also be 

differentiated from SbnB by excluding homologous sequences encompassing active site 

residues characteristic of SbnB (Kobylarz et al., 2014). Given that VioB uses nitrogen atoms 

from ammonium as the nucleophile, while cysteine synthase uses sulfur atoms from hydrogen 

sulfide (Thomas et al., 2003), and that VioB uses OAS as substrate whilst SbnA uses OPS, it 

is not expected that these enzymes (i.e. VioB/cysteine synthase and VioB/SbnA) share 

identical catalytic sites (i.e. VioB sequences are not expected to contain residues A132, F152 

and G185, characteristic of cysteine synthases, nor residues R132, Y152, and S185, 

characteristic of SbnA). The gene product of vioB, S-2,3-diaminopropionate synthetase, does 

not have an assigned enzyme commission (EC) number and searches in protein sequence 

databases yield no results with the same name. Until the active sites of VioK and VioB are 

described, the possibility that these enzymes share the same catalytic residues as SbnB and 

SbnA/cysteine synthase, respectively, cannot be excluded. 
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From the cyanobacterial species that appear to have either sbnAB or vioK (Fig. 3.6), only 

Coleofasciculus chthonoplastes was sequenced from an axenic monocyanobacterial culture 

(Chapter 2, Supplementary Table S6). It is believed that this species can biosynthesise  

2,3-DAP through an analogous pathway to that of Staphylococcus aureus, since 

contamination by other potential 2,3-DAP-producing bacteria can be excluded. Results from 

the remaining species would have to be verified in genomes sequenced from axenic cultures. 

 

3.6.4 The search for the pam gene cluster in cyanobacterial, 
Paenibacillus, and diatom species  

 

The pam gene cluster, encoding a bound form of BMAA, has been found in Paenibacillus 

larvae. The gene products of pamS and pamR are responsible for the biosynthesis of  

2,3-DAP, the methylation of which within the metabolite cluster could form BMAA (Müller 

et al., 2014). Since in the similar complex peptide galantin 1, only one of the two 2,3-DAP 

residues is methylated, and in the paenilamicins, both 2,3-DAP residues are methylated, it is 

possible that the pam gene cluster first assembles 2,3-DAP and then methylates it within the 

complex.  

 

Although it was not specified by Kobylarz et al. (2014), our results show that the 2,3-DAP 

constituent of paenilamicin is probably derived from the concerted action of genes 

homologous to sbnAB, as the active sites of both SbnA and SbnB are conserved in PamR and 

PamS (Supplementary Table S7-S8). In the peptide antibiotic dapdiamide from Pantoea 

agglomerans, the genes responsible for 2,3-DAP production (ddaA and ddaB) are also 

homologs of sbnA/sbnB, with conservation of the enzyme’s catalytic site (Supplementary 

Table S7-8). It appears that, when present, 2,3-DAP, and possibly BMAA, are most likely 

derived from the action of sbnAB rather than of vioB/vioK.   

 

Our results confirm that the paenilamicin gene cluster occurs in 10 Paenibacillus larvae 

genomes (Supplementary Table S10). However, evidence for the presence of the hybrid pam 

gene cluster was not found in any of the 130 cyanobacterial genomes included in our dataset 

(Supplementary Table S11), or in an additional 93 Paenibacillus genomes other than P. 

larvae (Supplementary Table S12), or in the genomes of two BMAA-producing diatom 

species, Thalassiosira pseudonana CCMP1335 and Phaeodactylum tricornutum CCAP 

1055/1 (Jiang et al., 2014; Réveillon et al., 2016) (Supplementary Tables S13-S14). 
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In the cyanobacterial species examined, the pam gene cluster does not appear to be a viable 

route of BMAA biosynthesis. So far, this specialised cluster appears to be restricted to 

Paenibacillus larvae, suggesting that paenilamicin production is likely not a widespread 

environmental source of the neurotoxin BMAA. Given the limited number of published 

diatom genomes, it cannot be concluded that the pam gene cluster is absent in all such 

species. However, our results indicate that, when BMAA is present in diatoms, it is probably 

not derived from paenilamicin-like peptides. The reduced number of specialised secondary 

clusters in the diatom species investigated (Supplementary Table S13-S14), and the absence 

of genes homologous to those implicated in 2,3-DAP synthesis suggest that, in these species, 

BMAA is probably either acquired from other sources (i.e. not by direct biosynthesis by the 

diatoms themselves), or that additional unknown routes to BMAA biosynthesis exist. 

 

It is intriguing that a metabolically expensive and complex peptide such as paenilamicin can 

apparently only be found in P. larvae. It may be that the pam gene cluster represents a 

specialised version of a more general mechanism. However, although Paenibacillus spp. 

other than P. larvae do not appear to synthesise BMAA via the pam gene cluster, many 

species, including those isolated from human cerebrospinal fluid (Hehnly et al., 2020), appear 

to be able to synthesise other compounds, such as ectoines, derived from the BMAA 

structural isomer 2,4-DAB (Nunn and Codd, 2017; Mantas et al., 2021; Supplementary Table 

S12). The neurological significance of the widespread occurrence of Paenibacillus spp. in 

milk and prepared foods merits investigation (Nunn and Codd, 2019). 

 

3.6.5 A potential explanation for the apparent absence of 2,3-DAP in 
cyanobacteria  

 
2,3-DAP expresses severe cytotoxicity in some cell types, and many organisms have 

developed strategies that prevent endogenous accumulation of specific amino acids (Ernst et 

al., 2016). DAPAL (EC 4.3.1.15) is a prokaryotic type II PLP-dependent enzyme that 

catalyses the degradation of R- and S-forms of 2,3-DAP to 2-aminoacrylate and ammonium 

(Bisht et al., 2012) (Fig. 3.9). 2-aminoacrylate is a three-carbon reactive enamine 

intermediate synthesised by several PLP-dependent enzymes (Downs and Ernst, 2015). This 

compound is formed in the reaction catalysed by VioK/VioB; however, there it is contained, 

bound to a specific position within the enzyme’s catalytic site. 2-aminoacrylate is susceptible 
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to tautomerisation and spontaneous hydrolysis in solvent water, releasing ammonium and 

pyruvate (Datta and Bhadra, 1978). It can also react with other compounds, leading to 

covalent modification and the inactivation of enzymes involved in essential metabolic 

processes (Flynn and Downs, 2013; Downs and Ernst, 2015) (Fig. 3.9).  

 

 

DAPAL catalyses analogous reactions and is known to share significant amino acid sequence 

identity with type II PLP-dependent enzymes (Bisht et al., 2012), especially with the 

biosynthetic serine/threonine dehydratase/deaminase (TDH, EC 4.3.1.19), where sequence 

similarity can be up to 55% (Khan et al., 2003). The active site of DAPAL has been 

described in Escherichia coli K-12 (EcDAPAL) (Bisht et al., 2012) and Salmonella enterica 

serovar Typhimurium LT2 (StDAPAL) (Nagasawa et al., 1988). In Escherichia coli, the 

residues lysine at position 77 (K77), aspartic acid at positions 120 and 189 (D120, D189), 

and tyrosine at position 168 (Y168) are important for catalytic function (Bisht et al., 2012). 

K77 and D120 are potentially responsible for the abstraction of protons from the R- and S- 

isoforms of 2,3-DAP, respectively (Bisht et al., 2012). All residues contained within the 

catalytic domain of TDH are conserved in EcDAPAL (Uo et al., 2002).  

  

The similarities between DAPAL and other PLP-dependent enzymes, the fact that DAPAL 

exhibits amino acid sequence dissimilarity in closely related species (Khan et al., 2003; 

Kalyani et al., 2012; Deka et al., 2018), and that the structure of DAPAL has not been 
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Figure 3.9. Pathway of the degradation of 2,3-diaminopropanoate to pyruvate and 
ammonium. Redrawn from Bisht et al. (2012) and Lambrecht et al. (2012). The 
nomenclature is from www.brenda-enzymes.org; Enzyme Commission numbers are as 
follows: (1) 2,3-diaminopropionate ammonia-lyase (DAPAL): EC 4.3.1.15; (2) reactive 
intermediate deaminase A (RidA): EC 3.5.99.10. The charged forms of the amino acids 
are those predominating at physiological pH values. Figure: Peter B. Nunn; used with 
permission. 
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characterised in cyanobacteria, hinder the search and distinction of DAPAL homologs in the 

130 cyanobacterial genomes analysed. However, an enzyme functionally annotated as 

DAPAL and exhibiting amino acid residues similar to EcDAPAL is present in the 

cyanobacterium Lyngbya confervoides (Fig. 3.6). Additionally, 108 cyanobacterial species 

were found to encode enzymes functionally annotated to biosynthetic threonine ammonia-

lyases (Supplementary Table S15). Residue D120 is not conserved in any of the 

cyanobacterial homologs evaluated, including in L. confervoides, suggesting a different mode 

of abstraction of C1 protons from the S-DAP isoform, or loss of function. Given the observed 

similarities between the catalytic cleft of Ec/StDAPAL and cyanobacterial biosynthetic 

threonine ammonia-lyases (Supplementary Table S15), it is possible that the ability to 

degrade 2,3-DAP into 2-aminoacrylate and ammonium is widespread in cyanobacteria. 

Purification and molecular characterisation studies of cyanobacterial DAPAL are needed to 

clarify the prevalence and action of the enzyme in these species.  

 

In this pathway (Fig. 3.9), RidA (EC 3.5.99.10) is required to quench 2-aminoacrylate, 

preventing enamine stress (Downs and Ernst, 2015). RidA is apparently present across all 

life, with the vast majority of free-living organisms encoding at least one RidA homolog 

(Irons et al., 2020). It has a defined role as a 2-aminoacrylate-stress modulator, responding to 

endogenously generated reactive metabolites, by facilitating and enhancing the rate of 

hydrolysis of the enamine or its tautomer to pyruvate and ammonium, thereby detoxifying  

2-aminoacrylate and averting metabolic imbalance (Lambrecht et al., 2012; Lambrecht et al., 

2013; Downs and Ernst, 2015). RidA proteins appear to play diverse, but important, 

molecular functions, many of which are still poorly understood (Oka et al., 1995; Goupil-

Feuillerat et al., 1997; Asagi et al., 1998). Crystal structure studies in Escherichia coli 

identified a signature of five conserved amino acids (Liu et al., 2016), although only a highly 

conserved arginine at position 105 (R105) was shown to be strictly necessary and sufficient 

for biochemical activity (Burman et al., 2007; Lambrecht et al., 2012). The residues glutamic 

acid at position 120 (E120), tyrosine at position 17 (Y17), serine at position 30 (S30), and 

asparagine at position 88 (N88) were also shown to be important for RidA catalytic activity 

(Burman et al., 2007; Lambrecht et al., 2012; Degani et al., 2018). 

 

Putative RidA appears to be omnipresent in cyanobacteria. 4275 homologs of Rid family 

proteins were found, 611 of which have a conserved arginine residue. Only seven 

cyanobacterial species appear to lack a RidA homolog with a conserved arginine at the 
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catalytic site (Supplementary Table S16) (Fig. 3.6). There are several species encoding 

homologs with full amino acid sequence conservation at the active site. Many of these 

homologs are annotated as hypothetical proteins, and less frequently as endoribonuclease  

L-PSP (liver-perchloric acid-soluble protein). Apart from the active site, amino acid sequence 

identity was low between cyanobacterial homologs and those from other bacteria, yeast and 

mammals. This is consistent with the data from Mistiniene et al. (2003) and Parsons et al. 

(2003) who found amino acid sequence identity to vary between RidA homologs from 

different origins, with some members sharing <8% sequence similarity. The observed 

sequence diversity and variation in functional annotation corroborates the premise that RidA 

may execute myriad different roles (Niehaus et al., 2015). 

 

Our results show that the failure to detect free 2,3-DAP in cyanobacteria may be explained by 

the presence of DAPAL and RidA. DAPAL would catalyse the synthesis of 2-aminoacrylate 

and ammonium from 2,3-DAP (Fig. 3.9). If free 2,3-DAP and the ammonia-lyase were 

present in cyanobacteria, RidA would be required to quench 2-aminoacrylate, preventing 

disruption of cellular functions (Downs and Ernst, 2015). The expression of RidA has been 

shown to be inversely correlated with iron availability (Irons et al., 2020). In conditions of 

iron limitation, cyanobacteria produce siderophores (Whitton, 2012). If cyanobacteria can 

synthesise 2,3-DAP-based iron-chelators, this would corroborate our hypothesis that, in some 

species, 2,3-DAP and hence BMAA, may be involved in siderophore formation. 

 

3.6.6 Comparison between bioinformatics results and the analytical 
chemistry data from the literature 

 

Following the methodology of Chapter 2, our bioinformatics findings are compared with 

those of 28 biochemical studies where evidence for BMAA-, or BMAA- and 2-4-DAB-

producing cyanobacteria has been provided (Supplementary Table S17). A scenario where a 

particular species is shown to possess the necessary genes for BMAA biosynthesis, and is 

proven to produce the same compound via analytical studies, serves as a strong indicator that 

this species is a BMAA-producer. However, a species that lacks known genes required for 

BMAA formation, but is shown by analytical studies to produce the neurotoxin could be 

indicative of a false-positive result derived from an ambiguous analytical approach 

(especially probable if non-axenic cyanobacterial cultures and/or low-specificity analytical 

methods were employed), or suggests the existence of other, still undescribed routes for 
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BMAA biosynthesis. 24 of the 28 studies used variations of MS/MS for BMAA/2,4-DAB 

identification and quantification, and more than one analytical method was commonly used 

(either to test the accuracy and specificity of one analytical method compared to others, or to 

cross-check results). Only seven analyses for the neurotoxin itself were derived from all-

axenic cultures, and some surveys involved a combination of axenic cultures, non-axenic 

monocyanobacterial cultures, and environmental samples. Others did not report on the culture 

type of the isolates studied. Our 130 cyanobacterial species genomic dataset and the 

compilation of BMAA production from the literature overlapped in seven species: 

Prochlorococcus marinus, Planktothrix agardhii, Aphanizomenon flos-aquae, 

Cylindrospermopsis raciborskii, Nodularia spumigena, Microcystis aeruginosa and 

Microcoleus vaginatus. None of these common bloom-forming species (Whitton, 2012) 

appear to have genes coding for relevant enzymes in the pathways to 2,3-DAP/BMAA 

described above (Fig. 3.2-3.5), or specialised gene clusters analogous to those of 

dapdiamides, galatins, or paenilamicin peptides. Apart from the Microcystis aeruginosa used 

by Downing et al. (2011), the studies that have used these species for the identification and 

quantification of BMAA employed analytical techniques other than MS/MS, and/or used 

non-axenic cyanobacterial cultures (i.e. non-axenic monocyanobacterial cultures and/or 

environmental samples) in their analyses. It cannot be excluded that these correspond to 

false-positive results as a consequence of the use of low-specificity analytical techniques and 

non-axenic cultures. However, it is also possible that cyanobacteria synthesise BMAA 

through a yet-undiscovered route or routes. 

 

3.7 Summary and conclusions 
 

Our bioinformatics survey has provided insight into potential pathways for the biosynthesis 

of 2,3-DAP/BMAA in cyanobacteria, which can lead to future experimental investigations. 

The bioinformatics results indicate potential 2,3-DAP biosynthesis in some cyanobacterial 

species via the staphyloferrin B pathway. The fact that, in Staphylococcus aureus, 2,3-DAP is 

synthesised via sbnAB for inclusion in siderophores, and that in one cyanobacterial species 

(Coleofasciculus chthonoplastes) putative sbnA and sbnB were found to be co-localised 

within an NRPS/PKS1 cluster similar to amonabactin P 750 from Aeromonas hydrophila, 

suggests a functional association with siderophore biosynthesis. 2,3-DAP also appears to be 

synthesised by homologs of sbnAB in the chemoheterotrophic bacteria Paenibacillus larvae 
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(pamRS) and Pantoea agglomerans (ddaAB), indicating that this is a more common route to 

free and bound 2,3-DAP, and potentially to BMAA, in prokaryotes (compared to the 

homologous vioKB). 

 

A homolog of the pam gene cluster from P. larvae was not detected in any of the 130 

cyanobacterial genomes in our analysis, two diatom species or Paenibacillus other than P. 

larvae. Other mechanisms may exist that remain to be discovered. 

 

2,3-DAP has not been reported in cyanobacteria. We have shown that, in some species, the 

presence of putative DAPAL and RidA could explain the failure to detect this compound 

from cyanobacterial analytical results. RidA expression is upregulated during periods of iron 

scarcity, which corroborates our hypothesis that, in some cyanobacterial species, 2,3-DAP 

may be implicated in environmental iron-scavenging.  

 

The existence of many homologs of enzymes potentially leading to 2,3-DAP and BMAA 

biosynthesis, and the presence of uncharacterised enzymes, with amino acid sequences and 

structural characterisation not yet available, hinder the search for possible pathways to  

2,3-DAP and BMAA in cyanobacteria. Further information regarding the enzymes in the 

described pathways and their specificity is needed to further test our hypotheses. Also, 

analytical studies using MS/MS techniques and axenic cyanobacterial cultures would be 

helpful to ensure accurate and consistent results concerning the identification, origin(s) and 

quantification of BMAA. Ultimately, the ability to synthesise 2,3-DAP and BMAA does not 

appear to be universal among cyanobacteria. This suggests that either this compound is not 

widespread in cyanobacteria, or that there are additional and as yet unknown pathways for the 

synthesis of 2,3-DAP and BMAA. 
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Chapter 4 
 
In cyanobacteria, is horizontal 
gene transfer more prevalent in 
extreme environments? 
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4.1 Preface 
 
The work in this chapter is currently a manuscript potentially intended for publication in 

Molecular Phylogenetics and Evolution and the first-person plural is used throughout to 

maintain consistency. Ziying Ke performed the orthogroup delimitation. I performed all other 

analyses, wrote the first draft of the manuscript and supplementary materials, and produced 

all figures and tables.  

 

Citation: 

 

Mantas, M. J. Q., Maureen Stolzer, Ziying Ke, Catherine Kidner, Geoffrey A. Codd, Dannie 

Durand, Daniel Barker. In cyanobacteria, is horizontal gene transfer more prevalent in 

extreme environments? In preparation. 
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4.3 Introduction 
 

HGT (also known as lateral gene transfer, LGT) is the acquisition and incorporation of 

foreign genes by a species. It can occur through three mechanisms: transformation, 

transduction and conjugation. Transformation is the process whereby prokaryotes take up 

free DNA from the surrounding environment. Transduction encompasses the transfer of 

genes between prokaryotic species via viruses. Conjugation occurs when plasmids are passed 

from one prokaryote to another through a tube-like structure called the pilus (Jain et al., 

2002). HGT has been indisputably important in shaping prokaryotic evolution (Koonin et al., 

2001; Wiedenbeck and Cohan, 2011), including in cyanobacteria (Kellmann et al., 2008; 

Leikoski et al., 2009; Bolhuis et al., 2010; Yerrapragada et al., 2009). 

 

HGT rates may vary across environments, both in the frequency of HGT events and the 

frequency of fixation of those events. This potential association of HGT events and 

environmental context has been discussed in the literature (Schönknecht et al., 2013). 

Although not all studies classify environments in the same way, and our view of an 

environmentally cosmopolitan species’ habitat may depend on the collection site of an 

isolate, the broad characteristics of an extreme environment are generally agreed. Extreme 

environments are recognised as hostile, unfavourable and even lethal for most organisms 

(Kristjansson and Hreggvidsson, 1995). They include environments with extremes of 

temperature, pH, salt concentration, pressure, radiation, desiccation, oxygen availability, as 

well as those where toxic waste, organic solvents and/or heavy metals are present (Seckbach 

and Oren, 2007). It is currently unclear whether the mechanisms and frequency of HGT vary 

depending on the environmental setting and research on this topic is scarce. It has been 

proposed that HGT is elevated in extreme environments (Chen et al., 2021; Li et al., 2014). 

Others studies suggest that the amount of HGT is negatively correlated with aspects 

characteristic of more extreme habitats (e.g. temperature) (Gophna, et al., 2015) and that 

HGT is less frequent in fluctuating environments (e.g. soil) (Goyal, et al., 2020). Makarova et 

al. (2011) implied a link between the abundance of “mobilome genes” (i.e. mobile elements, 

such as viral and transposon genes, within a genome and across genomes, by HGT) and 

specific environmental factors (i.e. temperature), without specifying a direct/broader link 

between HGT and environmental harshness.  
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Archaea and bacteria living in anaerobic and/or high-temperature conditions have been 

shown to share large numbers of genes, probably due to HGT (Fuchsman et al., 2017). Some 

traits important for extremophile survival (e.g. metal resistance genes, transport proteins, 

nutrient acquisition genes and symbiosis islands) are known to have been acquired by HGT 

(Bakermans, 2015). Habitats such as hot springs (Li et al., 2014), acid mine drainage (Guo et 

al., 2015), saline lakes (Li et al., 2014), Antarctic ice sheaths and lakes (Giménez et al., 

2019), high mercury (Barkay et al., 2010) and oil wells (Fuchsman et al., 2017) have been 

proposed as potential hotspots for HGT. In dilute, aerobic, mesophilic environments, such as 

marine and freshwater surface waters, it has been suggested that HGT is a rarer event 

(Fuchsman et al., 2017; Li et al., 2014). 

 

We investigate the association of HGT with environment among cyanobacteria. 

Cyanobacteria are a clade of photosynthetic bacteria found in a wide range of environments, 

including some of the most physically extreme habitats on Earth (Abed et al., 2009; 

Rampelotto, 2013; Seckbach, 2007; Whitton, 2012). Cyanobacteria in extreme environments 

are considered to be mostly extremotolerant (i.e. able to withstand extreme conditions, but 

growing optimally under more mesophilic niches) as opposed to extremophilic (i.e. reliant on 

extreme habitats to thrive) (Seckbach and Oren, 2007). Cyanobacteria occur in microbial 

mats in permafrost regions of Siberia and Antarctica (Vincent, 2007), as well as in 

continental hot springs (Brock, 2012; Ward et al., 2012) and other geothermal areas 

worldwide. They are found in hypersaline environments (Garcia-Pichel et al., 1998; Golubic, 

1980) and in alkaline habitats, including soda lakes (Boussiba et al., 2000; Grant, 1986). 

Cyanobacteria are present in environments exposed to high levels of UV radiation (e.g. walls 

and pavements) (Seckbach and Oren, 2007), to high metal concentrations (Huertas et al., 

2014) and in xerophilic conditions (Alwathnani and Johansen, 2011; Hagemann et al., 2017). 

Cyanobacteria are rarely found in acidic environments with a pH below 3 (Brock, 1973; Paerl 

et al., 2000) and barophiles have not been reported. 

 

Any terrestrial environment may be classed as extreme for cyanobacteria. Compared to 

aquatic environments, temperatures in terrestrial habitats fluctuate more widely, the 

availability of water and nutrients is less stable, and exposure to radiation on rock and soil 

surfaces can be more intense (Kashyap et al., 2022). In line with this, it has been proposed 

that terrestrial cyanobacteria are subject to more HGT than their aquatic counterparts (Chen 

et al., 2021). 
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It is unclear whether HGT events are more or less frequent in extreme (or terrestrial) 

environments. This hypothesis has been tested in metagenomic samples (Li et al., 2014) and 

more recently in cyanobacteria (Chen et al., 2021). Li et al. (2014) concluded that microbial 

communities evolve faster in extreme environments, using, among other factors, the apparent 

higher frequency of HGT in extreme habitats as supporting evidence. Their study was based 

on 40 metagenomes from microbial communities sampled from six different environments 

(“saline lake”, “acid mine drainage”, “hot spring”, “surface ocean”, “freshwater” and “soil”). 

The relative abundance of transposase encoding genes was used as a proxy for HGT 

frequency and statistical evidence for varying transposase number in extreme versus benign 

environments was evaluated via a Mann-Whitney U-test. Chen et al. (2021), in a 

phylogenetic study of 650 Cyanobacteria and Melainabacteria (491 of which were classified 

as inhabiting “thermal springs”, “terrestrial”, “marine”, “freshwater”, “host-associated” or 

“others”) concluded that HGT events were more frequent in terrestrial environments 

compared to their aquatic counterparts, proposing that these aid survival in fluctuating 

habitats. HGT events were inferred via sequence similarity-based HGT detection and 

COUNT software (Csűös, 2010; Zhu et al., 2014) and the association between HGT count 

and the environment was assessed using t-tests (Chen et al., 2021). Makarova et al. (2011), in 

a study of 383 bacterial and archaeal taxa, focused on defence systems, found a higher 

number of viral defence systems in thermophiles compared to mesophiles, which could imply 

that the frequency of HGT varies depending on environmental temperature.   

 

Different insights were provided by Gophna et al. (2015) and Goyal et al. (2020). Gophna et 

al. (2015) analysed the activity of CRISPR-Cas in microbes and its link to recent HGT events 

and found a negative correlation between growth temperature and gene transfer, which they 

attributed to the lower genetic diversity in warmer environments. Gene acquisition via HGT 

was assessed in three different ways: as a fraction of prophage genes in bacteria, as a fraction 

of singletons in the ATGC database cluster of orthologous groups, and as a fraction of the 

recently acquired genes inferred on the basis of dinucleotide composition. Data from 1399 

prokaryotic genomes with at least one proxy measure for HGT were available and statistical 

tests were performed using linear models. Goyal et al. (2020), in their theoretical study of a 

vector-based minimal model of a population evolving via mutation, HGT, selection and drift, 

concluded that HGT rates in nature are linked with environmental dynamics, being high in 
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“static environments” (e.g. marine habitats) and low in “fluctuating environments” (e.g. 

terrestrial habitats). 

 

These existing studies diverge widely in (i) the taxa and number of taxa analysed; (ii) the 

methodology used; (iii) whether different types of HGT (i.e. transformation, conjugation or 

transduction) were prioritised (e.g. thermophilic bacteria belonging to the genus Thermus 

exhibit high competence for natural transformation (Averhoff et al., 2021)); and (iv) which 

environments were classified as extreme. Other factors, such as exposure to high levels of 

radiation, relevant to both extreme and non-extreme environments, have been shown to affect 

HGT (Levy et al., 1993). Population sizes (Edwards et al., 1999), geographic isolation 

(Ramette and Tiedje, 2007), genome composition (Azad and Lawrence, 2011), the presence 

of extracellular vesicles (Forterre, 2016) and methylation patterns (Beaulaurier et al., 2018) 

may also be relevant. 

 

4.3.1 Our contribution 
 

The aim of this study is to determine whether the number of HGT events differs among 

cyanobacterial species, depending on broad characteristics of the environments which the 

species inhabit. Here, we perform new tests of existing hypotheses using phylogenetic 

analyses of 130 cyanobacterial genomes. Central to our approach is gene tree-species tree 

reconciliation, for which we use Notung software (Stolzer et al., 2012). Notung incorporates 

costs for gene loss, duplication and horizontal transfer events, and seeks the reconciliation of 

overall minimum cost (i.e. maximum parsimony). Notung assumes HGT to be relatively rare 

(depending on HGT cost compared to duplication and loss costs), rejects reconciliation 

involving HGT events that cannot be temporally feasible, and can rearrange poorly supported 

nodes in the gene phylogeny to match the species phylogeny’s topology. Notung has been 

widely used to infer HGT events in a wide range of taxa (Misner et al., 2015; Monteil et al., 

2020; Ropars et al., 2015). Because of the difficulty of determining precisely which biotic 

and physicochemical aspects of the environment are relevant, we have used four different 

binary classifications. To correct for potential non-independence in cross-species analyses, 

we used phylogenetically corrected t-tests implemented in BayesTraits (Pagel et al., 2004) to 

test for a different per-species average number of HGT events across the categories of each 

classification. Our results do not support the hypotheses of increased HGT in extreme or 

terrestrial environments in cyanobacteria. 
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4.4 Methodology 
 

4.4.1 Gene family phylogeny reconstruction  
 

Genome-wide protein sets from 130 high-quality cyanobacterial genomes, whose species 

phylogeny was previously published (Mantas et al., 2021; Chapter 2), were compared using 

BLAST (Altschul et al., 1997) and clustered into orthogroups using OrthoFinder (v.2.1.2) 

(Emms and Kelly, 2015) with the Markov cluster algorithm (MCL) (van Dongen, 2000). An 

MCL inflation value of 1.6 was chosen on the basis of its performance on grouping members 

of a known gene family (Supplementary Section S1). This resulted in the identification of 

17198 orthogroups, for each of which a protein multiple sequence alignment was generated 

using MAFFT (v.7.307) with the E-ins-I algorithm (Katoh and Standley, 2013). Gene trees 

were reconstructed using IQ-TREE (v.1.6.10) with the substitution model chosen according 

to Bayesian Information Criterion at the ModelFinder step (Kalyaanamoorthy et al., 2017). 

Branch support was estimated with ultrafast bootstrapping with 1000 replicates (Hoang et al., 

2017). 

 

4.4.2 Inference of HGT events 
 

Reconstruction of duplication, loss and HGT events for each gene phylogeny with a 

minimum of 4 and a maximum of 2988 sequences was carried out using Notung (v.3.0_21-

beta) (Stolzer et al., 2012). Given the rooted species tree (Mantas et al., 2021; Chapter 2), 

gene phylogenies were rooted with a duplication-loss (DL) model using default parameters 

(duplication cost of 1.5 and loss cost of 1.0). Rooted gene trees with weakly supported edges 

(i.e. bootstrap support below 75%) were rearranged with a DL model. Phylogenies were re-

rooted as before and outgroup taxa were pruned (i.e. removed). Then reconciliation between 

gene and species trees was performed using a duplication-transfer-loss (DTL) model. The 

reconciliation was carried out three times in a grid search for the optimal horizontal transfer 

cost, with a transfer cost of 4, 8 and 15 and duplication and loss costs kept as default. The 

results were averaged over all equally parsimonious optimal solutions for each transfer cost. 

For downstream analyses, we chose the transfer cost that minimised genome size flux (i.e. 

difference in genome size between parent and child nodes (David and Alm, 2011)), giving a 

transfer cost of 4 (Supplementary Fig. S1-S3). 
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Orthogroups containing 2 and 3 sequences, exceptionally large gene families (our 

orthogroups 0, 1 and 2 with 6622, 3334, and 3149 sequences each) and those for which 

inference of HGT events is temporally infeasible (i.e. when the timing constraints imposed by 

the species tree cannot be compatible with the inferred transfers; e.g. transfers from 

descendant to ancestral nodes) were excluded from the analysis (Supplementary Tables S2-

S4). 

 

A heat map summarising the total number of transfers, summed over all gene families, 

between pairs of species was generated using the seaborn package in Python (Waskom, 2021) 

(Supplementary Fig. S4-S6).  

 

4.4.3 Environmental classification 
 

We devised four binary ecological classifications for the 130 cyanobacterial species, based on 

information present in the literature and reliable online sources (e.g. NCBI’s BioSample 

database (https://www.ncbi.nlm.nih.gov/biosample), Catalogue of Microorganisms of the 

Biological Resource Centre of Institute Pasteur (https://catalogue-crbip.pasteur.fr) and 

Microbial Culture Collection at the National Institute for Environmental Studies (NIES 

Collection) (https://mcc.nies.go.jp) (Supplementary Table S5)). 

 

We classified species by whether they inhabited “extreme” versus “non-extreme” habitats, in 

three different ways (classifications available in Supplementary Table S6); and whether they 

inhabit “aquatic” versus “terrestrial/variable” habitats (Supplementary Table S7). Given the 

difficulty in decisively assigning species to “extreme” versus “non-extreme” environments 

(Horikoshi et al., 2010), three binary classifications were created: “clearly extreme” versus 

“non-extreme”; “likely extreme” versus “non-extreme”; and “ambiguously extreme” versus 

“non-extreme”. “Clearly extreme” includes species inhabiting indisputably extreme 

environments, such as hot springs, desert crusts, alkaline lakes and surface rocks in 

Antarctica. “Likely extreme” is a superset of “clearly extreme”, also including species 

inhabiting environments including intertidal regions, soil samples and other habitats subject 

to diurnal, wide variations in temperature, UV radiation, humidity and salinity. 

“Ambiguously extreme” is a superset of “likely extreme”, also including species inhabiting 

environments that could be considered extreme but where details are lacking in order to make 

a clearer decision (e.g. the gut of Culex decens and samples from sewage plants). Within each 
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of these three classifications, “non-extreme” encompassed the remaining species, hence the 

size of this category varied. However, in all classifications “non-extreme” included species 

inhabiting mesophilic, benign environments, such as freshwater lakes and marine habitats. 

 

For the classification “aquatic” versus “terrestrial/variable”, species taken from water 

samples were classified as “aquatic”; species living in soil or heterogenous environments 

(including intertidal regions, bogs, marshes) were classified as “terrestrial/variable” 

(Table 1). 

 

Table 4.1. Cyanobacterial species classification based on isolation source. 130 
cyanobacterial species were classified according to the environment inhabited: extreme 
versus non-extreme and terrestrial/variable versus aquatic. See Supplementary Table S5 and 
Chapter 1, Fig. 1 for details regarding each species isolation source and geographic location.  
 

 

4.4.4 Statistical analysis 
 

For the comparison of HGT events, for each species the sum of gene transfer events to the 

species (recipient events) and from the species (donor events) was used (i.e. total events) 

(preliminary statistical analyses conducted on recipient events only showed similar trends and 

statistical significance). After transformation (see below), this formed the dependent variable 

in statistical analyses, in which the binary classification of species was the independent 

variable. Rather than explicitly reconstruct ancestral habitats, we used a phylogenetic cross-

species comparison of extant species. 

 

Species counts: extreme versus non-extreme environments 

 Extreme Non-extreme 

Clearly extreme 25 105 

Likely extreme 55 75 

Ambiguously extreme 60 70 

Species counts: terrestrial/variable versus aquatic environments 

 Aquatic Terrestrial/Variable 

90 40 
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Preliminary analyses were conducted using nonphylogenetic linear models implemented 

using the lm function in R, to select a transformation (logarithmic, square-root, cube-root or 

Box-Cox) of total HGT event data to increase the normality of residuals and homogeneity of 

variance for downstream analyses (Supplementary Fig. S7-S9, Table S8). Subsequent tests 

for statistical significance were performed on the square-root transformed data using the 

continuous random walk models of BayesTraits (v.3.0.1) (Pagel et al., 2004) to implement 

phylogenetically corrected t-tests for the four species classifications (Gardiner et al., 2008; 

Organ et al., 2007). 

 

For each classification (i.e. “clearly extreme” versus “non-extreme”; “likely extreme” versus 

“non-extreme”; “ambiguously extreme” versus “non-extreme”; and “aquatic” versus 

“terrestrial/variable”), initial BayesTraits analyses were performed to select the parameters to 

include in the model. Uncorrelated and correlated models were fitted to the species 

phylogeny and total HGT data for extant species, differing in one free parameter: whether the 

correlation is constrained to zero (uncorrelated) or fitted to its maximum likelihood value 

(correlated). In each case (uncorrelated and correlated), all possible sets of tree 

transformation parameters k, l and d (Pagel, 1994, 1997, 1999a) were used – that is, no 

transformation; k alone; l alone; d alone; k and l simultaneously; k and d; l and d; and k, l 

and d simultaneously. Although k, l and d  have interpretations relating to the tempo, mode, 

and phylogenetic signal of trait evolution, respectively, incomplete taxon sampling can affect 

their fitted values (Webster et al., 2003). Hence, we do not apply any biological 

interpretation. From these fitted models, the appropriate parameterisation was selected by 

Akaike Information Criterion (AIC). For “clearly extreme” versus “non-extreme”, the k 

transformation yielded the lowest AIC for both correlated and uncorrelated models; for 

“likely extreme” and “ambiguously extreme” versus “non-extreme” the k, l and d 

transformation yielded the lowest AIC for both correlated and uncorrelated models; and for 

“aquatic” versus “terrestrial/variable”, the k and l transformation yielded the lowest AIC for 

both correlated and uncorrelated models. Then for each of the four comparisons, BayesTraits 

analyses were performed to detect the direction and statistical significance of difference in 

overall HGT between the two groups. For each comparison, to ensure that the models to be 

compared were nested, the value of any included transformation parameter was restricted to a 

single value, the average of the maximum likelihood (ML) estimates from the initial analyses 

with and without correlation. For each of the four comparisons, a likelihood-ratio test (LRT) 
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(Wilks, 1938) was performed between correlated and uncorrelated models, comparing the 

likelihood ratio statistic 2Δℓ to a χ2(1) distribution to obtain a p-value (Supplementary Table 

S9-S10). 

4.5 Results and discussion 
 
As known from previous studies (Zhaxybayeva et al., 2006), our results confirm that HGT 

occurs across the cyanobacteria (Supplementary Fig. S4-S6). As has been described in other 

bacterial species, HGT events in cyanobacteria appear to be most common among closely 

related species (Kloesges et al., 2011) (Fig. 1; Supplementary Fig. S10). 
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Overall, we find no association between the prevalence of HGT and extreme or terrestrial 

habitats. Phylogenetically-corrected statistical tests of extant species suggest that HGT is less 

frequent in extreme environments, irrespective of the classification details, though with little 

or no statistical significance (Table 2; Supplementary Table S10). The only statistically 

significant result at the traditional cut-off (p < 0.05) is for the test of “clearly extreme” versus 

“non-extreme”. However, the statistical significance is borderline (p = 0.021) and becomes 

non-significant if a Bonferroni correction is applied for running four statistical tests (i.e. p > 

0.013). Terrestrial species or species living in variable habitats did experience more HGT 

than aquatic species, but without statistical significance (p > 0.05), even before adjustments 

for multiple testing (i.e. Bonferroni correction) (Table 2).  

 

Table 4.2. Phylogenetically corrected statistical tests for non-equality of HGT extent 
between two groups. The environments compared are shown, along with the numerical 
encoding of the two categories. r is the correlation coefficient estimated using the correlated 
model in BayesTraits. The likelihood ratio statistic,	2Δℓ, was converted to a p-value by 
comparison with a 𝜒!distribution (1 d.f.).  
 

Comparison r 𝟐𝚫𝓵 p 

Clearly extreme (1) versus non-extreme (0) –0.120 5.286 0.021 

Likely extreme (1) versus non-extreme (0) –0.057 0.429 0.512 

Ambiguously extreme (1) versus non-extreme (0) –0.027 0.091 0.762 

Terrestrial/variable (1) versus aquatic (0) +0.038 0.190 0.663 

 

Our findings are in contrast with previous studies that reported more frequent HGT in 

extreme/terrestrial environments (Chen et al., 2021; Li et al., 2014). Our analyses were 

carried out in cyanobacteria, allowing for direct comparison with the recent study of Chen et 

al. (2021). One possible reason for the difference in results may be statistical methodology. In 

the case of our HGT counts from Notung, the same data give different conclusions depending 

on whether the phylogeny is incorporated into the statistical test or not. When conducting our 

preliminary analyses of normality of residuals using linear models in R, we did not use the p-

values to draw biological conclusions, because these ignore non-independence among related 

species. However, we note that these preliminary results (ignoring the lack of independence 

among closely related species) contradict our final results, which do take the phylogeny into 

consideration (Supplementary Fig. S7-S9, Table S8). This shows that the choice of statistical 

methodology for cross-species comparisons is crucial. In general, it is known that 
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nonphylogenetic statistical methods for cross-species comparison can lead to misleading 

claims of statistical significance (Freckleton, 2002; Hernandez et al., 2013). 

 

One argument in favour of high HGT in extreme or terrestrial environments is that 

extremophiles tend to form densely-packed biofilm communities (Marks et al., 2012), known 

to facilitate HGT (Molin and Tolker-Nielsen, 2003). However, biofilms also occur in 

mesophilic, aquatic niches (Aminov, 2011; Whitton, 2012). Among extremophiles, 

thermophiles are known to employ various mechanisms that prevent DNA degradation at 

high temperatures (e.g. changes in the chain length of carbon atoms present in the fatty acid 

cell membrane, higher GC content of genetic constitutes, such as rRNA and tRNA, and 

changes in protein structure, which include for example more salt bridges) and DNA from 

these species may be more likely to persist outside of the cell for longer periods of time 

(Fuchsman et al., 2017; Patel et al., 2019). Evidence suggests that HGT has been important in 

the adaptation of the cyanobacterium Thermosynechococcus to extreme environments (Cheng 

et al., 2020). However, this does not preclude the importance of HGT to adaptation for non-

extreme environments as well. Far larger numbers of species can live in non-extreme 

environments, where competition is likely to be more intense and chances for HGT are 

probably higher. Successful HGT events depend on the transfer of genetic material, the 

survival of foreign DNA in the cell and their integration via recombination, as well as their 

fixation in the population or at least their persistence over evolutionary time. Transferred 

genes can be neutral, deleterious or advantageous to the recipient. As with any changes to the 

genome, fixation is more probable when the HGT event is advantageous (Tooming-

Klunderud et al., 2013). 

 

Another challenge is determining what constitutes an extreme environment. Studies have 

varied in their definition of “extreme”. For example, terrestrial cyanobacteria have been 

classified as mesophilic by Li et al. (2014) and extremophilic by Chen et al. (2021). In fact, 

soil ecosystems are vastly heterogenous and microbiota diversity has been shown to vary 

depending on the site’s physicochemical conditions (Smiles, 1988). The rate of conjugal 

plasmid transfer in soil is contingent on abiotic factors such as soil type, temperature, pH and 

moisture (Richaume et al., 1989; Richaume et al., 1992) and biotic factors, such as the size 

and presence of microbial and eukaryotic regulatory networks (Daane et al., 1996; Parter et 

al., 2007). Whereas bulk soil (generally nutrient-poor) may impose barriers to HGT, nutrient-

rich areas (e.g. rhizosphere, phyllosphere, decaying plant/animal tissues and manure-applied 
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soil) are known as hotspots for HGT (Bjrklf et al., 1995; Lilley and Bailey, 1997; Mølbak and 

Kroer, 2007). Similarly, Fuchsman et al. (2017) have shown that species inhabiting anaerobic 

and/or high temperature environments share a large number of genes (likely due to HGT), 

however the same was not observed for species living in high salt conditions. It could be that 

HGT incidence is higher is some extreme environments, but not in others. The classification 

used in this and other studies may conceal such distinctions. 

 

In marine bacteria, the presence of plasmids has been shown to correlate with the degree of 

water pollution (Baya et al., 1986). Hence regions with higher propensity for HGT may exist 

within specific aquatic habitats, such as polluted coastal waters. Also, some organisms are 

known to be more prone to HGT than others, for example with varying levels of competence 

for transformation (Johnsborg et al. 2007). Although the importance of transduction in 

freshwater cyanobacteria remains speculative, cyanophages in marine environments are 

believed to play a key role in HGT (Zeidner et al., 2005). The most relevant types of HGT in 

cyanobacteria, whether different HGT types are preferred in extreme versus mesophilic 

environments, and which cyanobacteria are prone to which type of HGT mechanism, are all 

poorly understood. Nevertheless, to our knowledge, no studies have correlated natural 

competence with extremotolerance in cyanobacteria. 

 

Previous studies have used various methods to quantify HGT. For example, Li et al. (2014), 

dealing with metagenomic data, used transposase number as a proxy for HGT, which has 

been suggested to correlate with the frequency of transfer events (Brazelton and Baross, 

2009; Hemme et al., 2010; Li et al., 2014; Xie et al., 2011). The results of gene exchange 

studies depend crucially on the accuracy of HGT inference. HGT events can generate gene 

families with patchy phylogenetic distributions, which is the basis of a number of HGT 

inference methods in widespread use. Parallel gains and losses can also generate incongruent 

phylogenetic distributions and methods, like Notung and unlike BLAST-based approaches, 

which can not only infer, but distinguish between these events and HGT are indispensable 

(e.g. Notung can infer gene gains and gene transfers separately, whereas BLAST-based 

approaches will inform of a relationship (i.e. homology) between two genes/proteins, based 

on sequence similarity, but will not necessarily be able to discern between a gain and a 

transfer). Our study of HGT applies the explicitly phylogenetic approach of reconciling the 

gene tree with the species tree. This is an attractive strategy because the proxy or operational 

definition of HGT – a mismatch between the gene phylogeny and species phylogeny which is 
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most parsimoniously explained by transfer from one species to another – is close to the 

biological definition. It has also been argued that phylogenetic inference is the best approach 

to detect HGT events (Husnik and McCutcheon, 2018; Syvanen, 1994). On the other hand, 

our method requires a donor and a recipient within the study group (in contrast to methods 

which, for example, infer HGT from locally anomalous DNA summary statistics, such as 

dinucleotide frequencies). Reconciliation cannot detect HGT involving other taxa (i.e. HGT 

between a cyanobacterium and archaea/bacterial species). 

 

Notung infers HGT counts for ancestral states with an explicit model of gene content 

evolution (DTL), however only data pertaining to extant species were included in our 

phylogenetically corrected t-tests implemented in BayesTraits. BayesTraits implicitly makes 

its own ancestral state reconstructions – e.g. mean and variance – on the basis of extant 

species and the species tree, without an explicit model of gene content evolution. Whether 

better approaches exist for the incorporation of ancestral HGT rates merits investigation. 

Empirical Bayes ancestral state reconstructions (Pagel, 1999b; Yang, 2006) of the habitat 

could improve visualisation of the environment inhabited by ancestral species, and hence 

would make it easier to locate potential associations between the extent of HGT and the 

habitat. However, the presiding ambiguity and uncertainty regarding extant species’ isolation 

source and classification, and the fact that there are multiple different classifications of the 

environment would add to the complexity, feasibility and potential usefulness of this 

analysis. Regarding the statistical comparison of HGT events (Section 4.4.4), there is an 

argument that the use of recipient events only, instead of the total events, is more appropriate. 

This is because, in total events, each transfer is being counted twice (i.e. once for the 

recipient and once for the donor). Although this has been done for all species and 

environments (and hence does not introduce bias) and preliminary statistical analyses 

conducted on recipient events only showed similar trends and statistical significance, it 

makes the overall interpretation less clear. Analyses on the acquisition of new genes is also 

potentially more biologically relevant.  

 

Complementing our study with similar analyses in other clades, which also include a mix of 

extreme and non-extreme environments, would be an interesting future direction. Further 

research in cyanobacteria would benefit from more focused analysis of HGT, e.g. 

investigations of specific gene families and/or in a limited number of species, so that more 

precise conclusions can be drawn. Although broad analyses of 130 cyanobacterial genomes 



 113 

and thousands of gene families can provide valuable information about HGT at the phylum 

level, smaller changes at the species/gene level may go unnoticed. Moreover, given the 

dissimilarities between cyanobacterial species, both in biochemistry, physiology and 

morphology, it is likely that HGT forces act differently depending on the species involved. A 

more focused analysis, with fewer computational resources, would also enable the inclusion 

of additional (non-parametric) methods for the identification of HGT events, which would 

serve as a comparison and as an extra layer of evidence for the transfer events encountered. 

Irrespective of the methodology applied and the size of the dataset analysed, a more precise 

description of the isolate’s biotic environment (e.g. biofilm formation, phage prevalence), 

physicochemical environment (e.g. temperature, pH, UV exposure) and its optimal growth 

conditions in the laboratory are necessary for studies of this kind. Without the appropriate 

and metadata, the allocation of cyanobacterial species into discrete groups/classifications 

cannot be accomplished.  

 

4.6 Summary and conclusions  
 

We have used a bioinformatics approach to test existing hypotheses on the amount of HGT 

activity in cyanobacteria. We addressed the question of whether the quantity of HGT events 

is positively correlated with extreme/terrestrial environments by using phylogenetic 

reconciliation, which can distinguish between HGT events and parallel, loss or reversal 

events. We used a phylogenetic statistical method to test our hypotheses and we considered 

several different definitions of extreme environments. We did not find evidence of higher 

prevalence of HGT among species from extreme environments, or among species from 

terrestrial environments. We believe that testing these associations without correcting for 

phylogenetic relationships can overestimate the significance of such associations. As far as 

we are aware, phylogenetic statistical corrections were not employed in previous studies. Our 

study presents a further contribution to the current knowledge of HGT and its link to 

environmental conditions. Although this study focuses on cyanobacteria only, it would be 

interesting to perform similar studies on other prokaryotic clades. Future research will benefit 

from a more precise description of the biotic and abiotic environment of isolates and their 

optimal growth conditions. 
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Chapter 5  
 
General discussion 
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5.1 Genomic insights into the biosynthesis and 
physiology of the cyanobacterial neurotoxins 2,4-DAB 
and BMAA  

 
5.1.1 Key findings and implications of the work 
 

With the rising threat of global warming and the continuous anthropogenic damage to the 

environment, especially when it comes to the eutrophication of water systems, the increased 

frequency, duration and extent of harmful cyanobacterial blooms (HCBs) are believed to 

become an ever-growing concern in future years (Gobler, 2020; Zhang et al., 2022). HCBs 

can be caused by the uncontrolled proliferation of toxic cyanobacterial species, which 

concentration/abundance can have detrimental effects to human and animal health, also often 

causing a negative impact on regional economies (Metcalf et al., 2018; Schaefer et al., 2020). 

Nowadays, food supplements derived from cyanobacteria (commonly referred to as 

“Spirulina”) have become popular as a heath food, due to its multitude and diverse potential 

benefits. For a review of bioactive peptides from “Spirulina” see Ovando et al. (2018). 

 

Analytical studies on cyanobacteria showed that the neurotoxins BMAA and 2,4-DAB have 

been found (either together or alone) in some species (Al-Sammak et al., 2014; Krüger et al., 

2010; Rosén and Hellenäs, 2008; Violi et al., 2019). The metabolic pathways to the 

biosynthesis of these neurotoxins in cyanobacteria are currently unknown. In cyanobacteria, 

the ecological and physiological functions for BMAA and 2,4-DAB remain unspecified and 

the extent to which they are biosynthesised in these species has not been widely determined.  

 

BMAA and potentially also 2,4-DAB, have been associated with the development of 

neurodegenerative diseases, including amyotrophic lateral sclerosis, Parkinson’s and 

Alzheimer’s disease (Banack and Murch, 2009; Cox et al., 2016; Murch et al., 2004), 

however this remains controversial (Chernoff et al., 2017; Dunlop et al., 2021). If 2,4-DAB 

and/or BMAA occur at high concentrations in HCBs and in cyanobacteria-concentrated food 

supplements, people and animals living near areas of intense and recurring HCBs and those 

ingesting concentrated cyanobacterial supplements may be at higher risk of the 

aforementioned neurodegenerative illnesses. As of today, drinking water systems are not 

systematically tested for these neurotoxins and “Spirulina” producers are not legally required 

to carry out neurotoxin screening (Chorus and Welker, 2021; Holtcamp, 2012). 
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Regarding 2,4-diaminobutanoic acid (2,4-DAB), our bioinformatics results point towards its 

biosynthesis in some cyanobacterial species via the aspartate 4-phosphate pathway. In some 

cyanobacteria, the presence of 2,4-DAB transaminase and decarboxylase within NIS clusters 

suggests a physiological association with iron scavenging. Because 2,4-DAB also occurs 

within hybrid NRPS/PKS clusters, we propose that 2,4-DAB production may also be 

associated with polyamine synthesis, which itself is associated with biofilm formation and 

siderophore production. There are species in which 2,4-DAB transaminase and decarboxylase 

occur outside specialised metabolite clusters. In these cases, we hypothesise that there are 

other and, as yet, unknown physiological roles for 2,4-DAB biosynthesis. Concerning  

3-N-methyl-2,3-diaminopropanoic acid (BMAA) our results indicate that the precursor  

2,3-DAP is biosynthesised in some species via the staphyloferrin B pathway, which is also 

suggestive of a functional role in siderophore biosynthesis. The pam gene cluster from 

Paenibacillus larvae, synthesising a bound form of BMAA (paenilamicins) was not detected 

in any cyanobacterial genomes in our analysis. The pam complex was also not detected in 

searches of Paenibacillus species (other than P. larvae) and diatoms. Finally, the ability to 

synthesise 2,4-DAB and/or BMAA does not appear to be universal among cyanobacteria. 

This means that either these neurotoxins are not widespread in cyanobacteria, or that there are 

additional and yet unknown pathways for their biosynthesis. In species where there is 

bioinformatics support for 2,4-DAB and/or BMAA production, a link to specific 

environments, biochemistry or morphology is not clear. 

 

Although our bioinformatics analyses appear to rule out a pathway to paenilamicin in 93 

Paenibacillus genomes (other than P. larvae), a route to 2,4-DAB via the aspartate  

4-phosphate pathway or the ectoine pathway was evident in some Paenibacillus species. 

Paenibacillus spp. are widespread in many ecosystems, including soil and marine sediment, 

and many have been isolated from human food, such as pasteurised milk, cheese and fruit, 

and from human samples (e.g. faecal and ventricular cerebrospinal fluid samples) (Beno et 

al., 2020; Hehnly et al., 2020; Khalaf and Raizada, 2020). If 2,4-DAB was found to be a 

common neurotoxin in Paenibacillus, then in-silico identification, followed by laboratory 

confirmation, would be essential in order to determine which species are capable of 

biosynthesising this neurotoxin and why.  
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Our bioinformatics results regarding 2,4-DAB and BMAA biosynthesis in cyanobacteria 

point to a physiological role associated with siderophore production. This is suggestive of a 

potential link between neurotoxin biosynthesis and the need to capture iron from the 

environment, which is known to be vital in many cellular activities (Cunningham and John, 

2017; Sunda and Huntsman, 2015). Associations between other cyanotoxins, namely 

microcystins, and iron-scavenging have been described (Lyck et al., 1996; Utkilen and 

Gjølme, 1995). Fe(III) is highly insoluble and is typically rate-limiting for the growth of 

cyanobacteria, with many studies showing a positive correlation between cyanobacterial 

density and siderophore production (Harland et al., 2013). Although chemically and 

ecologically a difficult problem to resolve, it could be that a mechanism for providing/adding 

iron to the environment (or to cyanobacteria themselves) could lead to the cessation/reversal 

of the biosynthesis of 2,4-DAB, BMAA and perhaps of other cyanotoxins in cyanobacteria.  

 

Bioinformatically screening cyanobacterial species for 2,4-DAB, BMAA and other 

cyanotoxins would likely be of wide interest to the research community (Cordeiro et al., 

2021; Dulić et al., 2022). There are many benefits of checking for the presence/absence of 

genetic evidence for cyanotoxin production in multiple different fields. In the biotechnology, 

pharmaceutical and cosmetic sectors, bio-engineered/modified strains should be tested for 

cyanotoxin production to rule out potential health complications derived from human 

consumption or topic use of toxic products. Regarding the ecological importance of 

cyanotoxin screening, there is a growing interest in the early detection and monitoring of 

cyanobacterial species with the potential for cyanotoxin production in reservoirs for drinking 

and recreational waters, prior to toxin accumulation in the environment. This would enable 

the incorporation of preventive measures as opposed to corrective actions.  

 
5.1.2 Study limitations 
 

As with most scientific research, there are some limitations to our studies. Here, the 

limitations can be classified into (i) those derived from the data itself, (ii) those pertaining to 

the methodology used, (iii) and those related to the knowledge available.  

 

Since all analyses performed were conducted in-silico (i.e. computationally; no laboratory 

research was carried out), we were totally reliant on the quality of publicly available data. Up 

to 2018, 180 characterised cyanobacterial genomes were available in the Genome database at 
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the NCBI (https://www.ncbi.nlm.nih.gov/genome). Prior to my research, Ziying Ke manually 

selected a subset of 130 genomes based on the quality of genome assembly annotation (e.g. 

number of proteins, RNAs, genes and pseudogenes, as well as completeness of assemblies). 

Although the inclusion criteria applied was rigorous, the failure to detect some enzymes (e.g. 

aspartate transaminase: EC 2.6.1.1, aspartate kinase: EC 2.7.2.4, and aspartate-semialdehyde 

dehydrogenase: EC 1.2.1.11, cysteine synthase: EC 2.5.1.47), thought to be 

essential/ubiquitous, in some cyanobacterial species, may suggest errors in sequencing, 

assembly, genome annotation or functional annotation. This could have led to false-negative 

results, i.e. the failure to detect an enzyme relevant to 2,4-DAB or BMAA biosynthesis and 

the consequential rejection of that species as a potential neurotoxin producer. As of June 

2022, there are 705 cyanobacterial genomes in the Genome database at the NCBI. Although 

it is not expected that all genomes meet our inclusion criteria, it would be worthwhile 

repeating the analyses presented here, including the species phylogeny, so as to incorporate 

new information/species and to improve statistical power (i.e. likely more relevant in Chapter 

4).  

 

Still concerning the quality of the starting data, one issue substantially affecting our ability to 

derive clear conclusions is the widespread use of non-axenic cyanobacterial cultures. When 

non-axenic monocyanobacterial cultures or environmental samples are used for sequencing 

efforts, or for identifying/quantifying toxins, it is not possible to rule out contamination or 

that toxin production is the result of the metabolic activity of other bacteria, respectively. For 

cyanobacterial genomes derived from non-axenic cultures where bioinformatics support 

exists for either 2,4-DAB/BMAA biosynthesis, analytical tests for toxin production must be 

repeated in axenic cultures. Nevertheless, practical complications exist when using axenic 

cultures in a laboratory setting. Aside from the difficulty of obtaining pure cyanobacterial 

cultures, the deprivation of cyanobacteria from their “natural” environment (i.e. where more 

species are present) often imposes stresses on cultured isolates. These stress factors can 

complicate some molecular analyses (i.e. meaningful gene expression analyses are difficult to 

obtain since multiple stress pathways are continuously activated) and can limit culture 

viability (S. Collins, personal communication, 5 July). Despite these problems, we have 

highlighted (Chapter 2; Chapter 3; Mantas et al., 2021, 2022) the importance of research on 

axenic cultures, and urged the scientific community to only use non-axenic samples when all 

other alternatives were exhausted/unavailable (e.g. metagenomic studies). 
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The methodology employed in this study included sequence alignment, profile hidden 

Markov models (pHMMs), substrate specificity/active site identification, the reconstruction 

of gene phylogenies, among other techniques. Although rigorous quality criteria were devised 

at every step and multiple positive and negative controls were included to ensure the results 

matched our expectations (i.e. we expected to find particular amino acids at the active site of 

an enzyme, if the active site of that enzyme had been previously described to occur in that 

species), it is in the nature of pHMMs to be as good at finding remote homologs as the 

sequences included to generate the probabilistic model. To generate the best pHMMs 

possible, I have carefully and methodically selected cyanobacterial or bacterial amino acid 

sequences (in instances where cyanobacterial proteins were absent or scarce), avoided 

including multiple sequences from the same species and attempted to include, at least, as 

many sequences, on average, as PFAM (Sonnhammer et al., 1998). However, it is my 

understanding that an equally good choice of amino acid sequences could potentially lead to 

a different pHMM, which would consequentially find dissimilar homologs, with different 

statistical confidence (i.e. E-value, bit score). The same rationale can be applied to the 

reconstruction of (gene family) phylogenies (i.e. different tree topologies will be obtained 

when using different amino acid sequences). Another issue stemming from this is the fact that 

many homologs of enzymes potentially leading to the biosynthesis of 2,4-DAB and BMAA 

are very similar, and yet catalyse distinct chemical reactions. Distinguishing between such 

enzymes through bioinformatics techniques is extremely difficult and error-prone, and often 

not possible.   

 

Although the results presented here provide valuable information regarding 2,4-DAB and 

BMAA biosynthesis, testing multiple hypothesis for their production in cyanobacteria and 

alluding to their potential physiological role in these species, experimental verification (in a 

wet laboratory setting) is still crucial to derive solid conclusions. The aim of these studies 

was to find potential genetic evidence for 2,4-DAB and/or BMAA biosynthesis in 

cyanobacteria and to focus the efforts (both financially and in time) of researchers to a few 

cyanobacterial genomes only (i.e. where genetic evidence for the neurotoxins was found). 

The bioinformatics insights presented here do not replace the need for analytical 

confirmation.  

 

Our studies only found genetic evidence for the biosynthesis of 2,4-DAB and BMAA in a 

limited number of cyanobacterial species. While it could be true that these neurotoxins are 
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not produced by the majority of cyanobacteria, it is possible that there are other biochemical 

routes to 2,4-DAB and BMAA that we are currently unaware of. Although we tested an 

extensive number of genomes, not all cyanobacterial species were included in the study (e.g. 

Okeania, Brasilonema, Cuspidothrix, for example, were not included), either because there 

were no sequenced genomes available at the time or because the available genomes did not 

meet our inclusion criteria. Conclusions about the toxicologic capabilities of these species 

cannot be made on the basis of our research.  

 

5.1.3 Future directions 
 

We have provided an initial bioinformatics insight into potential pathways to 2,4-DAB and 

BMAA biosynthesis in cyanobacteria, which can lead to future experimental investigations. 

Laboratory confirmation is still crucial to confirm or disprove the genetic evidence presented 

here. Among useful laboratory experiments that should be performed, I highlight the need for 

1) enzyme expression assays to check for the activity of key enzymes involved in 

biochemical pathways potentially leading to 2,4-DAB and/or BMAA in cyanobacteria; 2) 

analytical tests for the identification and quantification of 2,4-DAB and/or BMAA in species 

shown to possess the genes needed for the biosynthesis of these neurotoxins, preferably 

through MS/MS techniques; 3) assays to check for the production of siderophores in species 

shown to be able to biosynthesise 2,4-DAB and/or BMAA; and 4) assays to check whether 

the production of such siderophores, if they exist, is correlated with iron availability and/or 

with 2,4-DAB/BMAA production in cyanobacteria. Concerning further in-silico studies, I 

believe that a tool for the genomic detection of all/most cyanotoxins is warranted and would 

meet the needs of a wide audience in the field of cyanobacterial research. 

 

5.2 In cyanobacteria, is horizontal gene transfer more 
prevalent in extreme environments? 

 
5.2.1 Key findings and implications of the work  
 

We confirmed that HGT has played an important role in the evolution of cyanobacteria. 

Similarly to what has been previously found in other bacterial species, HGT in cyanobacteria 

appears to be more common among closely related species, compared to species that have 

diverged early in the course of evolution. In our study, we found no evidence of higher 
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prevalence of HGT among species from extreme environments, or among species from 

terrestrial environments. For HGT inference, we have used the Notung software (Stolzer et 

al., 2012), which performs parsimonious reconciliation of gene trees and the species tree with 

explicit costs associated with gene gain, loss and transfer. Objectively defining extreme 

habitats is difficult and to mitigate this issue we have considered several different definitions 

of extreme environments. Unlike other studies investigating the same question, we adopted a 

phylogenetic statistical method, BayesTraits, to test our hypotheses, as we believe that testing 

these associations without correcting for phylogenetic relationships can lead to an 

overestimation of the significance of such associations.  

 

HGT is one of the main mechanisms contributing to genetic variation and evolution in 

prokaryotes (Hall et al., 2020), however knowledge regarding its frequency and mechanisms 

is still at its infancy. There is little information concerning (i) how much HGT occurs in a 

natural setting; (ii) what are the main drivers of genetic exchange; (iii) whether some species 

are more prone to (some mechanisms of) HGT and why; and (iv) the importance/impact that 

HGT has played so far in the evolution of species.  

 

Currently, many studies on prokaryotic HGT are either focused on biotechnological 

applications or the public health sector. Regarding the first, a deeper understanding of HGT 

would allow, for example, the utilisation of a species’ natural competence for transformation, 

which would enable faster, easier and cheaper exploitation for biotechnological applications, 

compared with the currently used cell-engineering efforts (Schirmacher et al., 2020). 

Nevertheless, the most well-known studies on HGT relate to the dangers of the appearance of 

multi-resistant bacteria, also called “superbugs”. “Superbugs” arise when genetic exchanges 

of antibiotic-resistant genes (ARG), usually within plasmids, occur between antibiotic-

resistance bacteria and antibiotic-susceptible bacteria, resulting in species that are resistant to 

multiple antibiotics (Malhotra-Kumar et al., 2016; Mathers et al., 2015). The rate of the 

spread of ARG by HGT, the widespread mis-use of antibiotics combined with the slow-pace 

at which new antibiotics are being discovered/manufactured have become a global challenge 

(Sun et al., 2019). It is estimated that the number of human deaths accounted for by multidrug 

resistance will increase to 10 million by 2050, surpassing the number of deaths arising from 

cancer (WHO, 2014). 
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We have introduced a pipeline for HGT inference using Notung, which performs 

parsimonious reconciliation between gene trees and the species tree, with costs associated 

with gene loss, gene duplication and gene transfer (Stolzer et al., 2012). I believe the current 

work improves our understanding of HGT events in cyanobacteria and its relation to the 

environment, and contributes to the narrative of whether or not HGT is more frequent in 

extreme habitats. The same methodological approach can be applied to other groups of 

species. It would be interesting to compare the results obtained here with those of other 

prokaryotic clades. I believe analyses in pathogenic bacteria would be especially worthwhile, 

given their relevance in multidrug resistance and global health.  

 
5.2.2 Study limitations  
 

One of the main limitations concerning this work is the patchy or complete lack of metadata 

concerning each cyanobacterial species’ isolation source, geographic location and optimal 

growth conditions (i.e. temperature, pH). This hindered the classification of species into those 

inhabiting extreme environments versus mesophilic niches and those living in aquatic versus 

terrestrial/variable habitats. It would have been interesting to investigate the differences in 

HGT amount between facultative extremophiles (i.e. species thriving in mesophilic niches, 

but that are also able to survive under extreme conditions at little or no growth cost) (Low-

Décarie et al., 2016) and extremophilic cyanobacteria, but the metadata available would often 

not allow for a clear distinction between the two groups.  

 

There are many methodological approaches for the inference of HGT events (see Chapter 1, 

Section 2.3.6), with different strengths and weaknesses. I believe that, currently, there is no 

unassailable/bullet-proof method for the identification and quantification of HGT, however 

phylogenetic approaches are believed to be the best methods available (Husnik and 

McCutcheon, 2018; Syvanen, 1994). Although the pipeline using Notung described here 

represents a robust (i.e. well-rounded and complete) technique for measuring HGT, there are 

some limitations. Notung assigns specific costs associated with gene loss (default cost = 1.0), 

duplication (default cost = 2.0) and transfer (default cost = 3.5), which can be modified by 

the user. The optimal choice of costs is a non-trivial decision as it is often not known which 

parameters are most biologically relevant. The best combination of costs may differ 

depending on the data being analysed: eukaryotic versus prokaryotic, symbiotic versus free-

living, known evolutionary history of genome expansion versus genome contraction, and 
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testing multiple parameters can be a computationally expensive task, especially for large 

datasets and low cost values. Here, we choose the cost of transfer that minimised genome size 

flux (i.e. difference in genome size between parent and child nodes (David and Alm, 2011)), 

but we do not exclude the possibility that there are other equally adequate approaches to find 

the optimal horizontal transfer cost. Moreover, when running a reconciliation in Notung with 

a duplication-transfer-loss (DTL) model, temporally infeasible trees (i.e. when the timing 

constraints imposed by the species tree cannot be compatible with the inferred transfers) are 

identified and excluded from the analysis. This could amount to a substantial portion of the 

data, which could decrease statistical power and potentially impact the ability to derive solid 

conclusions. In our analyses, increasing the cost of transfer led to a decrease in the number of 

temporally infeasible trees, however high(er) transfer costs may not always be biologically 

relevant, especially when dealing with prokaryotic data.  

 

Because Notung performs parsimonious reconciliation between gene tree-species tree, HGT 

events can only be inferred for species contained in the species phylogeny. Thus, this study 

provides no information regarding HGT events that may have occurred between other 

prokaryotic clades (and even eukaryotes) and cyanobacteria. Although such information 

would undoubtedly be useful, this would certainly entail much larger datasets and 

computational resources.  

 

Finally, there is limited ability to cross check our results with those of different research 

groups. As previously mentioned, studies analysing the links between the frequency of HGT 

and environmental factors are scarce (Chen et al., 2021; Gophna et al., 2015; Goyal et al., 

2020; Li et al., 2014). Among the available studies, there is a wide discrepancy between (i) 

the type of data being analysed (e.g. metagenomics data versus whole-genome sequencing 

data); (ii) the methodological approaches employed (e.g. theoretical models, BLAST-based 

approaches, among others); (iii) the statistical methods used to test for correlation (e.g. non-

phylogenetic versus phylogenetic corrected tests); (iv) the taxa/number of taxa included in 

the study; and (v) how species are classified according to the environment inhabited (e.g. 

disagreements between terrestrial habitats being considered extreme versus benign).  
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5.2.3 Future directions 
 

In this study, I have analysed the frequency of HGT events within the cyanobacteria phylum. 

This is a novel and interesting approach, as it enables a broad understanding of the extent of 

genetic exchanges in cyanobacteria, and the role that it played in shaping cyanobacterial 

evolution. However, given that the whole genomes of 130 cyanobacterial species were 

analysed, specific details about HGT events in a particular species or in a gene family may 

have gone unnoticed. Most studies concerning HGT in cyanobacteria are focused on the 

analysis of a smaller group of species and/or genes (Bolhuis et al., 2010; Tooming-Klunderud 

et al., 2013; Watanabe and Horiike, 2021). I believe that a more targeted approach (i.e. 

analysing a few gene families or species of interest) in cyanobacteria would be valuable, with 

the added benefit of potentially faster analyses and fewer computational resources needed.  

 

5.3 Concluding remarks 
 

This thesis presents the results of multiple comparative genomics analyses in 130 

cyanobacterial genomes, applied to neurotoxin biosynthesis prediction and HGT inference. 

The bioinformatic techniques applied here enabled conclusions regarding BMAA and  

2,4-DAB biosynthesis in cyanobacteria, and should serve as a starting-point for future 

analytical experiments concerning the production of these neurotoxins by cyanobacterial 

species. We present a pipeline for HGT inference that has contributed to the current 

knowledge of the association between genetic exchange and the environment. This pipeline 

can be applied for different taxa, including pathogenic bacteria.  

 

I believe the use of comparative genomics techniques allow for powerful analyses on large 

datasets that enable conclusions concerning evolution, whether at the phylum, species and 

gene level. Comparative genomics tools allow investigation into gene function/annotation 

and adaptations over time, essential to understand the complexity of life on Earth. There is an 

ever-increasing number of sequenced genomes and databases that harbour genomic data are 

becoming progressively larger. However, generating data is not sufficient. There is a pressing 

need for people and tools to make sense of this information. The work presented here is the 

result of a collaboration between bioinformaticians, microbiologists and chemists, and I 
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believe the interdisciplinarity nature of these projects is what allowed the advancement in the 

field and what made this research so original and special.  
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Appendix A  
 

Supplementary material for Chapter 2  
 
 
Supplementary data to this chapter can be found online at the University of Edinburgh's 

DataShare repository, https://doi.org/10.7488/ds/3057. 

 

Ziying Ke performed the reconstruction of the cyanobacterial species phylogeny (Section 

S6), including genome selection (Section S4) and orthogroup prediction (Section S5). 

 

Appendix B  
 

Supplementary material for Chapter 3  
 

Supplementary data to this chapter can be found online at the University of Edinburgh’s 

DataShare repository, https://doi.org/10.7488/ds/3270.  

 

Appendix C  
 

Supplementary material for Chapter 4  
 
Supplementary data to this chapter was submitted to DataSync as a separate online 

supplement along with the thesis (file name: “Supplementary_materials_HGT”).  

 

Ziying Ke performed the orthogroup prediction (Section S1). 

 


	Cover Sheet.pdf
	MJQM_PhD_thesis_corrected_2023_01_05_Redacted.pdf



