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ABSTRACT

Cyanobacteria played a pivotal role in shaping Earth’s early history and are key players in many
important ecosystems. As versatile prokaryotic phototrophs, they are models for the evolution of
oxygenic photosynthesis, nitrogen fixation, circadian rhythms and symbiosis. Cyanobacterial genomes
and metagenomes exhibit high levels of genomic diversity within and across species, partly caused by
gene flow in the form of recombination and horizontal gene transfer. We review current knowledge
about these processes in terms of molecular mechanisms, barriers to gene flow, and selection for novel
traits, with a focus on auxiliary metabolic genes. We evaluate the effect of gene flow at
macroevolutionary scales when key functions emerged, and at micro-evolutionary scales where
populations adapt to local conditions. Unraveling the dynamics and mechanisms of gene flow is needed
to understand key functional innovations in the phylum, to leverage them in synthetic biology and to
predict their future adaptation to climate change.
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1. INTRODUCTION

1.1 A brief history of the role of Cyanobacteria in Earth’s History

Somewhere between 2.1 and 2.5 billion years ago the Earth's atmosphere began changing irreversibly
from a reducing to an oxidizing atmosphere. This change was caused by oxygen released by the water-
splitting photosynthetic activity of the ancestors of modern-day Cyanobacteriota (61, 122) and had a
profound effect on the natural history of the planet (87, 88). Cyanobacteriota, in addition to being the
only known phylum with oxygenic photosynthetic activity, are one of the few bacterial phyla which have
left fossil records and biosignatures of their activity, going back ~3 billion years. This data has been used
to develop scenarios of the emergence of the major cyanobacterial groups and their potential impact on
biogeochemical cycles, although inconsistencies between geological records and genomic data remain
(118).

Another pivotal event in Earth's history was the integration of a cyanobacterial endosymbiont into a
eukaryotic host about a billion years ago, giving rise to plastids in the green lineage and diverse algal
groups which resulted in the emergence of modern day plants (111, 127). Today, the plant kingdom
accounts for more than eighty percent of the planet’s biomass (7). As a consequence, Cyanobacteriota
have been referred to as “Earth's microbial heroes” (75) and “among the most important organisms ever
to have evolved on our planet” (118). Arguably, Cyanobacteriota had an outsized impact on the natural
history of the Earth. Yet, our understanding of how genomic diversity is generated and maintained is
fragmentary. We present current knowledge about horizontal gene transfer (HGT) and recombination in
terms of molecular mechanisms, barriers to gene flow, selection for novel traits, with a focus on
auxiliary metabolic genes. Challenges in evaluating the role of gene flow in evolutionary history and
diversification in different ecosystems are presented.

1.2 Key features of Cyanobacteriota

The phylum Cyanobacteriota comprises a large, monophyletic, morphologically diverse group of Gram
negative bacteria (124, 133, 141). Their photoautotrophic lifestyle and ability to withstand
environmental extremes has enabled them to thrive in almost every terrestrial and marine environment
where light is available for photosynthesis. For instance, marine cyanobacteria may be responsible for
as much as 25% of the net primary productivity in the oceans (41). In addition, several species (both
unicellular and filamentous genera) fix atmospheric nitrogen in diverse environments (162). Thus,
Cyanobacteriota play an important role in both carbon and nitrogen biogeochemical cycles. They are
symbiotic partners with plant or animal hosts, providing both fixed carbon and nitrogen (28, 42, 96). It
has been estimated that between 40 and 80% of bacterial cells exist within biofilms, where the
likelihood of HGT and recombination events may be greater due to the high density of cells within an
extracellular matrix (40). It is important to emphasize that in many environments, Cyanobacteriota
evolve and interact as keystone members of microbial communities or biofilms with the ability to
donate or take up exogenous DNA. These biofilms are present in diverse environments such as microbial
mats in thermal springs, freshwater and hypersaline lakes, polar habitats, desert crusts (46, 64, 126,
134).
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1.3 Assessing the role of gene flow in Cyanobacteriota in a post-genomic era

Gene flow plays a crucial, but sometimes underappreciated role, in adaptive evolution of many bacterial
phyla (5, 15). Until recently, only a few genomes of model organisms from phylogenetically widely
separated cyanobacterial genera were available (34, 124). To set the stage, we used standard tools and
a subset of available complete genomes of Cyanobacteriota to highlight features such as genome size
and molecular/structural features that are relevant to gene flow, such as Type IV pili (T4P), plasmids,
prophages, and conjugative and mobility systems (Figure 1).

The phylum Cyanobacteriota exhibits a wide range of genome sizes from the reduced genome of the
symbiont Candidatus Atelocyanobacterium thalassa (1.4 Mb) to the 12.4Mb genome of the filamentous,
heterocyst forming Calothrix sp. PCC 7716. This represents a difference in gene repertoires of almost an
order of magnitude. In Bacteriota, genome size variation is usually attributed to a balance between gene
gain by HGT or gene duplication, subfunctionalization and gene loss. HGT is considered to be far more
important than gene duplication in shaping bacterial gene repertoires (143, 144). In Cyanobacteriota,
certain features are almost universal such as the presence of T4P (missing in the highly reduced
genomes of symbionts). In contrast, other characteristics, such as the presence or absence of plasmids
are patchy, which may be a function of incompletely curated datasets. Figure 1 also highlights that
certain clades and genera are overrepresented in current datasets, e.g. the marine Synechococcus and
Prochlorococcus clades or multiple re-sequenced variants of a model organism such as Synechocystis
PCC6803. In contrast, close variants of species that are co-evolving in the natural environment are less-
well represented. However, we anticipate a rapid increase in the number of complete cyanobacterial
genomes, single cell amplified genomes (SAGs), metagenomes, and metagenome-assembled genomes
(MAGSs) of microbial communities from diverse habitats. In conjunction with improved sequencing
platforms, development of refined annotation and computational pipelines, visualization tools (e.g.
anvi’o) these datasets will be crucial to identify gene flow in natural populations (3, 37, 147).

2. MOBILE GENETIC ELEMENTS AND MECHANISMS DRIVING GENE FLOW

The set of mobile genetic elements (MGEs) in an organism that supports gene flow within the genome
or across species is called a ‘mobilome’. Recognizable MGEs such as plasmids, transposable elements,
and bacteriophages, are present in almost all (cyano)bacteria. The exceptions include the reduced
genomes of endosymbiotic species and the minimal genome of A. thalassa. Gene flow in bacteria occurs
by a multitude of mechanisms of which the three most common are natural transformation, conjugation
and transduction (32). Exogenous DNA can be incorporated into the genome by two pathways. If the
DNA is homologous to the recipient genome, then genetic exchange occurs by the process of
homologous recombination and results in gene conversion and allelic exchange, which is usually
restricted to gene flow between closely related genomes. If the DNA entering is non-homologous to the
host genome, it can remain in the cell as an extrachromosomal element (plasmid), or be integrated into
the genome using a site-specific recombinase (usually integrases). Both processes may result in the
addition of novel genes that could alter host fitness or accelerate its ability to occupy new ecological
niches.
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2.1 Natural transformation

Natural transformation is the best described process of gene flow in Cyanobacteriota. It requires
recipient bacteria to be in a ‘competent state’ i.e. express the ability to take up DNA. Natural
transformation in Cyanobacteriota was first reported in 1970 and has been experimentally observed in
several unicellular and filamentous genera (for reviews see (119, 154)). Transformation is a multi-step
process (32) that generally requires a Type IV pilus (T4P). The first step involves attachment of free
extracellular DNA to a retractile T4P that brings it closer to the cell surface. Most cyanobacterial
genomes encode components of a T4P (27) (Figure 1), with the exception of genera that have
streamlined or reduced genomes, such as endosymbionts or marine unicellular Prochlorococcus sp.
(119). T4P is composed of one major structural pilin and minor pilins, some of which might be involved
in binding DNA (See Table 1 in (119) for details). In Cyanobacteriota, T4P are multifunctional entities
required for natural transformation in addition to surface-dependent motility, phototaxis, cell adhesion,
biofilm formation and secretion (23, 95). How these multiple roles of T4P interact and affect
transformation efficiency has not been explored extensively.

The second step of transformation typically requires the DNA transport across the cell envelope and
involves a periplasmic DNA binding protein (ComEA) with nuclease activity and a membrane channel
(ComEC). Subsequently, a membrane-associated protein, ComF, presents single stranded DNA to the
recombination machinery (32). Competent cyanobacteria encode all the three key proteins (119). In the
final step, DNA is targeted by the homologous recombination machinery for incorporation into the
genome. Most cyanobacteria encode the minimal set of functions required for homologous
recombination and alternative paths have been identified (8) (99) but so far, detailed biochemical
characterizations are limited. In the fast-growing non-transformable strain Synechococcus elongatus
UTEX 2973, introduction of an exogenous pilN gene restored natural competence (155). In Synechocystis
sp., transformation can contribute to the transfer of small cryptic plasmids (100). In S. elongatus PCC
7942, the active prokaryotic Argonaute nuclease, SeAgo, was found to reduce natural transformation
and prevent maintenance of RSF1010 replicons, suggesting that it may act as a defense system to
prevent HGT (136). Natural competence in filamentous cyanobacteria is less well documented and it was
suggested to be less common than in unicellular cyanobacteria but no systematic study of this group has
yet been carried out (98, 99, 119). In summary, the machinery of natural transformation in
Cyanobacteriota has many characteristics in common with other competent bacteria but features that
may be specific to Cyanobacteriota or how transformation impacts genetic diversification and the
acquisition of novel genes is not well-documented.

2.2 Conjugation

Conjugation is driven by two types of MGEs: conjugative plasmids and integrative conjugative elements
(ICEs), also called conjugative transposons. Conjugation requires an origin of transfer (oriT), a relaxase
and a Type |V secretion system (T4SS) to transfer ssDNA between cells that are in direct contact. The
process starts when the relaxase interacts with the oriT, making a single strand nick and attaching to the
nicked strand. Next, the nucleo-protein complex is transferred by the T4SS to the recipient cell. At the
end of the transfer, DNA ligation and replication reconstitute a copy of the element in both the donor
and recipient cells. In Cyanobacteriota, early studies reported the presence of plasmids that were of
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various lengths (some as large as ~400 kb), and some carried several genes such as toxin-antitoxin
systems or CRISPR-Cas modules (59, 114). Conjugation systems of Cyanobacteriota were identified
almost forty years ago (78) and several families of relaxases (47) and key components of the T4SS (53)
were identified in the genomes of Cyanobacteriota. Cyanobacteriota are unusual in that they have many
more predicted conjugative plasmids than ICEs (54). Despite this, to the best of our knowledge, genetic
engineering of Cyanobacteriota is generally carried out using conjugation systems derived from
Proteobacteria (76)(36). Phylogenetic studies indicate that cyanobacterial conjugation systems are
evolutionarily very ancient, being amongst the first to diverge from those of other phyla (52). This
implies that our knowledge of cyanobacterial systems, e.g. whether they have narrow or wide host
range, whether they can mate in liquid or only on solid surfaces, and whether they require receptors on
recipient cells, requires further investigation.

The requirement for direct cell-cell contact for conjugation and the fact that conjugative pili formed
between cells can be easily disrupted by agitation suggest this mechanism may be more efficient for
DNA transfer within stable structured communities, such as biofilms. Interestingly, almost a third of the
Cyanobacteriota genomes carry mobile genetic elements that encode a relaxase and are thus potentially
mobilizable by conjugation (Figure 1). A recent survey suggests that Cyanobacteriota may be a
significant environmental reservoir for antimicrobial resistance which could have a potentially negative
effect on the environment. It remains to be determined if native cyanobacterial conjugation systems can
mobilize these genes into other phyla. In Proteobacteria and Firmicutes, conjugation has been shown to
play a key role in the transfer of traits such as those that confer antibiotic resistance (140, 157).

2.3 Transduction and the role of cyanophages

Bacteriophages are viruses that infect bacteria and are ubiquitous in nature. Phages that infect
cyanobacteria are sometimes referred to as ‘cyanophages’. Cyanophages are frequently from the Class
Caudoviricetes, and have one of the three most common morphologies: cyanomyovirus (contractile
tails), cyanosiphovirus (long non-contractile tails), and cyanopodovirus (short non-contractile tails) (for a
recent review see (50) Cyanobacteria can be infected by virulent or temperate phages. Both types
undergo a lytic cycle causing cell lysis and release of phage progeny. However, temperate phages can
integrate their genome (‘prophage’) into the bacterial genome (‘lysogen’). Most prophage functions are
silenced until a physiological or environmental signal induces the lytic cycle resulting in phage replication
and cell host lysis. Prophages have been identified in diverse Cyanobacteriota, but there has not been a
recent systematic analysis of their frequency in available cyanobacterial genomes (90). Our exploratory
analyses of cyanobacterial genomes reveals that ~25% of genomes carry prophages (Figure 1), a fraction
that might increase as more environmental isolates or metagenomes are characterized and novel types
of phages are discovered. Hence, the impact of lysogeny in natural environments can be significant, but
remains unexplored. In other phyla, prophages have been shown to endow bacteria with traits that have
adaptive value such as virulence factors, defense systems and metabolic functions (22).

Phages can also transfer (or ‘transduce’) fragments of host bacterial DNA into a recipient cell, by
homologous recombination (142). This may be the result of imprecise excision of the prophage from the
host (‘specialized transduction’), or from prophage replication that occurs before excision from the
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chromosome (‘lateral transduction’), or from packaging random pieces of the bacterial genome
(‘generalized transduction’). Systematic studies of transduction are mostly limited to marine
cyanobacteria where a model system for infection has been established (161). For example, in
Prochlorococcus, it was shown that myoviruses mispackaged host DNA at a low frequency, while growth
light intensity had a large effect on mispackaging frequency in podo- and siphoviruses (79). Recent
research has identified MGEs, called ‘phage satellites’ that can be packaged at high frequency into viral
particles to be transferred by transduction (at the cost of exclusion of the phage genome).
Prochlorococcus carries a large and diverse subgroup of phage satellites, called ‘tycheposons’ (55). They
do not seem to include cargo genes and their impact on the host remains to be determined. Of note,
other tycheposons do not seem to be phage satellites and could be novel types of MGEs. Transduction
allows the transfer of bacterial DNA in particles that can disperse across long distances, especially in
aquatic environments. This could be key to diversification of planktonic cyanobacteriota which are
usually at low concentrations in the ocean (11).

2.4 Mobile genetic elements

In addition to MGEs, such as phages and conjugative plasmids that are able to transfer autonomously
between cells, many other MGEs, such as transposons and insertion sequences (IS), drive intra-genomic
mobility. Their capacity to translocate or transpose genetic material within genomes can alter gene flow
by moving genes between MGEs or between these and the bacterial chromosome (for a recent review
see (153)). Transposition also results in gene duplication or gene inactivation that affects host fitness. IS
insertions can create mutations that have negative or positive effects by contributing to host adaptation
or by regulating neighboring genes by acting as a promoter (137). A comprehensive study of MGEs
across Cyanobacteriota would be instructive since our analysis suggests that they are frequent in
lineages with large genomes (Figure 1). Next, we highlight a few examples from the best studied
systems.

Early studies reported that the bloom forming colonial Microcystis aeruginosa NIES843 had a high
abundance of IS elements (~ 11% of the genome) (44, 82). Similarly, the colonial cyanobacterium
Woronichinia naegeliana WA131 from a freshwater lake that has periodic toxic cyanobacterial blooms,
has a genome size of 7.9 Mb, that is larger than other bloom-forming unicellular cyanobacteria, and
which has been attributed to its high number of ISs and pseudogenes (31). Because Microcystis and
other toxic bloom forming cyanobacteria are often health hazards in water bodies, they have been
extensively analyzed for the presence and acquisition of toxin producing gene clusters via HGT and the
role of recombination. Cyanobacterial blooms are increasing worldwide, so it is an area of active
research that we cannot review adequately here. We refer the interested reader to these excellent
reviews and references therein (29, 30, 159).

Another microbial community that has been intensively studied are the stratified biofilms in hot springs
where phototrophs such as cyanobacteria, chloroflexi and other heterotrophs adapt to extreme
conditions such as high temperatures and low nutrients (74, 134) (Shelton et al in review ISME). For
example, genomes of two related thermophilic unicellular genera, Synechococcus OS-A and
Synechococcus sp. OS-B’ were shown to have a high level of genomic rearrangements and
recombination (10, 116). Consistent with this finding, they had a high abundance of ISs (between 71 and
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82 full-length ISs). A comparison of the genomic locations of IS elements in these two genera with a
metagenomic dataset derived from the same community indicated that there was ongoing exchange of
the IS elements between the Synechococcus genera (97). A comparative analysis of the Synechococcus
0OS-A and Synechococcus sp. OS-B’ genomes also provided specific examples of HGT events. The
Synechococcus sp. OS-B’ genome (but not Synechococcus 0S-A) had acquired a ~8Kb DNA module, with
multiple genes that encoded a phosphonate lyase and a transporter (Phn operon). It was experimentally
demonstrated that acquisition of this module allowed them to grow on phosphonate as a sole P source
(2). The acquisition of the Phn operon by HGT has also been observed in the marine N-fixing
Trichodesmium sp. (35). Even though, in these cases, the donor bacteria and transfer mechanism were
not established, this study emphasizes that expanding our knowledge to a variety of diverse
environments may yield new insights about the pervasive role of gene flow. The Synechococcus
genomes also showcase another interesting variation on the dynamic acquisition of traits.
Synechococcus OS-A has acquired a complete urease operon, which is flanked by transposons,
suggestive of a HGT event. The urease operon would allow cells to import urea and use it as source of N
and C. The genome also has a second urease operon but appears to be rendered non-functional by
transposons and frameshift mutations. This second urease was the only urease identified in the
Synechococcus sp. OS-B’ genome (10) (Figure 2). These examples highlight that transposons can be
powerful mediators of adaptive evolution (93), allowing microbes to acquire new traits, increase fitness
and occupy new nutrient niches (145) (H.Subramaniam et. al., unpublished). We anticipate that in the
future many other such examples will be uncovered leading to a broader understanding of the ‘rules’
that govern the frequency, mechanisms and stability of HGT events.

Recently, Cyanobacteriota have been shown to have a rich reservoir of diverse CRISPR-associated
transposons which are Tn7-like elements associated with Type | CRISPR-Cas systems. It has been
suggested that these elements may play a role in targeting transposition, although the molecular details
are yet to be worked out in detail in Cyanobacteriota (62, 63, 107). In summary, MGEs play an
important role in cyanobacterial communities that grow in extreme environments or in rapidly growing
toxic algal blooms, but further studies are required to build a predictive understanding of their role in
the evolution, particularly as microbial communities adapt to climate change.

3. FACTORS SHAPING GENE FLOW
Several features of the host and the environment can influence gene flow and its outcomes. Some
examples include (i) the requirement to overcome host cellular barriers (the cell envelope and a variety
of defense systems), or (ii) the need for ecological or physiological opportunities for productive transfer
of genetic material, or (iii) the role of natural selection in stabilizing acquired genes or traits conferred by
auxiliary metabolic genes. However, it is worth noting that even after a successful HGT event, DNA can
be lost from the population for a variety of reasons, e.g., (i) if it is not advantageous to the host, (ii) if it
cannot be stably maintained, (iii) is not or poorly expressed or (iv) is too costly to maintain. The dynamic
features of HGT shape the rate of acquisition and maintenance of novel traits but so far they have been
difficult to capture or quantify. Deep sampling of microbial populations, in conjunction with time-
resolved or spatial metagenomics can help distinguish the contribution of drift, natural selection, and
genetic instabilities in the success of HGT events. Some of these features are likely to be common across
most bacteria. Interestingly, in Cyanobacteriota, the circadian clock also appears to play a role in gene
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flow. This suggests that in phototrophs that must withstand harsh conditions such as excess absorption
of excitation energy and UV radiation, additional layers of control and regulation may be important and
unique.

3.1 Barriers to gene flow

The environment of the host can have a significant impact on the success or failure of HGT. For example,
transformation requires stable, free DNA to be present in the environment as well as close proximity to
the host cell which might be more likely in a dense biofilm than in a planktonic setting. In addition,
transformable species require specific DNA uptake sequences to favor intra-specific exchanges, whereas
others regulate competence for natural transformation by quorum-sensing (4). Conjugation can take
place between very widely separated bacterial phyla but requires direct cell-to-cell contact.
Transduction is often restricted to closely related bacterial hosts encoding specific cell receptors. On the
other hand, it can occur across large geographic distances. Once DNA enters a recipient cell, it must face
the arsenal of host immune defenses. In the last few years, over a hundred novel defense systems have
been uncovered and the list is growing and we refer the reader to recent reviews (9, 48, 138). Defense
systems are often categorized as innate or adaptive systems. Innate systems are the most common,
especially restriction-modification systems that provide a generic barrier to infections by MGEs. In
contrast, CRISPR-Cas systems adapt their response to infective MGEs, through a ‘memory’ of past
infections.

A recent assessment of 182 complete genomes of cyanobacteria identified 553 defense systems of 32
different types (138). Hence, the average genome of a cyanobacterium could encode three distinct
defense systems but these estimates are likely to rise in the future with the discovery of novel systems.
The most frequently identified defense systems are the restriction-modification (146 systems) and
CRISPR-Cas (103) systems, followed by less well-known systems like Septu (39) and PARIS (34). The
impact of defense systems in cyanobacteria-phage interactions and the effect on HGT has been analyzed
in a few cases and we anticipate more examples in the future. For example, matching CRISPR spacer
arrays to genomes of extant phage populations has indicated active infection of phages of thermophilic
cyanobacterial genera (25, 51, 58). Additionally, CRISPR-Cas defense modules have been identified in
Microcystis sp. and opportunities to observe how cyanophages impact gene flow in diverse
environments, where cyanobacteria are dominant is likely to reveal new features of host-phage
interactions (see next section on Auxiliary metabolic genes).

3.2 Natural selection for auxiliary metabolic genes in MGEs

Natural selection plays an important role in the fixation of genes acquired by HGT and has important
implications in ecological studies. This has been most extensively documented in marine Cyanobacterial
populations, particularly in Prochlorococcus and Synechococcus. Auxiliary metabolic genes (AMGs)
carried by phages infecting Prochlorococcus were first identified in 2004 (81), and include host-derived
genes that play a critical role on photosynthesis. These include photosystem Il core reaction center
proteins D1 (psbA)and D2 (psbD), electron transport proteins, plastocyanin (petE) and ferredoxin (petF)
and a high-light-inducible protein (hli). These findings led to the hypothesis that AMGs permit the host
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to survive longer, post-infection, thereby favoring phage reproduction. Several follow-up studies were
conducted and we refer the reader to excellent reviews (11, 24, 55, 65, 110).

The repertoire of potentially important AMGs in cyanophages has been expanded by the improvement
of metagenomic and viromic analyses (148). Genome sequences of phage isolates representing major
cyanophage clades, infecting different cyanobacterial genera, and isolated from different environments
(e.g. freshwater, lakes with toxic blooms, marine) are now available (86, 110, 139, 165). One bottleneck
in the field is the lack of experimental systems to verify the roles of AMGs. It is also possible that AMGs
benefit the phage as well as the host. A recent survey of 153 cyanophage genomes used homology-
derived functional assignments to identify AMGs involved in photosynthesis, carbon metabolism,
methylation, phosphorus metabolism and gene expression regulation (148). Of these, the forty-five
commonly observed AMGs likely to play a role in host metabolism have homologs in cyanobacterial host
genomes, suggesting that they were recruited from host genomes by a process of HGT.

Most AMGs identified in cyanophages encode proteins with a role in photosynthesis or energy
metabolism, with the potential to augment or control the infected host’s photosynthetic activity.
Several cyanophages carry tRNAs that might facilitate protein synthesis and there are reports of
cyanophages carrying up to 15 tRNAS (86). Phages belonging to the Myoviridae, which usually have
larger genomes, tend to carry multiple AMGs (115). Several cyanophages infecting filamentous
Pseudanabaena sp., a species associated with cyanobacterial blooms in freshwater lakes were shown to
have several known AMGs, including a complete queuosine modification pathway (queuosine
modification of tRNAs is believed to modulate translation) (166). One of these phages shows significant
similarity to an alpha-proteobacterial phage, suggesting an extremely unusual phage-mediated
interphylum horizontal gene transfer between cyanobacteria and alphaproteobacteria.

An analysis of phages across bacterial hosts revealed that lifestyles (virulent versus temperate) are likely
to be the most important driver of AMG distribution, but habitat and host identity also play a role. For
example, it has been suggested that there are fewer AMGs in cyanophages from eutrophic waters (68).
Virulent phages exhibit greater AMG diversity and carry genes for photosynthesis, chaperone
biosynthesis, signaling proteins, and lipid metabolism, which could boost host burst size. On the other
hand, temperate phages tend to carry AMGs that favor host survival. A similar analysis carried out
specifically for Cyanobacteriota phages from various environments could reveal other patterns of AMG
acquisition.

3.3 The circadian clock in Cyanobacteriota controls gene flow

The Cyanobacteriota circadian molecular clock controls many endogenous rhythms including gene
expression and cell cycle (38). This circadian rhythm impacts gene flow via natural transformation and
phage transduction. Although some cyanobacterial genera are constitutively competent for natural
transformation, in most cases, entry into competence is controlled by regulatory signals triggered by
specific environmental or physiological conditions. For example, Synechococcus sp. PCC 7002 and
Synechocystis are most competent during exponential growth (49, 160). In contrast, competence in S.
elongatus appears to be regulated by the circadian clock. Pilus biogenesis occurs in the morning, while
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natural transformation is maximal at the onset of darkness when cell division stops and DNA compaction
is maximal (135). Furthermore, some cyanobacteria are polyploid (152) which may help alleviate DNA
damage and also have mechanisms to correct damage caused by high light or UV radiation. Thus the
role of the circadian clock on natural transformation in Cyanobacteria deserves further study. It is
known that in bacteria transformation can be affected by several features, including availability of DNA
in the environment, the physiological state of the cell or the activity of cell receptors. In some bacteria,
transformation has been implicated to play a role in the DNA repair but there is no clear consensus of its
role.

The infection patterns and gene expression of some cyanophages infecting Prochlorococcus also vary as
a function of light (83). Some phages do not adsorb in the absence of light, others adsorb but do not
replicate, while others are fully functional. Under light-dark cycles, all cyanophage types exhibited
rhythmic transcript abundance, which might result from interactions between host photosynthetic
activity and the diurnal gene expression of phage genes. This might have implications for phage-driven
gene transfer in the ocean. Size fractionation of particles from the Red Sea confirmed that light-
dependent interactions are prevalent in the natural populations of phages infecting Cyanobacteriota
(60). It remains to be understood how many of these dependencies are the result of light-associated
expression of phage receptors in the cell envelope, of the physiological state of the cell, or other
unknown factors.

4. EFFECT OF HGT ON CYANOBACTERIAL EVOLUTION ACROSS DIFFERENT TIME SCALES

The range of time scales over which evolution occurs is enormous. On long time scales, major transitions
such as the evolution of photosynthesis or the emergence of eukaryotes can be separated by billions of
years, while on short time scales, prokaryotes can evolve resistance to antibiotics over a few days.
Recombination and HGT events can potentially impact evolution across a wide range of time scales, but
in most bacteria the timing and frequency of these events can only be inferred indirectly from the
genomes of current populations. Cyanobacteriota afford a unique opportunity for assessment of the
role of HGT and recombination over long time scales because some major evolutionary transitions, such
as the evolution of photosynthesis, can be corroborated with the fossil and biogeochemical record. To
take advantage of this feature, we group results from phylogenomics and evolutionary studies into three
broad categories, based on the evolutionary time scales involved: long time scales (ranging from tens of
millions to billions of years), intermediate time scales (up to a few million years, where certain bacterial
species originated), and short time scales (from days to thousands of years, where micro-evolutionary
changes within populations occur). Our intention is to present the current state of information in
Cyanobacteriota as well as point out challenges and opportunities in this area.

Most research on Cyanobacterial evolution has focused on long time scales during which core
physiological traits, such as photosynthesis and N fixation, emerged. It was initially believed that HGT
did not play an important role in these processes, but this view is being increasingly questioned by
evidence from phylogenomics (19, 121, 125, 164). On intermediate time scales, the emergence of new
cyanobacterial species and their diversification can be studied using sequences derived from current
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populations (70, 105, 116). On short time scales, within-species evolution can be studied experimentally
in the laboratory or in natural populations that have recently been established in new environments
(129). In this section, we draw from recent advances in genomic and population level approaches in four
communities where cyanobacteria are important members: hot spring microbial mats, cyanobacterial
blooms, lakes, and marine environments (Figure 3).

4.1 The impact of HGT on the emergence of novel major functions over long time scales

Early research on cyanobacterial macroevolution was driven by the discovery of microfossils with
morphologies similar to those of modern day Cyanobacteriota (121). This was taken as evidence that cell
morphology was conserved over macroevolutionary time scales and therefore, that it could be used to
infer the evolution of Cyanobacteriota. However, extensive genomic sequencing has revealed large
variation in gene content on macroevolutionary time scales as well as extensive HGT, including between
phyla that diverged hundreds of millions of years ago (6, 113, 123, 124). These results imply that most
genes have undergone many HGT events since the last common ancestor of Cyanobacteriota, making
inferences about their evolution from sequencing data alone particularly challenging. Nevertheless, a
combination of morphological, phylogenetic, and paleontological information has been used to infer the
evolution of core metabolic processes, and in particular the evolution of photosynthesis (19, 26, 39, 43,
61, 85, 101, 118, 141).

There are two main hypotheses for the emergence of oxygenic photosynthesis in Cyanobacteriota. The
first is that Photosystem | (PSI) and Photosystem Il (PSIl) evolved in an ancestral cyanobacterium via a
series of duplication and divergence events. In this scenario, current anaerobic phototrophs evolved
from these ancient Cyanobacteriota either via selective gene loss or HGT (89, 94). A second hypothesis is
that Cyanobacteriota acquired either PSI or PSII, or both, through HGT from anaerobic phototrophic
bacteria (158). Indirect support for this hypothesis comes from a recent study which found evidence of
HGT of reaction center genes within the phylum of anoxygenic phototrophs of Chloroflexi (151). This
second scenario is currently favored by most researchers (18, 39, 61, 101).

Recent evidence suggests that HGT may also have shaped other metabolic processes of
Cyanobacteriota, such as central carbon metabolism and N fixation. For instance, marine
Prochlorococcus and Synechococcus can use chitin as a supplementary C source via a chitin-degradation
pathway. Two genes in this pathway were acquired from an ancestor of the aquatic bacterium
Planctomycetes around 500 My ago (17). Similar HGT events have been observed in other phyla, such as
Chloroflexota, where two genes involved in the 3-hydroxypropionate bicycle carbon fixation pathway
were shown to be acquired horizontally from other Chloroflexi, possibly around 1 Gy ago (6, 151).
Another example involves a suggested role of HGT in the acquisition of the capacity for N fixation
capacity. Early studies proposed that the ability to fix N originated in methanogenic archaea and was
subsequently transferred to other phyla via HGT (13, 112). A recent analysis of 650 Cyanobacterial
genomes showed that N fixation is present across many phylogenetic clades with different morphologies
and habitats, suggesting horizontal transfer of this trait may be common. The same study also found a
group of Cyanobacterial genera across the phylogenetic tree that may have acquired their N fixation
genes from Deltaproteobacteria (20). Genes responsible for other metabolic processes, such as the
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transport of sulfate, phosphonate, nitrate, and nitrite were enriched in Cyanobacteriota from freshwater
and terrestrial environments (21). Many of these genes appeared to be horizontally transferred from
other genera, as shown by their unusually high sequence similarity compared to the phylogenetic
distance between the strains.

4.2 Impact of HGT in functional innovation at intermediate time scales

The role of HGT and recombination on intermediate time scales has been studied by sequencing of
Cyanobacterial populations or isolates from different environments such as hot spring microbial mats
(10, 116, 117);(71), oceans (69, 70), freshwater lakes (29, 106), soil crusts (130), and mud (131). We will
focus on four different communities: hot spring microbial mats, cyanobacterial blooms in freshwater
lakes, marine environments and soil or desert crusts (Figure 3). We summarize recent advances that
have provided insights into HGT and recombination.

Cyanobacteria are keystone members in the microbial mats of hot springs and form dense biofilms with
a variety of anoxygenic phototrophs and heterotrophs (16, 74, 134, 150). Pioneering studies of the
Synechococcus populations from Yellowstone National Park found distinct population clusters at
different temperature regions of the hot spring. These clusters diverged by ~4% in the 16S rRNA region,
with other marker genes showing considerable fine-scale diversity (91, 149, 150). Comparative analysis
of two related Synechococcus isolate genomes (Synechococcus OS-A and 0S-B’) from these hot springs
indicated that their lack of synteny and extensive mosaicism was the result of extensive recombination,
active transposable elements and HGT events, that includes the acquisition of pathways for the
metabolism of urea and phosphonate (10) (see also section on MGEs). This high genomic diversity and
phenotypic plasticity contrasts with data from human commensal bacteria, in which single samples
often reveal clonal populations (1). It also highlights the possibility of enormous untapped genomic
diversity particularly in diverse environmental communities.

Several studies suggest that genetic diversity in hot spring microbial communities cluster strongly by
geographic location because dispersal between communities after initial colonization events may be
limited (66, 103, 150, 156). The limited dispersal in these communities was recently exploited to
reconstruct an evolutionary scenario for the Synechococcus populations of the Yellowstone National
Park. It is likely that current populations descended from ancestral colonizers (117) that arrived after the
Yellowstone caldera was formed in a massive volcanic explosion around 640 Ky (116). Consistent with
this, 16S sequences from strains of Synechococcus OS-A and 0S-B’ like populations are most similar to
each other, and are clearly separated from other lineages outside North America and are not found in
hot springs from other continents (66). Sequence analysis also revealed extensive recombination (116)
and this view was recently confirmed by an analysis of over 300 single-cell genomes of Synechococcus
sp. (12) which showed that homologous recombination between species clusters was responsible for 60-
95% of the genetic variation in the population. In addition, several hundred genes were transferred
between clusters and underwent selective sweeps through the population. For example, a 23 Kb region
encoding an entire N fixation pathway with several dozen genes was reported in both species and
shown to be active in N fixation (10, 132) (Shelton et al Bioarchives)). The genomic diversity of this
region suggested that the Synechococcus OS-A like population acquired the N fixation module at some
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point after it colonized the hot springs, and therefore within the 640 Ky since the formation of the
Yellowstone caldera (Birzu 2023). Thus, the current scenario suggests that even core metabolic genes
may have been transferred several times across strains on these time scales, and highlights the difficulty
of categorically identifying evolutionary histories.

Dramatic effects of HGT and homologous recombination on evolution can also be found in freshwater
Cyanobacteriota such as Microcystis, which is responsible for toxic blooms (29, 67, 105). The average
nucleotide identity of Microcystis samples from around the world is >94% (29). Rates of mutation
accumulation for several strains have been measured under laboratory conditions and were found to be
~1 SNP/y (106)—very similar to estimates from the human gut microbiome (163). While extrapolating
from microevolutionary rates to macroevolution is difficult in bacteria (57), these results suggest the
common ancestor of Microcystis is likely less than several million years old. Moreover, strains sampled
from the same location were found to differ by <300 SNPs, implying their divergence time is only a few
hundred years (106). Despite these relatively short time scales, studies have found widespread evidence
of both HGT and homologous recombination in these populations. For example, an analysis of 79
genomes revealed that almost 5% of the gene families had evidence of HGT within the local population
(105).

In marine ecosystems, analysis of single-cell data from a closely-related group of strains from the highly
abundant Prochlorococcus clade HLII revealed around half a dozen genomic islands in which frequent
HGT led to highly variable gene content (69, 70). The rapid turnover of these genomic islands results in a
large pan-genome that contains several tens of thousands of genes, even though an individual genome
typically has less than 2000 genes. Recent evidence suggests tycheposons might play an important role
in the rapid gene turnover within islands (11, 102). Within the core genome, the evidence for the impact
of homologous recombination on the genetic diversity within Prochlorococcus is mixed. Earlier studies
proposed a scenario in which the diversity in the core genome of HLII is explained by the presence of up
to several thousand subpopulations that diverged asexually around ~1 Mya and have been coexisting
since (69, 70). These subpopulations were assumed to be ecologically distinct and would explain the
presence of genomic clusters in the single-cell data. A more recent study suggested that genomic
clusters could be explained by rapid recombination within closely-related subpopulations and reduced
recombination between them (Arevalo 2019). In this scenario, each cluster would be more similar to a
quasisexual species rather than a collection of asexually reproducing strains (Shapiro 2012; Arevalo
2019). Reconciling these views presents exciting new opportunities for both theoretical and data
analysis work.

4.3 The impact of HGT on population genetics of Cyanobacteriota

In recent decades, experimental evolution has greatly increased our quantitative understanding of
microbial evolution. Most experimental evolution studies on cyanobacteria have focused on applications
to biotechnology and agriculture and less on fundamental research related to evolutionary dynamics
(80). In general, studies of cyanobacteria have been hampered by their slow doubling times and lack of
genetic tools (but see (146)). We believe there are many opportunities for future studies in this
direction. For example, experiments involving recombination in competent populations of
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Synechococcus 0S-A/B’, like those previously done on Bacillus sp. could uncover the early stages of the
hybridization process that led to the diversification of the population (109).

Among natural populations, bloom-forming Cyanobacteriota are a valuable model system for studying
short-term evolution. For example, one study investigated the genetic diversity of populations of
Planktothrix from four Norwegian lakes (129). They found very low genetic diversity in the population
and estimated the time since their common ancestor at ~10-100 y. Despite the short timeframe,
individual genomes from the population were a mixture of alleles from different strains. The authors
also found alleles that were mosaics of ancestral types, suggesting recombination played an important
role in the diversification of the population. Another study found only 68% of genes were shared
between 4 MAGs from a bloom population, despite the high similarity in the core genes of these
genomes (>99% ANI) (56).

Sequencing multiple isolates and metagenomes from diverse locations that are either geographically
separated or across a spatial continuum is likely to be adopted by several groups in the future as
sequencing costs drop. Increases in high quality genomic data will empower stronger quantitative
analysis and interpretations of the cyanobacterial pan-genome, and the roles of geographic isolation and
selection, recombination and HGT in establishing and maintaining genetic diversity in populations. For
example, a recent study explored the diversity of Microcoleus sp., a filamentous cyanobacterium, by
sequencing about 200 isolates from various locations and herbarium specimens. They noted a high level
of genetic divergence possibly driven by a complex combination of factors such as the environment,
geography, and selection (34, 128, 130). Cyanobacteria such as Microcoleus play an important role in
biocrusts to help in stabilizing the soil of arid environments that are found the world over (46). In
summary, we anticipate that insights into the role of gene flow in Cyanobacteriota are only likely to
grow in the next few years.

5. PERSPECTIVES
We now have ample evidence from various approaches that gene flow had a profound effect on
Cyanobacteriota. HGT and recombination over short and long time scales result in the acquisition of
novel functions and facilitate dynamic genomic rearrangements. This impacts the ability of
Cyanobacteriota to adapt to their environment and to rise to the challenges associated with colonizing
new niches. This versatile phylum is vital to the health of terrestrial and marine ecosystems (72, 73, 108)
and has untapped potential for translational research (14, 84, 92, 120). In addition, studies of
Cyanobacteriota could shed light on the evolution of photosynthesis—a major evolutionary transition
that fundamentally reshaped the course of life on Earth. For these reasons there is an urgency in
understanding their adaptability and evolvability, but knowledge about phototrophic microbes lags
behind that of other phyla.

The mechanisms of genetic exchange are scarcely explored in Cyanobacteria. Powerful computational
approaches using extensive genomic and metagenomic databases have identified numerous loci for
conjugative systems, transducing agents, phages and satellites but the ways they operate in
Cyanobacteriota is still unknown. Elucidation of molecular mechanisms that accelerate or limit HGT in
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the environment or in synthetic communities, would be a major step forward. We also have almost no

knowledge of cyanophage receptors even though it is clear that the role of phage on host evolution and
survival can have significant environmental repercussions. To cope with the effects of climate change on
ecosystems, we need to harness microbial (104) solutions which would require cross-disciplinary efforts.

The vast genetic and morphological diversity that already exists in Nature can provide unexpected
insights and provide bio-inspired solutions. The unparalleled ability of Cyanobacteria to form
differentiated structures and bio-compartments provides a toolkit for synthetic biology that we have
barely exploited (33, 45). New insights into the role of HGT and gene flow can be gained from stable
microbial communities where phototrophic microbes are keystone members and have co-evolved to
extreme environments and to phages (77). These communities can now be interrogated by powerful
and complementary techniques such as metagenomics, proximity ligation methods and the construction
of synthetic communities.

Finally, we propose that it may be the right time to build experimental evolution regimes capable of
testing hypotheses of ways in which core metabolic pathways evolve, although this may be considerably
more challenging than for very fast growing bacteria (but see (146)). Such research could potentially
resolve inconsistencies between our understanding of short and long-term evolution in Cyanobacteriota
and address fundamental questions about the role of HGT and HR in adaptive evolution.

FUTURE ISSUES

1. Mechanisms of genetic exchange are poorly characterized in Cyanobacteriota, even though
many conjugative systems, transducing agents, prophages, defense systems and satellites have
been identified using computational methods. Elucidating gene flow in Cyanobacteriota,
particularly as the Earth's environment changes and episodes like harmful algal blooms increase
worldwide.

2. Transduction, which is likely to play an important role in gene flow, depends on the ability of
phages to recognize cell receptors, but there is little information regarding phage receptors in
Cyanobacteriota and how they might evolve under phage pressure.

3. Building synthetic communities to be queried using high throughput technologies (e.g.
microfluidics) will allow testing hypotheses about gene flow. Experimental evolution of
community members can be used to study the fitness landscape and formation of hybrid genes
and genotypes.

4. Phototrophic biofilms harbor dense, relatively stable diverse communities and provide naturally
evolving model communities to track HGT and recombination.

5. The development of MGEs for genetic engineering will accelerate the use of Cyanobacteriota as
effective chassis for synthetic biology.
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FIGURE 1. Features associated with genome size and gene flow identified in 193 complete genomes of
Cyanobacteriota.

Distribution of insertion sequences (ISs, identified with ISEscan (12), T4P for natural transformation,
identified with the module TFFscan of MacSyFinder v2 (10), prophages (identified with Genomad) (3),
plasmids (identified as such in GenBank files), and proteins involved in conjugation (conjugative system
and/or relaxase, identified with the module CONJscan of MacSyFinder v2) (4) in 193 genomes of
Cyanobacteriota retrieved from the NCBI RefSeq in March 2023. All software was used with default
parameters. The outer circle represents the genome size. In the inner part of the figure is represented
the phylogenetic tree of the phylum (with bootstrap values for assessment of robustness of the tree).
The tree was built using 126 almost universal protein profiles from PFAM (9), a subset of those given in
(11), to identify the best hit in each genome per profile using hmmer v3 .3.2 with the -cut_ga option
(5)(as in (2). The protein families were aligned with MAFFT v7.407 (6)and concatenated to infer a
phylogenetic tree with IQ-tree 1.6.12 (8), using the best model according to BIC ( LG+1+G4) and 1000
replicates to obtain the ultra-fast bootstraps. Visualization was done with (7).
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FIGURE 2. Comparative analysis of urease operons in two thermophiles, Synechococcus OS-A and OS-
B’ illustrating transposition events.

UPPER PANEL: Top row shows Cluster 1 urease in Syn OS-A (red and yellow arrows: urease and accessory
factor encoding genes). Urease module is flanked by IS elements (gray arrows), possibly indicative of an
HGT event. Bottom row homologous region in Syn 0S-B’, to identify position where the urease cluster
entered Syn OS-A by transposition.

LOWER PANEL: Top row shows Cluster 2 urease in Syn OS-A (red and yellow arrows: urease and
accessory factor encoding genes; outlined arrows indicate frameshift mutations). Bottom row
homologous region in Syn 0S-B’, all genes appear intact.

Light blue and dark blue arrows represent homologs in Syn OS-A and Syn OS-B’ respectively., in both
panels. Modified and redone from Figure in Bhaya et al (1) which has additional details about gene
designations and functions.
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FIGURE 3. Four diverse ecosystems where cyanobacteria are important community members:

Photos show examples of Thermal springs, Freshwater lakes, Oceans and Desert crusts located in the
U.S. Table shows key features, major cyanobacterial genera, data types available and popular
educational websites. Photographs: Thermal spring in Yellowstone National Park, WY USA; Ocean shore,
Santa Barbara, USA; Desert crusts New Mexico USA, courtesy Devaki Bhaya; Satellite image of Pyramid
lake with cyanobacterial bloom from NASA website (2024).
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