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Cyanophages play a pivotal role in controlling cyanobacterial populations in
aquatic environments. These dsDNA viruses harbor auxiliary metabolic genes
(AMGs) that modulate the key metabolic processes of their cyanobacterial hosts,
such as Photosynthesis, nutrient uptake for the optimization of viral replication.
Recently, panl~pan5 and paml~pam5 cyanophages have been isolated from the
fifth largest water resource in China; Lake Chaohu. Detailed genomic analysis of
these phages revealed that these isolated cyanophages especially Panl, Pam2
and Pam3 possess unique AMGs that significantly enhance the metabolic
activities of their hosts, potentially leading to the suppression of bloom
formation and stabilization of the ecological dynamics of Lake Chaohu. Our
findings provide concrete evidence that cyanophages encoding AMGs could
serve as effective biocontrol agents against harmful algal blooms, offering a
targeted approach to manage these environmental threats. The integration of
cyanophage-based management therapies with traditional methods could
advance the efficiency and sustainability of controlling cyanobacterial
outbreaks, paving the way for novel applications in water resource
management. This review emphasizes the importance and critical need for
further exploration of phage-host dynamics to fully harness the potential of
cyanophages in ecosystem regulation.
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1 Introduction

Cyanobacteria are the first known oxygenic photoautotrophs on Earth, more
commonly known as “blue-green algae” (1). The fast proliferation and accumulation of
cyanobacteria in fresh water bodies can cause Harmful Algal Blooms (HABs) (2), which
release chemicals resulting in bad taste, bad odor, and turbidity of water, posing a serious
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threat to aquatic ecosystem, human health and water sustainability
thus disrupting the food chain dynamics (3, 4). Among the various
mechanisms influencing cyanobacterial blooms, the role of
cyanophages; dsDNA viruses that infect cyanobacteria, has
garnered significant attention. Cyanophages play a critical role in
controlling cyanobacterial populations in aquatic ecosystems (5-9).

Cyanophages inhabit freshwater lakes, rivers, and marine
habitats depending on their cyanobacterial hosts availability. They
regulate cyanobacterial populations in freshwater, especially during
HABs (5, 10). Temperature, light, and nutrient availability majorly
affect cyanophage abundance and activity. Viral proliferation and
infection efficiency enhances at optimal temperature, light and
nutrition (11, 12). The change in these environmental factors may
disrupt the activity of cyanophages. Cyanobacterial hosts multiply
in nutrient-rich environments, increasing the number of possible
cyanophage hosts. While cyanophages have been proposed as tools
for managing cyanobacterial populations and cycling nutrients to
promote ecological balance, their role in ecosystems is complex and
multifaceted. For instance, phage-induced cyanobacterial lysis
might transfer intracellular cyanotoxins into the dissolved phase,
worsening algal blooms. Environmental variables that affect
cyanophage activity might disturb these dynamics, causing
ecological uncertainty. Thus, cyanophages may be a promising
biocontrol method, but their advantages, hazards, and ecological
impacts must be considered (4, 13).

Cyanophage abundance may vary by season and geography.
Because of higher temperatures and more nourishment,
cyanobacterial blooms are more prevalent in summer (14).
Cyanophage diversity and abundance is greater in nutrient-rich
coastal and estuary settings than in open ocean waters (15).
Cyanobacterial Harmful Algal Blooms (CyanoHABs) are
expanding geographically and now pose a threat to the ecological
integrity and sustainability of some of the world’s largest and most
resourceful water bodies. These bodies of water include Lakes
Victoria in Africa (16), Erie in the United States and Canada (17),
Okeechobee in Florida, USA (18), Taihu and Chaohu in China (19,
20), Kasumigaura in Japan (18), the Baltic Sea in Northern Europe
(21), and the Caspian Sea in West Asia (4).

The fifth biggest freshwater lake in China, Lake Chaohu, serves
as an essential resource, providing drinking and irrigation water to
millions. Eutrophication and cyanoHABs have drawn attention to
this significant lake. Chaohu’s annual cyanoHAB is dominated by
Microcystis and starts in late spring, elevates in summer, and
decreases in late autumn (22). The species Microcystis is
particularly dominant during the cyanobacterial blooms that
occur periodically in Lake Chaohu. Nutrient levels, particularly
nitrogen and phosphorus, are one of several environmental
variables that affect these blooms. Cyanophyta, Chlorophyta, and
Bacillariophyta make up the bulk of the lake’s cyanobacterial
ecosystem (20).

Based on morphology and genetics, Myoviridae (contractile
tails), Siphoviridae (long, non-contractile tails), and Podoviridae
(short, stubby tails) are the three main Cyanophage families (23—
25). The fundamental genome structure and function of each family
is significantly similar consisting of conserved set of genes that
govern the essential viral functions, including replication, assembly,
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and cell lysis (26). Despite having genetic similarities, these phages
employs diverse array of strategies to infect a broad spectrum of
cyanobacterial hosts, each with distinct cellular defenses and living
conditions (27, 28). These strategies are may or may not influenced
by genetic variations occur as a result of horizontal gene transfer
such as variations in tail fibers; needed for host recognition and
attachment (29, 30), regulatory and auxiliary genes; that enhance
the phages’ ability to circumvent host defenses (31). Phages may
also optimize their pathogenic potential across environmental and
temporal niches due to these or other genetic adaptations (32, 33).
Thus, whereas these cyanophages share a common genetic
foundation, their capacity to adapt and prosper in a variety of
ecological situations is mostly determined by genetic variants,
emphasizing the dynamic nature of phage-host interactions (28).

Cyanophages are a distinct group of viruses that have a diverse
variety of genetic material, and their genomes include a wide range
of genes, including those involved in DNA replication, structural
proteins, and host interaction (34). Commonly, cyanophages
acquire genes from their hosts or other viruses via horizontal
gene transfer to adapt to varied environmental conditions (35). In
addition, cyanophages have auxiliary metabolic genes (AMGs) that
have an even greater impact on the metabolism of infected
cyanobacteria. Despite not being strictly required for viral
replication; these genes significantly alter the host’s metabolic
processes in a way that promotes viral propagation, particularly
in challenging environmental conditions (12). The ability of the
host metabolic system to withstand nutritional scarcity and sustain
viral replication is aided by AMGs that are engaged in nitrogen
fixing and phosphorus acquisition. The significance of AMGs in
cyanophages to control HABs is a testament to the complex
evolutionary adaptations of the cyanophages and the profound
impact they have on the ecology and physiology of cyanobacterial
hosts. While cyanophages possess the potential to modulate
harmful algal blooms (HABs), it is essential to recognize that
their influence extends far beyond mere control mechanisms. The
relationship between cyanophages and their cyanobacterial hosts is
characterized by a complex interplay that affects both host
metabolism and broader ecological dynamics. This intricate
interaction demands a more nuanced understanding of
cyanophage roles, acknowledging the depth and diversity of their
impact on cyanobacterial populations (36-38).

2 Mechanisms of cyanophage
infection and lysis

Cyanophages can undergo either a lytic or lysogenic cycle. In
every scenario, cyanophages reproduce via the host DNA
machinery, which includes the following stages: attachment,
penetration, replication and maturation, and then release of viral
particles (lytic phase) and cellular content in the environment (26).
The complete mechanism of phage infection and the release of viral
bodies from the host bacterium is shown in Figure 1. An intricate
infection process is initiated by the phage’s specialized attachment
to the host cell, which is accomplished by means of tail fibers or
surface spikes that identify and bind to surface receptors of the host
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Stages of cyanophage infection and lysis in cyanobacteria. The figure shows how a cyanophage infects a cyanobacterial cell. It starts with (1) the
cyanophage attaching to the cyanobacterium, followed by (2) injection of viral DNA into the host. The viral DNA is (3) incorporated into the host,
leading to viral replication and protein production. Finally, (4) the host cell breaks open (lysis), releasing new viruses to infect other cells. This process
is key to how cyanophages can affect cyanobacterial populations and potentially impact harmful algal blooms (HABs).

bacterium. This specificity ensures that phages only infect
compatible host cells (39, 40).

After attaching to a cyanobacterium, phages often undergo
structural modifications and release enzymes such as lysozymes
that penetrate the host cell wall, allowing the phage to inject its
DNA into the host cell. Although different cyanophages use
different methods for injecting DNA into their hosts, the process
usually involves a complex chain reaction of phage structural
modifications (41). Once inside the host cell, the phage DNA
takes over the cell’s replication machinery and starts making
phage components. Normal cellular processes are diminished
when the host cell’s resources are diverted towards the generation
of viral components (12, 36). By changing the host’s metabolic
pathways, the replication process promotes viral production rather
than normal cellular processes. At last, enzymes encoded by the
phage lyse the host cell, releasing additional infective phage
particles. By discharging their contents, phages participate in
nutrient cycle in aquatic environments (13, 39). The lytic cycle is
often quick and ends with the host cell’s death.

During the lysogenic cycle, the cyanophage’s DNA integrates
into the host genome and replicates passively alongside the host’s
DNA, producing no immediate damage to the host. This integrated
DNA, referred to as a prophage, may stay inactive inside the host
genome for an extended period of time until it is reactivated by
environmental stimuli. The ability of cyanophages to switch
between lysogenic and lytic cycles allows them to adapt to the
fluctuating environmental conditions, which can influence the
stability and health of cyanobacterial populations. While the
lysogenic cycle allows cyanophages to persist in the environment
during unfavorable conditions, their reactivation into the lytic cycle
under certain stimuli can lead to the rapid destruction of
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cyanobacterial cells. This dual life cycle contributes to the
regulation of cyanobacterial communities and can play a role in
mitigating toxic algal blooms, although this connection is complex
and influenced by multiple ecological factors. Understanding these
dynamics is crucial for appreciating the potential of cyanophages in
influencing biogeochemical cycles and the broader biological
dynamics of aquatic ecosystems (42).

3 Auxiliary metabolic genes
in cyanophages

Cyanophages and other viruses carry AMGs that increase the
host cell’s metabolic capacity during infection. Rather of relying on
core genes for viral propagation, AMGs influence the host’s
metabolism in a way that helps the virus replication. Although
these genes do not play a crucial role in the viral life cycle, they do
have a selection advantage that makes viral replication and
assembly more efficient by enhancing the host’s metabolic
activities (36, 37).

AMG:s are classified into two classes; Class I and Class II. Class I
AMGs encode cell metabolic processes and are listed in Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (43). These
genes are mainly involved in photosynthesis and carbon
metabolism (44). While class II AMGs encode peripheral
functionalities and are not found in KEGG metabolic pathways.
This class contains transport and assembly genes (44), such as those
that help balance intermediates of tricarboxylic acid (TCA) cycle
(43). This class also acquires biogenic components like phosphate,
regulated by pstS in cyanobacterial hosts (32). However, the
interpretation of Class II AMGs is often challenging due to the
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lack of a comprehensive reference database, leading to incomplete
annotations and an under-appreciation of their metabolic
significance (45). Recently, it has been proposed that Class II
AMGs, which are either absent from the KEGG database or have
incomplete annotations of metabolic pathways, have a significant
role in adaptive capabilities of cyanophages, contributing to their
overall function and ecological impact (43).

AMGs such as petE, hli, psbA, psbD, and cpeT are believed to
have a significant impact on the photosynthetic activity of infected
host cells (12). These genes provide energy to facilitate phage
replication and enhance the viability of the phage. The genes
associated with carbon metabolism include CP12, gnd, zwf, and
talA (36). Previous research has shown that phage-encoded CP12
and talA have the ability to reroute the energy generated during
photosynthesis, namely ATP and NADPH, away from the Calvin
cycle. Subsequently, this energy is used for the production of
dNTPs, which are necessary for phage replication during host
infection (36). These genes enable cyanophages to control the
host’s metabolic pathways, while ensuring that the infected
cyanobacteria can maintain elevated levels of metabolic activity
even under unfavorable environmental circumstances (12, 36).

Aside from aiding in viral replication, the presence of AMGs in
cyanophages significantly influences the ecology and metabolism of
cyanobacterial communities (46). AMGs are found across various
families, genera, and species of cyanophages, with some being
highly conserved while others exhibit variability in frequency and
function depending on the specific cyanophage species (42, 47).
This diversity allows different cyanophages to modulate host
metabolic pathways in distinct ways, enhancing processes like
photosynthesis, nutrient acquisition, and other key metabolic
functions (46, 48). This functional integration enables
cyanophages to exert a broader ecological impact by not only
reproducing but also shaping the metabolic landscape of their
cyanobacterial hosts in a species-specific manner, contributing to
the overall dynamics of microbial ecosystems (36, 43, 46).

3.1 Mechanisms of AMG integration
and expression

AMGs are incorporated into the cyanophage genome through
the process of horizontal gene transfer; a process where genetic
material is exchanged between different organisms across various
species. This transmission of genetic material may take place either
between cyanophages or between cyanophages and their host
cyanobacteria. As part of the infection cycle, AMGs are expressed
after integration to alter the host’s metabolic functions. To help the
host cell make the most of its enhanced metabolic pathways, AMG
expression is carefully controlled and often coordinated with host
cellular machinery (12, 49).

Cyanophages orchestrate the expression of auxiliary metabolic
genes (AMGs) by manipulating the host cyanobacteria’s
transcriptional and translational machinery during infection. This
targeted expression ensures that AMGs are efficiently translated
into functional proteins, optimizing the host’s metabolic pathways
to facilitate viral replication. The complex interplay involving the
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integration, expression, and functional impact of AMGs
underscores the sophisticated symbiosis between cyanophages and
their hosts. Recent studies suggest that the expression of AMGs
linked to photosynthesis can be enhanced under conditions of high
light availability, which naturally stimulates photosynthesis. This
adjustment does not increase the host’s energy burden; rather, it
optimizes energy utilization to meet the demands of efficient phage
assembly and replication (36, 50).

3.2 Significant cyanophage species
with AMGs

Cyanophages, equipped with auxiliary metabolic genes
(AMGs), play a pivotal role in the metabolism of diverse
cyanobacterial hosts. These cyanophages infect multiple species of
cyanobacteria, notably Planktothrix, Pseudanabaena,
Dolichospermum, Phormidium foveolarum, Prochlorococcus and
Synechococcus; some of the cyanophages infecting these
cyanobacterial hosts species are listed in Supplementary Table 1
and also the diversity of these phages and a wide range of
metabolism they are manipulating their hosts is illustrated in
Figure 2. Prochlorococcus and Synechococcus, which together
account for about one-third of the ocean’s primary production
and are important contributors to the world nitrogen and carbon
cycles; primarily affected by cyanophages in freshwater and marine
environments (32, 51). For instance, Cyanophages such as P-SSP7
and S-PM2, found in Prochlorococcus and Synechococcus
respectively, are illustrated in Figure 2C, exemplify the complex
interplay between viruses and their cyanobacterial hosts. These
phages contain AMGs that boost the efficiency of photosynthesis by
producing parts of Photosystem II. This process is crucial during
infection because the energy from photosynthesis is used to produce
nucleotides, which are essential for viral replication. These adaptive
strategies allow cyanophages to optimize their propagation by
ensuring that their hosts remain metabolically active, even under
varying environmental conditions. This interplay between phage-
encoded photosystem genes and host metabolism exemplifies how
cyanophages are finely tuned to their ecological niches, ensuring
their survival and proliferation in diverse aquatic environments
(52-54). Some circular cyanophages infecting Prochlorococcus, are
illustrated in Figure 2A, have diverse array of genes involved in
critical processes such as nucleotide synthesis, photosynthetic
efficiency, and nutrient acquisition. Notably genes like talC and
hli, which are crucial for adapting to environmental stressors by
modulating carbon metabolism and providing protection against
photodamage (55). Phages like Syn9, Syn5, and S-WHMI1—all
infecting Synechococcus, as shown in Figure 2C —harbor genes
that safeguard the photosynthetic apparatus and regulate both
nucleotide and carbohydrate metabolism which not only enhance
nutrient acquisition but also enhances light harvesting capabilities,
critical for their proliferation in nutrient-variable aquatic
environments. (56-59).

In contrast, the larger genome phages like P-SSM2 and P-HM2,
infecting Prochlorococcus, feature a diverse array of genes that boost
phosphorus acquisition along with enhancing photosynthetic
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FIGURE 2

The genomic maps and functional annotations of auxiliary metabolic genes (AMGs) in different cyanobacterial hosts of cyanophages. Each panel
(A-C) illustrates the genomic integration and specific roles of AMGs in influencing host cyanobacterial metabolism: (A) shows the circular
cyanophages infecting Procholorococcus sp. highlighting their role in nucleotide metabolism, photosynthesis and nutrient acquisition. (B) depicts
AMGs in circular phages isolated from lake Chaohu which infect Psuedanabaena sp. with a focus on nutrient metabolism and photosynthetic
efficiency (C) presents a detailed mapping of AMGs in different phages having linear genomes infecting different host species- the genes represented
in the chart are written from left to right, emphasizing their impact on carbohydrate metabolism, photosystem functionality, and nutrient utilization.
Each gene is color-coded based on its metabolic function, providing a visual correlation between phage-encoded genes and their potential
metabolic impacts on cyanobacterial hosts. Panels (A—C) not only underscores the genetic complexity and strategic placement of these genes
within the phage genomes but also illustrates the intricate interactions between cyanophages and their cyanobacterial hosts in marine ecosystems.
These genomic maps serve as a foundation for understanding how cyanophages influence the ecological dynamics of their cyanobacterial hosts in
the ocean’s biogeochemical cycles.
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efficiency and respond to environmental stress when nutrients are
scarce, as illustrated in Figure 2C (51, 60).

The cyanophages, namely Pam1~Pam5 and Panl~Pan5, are the
primary isolates documented from Lake Chaohu (20, 61). Each has
been characterized to various extents, but detailed information on their
auxiliary metabolic genes (AMGs) and full genomic data is limited in
the accessible public resources (20, 61). On top, phages like Pan1, Pam2
and Pam3 as shown in Figure 2B which infect Pseudanabaena sp., are
engaged extensively in nucleotide metabolism through nrd genes and
supports queuosine biosynthesis with QueF, QueC, and QueD. This
ability to manipulate host metabolic pathways underscores the
evolutionary sophistication of these phages and their potential
impact on the cyanobacterial communities within aquatic
ecosystems. These characteristics reflect the cyanophages’™ crucial
roles in influencing cyanobacterial population dynamics, potentially

affecting global biogeochemical cycles and the ecological balance within
their habitats (20, 61, 62).

4 Key metabolic pathways influenced
by AMGs

The activation of viral AMGs typically occurs when viruses
replicate independently inside host cells, working in acquiescence
with the host’s machinery. These AMGs are associated with several

|

10.3389/fviro.2024.1461375

physiological activities in hosts infected with viruses, such as
photosynthesis (39), carbon metabolism (36), and nucleotide
metabolism (53). These AMGs when incorporated into the
bacterial host, they enhance the host’s ability to cope with the
stress conditions, ensuring continued metabolic function and
facilitate efficient phage replication, as illustrated in Figure 3, and
the cyanophages having these AMGs infecting their respective hosts
and altering their metabolic pathways are illustrated in Figure 2 and
also presented in Supplementary Table 1.

4.1 Impact on photosynthesis efficiency

Cyanophages have been the subject of substantial study on
AMGs, which are linked to photosynthesis. Photosystem II
proteins D1 and D2 are encoded by the psbA and psbD genes,
respectively. These proteins play an essential role in the light-
dependent photosynthesis processes and are essential components
of the photosynthetic apparatus. These AMGs maintain photosystem
IT functionality, which is crucial for viral replication by ensuring the
production of ATP and NADPH by the host cyanobacterium
(12, 32).

In addition to psbA and psbD genes, cyanophages also carry
AMGs such as hli (high light-inducible) genes. These genes ensure
uninterrupted photosynthetic performance and energy production

3. Stopped Carbon
Metabolism
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\\
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The modulation of key metabolic pathways i.e.: photosynthesis, carbon metabolism, and nitrogen and phosphorus acquisition by the incorporation
of AMGs in cyanobacteria. This figure illustrates how cyanophage-encoded AMGs alter cyanobacterial metabolism to favor phage replication. Upon
infection, cyanophages integrate their DNA, containing AMGs, into the host cell. 1) Phage DNA Incorporation: Introduction of phage DNA into
cyanobacteria initiates metabolic reprogramming. 2) Photosynthesis Modulation: AMGs (psbA, psbD, petE, hli, cpeT, pebS, pcyA) optimize the
photosynthetic electron transport chain and light-harvesting systems, ensuring energy production favors phage needs. 3) Carbon Metabolism
Inhibition: Disruption of the Calvin Cycle by AMGs (CP12) reroutes carbon flux into the pentose phosphate pathway (zwf, gnd, talC) to generate
NADPH for viral replication. 4) Enhanced Nitrogen and Phosphate Acquisition: AMGs (nrdB, nrdJ, cobS, ThyA, phoH, phoA, pstS) enhance nutrient
uptake and assimilation, providing essential resources for phage nucleic acid and protein synthesis. 5) Increased Phage Replication: The host's
reprogrammed metabolism supports optimal conditions for phage reproduction.
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during viral infection. Proteins encoded by the hli genes help
safeguard photosynthetic membranes from photo-damage and
excess light energy by stabilizing and dispersing these rays (36).
Additionally, genes like petE and cpeT are essential to
photosynthetic processes. The photosynthetic electron transport
(petE) chain uses plastocyanin, a copper-containing protein, to
move electrons between cytochrome b6f and photosystem I (63).
Thus optimizing photosynthetic energy generation for the host and
replicating virus by enhancing electron transport efficiency. The
cpeT gene is involved in the synthesis of Phycobilisomes which are
light-harvesting complexes that enhance light absorption and
energy transmission to photosystems particularly under different
light conditions (64). By incorporating these genes, cyanophages
enhance their host’s light-harvesting abilities, ensuring efficient
energy uptake and utilization during infection (65).

These photosynthesis-related AMGs in cyanophages influence
the metabolic state of their host’s as illustrated in Figure 3. By
affecting host photosynthesis, cyanophages ensure a steady energy
supply even under suboptimal conditions, supporting both
cyanobacterial and viral proliferation (12, 36). The impact of
these genes on the host’s metabolism is significant, but it is
important to note that their effects are context-dependent and
may vary based on environmental conditions and specific
interactions between the phage and host.

4.2 Impact on carbon metabolism

The genes associated with carbon metabolism in cyanophages,
including CP12, gnd, zwf, and talA, are instrumental in this metabolic
reprogramming. CP12 is a diminutive regulatory protein that plays a
crucial role in regulating the Calvin cycle which serves as the principal
route for carbon assimilation in photosynthetic organisms. CP12
produced by phages, may block important enzymes in the Calvin
cycle, including phosphoribulokinase and glyceraldehyde-3-phosphate
dehydrogenase (66). Consequently, redirecting the flow of carbon away
from sugar synthesis while towards the pentose phosphate pathway
(PPP). This redirection guarantees that the energy and reducing power
production during photosynthesis, namely ATP and NADPH, aren’t
utilized for the formation of biomass, but rather directed towards the
creation of deoxyribonucleotides (ANTPs), which are crucial for phage
DNA replication (36).

Furthermore, talA (transaldolase), gnd (6-phosphogluconate
dehydrogenase), talC (transaldolase) and zwf (glucose-6-
phosphate dehydrogenase) are crucial enzymes in the PPP. This
metabolic cycle produces NADPH and ribose-5-phosphate, which
serves as a precursor for the production of nucleotides. To enhance
viral replication, phages enhance PPP expression, which in turn
increases the synthesis of dNTPs. By enhancing the circulation
through the PPP, cyanophages deliver ribose-5-phosphate and
NADPH consistently. As a result, viral DNA and other important
macromolecules may be produced (12, 67).

According to research, phage-encoded CP12 and talA are able to
effectively divert reducing power and energy from the Calvin cycle
and use it to produce nucleotides (36). In order to satisfy their own
reproductive needs, cyanophages use a sophisticated mechanism
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called rerouting to alter the host'’s metabolism. The metabolic flow
of the host organism reportedly undergoes a dramatic shift upon
infection with cyanophages. The outcome is an increase in PPP flow
and a decrease in Calvin cycle flow (32, 36). As shown in Figure 3 this
metabolic shift highlights the intricate evolutionary adaptations of
cyanophages to control host metabolism for their advantage and
ensures the efficient production of viral components.

4.3 Impact on nutrient acquisition

Nutrient acquisition involves the uptake of multiple nutrients
like nitrogen, phosphorus, and vitamins in the nutrient scarce
environment. Using AMGs that are related with nitrogen fixation
such as nrdA, nrdB, nrdC, nrd]J etc., cyanophages may enhance the
host’s ability to retain and incorporate nitrogen (68). Nitrogenase
reductase; encoded by genes like nifH, is essential for cyanobacteria
to absorb because it converts atmospheric nitrogen to ammonia.
These AMGs enhance the host’s ability to fix nitrogen, which is a
crucial nutrient for both the host and the virus (48). Cyanobacteria
have a considerable competitive advantage in many aquatic settings
because they are able to fix atmospheric nitrogen, which is a limiting
nutrient in some ecosystems. Cyanophages augment the metabolic
capacity of their hosts by harboring nitrogen fixation genes, hence
promoting more resilient and enduring infections (26).

In addition to nitrogen, phosphorus acquisition is crucial for
cyanobacteria, particularly in freshwater environments where
phosphorus is typically a limiting resource (36). Cyanophages
encode AMGs like pstS and phoH to enhance their host’s
phosphate absorption. These genes assist cyanobacteria to absorb
and retain phosphate regardless of phosphorus abundance.
Managing phosphorus allows cyanobacteria to develop and bloom
in nutrient-limited environments (59, 69). The pst system in
cyanobacteria is the high affinity phosphate-specific transport
system which is involved in the production of permease proteins
that microbial cells use to absorb orthophosphate. This transport
system is encoded by pst (S, C, A, and B) genes. Cyanobacteria also
utilize a low-affinity inorganic phosphate transport system encoded
by the pit gene and a glycerol phosphate (Ugp) system involving
ugpB, ugpA, ugpE, and ugpC for diverse phosphorus sources (69).
Genes like phoH, although its exact function remains unclear, is
associated with phosphate stress responses and is thought to play a
role in maintaining phosphorus homeostasis under limiting
conditions (68). Regulation of these systems is controlled by the
Pho regulon, particularly through the phoR and phoB genes, with
PhoU acting as a repressor to balance phosphate uptake and
utilization. By integrating these phosphorus acquisition genes,
cyanophages ensure a sustained supply of this vital nutrient,
facilitating effective viral genome replication and assembly (70).
In addition to phosphorus absorption, cyanophages encode
nucleotide metabolism genes (MazG, nrdA, nrdB, thyX, pyrBI,
and cobS) needed for genome replication and transcription.
Nucleotide synthesis and regulation by these genes ensure that
the viral replication machinery has a consistent supply of DNA
building blocks. MazG is thought to regulate host transcription and
translation by regulating ppGpp levels. Phage-encoded MazG
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modulates ppGpp levels to prolong host cell viability under phage
infection-induced stress, prolonging viral replication (50, 71).

The collective action of these AMGs illustrates the intricate
strategies employed by cyanophages to reprogram host metabolic
pathways, ensuring optimal conditions for their replication. While
traditionally seen as biological controls that mitigate harmful algal
blooms (HABs), cyanophages can also play a more complex role. In
certain conditions, phage-induced lysis can release nutrients that fuel
the growth of surviving cyanobacteria, potentially intensifying and
prolonging HABs. This dual influence highlights the intricate and
sometimes paradoxical relationship between cyanophages and their
cyanobacterial hosts, affecting the dynamics of aquatic ecosystems
(64,72, 73). AMGs are deliberately placed into cyanophage genomes,
typically interspersed with structural and replication genes, to ensure
proper expression during infection. These genes serve critical roles in
viral replication and host metabolic processes (12, 36, 46). Table 1
highlights major AMGs and their influence on host metabolism.
These AMGs demonstrating the complex methods used by
cyanophages to exploit their hosts metabolisms and contribute to
the viral replication and overall ecological implications of
cyanobacterial blooms.

5 Consequences for evolution
and ecology

The adaptive advantages provided by auxiliary metabolic genes
(AMGs) have proven crucial in the evolution of cyanophages by
increasing viral fitness. These genes may be incorporated into phage
genomes from other microorganisms, such as host cyanobacteria,
via horizontal gene transfer (36, 78, 79). Cyanophages improve their
control of host metabolism by using AMGs, which fosters a
favorable setting for viral replication and survival (40, 46).
Through a process of co-evolution, cyanophages have become
more diverse and highly specific, allowing them to infect a vast
array of cyanobacterial hosts (51, 80) and significantly shape the
evolution and genetic diversity of cyanobacterial genomes.

The recent identification of cyanophages Panl-Pan5 (61) and
Paml-Pam5 (20) in the Lake Chaohu exemplifies this dynamic
interaction. These phages, characterized by their genomic and
morphological analyses, interact particularly with Microcystis
aeruginosa; a dominant cyanobacterium during bloom conditions
in Lake Chaohu (20, 81). They are reported to have diverse AMGs in
their genomes that potentially modulate the cyanobacterial
metabolism, influencing bloom dynamics and enhancing the
resilience of cyanobacterial communities to nutrient-rich conditions
(82). Such interactions could lead to novel approaches in managing
cyanobacterial blooms, potentially mitigating their intensity or
duration through targeted phage applications. Additionally,
by facilitating genetic exchanges among cyanobacteria via
transduction, these phages contribute to the genetic diversity within
these communities, influencing their adaptive responses to
environmental fluctuations such as nutrient availability and
temperature shifts (20). This role underscores the significant
ecological function of cyanophages in shaping microbial
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community structures and offers promising pathways for future
research and biotechnological applications.

One possible mechanism for the introduction of AMGs into
cyanobacterial genomes is the lysogenic cycle, which enables phage
DNA to integrate into the host genome. Under certain environmental
circumstances, these integrated components, known as prophages,
may influence the host’s metabolism and stress responses, providing
them with an advantage. Sometimes cyanophages may incorporate
their genetic material into the genomes of cyanobacterial host
as endogenous viral elements (EVEs). Several environmental
variables may trigger the reactivation of these EVEs that have been
dormant inside the host genome. Host gene expression, stress
reactions, and viability may all be affected by EVE presence. Past
interactions between cyanobacteria and cyanophages serve as a kind
of genetic memory that shapes how cyanobacterial populations
develop (5, 43, 83). Ultimately, AMGs have the potential to affect
the metabolic pathway development in cyanobacteria, which might
have consequences for their ecological roles and competitive
dynamics within microbial communities (34, 58, 80).

AMGs have long-term effects on both nutrient cycle and
microbial communities. AMGs affect the flux of nutrients and
energy in aquatic environments by regulating critical cyanobacterial
metabolic pathways. This has the potential to change the make-up
and role of microbial communities, which in turn affects nitrogen
fixation (48), primary production, and other vital ecosystem
functions (12, 69). The variety and number of organisms that rely
on cyanobacteria as a food source and habitat may be impacted by
these interactions, which in turn can affect higher trophic levels (84).

6 Conclusion and future perspective

This review article highlights the importance of cyanophage-
expressed auxiliary metabolic genes (AMGs) in controlling
cyanobacterial physiology, particularly in the context of HABs. In
order to alter their hosts” photosynthesis, carbon metabolism, and
food absorption, cyanophages have AMGs like psbA, psbD, CP12,
talA, pstS, and phoH ultimately ensuring efficient viral replication
and spread by enhancing host metabolic pathways. This study
highlights the sophisticated evolutionary modifications that
cyanophages possess, enabling them to manipulate host
metabolism for their own advantage (16, 85).

In order to enhance the metabolic capabilities of cyanobacterial
hosts during cyanophage infection, AMGs (36) are essential, and
this has a profound effect on how HABs behave. Infected
cyanobacteria rely on AMGs for growth and function, which in
turn facilitates viral multiplication. This affects the overall structure
and function of aquatic microbial communities and also encourages
the fast growth of cyanophages. The evolution of cyanophages and
their potential regulation of HABs (2) may be better understood by
learning more about the functions and processes of AMGs.
However, while the importance of AMGs is well-established,
there is a need to more specifically address how these genes
function within the context of HABs. The existing literature often
focuses on marine environments, leaving a gap in understanding
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TABLE 1 Significant AMGs which regulate key metabolic pathways.

10.3389/fviro.2024.1461375

. Metabolic
Function Impact on Host
Pathway
psbA Encodes D1 protein
Photosynthesis Maintains photosystem II (12)
psbD Encodes D2 protein
Protects photosyntheti hi der high
hli High light-inducible proteins Photosynthesis rotects pho OSYH etie nTatC imery under i (36)
light conditions
Phot theti
petE Plastocyanin otosynthietic Enhances electron transport efficiency (63)
electron transport
cpeT Phycobilisome linker protein Light-harvesting Optimizes light absorption and energy transfer (64)
CP12 Calvin cycle regulation Carbon metabolism Redirects energy to nucleotide synthesis (36)
Pentose . .
talA, talC Transaldolase Enhances NADPH and ribose-5-phosphate production (36)
phosphate pathway
nd 6-Phosphogluconate dehydrogenase Pentose Enhances NADPH and ribose-5-phosphate production (36)
8 Phog ydrog phosphate pathway phosp p §
zwf Glucose-6-phosphate dehydrogenase Pentose Enhances NADPH and ribose-5-phosphate production (36)
PRosp yarog phosphate pathway phosp p
nifH Nitrogenase reductase Nitrogen fixation Enhances nitrogen fixation (36)
pstS, Phosphate transport Phosphorus acquisition Enhances phosphate uptake (69)
pstC, - .
pStA, potB Phosphate transport Phosphorus acquisition Part of the phosphate-specific transport system (70)
nrdA, . . . . . S -
Nucleotide reduction Nucleotide metabolism Enhances nucleotide availability for DNA replication (74)
nrdB, nrdC
Provides d ibonucleotid ds
nrd] Ribonucleotide reductase, class II Nucleotide metabolism rovides eoxyr? onie ,e(_) 1des under (74)
anaerobic conditions
phoH Phosphate regulation Phosphorus acquisition Maintains metabolic functions under low phosphorus (32)
mazG Nucleotide metabolism regulation Nucleotide metabolism Modulates ppGpp levels to prolong host cell viability (71)
Enh: hosphat isiti der phosphate-
phoA Alkaline phosphatase Phosphorus acquisition fhances phosp ,a -e acquist %oAn under phosphate (70)
limited conditions
phoU Phosphate regulation Phosphorus acquisition Regulates phosphate uptake and use (70)
cobS Cobalamin (vitamin B12) biosynthesis Vitamin B12 metabolism Facilitates various B12-dependent metabolic processes (75)
QueF PreQO synthesis, a precursor of queuosine Queuosine biosynthesis Modulates tRNA modification and function (62)
PreQl bi hesis, i
QueC reQ blosynt' eSS ap ret':ursor n Queuosine biosynthesis Supports tRNA modification for protein synthesis (62)
queuosine synthesis
QueD Queuosine biosynthesis Queuosine biosynthesis Affects tRNA function and global protein translation (62)
Provi TMP for DNA hesis, all
ThyX Thymidylate synthase alternative Nucleotide metabolism rovides d or DNA synthesis, especially under (76)
low folate
Plast in, involved in photosyntheti
petE astocyanin, Involved in photosynthetic Photosynthesis Enhances photosynthetic efficiency (77)
electron transport
cobC Processing alpha-r.lbazole fo-r cobalamin Vitamin B12 metabolism Facilitates vitamin B12 assimilation and use (75)
(B12) biosynthesis

their roles in freshwater systems where HABs pose significant
environmental and health risks.

Future research on cyanophages should focus on unraveling the
comprehensive mechanisms through which AMGs influence
cyanobacterial metabolism and bloom dynamics. Advanced
genomic and metagenomic approaches are essential to identify
novel AMGs and understand their regulatory networks within
host cells. Additionally, exploring the ecological interactions
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between cyanophages with broader microbial communities will
provide deeper insights into their role in nutrient cycling and
ecosystem functioning. The development of biotechnological
applications, or the integration of cyanophage-based therapies;
such as phage therapy, with existing HAB management practices
offers promising avenues for the targeted control of HABs.

To fully comprehend the impact of cyanophages on HABs,
future research must prioritize studies that directly link AMGs to
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bloom dynamics in these contexts. Furthermore, continuing
research and surveillance of cyanophages particularly in
freshwater systems like Lake Chaohu are crucial for the
development of biologically-oriented management measures to
reduce cyanoHABs. In conclusion, gaining a more profound
comprehension of the interactions between phages and their hosts
especially in Lake Chaohu will provide vital insights into the
capacity of phages to uphold ecological equilibrium and
guarantee water quality in freshwater ecosystems.
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