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Abstract: Harmful algal blooms (HABs) are naturally occurring phenomena, and cyanobacteria are
the most commonly occurring HABs in freshwater systems. Cyanobacteria HABs (cyanoHABs)
negatively affect ecosystems and drinking water resources through the production of potent toxins.
Furthermore, the frequency, duration, and distribution of cyanoHABs are increasing, and conditions
that favor cyanobacteria growth are predicted to increase in the coming years. Current methods for
mitigating cyanoHABs are generally short-lived and resource-intensive, and have negative impacts on
non-target species. Cyanophages (viruses that specifically target cyanobacteria) have the potential to
provide a highly specific control strategy with minimal impacts on non-target species and propagation
in the environment. A detailed review (primarily up to 2020) of cyanophage lifecycle, diversity, and
factors influencing infectivity is provided in this paper, along with a discussion of cyanophage and
host cyanobacteria relationships for seven prominent cyanoHAB-forming genera in North America,
including: Synechococcus, Microcystis, Dolichospermum, Aphanizomenon, Cylindrospermopsis, Planktothrix,
and Lyngbya. Lastly, factors affecting the potential application of cyanophages as a cyanoHAB
control strategy are discussed, including efficacy considerations, optimization, and scalability for
large-scale applications.

Keywords: cyanobacteria; cyanophage; harmful algal bloom management; phages
Key Contribution: Cyanophages have the future potential to provide a highly-specific biological

control strategy for managing cyanobacteria, but there are many factors to consider that may limit or
promote efficacy. Further studies are needed to explore cyanophages as a viable control method.

1. Introduction

Cyanobacteria represent the vast majority of harmful algal bloom (HAB)-causing
organisms in freshwater systems. The most commonly occurring cyanobacteria HABs
(cyanoHABs) include members of the genera Microcystis, Dolichospermum (formerly
Anabaena), and Aphanizomenon, among others [1-3]. CyanoHABs are capable of negatively
affecting local ecosystems and drinking water resources in a variety of ways, most notably
via the production of antagonistic toxins and taste and odor compounds [4-6]. The fre-
quency, duration, and geographic range of cyanoHABs are increasing in many systems due
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to increasing anthropogenic nutrient influxes and shifting global climates [7-11]. The notion
that associated climate change conditions (e.g., higher temperatures, increased stratification,
etc.) favor cyanobacterial dominance [7] can be tied to a range of class- to genus-specific
eco-physiological traits: the unique ability of cyanobacteria to grow in warmer temper-
atures and regulate their buoyancy, intracellular phosphorus storage capacity, nitrogen
fixation capabilities, and akinete or resting cell production, as well as their ability to adapt
to variable light intensities and spectral qualities ([12] and references therein). As such,
understanding the unique physiological traits of commonly occurring cyanobacteria in
North America is integral to establishing effective, species-specific prevention and control
measures in cyanoHAB-impaired waterways.

Both short- and long-term control solutions must be considered in HAB regulation
and management. The most sustainable long-term solutions are to decrease nutrient in-
puts [13] and limit greenhouse gas emissions that would induce warmer climates favorable
to cyanobacteria productivity [7]. However, the immediate problems cyanoHABs present
necessitate short-term mitigation strategies. Current methods for mitigating cyanoHABs
are generally short-lived and resource-intensive. These methods are focused on the in-water
control of cyanobacteria biomass, utilizing either physical, chemical, or biological control
strategies. There is a plethora of information on current scalable waterbody management
resources for cyanobacteria, including a variety of physical, chemical, and biological control
strategies, reviewed in depth by the US Environmental Protection Agency [14], Global
Ecology and Oceanography of Harmful Algal Blooms Research Program (GlobalHAB) [15],
Mitigation Subcommittee of the California Cyanobacteria and Harmful Algal Bloom Net-
work [16], Interstate Technology and Regulatory Council [17], New England Interstate
Water Pollution Control Commission [18], and Water Quality Research Australia [19]. While
these methods offer short-term respite from HABs, they often introduce significant negative
effects on ecosystems by impacting non-target species and may have serious consequences
for ecosystem health and recovery [20-24]. Therefore, more targeted, species-specific
approaches should be investigated with fewer negative impacts on ecosystem services.

In an effort to address these issues, the use of cyanophages (viruses that specifi-
cally target cyanobacteria) to disrupt cyanobacteria blooms prior to or during the early
stages of cyanoHAB events has gained research interest. The specific targeting capabili-
ties of cyanophages and their minimal non-target ecological effects are crucial benefits of
using them to control cyanobacteria blooms. Cyanophages have varying levels of host-
specificity. For example, they can infect a single strain within a species, such as Ma-LMMO01
(M. aeruginosa—Lake Mikata Myoviridae 01), which infects Microcystis Aeruginosa strain
NIES-298 [25], or they can infect multiple genera, such as one of the cyanophages found
by Deng and Hayes [26] to infect members of Dolichospermum, Microcystis, and Plantothrix.
This versatility in host-specificity is promising for the development of targeted viral control
strategies that can replicate only in the presence of the target host organism. However,
relevant scalable studies to validate this potential are limited.

A detailed review of research up to 2020 on cyanophages and their host relationships is
provided here, with particular focus on North American freshwater cyanobacteria species
and strains. Further review is provided on the natural interactions between cyanobacteria
and cyanophages, highlighting natural occurrences and intra- and extracellular survivabil-
ity, as well as environmental factors affecting virulence. Specific host—phage relationships
for seven prominent bloom-forming genera are described. Lastly, factors affecting the
potential application of cyanophages as a feasible cyanoHAB control strategy are explored,
including cell and viral densities required for efficacy, and the cultivation and propagation
of cyanophages for large-scale treatments.
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2. Cyanophages
2.1. Life Cycle

As specialized bacteriophages, cyanophages exhibit two dominant life cycles: lytic
and lysogenic. In both cases, cyanophages replicate using the host DNA machinery, which
involves the following stages: attachment, penetration, biosynthesis, maturation, and re-
lease (lytic phase) [27,28]. In the lytic cycle, the mature cyanophage progeny are released
after host cell lysis either through an endolysin-mediated mechanism or holin-mediated
lysis ([29] and references therein). The lysogenic phage, or temperate phage, can have
both lytic and/or lysogenic lifecycles. In the lysogenic cycle, cyanophage DNA is inte-
grated into the host genome and replicated by host machinery for multiple generations
to produce prophages ([30] and references therein) which are essentially in a preformed
“dormant” state. Lysogenic prophages can rapidly enter the lytic cycle and be released
through host cell lysis when host intracellular conditions change, such as when the host
cell is stressed [28]. The lifecycle that temperate cyanophages follow depends on both
intra- and extracellular factors and their interdependence, including but not limited to
the impact of changing nutrient levels, ultraviolet radiation levels, and the presence of
virophages (natural predators for phages), as well as any natural mutations in both the
host cyanobacteria and the cyanophage [31].

2.2. Diversity and Specificity

Cyanophages have shown tremendous diversity in their structure, habitat and host
range [32-34]. Numerous cyanophages have been isolated from freshwater and marine
environments and are divided into three different virus families based on their morpholo-
gies: Note that viral nomenclature through the International Committee on Taxonomy of
Viruses (ICTV) is moving away from morphological nomenclature, however given the
breadth of studies reported herein using morphological nomenclature this was adapted
throughout the review article: Myoviridae, Podoviridae, and Siphoviridae [35] (Table 1). While
all cyanophages have been classified as having a single piece of double stranded DNA and
the characteristic head shape of the bacteriophage, each family can be distinguished by
their unique tail morphologies (Table 1). Cyanophages can also be broken down into multi-
ple classes and sub-classes, differing in the types of cyanobacteria morphotypes and host
ranges they are able to infect (Table 2) [36-38] (S. Where Class 1 cyanophages typically infect
filamentous cyanobacteria that lack heterocysts, Class 2 cyanophages infect filamentous
cyanobacteria, regardless of nitrogen fixation capabilities, and Class 3 cyanophages target
unicellular or colonial cyanobacteria (Table 2). Furthermore, cyanophages can vary con-
siderably in their host specificity, having both broad and narrow host ranges, where some
cyanophages are unable to infect different strains even under the same host species, or con-
versely, may target multiple cyanobacteria genera [31,39,40]. For instance, the cyanophage
known as Ma-LMMO1 (M. aeruginosa—Lake Mikata Myoviridae 01) is only infectious to
microcystin-producing M. aeruginosa strain NIES-298 [25]. Podovirus P-SSP7 is also strain-
specific, infecting a single high-light-adapted Prochlorococcus strain out of 21 Prochlorococcus
strains tested [41]. Additionally, Ma-LMMO01, Ma-LMMO02, Ma-LMMO03, and Ma-HPM05
were found to specifically infect only microcystin-producing M. aeruginosa strains ([42] and
references therein).

Similar to other viruses, cyanophages are considered an important regulator of both
the abundance and composition of cyanobacteria in aquatic environments. It was found
that genetic structure and diversity of cyanophages changed along water depth profiles,
where maximum cyanophage diversity was correlated with maximum cyanobacterial
abundances [43,44]. Furthermore, cyanophages only infect phage-sensitive cyanobacteria,
which can result in the displacement of cyanophage-sensitive populations with cyanophage-
insensitive populations [45]. For example, the Microcystis-specific phages that only infect
microcystin-producing strains of M. aeruginosa have the potential to shift the composition
of M. aeruginosa towards non-microcystin-producing populations, or vice versa [42].
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Table 1. Cyanophage virus morphotypes by virus family summarized by Safferman et al. [35].

Virus Family Morphology Examples
An isometric head separated by a neck from
Myoviridae a long complex tail with a contractile sheath Cyanomyovirus

and central tube
An isometric head with a short tail (without
Podoviridae a neck), generally less than half the diameter Cyanopodovirus
of the widest head dimension
An isometric head with a noncontractile tail
Siphoviridae as long or longer than the diameter of the
widest head dimension

Cyanosiphovirus
(formerly Cyanostylovirus)

Table 2. Cyanophage groups categorized by known target cyanobacteria.

Known Target Unique Cyanobacteria
Cyanophage class Groups Cyanobacteria Traits
Lyngbya .
Class 1 LPP Phormidium ST
Plectonema non-heterocystous
A DOll.ChOSP ermum Filamentous, both
N Dolichospermum
Class 2 . heterocystous and
Dolichospermum
AN Nostoc non-heterocystous
Nostoc
NP Plectonema
Anacystis
A
Class 3 S S%jﬁiﬁ;ﬁ? Unicellular, colonial
Anacystis
SM Synechococcus
Microcystis

3. Factors Influencing Cyanophage Infectivity

Temperature, nutrients, and irradiance are important factors affecting the stability and
infectivity of cyanophages and subsequent virulence against their host. For each parameter,
there are three interconnected phases that directly impact cyanophage infectivity: (1) the
tolerances of the host, (2) the tolerances of the free cyanophage and (3) the propagation of
the cyanophage within the host.

3.1. Temperature

Temperature has a profound effect on cyanobacteria propagation, which varies based
on geographic location and taxa. Cyanobacteria tend to have heightened growth rates
when water temperatures rise from 15 °C to 29 °C [46]. This is significant, as climate change
scenarios predict that in the coming years, rivers, lakes and reservoirs will experience
heightened conditions that favor cyanobacteria productivity [47]. Therefore, the ability of
cyanobacteria to adapt to warming temperatures is an important consideration for future
cyanophage-cyanobacteria control applications, as water temperature affects the survival
rate of free cyanophages and therefore directly impacts their potential virulence.

As was observed with cyanobacteria, several studies found that cyanophage popu-
lations increased with a seasonal increase in water temperatures [48-50] and that their
stability tended to be consistent with the stability of cyanobacteria at water temperatures up
to 50 °C [37]. More specifically, at temperatures up to 40 °C, 85% of cyanophages remained
virulent, while at 45 °C only 55% of cyanophages remained virulent, and at or above 50 °C,
less than 0.001% of cyanophages remained virulent [36,51]. Thermotolerant cyanophage
strains were able to survive at temperatures greater than 40 °C, whereas thermosensitive
strains were unable to survive even at 35 °C [28]. For example, Safferman and Morris [36]
and Safferman et al. [51,52] found that of the three cyanophage groups (LPP-1, SM-1,
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and AS-1), LPP-1 and SM-1 had the greatest temperature range, demonstrating stability
between 4 °C and 40 °C. However, in LPP-1, mature particles were not formed within
a host at temperatures above 31 °C. Furthermore, LPP-1 and SM-1 were inactivated at a
lower temperature (55 °C) than the AS-1 group (60 °C), demonstrating various aspects of
thermovariation in survivability across a diversity of cyanophages.

The infection rate of a cyanobacterium by a cyanophage is dependent upon (1) the
contact rate and (2) how resistant the host cell is to the infection. Cheng et al. [53] found
that cyanophages in warmer waters had more than a 50% increase in the efficiency of
plaquing (EOP), which directly relates to the efficiency of cyanophage infectivity. For
example, several studies have shown that an increase in water temperature led to a de-
crease in the water viscosity, which induced a 10.7% increase in cyanophage-host contact
rate [53,54]. Furthermore, higher temperature can also lead to an increase in burst size and
cyanophage adsorption on the host surface, and a decrease in the latent period [55]. Padan
and Shilo [37] found that the lytic cycle could be induced under elevated temperatures, as
increased temperature considerably affects cyanobacteria population homeostasis, making
them more susceptible to lysis during infection. The association of the cyanophage lytic
cycle with increasing temperatures is an important discovery, as global temperatures are
predicted to rise owing to changing climates. Furthermore, seasonal changes could also be
expected to induce cyanophages to enter the lytic cycle, which may be beneficial for opera-
tional cyanophage control scenarios. It should be noted that temperature is interrelated
with pH and carbon dioxide (CO;,), which also affect virulence; however, the connection
between these parameters is still unclear [53]. There is a direct relationship between water
temperature and cyanophage infectivity, but more work is needed to establish correlations,
specifically with regard to host tolerances. In general, cyanophage thermotolerance studies
are lacking in freshwater strains.

3.2. Nutrients

Macronutrients, including phosphorus, nitrogen and CO, concentrations, are vital
factors influencing both cyanobacteria growth and population dynamics ([56,57] and refer-
ences therein). Phage proliferation strongly depends on host metabolism; host generation
times affect phage latent periods and low nutrient availability results in longer latent
periods and reduced burst size [58]. The metabolic status of the host is critical for viral
infection and proliferation because it affects adsorption, replication, lytic activity, and
survival of the phage [27]. Recently, it has been recognized that multiple nutrients may
concurrently contribute to bloom occurrence [59]; however, the precise climatic and water
quality conditions that trigger bloom events are still not well understood [12,60-62].

3.2.1. Phosphorous

In the early stages of infection, cyanophages obtain the biomolecules needed to build
progeny virions from the host cell and later shift to acquiring substrates that are extracellular
in origin [63], which suggests that as an infection proceeds, ongoing host cell metabolism is
an important factor for viral productivity [64]. It is important to note that cyanobacteria
productivity is also heavily linked to extracellular nutrient concentrations, which may have
even further implications for cyanophage success. For example, only 9.3% of cyanophage-
infected cells lysed under limited phosphorous (P) conditions compared to 100% under
replete conditions [65]. These results suggest that cyanophages became lysogenic in P-
limited conditions. Continued studies have shown that, during low nutrient conditions,
non-cyanophage bacteriophages enter the lysogenic phase due to unfavorable conditions
for bacterial growth and production [66]. It is plausible to infer that cyanophages would
function in a similar capacity given the overlap of comparable structure and function.
This characteristic lifecycle shift has also been noted in cyanophages exposed to P-limited
conditions, where cyanophages and their hosts can exist in an intermediate state between
the lytic and lysogenic cycles, a phenomenon known as pseudolysogeny [67].
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Furthermore, P-limitation in cyanobacterial host cells has also been shown to severely
decrease cyanophage production rate and burst size [68—70]. For example, Wilson et al. [65]
examined the effects of P-limitation on the cyanophage infection kinetics of S-PM2
cyanophages propagated on cultures of Synechococcus. Under P-limited conditions, lysis of
Synechococcus was delayed by 18 h compared to a 9 h latent period in phosphate-replete
conditions [65]. Additionally, there was an 80% reduction in burst size under P-limited
conditions when Synechococcus was infected with cyanophage S-PM2 in comparison to
replete conditions, which was also noted in a second study by Rihtman [67], who used
a purified cyanophage for infection. Further, Cheng et al. [70] demonstrated significant
decreases of 85% and 73% in cyanophage production rate and burst size, respectively, in
P-limited Phormidium sp., demonstrating that P-related effects on infectivity are strongly
tied to specific host—phage relationships. Cheng et al. [70] also documented increases in
viral adsorption in P-limited samples from 21% to as high as 51%, further underscoring
P-related effects on infectivity. Research on phage production in cyanobacteria has shown
that there is a strong dependence on light and nutrient availability, but more research needs
to be conducted on this topic [27].

3.2.2. Nitrogen

The direct effects of nitrogen (N) on the virulence of cyanophages have not been
studied extensively; however, during infection, cyanophages are known to utilize the
host cell’s machinery to obtain nutrients from the extracellular medium for protein syn-
thesis. For example, in Synechococcus sp. WH8102 infected with the cyanophage S-SM1,
Waldbauer et al. [64] observed that proteins in progeny virion particles were composed of
41% extracellular N. Although more than half of the proteins in the phage particles were
derived from the host, nutrients from the extracellular medium played an important part
in viral replication. Furthermore, in a study by McKindles [71], viral replication did not
occur when a strain of Microcystis Aeruginosa was infected with cyanophage Ma-LMMO01
in N-limited media, further supporting the theory that N may be an important nutrient
in phage absorption and viral replication. Lysogenic activity of cyanophages also appears
to be affected by N. One study using samples of natural populations of Synechococcus spp.
from Tampa Bay and the Gulf of Mexico showed that prophage induction is inversely
correlated with the abundance of Synechococcus, suggesting that lysogeny may be a survival
response to resource limitation [72]. This finding is further supported by another study
that showed prophage production is favored over lytic behavior during periods of reduced
population and vitality of Synechococcus spp. [66]. It should be noted that information
regarding freshwater strains of Synechococcus spp. is lacking in this context.

3.2.3. Carbon Dioxide

The effects of CO, on cyanophage behavior are not as well-described in the literature
as those of P or N, but it remains an important factor in phage infectivity nonetheless.
Elevated dissolved CO, concentrations have been shown to increase adsorption ratios as
well as burst size in at least one cyanophage, coinciding with increases in host growth rate;
however, there were no significant changes in the latent periods or lytic cycles between the
high (740 ppm) and low (370 ppm) CO; concentrations [73]. Additionally, Zhou et al. [73]
documented a greater abundance of the host (Leptolyngbya sp.) population when cultured
at the higher CO; concentration compared to the lower concentration. Furthermore, it is of
note that an increase in CO; concentration may coincide with a decrease in environmental
pH [74], and, at low pH levels, the release of cations from the culture can promote an
increase in the host cell surface charge [73]; as a result, this may improve cyanophage stabil-
ity and increase adsorption [75]. In a study whose findings support this, Cheng et al. [70]
investigated the effects of elevated (800 patm) CO; partial pressure (pCO,) on cyanophages,
and found a 96% increase in cyanophage production rate and a 57% increase in burst size
compared to ambient (400 patm) pCO, at various host growth rates. In addition, elevated
pCO;, resulted in a shortened latent period compared to ambient pCO,. In another study,
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during viral infection of Synechococcus, elevated pCO, also resulted in a shortened latent
period, although a decrease in burst size was observed [76]. These studies indicate that
increases in CO; concentration may improve infection capabilities of cyanophages by
increasing their adsorption ratio and burst size. However, due to the complexity in the
mechanisms involved in the host-phage relationships, additional research is necessary
to investigate CO, impacts on cyanophage infectivity. Furthermore, more information
is needed on the combinatorial effect of changing CO, concentrations alongside other
factors, such as temperature, nutrients, and light conditions, particularly as the climate
shifts toward warmer temperatures and as anthropogenic pollution increases.

3.3. Irradiance

Solar irradiance levels have been shown to directly impact cyanophages and cyanobac-
teria productivity, and can influence the dominant strain in cyanobacteria communities.
For example, several studies have shown that toxigenic cyanobacteria species generally
dominate in high-light, high-temperature, and highly stratified environments [77,78]. Al-
ternatively, non-toxic strains thrive in a mixed water column partly because of a generally
higher affinity for light absorption and unique photopigment composition [79]. Further-
more, a study by Zilliges et al. [80] highlights that this selection for toxigenic strains can
be directly traced to the greater levels of ultraviolet radiation tied to a shifting climate.
Collectively, this suggests that toxigenic cyanobacteria are more likely to occur in the
coming years, which further drives the need to develop species/genus-specific, environ-
mentally benign control strategies to reduce environmental and human health impacts
from cyanoHABs.

Solar irradiance can also directly impact the stability of free cyanophages in aquatic
systems. High solar irradiances are believed to significantly contribute to the loss of
cyanophages in the natural environment as a result of impairment to phage genetic mate-
rial. Specifically, the formation of pyrimidine dimers when exposed to increased irradiance
has been shown to impact phage replication and infectivity [28,81], although such dam-
age from exposure to ultraviolet light may be reversed through common photo repair
mechanisms [82]. Additionally, the impact of sunlight on the rate of cyanophage decay
depends on the intensity of the germicidal wavelengths that reach the cyanophage, which is
impacted by the ultraviolet absorbance of the water, as well as the location of cyanophages
throughout the water column [81].

Unlike other bacteriophages, light is crucial for cyanophages in the infection of
cyanobacteria [83], as the adsorption and replication of some cyanophages to their host
cells is light-dependent [84]. Cyanophage adsorption and replication derives most of its
energy and certain resources from photosynthetic metabolism of the host cells, and is often
synchronized to the light-dark cycle [83]. It was also observed that the first sign of infection
is invagination of the photosynthetic lamellae, with viral particles later appearing in the
space between the folded lamellae and the plasma membrane [37]. Multiple studies have
also shown a heavy reliance of certain cyanophages upon the photosynthetic activity of
their host cyanobacterial cells, with total losses of infectivity observed under dark condi-
tions [85,86] and at least one cyanophage harboring a genetic homolog capable of stemming
photoinhibition [87,88]. This active role of cyanophages in securing photosynthetic byprod-
ucts from their hosts further underscores the integral nature of solar irradiance to their
collective success.

3.4. Cyanobacterial Extracellular Substances

Most cyanobacteria produce a protective boundary between themselves and the sur-
rounding environment in the form of extracellular polymeric substances [89,90]. These sub-
stances are primarily made up of complex heteropolysaccharides, which enable cyanobac-
teria to dynamically regulate their extracellular glycan levels to alter mucilage complexity
and function [91]. Exopolysaccharides (EPS) have many functional purposes related to their
physio-chemical properties [92]. In cyanobacteria, EPS are polyanionic, forming hydrated
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gels that help form the scaffolding of the colony and enable metal sequestration [90]. EPS
are also involved in colony formation, as they provide the “glue” that holds the individuals
together into a colony.

EPS produced by cyanobacteria can act as a physical barrier to the adsorption of
cyanophages, interrupting the infectivity and effectiveness of the phages [93]. EPS are
known to cause lower phage mobility and even trap cyanophages [91]. Given the poor
mobility of cyanophages in EPS, cyanobacteria near the outer edges of colonies and biofilms
would be most susceptible to infection. As cyanobacteria colonies grow from the center
outward, with the more mature cells in the center and the younger, more metabolically
active cells on the edges, the majority of phage population growth in a biofilm could involve
infection of bacteria that are more metabolically active, which would better support larger
phage bursts [94].

Although EPS can be an effective defense strategy against bacteriophages, bacterio-
phages have developed mechanisms to combat them. For example, some bacteriophages
can synthesize enzymes capable of degrading polymers on the cell surface of their host [95].
Some bacteriophages can also produce enzymes to depolymerize the scaffolding of the EPS
and rapidly reduce the hindrance of diffusion by phages within the matrix [91]. Addition-
ally, given the negative correlation between EPS production and cyanobacteria growth rate,
EPS production is unlikely to interfere with cyanophage infectivity as it is likely to be low
during active bloom events. However, more information is needed to better characterize
EPS production during a HAB and its possible effects on cyanophage infectivity.

3.5. Summary of Environmental Factors and Their Impact on Infectivity

Several environmental factors significantly influence (1) cyanobacteria growth,
(2) free cyanophage populations, and (3) cyanophage infectivity. Temperature, nutri-
ents, and irradiance are the predominantly studied environmental parameters that have
been shown to directly impact cyanophage success. Table 3 summarizes the aforemen-
tioned findings regarding the impacts of these parameters on various facets of cyanophage
ecology: burst size, latent period, infectivity, adsorption, life cycle, and overall abun-
dance. Broadly, increasing temperature coincides with an increase in all listed ecological
aspects, with cyanophage life cycles being predominantly lytic in nature [48-50,53,55].
P-limitation resulted in decreased burst size and infectivity and an increase in latent pe-
riod [65,67-70]: this limitation also drove cyanophage life cycles toward the lysogenic
pathway [65,66]. It is of note that an increased P concentration has been shown to correlate
with increased free cyanophage abundance, further underscoring the relationship between
P and cyanophages [70]. N-limitation results were solely based on marine strains of Syne-
chococcus spp. and should be explored further in freshwater systems. N-limitation drove
cyanophages to lysogenic life stages and also potentially reduced adsorption and/or overall
abundance [71,72]. The effects of CO, on cyanophage ecology are not as well-described as
the other environmental parameters discussed here; however, studies have shown that an
increase in the pCO; has resulted in both a decrease in latent period as well as an increase
in cyanophage production [70,76]. Finally, solar irradiance is critical to the viability of host
cyanobacteria cells and is therefore a major factor in cyanophage ecology. Facets such as
infectivity and adsorption are strongly tied to the host cell’s photosynthetic metabolism
and fluctuate alongside their host’s own optimal irradiance values [83,84]. However, it
should be noted that free cyanophage abundance has an explicitly described relationship
with solar irradiance, in which increased irradiance results in damage to phage genetic
material [81]. The production of EPS by cyanobacteria is unlikely to provide an obsta-
cle to the propagation of cyanophages [93], particularly as EPS production is negatively
correlated with cyanobacteria growth rate [96] and growth rates are often high during
bloom events, but there is limited information on EPS impacts on cyanophage infectivity,
and this should be explored further. In short, understanding the effects of these critical
environmental parameters on cyanophage ecology is critical to their potential operational
use as a cyanoHAB control measure.
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Table 3. Summary of environmental factors and their influence on cyanophages.
Temperature Nutrients EPS Irradiance References
Decreased under
Burst size Increased with P-llm1tat1op. Inconsistent [55,65,67,70]
temperature. findings with elevated
pC02
. Increased under
L:rtleé‘; Zfﬁreeisaeti:g”th P-limitation. Decreased [55,65,76]
P P ' under elevated pCO,
Increased in . Decreased with high light
Decreased with . . :
.. warmer waters  Decreased under owing to dimer formation.
Infectivity o L. greater EPS . [53,81,83,84,93]
(upto40°Cto  P-limitation. . Light-dependent for some
o production.
45 °C). cyanophages.
. Decreased with .
Increased with . . Light-dependent as
temperatiTe Increased with elevated physical evanophage adsorption
Adsorption pera pCOs,. Decreased under impedance of yanophage agsorp [55,71,84,91]
(e.g., shift from N-limitation cvanophage derives much if its energy
24 °Cto 35 °C). ’ yanophag from host photosynthesis.
diffusion.
F I;;Zifrli’:}?ward Driven toward lysogenic itz e e i
Life cycle Y . ysogen increasing irradiance for [55,65,66,72,97]
increasing under P- and N-limitation.
some cyanophages.
temperature.
Increased free cyanophage
in heightened P conditions. Decreased due to
Increased with Increased production with inactivation from
Abundance elevated pCO,. No change extended exposure to [48-50,69-71,81,98]
temperature. . . e . .
in replication within host. germicidal UV
Decreased under wavelengths.
N-limitation.

N-limitation information is for marine strains of Synechococcus as this information is lacking for freshwater
strains. Note that marine and freshwater strains are not distinguished here but this may play a role in further
elucidating environmental factors influencing infectivity.

4. Cyanophage-Host Relationships

Before expanding upon specific documented cyanophage-host relationships, it is
pertinent to discuss the history and progression of the current body of knowledge. Doing
so highlights increased interest in the field, as well as demonstrates improvements that
have been made in research methods key to understanding the possibilities, requirements,
and barriers remaining for potential implementation. Cyanophages first appeared in
the literature in 1963 [99] and have gradually increased in publication numbers over
time. Between 1967 and the end of 2019 there were a total of 500 publications (either
journal articles or book selections) specifically related to cyanophages, among which the
majority were published after 1990 (396), with increasing numbers of publications on
unique cyanophage—cyanobacteria relationships in the 2000s (Figure 1). Of the post-1990
publications, many focused on phages specific to the genera Synechococcus (161, 49%),
Microcystis (59, 18%), Dolichospermum (17, 5%), Prochlorococcus (13, 4%), and Planktothrix (12,
4%) (Figure 2). Less prevalent in the literature were studies on the genera Plectonema (11,
3%), Aphanizomenon (11, 3%), Nostoc (10, 3%), Phormidium (7, 2%), Lyngbya (7, 2%), Nodularia
(6, 2%), and Cylindrospermopsis (5, 2%) (Figure 2). Furthermore, few studies (7 total) were
conducted on other genera (1-2 papers between 1990 and 2019) including Anacystis (2),
Arthrospira (2), Limnothrix (1), Synechocystis (1), and Trichodesmium (1) (Figure 2). Note
that some publications (18 total) covered more than one genus (up to 5 genera) and were
counted for each genus they evaluated, while others (108 total) focused more broadly on
cyanobacteria and were therefore excluded from the genus-level analysis.
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Figure 1. Number of publications on cyanophages from 1990 to 2019.

Figure 2. Number of publications on cyanophages by cyanobacteria host genus, from 1990 to 2019.

Throughout the period reviewed, there was a clear shift in the cyanophage-host re-
lationships that were studied, with an overall increase in the number of publications on
cyanophages starting in the early 2000s (Figure 1). Early cyanophage literature (pre-1990;
104 articles in total, including 9 papers that discussed multiple genera) was dominated by
studies investigating phages specific to Anacystis (20, 18%), Plectonema (19, 17%), Dolichos-
permum (13, 12%), Synechococcus (12, 11%), and Nostoc (8, 7%) with a few articles (< 5%) on
Phormidium (3), Chroococcus (1), and Microcystis (1) (data not shown); however, post-1990
literature was dominated by Synechococcus, Microcystis, and Dolichospermum (Figure 2). It is
also important to note that the shift in the study of cyanophage-host relationships in recent
years coincides with increases in some of the most prevalent bloom-forming cyanobacteria
in North America, most notably including Microcystis, Aphanizomenon, Cylindrospermopsis,
and Planktothrix. These genera featured in few publications on cyanophages pre-mid-2000s
(Figure 3). The majority of publications post-1990 have been on Synechococcus and Micro-
cystis, likely owing to their unicellular/colonial morphologies, which make them easier to
work with in a laboratory setting. However, there has been a slow but steady emergence of
studies on filamentous cyanobacteria of interest, including Dolichospermum and Lyngbya,
dating from the early 1990s to 2019, suggesting that these organisms may serve as models
for the future development of phage technologies for cyanobacteria control.
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Figure 3. A truncated violin plot timeline for cyanophage-cyanobacteria publications by cyanobac-
teria genera for seven high-priority cyanobacteria genera. N signifies nitrogen fixers, and No-Nj

denotes non-nitrogen fixers.

For the purposes of this review, high-priority toxic freshwater species of diverse mor-
phologies were of interest. Commonly occurring freshwater HAB-forming cyanobacteria
with toxigenic capabilities include Microcystis, Cylindrospermopsis, Planktothrix (syn. Oscilla-
toria), Synechococcus, Gloeotrichia, Dolichospermum (syn. Anabaena), Lyngbya, Aphanizomenon,
Nostoc, Schizothrix, and Synechocystis [100]. Given the available literature on cyanophages
and general bloom presence in North America, this review highlights cyanophage—host
relationships for the following genera, all of the class Cyanophyceae: Synechococcus, Mi-
crocystis, Dolichospermum, Aphanizomenon, Cylindrospermopsis, Planktothrix, and Lyngbya.
Synechococcus and Microcystis are unicellular and/or colonial morphotypes with variable
nitrogen fixation strategies [101-103]. Dolichospermum, Aphanizomenon, and Cylindrosper-
mopsis are filamentous cyanobacteria that have heterocysts, an indication that they are
capable of fixing atmospheric N (N;) for energy [104-106]. Planktothrix and Lyngbya are
also filamentous cyanobacteria, but they lack heterocysts and therefore either cannot utilize
N, for energy, or have developed methods evolutionarily distinct from those of hetero-
cystous cyanobacteria [107-109]. Specific cyanophage—-host relationships related to these
high-priority cyanobacteria are described below and summarized in Table 4 to provide a
greater understanding of phage technology as a potential future approach for controlling
cyanobacteria in operational programs.

Table 4. Summary of identified host-phage relationships.

Cyanobacteria

Candidate for Broad

Genus Identified Cyanophages Range of Specificity HAB Control References
SM-1, SM-2, NRC-1, AS-1, AS-1M, . . Poor; primarily
Synechococcus S-CRMO1, S-EIV1, S-LBS1 Strain-to-Species-Level strain-specific [51,81,85,99,110]
Fair; some phages
Microcystis gﬁh?f’zMa_LMMm’ MaMV-DC, Strain-to-Genus-Level  infectious across [25,96,111-114]
multiple species
N-1, A-1L, A-4L, AC-1, AF-1,
AN-10, AN-13, AN-23, Good; multiple
Dolichospermum M-CP1/2/3, A-CP1/2/3/4, Strain-to-Class-Level ~ phages infectious in [26,115-118]
A-CP6/7, multiple genera
A-CM1/2, A-CF1, A-CS1/2
Aphanizomenon Vb_AphaS-CL131 Strain-Level Poor; strain-specific [119-123]
Cylindrospermopsis ~ AR-1, CrV Strain-Level Poor; strain-specific [124-126]
Fair; some phages
Planktothrix PaV-LD, M-CP5/6, A-CP1/4, P-Z1 Strain-to-Class-Level infectious in [26,127,128]

through P-Z12

Dolichospermum spp.
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Table 4. Cont.

Cyanobacteria i e s Candidate for Broad
Genus Identified Cyanophages Range of Specificity HAB Control References
Good; LPP-1
Lyngbya LPP-1, LW-1 Strain-to-Class-Level  infectious in multiple  [99,118,129]

filamentous genera

4.1. Unicellular/Colonial
4.1.1. Synechococcus

Synechococcus (Chroococcales) is a polyphyletic alga prevalent in marine and fresh-
water systems [130,131]. Members are defined as picocyanobacteria, exhibiting coccoid
morphology with a diameter generally < 3 um [132], and are reportedly capable of Ny
fixation [101,133,134]. Although the literature on picocyanobacteria toxicity is sparse,
freshwater strains of Synechococcus have been shown to produce microcystin [135-137].

Several cyanophages have consistently been reported to infect freshwater Synechococ-
cus strains including SM-1, SM-2, AS-1, and AS-1M [51,81,85,99,101]. Much work has
been undertaken on characterizing SM-1 and SM-2 infecting the same two freshwater
Synechococcus strains [51,81,110]. Specifically, SM-1 has been shown to be dependent upon
the host cells” photosynthetic metabolism through photosystem II (PSII) inhibition and
has a latent period of 48 h [85]. Furthermore, Safferman et al. [52] later described AS-1
as a Synechococcus-infecting cyanophage with host specificity similar to SM-1. AS-1 was
described as infecting three Anacystis and one Synechococcus strain, having a latent period
of 8.5 h and average burst size of 50 plaque-forming units (PFU) per infected cell [51]. AS-1
was found to gradually inhibit electron transport within photosystem II [86] and virulence
was directly linked to irradiance levels [138], similar to Mackenzie and Haselkorn [85]. A
second cyanophage, AS-1M, bears a strong morphological resemblance to cyanophage
AS-1, [84,139,140] but adsorbs to a host more rapidly, has a reduced latent period, and does
not require NaCl as a cofactor for propagation ([139] and references therein). In addition to
the well-characterized cyanophages capable of infecting Synechococcus belonging to SM and
AS or closely related groups, a number of novel or uncharacterized cyanophages have been
identified and described in the literature, and will not be discussed here [141-145]. Among
the most well-characterized cyanophages (SM-1, SM-2, AS-1, and AS-1M), all suggest that
viral infection and propagation are heavily dependent on photosynthesis, highlighting the
importance of understanding how ecological factors could influence the success of future
cyanophage control strategies.

4.1.2. Microcystis

Microcystis (order Chroococcales) is perhaps the cyanobacterial genus most well-
known to the general public given its ubiquity and propensity for forming toxic cyanoHABs.
Members of Microcystis are unicellular yet colonial in nature, with varying colony size de-
pendent upon species as well as relative dominance within a given population [146]. Micro-
cystis as a genus is incapable of fixing nitrogen [147], but various species are capable of pro-
ducing toxins, such as microcystin (hepatotoxin) and cyanopeptolin (neurotoxin) [148,149].

Several cyanophages in the cyanopodovirus and cyanomyovirus families have demon-
strated efficacy on Microcystis spp. [25,96,111-114]. One of the first characterized cyanophages
capable of infecting Microcystis spp. strains was the cyanopodovirus Ma-LBP [111]. Ma-LBP
exhibited varying burst sizes between 20 and 50 PFU per cell, and achieved 95% reduction
in viable host cells after 6 days. A second cyanophage Ma-LMMO01 was found to be highly
host-specific in its native ecology, infecting only one M. aeruginosa strain, exhibiting a low
multiplicity of infection (MOI), and burst size up to 120 PFU per cell [25]. The genome of
Ma-LMMO01 had no collinearity with other cyanomyoviruses, corresponding to the high
level of host specificity observed [39]. Several studies have since been published to better
understand Ma-LMMO1-like cyanophages on a molecular level [150,151]. Researchers have
identified a highly conserved region containing a host-like nblA gene that plays a major role
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in protecting host cells during photoinhibition [42,87,88,152]. Another reported advantage
for Ma-LMMO01-like cyanophages is their ability to progress through various stages of
infection without altering host promoter activity, which would enable the virus to shield its
presence from the host [40,153]. A third cyanophage, MaMV-DC was identified as having
selective infectivity towards various Microcystis species, with a latent period of 24-48 h
and roughly 80 PFU per cell [114,154]. MaMV-DC was also identified as carrying a gene
similar to host nblA, similarly to Ma-LMMO1 [154]. Ou et al. [154] confirmed the expression
of the nblA-like gene in the host during infection, suggesting that horizontal gene transfer
or co-evolution of the nblA gene homolog in particular has been integral to the success
of multiple cyanomyoviruses infecting Microcystis spp. A third cyanophage ®PMHI42
was shown to have broad spectrum activity against various cyanobacteria, including two
M. aeruginosa strains with variable infectivity rates; M. aeruginosa BC84/1 stopped growing
400 h after exposure and M. aeruginosa CCAP 1450/8 exhibited a slowing of growth rather
than outright senescence [128]. This variation in response demonstrates the importance of
host specificity, particularly in optimizing the host-phage relationship to yield effective,
targeted phage-mediated control.

4.2. Filamentous Nitrogen-Fixers

Dolichospermum, Aphanizomenon, and Cylindrospermopsis (Nostocales) are all genera
representative of filamentous cyanobacteria containing N,-fixing heterocysts, as well as
desiccation-resistant akinetes. As filamentous cyanobacteria, species are composed of
multiple cells linked in strands with heterocyst and akinetes at various locations dependent
on the taxa. Cell sizes vary by species, but are broadly similar across genera [155-157].
Anatoxin-a, cylindrospermopsin, and saxitoxin producers are present in all three gen-
era [148,158], although members of Dolichospermum have been shown to produce a number
of additional toxins and bioactive secondary metabolites, including microcystin ([149] and
references therein).

4.2.1. Dolichospermum

Cyanophages affecting Dolichospermum (formerly Anabaena) are some of the best-
documented among filamentous cyanobacteria genera, with research extending back to the
early 1970s. In the early literature (pre-1990), Currier et al. [115] evaluated the ability of the
cyanomyovirus N-1 to infect two strains of Dolichospermum. Overall, the study found a gen-
eral trend of increasing infectivity alongside increasing temperatures (as high as 51 °C) in
both isolates [115]. Two additional studies in the early literature screened 2000 cyanophages
and identified nine isolates (A1L-A9L) with infectivity against D. variabilis [116,117]. Hu
et al. [117] also isolated 16 cyanophages with specificity for 11 strains of Dolichospermum
and five strains of Nostoc out of a total of 69 heterocyst-forming cyanobacteria tested. In the
more recent literature (post-1990), a broad study was conducted by Deng and Hayes [26] to
screen 35 cyanophage isolates against various cyanobacteria hosts, including Dolichosper-
mum species. A total of 16 distinct cyanophages infected at least one of the three reported
Dolichospermum spp. strains, and seven were capable of infecting all three strains. Of these
seven cyanophages with broad Dolichospermum sensitivity, four were cyanopodoviruses,
one was a cyanomyovirus, and two had no reported taxonomy, showcasing a breadth of
cyanophages with host specificity for Dolichospermum that could be characterized further
and explored for potential biological control applications.

A study by Monegue and Phlips [118] investigated two newly isolated cyanophage
strains (AC-1 and AF-1) with specificity for two strains of Dolichospermum. While both
cyanophages were effective in reducing chlorophyll levels within their respective hosts,
AF-1 showed greater efficacy during the lag or early logarithmic growth phase, and only
decreased in efficacy with increasing culture age. This highlights the importance of es-
tablishing peak growth-phase efficacy when exploring cyanophages as a biological con-
trol strategy.
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Several studies have explored the genomic characterization of cyanophages infecting
Dolichospermum species [116,117,159-161], and have developed molecular tools to character-
ize cyanophage-host relationships [162,163]. Newly isolated and entirely novel cyanophage
strains continue to be identified globally [26,164,165], creating a wide base from which
to investigate phages effective against strains of Dolichospermum species, which remain a
prominent HAB problem across the US.

4.2.2. Aphanizomenon

The earliest descriptions of cyanophages affecting species within Aphanizomenon also
appeared in the literature in the early 1970s [119,120]; however, clear investigations into
cyanophages with laboratory propagation and evaluation became more prevalent in the
last decade. To date, there have been three studies on cyanophage infectivity in the
genera Aphanizomenon [121-123]; each of these explored the infectivity of Vb_AphaS-CL131
(hereafter referred to as CL131) in A. flos-aquae. Sultius et al. [121] fully characterized
cyanophage CL131, detailing it as a cyanosiphovirus with infectivity against A. flos-aquae
isolated from the Curonian Lagoon (Lithuania). The infection cycle was estimated at 36 h,
with cell lysis occurring after 5-7 days. CL131 was tested on a total of 18 Aphanizomenon
strains (12 A. flos-aquae), five other cyanobacteria genera, and was found to infect only
two strains of A. flos-aquae from the Curonian Lagoon, suggesting that this cyanophage is
geographically bounded, as A. flos-aquae strains from outside of the Curonian Lagoon were
not sensitive to CL131.

In a subsequent study, Sul&ius et al. [122] investigated the impact of natural grazing
pressures on CL131 infectivity in A. flos-aquae from the Curonian Lagoon. Daphnia magna
was introduced to uninfected and infected A. flos-aquae cultures and incubated for 12 days.
Sultius et al. [122] reported that lysis-mediated and grazing-enhanced removal of shorter
algal filaments resulted in a shift to longer filaments of A. flos-aquae more resistant to viral
and grazer-related pressures. Additionally, the presence of grazers coincided with filament
aggregation, which was shown to be widely insensitive to both CL131 and grazers. These
are important considerations when transferring cyanophages into environmental systems.

Sul&ius et al. [123] conducted a metagenomic study of CL131 with respect to similar
cyanophages in other regions, including the Baltic Sea and several US waterbodies, and
showed that up to 66% of CL131 proteins were conserved in Baltic Sea samples, while only
7%—20% were conserved in US samples. The studies conducted by Sultius et al. [121,123]
point to a level of specificity in CL131 that may be geographically bound, which is an
important point of consideration when exploring cyanophages for control strategies that
could be used to direct future research efforts in characterizing host-phage relationships
and overall cyanobacteria efficacy.

4.2.3. Cylindrospermopsis

Similar to the filamentous nitrogen-fixers previously described, identification of
cyanophages infecting Cylindrospermopsis (formerly Anabaenopsis) occurred long before
detailed studies on host-phage relationships. The earliest citation on Cylindrospermospsis
specific cyanophages was in 1967 in India [124], identifying AR-1 as infectious to Cylindros-
permopsis raciborskii. In 2010, Pollard and Young [125] isolated virus-like particles (VLPs)
(later identified as cyanosiphoviruses) and C. raciborskii from a lake near Brisbane, Queens-
land, Australia. C. raciborskii was infected with the VLPs, and after 5 days biomass was
reduced by 86% compared to uninfected controls. Additionally, Pollard and Young (2010)
found that cell lysis generally resulted in the distribution of smaller, yet viable, fragments,
suggesting that this particular virus may result in a broader distribution of Cylindrosper-
mopsis if attempted as a control measure. In a second study in 2016, Steenhauer [126]
characterized a novel cyanosiphovirus (CrV) from the Reeuwijkse Lakes in the Netherlands.
CrV showed selective specificity for C. raciborskii isolated from the same lake, having full
host lysis 44 h post-infection. However, CrV did not affect other cyanobacteria genera
(Aphanizomenon, Anabaenopsis, Geitlerinema), or other C. raciborskii strains tested, even a
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second strain isolated from the same lake. Additional experiments on CrV found that both
elevated irradiance and temperature resulted in a reduced latent period, and subsequently,
faster achievement of host lysis, highlighting the importance of environmental factors in
host-phage relationships and infectivity.

While the existing knowledge base of cyanophages affecting Cylindrospermopsis is lim-
ited, these studies provide some valuable insights for investigating comparable cyanophages
within the US, suggesting that cyanosiphoviruses may be more selective for Cylindospermop-
sis species. Additionally, the concern proposed by Pollard and Young [125] regarding the
distribution of smaller, viable filaments post-infection must be given considerable thought
in transitioning cyanophages to control strategies to ensure that any future cyanoHAB
control measures achieve an acceptable threshold of host mortality.

4.3. Filamentous Non-Nitrogen-Fixers

Planktothrix and Lyngbya (Oscillatoriales) are two bloom-forming, filamentous genera
that do not possess heterocysts. Members of Planktothrix are capable of producing filaments
a few micrometers wide and up to several millimeters long [166]. Likewise, a study by Sharp
et al. [167] identified Lyngbya filaments as wide as 44 um in diameter and colonies several
centimeters long. Both genera have planktonic and benthic morphotypes, commonly
creating mats that negatively affect benthic infauna [168]. Planktothrix has been shown to
produce a variety of common cyanotoxins, including microcystin and anatoxin-a, while
Lyngbya have been shown to produce lyngbyatoxin [148]. Both genera have been shown to
produce saxitoxin [158].

4.3.1. Planktothrix

The existing literature detailing cyanophages capable of infecting Planktothrix and the
intricacies of their interactions was published only within the last 12 years, probably partly
because of the relatively recent distinction of Planktothrix as its own genus [169]. Deng
and Hayes [26] isolated a total of 35 cyanophages (all cyanopodoviruses or taxonomically
unidentified) from Switzerland and the United Kingdom and tested them against 16 Eu-
ropean strains of cyanobacteria, including eight strains of Planktothrix. Two of the eight
strains were reportedly susceptible to a total of 16 distinct cyanophages, with 14 strains
infecting P. rubescens and 13 infecting P. agardhii. This suggests some potential overlap in
viral targets across genera, but further molecular elucidation was inconclusive.

Gao et al. [127] screened the cyanophage PaV-LD, isolated from Lake Donghu, China,
against 10 cyanobacteria species, predominantly from freshwater lakes and ponds in
China. Nine of the 24 strains explored were Planktothrix. After one week of exposure, only
P. agardhii isolates also collected from Lake Donghu showed evidence of infection with
PaV-LD, and infectivity was not observed in any other genera tested.

Watkins et al. [128] characterized infections in a number of cyanobacteria hosts using
the cyanopodovirus ®MHI42, originally isolated from M. aeruginosa BC84/1 (University
of Bristol, UK). A total of three cyanobacteria genera (five strains) were tested, including
two Planktothrix species. At higher MOIs, ®MHI42 showed broad specificity, inducing
signs of lytic infection in both Microcystis and Planktothrix strains after a 16-day incubation
and showing greater sensitivity towards Planktothrix, with growth halting after five days
exposure. However, similarly to the phenomenon observed by Suléius et al. [122] with
Aphanizomenon, clumping occurred in several infected cultures, which likely resulted in
some level of resistance to infection.

In total, all reported cyanophages effective against Planktothrix (capable of being iden-
tified) were described as cyanopodoviruses, and exhibited a broad level of host specificity
(PaV-LD notwithstanding) when compared to other cyanophages targeting filamentous
cyanobacteria. If cyanophages can be adopted into control strategies, the broader host
specificity may prove beneficial in targeting mixed cyanobacteria blooms in the field.
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4.3.2. Lyngbya

To date, there is a limited amount of literature on cyanophages infecting the genus
Lyngbya, with only three publications since 1963 [99,118,129]. In the earliest study, Saf-
ferman and Morris [99], isolated the cyanophage LPP-1 from a waste-stabilization pond
in Indiana, USA. Out of 78 organisms screened, LPP-1 lysed 11 filamentous algal strains,
including two strains of Lyngbya. In the second study, Monegue and Phlips [118] investi-
gated the cyanophage LW-1 and its effects on a Florida isolate of L. wollei over 21 days. The
study demonstrated that reductions in chlorophyll concentrations were greatest (~95%)
after coincubation for 14 days. In the final study by Hewson et al. [129], VLPs (similar in
morphology to Cyanosiphoviridae) were explored against a marine strain of L. majuscula
collected from Amity Banks, Queensland, Australia. After five days exposure, the VLPs
were able to disrupt the photosynthetic machinery (via fluorescence, photochemical effi-
ciency, and electron transport) necessary for healthy cyanobacteria growth. To assess the
potential for cyanophages to control Lyngbya, it will be important to encourage studies on
cyanophage-host specificity, given the emerging threat Lyngbya poses in the US and the
current paucity of literature on this genus.

5. Cyanophages as a Control Strategy
5.1. Efficacy Considerations

Establishing conditions that promote efficacy is of the utmost importance when con-
sidering phages as a biological control strategy. Findings from Cheng et al. [70] affirm that
phage-based control of cyanobacteria has the greatest potential for success when infective
burst size, infective production rate, and adsorption are maximized, and when abortion
percentage (the percentage of adsorbed cyanophages that do not lead to infection) and
latent period are minimized. Another factor key to initiating cyanophage propagation
for cyanoHAB management is the selection of a multiplicity of infection (MOI), which
refers to the number of virions added to the number of host cells in a given treatment,
such that sufficient virions are applied to exceed a threshold virion:host ratio required for
self-sustained infection and propagation in the environment. However, viral loads often
go unspecified in publications describing the effects of cyanophages as biological controls
for cyanobacteria, obfuscating the specific cyanobacteria cell densities and associated viral
densities required for effective infection and propagation. This is possibly because of the
binary nature of studies searching only for positive infection or a lack thereof. Related
descriptions most often cited are based on volume or the MOI. Numerous studies have
used an MOI of ~1 [122,125,170] for infection. While this approximation is typical for
many cyanophage infectivity experiments, there is also precedent for using significantly
lower MOI values (as low as 0.1 x 10~%) in filamentous cyanobacteria [37,53,171]. Alterna-
tively, it should be noted that there have been a number of studies that used a so-called
“cyanophage concentrate” and added it to culture at 10% v/v [126-128], indicating that this
imprecise practice has become something of an accepted standard in the field. Therefore,
before implementing cyanophages as a biological control, it will be important to establish
appropriate dosages using standardized dose-response practices to ensure reproducibility
and success in the field.

Itis also important to establish metrics to assess the success of cyanophages as potential
biological control strategies. This is critical, as phages, in addition to having lethal impacts,
can have many sub-lethal impacts that interfere with host functions in sophisticated ways
and ultimately reduce cyanobacteria growth rates. Sub-lethal impacts include reduction in
mechanical stiffness, change in cell shape, decrease in cell size, inhibited growth, impaired
or dysregulated photosynthesis, and altered metabolism and replication [31,87,97]. For
example, Jiang et al. [97] observed a reduction in mechanical stiffness in M. aeruginosa
following infection including irregular cell shapes, cell shrinkage, and reduced membrane
stiffness that contributed to inhibition of host growth and photosynthesis. Two other studies
by Yoshida-Takashimia et al. [87] and Jassim and Limoges [31] identified the presence of
genes related to host photosynthesis, and hypothesized that these genes might allow
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for phage reproduction while simultaneously stimulating photosynthesis to provide a
fitness advantage for phages and maximize phage production in accordance with energy
production, and limiting photoinhibition during infection [31,87]. As such, cyanophages
are capable of inducing changes in the size, shape, and integrity of the host cell membrane
that adversely impact nutrient uptake, while simultaneously operating host metabolic
and photosynthetic pathways for further phage proliferation, actions which weaken host
fitness without killing the host outright. These sub-lethal impacts may inhibit the growth
of cyanobacteria and facilitate structural changes that are advantageous to competing
beneficial phytoplankton in the microbial community.

When exploring cyanophages as a control strategy, there are many infection parameters
that must be considered to ensure the safe and effective use of these potential biological
control agents. In particular, phage propagation (reviewed in Section 3) can be a challenge
in field settings given the impact of environmental conditions, such as nutrients, irradiance,
and temperature on reproduction and host efficacy. The strategic application of phages
alongside known environmental conditions can be used to enhance efficacy and also
optimize viral propagation, though this needs to be explored further.

5.2. Optimization

The most critical aspect of cyanophage propagation is the health of the host cyanobacte-
rial cells. For instance, cyanobacteria cultured in nutrient rich media have higher observed
concentrations of the host global regulator RNase III and, consequently, protein nitrogen
concentrations, which favor the opportunity of lytic pathway and benefit cyanophage
propagation [28]. Additionally, similarly to cyanobacteria, the wide variety of cyanomy-
oviruses, cyanopodoviruses, and cyanosiphoviruses (formerly cyanostyloviruses) means
that there are a number of parameters that must be tailored to optimize propagation of
specific phages, as described in Table 3, particularly with respect to optimal host conditions
that would be representative of field conditions. Laboratory cultivation of cyanobacteria
has been widely documented for many decades across a multitude of studies. The most
common parameters that must be taken into consideration for cyanobacterial growth are
temperature, light intensity, pH, and nutrients (i.e., growth medium), although optimal
ranges of each are capable of varying down to the strain level. As previously mentioned,
cyanobacteria growth tends to be optimal between 15 °C and 29 °C [46]. Cultures are
typically grown under a 12:12 light—dark cycle [25] and are capable of thriving under
ambient outdoor light intensities (1500-2000 uE m~2s~! on a sunny day) [172], but require
far less light in laboratory culture (typically 50-200 uE m~2s~!). Both pH and nutrient
concentrations are directly correlated with selected growth media; however, cyanobacteria
tend to perform best under neutral to slightly alkaline conditions (pH 7-8.5) [173]. There
are a wide variety of growth media available for cyanobacteria cultivation, and nutrient
requirements vary by target species, but sources of nitrogen, phosphorus, iron, magnesium,
trace metals, and vitamins are all required for successful cultivation [174].

5.3. Scalability

In utilizing cyanophages as a biological control for cyanoHABs, the most apparent
issue is the matter of scale. The existing literature lacks studies describing cyanophage
infectivity experiments at a mesoscale (liters), let alone the comparatively massive volumes
associated with partial or full lake treatments. A study by Waechter et al. [175] conducted
some preliminary hypothetical calculations on the amount of cyanophage required to treat
a large freshwater cyanoHAB event. They assumed the algae was covering 80% of the lake
(1500 km?), predominantly in the top 1 m of the water column. and assumed a MOI of
10 phages per cell, estimating that 1.2 x 10'? phageseL~! of phage stock would be needed,
equivalent to 60,000-5000 gal tanker trucks. Even when assuming only 5% of the lake was
covered in cyanobacteria, a total of 395,000-gal tanker trucks of concentrated phage stock
would be needed to treat the bloom area. The scalability of this technology appears to be
a significant hurdle in the economic feasibility of this treatment for large events. Until a
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time when advancements have been made in applying phages in environmental systems,
using cyanophages as a treatment for cyanoHABs may be restricted to smaller water bodies
during the early stages of blooms, or as a pre-treatment to keep cyanobacteria levels low,
although the continuous propagation of lytic cyanophages could potentially reduce phage
volume requirements. Additional studies are needed on the environmental propagation
and longevity of these viruses. There is a potential for cyanophages to be part of a suite of
treatment technologies, using other control methods to make conditions in waterbodies
more favorable for phage propagation and lytic activity.

6. Conclusions

As thoroughly reviewed here, cyanophages represent a highly specific potential
method of biological control for cyanoHABs. According to the current literature, infec-
tious cyanophages have been discovered for many of the most prominent bloom-forming
cyanobacteria genera (Table 4). Although infectivity varies depending on a number of
factors (Table 3), the potential remains for cyanophages to be an effective prevention and
mitigation strategy in the early stages of harmful cyanoHABs. However, this review also
identified several challenges that must be addressed through further laboratory studies
prior to any sort of field application.

The most notable challenge relates to the issue of scalability (as covered in Section 5).
The excerpt from Waechter et al. [175] clearly demonstrates that the volume of a target
waterbody and the density of the cyanobacteria within it play a critical role in assessing
the feasibility of applying cyanophages as a control measure. Two potential solutions to
this problem may be (1) adjusting the application timetable, or (2) isolating an appropriate
cyanophage with a relatively low MOI requirement (<1). By simply adjusting the appli-
cation timetable to earlier in a bloom’s trajectory (e.g., pre-bloom or early stages), water
resource managers would be able to suppress the growth of target cyanobacteria and reduce
the concentration of required cyanophages in subsequent treatments. By identifying an
appropriate cyanophage with a low MOI requirement, lower stock concentrations of phages
would be needed for field applications, which is integral to the success of this technology as
a standalone control measure. Although some studies described in this review employed
MOI values from 1-10, there is evidence in the literature documenting infectivity with
MOI values of less than 1 and as low as 1 x 104 [37,53,171]. Beyond the identification of
a cyanophage with a low requisite MOI, specificity may present an additional challenge.
According to the literature, host specificity can be as variable as cyanophages themselves,
although many of those covered here were reported as species-specific, if not strain-specific
(Table 4). Studies such as those of Ou et al. [113] and Zhong et al. [145] demonstrated a very
high level of host specificity (1 of 21 and 1 of 36 strains tested, respectively); however, it
should be noted that other studies, such as that of Deng and Hayes [26] reported infectivity
in multiple strains of Planktothrix spp. Using cyanophages derived from multiple genera,
including Microcystis and Dolichospermum. Cyanophages such as these, with broader ranges
of host specificity, will be critical to mitigation efforts in the future. By selecting phages
capable of infecting multiple genera, downstream logistics of preventative applications
will become more time- and cost-effective.

Overall, the goal of this literature review was to assess the current knowledge base
regarding cyanophages in order to identify factors critical to infectivity, known host-phage
relationships and specificity, and challenges to the eventual utilization of cyanophages as
a prevention and mitigation technique for cyanoHABs. The literature suggests that there
is a diverse array of cyanophages in the environment, each exhibiting varying levels of
infectivity and specificity, but effective nonetheless at neutralizing their respective target
cyanobacterial strains. Additional studies are needed to identify the most appropriate
cyanophages for conversion into an effective tool for water resource managers, but this
review underscores that the necessary groundwork has been laid and cyanophages may
play a large role in cyanoHAB management in the near future.
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