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Executive Summary

Nutrient pollution issues and HABs are increasing in frequency and magnitude in the last decade,
impacting water supplies and costing $1B per year in lost tourism revenues (EPA 2019), with
algal blooms specifically having large economic impacts in recent years. The United States had
620 HAB events reported to the Harmful Algal Events Dataset from 1980-2015, which was the
second highest number of reported HAB events reported by country (Sanseverino et al., 2016).
Typically driven by diffuse sources, nutrient pollution events can quickly turn into massive HAB
events with the right environmental conditions for temperature, nutrient levels, sunlight, and
other factors. In large water bodies such as Lake Okeechobee in Florida or Lake Erie to the
north of Ohio, these blooms can be massive in scale.

There are not currently any practical technical solutions for mitigating such large scale HAB
events. However, it may be possible to reduce the scale of these events with early intervention
via physical, biological, and/or chemical treatment approaches. If scalable approaches could be
made more practical in terms of costs, manpower, and logistics, they could provide an additional
tool for communities for HAB control, in addition to longer term programs focused on nutrient
limitation at the source.

The use of cyanophages for mitigating large HABs is a biological approach that could potentially
be effective, but consideration for mass transfer, logistics limitations, and biological complexity
must be given. It is recommended that further research be done in the following areas:

e The behavior of cyanophages and cyanobacteria involved in cyanoHABs

e The interactions between cyanobacteria and their cyanophages, including better
understanding the specific strains targeted by cyanophages and the role cyanophages
play in the natural cycles of cyanobacterial blooms

e The physical characteristics of a cyanophage infection event and the horizontal spread of
a cyanophage infection through a population of cyanobacteria

e Identifying more cyanophages that infect cyanoHAB causing cyanobacteria to
potentially develop suites of cyanophages to treat cyanoHABS
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Harmful Algal Blooms

Algae are aquatic organisms that can range from microscopic, single-celled organisms
(microalgae) to large filament and blade seaweeds (macroalgae). In general, algae are autotrophs,
acquiring energy from light and carbon dioxide to carry out metabolic processes, however algae
are also capable of mixotrophy and heterotrophy. Algae are ubiquitous in aquatic habitats
including lakes, ponds, rivers, oceans, and estuaries. Cyanobacteria are conventionally
prokaryotes but are typically lumped in with algae as they have specialized organelles such as
phycobilisomes, that have a similar function as true eukaryotic chloroplasts. Like eukaryotic
algae, cyanobacteria can also obtain energy through autotrophy, heterotrophy or mixotrophy.
Cyanobacteria have a unique set of pigments used in photosynthesis, which can give them a
blue-green color; for this reason, they are sometimes referred to as “blue-green algae.” An algal
bloom forms when there is rapid growth of algae or cyanobacteria in a water body, often
resulting in water discoloration. A harmful algal bloom (HAB) is an algal bloom that is
producing toxic or harmful effects on the ecosystem. Some types of bloom forming algae or
cyanobacteria produce toxins that can kill fish, mammals, or birds. It is also possible for a HAB
to produce toxins that can cause illness in humans and even death in extreme cases. Even if a
HAB does not release toxins, it could still be harmful to an ecosystem because the algae can
consume the oxygen in a water body as it decays, clog the gills of fish, or smother submerged
aquatic vegetation (NOAA 2016). HABs can form naturally, however they are becoming more
common and showing up in new places due to increasing rates of eutrophication (Anderson et
al., 2012; Gilbert et al., 2008; Mehrubeoglu et al. 2014). Toxins from cyanobacteria have been
recorded in all but five of the continental states in the USA (Erickson 2013; Loftin et al. 2016).
The economic impacts of freshwater HABs are assumed to be significant although they are not
well documented today (Erickson 2013).

Blooms can develop quickly if cyanobacterial growth and division rates are fast and/or when
water column conditions enable surface accumulation. Accumulation of cyanobacteria can cause
adverse effects on the water, such as taste and odor problems and even toxicity. Algal blooms
can deplete nutrients in the water, increase turbidity, and use up inorganic carbon (CO2) and
other resources (Paerl et al. 2001). This can lead to a “crash” which means that the bloom starts
dying rapidly. The cells decay and a foul-smelling scum that may house a variety of pathogens is
left behind. Dissolved oxygen in the water body will also become depleted. In some cases the
water can go under hypoxia, which is when the dissolved oxygen concentration falls under 4
mg/l and is known to stress most fauna. The water body can even go anoxic, which is when there
is no dissolved oxygen left and most fish die (Paerl et al. 2001). This process is also known as
eutrophication. Another adverse effect is that toxic hydrogen sulfide may be released from the
dying bloom. Water bodies impacted by algal blooms usually become off limits to recreational
use.

Bloom Growth Factors

Factors that contribute to cyanoHAB growth are increased nutrient loadings, food web
alterations, water flow modifications, introduced species, and climate change (NOAA 2016).
Blooms can form when wind and water currents are favorable. Some cyanoHABs appear after
environmental phenomena like high water temperature, extreme weather (i.e., hurricanes, floods,
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drought), and/or poor water circulation. A bloom can also form when nutrients, primarily
nitrogen and phosphorus, from sources such as lawns and agriculture flow into water bodies and
build up at a rate that “overfeeds” the algae that already exist in the environment (NOAA 2016).
High rates of nutrient loading in addition to water residence time long enough to support high
reproductive rates, combined with low grazing rates of predators to cyanobacteria, represent
optimal conditions for bloom development (Paerl et al. 2001).

Recently, cyanoHABs have been forming in waters that were previously bloom free possibly due
to anthropogenic nutrient loadings (mainly N and P). In many places around the world,
cyanobacterial bloom taxa have been proliferating in areas experiencing increases in agricultural
runoff, groundwater, and atmospheric loading of nutrients. Genera that produce toxins and
taste/odor problems, such as Microcystis, are becoming more widespread in aquaculture
operations (Paerl et al. 2001). Eutrophication can occur when nutrients like nitrogen and
phosphorous are added to a water body. When nitrogen and phosphorous are in excess, the rate
of primary production can increase and surpass the rate at which secondary consumers (i.e., fish
and invertebrate) can eat it. The surplus algal matter accumulates and forms a cyanoHAB event.
When the cyanobacteria die off and decay, dissolved oxygen is consumed. Taste and odor of the
water is also impacted due to the poor water quality. Hypoxia and anoxia could occur in the
water body, which may cause shellfish and fish mortality (Paerl et al. 2001).

Phosphorous loadings have been shown to be a driver for eutrophication in freshwater systems.
Eutrophication that is driven by phosphorous can support growth of both N2-fixing and non-No-
fixing cyanobacteria. This is especially true in situations where waters have a long residence
time, surface water temperatures periodically exceeding 20°C, and vertical temperature
stratification (Paerl et al. 2001).

Seasonal variations can change whether N2-fixing or non-N2-fixing cyanobacteria are
dominating. Usually, late winter and early spring have high precipitation, which leads to raised
nutrient loading in the form of nonpoint source surface runoff. These conditions favor non-N2-
fixing bloom species. In dry summer months nonpoint source runoff is very low, so point-
sources like wastewater treatment plants are the predominant source of nutrients. Phosphorous
enrichment (lower N:P ratios) happens when reduced nonpoint source and higher point source
loading occurs. These conditions favor Nz-fixing diazotrophic species.

Cyanobacteria

Many different types of algae can form blooms, but cyanobacteria are the most notorious
freshwater HAB formers (Paerl et al. 2001). Cyanobacteria are prokaryotic, meaning that they
have no defined nucleus and that their cellular structure resembles that of bacteria. Cyanobacteria
in freshwater environments can be found in different morphological groups: unicells, colonies of
multiple single cells, undifferentiated non-heterocystous filaments, and filamentous forms
containing differentiated cells called heterocysts (nitrogen-fixing cells) (Paerl et al. 2001). Some
cyanobacteria are adapted to nutrient deficiencies and can evade nitrogen limited conditions by
using atmospheric dinitrogen gas (N2) as a nitrogen source through biological N2 fixation. They
are also able to uptake phosphorous in excess of growth requirements to store it for future use
when phosphorous is limited. A trait that is particularly useful after pulse nutrient inputs
typically observed after storm/runoff events. Cyanobacteria are also able to regulate their
buoyancy throughout the water column and can often be observed at the surface during the day
for photosynthesis and in nutrient rich waters below the thermocline in the evenings for
respiration. This buoyancy regulation can also be useful to avoid high irradiances and high



temperatures. Additionally, cyanobacteria have developed specialized mechanisms to adapt to
both light quantity (intensity) and quality (spectral color) (Averina et al., 2018). Collectively,
these characteristics allow cyanobacteria to thrive in both nutrient deficient and enriched
environments (Paerl et al 2001). Blooms caused by cyanobacteria may be toxic and can cause
serious problems to water quality, fisheries, aquaculture, and animal and human health (Chorus
and Bartram, 1999; Collins 1978). More than 60 different toxins can be released from
cyanobacteria including neurotoxins, hepatoxins, cytotoxins, gastrointestinal toxins, and skin
irritants (Kuster et al., 2006). In 50 countries and 35 US states, toxins from cyanobacteria have
caused human or animal illness (Graham et al., 2015). These blooms can also cause water bodies
to undergo hypoxia and anoxia, which can kill off many underwater plants and fish and result in
waterway closures that have a negative impact on tourism and local economies. Recreational use
and aesthetic values of water bodies may be negatively affected as well.

Cyanobacterial Growth Cycle

Cyanobacterial growth is defined as an increase in the number of cells (or size of a colony) rather
than the size of individual cells. In general, algae and cyanobacteria have four growth phases: lag
phase, exponential growth, stationary phase, and decay. In batch cultures in the laboratory, upon
inoculation into a new medium the cyanobacteria will be in lag phase. This means that the cell
sizes are increasing but the population size stays the same. The cells are metabolically active and
synthesize enzymes needed for cell division and population growth in the new environment.
Next, cyanobacteria will enter the exponential growth phase, also called the log phase. This
happens until the nutrients in the medium are depleted. The population growth rate slows or
stalls entering scenescence or stationary phase, at this point there is no net difference between
cell division and cell death. The decay phase happens when the cell death exceeds the formation
of new cells.

Microcystis aeruginosa

Microcystis aeruginosa is a unicellular, colonial freshwater cyanobacterium that often forms
blooms in warmer months in eutrophic lakes and reservoirs. This species can produce
microcystins, which are a group of cyclic heptapeptide toxins that can kill animals and humans.
Microcystin production is influenced the cell growth rate. Factors that affect the growth rate are
trace metal supply, nitrogen and phosphorus, light and temperature, and pH (Long et al. 2001).
Shortly after inoculation, when M. aeruginosa cells are in log phase (exponential growth) is
when the maximum amount of microcystins are produced. The minimum amount of microcystin
is produced when the cells are in the stationary phase (Long et al. 2001).

According to the US EPA the most commonly occurring HAB forming genera of cyanobacteria
in the United States is Microcystis. This report is focused specifically on Microcystis aeruginosa,
one of the most common potentially toxic bloom-formers in eutrophic freshwater (Carmichael
1992). This species is regularly found in high densities at the surface of water bodies in the
spring and summer and is one of the most ecologically damaging species due to its potential
toxicity to aquatic and terrestrial organisms. This strain can produce cyclic peptide hepatotoxins
known as microcystins. M. aeruginosa cells, like some other cyanobacteria cells, have gas-filled
vesicles that provide buoyancy and keep the cells at a certain level in the water column to obtain
optimum sunlight and carbon dioxide (Hense 2006). For this reason, M. aeruginosa can thrive in
lakes and reservoirs, causing blooms and releasing toxins. This creates many water quality issues
as well as harm to animals and humans if toxins are present.



Cyanophages

Cyanophages are a type of bacteriophage. Bacteriophages are one of the most diverse and
pervasive entities in the biosphere (McGrath, 2007). Bacteriophages are a type of virus that
occurs in many different viral families. Bacteriophages are viruses that infect bacteria and
archaea, often infecting a single type of bacteria, and in some cases only one strain within a
species. Bacteriophages have a general structure that includes the DNA package, or genome, of
the bacteriophage encased in a protein shell, called a capsid. The majority of bacteriophages
(96%) are tailed, but they can also be filamentous or pleomorphic (Hendrix, 2002).
Bacteriophages are very stable compared to other types of virion, with many bacteriophages
inhabiting some of the most extreme environments on Earth. Bacteriophages are a key factor in
controlling bacterial populations and are thought to be responsible for 10 — 80% of bacterial
mortality in aquatic ecosystems (Weinbauer, 2004).

Morphology

Many cyanophages follow a T4 phage archetype, including the Ma-LMMO1 cyanophage which
is of the most interest for controlling HCBs. The T4 archetype is based on the Escherichia virus
T4 species of bacteriophage in the subfamily Tevenviridae, a subfamily of the family Myoviridae
(Leiman et al., 2010). The T4 archetype is a relatively large virus and includes all the available
features for a cyanophage. Other cyanobacterial archetypes are missing some of the features of
the T4 archetype. As shown in figure 2, the T4 archetype consists of an icosahedral head capsid,
a tail tube and sheath, a baseplate, and tail fibers.

' Baseplate

Figure 1: Structure of bacteriophage T4 (Leiman et. al., 2010)

The three main families of cyanophages are separated based on tail morphology. Podoviridae
includes phages with short, non-contractile tails, Siphoviridae includes phages with long non-
contractile tails, and Myoviridae includes phages with long contractile tails (Leiman et.al., 2010).
Figure 1 shows CryoEM-derived models of a contractile sheath (B) prior to host cell attachment,
and (C) upon host cell attachment (Leiman et.al., 2010). Figure 2 is a good example of a
Myoviridae long contractile tail as Ma-LMMO1 would have. Ma-LMMOL1 differs from the T4



archetype according to TEM observations in figure 3; no tail fibers have been observed in Ma-
LMMO1 (Yoshida et.al., 2006).

100nm

Figure 2: TEM of cyanophage Ma-LMMO1 (Yoshida et. al., 2006)

Lifecycle

The lifecycles of cyanophages are similar to the lifecycles of bacteriophages infecting
heterotrophic bacteria (Ni and Zheng, 2016). Those bacteriophages are called T-even phages.
Cyanophages have two dominant lifecycles, the lytic cycle and the lysogenic lifecycle. A lytic
phage can only replicate through the lytic lifecycle, while the lysogenic phage, or temperate
phage, can enter either the lytic lifecycle or the lysogenic lifecycle. This is illustrated in the lytic
lifecycle produces lysis of the host cell releasing a large number of phages into the aquatic
environment. The lysogenic lifecycle integrates the phage’s genome into the host cell’s genome
or through the formation of a circular plasmid within the host cell (Campbell and Reece, 2005).
Ma-LMMO01, the model cyanophage for this study, has a greater abundance within host cells
compared to released phages (Kimura et al., 2012).
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Yoshida et.al, 2006, has concluded that Ma-LMMOL is a lytic phage similar to P-SSP7, a
podovirus with an integrase that is responsible for lysogeny (Sullivan et al., 2005). The integrase
allows the cyanophage’s prophage to be integrated into the host’s genome. It is hypothesized that
at the end of summer stratification when nutrients are limited, that the cyanophages will integrate
their genome into the host genome, but this has not been validated experimentally (Sullivan et
al., 2005).

Adsorption is the first step in the lifecycle of the cyanophage. The phage tails recognize specific
receptors on the exterior of the host cell, commonly a pili, flagella, membrane protein, or
lipopolysaccharide (Labrie et al., 2010). Which structure the phage attaches to can be a way for
the phage to recognize the specific hosts it infects. Cyanophages use receptor binding proteins to
recognize the surface protein on the cell to which it attaches (Ni, T. and Zeng, Q, 2016). The
phages are not motile; they find a host cell by random collision.

Injection of the cyanophage genome is the second step. Once the cyanophage has attached to the
host cell, in the case of Ma-LMMO01 and the cyanobacterial myoviruses (cyanomyoviruses), the
phage then contracts it tail and injects the genome of the phage into the host cell as illustrated in
figure 1, part C. Once the cyanophage genome is injected into the host cell, the capsid and tail
are left attached to the cell as a remnant. When there are a large number of phages present,
multiple phages can attach to the same host cell and deliver their payload.



In the lysogenic cycle, once the prophage is injected into the cell, it then incorporates itself into
the host DNA. When the host cell replicates, it copies the prophage into the daughter cells along
with the host cell DNA. The daughter cells which contain the prophage are called lysogens. The
lysogens can remain in the lysogenic phase for multiple generations (Watson et al., 2008). The
lysogens can switch over to the lytic lifecycle at any time by induction (Watson et al., 2008). In
the induction process, the prophage is cut out of the host genome and is transcribed and
translated to start manufacturing cyanophages and regulate the lytic growth (Watson et al.,
2008). While lysogenic activity has not been observed in a laboratory setting, the Ma-LMMO01
genome encodes all the mechanisms for lysogeny and induction (Stough et al., 2017). It has been
observed that in metatranscriptomic data from cyanoHABSs in Lake Tai in Taihu, China, genes
associated with lysogeny have been observed. The expression of genes associated with lytic
activity were negatively correlated (Stough et al., 2017).

The next step in the lytic cycle once the genome has been injected is to reduce protein synthesis
by the host cell. Ma-LMMO01, through the expression of the nb1A gene, rapidly degrades the
PBSs of the host cell (Yoshida-Takashima et al., 2013). This has a two-fold effect. It reduces the
absorption of extra light energy under stress conditions and provides amino acids for phage
replication. Once the PBSs have been degraded and there are available amino acids, transcription
begins to start the assembly of new cyanophages.

In Ma-LMMO1, the early transcription units are translated and transcribed first, creating the
mechanisms inside the host cell to provide nucleotides as building blocks to assemble new copies
of the cyanophage. The early transcription activity reaches its maximum around 3 hours post
infection (pi) and continued to occur at the same rate until lysis (Yoshida-Takashima et al.,
2013). The late transcription units are translated and transcribed, creating the proteins that are the
building blocks needed to assemble the complete phages. Infection proceeds with assembly of
new phages. First the cyanophage genome is replicated and a protein coat is assembled around
the genome into a procapsid. Once the procapsid is formed, the tail is then assembled to create a
new cyanophage. This process occurs throughout the inside of the host cell simultaneously, until
the cell lyses. The assembly occurs during the “LG” late transcriptions.

Ma-LMMO1 does not have a homolog of the T4 genes for reprogramming the host RNA
polymerase needed for late transcription (Yoshida et al., 2008). Ma-LMMO01 may use a different,
unidentified mechanism to regulate transcription of its genome during infection (Yoshida-
Takashima et al., 2013). There are many ORFs in the Ma-LMMO01 genome that have no known
homologs, and there is much work left to do to decode the genome of Ma-LMMOL1 to better
understand the molecular mechanisms used during infection.

Lysis occurs as a two-part process, involving two proteins. First, a membrane protein, called
holin, first creates a lesion in the cytoplasmic membrane. Once the lesion becomes a hole in the
cytoplasmic membrane, a murein hydrolase, or lysin, passes through the lesion to the murein
layer (Young, 1992). The lysin compromises the outer murein layer of the cell resulting in the
rupture of the cell, or lysis.

Upon lysis, the host cell is destroyed and the new generation of phages is released. This
completes the lifecycle of the cyanophage, and the new cyanophages disperse and find new
hosts.

The expression of lysogenic genes by Ma-LMMO1 and the presence of down-regulated lytic
genes needs to be further studied to better understand the infection mechanisms of M. aeruginosa
cyanophages. In order to consider the mitigation of HABs using cyanophages, the specific
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infection mechanisms of cyanophages need to be better understood to most effectively exploit
the natural predation of cyanobacteria by cyanophages.

Genomics

Currently identified cyanophages, as a group, consist of small clusters of phages identified as
having host strains within several different cyanobacterial families. All the positively identified
cyanophages that have been isolated mainly occur within three families, Myoviridae,
Siphoviridae, and Podoviridae; all of the order Caudovirales (Yoshida et. al., 2006). The order
Caudovirales collectively includes phages that possess a tail. The three families are divided
based on tail morphology (Leiman et. al., 2010).

There are currently seven identified cyanophages which are known to infect the genus
Microcystis (Jaskulska and Mankiewicz-Boczek, 2019). Table 1 identifies the cyanophages that
have been identified to date in primary literature.

Table 1: Microcystis Cyanophages

Microcystis MDrph DIDE‘?
Cyanophage |aeruginosa Family Capsid Tail Type & Sample Location Source
Haost Strain Archetype diamEFer Length {nm}
[nm} = !
bulky & Tucker and
Ma-LBP unnamed |Podoviridae T 10-52 short Baroon Lake, Australia |Pollard (2005)
contractile, | Mikata Lake, Fukui Yoshida et al.
Ma-LMMO1 NIES-293 Myoviridae T &8 80-208 |Prefecture, lapan [2006)
- contractile, | ianchi Lake, Kumning
MaMv-DC FACHB-524 |Myoviridae T 70 160 City, China Cuetal. [2013)
non- Rostherene Mere Lake, [Hargreaves et
WLP{unnamed] |PCC7820 |Podoviridae ™ 32 contractile [Chesire, UK. al. (2013}
Rostherene Mere Lake, [Hargreaves et
WLP{unnamed) |BCE4/1 Siphoviridae Bl B4 "1s8 Chesire, U.K. al. [2013)
Corticowvirus- - 47 -53 - Donghu Lake, Wuhan
MaCW-L HAB1201 like particles City, Hubei, China Li etal. (2013}
non-
7 100-120 |contractile, |[Unnamed lake, Hayling |Watkinz et al.
tMHI42 BCE41 Podoviridae chort Island, Hampshire, UK. [[2014)

The cyanophage known as M. aeruginosa - Lake Mikata Myoviridae 01, or Ma-LMMO01, has
been confirmed as infectious to M. aeruginosa strain NIES-2198. NIES-298 is known as a toxin
forming strain of M. aeruginosa. This makes Ma-LMMO1 an ideal target for further study to
potentially control toxin releasing M. aeruginosa blooms. Another cyanophage, ®MHI42, has
been observed to infect the M. aeruginosa strains BC84/1 and 1450/8 (Watkins et.al., 2014).; it is
a broad-range cyanophage that also infects Planktothrix spp. and other Microcystis spp. (Watkins
et.al., 2014). Continued exploration of these cyanophages is needed to determine their potential
for controlling a variety of strains for successful transition to the field.



Ma-LMMO1 consists of a terminally redundant, linear dsSDNA genome 162,109 bp in length in a
circularly permuted package (Yoshida et.al., 2008). Most of the T4 core genes for co-opting the
host cell’s photosynthesis are missing in Ma-LMMO1 (Yoshida et al., 2008). The most current
hypothesis suggests that Ma-LMMOL1 infection causes degradation of the host cells’
phycobilisomes (PBSs), the light harvesting apparatus of M. aeruginosa, to decrease the
absorption of light energy to prevent photodamage during phage replication (Yoshida et.al.,
2008). The degradation is caused by the gene nb1A, which encodes a protein that helps degrade
the PBSs (Ou et al., 2013). The nb1A gene is also expressed by MaMV-DC (Ou et al., 2015).
The nb1A gene is a potential target for identifying the presence of cyanophages infecting M.
aeruginosa because nb1A may have been introduced into the M. aeruginosa cyanophage
genomes by horizontal transfer from a common Microcystis strain (Ou et al., 2015). Another
gene, g91, encodes a sheath protein and has previously been chosen as a molecular marker to
study Microcystis specific cyanophages from Central Europe and Eastern Asia (Jaskulska and
Mankiewicz-Boczek, 2019).

Proteins are created from open reading frames (ORFs), discrete sections of DNA that can be
translated into a protein. Analysis of Ma-LMMO1 indicated that there are two phases of protein
transcription, early transcription units and late transcription units. The early transcription units
correspond to the “UG” region, which compromises the upper portion of the circular plasmid
that contains the Ma-LMMO1 genome as shown in Figure 1. The “UG” region early transcription
units mostly contain ORFs involved in DNA processing and nucleotide metabolism (Yoshida,
2008). The “LG” region late transcription units mostly contain ORFs that encode phage
structural proteins (Yoshida, 2008). The “LG” region corresponds to the lower side of the
plasmid in figure 1. Red and blue arrows indicate putative ORFs. Pale blue and pink lines inside
the circle show G+C and A+T contents, respectively (Yoshida et al., 2008).
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Figure 4: Ma-LMMO1 genome organization. (Yoshida, T., 2008)

Population Kinetics

Cyanophages in controlling cyanobacteria

Several studies have reported that cyanophage could be a major natural control mechanism of
cyanobacteria population in aquatic ecosystems. Cyanophages with high abundance and genetic
diversity have been isolated from lakes and ponds, which can infect cultures of known bloom-
forming freshwater cyanobacteria. For instance, eleven lytic cyanophages were isolated

on Microcystis while 12 species of lytic cyanophages each were found to infect Anabaena and
Planktothrix (Deng and Hayes 2008).

Tucker and Pollard (2005) found that isolated natural lake viral cocktail could decrease the
abundance of M. aeruginosa culture by 95% within 6 days in a laboratory study. The density of
the cyanophage was positively correlated with the rate of M. aeruginosa cell lysis. The
cyanophage replication time was 11.2 h, with an average burst size of 28 viral particles per host
cell (Tucker and Pollard 2005). Additionally, outdoor mesocosm study has been also applied to
show the effectiveness of natural phage cocktails on killing M. aeruginosa in a hyper-eutrophic
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pond. The cell density of M. aeruginosa decreased 10-fold under the impact of phages with
different genome sizes (Honjo et al. 2006). Another study also demonstrated that infection by
cyanophages may have a substantial effect on cyanobacterial succession in a hypereutrophic
pond (Manage, Kawabata, and Nakano 1999). A clear increase in the phage abundance was
observed when the host M. aeruginosa numbers declined in Lake Mikata (Yoshida et al. 2008),
showing that the abundance of M. aeruginosa was negatively correlated with the cyanophage
abundance.

Infection impacts

In addition to reducing cyanobacterial biomass, cyanophages also have a wider community-level
impact due to the release of nutrients by cyanophage-induced cell lysis. Released intracellular
nutrients could influence planktonic food web structure, community dynamics, and even
biogeochemical cycles. One study reported that cyanophage dynamics may also affect shifts in
microcystin-producing and non-microcystin-producing populations (Yoshida et al. 2008). The
cyanophages with genotypes (Ma-LMMO01, Ma-LMMO02, Ma-LMMO03, and Ma-HPMO05) that
specifically infect only a microcystin-producing M. aeruginosa strain may have been responsible
for the fact that the microcystin-producing subpopulation was outcompeted by non-microcystin-
producing populations during the summer. Given M. aeruginosa populations have a high degree
of genetic diversity at the intraspecies level, the different genotypes of cyanophages could
influence the seasonal shift in the composition of the different M. aeruginosa populations
(Yoshida et al. 2008).

In addition to their hosts, the cyanophages could also affect the seasonal dynamics of other
species. The role of a cyanophage in the ecological dynamics of its host Nodularia and
competitor Synechococcus was investigated in a set of microcosm experiments. Initially phage-
induced cell lysis decreased the number of Nodularia cells in the cultures. Nitrogen was released
from the Nodularia cells as a consequence of phage lysis, resulting in a 7-fold increase in
Synechococcus cell density. To sum up, the presence of the cyanophage altered the ecological
dynamics in the cyanobacterial community, causing the evolution from a population dominated
by susceptible cells to a population dominated by resistant ones (Coloma et al. 2017).
Additionally, some heterotrophic bacteria can utilize the debris of cyanobacteria and convert it to
dissolved organic matter (DOM), resulting in additional energy becoming available to higher
trophic levels. Once the heterotrophic bacteria become abundant, they turn out to be superior
competitors for phosphorus, which will negatively impact the population of cyanobacteria
(Drakare 2002).

Environmental factors affecting infection

To explain changes in the abundance of cyanophages and determine their impact (or
dependence) on the presence of Microcystis-dominated blooms, it was necessary to investigate
the influence of environmental conditions including both biotic and abiotic factors. A five-year
study showed the impact of environmental parameters on Microcystis-specific cyanophages. It
was found that the increase of the water retention time, rise of the water temperature, optimum
nutrient concentrations, and the predomination of Microcystis blooms could result in high
cyanophage abundance (>10* gene copy number per microliter) (Mankiewicz-Boczek et al.
2016). Cyanophages and Microcystis hosts, including toxic genotypes, were positively correlated
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in 4 of the 5 years analyzed. An increase of cyanophage abundance was observed when a
Microcystis bloom developed in late July when the water retention time increased from 16 days
to 32 days and total phosphorus (TP) concentration rose to 0.37 mg/L from 0.25 mg/L in the
reservoir. Additionally, the occurrence of the highest gene copy number of cyanophages was
preceded by a sudden increase in temperature (from 19.79 to 23.68 °C).

It was also found that the relative phage gene expression within host cells showed a peak during
the daylight hours and was lowest around midnight in a Japanese pond, implying a diurnal
pattern of cyanophage infection depending on photosynthesis (Kimura et al. 2012). The phage
g91 DNA copy numbers in host cell fractions also increased in the afternoon, followed by an
increase in the free-phage fractions (lytic phages). It was inferred that Microcystis cyanophage
infection occurs in a diel cycle, which may depend on the light cycle (Kimura et al. 2012).

Seasonal changes in densities of cyanophage infectious to M. aeruginosa were also studied
(Manage, Kawabata, and Nakano 1999). The copy number of phage molecular marker g91 was
hardly detected at the beginning of May, and then its abundance consistently increased from June
and reached the maximum in August, followed by rapid decline in September (8.24 x 102
copies/mL), and slight increase again in October (1.12 x 10 copies/mL). After then, the
cyanophage abundance decreased until the following April. High activities of cyanophages in
summer led to the sharp decrease in M. aeruginosa densities in June and September with
increased cyanophage density. Densities of cyanophages became undetectable when those of M.
aeruginosa were at low levels during winter (Manage, Kawabata, and Nakano 1999). Seasonal
changes of both lytic and lysogenic Microcystis phage were also investigated during large bloom
events in Lake Tai in China (Stough et al. 2017). A predominance of lytic virus activity occurred
from late July through October, whereas genes associated with lysogeny were strongly expressed
in the early months (June-July) and toward the end of bloom season (October). Those results
suggest lysogeny may be prevalent in Microcystis blooms and environmental conditions drive
switching between temperate and lytic life cycles during bloom proliferation. Another study
showed that expression of lytic-cycle associated genes was positively correlated to total
dissolved nitrogen levels, ammonium concentrations, and salinity while lysogeny-associated
gene expression has a clear correlation with pH and total dissolved phosphorous levels (Stough
etal. 2017).

Cyanophage resistance

Although cyanophages may be of great importance in aquatic food webs during large
cyanobacterial blooms, the host population becomes resistant or insensitive to phage infection,
and/or the phage transforms and is rendered inactive against the target host. Although the success
of phages in managing cyanobacteria has been demonstrated in the laboratory, there is limited
information on the ability of naturally occurring cyanophages to control cyanoHAB events.
Although confounding variables, limited phage productivity in natural environments and
regulatory guidelines/approvals for using viruses in a field setting result in the limited
development of Cyanophage-based control on harmful algal blooms, it is worth noting that
cyanophage resistance was developed by cyanobacteria against the infection. Previous reports
documented that that lytic cyanophages have a negligible effect in regulating the densities of
marine cyanobacteria Synechococcus populations despite their diversity and abundance
(Waterbury and Valois 1993). It was discovered that those bacterial communities are dominated
by cells resistant to their co-occurring phages (Waterbury and Valois 1993). Similarly, a
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temporal decline in the M. aeruginosa abundance was observed in Lake Mikata in the beginning
of summer due to the activity of cyanophage, however, the number of M. aeruginosa increased
again in July (Yoshida et al. 2008) due to the dominance of phage-resistant M. aeruginosa.
Likewise, there were larger numbers of Ma- LMMO1-type phage infecting M. aeruginosa in East
Lake of China in August, causing a sharp decrease in the total M. aeruginosa abundance in
September. In October, however, the population of M. aeruginosa may have been replaced by
another type of M. aeruginosa that is not susceptible to the Ma-LMMO1-type cyanophage,
resulting in an increase of the total M. aeruginosa abundance in October (Xia et al. 2013).
Another lab study also showed the cultured host community recovered possibly because the host
developed resistance to the cyanophage although isolated cyanophages can reduce the abundance
of M. aeruginosa in 3 weeks (Tucker and Pollard 2005).

Cyanophages could only infect phage-sensitive cyanobacteria, which is small percentage of the
population. It was reported that the average percentage of infected Microcystis cells varied
between 0.1 and 32 % in Lowland Dam Reservoir (Mankiewicz-Boczek et al. 2016). It was also
found that only some strains of M. aeruginosa are susceptible to the specific Ma-LMMO01-type
phage in the East Lake of China, indicating that the cyanophage assemblage might only have the
ability to infect a small percentage of the cyanobacteria population present. The ability of phages
to infect only a portion of the cyanobacteria population might be related to the simultaneous
occurrence of phage-sensitive and insensitive populations. The presence of cyanophages could
result in the replacement of susceptible populations by more resistant ones and/or cyanobacteria
succession events through the resultant release of DOM, rather than having a quantitative impact
on Microcystis abundance (Mankiewicz-Boczek et al. 2016).

The abundance of phage-resistant hosts could also impact population dynamics at the community
level. One study revealed the frequency of the phage-resistant marine cyanobacteria Nodularia
genotype determined the dynamics of an experimental plankton community. Cyanobacterial
populations with a high frequency (50%) of the phage-resistant genotype dominated the cultures
in the plankton community despite the presence of phages. Due to the occurrence of abundant
phage-resistant cyanobacteria, most of the intracellular nitrogen were retained in the
cyanobacterial cells. In contrast, populations with low frequencies (0% and 5%) of the phage-
resistant genotype were lysed and reduced to extinction by the phage, transferring the
intracellular nitrogen held by Nodularia to Chlorella and rotifers, and allowing Chlorella to
dominate the communities and rotifers to survive. This study shows that cyanophages can have
key effects on community composition and eco-evolutionary feedbacks in plankton communities
(Coloma et al. 2019).

The evolution of phage resistance in bloom forming cyanobacterial populations especially fresh
water cyanobacteria are still poorly studied. Generally, host bacteria can interfere with the phage
adsorption by mutation. They may change the structure or exposure of the receptors, reduce the
density of receptors, even lose the receptors completely (Donlan 2009). A comparative genomic
study shows that M. aeruginosa has membrane-like protein involved in phage adsorption
associated with phage-sensitivity (Yoshida et al. 2014). An investigation on cyanophage
resistance in marine Synechococcus strains indicate that resistance is likely due to changes in
host receptor sites that limit viral attachment (Stoddard, Martiny, and Marston 2007). Moreover,
it was found that selection for resistance to one phage frequently resulted in cross-resistance to
other phages. On average, phage-resistant Synechococcus strains became resistant to eight other
cyanophages even if there was no significant correlation between the genetic similarity of the
phages and cross-resistance (Stoddard, Martiny, and Marston 2007).
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Laboratory Techniques

To conduct research on cyanophages, several laboratory techniques are required. The first step
would be to collect environmental samples to obtain the cyanophage. Environmental water
samples can be collected from the field. Baker et al. (2006) gathered 20 L water samples from
freshwater lakes and brought them to a laboratory within an hour. The samples were prefiltered
through to remove any debris and filtered to isolate particles small enough to be cyanophages.

In microbiology, enumeration is the determination of the number of individual viable microbes
in a sample. Four methods are used for enumerating viruses in aquatic environments: plaque
assays, most-probable-number assays (MPNSs), transmission electron microscopy (TEM), and
epifluorescence microscopy (Suttle 1993). Plaque assays and MPNs quantify the abundance of
infectious units that lyse a particular host. TEM is used to determine the number of viral-like
particles (VLPs) in whole water or in culture medium. Epifluorescence microscopy is used to
quantify viral-sized particles containing double-stranded DNA (Suttle 1993).

Once the number of viable microbes is determined, the next step is identification. To identify a
cyanophage, one must extract DNA from an environmental sample. Baker et al. (2006) extracted
DNA from concentrated water samples using the cetyltrimethylammonium bromide (CTAB)
method. Polymerase chain reaction (PCR) is another option that is commonly used to identify
and examine pathogenic DNA water samples. PCR uses the natural function of polymerase
enzymes and makes it possible to make unlimited copies of DNA from a single copy of initial
DNA (G-Biosciences 2012). Baker et al. (2006) used oligonucleotide primers to amplify the
major capsid protein gene of freshwater cyanophages.

After the phage is identified to be the cyanophage of interest, isolation is completed to separate
the viral strain from a natural, mixed population of living microbes. Successful isolation of a
virus depends on combining the host and pathogen to amplify the virus and infect the host. The
probability of finding a virus increases with the volume of water screened. Therefore, the
chances of isolating a virus by plague or MPN assays are low. The host density is the largest
factor directing the rate of phage propagation. It is beneficial to either grow the host to high
density in the water to be assayed or to concentrate the virus using ultrafiltration and adding
some of the concentrate to an exponentially growing culture of the host (Suttle 1993). The two
main isolation procedures are the amplification procedure and the concentration procedure.

Once the cyanophage is isolated, one can enrich the sample to replicate it. The easiest way to
replicate a virus is through plaque purification, as long as the host can grow on solid agar.
Serially diluted culture lysate from a virus amplification is plaque assayed. A single well
separated plague is removed from the lawn and eluted in medium overnight. The eluent can be
used for another dilution series and plagque assay. This procedure should be repeated multiple
times to ensure that the virus is propagating. For hosts that will not grow on solid agar,
enrichment must be done by amplifying a single infectious unit in a liquid culture (Suttle 1993).
Yoshida (2006) inoculated an exponentially growing culture of M. aeruginosa with a sample of
cyanophage and incubated the mixture for 4 days. The resulting lysate was filtered with 0.8 um
and then 0.2 um filters to remove cellular debris. The titer of fresh lysate went through the
extinction dilution method. The lysate was stored at -80°C in the dark to preserve the
cyanophage.
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Case Study

An algal bloom can span hundreds of square miles of lake area at cell densities on the order of
10° cells per ml of water. Lake Okeechobee, for example, was 80% covered in an algae bloom
with high algal densities reported (Kramer et al., 2018; Rosen et al., 2017). Assuming the algae
is predominantly in the top 1 m of the water column, this scenario represents a biomass load of:

1500 km? x 80% x 0.0001 km x 10° m3/km3 x 106 ml/m3 x 105 cells/ml = 1.2 x 1020 cells

Assuming a multiplicity of infection (MOI) requirement of 10 phages per 1 cell, and that the
toxin-producing algae only comprise 10% of the bloom, and a phage stock solution density of
102 phage per L, then approximately 1.2 x 10° liters of phage stock would be needed. This
would equate to approximately 60,000 5000-gal tanker trucks.

Clearly, this volume is not feasible. A more realistic approach may be to apply a treatment early
in the bloom cycle, when the bloom is perhaps only covering 5% the lake at a density of 10°
cells/ml. Even under this lower algal density and area scenario, about 39 5000-gal tanker trucks
of concentrated phage stock would be needed.

One possible solution to this scale problem may lie in the natural spread of infection through the
population. There may be ways to reduce the total required volume of initial phage application
by exploiting the mechanisms by which a natural phage infection spreads through a
cyanobacterial population during a bloom. Further study will be needed to look at the hydraulics
of mixing in a reservoir and how that affects the horizontal movement of cyanobacteria and its
associated cyanophages. There also may be solutions in deploying mechanical mixers to more
effectively spread phages horizontally across a reservoir.

Conclusion

CyanoHABs are becoming increasingly more pronounced and more frequent as human activities
that result in nutrient loading in reservoirs increase. It is critical that the scientific community
explore all the possible solutions to this problem in order to develop not just one magic bullet
treatment. It is becoming apparent that the interactions in the microbial communities of aquatic
environments are very complicated and nuanced. It is important to develop a suite of
technologies to address the many different types of cyanoHABSs and the different scales at which
this problem will need to be addressed.

Using cyanophages to treat cyanoHABS is a promising technology, with the potential to mitigate
blooms without chemicals or energy intensive methods like physically filtering out the algae
using boats and other treatment processes. This approach is not without its drawbacks. As shown
in the case study calculations, applying this process as currently envisioned would require a
massive volume of concentrated phage solution for a large reservoir, which is clearly not
feasible. The complex interactions at play in a cyanoHAB between the cyanobacteria that is
causing the bloom and its associated phages are also a barrier to development of this technology.
For example, the Ma-LMMO1 cyanophage appears to only infect phage sensitive strains of its
host bacterium M. aeruginosa, while not affecting phage resistant strains. There are also barriers
to developing this technology in the mortality of large numbers of cyanobacteria in the water
column, which could cause nutrient release, potentially trading a cyanoHAB for another type of
HAB.
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This technology is promising, and the potential to use natural, targeted treatments to eliminate
HABs is an attractive alternative to the other potential solutions such as using coagulants and/or
flocculants to cause the algae to settle to the bottom, or physically filtering the algae from the
water. These alternatives use large amounts of chemicals that have a monetary and
environmental cost and/or large amounts of labor and energy. From the current state of research
in this field, the potential to use cyanophages to treat freshwater cyanoHABSs is worth further
inquiry and experimentation.
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