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Abstract
Throughout different times in freshwater cyanobacterial harmful algal blooms (cHAB),
the availability of specific nutrients from the environment varies, causing fluctuations in
the severity and species composition of a bloom. In addition to nutrient regulation of
blooms, the cyanobacteria are subject to regulation by biotic factors, including phage
infection. To address the potential role of cyanophages on the dominant species in most
cHABs during nutrient-limited periods, we studied a specific host-phage system: MaLMM01 (phage) and Microcystis aeruginosa strain NIES298 (host), both of which
originate from a eutrophic lake in Japan. The effect of phosphate and nitrogen limitation
on phage and host replication was evaluated through modification of M. aeruginosa
culture media. Growth of the host cells was monitored by culture light absorbance at 600
nm, while phage (genome) replication was quantified using real-time quantitative PCR
(qPCR). Under phosphorus-limited conditions, Ma-LMM01 infected cells demonstrated a
decrease in growth rate and carrying capacity compared to uninfected and infected nonlimited cultures. This relationship suggests that phage infection decreases M. aeruginosa
growth to a greater degree under phosphorous stress than when the nutrient is readily
available. In this model, these results indicate cyanophage replication may accelerate
cHAB collapse under phosphorus-limiting conditions, and that increased concentrations
of phosphorus may decrease the impact of cyanophage infections in the wild.
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Introduction
Cyanobacteria are a diverse group of microorganisms that are important to the
environment as they are obligate photoautotrophs, some with the capability to fix
atmospheric nitrogen, store phosphorus, and sequester iron and other trace metals (Deng
and Hayes 2008; Paerl and Otten 2013). Cyanobacterial harmful algal blooms (cHABs)
are caused when there is a sharp increase in growth of these microscopic algae, often
resulting in water color changes based on the pigmentation of the main species in the
bloom (Gilbert et al. 2005). These cHABs can cause many problems: increased biomass
can lead to the death of lake wildlife through oxygen depletion and by blocking sunlight
penetration through the water column (Lopez et al. 2008), and some cyanobacterial
species have the capability to create chemically stable monocyclic heptapeptide toxins,
known as microcystins (Paerl and Otten 2013).
The formation of cHABs is not only an environmental concern, but an economic
concern as well. Lake Erie is a local freshwater environment with large cHABs that can
prevent use of the lake for recreation purposes such as boating and fishing. Additionally,
a cHAB in the western basin of Lake Erie in 2011 (a record breaking year) shut down the
water supply for the city of Toledo, Ohio, and surrounding areas (Michalak et al. 2013).
Due to the harmful nature of these blooms, and the money required to clean them up,
there is a need for research on regulation of cHABs and methods for controlling them
(Lopez et al. 2008). Understanding how external factors can shorten or lengthen the
viability of the bloom is vital for establishing methods to control them.
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Microcystis aeruginosa is a cyanobacterium that is frequently found in freshwater
cHABs (Paerl and Otten 2013; Lopez et al. 2008), which occur world-wide, including the
Laurentian lower Great Lakes and several lakes in Japan, Canada, Australia, China, and
Europe (Davis et al. 2014). Microcystis aeruginosa is a gram-negative coccus that forms
colonies on the surface of the water (in the form of mats) in the wild and has a large gas
vesicle to help maintain buoyancy (Mlouka et al. 2004). Some members of this species
are equipped with a series of genes that allow for the production of microcystins (mcy
genes) and other toxins. Microcystin-LR (MC-LR) is particularly known to affect the
liver and promote tumor formation if consumed, and it can kill livestock, pets, and
humans exposed to contaminated water (Butler et al. 2009). This compound accumulates
inside the bacterium, is released upon cellular death, and is particularly dangerous after
the formation of cHABs due to the high concentration of the toxin-producing microbes.
MC-LR can have different effects on an individual depending on the amount of exposure.
Acute toxicity has been linked with nausea and vomiting, weakness, gastroenteritis, and
acute liver failure through hepatic necrosis (Zegura et al. 2011), while small doses over a
long period of time can lead to tumor formation and metastasis (Ueno et al. 1996; Zhou et
al. 2002).
One of the proposed methods of naturally regulating the composition and
longevity of cHABs is the presence of viruses that infect cyanobacteria like M.
aeruginosa, called cyanophages (Suttle 2000; Steenhauer et al. 2014; Xia et al. 2013).
These phages are suspected to play a significant role in the control of cHABs but are still
in the early stages of discovery. It is estimated that viruses are present in large numbers in
aquatic environments, sometimes at concentrations of 106 particles per mL, and are
2

highly diverse, with a phage for every bacterial type (Pearl and Otten 2013). The most
common toxic cyanobacteria in freshwater are Microcystis spp., Cylindrospermopsis
raciborskii, Planktothrix rubescens, Planktothrix agardhii, Synechococcus spp.,
Gloeotrichia spp., Anabaena spp., Lyngbya spp., Aphanizomenon spp., Nostoc spp., some
Oscillatoria spp., Schizothrix spp., and Synechocystis spp. (WHO, 2009). Of the currently
isolated cyanophages, the majority have a host range that includes more than one of the
genera listed above. For example, the LPP group is a group of phages that can infect
Lyngbya, Phormidium, and Plectonema, which are all in the same order of cyanobacteria
(Pandan and Shilo 1973), while the AS group can infect Anacystis and Synechococcus,
and SM group can infect Synechococcus and Microcystis (Xia et al. 2013).
Only a handful of isolated cyanophages are specific for M. aeruginosa. Deng and
Hayes (2008) isolated 35 wild type phages, of which 11 were only successfully
propagated on M. aeruginosa, meaning they were species specific. The remaining wild
phages could either infect a single other species of cyanobacteria or more than one
species. They suggest that a few phages could infect across genera, for example both
Microcystis and Anabaena, and noticed that when the phage could grow on multiple
hosts, it had been isolated during a period of dominant species shift within the cHAB
(Deng and Hayes 2008). Tucker and Pollard (2005) isolated a phage that was able to
infect M. aeruginosa, called Ma-LBP. The phage was lytic in its host, and host lysis in
the wild was positively correlated with the concentration of cyanophages in an Australian
subtropical lake. Rodriquez-Valera et al. (2009) took a more general approach by
studying the genomics of the composition of a cHAB. They note that many of the genes
that differ between the strains and genera of cyanobacteria present in a cHAB are
3

potential phage recognition targets, which suggests that the diversity of prokaryotic
populations is preserved by phage predation. Co-evolution between a phage and its host
is further supported by Nakamura et al. (2014), who found genetic similarity in a 2.4 kbp
segment of the phages DNA between Ma-LMM01-type phages isolated from the same
lake and greater genetic differences in that same DNA sequence of Ma-LMM01-type
phages from different locations, suggesting that phages rapidly diversify based on
location and prevalence of their hosts.
The most extensively studied cyanophage for M. aeruginosa is Ma-LMM01,
which is a 160 kbp DNA cyanophage that has been the primary focus of several studies
that have come out of Dr. Takashi Yoshida’s lab in Japan (Yoshida et al. 2006, 2008,
2014). This cyanophage has been shown to cause a lytic infection in M. aeruginosa strain
NIES298 and has such a unique genome that was assigned a new lineage in the
Myoviridae family (Yoshida et al. 2006). While the phage is lytic in NIES298, it is not
readily lytic in other strains, so it is believed that Ma-LMM01 can infect only this one
strain of Microcystis (Yoshida et al. 2006). Even within its host, the phage has some
unique infection patterns. When the researchers infected the host with a multiplicity of
infection (MOI, or ratio of virus particles to host cells), >1, there was only a small
decrease in the number of host cells, and complete lysis of an entire culture was not
obtained. With an MOI of 0.72–0.9, a decrease in the number of cells occurred within 12
hours post infection, and again, culture lysis was not complete. With an MOI <0.1,
almost complete lysis of the host occurred, which included a clearing of the culture
(Yoshida et al. 2006). Upon further study, it was discovered that within the host
population, there were some cells that were resistant to infection. A sub-culture of
4

NIES298 was established and infected, and the host cell numbers increased post infection
but the growth rate was lower than non-infected controls. The sub-strain showed
intermediate sensitivity, suggesting co-existence of both sensitive and resistant cells in
culture. Yoshida et al. (2014) proposed that this relationship might be due to a growth
rate cost for viral resistance, but could not determine if there was a difference in
adsorption between the phage-sensitive and phage-resistant sub strains. During the
infection process, Ma-LMM01 does not induce down regulation of M. aeruginosa
housekeeping genes, which may indicate that the virus requires the maintenance of host
transcription and that severe modification of the host genome would induce the hosts
CRISPR (clustered regular interspaced short palindromic repeats)-Cas (CRISPRassociated genes) defense system (Honda et al. 2014).
A notable gene of the Ma-LMM01 genome includes a homologue of the nblA
(nonbleaching) genes found in cyanobacteria and red algae (Yoshida et al. 2008;
Yoshida-Takashima et al. 2012). In cyanobacteria, nblA degrades the phycobilisomes
(PBS), or major light-harvesting complexes of the photosynthetic apparatus. During
nitrogen starvation, cyanobacteria degrade the PBS to cause “bleaching,” which is a
defense mechanism to prevent photodamage caused by the absorption of excess light
energy and to provide the energy needed for cellular acclimation (Baier et al. 2004). The
degradation of the PBS and the decline of host photosynthesis may be more beneficial to
the phage than sustaining photosynthesis, as saltwater phages do, as the degradation may
be required to decrease photodamage as the phage replicates. It may also be that
degradation of the PBS provides amino acids for phage protein synthesis (Yoshida et al.
2008).
5

While current studies indicated that Ma-LMM01 is strictly lytic, the cyanophage
also has a number of genes not typically found in lytic phages, such as a site-specific
recombinase homologue and a flanking transposase gene homologue, which are
frequently used by temperate phages to integrate the phage genome into the bacterial
chromosome (Groth and Calos 2004). This might mean that the phage could be lysogenic
in potential hosts or that the phage acquired the genes through transposable element
transfer. Finally, there is an ORF in the Ma-LMM01 genome that shows significant
sequence similarity to the E. coli phoH, which is an ATPase that is induced under
phosphate starvation. This is common among marine cyanomyoviruses (Chen and Lu
2002; Man et al. 2005; Sullivan et al. 2005), but the habitat of Ma-LMM01 and NIES298
is a eutrophic phosphate rich lake in Japan, so it is unclear why the phage would have this
gene.
There is a lack of information on how viruses affect the growth of cyanobacterial
hosts in situ. Because Ma-LMM01 is a lytic phage in its host strain NIES298, we can use
this system to model lytic viruses during the formation of a bloom. In particular, we are
interested in discovering how modified nutrient availability will change the growth
conditions for the host and the replication of the phage. The increase in the prevalence of
cHABs is related to the nutrient over-enrichment of freshwater and marine ecosystems
from urban, agricultural, and industrial sources (Paerl and Paul 2011; Paerl et al. 2011).
Phosphorus excess from these sources has contributed to the increased prevalence of
cHABs in freshwater ecosystems, but nitrogen-rich aquatic ecosystems (high N:P) can
also be plagued by cHABs, especially non-N2-fixing genera like Microcystis and
Plankthothrix (Paerl and Fulton 2006). Nutrient-enriched water bodies are especially
6

prone to cHABs if they have long residence times, water temperatures periodically
exceeding 20°C, calm surface waters, and persistent vertical stratification (Paerl and
Otten 2013). Previous studies examining relationships between nutrient availability and
cHABs have discovered that non-toxin-producing strains require lower nutrient
concentrations to reach maximum growth than toxin producing strains (Rapala et al.
1997), but toxin-producing strains can outgrow non-toxin-producing strains at high levels
of nitrogen concentrations (Vezie et al. 2002). One effect of phosphorus on the growth of
M. aeruginosa and the production of MCs is that small changes in phosphorus
concentrations have a significant effect on cellular growth (Vezie et al. 2002), but
extreme changes in the concentration at either end will have an increased effect on the
production of MCs (Sivonen et al. 1990; Oh et al. 2000; Vezie et al. 2002).
In 2008, M. Yoshida and colleagues studied how cyanophages effect the
dynamics of a cHAB in the wild and found that there were seasonal dynamics to the
bloom which related to the shift in toxin- and non-toxin-producing strains of M.
aeruginosa. Early in the season (May–June), there was an increased presence of the
viruses and a decreased presence of the hosts, but no significant correlation was found
between the increase in viral presence and environmental conditions such as nutrient
composition of the lake. Understanding that nutrient loading can have a relationship to
the species composition of cHABs. The following research analyzes the relationship
between Ma-LMM01 and its host, NIES298, under some modified nutrient conditions in
a lab controlled setting. The hypothesis of this study is that because Microcystis growth is
greatly affected by changes in nitrogen and phosphorus concentrations, we should see a
change in viral replication as the nutrient concentrations change. Specifically, we focus
7

on the relationship between phosphorus limitation and viral infection, knowing that the
phage has a homologue phoH gene, which may allow the phage to modify expression of
host phoH genes to enhance phage propagation under phosphorus-limited host stress. We
test the idea that a viral infection by Ma-LMM01 will magnify the negative effect
phosphorus limitation has on the growth rate and carrying capacity of a M. aeruginosa
NIES298 population.

8

Materials and Methods
2.1 Cell Culture and Maintenance
Strains of Microcystis aeruginosa were obtained from the National Institute of
Environmental Studies Japan Culture Collection (NIES), which were all unialgal, and
from the Great Lakes Environmental Research Laboratory (GLERL), which were
predominately mixed cultures (Table 1). The cell cultures were grown for
experimentation at 30°C using a 12:12 hour light:dark cycle of 40 µmol photons m-2s-1
under cool while fluorescent illumination in a Conviron ATC10 standing growth chamber
(Manitoba, Canada) as previously described (Yoshida et al. 2006; Yoshida et al. 2008).
The cells were maintained in CB Media. CB medium has the following composition (in
milligrams per liter of deionized distilled water): Ca(NO3)2•4H20, 150; KNO3, 100;
MgSO4•7H20, 40; β-disodium glycerophosphate, 50; bicine, 500; biotin, 0.0001; vitamin
B12, 0.0001; and thiamine hydrochloride, 0.01, with 3 ml of PIV metals. PIV metals
consisted of the following (in milligrams per 100 ml of deionized distilled water):
FeCl3•6H20, 19.6; MnCl2•4H20, 3.6; ZnCl2, 1.04; CoCI2•6H20, 0.4; Na2MoO4•2H20,
0.25; and disodium EDTA•2H20, 100. The pH of CB media was adjusted to 9.0 (Kasai et
al. 2004). CB media was sterilized in an autoclave at 121°C for 15 minutes (Shirai et al.
1989).
When not being grown for experimentation, the M. aeruginosa cultures were
maintained in CB media under sub-optimal conditions at 25°C under ambient light near a
window on a laboratory bench top for approximately a 10:14 hour light:dark cycle.
Strains were serially transferred every month at a 1:100 dilution. Cultures were visually
monitored for changes in color and sedimentation every week, and when needed, visually
9

assessed with a microscope (Culture recommendations; NIES Culture Collection, Japan
2001). Additionally, samples of each culture were cryopreserved in liquid nitrogen in 4%
DMSO per Watanabe and Sawaguchi (1995). Storage in methanol is also possible, but
storage in glycerol is not recommended.
The Ma-LMM01 viral stock used in this study was provided by the Yoshida lab as
a phage water sample in 2 mL aliquots. The majority of the phage samples were stored at
-80°C, with some samples at 4°C, and one sample stored at room temperature. The titer
of the -80°C stored stocks were estimated based on genomic copy numbers as 5.6 x 104 5.6 x 105 genomes per mL, as determined using a serial dilution qPCR series.
Table 1. Microcystis aeruginosa strains and the cyanophage used in this study, including
the location of origin and toxin producing ability.
Strain of M.
aeruginosa
NIES298
NIES90

Toxic
potential
Toxin
producer
Toxin
producer

Isolation location

Obtained from

Lake Kasumigaura,
Japan
Lake Kawaguchi,
Japan
Lake Kasumigaura,
Japan

NIES Culture
Collection
NIES Culture
Collection
NIES Culture
Collection
Dr. Tim Davis,
NOAA
(GLERL)
Dr. Tim Davis,
NOAA
(GLERL)
Dr. Tim Davis,
NOAA
(GLERL)
Dr. Tim Davis,
NOAA
(GLERL)
Dr. Takashi
Yoshida

NIES44

Non-toxic

CPCC124

Non-toxic

Heart Lake,
Ontario

LE3

Toxin
producer

Lake Erie, USA

LB2386

Non-toxic

Little Rideau Lake,
Ontario

LB2385

Toxin
producer

Little Rideau Lake,
Ontario

-

Lake Mikata, Japan

Ma-LMM01
(virus)

Culture
State
Unialgal
Unialgal
Unialgal
Unialgal
Mixed
Mixed
Mixed
-
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2.2 Growth Quantitation of Microcystis aeruginosa
Growth of M. aeruginosa was monitored for a period of 10–14 days by measuring
optical density at 600 nm in a UV/Vis Spectrophotometer 1000 (Ward’s Science,
Rochester, NY). Absorbance readings were validated in triplicate with direct cell counts
using a hemocytometer (Neubauer, 0.1 mm depth) in duplicate at 400x magnification
(Guillard 1978; Tas et al. 2006). While adapted laboratory strains no longer exhibit
colonial morphology, M. aeruginosa still frequently forms dyad complexes, which were
subjected to high-speed vortexing for 30–60 seconds to separate them (Humphries and
Wijaja 1979).
2.3 DNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)
For both M. aeruginosa and Ma-LMM01 genome extractions, DNA was isolated
using the potassium xanthogenate-sodium dodecyl sulfate (XS-SDS) protocol (Tillett and
Neilan 2000). For restriction digest DNA samples, 1 mL of mid to late logarithmic
growth phase cultures were harvested by centrifugation (12,000 x g for 10 minutes) and
resuspended in 50 µL TE Buffer (10 mM Tris-HCL, 1 mM EDTA). For all other
experimental samples, 250 µL of cell suspension was extracted. To each cell suspension,
750 µL of freshly made XS Buffer (1% potassium ethyl xanthogenate; 100 mM TrisHCL, 20 mM EDTA, 1% sodium dodecylsulfate, 100 mM ammonium acetate) was added
and inverted to mix. The samples were incubated at 70°C for 30 minutes with vortexing
every 10 minutes.
After the incubation period, the samples were placed on ice for another 30
minutes, after which the cellular debris was collected by centrifugation at 12,000 x g for
10 minutes. The supernatant fluid was removed to a clean tube with 750 µL isopropanol
11

and allowed to sit at room temperature for a minimum of 10 minutes, or stored at -20°C
overnight. The sample-isopropanol mixture was then centrifuged to pellet the precipitated
DNA at 12,000 x g for 10 minutes, and the supernatant fluid was decanted. The DNA
pellet was washed with 70% ethanol and air dried before being re-suspended in 200 µL of
TE Buffer. DNA samples were stored at -80°C.
Amplification of cyanobacteria and cyanophage genes was achieved using qPCR.
Each 20 µL reaction contained 10 µL 2x qPCR SyGreen Blue Mix Lo-ROX (PCR
BioSystems), 0.8 µL 10 mM Forward Primer, 0.8 µL 10 mM Reverse Primer, either 5 µL
sample or 100 ng DNA, and ddH2O. The qPCR was run on a BioRad Chromo 4 real-time
PCR detector (BioRad, California, USA) and consisted of an initial denaturing step for 30
seconds at 90°C, followed by 35 cycles of 95°C for 5 seconds, 58°C for 30 seconds, and
78°C for 30 seconds. A melting curve analysis was performed from 65°C–95°C. The
primers used in the following experiments are listed in Table 2. Where applicable, cycle
threshold (Ct) values for cyanophage genes were calculated against gyrB (bacterial
gyrase B) transcripts as an internal control gene using the 2-ΔΔCt equation (Livak and
Schmittgen 2001), where ΔΔCt = (Ctg91– CtgyrB)Time x – (Ctg91– CtgyrB)Time 0, where Time x
is a specific time point during the infection (Figure 1).
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Table 2. List of DNA primers for qPCR used in this study.
Organism

Gene

nblA
Ma-LMM01
g91
gyrB
sigA
Microcystsis
aeroginosa

gyrB
53F354R
mcyB

Sequence (5’-3’)
F

GTGAGTGCCATTCCTGC

R

TCTTCTTGATGATAGCCGC

F

ACATCAGCGTTCGTTTCGG

R

CAATCTGGTTAGGTAGGTCG

F

TTACACGGAGTCGGGATTTC

R

AAACGTCCGGAGAGGGTACT

F

CGCCGATCAATCCCGCACCA

R

CTCGGTGGGTTTGCGACGCA

F

GTCGCCTATATGTGTCGGGAA

R

TTCCGGTTCGGGGACTTTTA

F

CCTACCGAGCGCTTGGG
GAAAATCCCCTAAAGAATCCT
GATTCCTGAGT

R

Function
Early viral gene,
responsible for a
phycobilisome
degradation protein
Late viral gene, is a
phage structural
protein (tail sheath)
DNA repair and
recombination
protein
Transcription
Principal sigma
factor
DNA repair and
recombination
protein
Microcystin gene B
(toxin)

Obtained
from
Yoshida et
al. 2006
Honda et al.
2014
Honda et al.
2014
Honda et al.
2014
This study1
Kurmayer
and
Kutzenberger
2003

Figure 1. Flow chart of the relative viral genome replication methodology used in this study.

1

GenBank: AB325146.1
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2.4 Strain Identification using Restriction Digest Profiles
Three genes, sigA, gyrB, and gyrB53F-354R, were amplified using PCR for each
strain of Microcystis aeruginosa listed in Table 1 and tested against a series of restriction
enzymes to establish a unique strain profile. The potential enzymes were chosen by
checking the published sequences for these three genomic loci within the whole genomic
sequence of M. aeruginosa NIES843 (GenBank: AP009552.1) for complete or single
nucleotide deviations from the enzyme recognition sequence. The chosen enzyme and
gene combinations tested are listed in Table 3.
Restriction digest of the amplified products were performed in 50 µl reactions,
which consisted of 1 µg of DNA, 5 µl of 10x CutSmart Buffer (NEB, Ipswich, MA), 1µL
(10 Units) of restriction enzyme2 (Table 3), and ddH2O. The reactions were incubated in
a water bath set for 37°C for 1 hour. Samples were then analyzed on a 2% agarose gel for
differences in banding pattern, and any remaining digested samples were stored at -20°C.
Table 3. Potential restriction enzyme and gene combinations to create a restriction digest
profile.
Enzyme
sigA
gyrB
gyrB53F-354R Sequence (5’-3’)
BamHI
X
GGATCC
PstI
X
X
CTGCAG
EcoRV
X
GATATC
AgeI (PinAI)
X
ACCGGT
MspI (HpaII)
X
X
X
CCGG
EcoRI
X
X
GAATTC
Hinf I
X
X
GANTC
Sal I
X
GTCGAC

2

Enzymes obtained from NEB, Ipswich, MA
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2.5 Viral Infection
Ma-LMM01 was obtained from the Yoshida lab and was stored at -80°C in 2 mL
aliquots, per the conditions published by Yoshida et al. (2006). Late logarithmic growing
cµtures of M. aeruginosa were diluted into either 5 mL or 25 mL fresh media to an
optical density of 0.08–0.12 (approximately 5x105–7.5x105 cells/mL), and infected at a
MOI of 10-1–10-2. All infections occurred in standard CB media, unless otherwise noted.
The infections were placed in standing growth chambers under the conditions mentioned
in section 2.1. Samples were monitored for differences in optical density, and
periodically throughout the infection growth period, 0.5 mL samples were removed and
stored at -80°C for later DNA extraction and analysis of viral genes. During the modified
media tests, CB media was modified based on the phosphorus and nitrogen
concentrations studied in Vezie et al. (2002), which modified a different cyanobacteria
growth medium (Table 4). Samples were analyzed for a difference in growth curves in
comparison to viral genome replication, per the method outlined in Figure 1.
2.5.1 Characterization of Viral Infection
A sample of each late logarithmic growing cultures from M. aeruginosa
NIES298, LE3, CPCC124, LB2385, and LB2386 were tested for a viral infection where
complete clearing of the cultures due to complete host lysis did not occur. The host
cultures were diluted and infected with the viral stock stored at -80°C. Negative controls
consisted of uninfected cultures that were diluted to the same approximate cellular
density, as determined by absorbance readings, and cultures infected with room
temperature stored virus (which were inactivated due to improper storage for a prolonged
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period of time). The replicate tubes were monitored approximately every day for 13 days
for changes in optical density and compared to the changes published by Yoshida et al.
(2014). Samples were analyzed for a difference in growth curves in comparison to viral
genome replication.
2.5.2 Limited Phosphorus and Nitrogen Infection, Trial 1
A large single batch culture of M. aeruginosa NIES298 was infected with MaLMM01 and incubated for 20–24 hours in standard CB media to promote viral
attachment, absorption, and initiation of viral replication. Both infected and uninfected
samples were harvested at 11,750 x g for 15 minutes at 6°C. The supernatant fluid was
removed (which includes any unattached virus) and the cells resuspended and
standardized to an absorbance reading of 0.12 at 600 nm (approximately 7.5x105
cells/mL) prior to splitting into replicates in either CB control or nutrient modified media
(Figure 2): Mid P, Low P, Low N (Table 4). Four replicate samples per nutrient treatment
were placed in borosilicate glass test tubes and were not vortexed prior to optical density
readings and removal of a sample for DNA extraction, which may have led to a sample
bias based on the location in the water column from which the sample OD was being read
and from where the sample for DNA extraction was being removed. Each culture sample
that was removed for DNA analysis was extracted twice and analyzed for a difference in
growth curves in comparison to viral genome replication, as described in section 2.6.
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Figure 2. General outline of the methodology used in the nutrient-modified infection trials.

2.5.3 Limited Phosphorus and Nitrogen Infection, Trial 2
A large single batch cultures of M. aeruginosa NIES298 was diluted into either
new control media or nutrient modified media and equalized to an absorbance reading of
0.12 at 600 nm (approximately 7.5x105 cells/mL) prior to infection (Table 4). Each
replicate tube was inoculated with the phage; therefore, viral infection occurred in the
nutrient-limited media, and no removal of the viral supernatant occurred. The four
replicate nutrient samples were then treated as described in trial 1 (section 2.5.2), the
samples were placed in borosilicate glass test tubes and were not vortexed prior to optical
density readings and removal of a sample for DNA extraction, which may have led to a
sample bias based on the location in the water column from which the sample OD was
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being read and from where the sample for DNA extraction was being removed. Each
culture sample that was removed for DNA analysis was extracted twice and analyzed for
a difference in growth curves in comparison to viral genome replication, as described in
section 2.6.
2.5.4 Phosphorus Limited Trial
A large batch culture of M. aeruginosa NIES298 was infected with Ma-LMM01
at a lower MOI compared to the previous trials, at 10-3–10-4, and incubated for 20–24
hours to promote viral attachment. Both infected and uninfected samples were harvested
at 11750 x g for 10 minutes at 6°C. The supernatant fluid was removed and the cells
resuspended in either control or nutrient modified media (Table 4), similar to the method
in trial 1. The phosphate limited and control samples (25 mL) were grown in glass
Erlenmeyer flasks, and swirled prior to sample analysis and removal. Each culture sample
that was removed for DNA analysis was extracted once (due to the large number of
replicate samples extracted) and analyzed for a difference in growth curves in comparison
to viral genome replication, as described in section 2.6.
Table 4. Modifications of CB media to assess the impact of nutrient conditions on phage
infection
Media
CB Control
CB Mid P
CB Low P
CB Low P with ion
compensation

P *(mg/L)
7.17
0.11
0.05
0.05

N+ (mg/L)
31.64
31.64
31.64
31.64

Na #(mg/L)
19.24

N:P Ratio
9.76
636.29
1339.84
1399.84

Trial Used
1, 2, 3
1, 2
1, 2, 3
3

CB Low N
7.17
8.4
2.59
1, 2
*For phosphorus modifications, the concentration of β-disodium glycerophosphate was changed. +For
nitrogen modifications, the concentrations of both Ca(NO3)2•4H20 and KNO3 were changed. #For ion
compensations, the β-disodium glycerophosphate concentration was changed, and the difference was
supplemented with NaCl.
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2.6 Statistical Analysis
Growth rates and maximum optical density at stationary phase were determined
using non-linear regression analysis using the formula:
(SAMPLE~K*0.12*exp(R*x)/(K+0.12*(exp(R*x)-1)), where the SAMPLE is the optical
density at each time point collected (x), K is the carrying capacity of the population
(stationary phase), and R is the population specific growth rate. To determine if there
were statistical differences in the growth rate between infected and uninfected samples
within specific trials, two-way analysis of variance (ANOVA) was applied to each
nutrient-modified set of replicates. When ANOVA was significant, Tukey’s post hoc
comparisons were performed. For within group comparisons, a paired T-test was used. R
statistical software version 3.3.2 was used for all statistical analyses.
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Results
3.1 Growth Quantitation of Microcystis aeruginosa
Newly seeded Microcystis aeruginosa NIES298 cultures grown under standard
conditions (section 2.1) were monitored for changes in optical density using absorbance
readings at 600 nm. A single trial of five identically seeded cultures was quantitated by
spectrophotometry (Figure 3). From each culture, 2 aliquots were removed for manual
cell counts at each time point using a hemocytometer. The averages of these counts were
plotted (Figure 4), and the logistic relationship was used to estimate the number of cells
in solution in later trials.

Figure 3. Growth curve of M. aeruginosa using UV/Vis spectrophotometry. This relationship was fitted
with a logistic curve, with an R2 value of 0.988.
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Figure 4. Growth of Microcystis aeruginosa NIES298 using UV/Vis spectrophotometry and manual cell
counts. Manual cell counts were averaged and plotted against the average absorbance reading of replicate
control tubes. The relationship was fitted with a logistic line, with an R2 value of 0.99.

3.2 Strain Identification using Restriction Digest Profiles
The Microcystis aeruginosa strains used in this study are all laboratory
accustomed, which means that they no longer display colonial morphology. Additionally,
these strains are all morphologically identical, and not every strain is unialgal. In order to
establish the identity of each strain and to identify any potential future strain crosscontamination, a restriction digest profile was created for the strains used in this study.
The 7 strain isolates of M. aeruginosa (Table 1) were cultured to late logarithmic growth
phase in standard CB Media prior to collection for DNA extraction. Three M. aeruginosa
genetic loci (gyrB, sigA, and gyrB53F-354R) were chosen for amplification using PCR,
and the sequences were tested for restriction digest sites (Table 3). The enzyme-gene
combinations were visualized on a 2% agarose gel, and the successful enzyme-gene
combinations were repeated (Figure 5A). The MspI restriction enzyme cuts gyrB in
NIES298, NIES90, and LE3. MspI was also used with sigA, which had a recognition site
21

in NIES90, CPCC124, LB2386, and LB2385. A double digest was preformed on
gyrB53F-354R using XbaI and HpaI, which does not cut NIES90, cuts NIES44 twice,
and the others once. As an additional measure of identification, the toxin potential of each
strain was tested by PCR amplification of a microcystin gene B (mycB) (Figure 5B). A
positive band of ~100 bp was generated using DNA from NIES298, NIES90, LE3, and
LB2385, which is consistent with published strain toxin ability. Faint banding patterns
and larger amplified products were generated in NIES44, CPCC124, and LB2386, which
are published non-toxin-producing strains, so the bands are not likely due to the presence
of myc genes.

A

B

Figure 5. Strain identification based on restriction digests of the amplified cyanobacterial genes analyzed
on 2% agarose gel. A. Restriction digest profile of the strain isolates used in this experiment. Restriction
enzyme MspI was used on gyrB and sigA, and a double digest using XbaI and HpaI was used on gyrB53F354R. Uncut gyrB gives a band about 250 bp, uncut sigA gives a band of about 125 bp, and uncut gyrB53F354R gives a band of about 425 bp. B. Visualization of the presence or absence of McyB gene for each
strain. A postive band for MycB gene is 78 bp.
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The restriction enzyme profile and the presence or absence of a mycB band data
were combined with a visual confirmation of the strain purity using a microscope to
verify the identity of strains through the presence or absence of other algal species (Table
5). Without the visual confirmation that the culture is unialgal, the profiles of NIES298
and LE3 are the same, and the profiles of CPCC124 and LB2386 are the same.
Table 5. Summary of molecular profiles of the strains of Microcystis aeruginosa used in
this project
Enzyme-Gene
MspI-gyrB
MspIsigA
XbaI & HpaIgyrB53F-354R
McyB
Strain Purity

NIES298
2

NIES90
2

NIES44
1

CPCC124
1

LB2386
1

LE3
2

LB2385
1

1

2

1

2

2

1

2

2

1

3

2

2

2

2

+
Unialgal

+
Unialgal

Unialgal

Unialgal

Mixed

+
Mixed

+
Mixed

3.3 Presence of Viral Genes in M. aeruginosa Genomes, Pre-Infection
Prior to the introduction of the phage to any of the strains of M. aeruginosa, the
DNA from 1 mL of late logarithmic growing cultures of all strains of M. aeruginosa
(Table 1) and 250 µL of Ma-LMM01 phage sample were extracted. The presence and
relative increase of viral sequences in these samples was determined by qPCR
amplification of viral g91 and nblA primer sets (Table 2). The PCR products were run on
a 2% agarose gel and imaged on BioRad Molecular Imager ChemiDoc XRS+ Imaging
System (BioRad, Hercules, California) (Figure 6). When using the g91 primers, LE3
consistently gave a band of about 500 bp, which is also seen in LB2386 and occasionally
in LB2385 (not shown). A secondary band can be seen in LE3 at about 700 bp, and a
faint band at about 850 bp is in CPCC124. Upon repetition, no bands appeared for
NIES298, NIES90, and NIES44. The Ma-LMM01 control band for g91 was at 140 bp.
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Presence of viral nblA genes in the strains of M. aeruginosa CPCC124, LB2385,
LB2386, and LE3 show a band around 250 bp, and a series of other bands higher than
500 bp, which can also be seen in NIES298 and NIES90. The Ma-LMM01 control band
for viral nblA is at 200 bp. The presence of these bands is most likely due to cellular
homologs, since nblA was originally a host gene (261 bp3), and can be found in a
majority of cyanobacterial species.

A

B

Figure 6. Initial analysis of phage genes g91 and nblA prior to infection, analyzed on a 2% agarose gel. A.
Presence of g91 genes in the strains of M. aeruginosa. The Ma-LMM01 control band for g91 is at 140 bp.
While there are some bands in the cyanobacteria, none are close to the size of the control band. B. Presence
of viral nblA genes in the strains of M. aeruginosa. The Ma-LMM01 control band for nbaA is at 200 bp.
There are bands that are close in size in CPCC124, LB2385, and LB2386, which may be host nblA genes
(261 bp).

3.4 Characterization of Viral Infection
Microcystis aeruginosa NIES298 was cultivated and infection by Ma-LMM01
was characterized using molecular techniques. We infected the host with either a room
temperature stored phage or a phage stored at -80°C and monitored the growth rate of
five replicate cultures for 13 days (Figure 7A). Both the uninfected control samples and
the room temperature stored phage infected samples had a higher growth rate than the 80°C stored phage infected samples, which was statistically significant (p < .05) (Figure

3

Genebank: NC_010296.1
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7B). In addition to a difference in the whole population growth rate, we monitored viral
replication by using qPCR to quantitate the relative increase in genome copies of viral
gene g91. In the -80°C stored phage infected samples, the viral gene increased 100-fold
by day 6 and maintained that level for the whole trial (Figure 7A). In the room
temperature stored phage-infected samples, we get a 1000-fold decrease in the viral
genomes relative to cellular genomes by day 13. A decrease in the viral gene g91
indicated that there was no viral replication occurring with the room temperature stored
phage, while an increase in the viral gene g91 indicated that a combination of viral
genome replication and host cell death was occurring with the -80°C stored phage.
Infection with 4°C stored phage was comparable to the -80°C stored phage (data not
shown).
With this trial, we also wanted to see if we could determine if there was cell-free
virus as an indication of a productive infection. To do this, we compared the number of
viral genomic copies found in infected cultures (which included both the host cells and
the supernatant fluid) to those isolated from pelleted and washed cells from the same
culture to determine if the source of the g91 signal was due to cell-associated genomes,
extracellular genomes, or both (Figure 7C). The supernatant fluid was not tested on its
own for this trial. Again using the presence of the viral gene g91 as an indicator for viral
infection, we see that by day 6, we had a 100-fold increase in viral genomes, which was
maintained until day 13. In the pelleted and triple-washed (with DI water) cell samples,
we initially saw a higher ratio of viral genes to bacterial genes by day 2, which may
correspond to viral attachment to the host cell. By day 6, we had approximately 100-fold
increase in viral genomes, which is associated with the cell. In a successful lytic
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infection, we would expect to see the viral genes associate with the host in a small timeframe, then increase in number before lysing the cell and disassociating from the host
cells. What we observed was that the viral genomes increased, but did not disassociate
from the host, and instead remained cell-associated post genome replication (Figure 7C).

A

B

C

Figure 7. Verification of an infection in M. aeruginosa NIES298. A. Growth curves of uninfected samples,
infected samples with an phage stored at -80°C, and infected samples with an phage stored at room
temperature. Relative viral genome replication in quantified using the Double Delta Ct equation (2-ΔΔCt),
where a positive value indicates an increase in viral genomes as a proxy for a successful viral infection and
a negative value indicates an unsuccessful viral infection. B. The growth rates between the infection with
the phage stored at -80°C (0.234 ± 0.022) and the infection with the phage stored at room temperature
(0.285 ± 0.011) were statistically different (p < .05). The uninfected growth rate is 0.268 ± 0.009. Error
bars represent standard deviation of five replicate culture tubes. C. Estimation of viral location during
infection. There was not a large difference between the genomes recorded between whole infected culture
samples and the cell only samples.
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3.5 Host Specificity Test
To verify the specificity of the host range of Ma-LMM01 and to ensure that an
increase in genomes was related to the difference in growth rates between the uninfected
and infected samples, three other strains of M. aeruginosa were tested: CPCC124,
LB2385, and LB2386 (Table 1). The growth of six replicates of each culture was
monitored using optical density for 13 days post infection, and the DNA was extracted
for analysis of viral genome replication (Figure 8). M. aeruginosa NIES298 saw an
increase in viral genomes by day 6, similar to the growth seen in the verification of
infection trial, and a difference in growth rates between the infected and uninfected
samples(p < .01) (Figure 8A, 8E). In the other tested strains of M. aeruginosa, there was
no positive replication of the phage (Figure 8B, 8C, 8D), and no significant difference in
the growth rates between the infected and uninfected samples (Figure 8E).
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B

C
A

D
A

E

Figure 8. Host specificiftyAtest of Ma-LMM01 on North American Strains of Microcystsis aeruginosa
CPCC124, LB2385, and LB2386. Six replicate cultures of each infected (black diamonds) and uninfected
(white circles) were monitored for a period of 13 days. A. Growth curve and sucessful viral infection, as
determined by an increase in viral genomes, on NIES298 which is the only known host for the phage. B.
Infection of the phage on CPCC124, the only north american uni-algal strain used in this study. The
negative viral gene numbers indicate an unsucessful infection. C. Infection of the phage on LB2386, which
does not allow for viral genome replication. D. Infection of the phage on LB2385, which does not allow for
viral genome replicaiton. E. Growth rates of each strain tested. The only strain with significant differences
between the infected (0.307 ± 0.007) and uninfected (0.326 ± 0.007) samples is NIES298 (p < .01).
LB2386 infected (0.256 ± 0.017) and uninfected (0.270 ± 0.11), LB2385 infected (0.236 ± 0.007) and
uninfected (0.238 ± 0.004), and CPCC124 infected (0.242 ± 0.002) and uninfected (0.237 ± 0.005) are not
statistically different. Error bars represent standard deviation of six replicate culture tubes.
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3.6 Nutrient Stress Infection Trials
To understand how a viral infection of M. aeruginosa works under decreased
concentrations of nitrogen and phosphorus, as can be seen in a cHAB, we tested growth
in nutrient replete media, mid phosphorous (1.53% of CB control), low phosphorus (0.7%
of CB control), and low nitrogen (26.55% of CB control) (Table 4). These nutrientlimited conditions can be related to the average yearly concentration of phosphorus in the
western basin of Lake Erie, which ranges from 0.05–0.5 mg/L (US EPA, 2015). The midphosphorus media modifications are in the middle of this range, while the lowphosphorus media modifications are at the low end of this range.
In nutrient replete media, the growth rate and carrying capacity was lowered
slightly in the infected sample in comparison to the uninfected sample (Figure 9A), which
was consistent to the trends seen in Yoshida et al. (2014). The samples reached late log
on days 13–14, and did not quite reach stationary phase, reading 0.9 OD (600 nm). The
viral genome was replicated within 4 days, and reached a maximum at about a 400-fold
increase. In the mid phosphorus media, there was a decrease in the carrying capacity of
the population due to nutrient limitation, as seen in the uninfected samples compared to
the uninfected samples in nutrient replete media (Figure 9A, 9B). The growth of the
uninfected samples reached stationary phase at 0.6 OD (600 nm), and the infected
sampled reach stationary phage at 0.5 OD (600 nm). The viral genome replication took
longer to reach maximum replication than the nutrient replete infection by not reaching
about a 300-fold increase until day 8, and having a more step-wise increase leading up to
it, which might be related to a delayed onset of infection (Figure 9B). This viral
relationship is mirrored in the low phosphorus media samples: a step-wise increase of
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viral genomes until day 8, in which the maximum viral replication is obtained at about a
400-fold increase from day 0 (Figure 9C). Of note is that there is now a larger difference
in growth patterns between the infected and uninfected samples in the low phosphorus
media. The carrying capacity of the infected population was lower, and the growth was
slower. In the final nutrient modification, the concentration of nitrogen was limited
(Figure 9D). When nitrogen was lowered, the host did not grow well, reaching stationary
phase at 0.4 OD (600 nm) and declining into the death phase within two days. It appears
that there was not much of a difference between the growth patterns of the infected and
uninfected samples in the nitrogen limited media, but the virus did replicate its genome
by day 8, and reached the viral replication max of about a 300-fold increase from day 0, a
viral trend that was seen in all nutrient modifications this trial.
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A
Figure 9. Trial 1: Infection in replete media and transferAinto nutrient-limited media. A. Infection in nutrient
replete media. The infected samples (black diamond) have a lower growth rate than the uninfected samples
(white circles). The viral gene g91 increases by day 4, which indicates viral replication has occurred. B.
Infection in mid phosphorus modified media (1.53% P of the control). Viral geomes replicate to about the
same level as the control, but are delayed in reaching maximum replication. C. Infection in low phosphorus
modified media (0.7% P of the control). There is a difference in growth rates between the infected and
uninfected populations, and a difference in when the viral genome replicates. D. Infection in low nitrogen
modified media (26.55% N of the control). Nitrogen limitation greatly affects the growth of the host, but an
increase in viral genomes still occurs.
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We then calculated the actual values for the carrying capacity and growth rate
coefficient using a non-linear regression analysis and performing ANOVA on the
resulting averages (Figure 10). There was a significant difference in the growth rate
between the infected and uninfected samples in the nutrient replete media (p < .01), mid
phosphorus media (p < .05), and low phosphorus media (p < .001) (Figure 10A). The
uninfected growth rates for all phosphorus modified media and the nutrient replete media
were not statistically different, but the carrying capacities were (Figure 10B). This
suggests that until the phosphorus was used up, the host grew at a steady rate (r = 0.225),
but once nutrient is limited the host stopped replication, leading to a lower carrying
capacity. In the infected samples, there was no statistical difference between the growth
rate in the nutrient-replete media and the mid-phosphorus media, but a difference was
observed in the low phosphorus infected growth (p < .01), which was lower than both the
mid-phosphorus and nutrient-replete infected growth rates (Figure 10A). In the low
nitrogen samples, there was no statistical difference between the carrying capacity of the
populations (Figure 10B), but there was a statistical difference between the growth rates
between the infected and uninfected (p < .01) (Figure 10A).
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Figure 10. Trial 1: Growth rate and carrying capacity of each media. (* = p < .05, ** = p < .01, *** = p <
.001) A. Population growth rates vary depending on the media, but within each media, there is a statistical
difference between the growth rates of the infected and uninfected populations. Specific growth rate
coefficients are as follows: CB control uninfected (0.226 ± 0.007) and infected (0.197 ± 0.008), CB Mid P
uninfected (0.215 ± 0.004) and infected (0.190 ± 0.008), CB Low P uninfected (0.222 ± 0.013) and infected
(0.168 ± 0.005), CB Low N uninfected (0.136 ± 0.003) and infected (0.117 ± 0.002). B. The carrying
capacity of the populations drops when grown on modified media. Specific carrying capacities are as
follows: CB control uninfected (1.399 ± 0.067) and infected (1.278 ± 0.049), CB Mid P uninfected (0.619 ±
0.026) and infected (0.535 ± 0.017), CB Low P uninfected (0.587 ± 0.036) and infected (0.481 ± 0.034),
CB Low N uninfected (0.382 ± 0.017) and infected (0.371 ± 0.014).

In a second trial, Ma-LMM01 infections were conducted within the nutrientlimited media (Table 4), without prior centrifugation of the cells. This was done to
examine the effect of the nutrient availability for infection rate, specifically the
attachment and absorption of the phage. In the nutrient replete and phosphorus modified
media samples, the host took a longer time to replicate initially, leading to a delayed
exponential phase and a slower overall growth rate than seen in previous trials (Figure
11). In nutrient replete media, the phage genome replicated within 9 days, and reached
about a 200-fold increase (Figure 11A). Viral replication also occurred in both
phosphorus-limited media, reaching about a 100- to 200-fold increase (Figure 11B, 11C).
Of note are the low-phosphorus modified media infected samples, in which viral
replication occurred as the culture appeared to reach late-logarithmic growth phase, and
by day 9, reached a maximum fold replication similar to the levels seen in the first trial
(Figure 9C, 11C). The initial viral replication occurred much later than the first trial but
33

reached 400-fold increase by day 9 (compared to day 8 in the first trial). Additionally,
there appears to be a difference in the growth patterns between the infected and
uninfected samples in the low-phosphorus samples, but because the uninfected samples
did not reach stationary phase, the statistical comparison was not completed. We did not
see the stationary phase of most of the samples, with the exception being the low nitrogen
samples (Figure 11D) and the infected low phosphorus samples (Figure 11C). Growth in
the low nitrogen samples was similar to that seen in the first trial, in which the growth
reached stationary phase by day 7 at 0.4 OD (600nm), and quickly died off after that.
While the growth patterns were similar between the two trials for this nutrient
modification, the phage replication was not. In the first trial, we had viral genome
replication to about a 200-fold increase from day zero, and in the second trial, we have no
positive viral genome replication (Figure 11D), which suggests that nitrogen might be a
vital nutrient for viral infection or replication, as well as for bacterial growth.
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A 11. Trial 2: Infection in nutrient-limited media. A. Infection in nutrient replete media. The host cells
Figure
took longer to reach exponential phase in this trial than in the first trial, which correlates to a delayed
infection (day 9). B. Infection in mid phosphorus modified media (1.53% P of the control), with a delay in
infection. C. Infection in low phosphorus modified media (0.7% P of the control), with a delay in infection
but with similar viral replication quantities to the previous trial. D. Infection in low nitrogen modified
media (26.55% N of the control). When the phage is innoculated in the limited media, no viral replication
occurs.
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The third trial was set up in an effort to replicate the negative effect on the growth
rate of the host seen between the infected and uninfected samples grown in low
phosphorus media in comparison to the difference between the infected and uninfected
samples grown in nutrient replete media. The experiment used similar conditions as the
first trial, repeated on a larger scale. In this trial, the MOI was about 10-fold less than the
previous trials, at 0.008. In the nutrient replete media, infection with the phage did not
change the growth of the host (Figure 12A). While an increase in viral genomes was
observed, it did not occur in all replicate samples until day 9 and did not reach a
maximum level until day 11, much later than previous trials. While the phage replication
did not occur until later in the experimental period, the infection reached a higher fold
increase compared to the zero point at a 1000-fold increase (10-fold more than previous
trials). Because this replication did not occur until later, no differences in growth rate or
carrying capacity can be readily seen. As the population reached late logarithmic growth
phase, the host cells divided at a slower rate, and since viral replication occurred at this
late stage of growth, differences in the growth rate due to the host reaching saturation
density and differences in growth rate due to viral replication may be indistinguishable.
In the low phosphorus media, there were no successful infections (Figure 12B).
The growth of the uninfected and infected samples overlapped for the whole duration of
the experiment, and the viral genome numbers decreased, which is an indication that
genome replication did not occur. To be assured that the difference in growth rate was not
due to the fact that we lowered both the source of phosphorous and the salt it was bound
to, we also tested a media that had sodium added back into the low phosphorus media to
create an ion-compensated low phosphorus media (Figure 12C). In this data set, we had
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two successful infections and four unsuccessful infections, which have been separated for
analysis to determine if there are any differences in the populations. The sample set with
the lowest growth curve was the successful infection, while the set with the highest
growth curve was the unsuccessful infection. The growth rates of the two populations
were statistically different (p < .05), but further testing is needed to create an accurate
representation of real occurrences (Figure 12D). Of the successful infections, the delay
before replication occurs was much shorter than the replete media control, but the fold
increase in replication was smaller as well, only reaching 100-fold increase. Since there
was viral genome replication in some of the salt adjusted samples, all of the nutrient
replete samples, and none of the unadjusted low-phosphorus samples, ionic strength may
play a role in the infectivity of the phage.
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A Figure 12. Trial 3: Infection in phosphorus-limitedAmedia and phosphorus-limited media with salt
compensation. A. Infection in nutrient replete media. A lowered MOI caused a delay in infection. B.
Infection in low phosphorus modified media (0.7% P of the control). No positive viral replication occurred.
C. Infection in low phosphorus modified media (0.7% P of the control) with ion compensation (added Na).
Two samples with postitive viral replication and four samples with no positive viral replication were
seperated and analyzed as two different groups. D. Growth rates of the uninfected (0.281±0.007), the
sucessful infection (0.273±0.001), and unsucessful infection (0.288±0.006) in the low phosphorus modified
media with ion compenstion.
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Discussion
This study aims to understand how different factors can come together to regulate
the composition and longevity of a cyanobacterial Harmful Algal Bloom (cHAB) by
focusing on nutrient limitation and phage infection in the prominent freshwater
cyanobacterium, Microcystis aeruginosa. To this end, we used the characterized M.
aeruginosa-phage system, M. aeruginosa NIES298 and Ma-LMM01, both of which have
been isolated from a eutrophic freshwater lake in Japan. Using this system, we tested the
hypothesis that a viral infection by Ma-LMM01 will enhance the negative effect
phosphorus limitation has on the growth rate and carrying capacity of a M. aeruginosa
NIES298 population.
4.1 Characterization of Viral Infection in NIES298
Microcystis aeruginosa has a complex CRISPR-Cas system that allows the host to
combat infection by cyanophages over time, which is involved in the evolution of a hostphage relationship. As originally characterized by Yoshida et al. (2006, 2008), the phage
Ma-LMM01 is lytic in its host, M. aeruginosa NIES298, visibly clearing the culture
within a few days (Yoshida et al. 2006), but repeat infections will shift the host
population towards resistance as the host acquires post-infection immunity (Yoshida et al.
2014). The strain of NIES298 that was used in this study has characteristics consistent
with the isolates of NIES298 that was classified as MaLMM01 intermediate-susceptible,
as described in Yoshida et al. (2014). The published isolates caused a viral infection that
does not cause clearing of the culture, but does cause a difference in growth rate
compared to an uninfected control (Figure 7). According to Yoshida et al. (2014), these
intermediate-sensitive isolates continued to show altered growth through multiple
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passages, which may indicate that both sensitive and resistant cells co-exist in the culture
and that the host cells were not acquiring post-infection immunity. The environmental
survival of a phage relies on there being a susceptible host available to support viral
replication, but complete susceptibility to a phage will decimate the host population, so
resistant host cells are selected for in a viral infection. One of the explanations for this
back and forth relationship between a host and its phage is that phage resistance comes at
a cost, whether it be a slowed growth rate or an increased susceptibility to another phage.
Additionally, they add that there might be a growth rate cost for phage-resistance under
direct competition. This growth rate cost can be seen in other host-phage systems, for
example marine cyanophages with Prochlorococcus genus hosts (Avrani et al. 2011). In
Prochlorococcus, when challenged with a phage infection, half of the tested populations
grew significantly more slowly than the controls, and some populations that grew
resistant to one phage were even more susceptible to another phage (Avrani et al. 2011).
In the system presented in this study, the phage-resistance seems to correlate to a
decreased growth rate (Figure 7). During Ma-LMM01 infection, the growth rate of the
infected cultures is different than that of the uninfected cultures (Figure 7A-B), but
complete lysis of the culture does not occur. Assuming that there is stability in the host
housekeeping transcript gyrB, the viral genome is being replicated as indicated by an
increase in the quantity of the single-copy viral gene g91. We use a relative increase in
the viral gene g91 compared to the single-copy bacterial gene gyrB as a proxy for
replication of the viral genome, per Livak and Schmittgen’s (2001) work on the 2-ΔΔCt
equation. Consistent with a viral infection with a replicating virus, we see an increase in
viral genomes over a few days and then a leveling off of the relative value (Figure 4A,
40

6A). According to Yoshida et al. (2014), in the intermediate-susceptible stains, a portion
of the population is susceptible to the phage, and another portion of the population is
resistant to the phage. If this is the case, then the susceptible population is infected within
a few days, and the viral genome is replicated. Once that population has been completely
infected, there are no other susceptible cells to infect, and the phage cannot replicate its
genome further.
What is still unclear is what happens once the genome has been replicated. When
the DNA was isolated from cell samples that had been washed three times with DI water,
the viral genes in the sample are associated with the cells (Figure 7C), indicating that
once the genome is replicated, the virus remains associated with the host cell. This result
could indicate that the method used to wash the cells was not sufficient to separate free
virus from the pelleted cells, that the phage has some latent infection properties, or that
the host has activated some defense genes and the phage has undergone an abortive
infection. Testing the supernatant or running the experiment again with a DNase treated
negative control in future studies would give us a better understanding of the cellassociated viral signal, while additional experiments would be required to test the other
two hypothesizes.
The consistent replication between the host gyrB and the vial g91 in the later
portion of the infection (in which the proportion of g91 to gyrB is maintained) could be
indicative of a lysogenic phage. Because the phage is quantitated relative to a control
gene found in the bacteria (gyrB, a single copy housekeeping gene), as the host continues
to grow, we would expect the proportion of viral genes to bacterial genes to decrease
slightly. During a normal lytic infection, a phage (or a few) will infect a host and modify
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the host’s replication and transcription processes in order to create progeny phage. The
lytic life cycle occurs quickly, where most of the susceptible hosts will be infected within
a few days. In the case of a lysogenic cycle, we would expect the phages to infect the
susceptible hosts and integrate into the host genome, replicating at the same rate as the
host replicates. In this case, the genome data would show a consistent ratio of phage to
host genes as the phage and host replicate together. What was observed in this data set
was that after an increase of phage genomes, the proportion of phage to host genes
maintains itself overtime, suggesting that the phage genomes are still increasing and at a
rate constant with the growth rate of the host.
While the literature states that Ma-LMM01 is a lytic phage, it has some molecular
homologues of lysogeny. Ma-LMM01 has the genes for two prophage anti-repressors that
are important in the regulation of lytic and lysogenic cycles (Yoshida et al. 2008;
Yoshida-Takashima et al. 2012). For example, in lambdoid phage family, there is a
lysogenic phage N15 in which the prophage antirepressor antC is active under cellular
stress response, specifically DNA damage, which causes the phage to enter the lytic cycle
(Mardanov and Ravin 2007). In addition to the two prophage antirepressors, Ma-LMM01
also has the genes for a site-specific recombinase homologue and a flanking transposase
gene homologue, which are frequently used by temperate phages to integrate the phage
genome into the bacterial chromosome (Groth and Calos 2004). Kuno et al. (2010)
rename these two gene homologues IS607-cp; the first gene is in the serine recombinase
family of site-specific recombinases, and the second gene is a transposase gene, but the
authors note that its transposition activity remains unclear. Further analysis of related
strains of M. aeruginosa to NIES298 revels that IS607-cp is present in NIES90, which
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was isolated from the same lake (Lake Mikata) as NIES298 and Ma-LMM01. This
finding suggests that Ma-LMM01 may have not always been so strain-specific when it
comes to a host. NIES90 is not known to be susceptible to Ma-LMM01, but it was
hypothesized that phage mediated transfer of these elements can occur (Kuno et al.,
2010).
While a latent infection is a possible explanation, another possible interaction
between the intermediate-sensitive strain of NIES298 and the cyanophage Ma-LMM01 is
related to the complex immune system found in M. aeruginosa. In the fully sequenced
genome of M. aeruginosa NIES843, there are 492 defense genes identified, which
correlates to about 29% of its genome being related to defense islands (Makarova et al.
2011). Included in these defense islands are genes that encode for restriction-modification
systems (RM), toxin-antitoxin systems (TA), and the abortive infection (ABi) system. All
of these systems stops phage infection at different stages such as replication,
transcription, or translation, and can lead to the death of the infected cell (Makarova et al.
2011). If the phage has been stopped by any of the host’s defense genes, then we could
get successful replication of the phage genome, but no formation of complete new virus
particles. Additionally, the cell death caused by the host defense system may lower the
number of gyrB copies in the sample, which may explain the consistent relative
relationship between g91 and gyrB.
4.2 Testing for North American Strains of M. aeruginosa for Ma-LMM01 Susceptibility
Lake Erie contains an estimated 0.3–4.1 x 108 virus-like particles per mL
(DeBruyn et al. 2004). These viruses can have hosts in the numerous heterotrophic
bacteria, protozoa, or phytoplankton families found in Lake Erie, and they play a role in
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the normal regulation of the freshwater ecosystem. Because of the large number of viruslike particles in the environment, it is assumed that there is a phage specific for every
possible host. M. aeruginosa is found in numerous freshwater lakes in Northern America,
so we wanted to test the most characterized cyanophage specific for M. aeruginosa on
different North American strains (Table 1, Figure 8).
Prior to infection with Ma-LMM01, the North American strains of M. aeruginosa
were analyzed for the presence of the viral genes g91 (a sheath protein) and nblA (an
early viral gene, responsible for a phycobilisome degradation protein) (Table 2, Figure 6).
The viral gene g91 is specific for M. aeruginosa-infecting cyanophages (Xia et al. 2013)
while nblA was originally a host gene that was responsible for the recycling of the
phycobilisome, or major photosynthetic complex of pigmented proteins, in a number of
phytoplankton species, including Synechococcus and Anabaena (Karradt et al. 2008).
After electrophoresis of the g91 amplimers from each host (Figure 6), there are a few
bands amplified from the g91 primers, and many amplified products using the nblA
primers. For g91, bands occur at < 500 bp in CPCC124, a unialgal strain, and in LB2386
and LE3, both mixed algal cultures. Since the bands are so much larger than the control
viral gene and the fact that most of the bands were seen in mixed algal cultures, we do
not believe the presence of these bands is an indication of an active lysogenic infection,
but may be non-specific binding to a different bacterial gene, as indicated by the melting
curve analysis of the product (data not shown). Sequencing of these bands in the future
would give us further information about the specificity of the g91 primers. For nblA, we
have bands close in size to the viral nblA control (Figure 6) in CPCC124, LB2386,
LB2385, and LE3. Additionally, there are a number of bands < 500 bp in every strain but
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NIES44. Similar to the large bands for g91, the bands greater than 500 bp are likely due
to primer binding to a different bacterial gene, but the bands that are close in size to the
viral nblA control may be homologues to the original nblA that the phage had acquired
from its host, or they may indicate the presence of integrated viral genes in the host
genome in the form of a prophage. In order to make any conclusions about the origin of
the close sized nblA bands, sequencing would be required.
Because of the uncertainty in origin of the nblA bands, only g91 was used to
quantitate the virus in the host specificity test. The only viral amplification that occurred
was in M. aeruginosa NIES298, which also had the only significant difference in growth
rate between the infected and uninfected samples (Figure 8). These data support the idea
put forward by Yoshida et al. (2006) that stated that Ma-LMM01 has a narrow host
range, which is only M. aeruginosa NIES298. The specificity of a single strain for a host
is unusual for a phage, and even unusual for phages in the Cyanomyovirdae family (Xia
et al. 2013). Two other phages from this family, AS-1 and N-1, are not as limited in their
host range, where AS-1 can infect unicellular freshwater cyanobacteria Anacystis and
Synechococcus (Safferman et al. 1972), and N-1 can be lytic or lysogenic some strains of
Nostoc and Anabaena (Adolph and Haselkorn 1971; Currier and Wolk 1979). Perhaps the
specificity of Ma-LMM01 allows it to co-evolve more efficiently with its host and
combat its host immune system better, but the relationship requires further study.
4.3 Combined Effect of Nitrogen Limitation and Viral Infection
Unlike many cyanobacterial species, M. aeruginosa does not have the capability
to fix nitrogen, but continues to dominate some blooms when the nitrogen to phosphorus
ratio was low (Fujimoto et al. 1997). In the comparison of the nitrogen-limited media in
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the first trial (Figure 9), in which M. aeruginosa had been infected in replete media for 24
hours before the cells were spun down and suspended in low nitrogen media, and the
nitrogen-limited media in the second trial (Figure 11), in which the cells were inoculated
in the nutrient-limited media, and then infected, there is a large difference in viral
replication. When allowed to incubate in replete media, the virus attaches and replicates
efficiently, as seen in both the nutrient-replete and phosphorus-limited samples of the
first trial. The similar ratio of viral replication suggests that even in nitrogen-limited
stress, the phage does not have trouble reaching full genome replication in the host. When
the phage is placed in the nitrogen-limited media, no positive replication occurs,
suggesting that nitrogen might be important in phage absorption. Unfortunately, there is
not much literature current that addresses the effect of nitrogen on cyanophage infection.
The nitrogen content of the waters in which M. aeruginosa is found is vital for the
daily activities of the cell, as it is an essential nutrient in protein (which includes cell
surface receptors, transport systems, and nutrient-scavenging systems) and DNA
synthesis. Nitrogen concentrations have also been linked to the cyanobacteria’s ability to
produce microcystin and cellular buoyancy. While the decreased production of
Microcytins under nitrogen limitation (Vezie et al. 2002) may not be related to phage
infection, the changes in cell morphology might. When nitrogen is depleted in a system,
M. aeruginosa’s gas vesicle volume is decreased to the point that the host can no longer
remain buoyant (Brookes and Ganf 2001). Characteristically, cyanophage production
depends on host photosynthesis, which occurs with a diurnal pattern (Kao et al. 2005).
Ma-LMM01 is like other characterized cyanophages in this respect: in the field, MaLMM01 phage genomes peak during daylight hours and are at their lowest values late at
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night (Kimura et al. 2012). If the phage requires host photosynthesis to propagate, and the
host must be able to regulate buoyancy to be fully photosynthetic, then changes in host
buoyancy would affect the propagation of the phage. In this instance, the phage may
encounter and attach to the host cell, but it would not be able to replicate its DNA. In the
first trial, the cells were infected in nutrient replete media, which would have allowed
attachment of the phage. Transfer into nutrient replete media may allow the phage time to
initiate replication of the viral genome prior to complete nitrogen limitation (Figure 9D).
Infection in nitrogen-limited media does not allow the phage much time to initiate viral
replication prior to host nitrogen limitation (Figure 11D).
While there is evidence that nitrogen is a vital nutrient for M. aeruginosa blooms
(Lopez et al. 2008; Paerl et al. 2011; Paerl and Otten 2013; Zhu et al. 2015), there is still
very little information about the combined effect of nitrogen limitation and viral infection
on any cyanobacterial species, not just M. aeruginosa. Further work should continue to
establish the relationship between limiting nitrogen in the environment and phage
propagation.
4.4 Combined Effect of Phosphorus Limitation and Viral Infection
Under normal conditions, many freshwater lakes are phosphorus limited (Smith
1983), and therefore, the increased phosphorous run off from agricultural, residential, and
industrial practices has been blamed for the increased prevalence of cHABs. A number of
cyanobacteria species have a suite of genes that encode for proteins that increase
phosphorus assimilation under low phosphorus conditions called Pho genes; these genes
have been selected for due to the normally limited phosphorus availability of the
cyanobacteria’s environment (Vershinina and Znamenskaya 2002). These Pho genes
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include phosphate-binding proteins such as pstS (ABC-type phosphate transport system)
and hydrolysis proteins such as phoA, both of which can be found in M. aeruginosa
(Harke et al. 2012). In addition to being present in the host, there are a number of cases
where these two genes have been present in cyanophage genomes. Homologues for pstS
were found in nine of 16 cyanophages isolated on Prechlorococcus and Synechococcus
host strains, all of which were isolated from low-nutrient waters. Two of these phages
also encoded phoA, which facilitates the phage’s access to organic phosphorus (Sullivan
et al. 2005, 2010). The presence of these genes in both the cyanophage and the host is a
function of environmental phosphate availability (Kelly et al. 2013). These genes likely
have a role in phage DNA replication by facilitating host phosphorus acquisition during
infection. Phage infection in Synechococcus under phosphorus stress up regulates the
host’s phosphate acquisition genes, which allow the cell to continue to acquire
phosphorus during the infection; the phosphorus could then be used in phage DNA
replication and the building of virus particles (Lin et al. 2016). When M. aeruginosa
encounters low phosphorus stress, these pho genes are activated, which allows the cells to
persist.
The effect of phosphorus limitation on M. aeruginosa alone can be seen in the
comparison of growth parameters in the first trial of nutrient limitation tests (Figure 9).
The nutrient replete uninfected sample represents the best possible growth that the cells
can achieve given the simulated environmental conditions with no nutrient stress or
outside competition. In both the mid-level phosphorus and the low-level phosphorus
uninfected samples, the growth rates are not significantly different from each other.
Phosphorus limitation alone does not alter the growth rate, but it does signal to the cells
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to stop dividing earlier (Figure 10). The carrying capacity for the mid- and low-level
phosphorus media was much lower than the replete media but was not much different
from each other, which suggests that infection with the cyanophage allows the host to
acclimate to varying levels of diminished phosphorus the same.
In the second trial, the infection occurred in the modified nutrient media. Instead
of seeing the effects of phage replication on the host while the host is undergoing
phosphorus limited stress, this trial examines the ability of the phage to attach and be
absorbed into the host under mid- and low-phosphorus conditions (Figure 11). Despite
the delayed infection in the nutrient replete, mid-level, and low-level phosphorus media,
there is still positive amplification of viral genomes as seen by an increase g91 genes,
which indicates the phage has successfully attached to and entered the host to the point of
genomic replication. The maximum level of g91 is similar between the three media types,
which again seems to suggest that the phosphorus limitation does not greatly alter the
ability for the phage to replicate.
The third trial was designed to examine the reproducibility of the nutrient-limited
differences in cyanobacterial growth rates and to ensure that the differences seen in
previous trials were due to nutrient limitation. Particularly, we re-analyzed the difference
seen between the nutrient-replete media and the low-level phosphorus media infected
samples to show that there was a repeatable decrease in host growth rate when nutrient
limitation and viral infection stress were combined. To ensure that the nutrient limitation
was the only controllable variable, this trial compensates for the removal of sodium.
Historically, when M. aeruginosa is studied in the context of nutrient limitation, the
nutrient in question is removed, and the accompanying salt is not compensated for in the
49

modified media (Fujimoto et al. 1997; Downing et al. 2005; Zhu et al. 2015). Some
phages require a certain amount of divalent cations for phage adsorption and early viral
replication, like calcium and magnesium (Roundtree and Freeman 1955; Puck 1953), so
the re-addition of salt was included as a control.
The third trial had a decreased MOI, which has led to a delay in viral replication.
In the nutrient replete media, viral replication does not occur until the host has reached
late log phase, and no difference in growth rate can be seen (Figure 12). While viral
replication occurs late in the experiment, it reaches the same relative level as seen in the
first trial. These data are consistent with the idea that a percentage of the population is
susceptible to the phage, and once that population has been infected, the phage does not
replicate in the resistant population. The viral infection was completely unsuccessful in
the low-phosphorus media, which may indicate that there is a minimal viral threshold in
which the infection is possible in low-phosphorus stressed cells. In the low-phosphorus
ion compensated media, two infections were successful and four were not. The two
positive infections indicate that the MOI was close to the dilution in which viral infection
does not occur. Of the two successful infections (Figure 12), viral replication occurs by
day 4, and increases in a step-wise function to day 9, which is the viral replication trend
seen in the low-phosphorus samples from the first trial (Figure 9). While the increase in
viral genes is similar, the fold-increase in viral genomes is 5- to 10-fold less in the third
trial compared to the amplification seen in other trials (Figure 9, Figure 11, Figure 12). A
decrease in viral replication would create less of a strain on the host, which would
correlate to a closer growth rate to the uninfected samples.
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Combined, these trials present the idea that while both phosphorus limitation and
viral infection are stressors on the host cell individually, when combined, they work
together to decrease the ability of the host to divide (growth rate and carrying capacity of
the population decrease). The mechanism behind the difference in growth is unclear, but
it may be related to the fact that Ma-LMM01 has an ORF that shows significant sequence
similarity to E. coli phoH, which is an ATPase induced under phosphate starvation
(Yoshida et al. 2014). phoH is a cytoplasmic protein that belongs to the Pho regulon,
which regulates phosphate uptake and metabolism under low-phosphate conditions. phoH
is the most commonly found Pho regulon gene found in phages of both marine and
terrestrial environments, and the gene has been found in both heterotopic- and
autotrophic-infecting phages (Goldsmith et al. 2011). The exact function of this homolog
is unclear, but it is likely related to regulation of the host pho system described above.
Another potential mechanism behind the decreased growth rate of the populations
of M. aeruginosa seen when the cells are both phosphate stressed and infected is due to
viral lysogeny. When infected by one of its phages, S-PM2, the oceanic cyanobacteria
species Synechococcus is lysed. When compared to an infection in phosphate-depleted
media, the host had a delay in lysis (18 hours) and at a much smaller percent of the
population (9.3% in phosphate limited vs. 100% lysis in nutrient replete media). Further
study revealed that this phage undergoes lysogeny in response to phosphate stress in the
host cell (Wilson et al 1996). This may be advantageous for the phage in instances where
the likelihood of coming in contact with another host is reduced (Wiggins and Alexander
1985), such as instances of low nutrient availability in which the host is not rapidly
expanding. Additionally, lysogenized cells can also benefit by gaining access to genes
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carried by the virus (such as up-regulation of phosphate stress genes) (Waldor and
Mekalanos 1996). Continuing work on the potential lysogeny of wild cyanophages shows
that most lysogenic phages enter the lysogenic phase during periods of low water
temperature, rainfall, nutrient concentration, and bacterial productivity, which are
conditions that are not favorable for the host bacterial growth and production
(Williamson et al. 2002). This study goes on to note that decreases in phosphorus
concentrations contribute to potential lysogeny (as tested by induction of prophages with
mitomycin C), while elevated levels of nitrogen shift the relationship towards lytic
infections (Williamson et al. 2002). It is worth noting that while lysogeny has not been
seen in this particular host-phage system, lysogeny has been confirmed in a strain of M.
aeruginosa isolated from South East Queensland, which had a 99% lysogenic fraction
based on their calculated burst size (Steenhauer et al. 2014).
Phosphate stress is a significant regulation factor of cHABs, as indicated by the
presence of many phosphate-stress inducible genes found in both cyanophages and their
hosts. Further study would explore the relationship between Ma-LMM01 phoH and the
potential activation of the host Pho genes under phosphorus stress by monitoring pho
transcription during phage infection. Additional work could also analyze potential
lysogeny of Ma-LMM01 on M. aeruginosa under long-term phosphate stress, or further
isolate both lytic and lysogenic phages from local water sources at various time points
throughout the year.
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Conclusion
Based on the trials we ran, our data supports the hypothesis that the cyanophage
will have a greater negative effect on the growth properties of the host as phosphorus
becomes more limited. As mentioned before, this relationship does not appear to affect
the replication of the phage, just the host. The growth rate of M. aeruginosa is affected by
infection, and the carrying capacity of the population is affected by phosphorus
limitation; when combined, the data suggests that the phage infection slows the growth of
the hosts while potentially increasing the host’s phosphate scavenging ability. Practical
applications could include future regulation of toxic cyanobacterial species within a
cHAB, limiting total cell capacity of a cHAB, or even limiting the duration of a cHAB. In
particular, this work suggests that a viral infection under low phosphorus conditions
would yield the best results in controlling some species in a cHAB.
Additionally, this work searches for other potential hosts for the cyanophage MaLMM01 using North American strains of M. aeruginosa, which was unsuccessful, and
introduces a method for restriction digest identification of these strains. Finally, we also
introduce a potential relationship between nitrogen availability and cyanophage
propagation, in particular, the need for nitrogen in the early stages of viral attachment and
absorption.
The next step for this research is to establish if the trends seen here are indicative
of real world events. Samplings from Lake Erie at different times during a cHAB can be
combined with real-time data about the nutrient concentrations of the lake to establish
nutrient and cyanobacterial fluctuations in a freshwater cHAB. That data would give us
an idea of actual variations in select cyanobacteria strains and Ma-LMM01-like phages in
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terms of differing phosphorus and nitrogen concentrations. Further research about cHABs
is important because they are an economic and environmental problem that requires
monitoring and control. In order to control cHABs, we have to understand how many of
the abiotic and biotic factors work together to regulate the blooms.
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