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INTRODUCTION

The potentially toxic Cylindrospermopsis raci-
borskii is classified as a tropical to subtropical spe-
cies. In recent years, the geographic range of the spe-
cies has increased to include new areas (Briand et al.
2004), particularly in temperate regions, e.g. Europe,

New Zealand, Japan and Canada (Wood & Stirling
2003, Hamilton et al. 2005, Wiedner et al. 2007,
Zarenezhad et al. 2012). The spread of C. raciborskii
is likely related to increased temperatures due to
 climate change, and C. raciborskii blooms have been
reported in Europe from Greece to Germany since
1990 (Sinha et al. 2012). Blooms of this species can
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bacterium across Europe.
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decrease water clarity and harm macrophyte and
algal communities, thereby negatively impacting the
functioning of the aquatic food web (Paerl & Paul
2012). In the Netherlands, C. raciborskii was first ob -
served in 2001 (Mooij et al. 2005), but thus far,
(dense) blooms of C. raciborskii have not yet been
reported. In the future, temperatures and precipita-
tion are predicted to increase in the Netherlands
(Mooij et al. 2005). C. raciborskii has specialised dor-
mant resting cells (akinetes) which allow the species
to survive lower temperatures over winters in higher
latitudes, only germinating when the bottom temper-
atures are again warm enough (Sinha et al. 2012).
With its high temperature tolerance (Sinha et al.
2012) and the ability to use and store phosphorus
highly efficiently and to fix nitrogen (Padisak 1997),
C. raciborskii may outcompete native species during
nutrient-depleted summer seasons.

In freshwaters, viruses have been discovered
which lyse cyanobacterial species and have been
linked to bloom termination (Tucker & Pollard 2005,
Yoshida et al. 2008a, Tijdens et al. 2008a, Wu et al.
2009, Jacquet et al. 2013). The morphology of each
virus type is described in detail in Ackermann &
Pran gishvili (2012). Cyanophages from the Myoviri-
dae family infecting Microcystis aeruginosa were
found to increase concomitantly with declining host
abundance (Yoshida et al. 2008a). Cultures of M.
aeru ginosa isolated from a reservoir in Australia
were lysed by the addition of cyanophages belong-
ing to the Podoviridae family (Ma-LB) that originated
from 0.22 µm pore-size filtered water from the lake
(Tucker & Pollard 2005). Another lytic cyanophage
from the Podoviridae family, infecting Arthrospira
platensis (Spirulina), caused the sudden collapse of
cultures grown for commercial harvesting (Jacquet
et al. 2013). Similarly, in microcosms, Anabaena flos-
aquae was lysed within 3 d of the addition of its iso-
lated cyanophage from the Myoviridae family (Wu et
al. 2009). Tailless viruses infecting Synechococcus
and rod-shaped viruses infecting Nostoc pruniforme
and Gloeotrichia pisum have also been characterised
(Safferman & Morris 1967, Jensen & Bowen 1970).
Viruses collected from lakes in the Netherlands and
added back to whole lake water incubations were
able to lyse a high proportion of filamentous cyano-
bacteria (Tijdens et al. 2008a). In the marine environ-
ment, the addition of the cyanophage isolate AaV
reduced bloom populations of Aureococcus anopha -
gefferens by greater than 60% in in situ incubations
in both New York and Maryland (USA) (Gobler et al.
2007). East of New Zealand, quantitative PCR target-
ing the g20 of cyanomyoviruses found that the abun-

dance of cyanophages declined after the termination
of a bloom of the Synechococcus host (Matteson et al.
2013).

Cylindrospermopsis raciborskii has also been
shown to be sensitive to viral infection; in 1967, iso-
lates from plaque assays repeatedly lysed cultures of
C. raciborskii (then known as Anabaenopsis raci-
borskii ) (Singh & Singh 1967). Recently, a virus from
the Siphoviridae family was shown to infect and kill
an Australian strain of C. raciborskii (Pollard &
Young 2010). Substantial viral lysis of C. raciborskii
under natural conditions may slow its spread; how-
ever, it may also promote the distribution of C. raci-
borskii as viral-mediated lysis was shown to frag-
ment the filaments (Pollard & Young 2010). How
environmental factors influence freshwater cyano -
phage− host interactions is still largely unknown.
Seasonal or global climate change variations in host
growth-limiting factors (phosphorus, pCO2, light and
temperature) have been shown to affect marine virus
proliferation, as reviewed by Mojica & Brussaard
(2014). As an essential first step, we brought into cul-
ture and partially characterised a lytic cyanophage
for the species C. raciborskii. Subsequently, we stud-
ied the influence of temperature and irradiance, 2
important host growth-controlling factors, on cyano -
phage propagation.

MATERIALS AND METHODS

Isolation and culturing

Cylindrospermopsis raciborskii was discovered
with in blooms of Aphanizomenon skujae in the
Reeuwijkse Lakes (52° 01’ 51.49’’ N and 4°44’ 09.18’’ E)
in the Netherlands. C. raciborskii was isolated from
water collected in October 2010, and the cyanophage
was isolated from water collected in August 2012. The
complex of 12 adjoining and linked lakes has a total
surface area of 700 ha, with an average and maxi-
mum depth of 2 and 7 m, respectively (Wijmans &
Beekman 2003). Water samples (500 ml) from 30 cm
below the surface were quickly transported (in the
dark and at an ambient water temperature of 15°C) to
the laboratory, where they were kept at 22°C under a
16 h:8 h light:dark photoperiod at 140 µmol quanta
m−2 s−1 light intensity until further analysis.

Separate C. raciborskii trichomes (filaments) were
isolated from the water sample collected in October
2010 by concentrating the sample with a 20 µm mesh
sieve to remove smaller phytoplankton species, fol-
lowed by isolation using an inverted light microscope
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(2010: Leica DMI 4000B). Each filament was selected
and isolated using a micropipette method, whereby a
glass Pasteur pi pette with a tip stretched thin over a
flame was used to suck up the filament and wash it in
serial drops of CHU-10 medium (Stein 1973). The iso-
lated filaments were placed in wells (one filament
per well) of a 96-well plate (Cellstar, Greiner Bio-One)
in CHU-10 medium and kept at 22°C under 16 h: 8 h
light:dark conditions at 140 µmol quanta m−2 s−1 light
intensity. When growth was observed the culture was
transferred to 50 ml polystyrene cell culture flasks
(TPP, Trasadingen), and it was then maintained in
the culture collection by sub-culturing every 2 to
3 wk. Two other species of cyanobacteria used in this
study (Aphanizomenon skujae and Anabaen opsis
cunningtonii) and another strain of C. raciborskii
were isolated (at the same times as the cynophage) in
the same way (except by using a Zeiss Axiovert 200
inverted light microscope) from the same lake in
August 2012, whereupon the medium was changed
to the similar MLA medium (Bolch & Blackburn
1996). All strains isolated in this study were identified
by light microscopy by the phycology group at the
Department of Botany, University of South Bohemia,
České Budějovice, Czech Republic (J. Komárek pers.
comm.).

For cyanophage isolation, a 200 ml sample was first
pre-filtered through 20 µm mesh to remove larger
organisms, after which the filtrate was filtered through
a 0.45 µm pore-size cellulose acetate sterile syringe
filter unit and then again through a 0.2 µm cellulose
acetate sterile syringe filter unit (both filters were
purchased from Whatman). The 200 ml of filtrate was
then concentrated using a 30 kDa Amicon Ultra-15
centrifugal filter (Millipore), whereby the retentate
was collected and 1% v/v was added to ex -
ponentially growing cultures of C. raciborskii (strain
Cr2010). Upon lysis (clearing) of the culture within
5 d, the lysate was 0.2 µm filtered (to remove cell
debris of lysed host cells) and added to a new expo-
nentially growing host culture. The infectious agents
did not pass through a 0.02 µm filter (Anotop syringe
units, Whatman), nor did they stay infective upon
autoclaving (tested by adding treated lysates to
exponentially growing C. raciborskii cultures and
checking for lysis after 3, 7 and 14 d).

Following isolation, an end-point dilution proce-
dure was performed to obtain a clonal cyanophage
isolate (Middelboe et al. 2010), using 10-fold serial
dilutions (12 concentrations) in 96-well multiwell plates
(Cellstar, Greiner Bio-One). Plaque assays were not
used as the filamentous cyanobacteria did not form a
uniform lawn on agar. The lysate from cleared wells

with the highest dilution was collected, 0.2 µm fil-
tered and added again to a new serial dilution in a
well plate containing exponentially growing host cul-
ture, a process that was repeated 3 times to ensure a
clonal cyanophage isolate. Finally, the ly sate from
the most diluted lysed well was selected for further
characterisation. The cyanophage CrV (viral collec-
tion of the NIOZ) was propagated on exponentially
growing host cultures at 1 to 2 weekly intervals.

Host and viral abundances

Cyanobacterial cells and filaments were counted
using a Fuchs-Rosenthal haemocytometer counting
chamber (Hausser Scientific) under bright field at
×100 magnification using an epifluorescent micro-
scope (Zeiss Axioplan2). Cell abundance was esti-
mated by measuring the length of each filament and
dividing the length of the filament by the average
cell lengths, which was determined by measuring
120 cells in both virally infected and control cultures.
At least 200 cells were counted in a minimum of 10
fields, or where all cells were lysed, the whole cham-
ber area was scanned for cells.

Viruses were enumerated from 0.5% final con -
centration glutaraldehyde-fixed (EM grade, Sigma-
Aldrich) and flash-frozen samples using a bench-top
Becton Dickinson FACSCalibur flow cytometer (FCM)
equipped with a 488 nm argon laser, according to
Brussaard et al. (2010). Thawed samples were diluted
with TE buffer (10 mM Tris-HCl and 1 mM EDTA,
pH 8) and stained with the green fluorescent nucleic
acid-specific dye SYBR Green I (10 000× concentrate
in DMSO, Molecular Probes, Invitrogen, Life Tech-
nologies) at a 0.5× final concentration, in darkness in
a water bath at 80°C for 10 min. A test was performed
to see whether staining at room temperature gave
different results from staining at 80°C, and there was
no difference in the outcome for this cyanophage.
Viruses were discriminated based on their fluores-
cent signature in bivariate scatter plots of green fluo-
rescence versus side scatter (Fig. 1) (Brussaard 2004).
The cluster absent from the non-infected control
 cultures was identified as the CrV cyano phage, and
had a signature comparable to that of cyanophages
infecting the filamentous freshwater Arthrospira
platensis (Jacquet et al. 2013) and a  single-celled
marine Synechococcus sp. (Brussaard 2004). Hetero-
trophic bacteriophages were excluded by using
exponentially growing host cultures with minimal
hetero trophic bacterial contamination. Furthermore,
we tested old dying non-infected control cultures for
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hetero trophic bacteriophages, and the staining flow
cytometric signature of the cyano phages was not
present. Moreover, the cyanophage flow cytometric
signature was only seen in the in fected cyanobac-
teria cultures, and the timing of the first cyanophage
signatures seen was concurrent with the lysis of the
hosts. The signatures of heterotrophic bacteria and,
subsequently, their bacteriophages were seen many
hours after the cyanobacterial lysis events.

Samples of lysing virally infected and non-infected
cyanobacterial filaments were examined at ×1000
magnification using an epifluorescent microscope
(Zeiss Axioplan2). A 40 µl glutaraldehyde (final con-
centration 2%; Grade II, Sigma-Aldrich) preserved
sample was stained with SYBR Gold (10 000× con-
centrate in DMSO, Molecular Probes, Invitrogen,
Life Technologies; at a 5× final concentration) for
15 min in darkness at room temperature (Patel et al.
2007), after which it was filtered through a 0.02 µm
pore-size Anodisc aluminium oxide filter (13 mm
diameter; Whatman) (Budinoff et al. 2011). Filters
were examined using UV light with a blue filter (ex -
citation <490/emission >515 nm), and were photo -
 graphed using an Axiocam camera with Axiovision
acquisition software (see Fig. 5).

Cyanophage visualisation

The newly isolated cyanophage was partially char-
acterised before experimental studies were per-
formed, i.e. particle shape and size, genome type and
size, and host range were determined. Samples of vi-

rally infected and non-infected cyanobacteria were
examined at ×1000 magnification using an epifluo-
rescent microscope (EFM; Zeiss Axioplan2). A 40 µl
unpreserved sample was stained with a 5× final con-
centration of SYBR Gold (10 000× concentrate in
DMSO, Molecular Probes, Invitrogen, Life Technolo-
gies) for 15 min in darkness (Patel et al. 2007), after
which it was filtered through a black 0.2 µm poly -
carbonate filter (25 mm diameter; Whatman). Filters
were examined using UV light with a blue filter (ex -
citation <490/emission >515 nm), and were photo -
graphed using an Axiocam camera with Axiovision
acquisition software. To confirm that the viruses con-
tained dsDNA, counts were also made of lysate
stained with the dsDNA-specific dye (4’,6-dia midino-
2-phenylindole (DAPI; Invitrogen, Life Technologies)
and compared with SYBR Gold counts. Viral samples
were stained with 1 µg ml−1 final concentration DAPI
for 30 min, after which they were  filtered through a
0.02 µm pore-size Anodisc aluminium oxide filter
(13 mm diameter; Whatman) (Budinoff et al. 2011).

The presence of cyanophages within cyanobacter-
ial host cells was confirmed with transmission elec-
tron microscopy (TEM). Infected cells were collected
and pelleted using low-speed centrifugation (3000
× g, 10 min, using an A-4-62 swing-out rotor in a
5810R centrifuge, Eppendorf). The cell pellet was
resuspended in TE buffer, transferred to 2 ml micro-
centrifuge tubes (Eppendorf) and fixed with 4% final
concentration glutaraldehyde (EM grade, Sigma-
Aldrich) for 1 h at room temperature, post-fixed in
1% OsO4 in 0.1 M cacodylate buffer for 1 h at 4°C,
dehydrated in a graded ethanol series, and embed-
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Fig. 1. Cytogram showing CrV and bacteriophages upon staining with the nucleic-acid-specific dye SYBR Green I. (A) The
cluster with the highest green fluorescence (green coloured box) contains the cyanophage CrV. (B) Heterotrophic bacterio-
phages in old, dying, non-infected control cultures of Cylindrospermopsis raciborskii. The additional virus group in the in-
fected cultures was conservatively considered to belong to the heterotrophic phage pool. Both plots show 6000 events in total
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ded in epon. Ultrathin sections (100 nm) were post-
stained with uranyl acetate and lead citrate. Lysate
from infected cultures containing cyanophages was
absorbed for 1 min onto freshly glow-discharged,
 carbon-coated pioloform grids. After blotting, the
samples were negatively stained with a 2% PTA
solution for 1 min. Both ultrathin sections and nega-
tive stained cyanophages were viewed with a Tecnai
12 electron microscope (FEI) at 120 kV, equipped
with a 4K Eagle CCD Camera (FEI).

Host range and thermostability

The host specificity of the cyanophage was tested
using (1) another strain of C. raciborskii isolated from
the same lake and 4 strains of C. raciborskii isolated
in Australia (CSIRO, strains CS-505, CS-506, CS-509
and CS-510), (2) other cyanobacteria species, includ-
ing 2 different filamentous species from the same
lake (Aphanizomenon skujae and Anabaenopsis
cunningtonii ), and (3) a filamentous marine cyano-
bacterial species (Geitlerinema sp.) isolated from an
intertidal benthic microbial mat in Denmark. Freshly
produced 0.2 µm filtered viral lysate (sterile cellulose
acetate syringe filter units, Whatman) was added to
exponentially growing algal cultures at a ratio of
10% v/v lysate to culture, in a 24-well plate using 3
replicate wells and 3 controls per species, and kept at
the culture conditions described above in the section
‘Isolation and culturing’. The wells were monitored
for host cell lysis for 2 wk using an in verted micro-
scope (Zeiss Axiovert 200) to view wells. Cultures
that did not lyse were considered resistant to the
cyanophage CrV.

To determine appropriate storage methods while
maintaining viable viruses, the sensitivity of CrV to
heat and freezing treatments was tested, with fresh
viral lysate treated for over 1 h at 40, 4, −20, −80 and
−196°C (liquid nitrogen) as per Brussaard et al. (2004).
CrV lysate was added to 24-well multiwell plates
(Cellstar, Greiner Bio-One) of the C. raciborskii cul-
ture at a ratio of 10% v/v. Three replicates of control
and cyanophage-treated culture were used. Cultures
were checked daily for host cell lysis for up to 2 wk
using an inverted microscope as described above.

Viral genome size and primer tests

To estimate the genome size of CrV, lysate was
0.2 µm filtered (syringe cellulose acetate filter units,
Whatman), followed by concentration using 30 kDa

cut-off Amicon Ultra-15 centrifugal filter units (Milli-
pore). Agarose plugs were prepared for pulsed field
gel electrophoresis (PFGE) according to Baudoux &
Brussaard (2005). Equal volumes (50 µl) of retentate
and molten 1.5% (w/v) agarose (InCert, Cambrex
Bio science) were dispensed into plug moulds (Bio-
Rad, article number: 70-3713) and left to solidify for
3 min at −20°C. The plugs were incubated overnight
at 30°C while placed in microtubes containing 800 µl
of lysis buffer (250 mM EDTA, 1% SDS v/v, 1 mg ml−1

proteinase K, all from Sigma-Aldrich). After decant-
ing and washing the plugs for 30 min in TE 10:1
buffer (10 mM Tris−Base, 1 mM EDTA, pH 8.0), they
were stored at 4°C in TE 20:50 (20 mM Tris, 50 mM
EDTA, pH 8.0) until analysis. The viral plugs and
Lambda concatamer marker plugs (Bio-Rad) were
loaded onto a 1% SeaKem GTG agarose gel (Cam-
brex Bioscience) prepared in 1× TBE gel buffer
(90 mM Tris−Borate and 1 mM EDTA, pH 8.0). Wells
of the gel were overlaid with 1% molten agarose,
after which the samples were electrophoresed in 0.5×
TBE tank buffer (45 mM Tris−Borate and 0.5 mM
EDTA, pH 8.0) using a Bio-Rad DR-II CHEF Cell Unit
(Bio-Rad) operating at 6 V cm−1 with pulse ramps of
20 to 45 s at 14°C for 22 h. The gel was stained for 1 h
with SYBR Green I (1× final concentration) (10 000×
concentrate in DMSO, Molecular Probes, Invitrogen,
Life Technologies), destained for 10 min in auto-
claved Milli-Q water, and digitally analysed for fluo-
rescing bands using a FluorS (Bio-Rad).

CrV DNA was extracted from concentrated viral
lysate using the MoBio PowerWater DNA Isolation
Kit (MoBio Laboratories) and gene g20 and g23
primers were tested; CSP1 and CSP8 cyanophage
primers were used to target the g20 gene encoding
the viral capsid structure of cyanomyovirus of the
marine Synechococcus (Zhong et al. 2002), and CAP1
and CAP2 cyanophage primers were used to target
the g23 gene encoding the capsid of myoviruses and
siphoviruses of the marine filamentous cyanobacter-
ium Nodularia sp. (Jenkins & Hayes 2006). For a pos-
itive control, cyanomyovirus M3 of Synechococcus
DC2 was used. Each 50 µl PCR reaction contained 1×
Qiagen PCR buffer (1.5 mM MgCl2), 200 µM of each
dNTP (Eurogentec), 5 µM of each primer, 0.4 µg µl−1

BSA, 10 µl Q-solution, 1 unit Qiagen Taq and 5 µl
template. A gradient PCR was carried out with
primers CSP1 and CSP8. After an initial denaturation
step at 94°C for 4 min, the PCR programmes followed
40 cycles at 94°C for 30 s, annealing at 36−50°C for
30 s, extension at 72°C for 60 s and a final extension
step at 72°C for 420 s. The positive control virus M3
of Synechococcus DC2 gave product (592 bp) at all
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annealing temperatures tested, and we choose an -
nealing at 36°C for 30 s for subsequent PCRs of gene
g20. When the positive control was added to our
virus concentrate (internal control) the intensity of
the bands was slightly reduced indicating low inhibi-
tion. For PCRs on gene g23 we tested annealing at
42°C (Jenkins & Hayes 2006) and a lower tempera-
ture, 38°C. Products were not formed from either the
positive control Synechococcus virus or our Cylindro -
spermopsis virus concentrates or purified DNA ex -
tracts; therefore, while the result was negative, the
PCR on gene g23 cannot be verified because of the
absence of amplification from the control.

Virus growth cycle at different temperatures
and irradiance

A one-step cyanophage growth cycle was deter-
mined for CrV under the standard host culture incu-
bation conditions, i.e. 22°C and 90 µmol quanta m−2

s−1. Triplicate cultures of exponentially growing C.
raciborskii (1.4 × 104 cells ml−1) received 1.5% v/v
freshly prepared 0.2 µm pre-filtered (sterile cellulose
acetate syringe filter units; Whatman) viral lysate,
which resulted in a multiplicity of infection of ap -
proximately 500. The cultures were infected 6 h after
the beginning of the light period. The non-infected
control cultures received equal volumes of medium.
As progeny cyanophages were not released before
16 h post-infection (p.i.) during preliminary virus
growth curves, sampling for host and cyanophage
counts was performed after this point. Cyano bacterial
cells and filaments were counted using a Fuchs-
Rosenthal haemocytometer counting chamber as pre -
viously described, and cyanophages were enumer-
ated using flow cytometry (see earlier section ‘Host
and viral abundances’; Brussaard 2004).

Additionally, experiments were conducted to test
the effects of reduced and increased temperature (15
and 30°C for low and high treatments, respectively,
compared with 22°C for the mid treatment) and light
(low 20 and high 250 µmol quanta m−2 s−1, compared
with mid 90 µmol quanta m−2 s−1) on the proliferation
of CrV. The temperature levels are comparable to a
natural average yearly water temperature in the
Reeuwijkse Lakes of 25°C in 2013 (Vermaat et al.
2016). The light levels correspond to a natural irradi-
ance range in the Netherlands of very overcast to
extreme, clear sunshine (Velds et al. 1992). Exponen-
tially growing cultures of C. raciborskii were accli-
mated to both conditions for at least 6 mo before
the experiments were performed. Maximum growth

rates of C. raciborskii were obtained from low abun-
dance (to prevent growth limitation) cultures over
time by fitting the natural logarithm regression curve
for each culture.

At the start of the experiments the virally infected
cultures received lysate from a mid temperature and
light treatment (standard host growth conditions), at
a concentration of 7−38 viruses per host cell to
 guarantee a one-step virus growth cycle. The non-
infected control cultures received an equal volume of
medium. All experiments were performed in tripli-
cate in 48-well multiwell plates (Cellstar, Greiner
Bio-One). Samples for viral enumeration (as above)
were taken from 2−3 wells at regular intervals until
72 h p.i., apart from the high temperature (30°C)
treatment, where the culture lysed much earlier.
Cyanobacterial lysis was determined by fluorescence
measurements of phycocyanin pigments (excitation
655 nm, emission 680 nm) at every sampling point
(Gemini XPS Fluorescence Microplate Reader, Mole -
cular Devices). Cell abundance could be estimated
from the relative fluorescence of the culture, using a
calibration curve (of cell counts at different autofluo-
rescence units) determined prior to the experiments.
However, despite having the same autofluorescence
(25 r.u.), differing light conditions had different cell
abundances, i.e. 3.0 ± 0.6, 2.1 ± 0.6 and 5.2 ± 1.1 ×
105 cells ml−1 for low, mid and high light, respectively.
Therefore, cell abundance was estimated separately
for each light level. Cyanophages were enumerated
by flow cytometry and CrV burst sizes were esti-
mated by dividing the number of cyanophages pro-
duced by the number of lysed host cells.

RESULTS

Cyanophage initial characterisation

In TEM thin-sections of virally infected Cylindro -
spermopsis raciborskii cells, virus-like particles of 59
± 1.3 nm (mean ± SE, n = 22) diameter with icosa -
hedral capsids were observed in the cytoplasm of the
host cell, while no such particles were present in non-
infected cells from the control culture (Fig. 2A,B). TEM
analysis of the negatively stained lysate showed pre-
dominantly one type of virus with long non-contrac-
tile tails (average length of 612 ± 31 nm, n = 15) and
icosahedral capsids with diameters of around 65 ±
1 nm (n = 22; Fig. 2C,D). It is typical for viruses in thin
section to be smaller than when negatively stained
due to the difference in preparation methods (Field
1982).
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The CrV had a dsDNA genome with a size of 110 ±
15 kb (Fig. 3). The freshwater CrV did not amplify
with the CSP1−CSP8 primers used to target the g20
gene encoding the capsid structure of marine Syne-
chococcus cyanomyovirus.

The host range tests showed that CrV had a re -
stricted host range as none of the tested species
(Aphanizomenon skujae, Anabaenopsis cunning-
tonii, Geitlerinema sp.) and strains (CS-505, 506,
509, 510 and Cr2012) lysed upon addition of the

17

Fig. 2. Transmission electron micrographs of virally infected Cylindrospermopsis raciborskii cells. Thin sections show (A)
cross-section view of a healthy cell in the control culture, (B) cross-section views of a virally infected cell containing virus-like
particles with icosahedral capsids, and (C,D) negatively stained viral particles from CrV lysate with icosahedral capsids and
long non-contractile tails. In C there appear to be 3 tails, which may be due to a detached tail becoming intertwined with the 

2 viruses, or the capsid may be obscured in the micrograph
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viral lysate, including another strain of C. raciborskii
that was isolated from the same lake at the same
time the virus was isolated (strain Cr2012). The
cyanophages remained equally infective after expo-
sure to all  temperatures tested (40, 4, −20, −80 and
−196°C).

CrV growth cycles

Under the standard growth conditions of the host
(22°C, 90 µmol quanta m−2 s−1), the virally infected
cultures of C. raciborskii showed full lysis by 44 h p.i.,
while the non-infected control cultures increased in
cell numbers (Fig. 4A). The latent period (time point
until first progeny viruses are released from infected
host cell) of the cyanophage CrV was 20−24 h p.i.
(Fig. 4B). Host lysis was accompanied by a strong
drop in the number of cells per filament (Fig. 4C).
The host cells in the filaments were individually in -
fected and, consequently, this resulted in breaking

up of the filament upon lysis of the cell (Fig. 5). We
also observed filaments with only the heterocysts re -
maining after all other cells lysed (Fig. 5C). Further-
more, we observed that the lengths of the infected
host cells just before lysis were on average 30%
longer than the non-infected cells (9.2 and 6.3 µm,
respectively).
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Fig. 3. Pulsed field gel electrophoresis gels showing as
marker Lambda ladder (lane 1) and duplicates of the CrV
genome (lanes 2−5). Lanes 4 and 5 have 10 times less DNA
added. The boxes in the gel image indicate the bands in the 

ladder and in the lanes

Fig. 4. Temporal dynamics of (A) cell abundance of non-
 infected control (open symbols) and virally infected (filled
symbols) Cylindrospermopsis raciborskii, (B) CrV abun-
dance and (C) number of C. raciborskii cells per filament.
CrV was not detected in the non-infected control cultures. 

Error bars show the standard error (n = 3)
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The maximum growth rates (μmax) of the exponen-
tially growing cyanobacterial host prior to experi-
ments were 0.20, 0.43 and 0.51 d−1 for low, mid and
high irradiance, respectively. For low, mid and high
temperature the μmax was 0.34, 0.43 and 0.58 d−1,
respectively.

The irradiance level strongly affected lysis dyna -
mics of infected C. raciborskii cultures. The time
point that the infected cultures phycocyanin auto-
fluorescence started to deviate from the control cul-
tures (Fig. 6A) was 1.5-fold longer under low light
(36 h) compared with mid light (24 h), but 3-fold
shorter under high light (8 h) compared with mid
light. The latent period of CrV at low light was 1.3-
fold longer than at mid and high light (Fig. 6B). The
estimated CrV burst sizes at low and high irradiance
were reduced to 48 and 14% of the 332 CrV per
lysed host cell at mid light, respectively (Fig. 6C).

Temperature also strongly affected the CrV
growth characteristics. The time at which the in -
fected and control host phycocyanin autofluores-
cence started to deviate was slightly longer at low
than at mid temperature (Fig. 7A), but was much
shorter at high temperature (3-fold reduced). The
low temperature treatment resulted in a 1.3-fold
longer CrV latent period, while at high temperature
it was shortened to just 11% of mid temperature
(Fig. 7B). Despite the shorter latent period, the
high temperature had a 1.6-fold higher burst size
at 541 CrV per lysed host cell (Fig. 7C). At low
temperature the CrV burst size was reduced to
43% of that of mid temperature (142 CrV per lysed
host cell).

DISCUSSION

We present the initial characteristics of a novel lytic
dsDNA cyanophage, CrV, infecting the filamentous
freshwater cyanobacteria species Cylindrospermop-
sis raciborskii, invasive to Dutch lakes. The TEM
image of negatively stained viral particles were of
comparable size and identical shape to the virus
within thin sections of infected host cells, and these
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Fig. 5. Visualisation of the Cylindrospermopsis raciborskii
filaments stained with SYBR Gold using epifluorescence
 microscopy in (A) non-infected control culture, and (B,C)
 virally infected cultures. (B) An infected filament with empty
lysed ‘ghost’ cells (arrow). (C) Cells in a filament that has
just lysed, leaving only the heterocyst. (D) A group of 

infected and lysing filaments
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particles were observed in higher numbers after lysis
of the cyanobacterial host cells. With its long, non-
contractile tail, CrV appears to belong to the family
Siphoviridae. For future research, sequencing of the
entire CrV genome is recommended to obtain a more
extensive molecular characterisation. The approxi-
mately 110 ± 15 kb genome size of CrV falls within
the range of published freshwater cyanophages,
such as the freshwater Ma-LMM01 of Microcystis
aeruginosa (162 kbp) (Yoshida et al. 2008b), and the

tail-less PaV-LD of Planktothrix agardhii (95.3 kbp)
(Gao et al. 2009). The tails of the cyanophage were
not seen in the thin section of infected cells, but this
is not to be expected unless the slice through the
embedded pellet contained a longitudinal section of
a cyanophage tail. CrV showed a highly species- and
strain-specific host range, similar to other freshwater
cyanophages infecting filamentous cyanobacteria
such as siphoviruses isolated from the freshwater
cyanobacteria Anabaena lemmermannii and Ana -
baena solitaria (Deng & Hayes 2008). We observed
that the length of the virally infected cells increased
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Fig. 6. Effect of light level on (A) the time point at which
CrV-infected cultures start to deviate in their phycocyanin
autofluorescence (or cell abundance) from the non-infected
control cultures, (B) CrV latent period and (C) CrV burst
size. All values are normalised to the mid treatment (i.e. irra-
diance level of 90 µmol quanta m−2 s−1), in which the time of
deviation was 24 h, the CrV latent period was 20−24 h and
the burst size was 332 per lysed host cell. Low and high ir -
radiance was 20 and 250 µmol quanta m−2 s−1, respectively. 

Error bars show the standard error (n = 2)

Fig. 7. Effect of temperature on (A) the time point at which
CrV infected cultures start to deviate in their phycocyanin
autofluorescence (or cell abundance) from the non-infected
control cultures, (B) CrV latent period and (C) CrV burst
size. All values are normalised to the mid treatment (i.e. a
temperature of 22°C). Low and high temperature was 15 and 

30°C, respectively. See Fig. 6 legend for further details
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prior to lysis, which may be due to the accumulation
of viruses ‘swelling’ the cell. Therefore, estimating
the cell abundance by dividing the filament length
by the average cell length in infected cultures is only
accurate when the increase in infected cell length is
accounted for; otherwise, there may be an over -
estimate in cell abundance in the virally infected cul-
ture compared with the control.

Viral infection did not seem to be spreading rapidly
from cell to cell within the filaments, as we observed
frequent breaking of the filaments in the infected
cultures when single cells within the filaments were
lysed, leaving neighbouring cells uninfected. Break-
ing of filaments upon lysis of infected cells has been
proposed as a process that enhances the dispersal
rate of the host species by spreading the remaining
non-infected cells in the broken-up filaments to new
areas (Pollard & Young 2010).

As Australian strains of C. raciborskii have been
found to be lysogenic (Steenhauer et al. 2014), we
tested this strain for lysogeny using mitomycin C
(1 µg ml−1, according to the protocol by Paul & Wein-
bauer 2010) to induce prophages (the experiment
was performed under standard culture conditions
only). We found a small (4%) increase in phages with
a concurrent lysis of the host population, which sug-
gests that there may be a temperate virus in the
 population (authors’ unpubl. results). Decreasing the
temperature (from 37 to 25°C) during viral infection
of the tropical Burkholderia pseudomallei resulted in
a shift from lytic to lysogenic infection (Shan et al.
2014). If a similar pattern is true for C. raciborskii, the
ability to form lysogens at lowered temperatures may
potentially also provide a means of virus survival at
suboptimal growth conditions, such as those found in
the temperate regions this species invades.

The prolonged time of deviation in host growth
dynamics between infected and control cultures, the
prolonged latent period and the reduced burst size
for both the low light and low temperature treat-
ments was most likely due to the reduced maximum
growth rates of C. raciborskii under these conditions
prior to infection (i.e. 0.20 and 0.34 d−1 for low light
and low temperature, respectively, as compared with
0.43 d−1 for mid light and mid temperature). In con-
trast to these sub-optimal growth conditions, high
light and high temperature stimulated the maximum
growth rate of C. raciborskii (0.51 and 0.58 d−1, res -
pectively). However, only for high temperature did
this result in a shortened latent period and higher
burst size. To our knowledge, no information is avail-
able about the effect of light or temperature on the
growth characteristics of freshwater viruses infecting

cyanobacteria or eukaryotic photoautotrophs. A pro-
longed latent period at reduced light was, however,
consistent with findings by Baudoux & Brussaard
(2005) studying the marine eukaryotic phytoplankton
Phaeocystis globosa. Lowering of burst size under
reduced light conditions was also observed for P. glo-
bosa by the same authors. Also, the burst size of the
AS-1 cyanophage infecting the marine cyanobacter-
ium Synechococcus elongatus was strongly reduced
under low light (Kao et al. 2005). Delayed lysis under
low light was observed for the virally infected brown-
tide-causing algae Aureococcus anophagefferens
(Gobler et al. 2007). Finally, Nagasaki & Yamaguchi
(1998) showed that temperature affected the time
until lysis of the marine Heterosigma akashiwo
(infected with HaV) in a similar way to that shown for
C. raciborskii in the present study.

Reduced light conditions are common in the major-
ity of Dutch lakes where eutrophication has caused
turbid, cyanobacterial-dominated conditions with
transparencies ranging from 0.25 to 0.5 m. Further-
more, as they are shallow, the lakes are permanently
mixed with high particle loads due to wind-induced
re- suspension (Mooij et al. 2005). Under such condi-
tions, our results indicate that the impact of viral
infection will be relatively low (longer latent period
and reduced burst size). High light conditions at the
start of the growing season, during sunny days and
when cells grow at the water surface, will also reduce
the viral production. Thus, C. raciborskii could
potentially be released from the impact of viral mor-
tality due to irradiance extremes. However, as the
season progresses, temperature increases may coun-
terbalance the lessened viral mortality effects of the
light extremes (strongly reduced latent period and
greater CrV burst size). Therefore, it will also be nec-
essary to determine the consequences for viral pro-
duction if both light and temperature changes are
coupled, increasing or decreasing in concert. Due to
global warming, temperature is predicted to increase
0.3 to 4.8°C by 2100, with more frequent hotter peri-
ods (IPCC 2013), thereby relatively quickly increas-
ing the average temperature of the typically shallow
(1−5 m) Dutch lakes (Mooij et al. 2005). In these
water bodies, an increase in viral production with
temperature will result in stronger viral control of the
cyanobacterial host population, which may (partly)
compensate for the enhanced growth of C. raci-
borskii at higher temperatures (present study).

Worldwide, populations of C. raciborskii are moni-
tored for human health because of the species’ po -
tential toxicity and detrimental effects on indigenous
species and ecosystems by outcompeting native spe-
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cies, growing to excessive biomass and creating
hypoxic dead zones due to excess bacterial respira-
tion in decomposing populations. Models are used to
predict its growth in relevant water bodies. However,
the extent of viral control on the host population is an
unknown factor that needs to be quantified, and as
we have shown, it will vary depending on environ-
mental conditions. Closer examination of the effects
of environmental variables on viral infection of C.
raciborskii will allow insights into the role of viral
control on the host population dynamics of this inva-
sive species and will enhance our ability to predict
the spread of this potentially toxic cyanobacterium.
Moreover, it will be of ecological importance to test
how the growth characteristics of CrV will be affec -
ted when the host grows under the control of multi-
ple stressors; for example, low irradiance in combina-
tion with higher temperature.
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