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Proliferative and viability effects
of two cyanophages on freshwater
bloom-forming species Microcystis
aeruginosa and Raphidiopsis
raciborskii vary between strains

Nada Tokodi'?, Antonia tobodzifiska?, Barbara Klimczak¥3, Adam Antosiak™-3,
Sara Miynarska?, Sigitas Sul¢ius*, Sarit Avrani®, Takashi Yoshida®’ & Dariusz Dziga'**

Viruses that infect cyanobacteria are an integral part of aquatic food webs, influencing nutrient
cycling and ecosystem health. However, the significance of virus host range, replication efficiency,
and host compatibility on cyanobacterial dynamics, growth, and toxicity remains poorly understood.
In this study, we examined the effects of cyanophage additions on the dynamics and activity of
optimal, sub-optimal, and non-permissive cyanobacterial hosts in cultures of Microcystis aeruginosa
and Raphidiopsis raciborskii. Our findings reveal that cross-infectivity can substantially reduce the
proliferative success of the cyanophage under conditions of high-density of sub-optimal hosts which
suggests phage dispersal limitation as a result of shared infections, in turn impairing their top-down
control over the host community. Furthermore, we found that cyanophage addition triggers host
strain-specific responses in photosynthetic performance, population size and toxin production,

even among non-permissive hosts. These non-lytic effects suggest indirect impacts on co-existing
cyanobacteria, increasing the overall complexity and variance in many ecologically relevant
cyanobacterial traits. The high variability in responses observed with a limited subset of cyanophage-
cyanobacteria combinations not only highlights the intricate role of viral infections in microbial
ecosystems but also underscores the significant challenges in predicting the composition, toxicity, and
dynamics of cyanobacterial blooms.

Keywords Harmful cyanobacterial blooms, Freshwater cyanophages, Virus-host interactions, Optimal and
suboptimal hosts, Microcystis aeruginosa, Raphidiopsis Raciborskii

Cyanophages are ubiquitous and abundant members of aquatic microbial food webs, playing a key role
in microbial population and community dynamics, and hence mediating and driving nutrient cycling in
ecosystems'. Cyanophages can affect their hosts in various ways. They affect their population size due to the
host lysis?, promote host population variability through lateral gene transfer® and selection for resistant strains?,
and can alter their host metabolism®~’. Moreover, cyanophage derived lysis can affect non-host strains in their
proximity. For example, phage lysis of the diazotrophic Nodularia®®, as well as marine cyanobacteria!?, caused
the release of fixed nitrogen to the environment, which improved the growth of various non-diazotrophic
cyanobacteria and algae strains.

It has been shown that the occurrence of individual viral genotypes/lineages range from sporadic appearance
to persistent presence on both spatial and temporal scales!"'2, suggesting varying effect of different viral lineages
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on the co-occurring community. The underlying mechanisms driving the abundance and dynamics of individual
viral genotype/lineage, although remains insufficiently understood, are known to involve a variety of processes
and virus traits. These mechanisms include virus host range, efficiency of virus proliferation on different host
strains/species (measured as adsorption rate, latent period, and burst size), host and phage availability (including
density, micro-diversity and growth stage), host permissiveness'?, as well as virus replication strategy (virulent
vs. temperate)'4,

Virus host range, which can be defined as the span of species and strains that support its replication, is
a dynamic feature prone to high variability!>!® owing to spontaneous mutations, fitness effects and strength
of selection forces!”. Most cultured cyanophages have relatively narrow host range, infecting only a host of
isolation and/or few other strains within a single species, and with the replication success varying greatly, even
across highly similar (>99% sequence similarity) phages!®!8-20. However, viruses capable of infecting host
belonging to different cyanobacterial species or genera have also been isolated from both marine and freshwater
environments?! 24,

Cyanophages infecting bloom-forming cyanobacteria experience dramatic changes in their host growth rate,
physiological state, and abundance, which can consequently affect various aspects of phage-host interactions.
Indeed, it has been shown that both taxonomic composition, activity and cyanophage lifestyle (switch from
lytic replication to lysogeny) may change with the bloom phase and host density*>?%. Moreover, natural blooms
consisting of multiple phylo- and genotypes may create a network of virus-host interactions varying in strength
and effects over both spatial scale and seasonal changes?*~28. During the peak of the bloom, for example, the host
availability becomes extremely high, which may lead to high infection rates by lytic phages and consequently
reduction of host population size?*. High variability within the cyanobacteria populations and community may
not only prevent the collapse of the bloom but also allow the coexistence between viruses and their potential
hosts*. On the other hand, low density of the bloom-forming species reduces the contact rate between
cyanophages and their cyanobacterial hosts, which then diminishes the overall effect of cyanophage infection on
the host population and community dynamics.

Under low cyanobacterial abundance a very narrow host range may become a disadvantage!>*!. On the
other hand, broader host range viruses are often associated with lower replication efﬁciency32’33. It is, therefore,
reasonable to assume that the abundance of a specific viral genotype in space and time would be determined
by virus-host compatibility (see the description of Fig. 1), and that the number of the contacts between the
most compatible (optimal) host and a virus would increase with lower population/community diversity and
higher density of optimal host cells*»%. Therefore, under conditions of the high density of the optimal host,
infection efficiency and, hence, the production and abundance of viruses, would be higher compared to the
conditions of the high density of a sub-optimal host due to lower virus-host compatibility (Fig. 1). Since virus-
host compatibility is a continuous trait'®3?, the level of phage production and abundance will vary. Although at
low densities infecting either type of the host would ensure virus survival and transmission, if both optimal and
sub-optimal hosts are present at high densities, then the infection efficiency of a virus at population level can be
impaired, leading to lower overall yield of newly produced virions in a sub-optimal host, and thus to lower virus
prevalence and persistence in the environment (Fig. 1). For example, Wang et al.*® reported significant reduction
and inhibition of virus production when phage was infecting strains other than the original host of its isolation.
The growth of other host strains was inhibited after exposure to viruses, likely preventing phage replication that
may lead to abortive infection and, therefore, the lack of plaque formations found in this study?®. This, thus, also
suggests that the effect of viral infection of a sub-optimal host may extend beyond regular cell lysis.

The interactions and ecological dynamics between viruses and their cyanobacterial hosts are governed by
multiple eco-evolutionary processes’’~*. Even within the relatively short time frame of a seasonal cyanobacterial
succession, these processes can lead to a variety of outcomes, ranging from positive density-dependent
interactions and lysogenic conversions during the bloom initiation stages to the near-complete eradication
of host populations during bloom decline?*. For example, cyanophages have been implicated as possible
causative factor of sudden cyanobacterial bloom collapses in various freshwater ecosystems across the globe*! 5.
Conditions when multiple strains of the same and different species co-occur at high numbers, and which are
potentially prone to infection by the same phage can emerge during summer cyanobacterial blooms?%46. For
example, Microcystis aeruginosa (Kiitzing) Kiitzing, 1846 and Raphidiopsis raciborskii (Woloszynska) Aguilera &
al. 2018 (two of the most abundant bloom-forming species on earth) are often found together at high densities
during summer blooms in freshwater lakes’. They are cosmopolitan, and many of their strains form harmful
blooms due to their ability to produce various toxins. They are known to bloom in parallel or in alternating
manner in different environments*®. Various cyanophages are known to infect these bloom-forming strains.
The vast majority of these phages are host specific*’, however, the way they affect these blooms is still not well
understood. Here we aim to (i) assess the dynamics of virus-host pairs in the context of availability of optimal
versus sub-optimal host belonging to Microcystis aeruginosa and Raphidiopsis raciborskii species (Fig. 1);
(ii) verify how these phages (Cr-LKS4 and Ma-LMMO01) affect the functionality (growth and photosynthetic
activity) of the strains used for their isolation (KLL0O7 and NIES-298, respectively) and other strains of these
species; (iii) determine if and to which extent the toxicity of investigated strains may be affected as a response to
the cyanophage presence.

Results

Response of cyanobacterial strains to cyanophage additions

The possible impact of Ma-LMMO01 and Cr-LKS4 on different strains of two cyanobacterial species (M. aeruginosa
and R. raciborskii) has been investigated by the monitoring of several physiological parameters: OD,, nm (Table
S1), cell number, Fv/Fm (maximum quantum yield of PSII), toxin content (microcystin or cylindrospermopsin)
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Fig. 1. Conceptual framework of this study. Phage potentially can attempt to infect either permissive or
non-permissive host. In the latter case, no phage production occurs as infection is inhibited due to various
reasons (e.g. resistance). In case of permissive host, phage can either infect its optimal host (e.g. characterized
by relatively better absorption, shorter latent period and higher burst size) which leads to the high final phage
yield, or sub-optimal host, leading to lower final yield. Reversion of host (non-) permissiveness or alterations
in host compatibility for phage replication are possible due to mutations, selection, and changes in growth or
environmental conditions.

and expression of toxin-producing genes (mcy or cyr cluster). Furthermore, virus titer and the occurrence of
lysis has also been presented in order to summarize all relevant findings (Table 1).

Cyanophage dynamics and viral yields

The infection dynamics and changes in cyanophage titer over the time of incubation experiments of Cr-LKS4
infecting its original (optimal) host R. raciborskii strain KLL0O7 and of Ma-LMMO1 infecting its original (optimal)
host M. aeruginosa strain NIES-298 were in general similar to those observed in previous studies®, showing a
drastic increase in their titers at the end of their predicted latent period (Fig. 2). No phage production was
observed for other strains, except for PCC 7813 inoculated with Cr-LKS4. Although the increase at 48 h post
infection (hpi) was not statistically significant (Fig. 2C), around 50% enhanced phage titer of CrLKS4 in 4 of 5
biological replicates has been observed (Table S1). For other virus-host pairs, the titer of initially added phages
decreased over the course of incubation experiment (Fig. 2, Fig. S1, Table S1).

Comparison of the adsorption plots (Fig. 3a, Table S1) shows slow (reduced titre in the filtered fraction
between 18 and 21 hpi) and yet still moderately efficient adsorption of Cr-LKS4 (67% of phage adsorbed) to
its optimal host strain R. raciborskii KLLO7. The adsorption efficiency in the PCC 7813 culture could not be
determined due to the lack of significant differences in phage titer between different time points over period of
24 h (Fig. 3a).

The timing of host lysis, measured as elevated phage titer, was also different (Fig. 3b). Phage titer started
increasing much earlier (at 72 hpi) in the optimal host R. raciborskii strain KLLO7 compared to the sub-optimal
host M. aeruginosa PCC 7813 (at 168 hpi). The efficiency of phage multiplication was dramatically higher in
the KLLO7 culture (approx. 1146-fold increase at the end of the experiment), than in PCC 7813 (approx. 2.5-
fold increase) indicating a dramatically lower infection efficiency of Cr-LKS4 in this sub-optimal host (Fig. 3b).
Such poor and inconsistent phage adsorption (Fig. 3a) suggests asynchronous infections, which may result from
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Table 1. The effect of Cr-LKS4 and Ma-LMMO1 phages on different cyanobacterial hosts. M. Aeruginosa
NIES-298 is the optimal host of Ma-LMMO1 (marked in blue) whereas R. Raciborskii KLLO7 is the optimal
host of Cr-LKS4 (marked in orange). “v"” indicates observed alteration (increase (1) or decrease ()) of the
measured parameter in comparison to control (non-infected) culture. Letters indicate intracellular (I) or
extracellular (E) toxin level.

Cr-LKS4 phage C

Cr-LKS4 phage and M. aeruginosa PCC 7813
200

10000

@
-
®

2
3
.

1000

Virus titre [%]

@
S
.

100

0 24 48 72 9% 120
Time [hpi]

Virus titre [%]

10

T T T T T 1T T T 1
0 24 30 48 72 96 120168216

1 1 1 1 1 1 1 1
0 24 30 48 72 96 120168
Time [hpi]

-~ R. raciborskii CS-506
-o- M. aeruginosa NIES-298

Time [hpi]
-8~ R. raciborskii KLLO7
-o- R. raciborskii CS-505

M. aeruginosa PCC 7813

Fig. 2. Changes in virus titer normalized to timepoint 0 (100%) in cultures infected with: Ma-LMMOL1 (a) or
Cr-LKS4 phage (b, ¢). The length of the experiment varied for each strain-phage pair. Additional internal plot
(c) shows smaller but statistically important increase of the Cr-LKS4 titre during M. aeruginosa PCC 7813
infection.

significant variation in the physiological state of individual cells within the filaments or the loss of cyanophage
infectivity under the given medium conditions.

Growth alterations in response to cyanophage additions

The dynamics of cell abundance of cultures inoculated with phages, which reflects the sum of the growth and
cell lysis, were affected in most of the tested strains (Fig. 4, Fig. S2, Table S1). Significant decrease of cell numbers
(p<0.001) of M. aeruginosa NIES-298 culture infected by phage Ma-LMMO1, R. raciborskii KLLO7 culture
infected by Cr-LKS4, and M. aeruginosa PCC 7813 culture infected by Cr-LKS4 accompanied with the increased
phage titers has been observed (Fig. 2), and therefore, can be attributed to virus-induced cell lysis. We observed
significant inhibition of culture growth for most of the other tested strains, with the changes in cyanobacteria cell
numbers specific for each strain and phage inoculum (Fig. S2). Only in the case of M. aeruginosa PCC 7813, the
regrowth of the culture within the timeframe of our incubations was observed (Fig. S2b). In the remaining strains
and aforementioned phages, growth was not affected (Fig. S2). The cell number of cultures with active phage
normalized to timpoint 0 (Fig. 4) indicated that the Ma-LMMO1 phage may affect negatively the abundance of
the population of its optimal host (M. aeruginosa NIES-298) and also, in longer perspective, the population of
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Fig. 3. The viral titre in filtered fraction (measuring free phage particles thus adsorption process) at 24 hpi
(a) and the total number of phage DNA copies at the end of infection of R. raciborskii KLL07 and PCC 7813
with Cr-LKS4 (MOI 0.01) (b). Asterix (*) indicates optimal host of the tested phage. Statistically significant
differences in comparison to the initial values have been indicated by *** p <0.001.
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Fig. 4. Cell number normalized to timepoint 0 (100%) in the cultures of M. aeruginosa and R. raciborskii
inoculated with Ma-LMMO1 (a) or Cr-LKS4 phage (b). The length of the experiment varied for each strain-
phage pair.

R. raciborskii CS-506 whereas the Cr-LKS4 phage reduced the abundance of R. raciborskii KLL0O7 (optimal host)
but also both M. aeruginosa strains.

Photosynthetic activity

Maximal performance of PSII expressed by Fv/Fm ratio (see Methods) reflects an overall photosynthetic
efficiency of cyanobacteria and can be influenced by different (external and internal) stress factors. Altered
Fv/Fm observed in the infected cultures are presented in Fig. 5a, b (see also Fig. S3 and Table S1). A dramatic
decrease of Fv/Fm occurred already after 24 hpi (p<0.001) in NIES-298 infected by Ma-LMMO1 (Fig. 5a),
whereas in R. raciborskii CS-506 culture the Fv/Fm was stable at least until 48 hpi, and dropped significantly at
120 and 168 hpi (p<0.001, Fig. 5). Interestingly, R. raciborskii CS-505 reacted to the presence of Ma-LMMO01
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Fig. 5. Changes in overall photosynthetic performance (Fv/Fm) normalized to control at each timepoint
(100%) in the cultures of M. aeruginosa and R. raciborskii inoculated with Ma-LMMO1 (a) or Cr-LKS4 phage
(b). The length of the experiment varied for each strain-phage pair.

by increasing its photosynthetic performance (p<0.001, Fig. 5 and Fig.S3) Photosynthetic performance was
also affected negatively by Cr-LKS4 phage in three other strains (KLL07, NIES-298 and PCC 7813, p<0.001);
in KLLO7 the Fv/Fm ratio was reduced directly after infection and was on the same low level until the end of
infection cycle (Fig. 5b). M aeruginosa strains reacted differently to the presence of Cr-LKS4 phage: Fv/Fm ratio
of both PCC 7813 and NIES-298 strains was stable (the same as in control) up to 72 or 120 hpi, respectively, and
decreased significantly (p <0.001) only at 120 or 168 hpi (Fig. 5b). No changes at this significance level (p <0.001)
in PSII activity were observed for the remaining strains after phage inoculation (Fig. S3, Table S1).

Toxicity

Addition of cyanophages induced alterations in both the concentration of intracellular cyanotoxin levels and
the expression of genes encoding these toxins in several R. raciborskii and M. aeruginosa strains tested in this
study (Table S1). The infection of M. aeruginosa NIES-298 by Ma-LMMO1 phage resulted in the significant drop
(p<0.001) of intracellular toxin level of the culture, as a consequence of growth inhibition and cell lysis (Fig. 6a).
The cellular MC quota (ng/cell) also decreased and was 5-fold lower (p <0.05) compared to the control treatment
at the 120 hpi (Fig. 6a), while extracellular content of MC was below the detection limit (Fig. S4). No statistically
significant changes in the intra- and extracellular MC concentration were found in M. aeruginosa strain PCC
7813 after addition of cyanophage Ma-LMMO1 (Fig. 6b), (Fig. S4). The exposure of MC-producing strains (M.
aeruginosa NIES-298 and PCC 7813) to the Cr-LKS4 cyanophage have also caused a different response. In the M.
aeruginosa NIES-298 culture we observed the reduced total concentration of intracellular (p <0.001) MC level
(mg/mL), while cellular MC quota increased at 168 hpi (p < 0.05), indicating higher MC production and elevated
toxicity of the remaining non-infected cells (Fig. 6¢, Fig. S4). In the case of M. aeruginosa strain PCC 7813,
neither the intracellular MC level nor the cellular MC quota differed from the control cultures, but the elevated
extracellular MC level was observed at 120 hpi (p <0.05), which suggests the higher MC excretion induced after
phage inoculation (Fig. 6d, Fig. S4).

The response of CYN-producing R. raciborskii differed between the strains tested and cyanophage
inoculums. The addition of cyanophage Ma-LMMOI did not alter the cellular CYN quota neither in CS-505
nor CS-506 (Fig. 6e, f), although the total concentration of intracellular toxins was lower in comparison to
the control culture of R. raciborskii CS-506 at 168 hpi (p <0.001), which may reflect the growth inhibition (see
Fig. 6f). In the presence of the Cr-LKS4 cyanophage, the total intracellular CYN level was stable compared to
their respective controls (Fig. 6d). However, the average CYN cell quota increased in the culture of R. raciborskii
CS-506, although due to very high variation at t0, this change was not statistically significant (Fig. 6h), while it
remained unchanged in R. raciborskii CS-505 (Fig. 6g).

The relative expression of toxin-producing genes in 4 toxic strains was highly variable through time and
differed between all cyanophage-cyanobacteria pairs in terms of their dynamics and the overall magnitude of
change (Fig. 7, Table S1). The expression of mcyB gene was temporarily upregulated at 30 hpi in the optimal host
(M. aeruginosa NIES-298) infected by Ma-LMMO1 which coincided with the lysis of this culture (Figs. 2 and 4)
whereas the level of mcyE transcripts remained unchanged (Fig. 7a). In the culture of M. aeruginosa PCC 7813
(non-permissive host for Ma-LMMO1), both genes (mcyB and mcyE) were continuously upregulated compared
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Fig. 6. Microcystin (MC) and cylindrospermopsin (CYN) level in the control and infected cultures of M.
aeruginosa (Fig. 6a-d) and R. raciborskii strains (Fig. 6e-h). Grey blocks show the intracellular level expressed
in pg of toxin per mL of culture, whereas blue circles indicate MC or CYN cell quota (ng/cell). (a) Ma-LMMO1
vs. NIES-298; (b) Ma-LMMO1 vs. PCC 7813; (c) Cr-LKS4 vs. NIES-298; (d) Cr-LKS4 vs. PCC 7813; (e) Ma-
LMMO1 vs. CS-505; (f) Ma-LMMO1 vs. CS-506; (g) Cr-LKS4 vs. CS-505; (h) Cr-LKS4 vs. CS-506. Mean = SD
are shown. Statistically significant difference between control and experimental group at the end of the
experiment has been indicated by * p <0.05, ** p<0.01, *** p<0.001.
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Fig. 7. Gene expression level of toxin-encoding genes (mcy or cyr) in response to cyanophage inoculation

in M. aeruginosa and R. raciborskii cultures in relation to control (non-infected group). Blue colour was used
to show mcyE and cyrJ transcript levels while red indicates mcyB and cyrB. Data from the beginning of the
experiment (0 hpi) and after 120 or 168 hpi. (a) Ma-LMMOI vs. NIES-298; (b) Ma-LMMO01 vs. PCC 7813; (c)
Cr-LKS4 vs. NIES-298; (d) Cr-LKS4 vs. PCC 7813; (¢) Ma-LMMO1 vs. CS-505; (f) Ma-LMMO1 vs. CS-506; (g)
Cr-LKS4 vs. CS-505; (h) Cr-LKS4 vs. CS-506. Mean (circles) + SD (shaded area) are shown.
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to the control cultures throughout the entire experiment (Fig. 7B). When M. aeruginosa strain NIES-298 was
infected by cyanophage Cr-LKS4, both genes were temporarily upregulated (at 30 hpi) (Fig. 7c). Inoculation
of cyanophage Cr-LKS4 with the M. aeruginosa strain PCC 7813 led to the downregulation of the expression
of mcyB, while the transcript levels of mcyE remained unchanged (Fig. 7d). In the case of R. raciborskii CS-
505, the transcript abundance of analyzed CYN encoding genes increased compared to the control treatments
after addition of cyanophage Ma-LMMO1 (Fig. 7e), while remained unchanged if inoculated with Cr-LKS4
cyanophage (Fig. 7g). The expression of cyr] and cyrB genes was downregulated after exposure of R. raciborskii
CS-506 to both phages, but to a higher extent in the presence of Cr-LKS4 (Fig. 71, h).

Discussion

In this study, we attempted to characterize the infection parameters of two different cyanophages across optimal,
sub-optimal, and non-permissive hosts. We also examined how additions of cyanophages affect the dynamics
of permissive and non-permissive host populations in experimental culture incubations. Our findings indicate
that: (i) cross-infectivity might reduce the success of cyanophage under conditions of high-density of sub-
optimal host; and (ii) the effects of cyanophage addition on the physiological parameters of cyanobacteria vary
significantly depending on the combination of a virus and host strain. Altogether, results show that even a small
subset of cyanophages and cyanobacteria combinations as tested in this study resulted in multiple different
outcomes, suggesting high variability in viral effect on community dynamics. Therefore, we suggest that this
outcome primarily depends on the presence and relative abundance of sub-optimal and non-permissive hosts
in the environment, as well as on the exact level of viral effect on the specific hosts in this environment, as this
may vary in natural populations. These observations in the context of cyanophage and cyanobacteria population
interactions, community dynamics, and implications for ecosystem health and bloom toxicity will be discussed
in the next sections.

The success of a virus, in terms of abundance, leading to its impact on the host and functioning of a microbial
system is determined by virus production, its loss, and the contact rate with the host'. The existing ecological
models [e.g. 29] in most cases simplify virus-host dynamics to a single pairwise interactions where one virus
infects only one host either at species or strain level®2. Under such a scenario, higher host densities and growth rate
increase the likelihood of successful cyanophage infection, leading to dynamic and cyclic changes in cyanophage
and bacterial abundance as would be expected for Lotka-Volterra predator-prey relationships®. In addition, it
has been shown that lysis timing, beside other factors such genetic similarity, molecular regulation, multiplicity
of infection or host and environmental conditions among others, might also depend on host density, and thus
earlier lysis might be favored under dense host conditions and delayed when hosts are sparse>*. However, in
complex food webs consisting of diverse host populations and communities and where viruses can cross-infect
multiple hosts, the production of a single cyanophage genotype would be a sum of new virions yielded in all
permissive hosts emerging across the gradient of virus-host compatibility (from optimal to low compatibility;*°).
It would, therefore, likely be subject to significant variation in adsorption, latent period, lysis time and burst size
owing to host compatibility differences in conjunction with changes in host density and continuous evolutionary
shifts. The highly dynamic nature of host susceptibility to a phage owing to mutations and selection (which were
not studied in this work), would add the temporal dimension to co-occurring interactions and viral effects.
However, this study shows that contrary to a single virus-host pair interactions, efficiency of infection (in terms of
virion yield and lysis timing) would be reduced as the number of permissive, yet sub-optimal hosts increase>*’.
Cyanophage yield was significantly lower in our incubations when infecting sub-optimal host (Fig. 2), which
agrees with current nested infection network models®® and experimental studies™.

From the perspective of a single virus dynamics (abundance and distribution), the ability of a cyanophage
to infect several different strains (e.g., Cr-LKS4; see above) represents a beneficial adaptation, ensuring
virus survival and transmission under conditions of low densities of permissible hosts®. However, when the
population density of all permissible hosts is high, as tested in this study, cyanophages may attach to or attempt
to infect less suitable (sub-optimal) hosts, only to fail or produce very low yields®!, as observed for Cr-LKS4 in
PCC 7813 (Fig. 3b). This suggests that increased attachment to sub-optimal hosts (e.g., during bloom conditions
with higher host densities) could act as a net sink for cyanophages (Figs. 2c and 3b). Consequently, fewer viruses
released from sub-optimal hosts would reduce not only the transmission rate but, more importantly, the number
of new successful infections. As discussed above, this would diminish the overall impact of cyanophages on
the population and community. One might also expect that high host availability could allow cyanophages to
temporarily overcome dispersal barriers and successfully colonize an entire bloom population, as demonstrated
by Microcystis**. Here, however, we propose that the increased presence of permissive but sub-optimal hosts
could restrict cyanophage spread across the cyanobacterial population or community. Counterintuitively,
this implies that dispersal limitations can persist even at high host densities, significantly shaping cyanophage
distribution and virus-host interactions. The extent of this limitation, on the other hand, would depend on
the adsorption level of cyanophage population to the sub-optimal host. Low or reversible adsorption may thus
alleviate the negative effect of the sub-optimal host on cyanophage dynamics and distribution. The results of
our study highlight the complex interplay between phage adsorption (Fig. 3a), lysis timing (Fig. 3b), and virion
production (final yield at the end of the experiment, Fig. 2) on the success of a cyanophage under conditions of
optimal and sub-optimal hosts.

Differences in adsorption can be related to the structure of surface receptors making it more difficult for
cyanophages to attach and successfully infect sub-optimal hosts"®2. In addition, various defense mechanisms
of the host (e.g. abortive infection, sporulation, etc.) can lead to fewer virions produced per infection cycle?.
Indeed, in Microcystis aeruginosa one of the largest numbers of putative antiviral defence genes of all prokaryotic
or archaeal species has been found®. In addition, sub-optimal hosts may lack the appropriate cellular machinery
or resources necessary for efficient viral replication and lysis processes, potentially leading to longer replication
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cycles®. This would thus reduce the overall viral yield compared to what would be achieved with optimal hosts®
limiting the spread of the virus to other permissive hosts. Altogether, our data imply that controlling effect of
cyanophages on the blooms depends strongly on the structure of the cyanobacterial community as a whole,
and that viruses and their hosts might co-occur at high abundances?”*%%, such as those during freshwater
cyanobacterial blooms, owing to balancing effect of sub-optimal host. Furthermore, different processed, not
verified here, may influence virus-host interaction in natural environment, e.g. formation of colonies, which is
thought to have a significant effect on phage infection and spread or vertical migration by gas vesicles that may
also have an effect on the host cell availability.

From the perspective of host population and bloom dynamics, our results suggest that shared infections
as well as non-lytic effects could have substantial roles in shaping cyanobacterial communities adding to the
existing variability in their growth, activity (e.g. PSII) and toxin production (Figs. 6 and 7). This in turn might
reduce our ability to predict the composition and dynamics of cyanobacterial community during intensive
summer blooms. In natural environments, two cyanobacteria genotypes or species co-occurring at the same
time in close spatial proximity are likely to be involved in direct intra-/inter-species competition for available
resources®”’, which inherently implies a negative direction in the relationship between the abundances of two
competing taxa (competitive exclusion principle). Higher population densities of competing members within
the community would strengthen both competitive interactions and density-dependent interactions with the
predators. Shared infections accompanied by unequal cyanophage effects (Figs. 4 and 5) can alter competitive
abilities and strength of interactions between competing hosts either by increasing or decreasing the slope of
negative relationship. For example, in case when optimal host is also a better competitor for available resources,
shared infections would reduce the strength of competition (elimination of competitive exclusion) between the
two taxa?’. If the optimal host is also a worse competitor, then this could result in local extinction event in turn
creating favorable conditions leading to the blooms dominated by a single genotype or clonal population®©.

This study, in addition to commonly observed lytic effects of cyanophages, also demonstrates that viruses can
influence co-occurring cyanobacteria community through previously unrecognized non-lytic effects by altering
their physiological traits, such as photosynthetic performance, growth rate, toxin production, and population
size (Table 1; Figs. 3, 4 and 5). Documented here the phage impact on the basic physiology of the other non-
permissive strains that are not infected (lack of phage production) but affected, indicates complex interactions
within microbial community. For example, while photosynthetic performance was either unchanged or reduced
in many infected cultures, the phage-induced increase of Fv/Fm in R. raciborskii CS-505 is worth mentioning.
This strain accumulates extremally high level of carotenoids, and myxoxanthophyll in particular’® which acts
as a strong antioxidant. It indicates that observed here non-obvious behavior may reflect the uniqueness of
strain’s features and a strain-specific response. How these non-lytic effects influence cyanobacteria responses
across different species, from individual feature changes to population size, has important implications for
understanding how microbial interactions shape communities and affect ecosystems.

The examination of how investigated phages impact toxic cyanobacterial strains in regard to their ability to
produce toxins indicated a complex response. During the infection of optimal host M. aeruginosa NIES-298,
despite the stable or even temporally upregulated expression of mcy genes (Fig. 7), a decreased intracellular MC
level has been documented (Fig. 5), which suggests that cells that survived the infection had a week metabolic
activity (reflected also by a relatively low Fv/Fm, see Fig. 5), and thus a reduced ability to produce toxins.
Such an observation indicates that efficient infection induced by Ma-LMMO1 phage may cause the significant
reduction of MC level in freshwater ecosystems, as a consequence of both lower cell abundance of toxic strains
and weakened (at least in short timescale) capability of the toxin production. On the contrary, previous research
indicated that when toxic strain Nodularia spumigena KAC68 was infected by a lytic cyanophage vB_NodS-
kac68v162-1, cellular nodularin (NOD) quota (ng/cell) gradually increased”!. Therefore, even within optimal
cyanobacterial hosts that are efficiently infected, the impact on the toxicity of host cells may be unique and
individual strains respond differently. This varied effect reported here can be connected with the documented
silent infection of Ma-LMMO0172 which can precisely control the expression of its own genes with no impact on
the host transcriptome and thus avoid the activation of host defense systems. The same phage Ma-LMMO1 did
not lead to any alterations in MC production of non-permissive hosts, neither MC-producing M. aeruginosa PCC
7813 nor the CYN-producing CS-505 and CS-506 strains (Fig. 6). On the other hand, the Cr-LKS4 cyanophage
modified the toxin production in sub-optimal or non-permissive strains (upregulation of mcy genes together
with enhanced extracellular MC level in PCC 7813 and cellular MC quota in NIES-298, respectively). These
findings may be explained by the putative role of MC in stress (oxidative stress, in particular) underlined in the
recent review’> as MCs have been considered as direct antioxidants’*”> Furthermore, MCs probably play an
essential role in the stress management by specific binding to proteins; such interactions may be important in the
adaptation to oxidative stress induced by high light and/or temperature”®. The deepest physiological analysis and
discussion of MC role in oxidative stress management was provided recently by Stark et al.”® that described the
response of MC-producing and non-producing (mutant) M. aeruginosa strains to cold. Differential expression of
genes involved in the redox balance (glutathione-dependent peroxiredoxin (pdgx)) and photosynthetic electron
transport chain (cytochrome b559 (psbE), cytochrome ¢ oxidase (coxBAC)) indicated specific mechanisms
of oxidative stress management. Thus, the authors concluded that MC production may substitute some other
protective mechanisms against ROS and helps to avoid the stress. Furthermore, it allows allocating efficiently
the excitation energy and ensures optimal electron transport thorough photosystems; the later conclusion was
supported by photo-physiological measurements. The decreased Fv/Fm ratio in wild type MC-producing strain
during acclimation to cold (which was consistent with the putative modulation of pdgx activity by MC) was
interpreted as an effective stress management’®. In this context, our observation (decreased Fv/Fm in both
M. aeruginosa cultures in later phase of infection by Cr-LKS4 phage, Fig. 4) also suggests that elevated MC
accumulation is a cell response to oxidative stress related to phage occurrence. Similarly, although CYN is
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considered as a constitutive metabolite whose biosynthesis is correlated to cyanobacterial growth rather than
directly to specific environmental conditions [e.g. 7], we observed that the stress induced by Cr-LKS4 caused
the selection of more toxic phenotype of CYN-producing R. raciborskii CS-506 strain (reflected by the increased
cellular CYN quota).

Our observation indicates that the overall toxicity of MC- or CYN-producing strains depends on the strain
response/phage impact. When phage infected and lysed the culture efficiently (LMMO1 vs. NIES-298), the
MC content was dramatically reduced. The lack of response to cyanophage addition, as observed in PCC 7813
and CS-505 when inoculated with LMMO1 (no evidence of non-permissiveness, nor any impact on growth or
photosynthetic activity), was also associated with stable MC/CYN production. However, if the phage meets
either a sub-optimal host (Cr-LKS4 vs. PCC 7813) or non-permissive (Cr-LKS4 vs. NIES-298 and CS-506),
and is able to impact the culture (a growth reduction or/and a decreased photosynthetic efficiency), this type
of interaction may have caused the selection of more toxic phenotypes. As suggested by Sulcius et al.”!, the
selection for toxic phenotypes could influence interspecies relationships by reducing species loss to predation
and enhancing competitive abilities, thereby creating cascading effects throughout the entire food web. The
results of this study, however, indicate that cyanophage addition-mediated increased toxicity (Fig. 6), which
could presumably confer a competitive advantage to these strains [e.g. %], might also come at the expense of
growth (Fig. S2), suggesting a growth rate cost of resistance, as reviewed in Avrani et al.”.

The combined effects of phage infection of optimal and sub-optimal hosts on a cyanobacterial community
are still largely unknown. Our results, however, suggest that sharing of the viral predation pressure (e.g. R.
raciborskii KLLO7 and M. aeruginosa PCC 7813 infected by cyanophage Cr-LKS4) can have a positive effect on
a cyanobacteria community and bloom proliferation as differences in infection efficiencies and yield between
different host strains reduce the overall prevalence of a virus and, thus, the probability of new virus infections.
This thus also means that shared infections act as a cyanophage sink under high densities of suboptimal hosts.
Furthermore, such an individual response in terms of toxin dynamics (production/accumulation), dependent
on a strain and a phage type, has important ecological consequences in natural freshwater ecosystems, leading to
either reduced or enhanced toxicity of cyanobacterial community and thus impacting the condition of freshwater
ecosystems and potentially affecting the health of other organisms within the habitat via trophic interactions.

Materials and methods

Strains and phages

Raphidiopsis raciborskii KLLO7 strain and Cr-LKS4 phage were isolated from Lake Kinneret, Israel*’, whereas
phage Ma-LMMO1 was isolated from Lake Mikata, Japan®’. Microcystis aeruginosa NIES-298 was ordered from
NIES Collection and Microcystis aeruginosa PCC 7813 from the Pasteur Culture Collection of Cyanobacteria.
Raphidiopsis raciborskii CS-505 and CS-506 strains were obtained due to the cooperation with A. Willis, CSIRO,
Australia. Detailed information on the material is included in Table S1 and S2. Cultures were carried out in CB
medium pH 8.0 supplemented with 29,6 nM thiamine, 8,19 nM biotin, 0.738 nM cyanocobalamin and 5.91 nM
pyridoxine®!, WC pH 7.4-7.8%2 medium with full nitrogen content (WC100N) and NaNO, content reduced to
25% (WC25N) or BG-110 medium pH 7,5 with NaNO,*.

Experimental design

The cultures were maintained under a 14/10-h light-dark cycle with light intensity of 40 umol m~2 s™! and at
20 °C. The cyanophage Ma-LMMO1 and Cr-LKS4 inoculum for the incubation experiment was prepared from
lysates of M. aeruginosa NIES-298 and R. raciborskii KLLO7, respectively purified using a two-step centrifugation
procedure consisting of initial 20-min centrifugation at 2000 x g to remove uninfected cells and cell debris, and
60-min centrifugation at 11,000 x g to concentrate cyanophages.

The experimental duration and conditions were chosen to match the cyanophage infection cycle. Previous
studies have determined the infection cycle duration of Ma-LMMOL1 to be approximately 24 h72. The cyanophage
Cr-LKS4 viral cycle time was experimentally found to be around 72-96 h. Hence, samples were collected in
different time intervals, depending on the investigated host/phage pair, up to 120 or 168 hpi.

Before the experiment, the fresh unialgal (non-axenic) culture was subdivided into two groups (infected and
control treatments), each group had three replicates. These exponentially growing cultures (100 mL each) were
preconditioned 1 day in 250 mL Erlenmeyer glass flasks for stabilization. The phage suspension was added to
the culture at a volume ratio of 1:20, maintaining a constant ratio while the ratio of added phage particles (gene
copies determined by qPCR) to cyanobacterial cells was 10-50, to ensure that all the cells may be infected. In
the control group, a heat-inactivated phage suspension was added. Pre-experimental tests confirmed that heat-
inactivated phage suspensions had no inhibitory effect on cyanobacterial cultures (data not shown). Samples for
the phage titer, growth (OD,,, nm and cell number), photosystem II activity (PSII), toxin content and expression
of genes encoding the toxins were collected at the same time points. Every time the control experiment with a host
infected by native phage (NIES-298 with Ma-LMMO1 or KLL07 with Cr-LKS4) was carried out simultaneously
to verify that phage lysate is active.

Additional infection assays to estimate the adsorption rate of Cr-LKS4 phage were performed for the optimal
host R. raciborskii KLL07 and the sub-optimal host PCC 7813 with MOI=0.01. For the original host-pair NIES-
298 and Ma-LMMO1, this type of assay was performed in previous studies™. Six biological replicates were used
for each assay. Phage samples were collected to determine the total viral titre (unfiltered samples) and the titre
of free, non-attached phage particles (samples filtered through 0.2 um filters), 100 uL for each fraction. Samples
were collected at specific timepoints: 0, 3, 6, 9, 12, 15, 18, 21, 24 hpi. The incubation assays were extended
and additional samples at 72, 120, and 168 h were taken to re-examine the duration of the cyanophage life
cycle and confirm the production of new virons. The qPCR reactions were prepared by adding 1 uL of DNase
(concentration 1 mg/mL) to 9 pL of sample and shortly spinned. Thermocycler protocol consisted of 30 min of
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37 °C, 10 min of 95 °C. Afterwards 90 uL of dH20 was added (10x dilution) for the qPCR reaction (described
in a paragraph below).

Viral titer

Viral titer was determined by a real-time quantitative polymerase chain reaction (real-time qPCR) by calculating
the amount of viral DNA from a standard curve derived from 10-fold dilutions of viral DNA ranging from 1-10°
to 8.5-108 copies of the gene. The primers are listed in Table S3.

Forasingle qPCRreaction, 4 uL of 10x diluted culture sample, 0.5 uL of each primer pair (10 uM concentration),
and 5 pL of 2x concentrated PowerUP SYBR Green Master Mix reaction mixture (Applied Biosystems, catalog
number A25742) were used. The temperature profile of the reaction was as follows: UDG activation at 50 °C for
2 min, initial denaturation at 95 °C for 2 min, 40 cycles of amplification at 95 °C for 15 s and 60 °C for 1 min with
fluorescence detection after each cycle, followed by a melting curve analysis ranging from 65 °C to 95 °C with a
0.5 °C increment per cycle lasting 5 s, and fluorescence detection after each cycle.

The standard curve was generated based on tenfold dilutions of linearized pJET1.2 plasmid containing target
gene fragments. These fragments were obtained by PCR using DreamTaq polymerase (Thermo Scientific, catalog
number EP0701) with qPCR primers on genomic DNA template of M. aeruginosa NIES-298 and R. raciborskii
KLLO07. The PCR products were then cloned into the pJET1.2 plasmid using the CloneJET PCR Cloning Kit
(Thermo Scientific, catalog number K1232). The amplified and purified plasmids were digested with NotI
restriction enzyme from the FastDigest kit (Thermo Scientific, catalog number FD0595) to linearize them.

The qPCR primers (Table S3) were designed based on the nucleotide sequences of Cr-LKS4 and Ma-LMMO01
viruses, and M. aeruginosa and R. raciborskii cyanobacteria deposited in the NCBI Nucleotide database. The
PrimerQuest Tool, OligoAnalyzer, and Basic Local Alignment Search Tool algorithm were used for primer
design.

Cyanobacteria growth

The growth was monitored by the measurement of optical density at 730 nm (OD,,)) and automatized cell
counting (all cells measured, independently on their physiological condition) in a hemocytometer (Biirker
chamber). The samples (100 pL of culture) were preserved in formaldehyde solution (5% final concentration)
and stored at 4 °C in the dark. The photos of sampled cultures placed in the Biirker chamber were taken using
a Genetic Pro (Delta Optical, Poland) light microscope with a camera at five-fold magnification and processed
in the ImageJ program (National Institutes of Health) by counting the area covered by cells in each photo. The
counted area was converted to the number of cells by a script written in R supported by manual calibration.

Chlorophyll fluorescence

Maximal performance of PSII (Fv/Fm, also described as ¢,,) was performed using a Handy PEA + fluorometer
with an LPA2 liquid phase adapter (Hansatech Instruments) at saturating exciting light. FO (ground state
chlorophyll fluorescence) and Fm (maximum fluorescence) are measured directly whereas Fv (variable
fluorescence) is calculated from the formula Fv=Fm - F0,

Toxin measurement

The intracellular microcystin (MC) and cylindrospermopsin (CYN) concentrations were determined using the
procedure described by Meriluoto at al®>, with some modifications as follows. The extraction steps required
different procedures according to relatively high hydrophobicity of MC and high hydrophily of CYN. Samples
of M. aeruginosa strains (5 mL) were centrifuged for 5 min, 10,000 x g and stored at 20 °C. Supernatant was
transferred into new falcons and stored. For intracellular MC extraction, cell pellet was suspended in 1 mL 75%
MeOH and cells were disrupted in bath ultrasonicator for 15 min. Then, an ultrasonic disrupter equipped with
a microtip probe was used for the further disruption of the cells. Each sample was ultrasonicated for 1 min (1 s
sonication, 1 s pause), at 80% power. Samples were kept at 4 °C overnight for better extraction then centrifuged
at 10,000 x g for 5 min and supernatants were air-dried overnight. Evaporated extracts were resuspended with
200 pl of 75% MeOH and vortexed. Another centrifugation for 10 min at 10,000 x g was applied and 100 pL of
supernatant was transferred to the glass vials. Microcystin extraction from medium was performed using SPE
cartridges. First, 1 mL of 100% MeOH was added into the frozen samples, and 10 mL of 100% MeOH was used
for the conditioning of the cartridges, followed by 10 mL of water. Samples were applied at a flow rate of 10 mL/
min. Afterwards, 4 mL of 20% MeOH was added for the washing step and then the cartridges dried completely.
Samples were then eluted with 4 mL of acetonitrile containing 0,05% TFA and left for evaporation (air-dried
overnight). Evaporated samples were resuspended with 200 pL of 75% MeOH and vortexed. After centrifugation
for 10 min at 10,000 x g, 100 pL of supernatant was transferred to HPLC vials.

Samples of R. raciborskii strains (30 mL) were centrifuged for 10 min, 5000 x g at 4 °C and the supernatant
was removed. For CYN extraction, the cell pellet was covered with 2 mL 100% MeOH and then put into the bath
ultrasonicator for 15 min. Glass beads were added at a ratio of 1:1 (v/v) and samples left for 15 min on a shaker.
The samples were then centrifuged at 10,000 x g for 10 min and supernatant was air-dried overnight in glass
tubes. Evaporated extracts were resuspended with 200 pL of distilled water and centrifuged for 10 min (10000 x
£) to remove the remaining impurities. The final supernatant was transferred to HPLC vials.

Measurement of the toxin content was carried out using an Agilent 1220 Infinity LC G4294B high performance
liquid chromatography system (Agilent Technologies, Inc., USA). HPLC separation was carried out with flow
rate 1 mL/min. A mobile phase consisted of: (A) HPLC water +0,05% trifluoroacetic acid (TFA) and (B)
methanol +0,05% TFA for the CYN determination®, and (A) HPLC water +0,05% TFA and (B) ACN +0,05%
TFA for MC¥. The column oven temperature settled at the 40 °C. Injection volume was 20-40 pL. Standards
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used for the toxin identification and concentration determination were MC-LR obtained from the Abo Akademi
University (Jussi Meriluoto lab) and CYN isolated from Anabaena lapponica®.

Gene expression

RNAs were collected for the measurement of the mcy and cyr gene expression. In each of the sampling periods,
4 mL of samples (M. aeruginosa) or 15 mL (R. raciborskii) was collected into the falcons and 96% EtOH was
added to stop transcriptomic activity. Samples were centrifuged for a 5 min at 10,000 x g, at 4 °C and pellet
was resuspended with 1 mL of supernatant and transferred to the new 2 mL Eppendorf tubes for another
centrifugation for 10 min at 10,000 x g and 4 °C. Supernatant was discarded and samples stored at -20 °C. During
RNA extraction, glass beads were added to cell pellet in 1:1 ratio then 500 uL of TRI reagent and samples were
vortexed for 10 min in room temperature then after addition of 100 uL of chloroform vortexed for 15 s. Samples
were incubated for 15 min at room temperature then centrifuged for 15 min 10,000 x g, at 4 °C. Upper-water
phase was taken into new RNase-free tubes, 250 pL of isopropanol was added for the precipitation of the RNA
and incubated for 1 h in 4 °C after mixing the tubes gently. Samples were centrifuged again for 20 min at 10,000 x
& at 4 °C and supernatant was discarded. For the washing step, 750 uL of 85% RNase-free ethanol was added and
centrifuged for 5 min at 10,000 x g, at 4 °C. Samples were air-dried and then resuspended with 30 pL of RNase
free water and stored at -20 °C.

For ¢cDNA synthesis 0.5 uL of 10x MgCI2 buffer, 4 uL of RNA, 0.5 uL of DNase I (RNase-free Thermo
Scientific). RNA was estimated using NanoDrop and approximately 500ng/uL RNA was used. Reaction mixture
was incubated for 30 min at 37 °C then DNase was inactivated by adding 0.5 pl of 50nM EDTA and incubated
more for 10 min at 65 °C. Afterwards, reaction mixture was created with following elements: 2.1 pL of DEPC-
treated water, 1 uL of 10x RT buffer, 0.4 uL of 25x ANTP mix, 1 pL of 10x random primers and 0.5 pL of reverse
transcriptase which sums up as 5 pL of mix per sample. Then this mix was combined with 5 pL of RNA treated
with DNase 1. Specific temperature profile was applied: 10 min at 25 °C, 120 min of 37 °C and 5 min of 85 °C.
Prepared samples were stored at 4 °C for further analyses. Synthesized cDNA was analyzed with qPCR using
SYBR Green in two replicates using Bio-Rad CFX96 device. Cycles started with 120 s of 50 °C, 120 s of 95 °C,
followed by 40 cycles of 95 °C for 15 sand 60 °C for 60 s, and then 65 °C to 95 °C with increment of 0.5 °C
temperature increase.

Relative gene expression was interpreted based on the quantification cycle (Cq) value outcomes from qPCR.
Housekeeping genes that occur in one copy of the genome, specifically rpoC (for M. aeruginosa) or prs/rnpA (for
R. raciborskii), were used to normalize transcript abundances while relative quantification was conducted using
the AACt-based method. Changes in the relative expression levels of genes associated with microcystin (mcyE,
mcyB), or cylindrospermopsin (cyr], cyrB) production during the cyanophage infection were calculated (Table
S1).

Statistical analyses

While performing statistical analyses and creating graphs, GraphPrism software for Windows was used. One-
way ANOVA test was performed with Tukey’s post-hoc test in Statistica. Missing and inaccurate values were
not included in the statistical analysis. There were three replicates in each control and experimental group in
every timepoint. Values in the graphs indicate the mean number of the three replicates for each group at specific
timepoint, error bars in the graphs show the standard deviation of the means (SD). Graphs were prepared and
presented in GraphPrism software. Mean differences with a significance value lower than *p <0.05, **p <0.01,
***p <0.001, were considered statistically significant.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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