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Summary

Cylindrospermopsis raciborskii is a central bloom-
forming cyanobacteria. However, despite its ecologi-
cal significance, little is known of its interactions with
the phages that infect it. Currently, only a single
sequenced genome of a Cylindrospermopsis-
infecting phage is publicly available. Here we
describe the isolation and characterization of Cr-
LKS3, a second phage infecting Cylindrospermopsis.
Cr-LKS3 is a siphovirus with a higher genome simi-
larity to prophages within heterotrophic bacteria
genomes than to any other cyanophage/cyano-pro-
phage, suggesting that it represents a novel
cyanophage group. The function, order and orienta-
tion of the 72 genes in the Cr-LKS3 genome are
highly similar to those of Escherichia virus Lambda
(hereafter Lambda), despite the very low sequence
similarity between these phages, showing high evolu-
tionary convergence despite the substantial differ-
ence in host characteristics. Similarly to Lambda, the
genome of Cr-LKS3 contains various genes that are
known to be central to lysogeny, suggesting it can
enter a lysogenic cycle. Cr-LKS3 has a unique ability
to infect a host with a dramatically different GC con-
tent, without carrying any tRNA genes to compensate
for this difference. This ability, together with its
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potential lysogenic lifestyle shed light on the com-
plex interactions between C. raciborskii and its
phages.

Introduction

Non-marine cyanobacteria are highly diverse in their
shapes (unicellular, colonial, filamentous, or branching),
their ability to differentiate into several specialized cell
types (heterocyst, akinete, hormogonia), and in the envi-
ronments they inhabit (freshwater, brackish, desert crust,
lithosphere, halophilic, hyperthermophile, etc.)
(Sarma, 2013). Moreover, cyanobacterial genomes vary
dramatically in size and contain multiple anti-phage
defence systems (Makarova et al., 2011). Thus, it is not
surprising that the phages infecting these cyanobacteria
(cyanophages) are highly diverse, as well.

It is currently possible to obtain much information regard-
ing phage diversity from metagenomics data. However, an
in-depth ecological understanding of phage diversity and its
role in shaping the host populations still requires identifica-
tion of the phage hosts (Coclet and Roux, 2021). Thus, to
gain insights into phage—host interactions, we remain
restricted to isolated phages whose genome and host are
known, or to phages for which hosts were identified by
molecular [e.g.: (Deng et al., 2014; Ignacio-Espinoza
et al., 2020)] or bioinformatic methods [reviewed in (Coclet
and Roux, 2021)]. However, despite significant advances in
this field (Coclet and Roux, 2021), our ability to identify non-
marine cyanophages in metagenomes is still limited. The
small number of sequenced genomes (<30; Table S1),
together with the high diversity of these sequenced
genomes, restrict the abilty to identify novel viral
sequences as cyanophages. Moreover, the isolation and
genomic characterization of new non-marine cyanophages
are essential for PCR or probe-based quantification
methods such as Polonies (Baran et al., 2018), and for
physiological and co-evolution studies. Identification and
characterization of cyanophages infecting bloom-forming
cyanobacteria strains are particularly important, as it is a
necessary step in enhancing our understanding of the role
played by phages in bloom dynamics.
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Cylindrospermopsis raciborskii is a central bloom-
forming cyanobacteria. It is considered an invasive
species and, in many cases, forms toxic blooms
(Sukenik et al., 2012). Two phages that infect C.
raciborskii were previously isolated. The first, AR-1,
was isolated from polluted pond waters in India (Singh
and Singh, 1967). It was host specific but was never
fully characterized. The second phage infecting C.
raciborskii (CrV) was isolated from a lake in the
Netherlands (Steenhauer et al., 2016). This phage is
host-specific as well, and has a long non-contractile tail
and double-stranded DNA, suggesting it belongs to the
Siphoviridae family. The genome of CrV was recently
sequenced (Martin et al., 2019), and it consists of
104 363 bp and 123 open reading frames (ORFs). CrV
was suggested to be obligatory lytic, though it may
have relatives that lysogenize natural populations of
cyanobacteria (Martin et al., 2019). Here, we describe
the isolation of a novel phage named Cr-LKSS3,
infecting C. raciborskii, and the study of its genome to
advance our understanding of population dynamics of
C. raciborskii and its phages.

Results and discussion
Cr-LKS3 is a siphovirus with a linear genome

Cylindrospermopsis phage Cr-LKS3 (hereafter Cr-
LKS3) was isolated from Lake Kinneret during a
Cylindrospermopsis bloom, wusing C. raciborskii
st. KLLO7, which was previously isolated from the
same lake (Alster et al., 2010), as a host. Imaging Cr-
LKS3 by scanning electron microscopy (SEM) shows
that it has an icosahedral capsid and a non-contractile
tail (Fig. S1), suggesting that it is a member of the
Siphoviridae family.

The genome of Cr-LKS3 is composed of linear double-
stranded DNA 46 251 bp in length, which is 32%—50%
the size of genomes of other known siphoviruses
infecting  bloom-forming  freshwater  cyanobacteria
[92 627—-144 444 bp (Morimoto et al., 2020)], but longer
than genomes of other sipho-cyanophages [e.g. S-LBS1,
which is 34 641 bp long (Zhong et al., 2018)]. It has
cohesive ends with 5 extensions that form a cos site
when annealed (see details in the Supplementary Infor-
mation text), which is similar to Lambda (Vahanian
et al., 2017). The cos site is a 9 bp long site with the
sequence GGGCTCGCG, which is shorter than the
12 bp cos site of Lambda, but longer than the shortest
known cohesive ends (7 bp) (Vahanian et al., 2017). The
sequence of the first 4bp and of the nucleotides
upstream (2) and downstream (2) to the cos site is identi-
cal to that of Lambda and other Lambda-like phages
(Vahanian et al., 2017), while the other 5 bps are

different. This result is consistent with the high conserva-
tion known for these loci (Vahanian et al., 2017).

The GC content of Cr-LKS3 differs from its host

The GC content of Cr-LKS3’s genome is 66.3%, which
is much higher than the GC content of the host used
for isolation (40.2%). The level of compatibility of a
phage to its host's GC content (which correlates with
levels of similarity in codon usage) was suggested to
affect the efficiency of phage infection (Limor-waisberg
et al., 2011). It was previously shown in marine cyano-
bacteria that the GC content of host-specific phages is
similar to that of their hosts. In contrast, the GC content
of broad host range phages is similar to the lowest
value among their hosts, and they carry multiple tRNA
genes that could compensate for the difference with
other hosts (Limor-waisberg et al., 2011; Enav
et al., 2012). Therefore, it was surprising that the GC
content of Cr-LKS3 was so much higher than that of
the strain used for isolation, while the phage carried no
tRNA genes. This may suggest a novel mechanism
used by Cr-LKS3 to compensate for large differences
in nucleotide and codon composition.

We, therefore, wished to examine whether additional
phages exist that can infect hosts with dramatically dif-
ferent GC content than their own, but with no encoded
tRNA genes. Previous studies were based on podo-
and myo-cyanophages (Limor-waisberg et al., 2011;
Enav et al., 2012), probably due to the low number of
available sequences for sipho-cyanophages when
these studies were published. However, many
genomes of sipho-cyanophages were subsequently
published, enabling examination of the relevance of
the CG correlations described for podo- and myo-
cyanophages, in sipho-cyanophages and their hosts.
The range of GC content of sipho-cyanophages
(35.2%—-69.4%) was broader than that of podo-
(37.9%—-55%) or myo- (34.3%-51.7%) cyanophages
(Table S1). In sipho-cyanophages, tRNA genes (1-3)
were identified in only 10 of the 27 sequenced
genomes (Table S2). Moreover, while 7/10 of the
siphoviruses with a sequenced host genome varied
from their host in GC content by more than 5%, only
one of these seven had tRNA genes (2) in its genome
(Fig. 1A; Table $S2), suggesting that sipho-
cyanophages do not usually use tRNA genes to com-
pensate for the difference in GC content from their
host’s genome. A striking example for this phenome-
non may be seen in two phages (Mic1 and vB_MaeS-
yong1), both isolated from different strains of Micro-
cystis aeruginosa (GC content of 42.1-43.2), which
have GC content of 35.1% and 66.7%, while carrying
no tRNA genes (Fig. 1B; Table S2). These results
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Fig. 1. GC content of sipho-cyanophages and their hosts.

Phage GC (%)

A. GC content (%) of phage-host couples in all sipho-cyanophages with sequenced genome for both phage and host, and in a subset of the
sequenced podo- and myo-cyanophages. Phages isolated from non-marine (black) and marine (grey) environments. Black line shows equal GC
content of the host and phage. Grey dashed lines delineate the region in which the difference in GC content of the phage and host differ by <5%.
B. GC content (%) of all sequenced sipho-cyanophages and a subset of the sequenced podo- and myo-cyanophages ordered based on their
host. The size of the circle reflects the number of tRNA genes in the phage genome. Pink areas show the range of GC content (%) of all
genomes belonging to the relevant host genus (no data for Arthonema). Raw data can be found in Table S2.

suggest that Cr-LKS3, together with other sipho-
cyanophages, resolve the difference in GC content rel-
ative to their host, using a mechanism different from
the tRNA strategy previously described.

Genes of Cr-LKS3

The genome of Cr-LKS3 contains 72 ORFs, 42 of which
have homologues (blastp; E-value <0.0001) in the non-
redundant protein database (Table S3). Twenty of these
ORFs have predicted functions (Fig. 2; Table 1). Using

HHpred, predicted functions were assigned to 19 addi-
tional ORFs, which reduced the number of hypothetical
genes of unknown function to 33 (45.8%).

Cr-LKS3 belongs to a novel cyanophage genomic
lineage

The genome of Cr-LKS3 showed no sequence similarity
(at either nucleic or amino acid levels) to the genome of
CrV, which is the first sequenced phage that infects
C. raciborskii. We wished to identify other cyanophages
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Table 1. ORFs with predicted function in the genome of Cr-LKS3.

A Lambda-like phage infecting cyanobacteria 2439

2ORF °No. a.a ORF “Prediction
No. bStart *End (strand) Protein Category Name Predicted Function category
1 95 610 171 (+)  DNA packaging nut Terminase small subunit 1
2 603 2708 701 (+)  DNA packaging A Phage terminase large subunit A 1
3 2705 2923 72 (+)  Capsid structure and assembly w Possible head completion protein 2
4 2923 4476 517 (+)  Capsid structure and assembly B Portal protein 1
5 4473 5747 424 (+)  Capsid structure and assembly Cc Capsid assembly protease C 1
6 5754 6140 128 (+)  Capsid structure and assembly D Head decoration protein D 1
7 6153 7175 340 (+)  Capsid structure and assembly E Major capsid protein 1
9 7409 7741 110 (+)  Capsid structure and assembly Fll Possible head-tail joining protein 2
10 7738 8139 133 (+)  Tail structure and assembly Possible tail fibre protein 4
11 8136 9935 599 (+)  Tail structure and assembly Possible tail fibre protein 1
12 9932 10,924 330 (+)  Tail structure and assembly Tail assembly protein 1
14 11265 11762 165 (+)  Tail structure and assembly U Possible tail tube terminator protein 2
16 11974 12801 275 (+)  Tail structure and assembly Possible major tail protein 1
18 13 221 13775 184 (+)  Tail structure and assembly z Possible tail completion protein Z 2
19 13775 18157 1460 (+)  Tail structure and assembly H Phage tail tape measure protein 1
21 21393 21719 108 (+)  Tail structure and assembly L Possible tail tip protein L 5
22 21716 22969 417 (+)  Tail structure and assembly J Possible tip attachment protein J 2
24 23692 24708 338 (+) Recombination, integration, and int Integrase 1
excision
26 25135 24938 65 (—) Recombination, integration, and Xis Possible excisionase 3
excision
34 27744 27 304 146 (—)  Recombination, integration, and Bet? Single-stranded DNA-binding protein 1
excision
35 28397 27741 218 (=)  Recombination, integration, and exo Exonuclease 1
excision
46 32969 32613 118 (—)  Transcription regulation cl Possible repressor protein cl 2
47 33058 33330 90 (+)  Transcription regulation cl Repressor protein cl 1
48 33457 33870 137 (+)  Transcription regulation cl Possible repressor protein cl 3
51 34288 34644 118 (+)  Recombination, integration, and ninG?  Possible phage RecA-dependent nuclease 1
excision
53 34890 35564 224 (+)  DNA replication and modification 0} Possible replication protein O 3
54 35 561 36 862 433 (+)  DNA replication and modification dnaB Replicative DNA helicase 1
55 36862 37374 170 (+)  Recombination, integration, and ninB Possible protein ninB 2
excision
58 38260 38997 245 (+)  DNA replication and modification Methyltransferase 1
59 39044 40894 616 (+)  DNA replication and modification DNA methylase 1
61 41232 41651 139 (+)  Recombination, integration, and rusA RusA family crossover junction 1
excision endodeoxyribonuclease
62 41793 42212 139 (+)  Transcription regulation Q Possible antitermination protein Q 2
63 42479 42802 107 (+) Lysis Rz Possible spanin, inner membrane subunit 5
64 42750 43076 108 (+)  Lysis Rz Possible spanin, inner membrane subunit 5
66 43336 43851 171 (+) Lysis R Endolysin 1
67 43 861 44 598 245 (+) Lysis Rz1 Possible spanin, outer lipoprotein subunit 4
68 44595 44819 74 (+) Lysis Rz1 Possible spanin, outer lipoprotein subunit 4
69 44946 45281 111 (+) Lysis Rz Possible spanin, inner membrane subunit 4
70 45278 45628 116 (+) Lysis Rz1 Possible spanin, outer lipoprotein subunit 4

20RFs with no predicted function were excluded.

PStart/End — Locus of the first/last nucleotide of the gene respectively.

°Number of amino acids in a gene. In parentheses, the directionality of the gene: plus/minus strand.
dCategory: 1 — BLASTp against the n/r protein database (E-value<0.0001); 2 — HHpred 99%—100%; 3 — HHpred 98%-99%; 4 — HHpred 90%—
98%; 5 — HHpred 80%—90%; HHpred against UniProt-SwissProt_viral70_23_Aug_2020. See details in Table S3.

showing nucleotide-level genomic similarity to Cr-LKS3.
To this end, we compared the average nucleotide identity
of Cr-LKS3 to a collection of 65 cyanophage genomes
(Table S2), using fastANI (Jain et al., 2018), with loose
parameters (kmer size = 10, fragment length >200). Our
search did not yield nucleotide-level genomic similarity to
any cyanophage.

Only eight genes of Cr-LKS3 had homologues in non-
marine cyanophages (Table S3), and none of these

cyanophages had more than two homologous genes in
their genomes. Moreover, the vast majority of the homo-
logues in non-marine cyanophages showed much lower
similarity to Cr-LKS3 than those in heterotrophic bacteria
(Fig. S2), and these homologues did not cluster with the
genes of Cr-LKS3 (Fig. 3D and E). These results suggest
that Cr-LKS3 belongs to a novel group infecting cyano-
bacteria that evolved separately from other known
cyanophages.
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To identify additional phage genomes belonging to this
group, we searched for homologues of Cr-LKS3 genes in
existing metagenomic datasets of microbial populations
from six aquatic environments in Israel. We identified
(see methods for details) a full circular, 47 137 bp long,

phage genome that highly resembled the genome of Cr-
LKS3, in Dalton reservoir. This reservoir contains fresh-
water mixed with treated wastewater and is located
approximately 25 km north-western to the location of Cr-
LKS3 isolation. We named this novel phage Cy-LDV1
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(Fig. S3B). The genome of Cy-LDV1 contains 66 genes,
44 of which are homologues of genes in the Cr-LKS3
genome and they show high synteny with the Cr-LKS3
genome. Nine of the 22 ‘non-homologous’ genes in Cy-
LDV1 genome have a predicted function. Interestingly, all
these functions are found in the Cr-LKS3 genome and
five of them are also located at the parallel locus to that
function in Cr-LKS3 (Tables S3 and S4). These results
show that the distribution of the Cr-LKS3 lineage is not
restricted to Lake Kinneret. Additionally, the differences
between Cr-LKS3 and Cy-LDV1 suggest that they are
members of a diverse lineage.

Similar functional structure of Cr-LKS3 and Lambda
despite low protein-level sequence similarity

The morphology of Cr-LKS3, which resembles the
siphoviridae family and the cohesive ends, which resem-
ble the ends of Lambda genome, suggested that Cr-
LKS3 may be a lambdoid phage, and thus, we compared
their genomes. Although the size of Cr-LKS3’s genome
(46 251 bp) is similar to that of Lambda (48 502), there is
a very low amino acid sequence similarity between their
genomes (Fig. 4). Low similarity [<30% aa identity per
gene; (Rost, 1999)] between the genomes was found in
Cr-LKS3 ORFs 2, 4, 5, 7 and 35, which correspond to
genes A, B, C, E and exo (see Table S5) in Lambda.
These genes are involved in DNA packaging (A),
procapsid structure and assembly (B, C and E), and
homologous recombination (Casjens and Hendrix, 2015).
None of the other genes in the genome of Cr-LKS3
(86.3% of the genome) showed any sequence similarity
to Lambda.

Although very low sequence similarity was found
between the genomes of Cr-LKS3 and Lambda, the
order and orientation of the Cr-LKS3 gene clusters
highly resemble those of Lambda (Fig. 4). Both
genomes start at the cos-site, followed by the small and
large subunits of the terminase. The next gene cluster
encodes for procapsid related genes, followed by a
large cluster that is tail-related. All the above are
encoded on the plus strand of the genome. These

A Lambda-like phage infecting cyanobacteria 2441

structural genes are followed by genes responsible for
the ability to lysogenize. These genes, such as those
responsible for site-specific and homologous recombina-
tion are all found in Lambda on the minus strand, and in
Cr-LKS83, all except the integrase (int), are on the minus
strand. The final part of the genome, which is responsi-
ble, in both phages, for DNA replication and host lysis,
starts in both phage genomes with a cro or cro-like
gene, followed by central DNA replication genes. In
Lambda and other lambdoid phages, DNA replication is
initiated by a protein complex formed by the O protein,
the host DnaB helicase and the P protein, which is
responsible for the recruitment of the host DnaB
(Casjens and Hendrix, 2015). In analogy to other lam-
bdoid phages, Cr-LKS3 has its own helicase; thus, this
complex in Cr-LKS3 has the same function while built
from different phage proteins. In both genomes this clus-
ter is on the plus strand. Both genomes end with genes
responsible for host cell lysis. Thus, the genomes of
Lambda and Cr-LKS3 are highly similar (where the func-
tion of the genes is known) in terms of gene function
and orientation, despite the great phylogenetic distance
and different hosts.

The high similarity in the functional composition of the
genomes of Cr-LKS3 and Lambda strongly suggests that
this structure has an unknown advantage. The phages
maintained this structure through a substantial evolution-
ary period, despite marked divergence in their genome
sequence (both DNA and amino acid) and in the charac-
teristics of their hosts.

Cr-LKS3 is closest to prophages within heterotrophic
bacteria genomes

Forty-two of the ORFs in the Cr-LKS3 genome have
homologues in the n/r protein database (Table S3). Sur-
prisingly, the best hits of only four genes were in phage
genomes (two in cyanophages and two in phages of
heterotrophic bacteria), while the best hits of 38 (90%)
of these genes were in genomes of heterotrophic bacte-
ria (Table S3). Similarly, 95% of the hits were found in
heterotrophic bacteria when we examined the 10 best

Fig. 3. Cr-LKS3 has a mosaic genome.

A. Heatmap summarizing the amino acid % identity of Cr-LKS3 genes to their homologues. Hierarchical clustering of the genes (G#) was done
based on Euclidean distance of percent identity values. Depicted values for the 10 best hits per gene (a single best representative per genus),
and the values of hits for all homologues of other genes in the heatmap within those genera. Taxonomic classification at the phylum level is

shown on the right side.

B. First six genes in Cr-LKS3 genome coloured according to the gene clustering clade (C—F). Genes with no homologues in the genomes shown

in the phylogenetic trees are indicated in grey.

C-F. Maximum likelihood phylogenetic trees of genes 1, 2, 4 and 5. Bootstrap values (out of 100) >50 are shown on the branches. Blue and
orange indicate organisms that cluster together in all trees; red marks Cr-LKS3; green marks cyanophage. Accession numbers of the genomes
of the organisms shown in the phylogenetic trees (C—F) are listed in Table S6. Aeromo., Aeromonas; bact., bacterium; Providen., Providencia;

Pseudoxa., Pseudoxanthomonas; Rhodanobac., Rhodanobacter;

Xanthomonadaceae.

Ste., Stenotrophomonas; Synechococ., Synechococcus; Xanthom.,
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hits (Fig. 3A). At least one of the two best hits in most
(30) of these 38 ORFs was located within prophages
that are integrated into these genomes (Table S3).
Within the other eight genes, six had a distinctive viral
function (Portal protein, Tail assembly protein, Repres-
sor protein cl, Replication protein O, Spanin) also
suggesting their origin from a prophage. These results
suggest that the closest known relatives of Cr-LKS3
infect heterotrophic bacteria and can enter a lysogenic
cycle.

Lysogeny potential

The fact that the closest known relatives of Cr-LKS3 can
enter a lysogenic cycle may suggest that Cr-LKS3 has or
used to have a similar capacity. The genome of Cr-LKS3
contains various genes that are known to be central to
lysogeny, due to their role in recombination, integration, and
excision; these encode integrase, excisionase, exonucle-
ase, etc. (see Fig. 2; Table 1). Moreover, these genes are
in a similar position as the genes with similar function in the
genome of Lambda (Fig. 4), indicating that their location
may be important to their function. Additionally, these genes
may be regulated in a similar manner as in Lambda, due to
the presence of the potential regulatory genes that belong
to the cro/cl repressor family (gene 46/47) at the same posi-
tion and orientation as in Lambda (Fig. 4).

One of the genes that is essential for lysogeny is the
integrase. The directionality of the integrase gene is highly
conserved in prophages recovered from genomes of vari-
ous Gram-positive and Gram-negative bacteria (Canchaya
et al., 2003), as well as in the genome of Cr-LKS3's rela-
tive, Cy-LDV1 (Fig. S3). However, in the genome of Cr-
LKSS, the gene coding for the integrase protein, while
located at the same locus as in Lambda, is encoded on the
plus strand instead of the minus strand (Figs 2 and 4). As a
result, it is potentially regulated together with genes that
take part in the lytic cycle instead of the lysogenic cycle.
This suggested that Cr-LKS3 cannot enter a lysogenic
cycle. However, the fact that (at least) one phage that
carries an ‘inverted’ integrase gene (Phage Gifsy-1) is lyso-
genic (Canchaya et al., 2003) suggests that Cr-LKS3 do
have the ability to become lysogenic as well. Thus, it is yet
to be understood what is the lysogeny potential of Cr-LKS3.

Genome mosaicism in Cr-LKS3

While the function of most of the genes in Cr-LKS3 genome
was similar to those of Lambda and they had similar loci
and orientation, their nucleotide and amino acid sequence
differed dramatically. Moreover, the Cr-LKS3 genome
showed low similarity to any known genome, which was
manifested in various ways: First, 30 of Cr-LKS3’s 72 genes
had no homologue in the n/r protein database, and these
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30 genes were scattered along the Cr-LKS3 genome
(Table S3). Second, best hits to viral genomes (blast
against non-redundant protein database, taxid: 10239 —
viruses) were to siphoviruses (41%), myoviruses (32%),
podoviruses (25%), or to unclassified viruses [2%;
Table S3)]. The hits to the different viral families were
scattered all over Cr-LKS3’s genome. Moreover, when we
looked at the taxonomy of the organisms in which we found
the top 10 hits (at the genus level), we found a dispersed
pattern with only two pairs of neighbouring genes that clus-
tered together (genes 4 and 5, and genes 6 and 7;
Fig. 3A). These latter genes are all related to the capsid
structure and assembly, which tend to be more conserved
genes in Lambdoid phages. Genes 4 and 5 clustered with
the nearby gene 2. A phylogenetic characterization of the
genes in this region (Fig. 3) revealed that this region proba-
bly experienced multiple recombination events, as the phy-
logeny of genes 1 and 2 is different from that of genes
4 and 5, and moreover, genes 3 and 6 had no homologues
in any of the genomes with high similarity to genes 1 and
2 and genes 4 and 5 (Fig. 3).

These results suggest that while it is possible that Cr-
LKS3 and Lambda had a common ancestor, their
genomes experienced multiple recombination events with
various Caudovirales phages and other unknown organ-
isms during their evolution. This mosaicism is surprising
given the high similarity in function location and orienta-
tion of the genes of Cr-LKS3 and those of Lambda, which
may be a signal for strong and convergent selection.
Such an evolutionary pattern has been observed in other
lambdoid phages (Casjens and Hendrix, 2015); however,
the signal in Cr-LKS3 is uniquely strong, due to the
exceptional conservation of gene order and orientation
despite the substantial divergence in sequence and host.

Conclusions

Cr-LKS3 is the second identified phage with a sequenced
genome that infects the bloom-forming cyanobacteria
Cylindrospermopsis raciborskii. 1t belongs to a novel
clade of cyanophages, related to Lambda. Unlike marine
podo- and myo-cyanophages, each of which appears to
have one or two common ancestors that infected cyano-
bacteria (for T7-like, T4-like, and S-TIM5-like phages),
sipho-cyanophages seem to be acquired multiple times.
Cr-LKS3 is an example for such an introduction. Its high
GC content, which is considerably different from that of
its host, may suggest that it is at an early stage of a long
adaptation, and that it might evolve a lower GC content in
the future similar to other cyanophages. This also sug-
gests that Cr-LKS3 has an, as yet uncharacterized,
mechanism that enables the infection of hosts with highly
different GC content, and that a similar mechanism may
be present in additional sipho-cyanophages.
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We are still far from understanding the full diversity of
non-marine cyanophages, but the characterization of the
genome of Cr-LKS3 provides an important step in this
direction.

Methods
Cyanobacteria strains used in this study

Cr-LKS3 was isolated using C. raciborskii st. KLLO7
(Alster et al., 2010), which was kindly given to our lab by
Ora Hadas from the Kinneret Limnological Laboratory at
the Israel Oceanographic and Limnological Research
(IOLR) Institute. This strain is nontoxic and was isolated
from Lake Kinneret (Alster et al., 2010). GeneBank
accession number of the genome of this strain is
CP091284.

Culture conditions

All cultures were grown in BG-11 medium (Stanier
et al., 1979) at 24°C, at a light intensity of 5-7.5 umol
photons m 2 s~ ' and under a regime of 14:10 light—dark
diel cycle. Relative growth of the cyanobacteria cultures
was estimated by chlorophyll autofluorescence, using a
BioTek Synergy H1 microplate reader at excitation and
emission of 440 and 680 nm respectively. Plaque assays
were performed by pour plating of diluted phage-
containing lysates with the appropriate cyanobacteria
strain and with Invitrogen UltraPure low melting point
agarose at a final concentration of 0.28% mixed with BG-
11 medium, in 9 cm Petri dishes.

Phage isolation

Cr-LKS3 was isolated from water sampled at a depth of
5 m in Station A (32°82.146'N 35°35.191’E) in the middle
of Lake Kinneret (25.9.2017) by the monitoring crew of
Lake Kinneret (IOLR). Isolation was performed by four
sequential plaque assays using C. raciborskii as the host.
After the final plaque assay, the phage was used to inocu-
late the host in liquid medium. After the host population was
cleared, the lysate was filtered through a 0.22 pm filter.
Host inoculation in liquid medium by the phage was
repeated to enlarge the volume of the phage (in a 1:10
phage to host volume ratio). The phage was preserved in
50% SM buffer (100 mM NaCl, 10 mM MgSO, 50 mM
Tris—HCI [pH 7.5], and 0.01% gelatin) for further study.
Samples that were preserved at 4°C were revived by inocu-
lating 180 pl of host culture with 20 pl preserved phage cul-
ture in a 96 well plate. Samples that were preserved at
—80°C were revived by fast thawing (3 min) in a 40°C
water bath, followed by plating as above.

Scanning electron microscopy

Morphology of Cr-LKS3 was determined by SEM. Phage
lysate was filtered through a 0.22 pm filter and the filtrate
was used for imaging and then applied onto a silicon chip.
Before phage application, each chip (5 x 5 mm diced sili-
con wafer, 270c BN16008E) was coated with 0.2 mg mi~"
poly-Lysine. After exactly 25 min at room temperature (RT),
the chip was washed three times with double distilled water,
and air-dried for 5 min at RT. Next, 20 pl of concentrated
and filtered lysate was applied on the silicon chip and incu-
bated at RT for 2 h. Prior to fixation, the sample was
washed again three times with sample medium (BG-11).
For fixation, samples were first incubated in the original
sample medium (BG-11) with 2% glutaraldehyde (GA) and
2% paraformaldehyde (PFA) for 10 min at RT, and then
transferred to the second buffer containing 0.1 M
cacodylate buffer pH = 7.4 with 2% GA and 2% PFA and
incubated for an additional hour at RT. For post-fixation, the
sample was washed three times with 0.1 M cacodylate
buffer pH = 7.4 and incubated in freshly prepared 1%
0sQO, in 0.1 M cacodylate buffer for 10 min at RT, covered
with aluminium foil. Then, the chip was dehydrated through
a graded ethanol series: 30%, 50%, 70%, 90%, 95% and
100%; 2 x 2 min for each step, with an additional 3 min for
the last step. For the final dehydration step before coating
with chromium, critical point drying was used. Two-
nanometre thick chromium coating was applied using the
coating devise Quorum Q150R ES. Chips were examined
using a Zeiss Sigma FE-SEM equipped with Gemini col-
umn and Oxford Instruments with an INCA Penta FET-X3
detector.

Analysis of cyanophage genomes in NCBI

A list of all full phage genomes in NCBI was created
using the pipeline described in Michniewski et al. (2019)
(Feb 2021). Cyanophage genomes were sorted from this
list according to their hosts using Excel, and all duplica-
tions were removed manually. Only one entry per phage
species was maintained (total of 151 genomes;
Table S1). The genomes were then sorted to marine and
non-marine by their host genus. The one cyanobacterial
genus that has both marine and non-marine strains in this
list is Synechococcus. Three phages infecting non-
marine Synechococcus (S-LBS1, S-EIV1 and S-CRMO01)
(Dreher et al., 2011; Chénard et al., 2015; Zhong
et al., 2018) were sorted out of the marine cyanophages
based on the reported source of isolation.

Specific host strain was assigned to each phage using
the virus-host database (Mihara et al., 2016) or NCBI data.
In phages for which this information was not provided, we
looked for information in the GeneBank file of the phage
genome or in the paper describing the isolation of the
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phage. For two phages (Table S2), we were unable to find
the specific host strain. GC content of the phage/host
genomes was obtained from NCBI data. The genomes were
scanned for tRNA genes by tRNAscan-SE 2.0 server, using
the bacterial sequence source (Chan and Lowe, 2019).

Whole-genome sequencing

DNA was extracted using the phenol/chloroform method
following the protocol in Pickard (2009). Libraries were
prepared using Quantabio’s sparQ DNA Frag & Library
Prep Kit with lllumina’s TrueSeq DNA CD indexes. The
phage’s entire genome was sequenced by an lllumina
MiSeq machine (2 x 150 bp). A quality assessment of the
sequences was performed using FastQC (standard param-
eters) (Andrews, 2010). Quality trimming was performed
using Trim Galore 0.4.2 (parameters: phred 33, quality 20),
in order to discard the adapter sequences, and the read
quality was reassessed. Assembly was performed using
SPAdes 3.9.0 genome assembler (phred offset 33, threads
24, only-assembler, K-127, 77, 55,105) (Nurk et al., 2013).
Gene prediction was done as in Zhong et al. (2018), using
GeneMarkS [threshold value = 0.5; (Besemer et al., 2001)]
and PROKKA [(Seemann, 2014) with default parameters]
to predict ORFs. The amino acid predictions of Cr-LKS3 by
these tools were highly similar (92.1%). When the prediction
results were different, the longer sequence was kept, as in
Zhong et al. (2018). The predicted genes were annotated
using blastp (Wheeler et al.,, 2002) against NCBI non-
redundant protein database (Metrix Blossom 62, standard,
expected threshold =10). Predicted sequences with e-
values <10~* were considered to be homologues following
Zhong et al. (2018). For genes that had no significant
amino acid similarity to any sequence in the non-redundant
protein database, predicted function was assigned using
HHpred with default parameters (Zimmermann et al., 2018).
The database used for these predictions was UniProt-
SwissProt viral70, 23 August 2020. HHpred Probability was
indicated (see Table S3). Results with probability lower than
80% are not shown. Additionally, the average nucleotide
identity of Cr-LKS3 was compared to a collection of
65 cyanophage genomes (Table S2), using fastANI (Jain
et al., 2018), with loose parameters (kmer size = 10, frag-
ment length >200). Nucleotide sequence of Cr-LKS3 has
been deposited in GeneBank under the accession number
OM373202.

Identification of homologues in prophages

The genome, which was the source of each of the top
two hits of each gene, was identified using NCBI website.
Each genome or partial genome was scanned by
PHASTER (Arndt et al., 2016) with default parameters to
identify prophage regions. We then verified that the
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homologous gene was indeed within one of the identified
prophages. Genomes, in which no prophage overlapped
the homologous gene locus, were scanned in a similar
manner by PhageBoost (Sirén et al., 2021). The
remaining genes were analyzed manually. The homolo-
gous gene was then identified in the protein FASTA file
of the genome, and the genes upstream and downstream
to the homologous gene were scanned. Genes that were
surrounded by at least four structural phage genes (cap-
sid/head/tail related) along with multiple hypothetical
genes were classified as located in a probable prophage.
These prophages may be non-functional.

Identifying relatives of Cr-LKS3 in environmental
datasets

We used metagenomic recruitment to search for relatives
of Cr-LKS3 in natural populations sampled from Lake
Kinneret (from which Cr-LKS3 was isolated) and additional
five freshwater ponds in Israel (PRINA497963 in the NCBI
BioProject database; see Fig. S4). For recruitment we used
Cr-LKS3 protein sequences as queries against BLAST
databases made of each metagenomic sample (tBLASTn,
E-value <1e-4), following Sabehi et al. (2012). We found
extensive coverage of the Cr-LKS3 genome with high
amino acid sequence similarity in two metagenomes (5 and
0.22 pm fractions) of a single sample (Lake Dalton reser-
voir, lIsrael; 33.013770N 35.459780E; November 2015;
Fig. S4). We then assembled the metagenomes from the
Dalton reservoir, using metaSPADES [v3.14.1; (Nurk
et al., 2017)], and then mapped Cr-LKS3 protein sequences
to the scaffolds using tBLASTn, as above. We identified a
few scaffolds that resembled Cr-LKS3 in gene order and
amino acid sequence (Fig. S3A). Analysis code is available
at github.com/danschw/phage_e. Using the sequences of
scaffolds 124, 371 and 10 281 (Fig. S3) we were able to
assemble a full scaffold covering all the genome of Cr-
LKS3. This scaffold seemed to be circular, and thus for the
ease of further analysis it was cut in the homologous locus
of the cos-site in Cr-LKS3, and the regions that were at the
ends of the genome were now connected to form a trun-
cated gene homologous to gene 19 of Cr-LKS3 (using
‘nnnn’ to fill the gap). We then produced a BAM file using
Bowtie 2 (Langmead and Salzberg, 2012). The new assem-
bled genome was used as a reference and the
SRR8088693 metagenome as the raw data. The BAM file
was then visualized using IGV (Robinson et al., 2011). The
gap within the homologue of Cr-LKS3 gene 19 was then
filled iteratively, using sequence information from reads that
were partially covering the gap and their mate reads. The
fact that the genome is circular suggests that this DNA
belongs to a phage during a lytic infection.

ORFs of Cy-LDV1 were predicted by GeneMarkS
(Besemer et al., 2001). Annotation of these ORFs was
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performed as described above for Cr-LKS3. Sequence
similarity (percent amino acid identity) of phage Cr-LKS3
to phage Cy-LDV1 was calculated by VipTree (Nishimura
et al., 2017). Nucleotide sequence of Cy-LDV1 has been
deposited in GeneBank.

Heatmap

For each gene in the Cr-LKS3 genome, blastp was used
to identify the first 10 000 hits in the n/r protein database.
We then selected the 10 genera with the best hits (lowest
E-value) for each gene (E-value <0.0001), meaning that if
there were multiple results from different strains or spe-
cies of the same genus within these best hits, we chose
the one with the lowest E-value, and discarded the rest.
These 10 genera per gene formed the seed genera of
the heatmap, and we then looked for homologues in all
of the seed genera, within the best 10 000 hits of each
gene. E-value and percent identity were assigned for
each homologue. The blast identity results were arranged
as a matrix of Cr-LKS3 proteins X taxa containing homo-
logues. The matrix was visualized as a heatmap in R
4.03 (R Core Team, 2020) using the ComplexHeatMap
package (v2.6.2) (Gu et al., 2016) with complete-linkage
hierarchical clustering of phage proteins by Euclidean
distance with K-means set to 4.

Phylogeny

A phylogenetic analysis was performed for four Cr-LKS3
genes (gene 1, 2, 4 and 5). Homologous genes used in
the phylogeny analysis were selected as follows: (i) for
each of the four analyzed Cr-LKS3 genes, hits (blatp
against n/r protein database) with lowest E-values were
selected; (ii) the genome that contained each homologue
(accession numbers can be found in Table S6) was
scanned for any other homologue of the other three ana-
lyzed genes (E-value<0.0001; all of these hits were in
bacterial genomes). Therefore, the location of each
homologous gene was scanned manually to verify that
they all are found within the same prophage within the
bacterial genome); (iii) where homologous genes were
not found for all four genes, homologous regions were
screened by tblastn against the nucleotide collection
(nr/nt)  database  with the same threshold;
(iv) homologues originating from three phage genomes
were identified similarly when blast was performed
against all genomes belonging to the taxid ‘viruses’; and
(v) the only two homologues within non-marine
cyanophages were added, as well.

The above sequences were aligned using PROMALS
(Pei and Grishin, 2007) with default parameters, followed
by manual curation. Trees were constructed from these
alignments using the phylogeny.fr web server (Dereeper

et al., 2008). Within the phylogeny.fr web server, PhyML
(Guindon et al., 2010) was used to build maximum likeli-
hood trees (100 bootstraps).
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