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Marine Cyanophages Demonstrate Biogeographic Patterns throughout
the Global Ocean
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Myoviruses and podoviruses that infect cyanobacteria are the two major groups of marine cyanophages, but little is known of
how their phylogenetic lineages are distributed in different habitats. In this study, we analyzed the phylogenetic relationships of
cyanopodoviruses and cyanomyoviruses based on the existing genomes. The 28 cyanomyoviruses were classified into four clus-
ters (I to IV), and 19 of the 20 cyanopodoviruses were classified into two clusters, MPP-A and MPP-B, with four subclusters
within cluster MPP-B. These genomes were used to recruit cyanophage-like fragments from microbial and viral metagenomes to
estimate the relative abundances of these cyanophage lineages. Our results showed that cyanopodoviruses and cyanomyoviruses
are both abundant in various marine environments and that clusters MPP-B, II and III appear to be the most dominant lineages.
Cyanopodoviruses and cluster I and IV cyanomyoviruses exhibited habitat-related variability in their relative levels of abun-
dance, while cluster II and III cyanomyoviruses appeared to be consistently dominant in various habitats. Multivariate analyses
showed that reads that mapped to Synechococcus phages and Prochlorococcus phages had distinct distribution patterns that were
significantly correlated to those of Synechococcus and Prochlorococcus, respectively. The Mantel test also revealed a strong corre-
lation between the community compositions of cyanophages and picocyanobacteria. Given that cyanomyoviruses tend to have a
broad host range and some can cross-infect Synechococcus and Prochlorococcus, while cyanopodoviruses are commonly host spe-
cific, the observation that their community compositions both correlated significantly with that of picocyanobacteria was unex-
pected. Although cyanomyoviruses and cyanopodoviruses differ in host specificity, their biogeographic distributions are likely
both constrained by the picocyanobacterial community.

Picocyanobacteria of the genera Synechococcus and Prochloro-
coccus are the most abundant primary producers in the ocean
(1). Cyanobacterial viruses or cyanophages can influence the
abundance, diversity, and productivity of cyanobacteria in the
ocean (2-7). All known marine cyanophages are tailed double-
stranded DNA viruses belonging to three well-defined bacterio-
phage families, Myoviridae, Podoviridae, and Siphoviridae. Cyano-
myoviruses tend to infect a broad range of hosts, often across
Prochlorococcus and Synechococcus, while cyanopodoviruses and
cyanosiphoviruses are generally host specific (5, 8-13).

Many complete genomes of marine cyanophages have been
published for cyanomyoviruses (14-20), cyanopodoviruses (14,
21-23), and cyanosiphoviruses (24, 25). Nearly all known marine
cyanomyoviruses (except S-TIM5 [19]) and all known marine
cyanopodoviruses are morphologically and genetically similar to
the archetypical coliphages T4 and T7, respectively. Cyanophage
sequences have commonly been found in both microbial (26-28)
and viral metagenomes (29, 30), which underlies the use of exist-
ing metagenomic databases to investigate cyanophage communi-
ties (20, 21, 25, 31, 32).

Cyanomyoviruses and cyanopodoviruses appear to be much
more abundant than cyanosiphoviruses in the ocean (11, 25, 33,
34), and cyanopodoviruses are likely as abundant as cyanomyovi-
ruses (21). The genetic diversity of marine cyanomyoviruses and
cyanopodoviruses has been extensively investigated using molec-
ular markers (see reference 35 for a review). Four cyanomyovirus
phylogenetic clusters (I, II, III, and PSSM9/11/12 new cluster)
have been well defined in earlier studies, using the signature gene
£20 that codes for the phage portal protein (36, 37). Metagenomic
recruitment of g20 sequences suggested that cluster II may be the
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most abundant lineage of marine cyanomyoviruses (37). Two dis-
crete marine picocyanobacterial podovirus (MPP) phylogenetic
clusters (MPP-A and MPP-B) were recognized based on the viral
DNA polymerase gene (12). Recent studies suggested that MPP-B
podoviruses are more abundant than MPP-A podoviruses (13, 38,
39). However, the relative abundances and spatial patterns of spe-
cific cyanopodovirus and cyanomyovirus phylogenetic lineages
over the global ocean are still broadly unclear.

Covariation between cyanophage titers and cyanobacterial
abundances has been observed in the sea (5-8, 10, 11, 33). More-
over, both the abundance and genetic diversity of marine cyano-
myoviruses were found to covary with those of Synechococcus in a
seasonal time series in the Gulf of Aqaba, Red Sea (6). However,
another study reported that the cyanomyovirus diversity was not
significantly correlated with the abundance or diversity of the co-
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occurring Prochlorococcus or Synechococcus populations along a
North-to-South Atlantic Ocean transect (40). It appears that tem-
poral phage-host correlation is observed more often than spatial
correlation. However, investigations of phage-host covariation on
large spatial scales are still seldom done, especially for specific
phage-host systems. Prochlorococcus and Synechococcus have
nearly complementary biogeographies across the global ocean
(41). Prochlorococcus dominates the photoautotroph commu-
nity numerically in the broad oligotrophic open oceans between
40°N and 40°S but is much rarer in nearshore or nutrient-rich
waters and generally absent from brackish waters or in high-lati-
tude regions (1, 41, 42). In contrast, Synechococcus is nearly 1
order of magnitude less abundant than Prochlorococcus in open
oceans but more abundant in mesotrophic nearshore waters (1,
41, 43) and can be found in the polar seas (44-46). Moreover,
Prochlorococcus and Synechococcus are both distinguished by their
genetic and physiological diversity, forming closely associated ge-
notypes and ecotypes (47-51) that exhibit remarkable global bio-
geographic patterns (44, 52-56). Thus, it is interesting to investi-
gate whether the cyanophages have a biogeographic pattern
similar to that of picocyanobacteria and to test the correlation
between their biogeographic distributions on a large global scale
over the world’s oceans.

In this study, we analyzed the phylogenetic relationships of 20
marine cyanopodoviruses and 28 T4-like marine cyanomyovi-
ruses based on their genomes. The relative abundances of cya-
nopodovirus and cyanomyovirus lineages in various marine envi-
ronments were estimated by recruiting their similar reads from
numerous microbial and viral metagenomes. Meanwhile, the read
abundances of cyanophage lineages in microbial metagenomes
were coanalyzed with those of Prochlorococcus and Synechococcus
to test the possible correlation between biogeographic patterns of
cyanophages and picocyanobacteria in the sea.

MATERIALS AND METHODS

Phylogenetic analysis. Genomes from 20 marine cyanopodoviruses and
28 marine cyanomyoviruses were included in the analyses (see Table S1 in
the supplemental material). Sequences of previously reported core genes
of the 17 marine cyanomyoviruses (57 core genes) (18, 57) and the 12
marine cyanopodoviruses (15 core genes) (21) were extracted from their
genomes. The protein sequences of the two core gene sets were compared
to all the protein sequences of the 20 cyanopodoviruses and the 28 cyano-
myoviruses to reassign core genes, since additional genomes were in-
cluded in the analyses here. A homologous relationship between se-
quences was assigned when their reciprocal best hits met the criterion
cutoff of an E value of <107 and the alignment covered at least 50% of
the shorter sequence. Two (T4-GC_4 and T4-GC_250, coding for a
DUF1825 domain-containing protein and a hypothetical protein) of the
57 previously identified core genes of marine cyanomyoviruses based on
17 genomes (18, 57) are not shared by all 28 genomes, and thus, these two
were excluded in our phylogenetic analysis. Each of the 15 core genes that
were identified based on a collection of 12 cyanopodovirus genomes (21)
was also shared by all 8 additional genomes. The amino acid sequences of
the 15 cyanopodovirus core genes and those of the 55 cyanomyovirus core
genes were concatenated. Clustal X2 (58) was used to align the concate-
nated sequences, and the resulting alignments were trimmed to remove
highly divergent regions by using the program Gblocks (59). The maxi-
mum-likelihood (ML) phylogenies were built by using RAXML (60, 61)
using the JTT protein substitution matrix and the GTRGAMMA +1
model to estimate the proportions of invariable sites. A bootstrap test with
100 replicates was used to evaluate the robustness of the trees. The con-
catenated nucleotide sequences of six single-copy housekeeping genes of
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27 picocyanobacteria strains (see the description of these six genes below)
were aligned using Clustal X2 and trimmed using Gblocks. The resulting
alignment was input to PAUP* 4b10 (62) to construct a distance-based
phylogenetic tree and to perform a bootstrap test with 1,000 replicates.

Metagenomic analysis. The metagenome data sets tested in this study
(see Table S2 in the supplemental material) were downloaded from the
CAMERA database (63). The microbial metagenomes included the whole
database of the Global Ocean Sampling (GOS) Expedition Project (64, 65)
and data sets from the Hawaii Ocean Time-series (HOT) station samples
(26, 66, 67). The viral metagenomes were comprised of data sets from
MarineVirome projects (29) and BroadPhage projects (http://www
.broadinstitute.org). The GOS and HOT microbial samples targeted mi-
crobial fractions of 0.1 to 0.8 wm and 0.22 to 1.6 pm, respectively, while
the viral metagenome projects sampled particles smaller than 0.2 wm.
Both the microbial and viral samples analyzed in this study covered broad
geographic regions and diverse marine environments, such as estuary,
coastal water, open ocean, and reef (the habitat types of samples or loca-
tions were obtained from the CAMERA database).

Microbial and viral metagenomic reads were recruited by each entire
genome of the 20 cyanopodoviruses and 28 cyanomyoviruses (see Table
S1 in the supplemental material). In order to minimize the bias caused by
nonspecific recruitment, especially from phage-host shared genes, the fol-
lowing steps were carried out. First, reads were retrieved from meta-
genomes by local BLASTN runs, using the following parameters: E value
of =le—3, gap open penalty of —1, gap extend penalty of —1, mismatch
penalty of —3, and reward of 1. Second, each of the recruited meta-
genomic reads was compared against the NCBI RefSeq database, and the
most similar RefSeq sequence of each read was exported and filtered to
remove repeat redundancy. We then built a data set that encompassed the
exported RefSeq sequences and all gene sequences (DNA) from the ge-
nomes of the 20 cyanopodoviruses, 28 cyanomyoviruses, and 27 picocya-
nobacteria (see Table S3 in the supplemental material). Each of the meta-
genomic reads was again compared against this data set, and reads that
had best hits to non-cyanopodovirus or non-cyanomyovirus sequences
were removed. Third, the retained reads were mapped onto one of the 20
cyanopodoviruses or 28 cyanomyoviruses by using BLASTN comparison.
In order to test the possible correlation between the distributions of cya-
nophages and cyanobacteria, the relative abundances of Prochlorococcus
and marine Synechococcus sequences in each GOS station were calculated
using six single-copy housekeeping genes as metrics (recA, atpD, gyrB,
rpoB, tuf, and nrd]) (see Table S3). These single-copy genes have been
applied to assess the microbial diversity (68) or to estimate the relative
abundances of other genes as metrics (69, 70) when analyzing the GOS
metagenomic data sets. Reference DNA sequences of these genes were
retrieved from the complete or draft genomes of 12 Prochlorococcus and 15
marine Synechococcus strains (see Table S3). Recruitments of these gene
sequences from the GOS database also followed the three steps described
above. Perl scripts were used to parse BLAST outputs and to calculate the
G+C content of reads.

Statistical analyses. The f test was carried out using SPSS software
version 13. CANOCO version 4.5 was used to perform the multivariate
analysis, based on the recruitment results against the GOS metagenomes.
The environmental parameters (temperature, latitude, depth, and con-
centration of chlorophyll a) of GOS sampling sites were obtained from the
CAMERA database. Chlorophyll data at a GOS site were represented by
the average chlorophyll a density in the sampling month. To perform
constrained ordination, environmental parameters were treated as ex-
planatory variables, and the cyanopodovirus, cyanomyovirus, Synechoc-
occus, and Prochlorococcus read abundances were treated as response vari-
ables. Redundancy analysis (RDA; based on a linear model) rather than
canonical correspondence analysis (CCA; based on a unimodal model)
was chosen because the maximum gradient length of a priori detrended
correspondence analysis (DCA) is shorter than 3.0 (71). A subset of ex-
planatory variables was forward selected using partial Monte Carlo per-
mutation tests (999 permutations), in order to reduce cross-correlation.
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FIG 1 Phylogenetic relationships of marine cyanopodoviruses (A), marine cyanomyoviruses (B), and Prochlorococcus and marine Synechococcus strains (C).
The concatenated protein sequences of the 15 core genes of 20 cyanopodoviruses and the 55 core genes of 28 cyanomyoviruses were aligned and used to construct
the maximume-likelihood trees. The concatenated nucleotide sequences of six single-copy housekeeping genes of 27 picocyanobacterial strains were aligned and
used to construct a distance-based phylogenetic tree. Black and gray circles at branch nodes represent bootstrap support of 100% and 75 to 99%, respectively.

The variables chlorophyll a density and latitude failed to pass the test (P
value > 0.05) and were excluded in subsequent steps. The null hypothesis
that the response is independent of the explanatory variables was tested
using a Monte Carlo permutation test (999 permutations). Nonmetric
multidimensional scaling (NMDS) based on the Bray-Curtis similarity
matrix was performed using PRIMER version 5 (Primer-E, Lutton,
United Kingdom). One-way analysis of similarity (ANOSIM) with 999
permutations was used to test the significance of grouping of cyanophage
or picocyanobacterial lineages on the NMDS diagrams. The Mantel test
with 999 permutations was used to estimate the correlations between
cyanophage community composition and cyanobacterial community
composition and between cyanophage community composition and en-
vironmental parameters. Cyanobacteria-based Bray-Curtis similarity be-
tween GOS samples was calculated based on the relative abundances of the
reads that were recruited to each of the cyanobacterial genotypes. Cya-
nophage-based Bray-Curtis similarity was calculated based on the relative
abundances of the reads that were recruited to each of the cyanophage
isolates and to each of the cyanophage genotypes, respectively. Environ-
mental parameters (temperature, depth, latitude, and chlorophyll a) were
z-score transformed, and the Euclidean distance between GOS samples
was calculated based on the four parameters. PRIMER was used to calcu-
late the matrixes and perform the tests.

RESULTS

Phylogenetic lineages of cyanopodoviruses, cyanomyoviruses,
and picocyanobacteria. The whole-genome phylogeny divided
cyanopodoviruses into two clusters, MPP-A (5 phages) and
MPP-B (14 phages), and a distant outgroup, Prochlorococcus
podovirus P-RSP2 (Fig. 1A). Two subclusters, MPP-B3 and MPP-
B4, which both comprised Synechococcus podoviruses, were added
to the MPP-B cluster, which previously consisted of the two Pro-
chlorococcus podovirus subclusters MPP-B1 and MPP-B2 (21).
Two Synechococcus podovirus strains were added into the MPP-A
cluster, which previously contained one Prochlorococcus phage
and two Synechococcus phages (21). Thus, among the 20 cyanopo-
dovirus isolates analyzed here, most (four of five) MPP-A phages
infect Synechococcus bacteria, while MPP-B phages infect either
Synechococcus or Prochlorococcus (Fig. 1A). A recent study also
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reported a similar trend of most MPP-A phage isolates infecting
Synechococcus (13). The average G+C content of cyanopodovi-
ruses infecting Synechococcus (ca. 49.7%) is much higher than that
of those infecting Prochlorococcus (ca. 38.6%) (see Table S1 in the
supplemental material), with the difference being significant (¢
test, P < 0.01).

Four cyanomyovirus clusters (I to IV) were grouped on the
whole-genome tree (Fig. 1B). These clusters are consistent with
those that resulted from phylogenetic analysis using the portal
gene g20 (36) (cluster IV was previously denoted as “PSSM9/11/12
new cluster” [37]). Although clusters I and IV were comprised
solely of phages isolated on Synechococcus and Prochlorococcus,
respectively, in this study, they indeed contain phages isolated on
both Synechococcus and Prochlorococcus (37). In cluster II or III,
cyanomyoviruses that originally infect Prochlorococcus and Syn-
echococcus were nearly numerically equal (Fig. 1B). The average
G+C content of myoviruses isolated on Synechococcus (40.3%) is
slightly higher than that of myoviruses isolated on Prochlorococcus
(37.5%) (see Table SI in the supplemental material), with the
difference being significant (f test, P < 0.01).

The phylogenetic tree built based on concatenated nucleotide
sequences of six single-copy housekeeping genes from 27 picocya-
nobacterial strains resolved these strains into six Prochlorococcus
clades (HLI, HLII, LLI, LLII, LLIII, and LLIV, where HL and LL
indicate high-light-adapted and low-light-adapted clades, respec-
tively) and eight clades in marine Synechococcus subcluster 5.1 (I,
I, IIL, 1V, V, VI, VIII, and IX) and marine Synechococcus subclus-
ters 5.2 and 5.3 (Fig. 1C). The affiliations of these strains agree
with those in a previous phylogenetic analysis based on the 16S
rRNA gene sequence (72).

Assessing metagenomic fragment recruitment. We searched
and retrieved cyanopodovirus-like and cyanomyovirus-like reads
from the microbial (GOS and HOT) and the viral (MarineVirome
and BroadPhage) metagenome databases, which cover a broad
habitat range and geographic scale (see Table S2 in the supple-
mental material), filtered away noises, binned the reads into cya-
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TABLE 1 Metagenomic fragment recruitment summary statistics

Database, analytical stage Cyanopodovirus Cyanomyovirus Cyanobacteria
GOS
No. of reads recruited® 19,119 251,620 47,395
No. of reads after filtration” 11,874 174,683 8,111
HOT
No. of reads recruited 1,047 7,510 NA®
No. of reads after filtration 479 2,518 NA
MarineVirome
No. of reads recruited 4,484 5,818 NA
No. of reads after filtration 4,230 4,116 NA
BroadPhage
No. of reads recruited 18,682 86,033 NA
No. of reads after filtration 11,577 70,814 NA

“ Numbers of nonredundant raw reads that were recruited by cyanopodoviruses, cyanomyoviruses, or cyanobacteria.
b Numbers of reads that passed the quality filtration. The filtration process is described in detail in Materials and Methods.

¢ NA, not analyzed.

nopodovirus and cyanomyovirus genotypes, and calculated the
frequency of each genotype. Similar approaches have been used to
estimate the abundances of newly isolated phage types in the
ocean (19, 73-75). We also retrieved Synechococcus-like and Pro-
chlorococcus-like reads from the GOS microbial metagenome da-
tabase and estimated the relative abundances of picocyanobacte-
rial genotypes. The numbers of nonredundant metagenomic
reads that were retrieved and the numbers of the fractions of reads
that passed our quality filtration are shown in Table 1.

The abundance of reads that were recruited by and then binned to
a gene depended on three factors: rate of presence in genomes, gene
size, and level of sequence conservation (or divergence). Many genes
are shared between phages and bacteria or between different bacterial
groups. Miscategorizing the origins of reads could lead to a significant
bias in metagenomic fragment recruitment. To minimize the bias
caused by nonspecific recruitments, we filtered the recruited reads by
comparing them to the NCBI RefSeq database and removed those
hitting unrelated organisms. This strategy has been widely used in
viral metagenomics (20, 21, 73, 74). Our assessment suggests that the
metagenomic analysis procedures approximately prevent nonspe-
cific recruitments, based on the following factors. (i) When the num-
ber of reads recruited to a gene was plotted against its gene size, a
linear correlation was observed for most core genes of cyanopodovi-
ruses (R’ = 0.94) and cyanomyoviruses (R” = 0.6) and the six single-
copy housekeeping genes of cyanobacteria (R*=10.97) (Fig. 2A). (ii)
The reads that map to cyanopodoviruses (Fig. 2B) and cyanomyovi-
ruses (Fig. 2C) have G+C contents similar to those of the genes to
which these reads were hitting, also indicated by the linear regression
(R* = 0.51 for cyanopodoviruses and R = 0.36 for cyanomyovi-
ruses). (iii) The identities between picocyanobacterium-like meta-
genomic reads and the reference sequences most similar to them
(mean = 92.4% = 4.6%, n = 8,111) were higher than the maximum
identities between reference sequences from different picocyano-
bacterial clades (mean = 84.5% = 3.5% [mean * standard de-
viation], n = 162) (Fig. 2D; see also Table S3 in the supplemental
material), suggesting that metagenomic read recruitment using
these six reference genes can distinguish different picocyanobac-
terial clades.

Relative abundances of cyanopodoviruses and cyanomyovi-
ruses. The comparisons between the abundances of cyanopodo-
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virus-like and cyanomyovirus-like reads resulted in greater varia-
tion in the viral metagenomes than in the microbial metagenomes
(Fig. 3). In the microbial metagenomes, the rates of detection of
cyanomyoviruses (normalized against database size and phage ge-
nome size) consistently exceeded those of cyanopodoviruses in all
of the types of environments (Fig. 3), consistent with the results
from previous recruitments against the GOS database (25, 27) or
other microbial metagenome data sets (21). However, the over-
abundance of cyanomyovirus-like reads compared to the
amounts of cyanopodovirus-like reads was not obvious in the viral
metagenomes (Fig. 3). In fact, the frequencies of cyanopodovirus-
like reads could be lower than (four data sets), similar to (four data
sets), or higher than (three data sets) those of cyanomyovirus-like
reads in viral metagenomes (Fig. 3). In addition, cyanopodovirus,
cyanomyovirus, and picocyanobacterial reads were detected at the
rates of 2.5 X107%,7.5 X107 %, and 6 X 10~ %, respectively, per base
pair in the microbial metagenomes (Fig. 4). It can be roughly
estimated that once one picocyanobacterial cell was sampled,
nearly 0.4 and 1.2 copies of cyanopodovirus and cyanomyovirus
genomes were cotrapped, respectively. Together, these results sug-
gest that cyanopodoviruses and cyanomyoviruses are both abun-
dant in the sea.

Relative abundances of cyanopodovirus and cyanomyovirus
genotypes. Cyanopodoviruses in cluster MPP-B yielded far more
reads than those in cluster MPP-A (Fig. 4), consistent with previ-
ous findings that MPP-B phages were detected at much higher
frequencies than MPP-A phages either in clone libraries (38, 39)
or among phage isolates (13). Cyanomyoviruses in clusters IT and
III recruited significantly more reads than those in clusters I and
IV (Fig. 4). The high abundance of cluster II cyanomyovirus-like
sequences in the GOS database has been reported based on g20
gene recruitment (37). Here, our results showed that cluster III
cyanomyoviruses can be numerically abundant, too. It is notice-
able that the numbers of genomes used in recruitment varied sig-
nificantly among cyanophage clusters. It was shown that the abun-
dance of cyanopodoviruses can be greatly underestimated if a low
number of genomes are used for recruitment (21). Thus, fewer
reference genomes can also potentially cause underestimation of
some specific clusters, such as cyanopodovirus cluster MPP-A,
which only comprised five genomes here (Fig. 1). Nevertheless,
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for each set of genes except for two genes coding for the tail tube B (TTB) protein and internal core protein (ICP) of cyanopodoviruses. (B and C) The G+C
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housekeeping genes from a picocyanobacterial strain was compared to the sequences of this gene from strains in the other clades, and the maximum identity was
recorded (see Table S3 in the supplemental material). The mean of the maximum sequence identities between different picocyanobacterial clades is 84.5% *
3.5% (n = 162). The open chart (right y axis) shows the frequencies of identities between recruited GOS metagenomic reads and the reference sequences of the
picocyanobacterial strains to which the reads were binned. The mean of the sequence identities between recruited GOS reads and the reference sequences most

similar to them is 92.4% * 4.6% (n = 8,111).

cyanomyovirus cluster IT was still among the most abundant cya-
nophage lineages (Fig. 4), though it only had four genomes ana-
lyzed (Fig. 1). In addition, the recruitment abundances of each of
the clusters were consistent between microbial and viral meta-
genomes (Fig. 4).

We further examined the relative abundances of these cya-
nophage clusters or subclusters in various types of marine hab-
itats. In coastal and estuarine waters, the cyanopodovirus com-
munities were quite diverse and their compositions varied
greatly among different sampling locations (Fig. 5A). In gen-
eral, subclusters MPP-B2, -B3, and -B4 made up the majority of
the communities. In the open oceans, the communities were
likely less diverse, and subcluster MPP-B2 was strikingly dom-
inant, accounting for up to 80% of the total recruited reads
(Fig. 5A). In addition, these cyanopodovirus lineages appeared
to occur preferentially in specific habitats. For instance, the
MPP-A cluster and the MPP-B3 and -B4 subclusters contrib-
uted far more recruited reads in the estuarine and coastal wa-
ters than in the open oceans, while the MPP-B2 subcluster
exhibited a contrasting trend (Fig. 5A). For cyanomyoviruses,
the community structure on the cluster level is quite consistent
among different habitats and was generally dominated by clus-
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ters II and III (Fig. 5B). These two major lineages appeared to
exhibit not a habitat-related distribution pattern but a trend in which
cluster III contributed less to the recruited reads in microbial meta-
genomes (20 to 35%) than in viral metagenomes (35 to 60%). In
contrast, the two minor lineages, clusters I and IV, likely had habitat-
related relative abundances, with the former being more abundant in
estuarine and coastal waters and the latter being more abundant in
open oceans (Fig. 5B). Such a pattern may be related to the host range
of the phages analyzed in each of the clusters, as clusters I and IV only
contained phages isolated on either Synechococcus or Prochlorococ-
cus while clusters IT and IIT contained phages isolated on both host
genera.

Relation between the distribution patterns of cyanophages
and cyanobacteria. We compared the numbers of reads recruited
by genomes of cyanophages isolated on Prochlorococcus and Syn-
echococcus (Fig. 5A and B, gray lines). A clear pattern showed that
reads recruited by the Prochlorococcus-infecting cyanophages con-
tributed significantly higher proportions in the open-ocean meta-
genomes (the proportions ranged from 60 to 95% for cyanopodo-
virus and from 20 to 70% for cyanomyovirus) than in the
estuarine and coastal metagenomes (from 5 to 60% for cyanopo-
dovirus and from 15 to 40% for cyanomyovirus), while the re-
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cruitments by Synechococcus-infecting cyanophages resulted in an
opposite trend (7 tests: P < 0.01 for cyanopodovirus, n = 16; P <
0.05 for cyanomyovirus, n = 16; P < 0.01 for cyanopodovirus and
cyanomyovirus, n = 32).

We further performed RDA based on the relative abundances
of reads that were recruited to each of the cyanophage isolates and
to Prochlorococcus and Synechococcus at 65 GOS sampling sites (see
Fig. S1 in the supplemental material). Note that here we were
describing the pattern observed among the metagenomic reads
that were recruited by genomes of cyanophages that were origi-
nally isolated on different hosts but not assigning hosts to meta-
genomic reads. The RDA diagram showed that the cyanophages
originally isolated on Synechococcus and those originally isolated
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on Prochlorococcus separated into two groups, approximately
along the first canonical axis, which explained 16.1% of the total
variability in community composition and revealed a significant
species-environment correlation (r = 0.77, P < 0.01) (Fig. 6A).
Interestingly, the distributions of reads recruited to the cya-
nophages that were originally isolated on Prochlorococcus and Syn-
echococcus were significantly correlated with those recruited to
Prochlorococcus and Synechococcus, respectively (Fig. 6A). The
RDA also showed that Prochlorococcus and the cyanophages that
were isolated on Prochlorococcus were both positively correlated
with temperature and water depth, two environmental parame-
ters that had significance in explanation of the species-environ-
ment relationship (P < 0.05, partial Monte Carlo permutation
test), while Synechococcus and cyanophages that were isolated on
Synechococcus were both negatively correlated with them (Fig.
6A). We also performed NMDS based on the relative abundances
of reads that were recruited to each of the cyanophage genotypes
and to Prochlorococcus and Synechococcus at those GOS sites (Fig.
6B). Note that the cyanomyovirus clusters II and III were each
artificially divided into two subclusters (Pro-1I, Syn-II, Pro-III,
and Syn-III). For example, in the analysis, Pro-II represented the
relative abundances of reads that were recruited to the genomes of
cluster II cyanomyoviruses that were originally isolated on Pro-
chlorococcus. The NMDS diagram showed that cyanopodovirus
lineages MPP-B1, MPP-B2, and P-RSP2-like and cyanomyovirus
cluster IV and subclusters Pro-1I and Pro-III were clustered to-
gether with Prochlorococcus (Fig. 6B). The analyzed phages in these
genotypes or defined groups were all isolated on Prochlorococcus.
Cyanopodovirus lineages MPP-A, MPP-B3, and MPP-B4 and
cyanomyovirus cluster I and subcluster Syn-1I1I also converged in
the diagram. The original hosts of most of the analyzed phage
genomes in these genotypes or defined groups were Synechococcus
strains. Such groupings had statistical significance (global R = 1,
P < 0.01) (Fig. 6B).
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We also estimated the relative abundances of Prochlorococcus  Despite this, the genetic community composition still varied
and Synechococcus genotypes (see Table S3 in the supplemental among those GOS sites (see Fig. S1A). Moreover, the NMDS anal-
material) based on read recruitment against the GOS meta- ysis resulted in a pattern where Prochlorococcus genotypes HLI,
genomes. HLII Prochlorococcus dominated the picocyanobacterial ~ HLII, and LLI likely co-occurred with Synechococcus genotypes
communities in coastal waters, open oceans, and reefs (Fig. 5C).  sub5.1-I (Synechococcus clade II in marine subcluster 5.1),
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FIG 6 (A) RDA based on metagenomic fragment recruitments against the GOS
database. Prochlorococcus, Synechococcus, and each of the 20 cyanopodovirus
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circles. The environmental parameters (temperature and depth, indicated by
gray arrows) shown on this ordination diagram were those that passed the
partial Monte Carlo permutation test (P < 0.05). The angle (cosine) between
lines expresses the correlation, and the length of a line expresses how well the
values are approximated by the ordination diagram. Canonical axes 1 and 2
explained 16.1% and 2.8% of the total variability in community composition,
respectively, and both showed significant species-environment correlation (r =
0.77 and r = 0.65; Monte Carlo permutation test P values for the first axis and for
all the axes were both <<0.01). (B and C) NMDS analyses for cyanophages (B) and
cyanobacteria (C) based on metagenomic fragment recruitments against the GOS
database. Pro-I1, Pro-I11, Syn-1II, and Syn-III represent the fractions of reads that
were recruited to the genomes of cluster I or III cyanomyoviruses that were orig-
inally isolated on Prochlorococcus or Synechococcus. The significance of group-
ing (indicated by gray circles) was tested by ANOSIM.
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TABLE 2 Mantel test summary statistics

Test description R (cyanobacteria®) R (environment®¢)

Matrix based on cyanophage
isolate”

Podovirus + myovirus 0.530* 0.475*
Podovirus 0.522* 0.481*
Myovirus 0.516* 0.432*
Matrix based on cyanophage
genotype’
Podovirus + myovirus 0.523* 0.494*
Podovirus 0.539* 0.488*
Myovirus 0.263* 0.300*
Matrix based on cyanobacterial
genotype®
Cyanobacteria - 0.475*

@ The Bray-Curtis similarity matrix was calculated based on the relative abundances of
the reads that were recruited to each of the cyanophage isolates.

b The Bray-Curtis similarity matrix was calculated based on the relative abundances of
the reads that were recruited to each of the cyanophage genotypes (MPP-A, MPP-B1,
-B2, -B3, and -B4, and P-RSP2-like for cyanopodoviruses and I, II, III, and IV for
cyanomyoviruses).

¢ The Bray-Curtis similarity matrix was calculated based on the relative abundances of
the reads that were recruited to each of the cyanobacterial genotypes (HLI, HLII, LLI,
and LLII for Prochlorococcus and sub5.1-1, -11, -1I1, -1V, -V, -VI, -VIII, and -IX and
sub5.2 and sub5.3 for marine Synechococcus).

@ The Euclidean distance matrix was calculated based on the z-score transformed
environmental parameters of temperature, depth, latitude, and chlorophyll a.

X, P<0.01.

sub5.1-1II, and sub5.3, while most of the other Synechococcus ge-
notypes formed a discrete guild (Fig. 6C). This pattern agrees ap-
proximately with the known biogeography scenario of picocyano-
bacterial lineages, such as the fact that Synechococcus lineages
sub5.1-11, sub5.1-III, and sub5.3 and Prochlorococcus lineages
were mostly confined to tropical and subtropical oceans (44, 46,
52, 54). Mantel tests, which estimate the correlation between ma-
trices, indicated tighter correlations between cyanophage and cya-
nobacterial community structures (most r > 0.5, P < 0.01) than
between cyanophage community structure and environmental
factors (most r > 0.4, P < 0.01) (Table 2). The cyanobacterial
community structure correlated to environmental factors at a
level (r = 0.475, P < 0.01) similar to the correlation between
cyanophage and environmental factors. However, the community
composition of cyanomyoviruses at the cluster level correlated
only moderately to that of cyanobacteria or to environmental fac-
tors, differing from the results for cyanopodoviruses (Table 2).
This may be in part due to the more homogeneous cyanomyovirus
communities among the GOS samples, which were consistently
dominated by clusters II and III (see Fig. S1C).

DISCUSSION

We estimated the relative abundances of cyanopodovirus and cya-
nomyovirus lineages using metagenomic read recruitment against
the existing microbial and viral metagenomes in the public do-
main. The cyanophage lineages were defined based on the phylo-
genetic relationship of sequenced cyanophage genomes (Fig. 1),
which are many fewer than the previously defined cyanomyovirus
genotypes (36, 40) and cyanopodovirus genotypes (13, 38, 39),
respectively. Despite this, the lineage classifications used here are
broadly accepted, such as clusters I to IV for cyanomyoviruses (36,
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37) and clusters MPP-A and MPP-B for cyanopodoviruses (12, 13,
21, 38, 39).

Our results suggest equally high abundances of cyanopodovi-
ruses and cyanomyoviruses in the sea overall (Fig. 3), although a
discrepancy was observed when comparing the results from re-
cruitments against microbial and viral metagenomes. A few pre-
vious studies also observed a common trend of cyanomyovirus-
like reads often outnumbering cyanopodovirus-like reads in
microbial metagenomes (21, 25, 27). It was suggested that the
overabundance of cyanomyoviruses may be related to their large
particle size, which would cause them to be more likely to be
retained by filters when sampling the microbial fraction in seawa-
ter (21). Alternatively, if the majority of the cyanophage-like se-
quences identified in the microbial fraction of data originated
from cyanophage DNA within infected host cells (26, 27), the
differences in burst size and latent period between cyanopodovi-
ruses and cyanomyoviruses may also have an impact on this issue.
Irrespective of this discrepancy, our data revealed similar ranges of
abundance of cyanophage-like reads and cyanobacterium-like
reads in the GOS microbial metagenomes (Fig. 4), suggestive of
both numerical abundance and physiological activity of marine
cyanophages. This observation is in agreement with the extensive
literature in which cyanomyoviruses and cyanopodoviruses were
both commonly found in marine environments during the last 2
decades (4, 5, 8-11, 13, 33, 76-78).

Cyanopodovirus cluster MPP-B and cyanomyovirus clusters I
and III outcompete other lineages in relative abundance remark-
ably (Fig. 4). Cyanopodovirus cluster MPP-A and subclusters
MPP-B1, -B2, -B3, and -B4 and cyanomyovirus clusters I and IV
exhibit habitat-related variability in relative abundance, whereas
cyanomyovirus clusters II and III appear to be ubiquitous and
consistently dominant in various marine environments (Fig. 5A
and B). This pattern indicates strong heterogeneity existing in the
biogeographic distribution of different cyanopodovirus and cya-
nomyovirus genotypes, suggestive of the presence of rare and
abundant viral taxa. This pattern contrasts with the observation
that different viral morphotypes (i.e., myovirus, podovirus, sipho-
virus, and nontailed virus) in the global ocean exhibit little vari-
ance in relative abundances (79). However, on the other hand, a
comparative viral metagenomic analysis showed that whole viral
communities may have highly structured genetic compositions in
the ocean, likely driven by factors such as depth and proximity to
shore (80). Temporal and spatial variations of marine cyanophage
communities have been delineated for both cyanomyoviruses (6,
10, 40, 77, 81) and cyanopodoviruses (38, 39). These studies also
suggested that the variations of cyanophage communities follow
certain temporal and spatial patterns. Our results further support
the idea that closely related viral genotypes within a fairly narrow
group may not be randomly distributed in the world’s oceans but,
instead, may follow specific patterns (37, 77). Biotic or/and abiotic
factors may impose pressures on viruses that infect hosts within a
specific taxonomic unit, shaping the composition of viral geno-
types.

Our analysis suggests a relation of co-occurrence of lineages of
cyanophages and picocyanobacteria in the sea. First, the recruited
metagenomic reads that map to reference cyanophages isolated on
Prochlorococcus or Synechococcus tend to have greater representa-
tion in the habitats where Prochlorococcus or Synechococcus pre-
sumably thrives (Fig. 5A and B). The RDA ordination further
suggests that the reads recruited to Prochlorococcus phages com-
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monly prevailed in warmer and deeper oceans, while the reads
recruited to Synechococcus phages were more prevalent in shal-
lower or cooler areas, mirroring the overall biogeographic features
of Prochlorococcus and Synechococcus in the ocean (Fig. 6A) (1, 41,
42, 82). Second, we observed strong correlations between the ge-
notype compositions of cyanophages and picocyanobacteria for
both cyanopodoviruses and cyanomyoviruses (Table 2). Cya-
nopodoviruses are highly host strain-specific, while cyanomyovi-
ruses can coinfect hosts in different genotypes and can even cross-
infect Prochlorococcus and Synechococcus (11). We therefore
thought that cyanopodoviruses and picocyanobacteria would
have a stronger correlation than cyanomyoviruses and picocyano-
bacteria when coanalyzing the community compositions of cya-
nophages and picocyanobacteria. However, the two correlations
appear to be equally strong, with similar correlation coefficients
(Table 2). This suggests a cohesive biogeographic pattern between
some lineages of cyanophages and picocyanobacteria and further
suggests phylogenetic specificity of cyanophages. Prochlorococcus
and Synechococcus both encompass numerous genotypes that are
associated with physiological and ecological traits, forming corre-
sponding ecotypes (47-51). These genotypes are marked by their
biogeographic patterns that are bounded to specific horizontal
and vertical profiles (44, 52-56). Our results demonstrate that this
highly structured community composition of picocyanobacteria
on the global scale correlates with that of cyanophages, suggesting
a role of the host in structuring viral communities.

It has been known that there is a tight coupling between pico-
cyanobacterial abundance and cyanophage titer, either temporally
or spatially (4, 5,7, 11, 33). A monthly temporal survey at the same
sampling site in the Gulf of Aqaba showed that the diversity and
abundance of cyanomyoviruses were correlated to those of co-
occurring Synechococcus populations (6). However, such correla-
tions were barely observed between cyanomyoviruses and pico-
cyanobacteria in a spatial survey across the North and South
Atlantic basins (47°N to 28°S) (40). The authors attributed this to
the temporally and spatially discrete sampling and/or to the viral
molecular marker g20 they used that lacks easily detectable func-
tional and evolutionary phage-host connections (40). On the
other hand, our analysis, which involved the whole-genome infor-
mation of cyanopodoviruses and cyanomyoviruses and covered a
broad range of marine habitats and geographic regions, showed a
spatial pattern of co-occurrence of cyanophages and picocyano-
bacteria. A recent network study that investigated the temporal
covariation of T4-like myoviruses and bacteria found a domi-
nance of positive over negative correlations between bacterial and
viral operational taxonomic units (OTUs) and suggested that, on
the monthly and seasonal time scale, it is more likely that viral taxa
are controlled by host availability than that they control host
abundance or, in other words, that viruses are following the hosts
(83). Here, we also demonstrated a strong correlation between the
biogeographic patterns of cyanophages and cyanobacteria in the
ocean for both cyanopodoviruses and cyanomyoviruses, irrespec-
tive of their different host specificities. This correlation may reflect
either the ecological roles of cyanophages in influencing the com-
munity of cyanobacteria or, more apparent here, the roles of cya-
nobacteria in constraining the community of cyanophages.

The cyanophage-cyanobacteria system has been emerging as
one of the model virus-host systems in marine microbiology and
microbial ecology studies (15, 18, 84), probably the most matured
one, and future investigation of this system will continuously con-
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tribute to our understanding of the ecological roles of both virus
and host for each other.
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