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FIG 2 Changes in the proportion of the major, moderately frequent, and rare
genotypes in the tail sheath gene g91 of the Ma-LMMO1-type phage popula-
tions during the sampling period from 2006 to 2011 (except 2008) in Hiro-
sawanoike Pond. MF, moderately frequent.

over long and short periods (Fig. 3). This compositional oscilla-
tion of phage populations is a typical pattern in a frequency-de-
pendent selection mode (25, 26). Further, many studies have
shown that the composition of a natural M. aeruginosa population
(e.g., microcystin-producing and non-microcystin-producing
populations; ITS types) changes temporally during blooms (8-10,
17, 27, 28) and that the genetic shift is affected by cyanophage
infection (17). Additionally, the constant-diversity dynamics
model predicts that a high diversity of a bacterial community
would be maintained steadily by phage infection of high-fre-
quency hosts (6). These indicate that coevolution of Microcystis
and cyanophages is partly driven by negative frequency-depen-
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FIG 3 Changes in the proportion of the five major genotypes (A) and their
variants (B) from the tail sheath gene g91 of the Ma-LMMO1-type phage pop-
ulations during the sampling period from 2006 to 2011 (except 2008) in Hi-
rosawanoike Pond. Dates are given in the form yyyymmdd.
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FIG 4 Changes in the proportion of the moderately frequent genotypes (A)
and their variants (B) in the tail sheath gene g91 of the Ma-LMMO1-type phage
during the sampling period from 2006 to 2011 (except 2008) in Hirosawanoike
Pond. Dates are given in the form yyyymmdd.

dent selection and that their genetic diversity is maintained
throughout their coevolution.

The variants of major genotypes and moderately frequent ge-
notypes in the g91 sequences almost always co-occurred with their
original genotypes (Fig. 3 and 4). Several studies indicate that an
arms race between host and phage cannot continue because the
host needs the costs of phage resistance for its growth (25, 29, 30).
However, the manner of emergence of variants in which the vari-
ants almost always co-occurred with their origins (Fig. 3 and 4)
suggests that an increased frequency of a host-phage population
promotes rapid coevolution in the arms race mode. In general,
CRISPR confers sequence-dependent, adaptive resistance in pro-
karyotes against viruses and plasmids via incorporation of short
sequences called spacers. A single mutation in the protospacers
can abolish CRISPR-mediated immunity against phages. Re-
cently, we showed highly diversified CRISPR sequences in natural
Microcystis populations (12). Although only a few spacers for Ma-
LMMO1-type phages were found (10 spacers in approximately
1,000 spacers), six of these spacers have point mutations com-
pared to the sequence of Ma-LMMO1 (protospacers), suggesting
that Microcystis cyanophages may evade interference mediated by
the CRISPR spacers in M. aeruginosa. Further, the distributions of
PAMs and the mutations in the variants (Fig. 5) suggest that the
sequenced regions are potential protospacers for the Microcystis
CRISPR system. Therefore, the emerging pattern of variants from
the major and moderately frequent genotypes may be easily ex-
plained by rapid evolution of phages to avoid the host CRISPR-
Cas system. A simulation model predicts that the CRISPR-medi-
ated system allows a continuous arms race between host and
phage (31). From the combined data, we infer that while the
diversity of Microcystis cyanophages is maintained by the neg-
ative frequency-dependent selection mode, rapid diversifica-

aem.asm.org 2793

1sanb Aq 6T0Z ‘6T 1890100 uo /610 wse wae//.dny woly papeojumod


http://aem.asm.org
http://aem.asm.org/

Kimura et al.

Group |

PAMs
g LLLLIL |
GT53

evoo | TTLIL |

Mutations

GT2
variants

(LU AEAERC TR FEEN LR MR IEAATEY L CCRACIL I A

GT53
variants

e L L LT
Group I

variants
PAMs

ous |1 1L

GT25

Mutations
variants | |

|
Group Il

PAMs
e 1T

Mutations

GT1
variants

FIG 5 Distributions of specific protospacer-associated motifs (PAMs) on the both the sense strand (black) and the antisense strand (gray) of the major genotypes
of the Ma-LMMO1-type phage tail sheath gene and nucleotide substitutions within variants relative to the original major genotype.

tion occurs through coevolution between increased host-cya-
nophage combinations under the CRISPR-Cas system.

Considering that Ma-LMMO1 has a narrow host range, the
host-phage interaction may be subdivided into “susceptible com-
binations.” However, we observed no succession from rare or
moderately frequent genotypes to major genotypes in this study.
Three major genotypes (GT2, GT53, and GT163) dominating
group I exhibited 100% similarity at the amino acid level. In con-
trast, most of the rare and moderately frequent genotypes had
nonsynonymous substitutions in the g91 gene compared to the
three major genotypes. It is possible many of the variants trade off
infection efficiency for avoidance of host defense. To understand
host-phage interaction in natural environments, the Microcystis-
phage system is recognized as a model system. Further studies
evaluating spontaneous diversity of both of Microcystis and phages
will further explain Microcystis-phage ecology, which may lead to
a better understanding of other host-phage systems.
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