








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-

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-
LMM01-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-LMM01 (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-

FIG 2 Changes in the proportion of the major, moderately frequent, and rare
genotypes in the tail sheath gene g91 of the Ma-LMM01-type phage popula-
tions during the sampling period from 2006 to 2011 (except 2008) in Hiro-
sawanoike Pond. MF, moderately frequent.

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-LMM01-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.

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-LMM01-type phage
during the sampling period from 2006 to 2011 (except 2008) in Hirosawanoike
Pond. Dates are given in the form yyyymmdd.
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tion occurs through coevolution between increased host-cya-
nophage combinations under the CRISPR-Cas system.

Considering that Ma-LMM01 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.

ACKNOWLEDGMENTS

This study was partially supported by a Grant-in-Aid for Scientific Re-
search (B) (grant 20310045) and by the JSPS Research Fellowships for
Young Scientists (grant 233313).

We thank Yusuke Matsui and Yoko Matsui for sampling help.

REFERENCES
1. Suttle CA. 2007. Marine viruses—major players in the global ecosystem.

Nat. Rev. Microbiol. 5:801– 812.
2. Brussow H, Canchaya C, Hardt WD. 2004. Phages and the evolution of

bacterial pathogens: from genomic rearrangements to lysogenic conver-
sion. Microbiol. Mol. Biol. Rev. 68:560 – 602.

3. Marston MF, Pierciey FJ, Jr, Shepard A, Gearin G, Qi J, Yandava C,
Schuster SC, Henn MR, Martiny JB. 2012. Rapid diversification of

coevolving marine Synechococcus and a virus. Proc. Natl. Acad. Sci. U. S. A.
109:4544 – 4549.

4. Paterson S, Vogwill T, Buckling A, Benmayor R, Spiers AJ, Thomson
NR, Quail M, Smith F, Walker D, Libberton B, Fenton A, Hall N,
Brockhurst MA. 2010. Antagonistic coevolution accelerates molecular
evolution. Nature 464:275–278.

5. Avrani S, Schwartz DA, Lindell D. 2012. Virus-host swinging party in the
oceans: incorporating biological complexity into paradigms of antagonis-
tic coexistence. Mob. Genet. Elements 2:88 –95.

6. Rodriguez-Valera F, Martin-Cuadrado AB, Rodriguez-Brito B, Pasic L,
Thingstad TF, Rohwer F, Mira A. 2009. Explaining microbial population
genomics through phage predation. Nat. Rev. Microbiol. 7:828 – 836.

7. Winter C, Bouvier T, Weinbauer MG, Thingstad TF. 2010. Trade-offs
between competition and defense specialists among unicellular plank-
tonic organisms: the “killing the winner” hypothesis revisited. Microbiol.
Mol. Biol. Rev. 74:42–57.

8. Bozarth CS, Schwartz AD, Shepardson JW, Colwell FS, Dreher TW.
2010. Population turnover in a Microcystis bloom results in predomi-
nantly nontoxigenic variants late in the season. Appl. Environ. Microbiol.
76:5207–5213.

9. Briand E, Escoffier N, Straub C, Sabart M, Quiblier C, Humbert JF.
2009. Spatiotemporal changes in the genetic diversity of a bloom-forming
Microcystis aeruginosa (cyanobacteria) population. ISME J. 3:419 – 429.

10. Sabart M, Pobel D, Latour D, Robin J, Salencon MJ, Humbert JF. 2009.
Spatiotemporal changes in the genetic diversity in French bloom-forming
populations of the toxic cyanobacterium, Microcystis aeruginosa. Environ.
Microbiol. Rep. 1:263–272.

11. Makarova KS, Wolf YI, Snir S, Koonin EV. 2011. Defense islands in
bacterial and archaeal genomes and prediction of novel defense systems. J.
Bacteriol. 193:6039 – 6056.

12. Kuno S, Yoshida T, Kaneko T, Sako Y. 2012. Intricate interactions
between the bloom-forming cyanobacterium Microcystis aeruginosa and
foreign genetic elements, revealed by diversified clustered regularly inter-
spaced short palindromic repeat (CRISPR) signatures. Appl. Environ. Mi-
crobiol. 78:5353–5360.

13. Yoshida T, Takashima Y, Tomaru Y, Shirai Y, Takao Y, Hiroishi S,
Nagasaki K. 2006. Isolation and characterization of a cyanophage infect-

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-LMM01-type phage tail sheath gene and nucleotide substitutions within variants relative to the original major genotype.

Kimura et al.

2794 aem.asm.org Applied and Environmental Microbiology

 on O
ctober 19, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

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


ing the toxic cyanobacterium Microcystis aeruginosa. Appl. Environ. Mi-
crobiol. 72:1239 –1247.

14. Carstens EB. 2010. Ratification vote on taxonomic proposals to the In-
ternational Committee on Taxonomy of Viruses (2009). Arch. Virol. 155:
133–146.

15. Yoshida T, Nagasaki K, Takashima Y, Shirai Y, Tomaru Y, Takao Y,
Sakamoto S, Hiroishi S, Ogata H. 2008. Ma-LMM01 infecting toxic
Microcystis aeruginosa illuminates diverse cyanophage genome strategies.
J. Bacteriol. 190:1762–1772.

16. Kimura S, Yoshida T, Hosoda N, Honda T, Kuno S, Kamiji R,
Hashimoto R, Sako Y. 2012. Diurnal infection patterns and impact of
Microcystis cyanophages in a Japanese pond. Appl. Environ. Microbiol.
78:5805–5811.

17. Yoshida M, Yoshida T, Kashima A, Takashima Y, Hosoda N, Nagasaki
K, Hiroishi S. 2008. Ecological dynamics of the toxic bloom-forming
cyanobacterium Microcystis aeruginosa and its cyanophages in freshwater.
Appl. Environ. Microbiol. 74:3269 –3273.

18. Yoshida M, Yoshida T, Yoshida-Takashima Y, Kashima A, Hiroishi S.
2010. Real-time PCR detection of host-mediated cyanophage gene tran-
scripts during infection of a natural Microcystis aeruginosa population.
Microbes Environ. 25:211–215.

19. Takashima Y, Yoshida T, Yoshida M, Shirai Y, Tomaru Y, Takao Y,
Hiroishi S, Nagasaki K. 2007. Development and application of quantita-
tive detection of cyanophages phylogenetically related to cyanophage Ma-
LMM01 infecting Microcystis aeruginosa in fresh water. Microbes Environ.
22:207–213.

20. Yoshida T, Yuki Y, Lei S, Chinen H, Yoshida M, Kondo R, Hiroishi S.
2003. Quantitative detection of toxic strains of the cyanobacterial genus
Microcystis by competitive PCR. Microbes Environ. 18:16 –23.

21. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011.
MEGA5: molecular evolutionary genetics analysis using maximum likeli-

hood, evolutionary distance, and maximum parsimony methods. Mol.
Biol. Evol. 28:2731–2739.

22. Hammer Ø, Harper D, Ryan P. 2001. PAST: paleontological statistics
software package for education and data analysis. Palaeontol. Electron.
4:4.

23. Colwell RK. 2006. EstimateS: statistical estimation of species richness and
shared species from samples. Version 8. http://viceroy.eeb.uconn.edu
/estimates.

24. Clement M, Posada D, Crandall KA. 2000. TCS: a computer program to
estimate gene genealogies. Mol. Ecol. 9:1657–1659.

25. Hall AR, Scanlan PD, Morgan AD, Buckling A. 2011. Host-parasite
coevolutionary arms races give way to fluctuating selection. Ecol. Lett.
14:635– 642.

26. Woolhouse ME, Webster JP, Domingo E, Charlesworth B, Levin BR.
2002. Biological and biomedical implications of the co-evolution of
pathogens and their hosts. Nat. Genet. 32:569 –577.

27. Yoshida M, Yoshida T, Takashima Y, Hosoda N, Hiroishi S. 2007.
Dynamics of microcystin-producing and non-microcystin-producing
Microcystis populations is correlated with nitrate concentration in a Japa-
nese lake. FEMS Microbiol. Lett. 266:49 –53.

28. Yoshida M, Yoshida T, Takashima Y, Kondo R, Hiroishi S. 2005.
Genetic diversity of the toxic cyanobacterium Microcystis in Lake Mikata.
Environ. Toxicol. 20:229 –234.

29. Bohannan BJM. 2000. Linking genetic change to community evolution:
insights from studies of bacteria and bacteriophage. Ecol. Lett. 3:362–377.

30. Lennon JT, Khatana SAM, Marston MF, Martiny JBH. 2007. Is there a
cost of virus resistance in marine cyanobacteria? ISME J. 1:300 –312.

31. Levin BR. 2010. Nasty viruses, costly plasmids, population dynamics, and
the conditions for establishing and maintaining CRISPR-mediated adap-
tive immunity in bacteria. PLoS Genet. 6:e1001171. doi:10.1371/journal
.pgen.1001171.

Rapid Diversification of Microcystis Cyanophages

April 2013 Volume 79 Number 8 aem.asm.org 2795

 on O
ctober 19, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://viceroy.eeb.uconn.edu/estimates
http://viceroy.eeb.uconn.edu/estimates
http://dx.doi.org/10.1371/journal.pgen.1001171
http://dx.doi.org/10.1371/journal.pgen.1001171
http://aem.asm.org
http://aem.asm.org/

