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Genomic island variability facilitates
Prochlorococcus–virus coexistence
Sarit Avrani1, Omri Wurtzel2, Itai Sharon1{, Rotem Sorek2 & Debbie Lindell1

Prochlorococcus cyanobacteria are extremely abundant in the oceans, as are the viruses that infect them. How hosts and
viruses coexist in nature remains unclear, although the presence of both susceptible and resistant cells may allow this
coexistence. Combined whole-genome sequencing and PCR screening technology now enables us to investigate the
effect of resistance on genome evolution and the genomic mechanisms behind the long-term coexistence of
Prochlorococcus and their viruses. Here we present a genome analysis of 77 substrains selected for resistance to ten
viruses, revealing mutations primarily in non-conserved, horizontally transferred genes that localize to a single
hypervariable genomic island. Mutations affected viral attachment to the cell surface and imposed a fitness cost to the
host, manifested by significantly lower growth rates or a previously unknown mechanism of more rapid infection by
other viruses. The mutant genes are generally uncommon in nature yet some carry polymorphisms matching those
found experimentally. These data are empirical evidence indicating that viral-attachment genes are preferentially
located in genomic islands and that viruses are a selective pressure enhancing the diversity of both island genes and
island gene content. This diversity emerges as a genomic mechanism that reduces the effective host population size for
infection by a given virus, thus facilitating long-term coexistence between viruses and their hosts in nature.

Cyanobacteria of the genus Prochlorococcus are dominant photosynthetic organisms in the oceans, contributing significantly to global
primary production1. They are most abundant in oligotrophic waters
and have predictable and reproducible distribution patterns over time
and space2,3. Two different high-light-adapted ecotypes4, HLI and
HLII, span most of the surface oceans and differ from each other in
their geographic distribution5,6.
High-light-adapted Prochlorococcus ecotypes are infected by podoviruses with narrow host ranges and myoviruses with comparatively
broader host ranges7; such viruses, or phages, are common in oceanic
waters8. It is unclear, however, how the abundant cyanobacteria coexist
with their viruses. Theory predicts that viruses should reduce the
population size to levels approximately 20-fold lower than actual
Prochlorococcus concentrations9, which, for a single ecotype, can be
as high as 200,000 cells ml21 (refs 5, 6). A number of hypotheses have
been put forward to explain their coexistence10. The ‘continuous arms
race’ hypothesis, whereby resistant bacteria emerge followed by viruses
with altered host ranges, is often favoured11,12. Indeed the presence of
predominantly resistant cells, and a small number of susceptible cells that
maintain a viable viral population, has been proposed to explain longterm coexistence between cyanobacteria and their viruses in the oceans13.
Genomes of closely related organisms (belonging to the same species
or ecotype) generally contain large syntenic regions, where conserved,
core genes—orthologous genes common to all members14—are organized in the same order along the genome. These regions are often
interrupted at discrete locations by genomic islands—large regions
(more than eight kilobases long) of non-conserved, non-core genes
that are sporadically distributed among members of the population15–17. Genomic islands contain many horizontally transferred
genes17,18, and therefore increase intraspecies variability. They are present in a wide range of bacterial phyla15–17, including cyanobacteria18–21.
They often encode cell-surface genes, suggesting that they have a role in
grazer and phage avoidance18–22.

In this study, we set out to understand the mechanisms that allow
the long-term coexistence between Prochlorococcus and its viruses
and the role genomic islands have in this coexistence. Initially we
looked for common themes of resistance in a single host and then
extended our study to investigate general features of resistance in both
HLI and HLII Prochlorococcus strains, selected for resistance to ten
podoviruses (Supplementary Table 1). In total, we investigated the
genetic basis for resistance in 77 mutant substrains, 27 of which were
fully sequenced. We further characterized the phenotype of representative mutants with respect to the stage of infection impaired and
the adaptive cost associated with resistance.

Genotype of resistance mutants
To characterize the interactions between Prochlorococcus MED4 (hereafter MED4) and five podoviruses, we isolated 43 resistant substrains
derived from isogenic colonies and 19 from heterogenic populations
(Supplementary Methods). To identify resistance-conferring mutations, the genomes of 12 mutants from isogenic colonies were
sequenced and compared with the sequence of susceptible controls.
Mutations in the remaining substrains were detected by PCR screening.
All substrains resistant to a set of three viruses (P-SSP7, P-TIP1 and
P-TIP2) had mutations in a cluster of six non-core genes within
genomic island 4 (ISL4) of the MED4 genome (genes PMM1242 to
PMM1249; Fig. 1b, Supplementary Table 2 and Supplementary Fig. 1).
Most resistant substrains (80%) had a single mutation, but others had
another mutation within this same cluster of genes. The mutations
caused amino-acid changes, reading frame shifts or premature stop
codons (Supplementary Table 3). Three of the genes are exclusive to
MED4 among the cyanobacteria and the other three have homologues
among only some Prochlorococcus strains (Supplementary Table 2).
MED4 substrains resistant to all five podoviruses (P-GSP1, P-TIP38,
P-SSP7, P-TIP1 and P-TIP2) had mutations in five different genes
(Supplementary Tables 2 and 3); three are situated in ISL4 and a fourth
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is situated in genomic island 3 (ISL3). Three of these four are noncore genes (PMM1124, PMM1232 and PMM1259), whereas one, in
ISL4, is a core gene with homologues in all Prochlorococcus strains
(PMM1209). By contrast, the fifth mutation is in a core gene
(PMM0278) that sits in a syntenic region of the genome (Fig. 1).
Of the 11 MED4 mutant genes identified, four are predicted to be
membrane associated and another six are potential cell-wall biosynthesis
and modification enzymes (Supplementary Table 2). These include
sugar isomerases and methyl-, carbamoyl- and aminotransferases.
Therefore, mutations in these genes may cause an alteration to the
cell-surface structure of resistant substrains.
Phylogenetic analyses of the non-core genes showed that they do not
cluster with Prochlorococcus homologues (Fig. 2c and Supplementary
Fig. 2), suggesting that they were horizontally acquired from other
phyla. Furthermore, the phylogenetic profile of the ISL4 core gene
(PMM1209) showed no clear separation between Prochlorococcus
ecotypes (Fig. 2b), suggesting that there is some degree of gene swapping among such ecotypes. In contrast, the syntenic-region core gene
(PMM0278) had a phylogenetic profile congruent with the majority of
core genes (Fig. 2a). PMM1209 and the non-core genes had a much
higher degree of sequence divergence among Prochlorococcus homologues relative to core genes (Supplementary Fig. 3).
To determine whether these findings are a general phenomenon
among high-light-adapted Prochlorococcus ecotypes, we expanded our
study to investigate resistance in 15 additional substrains originating
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Figure 2 | Phylogeny of representative MED4 mutant genes. Distance trees
of PMM0278, a syntenic core gene (a); PMM1209, the ISL4 core gene (b); and
PMM1245, an ISL4 non-core gene (c). Mutant genes are enclosed in red boxes.
Green, orange and blue indicate HLI, HLII, and low-light-adapted
Prochlorococcus strains, respectively. Red, black and pink indicate marine
Synechococcus, other microbes and viruses, respectively. Bootstrap values (single
dot, .50%; double dot, .90%) are shown at the nodes (distance/maximum
likelihood). Syncy, Synechocystis; Anab circ, Anabaena circinalis; E. coli,
Escherichia coli, P. chrom, Paulinella chromatophora; H. chej, Hahella chejuensis;
M. ferrooxydans, Mariprofundus ferrooxydans; A. platensis, Arthrospira
platensis. Scale bars show numbers of amino-acid substitutions per site.

Figure 1 | Distribution of resistance-conferring
mutations. a, Diagram of high-light-adapted
Prochlorococcus genomes. Genes with resistanceconferring mutations (‘resist’) are shown by red
lines and circles, and core genes are shown by
asterisks. Mutations in controls relative to reference
genomes (‘ctrl’) are shown by short lines. Genomic
islands are shaded, and those defined previously19
are named above the genomes. nt, nucleotides.
b, Expansion of most of ISL4, the viral susceptibility
region. Genes with resistance-conferring
mutations are shown in red. The red box surrounds
a cluster of six mutant genes between PMM1242
and PMM1249. MIT9515 is not shown as it had no
resistance-conferring mutations in this island.

from one other HLI strain (MIT9515) or two HLII strains (MIT9312
and MIT9215) that were selected for resistance to five additional podoviruses. Genome sequencing revealed mutations in a total of 13 different
genes: 11 non-core and 2 core genes. All but one are in genomic islands;
eight in ISL4, two in ISL3 and a core gene (PMT9312_0728) in island 2
(ISL2) (Fig. 1). Phylogenetic analyses of the non-core genes suggest that
they have been horizontally transferred from other phyla (Supplementary Fig. 2i–p). Additionally, the ISL2 core gene (PMT9312_0728) had a
phylogenetic profile different from those of most core genes (Supplementary Fig. 2g). Many (eight) of the 13 mutant genes are predicted
to be cell-surface related and include an integral membrane subunit of
the phosphate transporter (pstA), lipopolysaccharide and cell-wall
biosynthesis genes (Supplementary Table 2).
In this study, myoviruses were not used as a source of selective
pressure for the isolation of resistant substrains. However, five of
our substrains were resistant to at least one of two myoviruses tested
(Supplementary Table 2). These included four with mutations in
genomic islands, three of which were in non-core genes. Therefore,
mutations in some of the same surface-related island genes confer
resistance on both podoviruses and myoviruses. It should be noted
that selection for resistant substrains using myoviruses may uncover
mutations in additional gene types.
All together, analysis of these 77 resistant strains revealed common
features of resistance-conferring mutations among high-lightadapted Prochlorococcus ecotypes. The great majority (91%) of the
24 mutant genes are in hypervariable genomic islands. Moreover, 71%
localized to a single genomic island, ISL4, indicating that this is a virus
susceptibility region. Most mutant genes (83%) are part of the noncore or variable genome and seem to have been horizontally acquired
from diverse and distant bacterial phyla, and two of the four core genes
seem to have been swapped among members of the Prochlorococcus
genus. Three of the mutant genes (PMM1209, PMM1246 and
PMT9312_1347) also have homologues in the genomes of cyanobacterium phages23 (Fig. 2b and Supplementary Fig. 2d, j). Most genes
are potentially cell-surface related (75%) or neighbour cell-surfacerelated genes (another 12%). Surprisingly, we did not find a resistanceconferring mutation in the same gene in more than one strain, but we
did identify mutations in two homologues from the same strain
(Supplementary Fig. 2m). Although we did not observe a direct gene
acquisition or loss event, the identification of resistance-conferring
mutations in sporadically distributed, horizontally transferred genes
strongly suggests that they are dynamically gained by and lost from
genomic islands in response to viral selection pressure.
To assess whether non-core island genes are more prone to mutation,
we investigated the distribution of mutations in eight sequenced controls relative to published reference genomes of the ancestral
strains18,19,24. Resistance-conferring mutations were mostly localized
to non-core, cell-surface island genes (P , 10215), but no such trend
was observed for our control substrains (P 5 0.75). Control mutations
were distributed throughout the genome (Fig. 1) and contained a
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Adaptive cost of resistance
Viral infection causes mortality of susceptible cells and selects for populations resistant to infection. Long-term coexistence between host and
virus requires, however, a population of susceptible cells supporting
viral production10,26. This apparent paradox can be reconciled if a cost
of resistance exists, whereby susceptible subpopulations out-compete
resistant subpopulations under certain environmental conditions10. To
assess whether resistant substrains had a fitness cost, we compared their
growth rates with those of susceptible controls under optimal laboratory
conditions. Eleven of the 23 mutants tested grew significantly (up to
50%) more slowly than controls (Fig. 4a and Supplementary Fig. 4).
These included all four substrains with core gene mutations and seven
out of 19 substrains with mutations in non-core genes. Importantly,
these results were consistent for independently isolated substrains with
mutations in the same gene (Supplementary Fig. 5). It should be noted
that a growth cost of resistance may exist for additional substrains under
conditions not tested here. Nonetheless, these data suggest that mutations in core genes are more likely to cause a fitness cost than those in
non-core genes, but also highlight the fact that a number of non-core
genes have a fundamental role in the physiology of the organism and
that their absence would be detrimental.
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Figure 3 | Attachment of podoviruses to resistant substrains. Adsorption of
P-SSP7 (a) and P-GSP1 (b) to MED4, and P-SSP2 (c) to MIT9312. Resistant
substrains are indicated by grey bars. Susceptible control substrains (black bars;
WT, wild type) served as positive controls for attachment, whereas a non-host
strain (white bar) is a negative control for non-specific attachment. Per cent
adsorption was determined from the amount of free phage in extracellular
medium 4–6 h after phage addition, relative to the amount at 0 h. Data shown
are average and s.d. of n biological replicates; ***P , 0.001, indicating
significantly less adsorption than susceptible controls.
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Resistance-conferring mutations in predicted cell-surface genes suggest that they affect virus attachment to the cell surface10. To test this
hypothesis, we carried out adsorption assays for a subset of resistant
substrains. All seven mutants tested showed impaired attachment to
the viruses used for selection (Fig. 3). This suggests that the mutant
genes encode enzymes involved in the synthesis of viral receptors, coreceptors or molecules that interfere with receptors, or encode the
proteins themselves. Preventing attachment and, therefore, entry into
the cell is potentially the most effective line of defence, and is a common
mode of bacterial resistance to lytic phages10,25.
Attachment of podoviruses to strain-specific cell-surface components
explains their high degree of host specificity; they often infect a single
host7,13. Mutations in some of these genes also provided resistance to
myoviruses with broader host ranges. This suggests that there is differential interference for viral attachment between strains or that myoviruses use different receptors for distinct hosts, a known phenomenon
from other systems10. Thus, the host range of viruses is determined by
the dynamic, exchangeable part of the genome—genomic islands.

Growth rate relative
to WT (%)

Impaired attachment

a

Chlorophyll a
fluorescence (a.u.)

mixture of silent, amino-acid-changing and intergenic-region mutations (Supplementary Table 4). These data indicate that our genomic
findings are not due to chance but rather are directly associated with
resistance.
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Figure 4 | Cost of resistance. a, Growth rates of MED4 resistant substrains
with mutations in non-core (grey) and core (hatched) genes, relative to
susceptible controls (black). ***P , 0.001, indicating significantly slower
growth than controls. b, Competition between MED4 R5 and susceptible
control grown together. c, d, Infection dynamics (c) and adsorption kinetics
(d) of P-GSP1 infecting MED4 R5 (red) and its control (black). Filled circles,
infected cultures; open circles, non-infected cultures. The two substrains
responded differently with respect to time (P , 0.001). Data shown are average
and s.d. of three to six biological replicates. MED4 R5 is resistant to P-SSP7,
P-TIP1 and P-TIP2. a.u., arbitrary units.

Growth rate costs are sometimes manifested only under direct
competition. However competition experiments between a resistant
substrain (R5) and its susceptible control did not reveal a growth cost
to resistance either (Fig. 4b).
Another potential, yet undocumented, type of cost of resistance is a
greater degree of susceptibility to other viruses. To investigate the
possibility of such a susceptibility existing, we challenged resistant
substrains with viruses to which they had remained susceptible. A
significantly more rapid decimation of mutant populations relative
to control populations was observed for five substrains (including R5)
infected by a subset of podoviruses and myoviruses (Fig. 4c and
Supplementary Fig. 6a). Another three substrains had slower infection dynamics (Supplementary Fig. 6b). Further investigation of R5
revealed a drastic increase in the rate of attachment by two podoviruses still capable of infecting it (Fig. 4d and Supplementary Fig. 6c).
These data show that certain mutations confer resistance to some
phages yet allow more rapid infection by other phages, representing
a novel ‘enhanced infection dynamics’ fitness cost. This phenomenon
may also exist in other host–virus systems where a mutation differentially affects attachment to the host by multiple viruses. Indeed,
enhanced attachment of one myovirus was reported for a
Synechococcus strain resistant to a different myovirus25, although it
is unknown whether this led to enhanced infection dynamics.
Our results indicate that at least 16 out of 23 mutant substrains
showed one of two types of adaptive cost of resistance: reduced growth
rate or more rapid infection by other viruses.

Coexistence in simple populations
The presence of resistant cells in a population is dependent, in part, on
the rate of generation of resistance mutants. Using a modification of
the fluctuation test27, we found a rate of spontaneous mutation leading
to resistance in MED4 of between 4.7 3 1026 and 6.08 3 1026 per
cell per division (Supplementary Table 5), which is approximately
10–1,000-fold higher than for other bacteria27–29. Although the mechanism behind this high rate of resistance is unknown, this finding
suggests that highly diverse, resistant Prochlorococcus populations
probably exist in the environment.
The degree to which resistant cells are maintained in a population
depends on competition with susceptible cells. We found that heterogenic
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populations of MED4 (grown in the absence of viruses for over 600
generations) maintained a majority of susceptible cells. However, a relatively large fraction of resistant cells (0.01–0.2%), both ‘normal growing’
and slow growing, were also present (Supplementary Fig. 7). This indicates that, contrary to our expectations, slower-growing resistant cells
were not competitively excluded. Furthermore, investigation of a resistant
substrain (R5) that was maintaining a viable viral population revealed one
susceptible colony out of 163, which had reverted to the control genotype.
Therefore, susceptible and resistant cells co-occur in simple laboratory
populations of Prochlorococcus, both in the presence and absence of
viruses.

Susceptibility regions in nature
To gain insight into potential viral susceptibility and resistance in field
populations of Prochlorococcus, we investigated the diversity of homologues of the experimentally identified resistance-related genes in
environmental genomic data sets30,31. Overall, these genes are highly
diverse (Supplementary Fig. 3b), carrying a variety of polymorphisms
at resistance-specific positions (Fig. 5a). Some even encode the same
polymorphisms as our resistance mutants. Other positions are highly
conserved, often carrying the wild-type susceptible polymorphism.
Although it is clearly impossible to discern whether environmental
populations encoding these sequences are resistant or susceptible to
a particular virus, these data are highly suggestive that both resistant
and susceptible subpopulations are present in nature.
Another striking feature arising from environmental sequence
analyses is the sporadic distribution of resistance-related genes and
the scrambling of their order in genomic islands. As is the case for
island genes in general18,19,22, resistance-related island genes were considerably less abundant than syntenic genes (Supplementary Fig. 8).
In addition, ISL4 genes do not have a conserved order in environmental populations, as seen from the high number of different genes
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Figure 5 | Resistance-conferring genes in the environment. a, Amino-acid
frequency at resistance-specific positions in environmental homologues of
MED4 gene PMM1242. WT, amino acids identical to controls; Mt, mutant
amino acids; Cons1, Cons2 and Cons3, different but conserved amino acids;
Other, non-conserved amino acids. Between 37 and 64 sequences were
analysed per position. b, Number of different neighbouring genes on
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PMM1242 (green) are within ISL4 and PMM1262 (blue) flanks ISL4.
PMM1291 (grey) and PMM1309 (black) are controls for syntenic regions.
c, Location frequency within sequenced genomes of genes on environmental
clones that have homologues of PMM1209, PMM1242 and PMM1262. HL Pro,
high-light-adapted Prochlorococcus; cyanos, cyanobacteria.

adjacent to resistance-related genes (Fig. 5b). Furthermore, most
genes on these environmental genome segments have homologues
in cultured Prochlorococcus strains that map to a different region of
ISL4 (Fig. 5c). These data are consistent with numerous transfers of
these genes within the population at this genomic site18,19.

Genome evolution and coexistence
The architecture of microbial genomes, with large regions of gene
synteny punctuated by hypervariable genomic islands, is a curious
phenomenon that seems to have been strongly affected by interactions with viruses. It is well accepted that gene acquisition is facilitated
by horizontal gene transfer mediated both by phages and by other
mobile genetic elements, and that genomic islands are a repository for
such horizontally acquired genes17,20. Initial genome locations of
islands were probably dictated by the position of transfer RNA genes,
which are known integration sites for mobile elements17, with, as seen
from multiple repeat elements17,19, subsequent and repeated gene
acquisition and loss occurring at these sites. Our study suggests that
the diversity of genomic islands is at least partly the evolutionary
outcome of millions of infection–selection cycles between microbes
and viruses, with selection against cells carrying proteins that aid viral
attachment. Our results further suggest that gene loss, without parallel
gain of genes with similar functionality, would be detrimental to the
organism as resistance-conferring mutations often led to a significantly reduced growth rate. This impact of phages on the evolution
of genomic islands is likely to extend beyond Prochlorococcus, as
evidenced by a similar degree of island diversity of cell-surface genes
in other cyanobacteria20,21 and microbes22,32,33. We speculate that the
physical clustering of horizontally transferred genes in genomic
islands is beneficial to microbes, as it facilitates constant gene
exchange without disrupting the integrity of the rest of the genome.
Coexistence between Prochlorococcus and their phages is probably
facilitated by the high diversity of attachment genes in genomic islands.
Their sporadic distribution and numerous polymorphisms serve to
reduce the effective population size for infection by any particular
phage. Therefore, abundant Prochlorococcus populations belonging
to a single ecotype with common physiological and ecological characteristics are actually an assortment of subpopulations with different
susceptibilities to co-occurring phages. We propose that the ‘arms race’
between bacteria and their viruses leads to the emergence of resistant
bacteria in both a sequential and accumulative process, resulting in a
continuum of cyanobacteria with different but overlapping ranges of
viral susceptibility. Phage pressure then reduces the size of dominant
subpopulations, leading to low abundances of a suite of resistance and
susceptibility types. Then the small proportion of cells susceptible to a
particular phage protects the cyanobacterium from infection owing to
reduced probabilities of contact, consistent with the ‘numerical refuge’
hypothesis10. These findings are probably not limited to cyanobacteria,
as computer simulations and modelling suggest that microdiversity
maintains bacterial population diversity at a subspecies level22. Thus,
large numbers of taxonomically identical organisms, fulfilling the same
ecological role, are probably maintained in the environment as a result
of microdiversity in phage susceptibility regions.
The well-known growth cost of resistance is inherent to the physiology
of the cell and is probably manifested under a variety of environmental
conditions. By contrast, the novel ‘enhanced infection dynamics’ cost
of resistance is local in both time and space, being manifested only in
the presence of phages capable of more rapid infection. Thus, the latter
resistance cost is probably considerably less detrimental than reduced
growth rates while still providing a mechanism for avoidance of competitive exclusion of susceptible cells. Furthermore, this resistance cost
is less likely to lead to the extinction of resistant types, resulting in a
more diverse set of subpopulations in nature.
An enormous degree of community diversity exists for
Prochlorococcus and other microbes in the oceans, much of which is
manifested at the level of genomic microdiversity among closely
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related organisms18–20,22. Our experimental findings, together with
bioinformatic analyses18,19,21,22, strongly suggest that this microdiversity is driven to a considerable extent by viruses, through both
selection pressure and horizontal gene transfer, leading to an assortment of interchangeable genes in microbial genomes that are involved
in viral attachment. This, together with mutation-induced changes in
infection dynamics, both accelerations and decelerations, has probably
led to a suite of distinct bacterial subpopulations. The resultant community-level complexity has probably produced a complex network of
interactions whereby infections constantly occur but only for particular segments of the population at any one time or place, leading to the
maintenance of robust and reproducible population and community
structure2,3,34 in the oceans.

METHODS SUMMARY
We used four high-light-adapted Prochlorococcus strains to isolate 77 substrains
resistant to infection by ten different podoviruses. They were isolated on plates
from single colonies in the presence of selecting phages, whereas susceptible controls were isolated in the absence of phages. Genome sequencing of 27 resistant and
eight control substrains was performed using Illumina technology to identify
resistance-specific mutations. The remaining mutations were identified by sequencing PCR amplicons of genes identified by genome sequencing. Mutant genes were
classified as cell-surface related on the basis of predicted membrane domains,
functional annotation and gene neighbourhood. They were considered to be core
genes if they were present in all 13 sequenced Prochlorococcus genomes, and were
considered to be part of a genomic island if they localized to regions unique to a
single Prochlorococcus strain. We identified homologues of mutant genes in environmental data sets using a reciprocal best-BLAST-hit-like approach. The abundance, sequence diversity and gene neighbour diversity of each homologue was
estimated. The growth rate of resistant substrains was compared with that of paired
controls. The rate of population decline of mutant substrains susceptible to other
phages was compared with that of susceptible controls. We determined the degree
of attachment to the cell surface from the change in the number of free phages in
the extracellular medium with time after phage addition. Experimental details,
including genomic island designations (Supplementary Table 6) and primers used
(Supplementary Table 7), can be found in Supplementary Methods.
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