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Horiǫonƶal gene ƶranƩfer acceleraƶeƩ microbial eǚolƾƶionе promoƶing diǚerƩificaƶion and adapƶaƶionлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
The globallǡ abƾndanƶ marine cǡanobacƶeriƾm ѢProchlorococcƾƩ haƩ a highlǡ Ʃƶreamlined genome ǛiƶhѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
freqƾenƶ gene eǠchange reflecƶed in iƶƩ eǠƶenƩiǚe pangenomeл The Ʃoƾrce of iƶƩ genomic ǚariabiliƶǡеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
hoǛeǚerе remainƩ elƾƩiǚe Ʃince moƩƶ cellƩ lack ƶhe common mechaniƩmƩ ƶhaƶ enable horiǫonƶal geneѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ƶranƩferе inclƾding conjƾgaƶionе ƶranƩformaƶionе plaƩmidƩ and prophageƩл EǠamining Ϻ϶Ϸ genomeƩеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Ǜe reǚeal a diǚerƩe ƩǡƩƶem of mobile geneƶic elemenƶƩ Ѣы cargoюcarrǡing ƶranƩpoƩonƩ Ǜe namedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ƶǡchepoƩonƩ Ѣы ƶhaƶ Ʃhape ѢProchlorococcƾƩѪп genomic plaƩƶiciƶǡл The eǠciƩion and inƶegraƶion ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ƶǡchepoƩonƩ aƶ Ʃeǚen ƶRNA geneƩ driǚe ƶhe remodeling of larger genomic iƩlandƩ conƶaining moƩƶ ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ProchlorococcƾƩѪп fleǠible geneƩл MoƩƶ ƶǡchepoƩonƩ carrǡ geneƩ imporƶanƶ for niche differenƶiaƶionѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ƶhroƾgh nƾƶrienƶ acqƾiƩiƶionр oƶherƩ appear Ʃimilar ƶo phage paraƩiƶeƩл TǡchepoƩonƩ are highlǡѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
enriched in eǠƶracellƾlar ǚeƩicleƩ and phage parƶicleƩ in ocean ƩampleƩе ƩƾggeƩƶing efficienƶ roƾƶeƩ forѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ƶheir diƩperƩalе ƶranƩmiƩƩion and propagaƶionл Sƾpporƶed bǡ eǚidence for Ʃimilar elemenƶƩ in oƶherѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
marine microbeƩе oƾr Ǜork ƾnderpinƩ ƶhe role of ǚeƩicleю and ǚirƾƩюmediaƶed ƶranƩfer of mobileѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
geneƶic elemenƶƩ in ƶhe diǚerƩificaƶion and adapƶaƶion of microbeƩ in dilƾƶe aqƾaƶic enǚironmenƶƩ ыѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
adding a Ʃignificanƶ piece ƶo ƶhe pƾǫǫle of Ǜhaƶ goǚernƩ microbial eǚolƾƶion in ƶhe planeƶпƩ largeƩƶѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
habiƶaƶлѠ

PơźchlźơźcźccƾƩ is the smallest and numerically most abundant cyanobacterium in the oceansл ItѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
possesses a large pangenome and contains hypervariable genomic islands that have been linked to nicheѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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differentiation and phage defenseѢ1ы4Ѣл Adaptations to light and temperature broadly define clades in theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genusе which are subdivided into a mosaic of coexisting subpopulations in the wildѢϹыϻѢл This structureѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
provides stability and resilience to the global population in the face of viral predation and changingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
environmental conditionsѢϼы10Ѣл While the importance of variable genomic islands in the ecology ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
PơźchlźơźcźccƾƩ is wellюknownе how they are formed and acquire new genes remains an open questionѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
because most cells lack common means of horizontal gene transferе such as conjugative systemsѢ11 andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genes for natural competenceѢ12Ѣл Island diversification via gene exchange with cyanophages has beenѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
observed for genes involved in photosynthesisе highюlight adaptationе and other metabolic functionsѢ13ы1ϹѢеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
but evidence for prophageюmediated transduction is rare ю some cyanophages carry integrase genes andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
putative attachment sites have been linked to recombination hotspots in ѢPơźchlźơźcźccƾƩ genomesѢ1Ϻе1ϻѢе butѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
only a single partial prophage has been observed in hundreds of available genomesѢ1ϼѢл ѢPơźchlźơźcźccƾƩ cellsеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
moreoverе appear devoid of any common mobile genetic elements including plasmidsе transposonsеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
insertion sequencesе or integrative and conjugative elementsѢ1Ͻы21Ѣе with the exception of a fewѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
transposons and insertion sequences previously identified in the most basal ѢPơźchlźơźcźccƾƩ clade LLIVѢ1ϻѢлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
This overall limited ability to utilize canonical horizontal gene transfer mechanisms ы seeminglyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
inconsistent with the large and widely distributed pangenomeѢ22е23 ы motivated us to explore genomes ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
cultured and wild ѢPơźchlźơźcźccƾƩ ѪcellsѢ21 for evidence of mechanisms promoting genomic island diversityѠ Ѡ Ѡ Ѩ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
in this groupлѠ

Mobile geneƶic elemenƶƩ ƶhaƶ ƶargeƶ genomic iƩlandƩѠ
We focused our analysis on flexible genes ы genes present in only a subset of the population ы and onѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genomic islands ы distinct regions in the genome with a high density of these flexible genesл The termѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
іgenomic islandї is sometimes used in reference to individual mobile genetic elementsѢ24Ѣл We use theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
term hereе howeverе to refer to larger chromosomal regions with high interюstrain variabilityе consistentѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
with a widely used definition and earlier descriptions of genomic islands in ѢPơźchlźơźcźccƾƩѪϽѪл TheseѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
regions in most cases do not represent an individual mobile genetic elementе but rather areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
heterogeneous aggregations of horizontally transferred materialе that typically cannot mobilize as anѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
integral unitл We searched for clues as to how such hotspots of variability arise and are maintained overѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
evolutionary timescalesлѠ

Horizontal gene transfer promoting genomic island variability is typically associated with twoѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
mechanismsд the integration of mobile genetic elementsе such as prophagesе giving rise to ѢaddiƶiǚeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
iƩlaŰdƩѪе and the exchange of material through homologous recombination by conserved flanking coreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genes creating ѢơeƞlaceŮeŰƶ ѢiƩlaŰdƩѪϾЁѪл The two island types have distinct characteristicsе as detailed belowлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
We searched for common signatures of both types in Ϻ23 ѢPơźchlźơźcźccƾƩ genomes obtained from culturedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
isolates and singleюcells from the wildѢ21 шSupplementary Table 1щл In all of these genomesе we identifiedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
wellюdefined genomic islands ы typically around ϼю10 islands per genome between 4 and 200 kbp in sizeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ы that comprise about oneюquarter of all genes per genome and harbor more than twoюthirds of allѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
flexible genes of the ѢPơźchlźơźcźccƾƩѪ pangenome шSupplementary Figл 1с2щлѠ

We first asked if these islands were replacement islandsе iлeл those derived via homologousѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
recombinationл Islands of this type are usually found in all lineages of a group and are syntenicе butѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
different strains often carry different gene clusters encoding equivalent biological functionsѢ2ϺѢл They areеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
moreoverе exchanged among closely related strains through recombination among their flanking coreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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genesе replacing the entire existing gene cluster with the incoming materialѢ2ϻѢл ѢPơźchlźơźcźccƾƩ islandsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
have highly conserved locations and are usually present in all strains шѢFigл 1Ѣе Supplementary Figл 3щлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Howeverе we never observed a complete replacementе only the gain and loss of some genes from oneѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
strain to the next шSupplementary Figл 4щл Moreoverе recombination rates inferred from islandюflankingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
regions were similar to those of other parts of the genomes шSupplementary Figл Ϲще thusе also arguingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
against wholeюisland homologous recombination as a key driver of ѢPơźchlźơźcźccƾƩ genomic islandsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
formationлѠѠ

Nextе we searched for signs of mobile genetic element activity ы which would be expected for islands ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the additive typeѢ2ϹѢл Consistent with previous studiesѢ1е2ϼ most ѢPơźchlźơźcźccƾƩ islands are directly adjacentѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
to ϻ tRNA genes шProlineѢtggѢе SerineѢtgaѢе AlaninѢggcѢе ThreonineѢggtѢе ArginineѢtctѢе Ѣone of three MethioninesѢcatѢе andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ ѠѠ Ѡ Ѡ Ѡ Ѡ Ѡ
the tmRNA gene ы a bifunctional transferюmessenger RNA important for releasing stalledѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ribosomesщшѢSupplementary Figл 3Ѣщл tRNAs are known integration hotspots for a variety of mobile geneticѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elementsѢ2ϽѢл The elements usually encode integrases that recognize a specific attachment siteе typicallyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
around 40 nucleotides longе in both the excised element and the host genomeе and often within tRNAѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genesѢ30Ѣл The integrases catalyze siteюspecific recombination between the two DNA molecules splicing theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
element into шor out ofщ the host chromosomeл This leaves the integrated elements flanked on both sidesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
with the attachment site motif шone copy from the hostе one from the incoming elementщ ы partial tRNAsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
in this caseл Guided by these hallmarks of mobilityе we screened ѢPơźchlźơźcźccƾƩ Ѫgenomes for integrasesеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѩ Ѡ Ѡ Ѡ
other genes linked to a mobile lifestyleе and the presence of fullюlength and partial tRNAsлѠ

Ѡ
 Figƾre ϵ ҹ ChromoƩomal organiǫaƶion of genomic iƩlandƩ and aƩƩociaƶed mobile geneƶic elemenƶƩ in ѢProchlorococcƾƩѪлѠ
aщ 30 selected circular ѢPơźchlźơźcźccƾƩ genomes shown relative to their origin of replication шleft to rightmost vertical black barщлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Vertical columnюlike features indicate the predicted genomic islands in conserved locations across the genomes шgrey barsщлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Most islands are associated with one or two specific fullюlength tRNA genes шcolored pointsе header colorщл These tRNAs areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
targeted by mobile genetic elements carrying integrases specific to the different islands шcolored diamondsщл The genomesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
shown here are a representative subset of a single ѢPơźchlźơźcźccƾƩ clade шHLIIщ and are among the most complete genomes in theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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datasetл The genomes are ordered according to their phylogenetic relationshipsе iлeл the most closely related genomes areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
plotted next to each otherл Ѣbщ A model for genomic island formation promoted by mobile element activityл Mobile elementsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
integrate and excise at the tRNA gene at the proximal end of the islandл Genetic material brought in but not excised laterе suchѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
as flanking DNA from other hostsе and degenerated elementsе accumulates next to the tRNA leading to gene gain and islandѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
growthл Gene gain is countered by gene loss and selectionе preserving only beneficial acquisitions which mayе in turnе becomeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
fixed in descending lineagesл Due to the directionality of the processе the observed intraюstrain heterogeneity is highest at theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
proximal end of the island right next to the tRNA and decreases towards the distal end of the islandлѠ

We did not find any of the wellюknown types of mobile genetic elements except a few previouslyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
described insertion sequences and transposons in the most basal ѢPơźchlźơźcźccƾƩ clade шLLIVщѢ1ϻѢл OurѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
searchе howeverе yielded Ͻ3ϻ putative integraseюcarrying elements ы most of which belong to a newѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
family of cargoюcarrying DNA transposons that we describe in detail in the next sectionл These elementsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
specifically integrate at the ϻ islandюassociated tRNAs mentioned aboveе and in the followingе we exploreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
their impact on ѢPơźchlźơźcźccƾƩѪ genomic islands and nicheюdifferentiationлѠ

The vast majority of all the elements we found were located within genomic islands and in most casesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
adjacent to the islandюassociated tRNA at the proximal end of the island шѢFigл 1aѢе Supplementary Figл 4щлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
In a few casesе we even found multiple elements located right next to each otherе separated only by aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
partial copy of the islandюtRNA шSupplementary Docл 1е examplesд AGѿ3Ϻ3ѿG23у003ϼ2с003ϽϻеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
AGѿ3ϹϹѿN1ϼу01Ϻ33с01Ϻ4ϻе AGѿ3ϼϼѿA01у004ϻϺс004ϼ4щл These cases likely represent subsequentѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
integrations at the same integration siteе with newly incoming elements pushing existing ones furtherѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
into the islandл We also identified remnants of degenerated elementsе such as fragmented integrasesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and more partial tRNAs scattered throughout the islandsе suggestive of additionalе older integrationѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
eventsлѠ

Compared to the about ϼю10 islands that were present among all ѢPơźchlźơźcźccƾƩ genomes in theirѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
conserved locations ы usually next to a tRNA gene ы the elements were much rarer and more transientдѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
on average we observed only 1ю2 elements per genomeе meaning that most individual islands did notѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
contain any elementsл Moreoverе Ϻ2Җ of the elements were uniqueе iлeл only present in a single genomeлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
About 2ϺҖ were present in two to five ы and in rare cases up to 2Ϲ ы closely related strains likelyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
representing a single integration event in a common ancestor and subsequent vertical inheritanceр 12ҖѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
were present in at least two distantly related genomes ы indicating independent integration eventsл ThisѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
high diversity and patchy distribution suggest a dynamic system with a large pool of elements thatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
transiently іvisitї the islandsе therebyе greatly contributing to intrapopulation heterogeneityѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шSupplementary Figл Ϻр elements were defined as the іsameї if they shared at least Ͻ0Җ identity over Ϲ0ҖѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of the shorter elementр we did not factor in location because independent integrations will occur at theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
same tRNA due to the siteюspecificity of the integraseщлѠ

Overallе we found that these putatively active elements only made up 3лϺҖ of the total island materialлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Degenerated fragmentsе which lack clear boundaries and are harder to delineate from surroundingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
materialе appear to account for a similar fractionе based on hallmark genes present in nonюelement partsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of islandsл Thusе the major fraction of the islands appear not to be made up of the elementsе but ratherѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
are composed of additional transferred materialл Given the location of this material ы inside islandsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
abutting tRNAs ы we expect that this material was also acquired through siteюspecific recombinationеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
most likely carried out by transient elementsл We hypothesize that the material is brought in as flankingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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material temporarily captured onto an excising element by imprecise excision from a donor genomeеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
comparable to specialized transduction in lysogenic phagesѢ1ϻе31 шѢFigл 1bѢщл Subsequent precise excision ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the element leaves this extra material behind in its new hostл In support of this hypothesisе we observedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
fullюlength elements in viral metagenomes that carried sequences that appear to be adjacent hostѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
material шSupplementary Figл ϻщлѠѠ

As a consequence of this biюpartitionе ѢPơźchlźơźcźccƾƩ islands comprise two gene pools with differentѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
transfer and turnюover ratesд Element genes ы which include hallmark genes for integration andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
replication as well as additional cargo genes ы and islands genes that are not part of a functionalѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elementл Element genes are highly mobile and can be gained and lost dynamically to quickly matchѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
selective pressuresл Island genes still likely have higher rates of transfer than core genes but rely on moreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
stochastic processes such as coюtransfer of elementюflanking material or recombination with activeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elementsл The two poolsе moreoverе are linked by active gene flow as indicated by a strong overlap inѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
enriched functions between elements and adjacent island regions шSupplementary Figл ϼщлѠѠ

Thusе the majority of material in ѢPơźchlźơźcźccƾƩ islands is not derived from elements directlyе but ratherѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
appears to be brought in by them as flanking materialе suggesting that this type of horizontal transfer isѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
crucial to the island formation processл While genomic data is not direct evidence for such a model ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elementюdriven island formationе all of the described elementюassociated processes ы degenerationеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
transduction and recombination ы fit the observed features including the accretion of horizontallyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
acquired material at the distal end of the islands шthe end furthest from the island tRNAщл In this modelеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the tRNAs function as seeds and the transient elements as vectorsе gradually contributing to theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
accumulation of transferred material andе thusе the formation of largeе persistent islandsлѠ

NeǛ elemenƶƩ for defenƩe and adapƶaƶionѠ
To gain a better understanding of the specific roles these novel elements carry out in their hosts weѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
characterized them in two waysд by their hallmark genes related to their function as independent geneticѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
units шrecombination and DNAюreplicationр Supplementary Table 4щ and by their cargo Ѫgenes that appearѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѩ Ѡ Ѡ Ѡ
to convey their broader ecological functionsл Below we provide evidence that about half these elementsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шϹ01 of Ͻ3ϻщ belong to a singleе cohesive and new family of DNA transposons that are likely to confer aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
fitness advantage on their host cell in particular environments and nichesл We named these elementsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposons ы referring to the Greek deity Tycheе a daughter of Oceanus and a guardian of fortune andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
prosperityл The other half of the elements were more crypticе lacking identifiable hallmark genes otherѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
than integrases and excisionasesе and we excluded them from analyses beyond those two genesлѠ

While the diversity of prokaryotic mobile genetic elementsе such as phagesе plasmids and numerousѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
types of transposonsе is immenseе tycheposons differ from all of the known classes and families inѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
significant waysе including a key feature in transposable elements classificationд the enzyme thatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
catalyzes the elementsп movementѢ32Ѣл Arguably the most abundant prokaryotic transposable elements areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
insertion sequenceюlike transposonsл Their autonomous representatives ы insertion sequences шISщ andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
composite transposons ы encode transposases for their integration and excisionл These enzymes usuallyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
exhibit little to no siteюselectivity enabling the encoding elements to transposeе iлeл integrate at differentѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
locations within the same genomeл Moreoverе these classic transposons lack genes for independentѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
replicationл By contrastе tycheposons and the cryptic elements we identifiedе encode siteюspecificѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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integrases шϽ10 out of Ͻ3ϻ contain a phageюintegraseюlike tyrosine recombinase and the rest a large serineѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
recombinaseщ and many of them carry genes associated with autonomous replication шpolymerasesеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
primasesе helicasesщ шѢFigл 2Ѣе  Supplementary Table ϹщлѠ

Siteюspecific integrases and autonomous replication are not at all uncommon in mobile geneticѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elementsе howeverе they are typically associated with either eukaryotic elementsѢ33 or large prokaryoticѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elements with distinctive lifeюstylesд lysogenic phagesе which encode their own capsidsе plasmidsе whichѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
typically exists as extrachromosomal DNA moleculesе and integrative conjugative elements шICEще whichѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
encode conjugation machinery that enable them to move between cellsѢ34е3ϹѢл Tycheposonsе howeverе lackѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
these complex functional traitsлѠ

 Figƾre ϶ ҹ Sƶrƾcƶƾre and fƾncƶion of ƶǡchepoƩonƩ in ѢProchlorococcƾƩѪлѠ
Examples of two types of tycheposons illustrating their modular structureд Ѣaщ ѢCargoюcarrying tycheposons selected here becauseѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of their clear ecological relevance in ocean ecosystemsе and Ѣbщ ѢPICIюlike tycheposonsе carrying either a terS or MCP viralѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
packaging gene likely used to hijack phage capsids for dispersalл Cargo modules were annotated with roles in nitrateѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
assimilationѢ3ϺѢе siderophore transportѢ1ϼѢе phosphate assimilationѢ3ϻѢе zinc homeostasisѢ3ϼ and phosphite assimilationѢ3ϽѢл Ѣcщ A geneѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
sharing network of tycheposon genes indicating that the functionally different tycheposon types шPICIюlike and cargoюcarryingщѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
are evolutionarily linked through their integration and replication modules шall genes form a single clusterщл Gene labelsдѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
fullюlength and partial tRNA genes are labeled with singleюletter amino acid code and their anticodonе eлgл SѢtga ҂ tRNAюSerinѢTGAѢлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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YR ҂ tyrosine recombinaseр MCP ҂ major capsid proteinр terS ҂ terminase small subunitр xis ҂ excisionaseр hel ҂ helicaseр top ҂Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
topoisomeraseр lig ҂ ligaseр reg ҂ transcriptional regulatorр pri ҂ primase or primaseсpolymerase or primaseсhelicaseр end ҂Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
endonucleaseр SSR ҂ small serine recombinaseр unk ҂ conserved unknownл Some annotations are further labeled with moreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
specific subprofiles indicating specific families of helicasesе for example шhelѢDnaB or helѢVirEѢщл Node size corresponds to theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
number of genes matching individual profilesл More detailed information on the gene profiles is available in SupplementaryѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Table 4лѠ

Based on their hallmark functions and overall genomic organizationе tycheposons appear most similarѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
to phageюinducible chromosomal islands шPICIsщѢ40ы42Ѣл PICIs are mobile genetic elements similar in size toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposons ш10ю20 kbpще that also make use of siteюspecific integrases and carry genes associated withѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
autonomous replicationл The key characteristic of PICIs is their lifeюstyeд they are parasites of phages юѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
reactivating from the host genome during phage infectionе replicatingе interfering with the replicationѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of the phageе hijacking newly produced phage capsids so they can spread to other cellsл PICIs encodeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
regulatory genes to sense phage infectionsе genes to interfere with phage replicationе and either aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
predicted major capsid proteinе a building block of a phage capsidе or a small terminase subunitе a partѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of the protein complex that pumps phage DNA into newly formed phage capsidsл As suchе PICIs increaseѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
host population resistance to infections by diverting resources away from the infecting phageлѠ

In comparing PICIs and tycheposonsе we examined both functional traits and evolutionary historyл WeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
found that all tycheposons are part of one evolutionarily linked group sharing a set of hallmark genes notѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
shared with other groups of mobile genetic elementsе including PICIsе ICEsе or phages шѢFigл 2cѢщл InѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
terms of their broader ecological rolesе howeverе tycheposons fall into two categoriesд shuttles forѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
dedicated cargo such as operons for the acquisition of growthюlimiting resources and putative PICIюlikeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
phage parasites шѢFigл 2aсbѢе Supplementary Table Ϲщл Interestinglyе this functional specialization isѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
reflected neither in different hallmark gene sets nor in the phylogeny of the integrasesе suggesting thatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
both types evolve as one cohesive group linked by active gene flowлѠѠ

Analogous to previously described PICIsе the PICIюlike tycheposons in our system also carry either aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
predicted major capsid protein or a small terminase subunitе and we anticipate a lifeюstyle similar to thatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of known PICIsе ultimately providing populationюlevel resistance against certain phage infectionsлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Interestinglyе howeverе we never observed PICIюlike tycheposons with additional cargo genesе while thisѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
appears to be common in known PICIsѢ42Ѣл PICIюlike tycheposons also account for only about 1ϹҖ of theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elements in our dataset шϼ1 out of Ϲ01щлѠ

The majority of tycheposons in our dataset ш41Ͻ out of Ϲ01щ lack genes for viral packaging or interferenceѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and their cargo appears to reflect selection pressures of the local environment шѢFigл 2Ѣе SupplementaryѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Table Ϲщл They often carry only the two small gene modules for integration шҊ1 kbpщ and replication шҊ2ю4Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
kbpщ in addition to up to 10 kbp or more of dedicated cargoл In many casesе the cargo of this set ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposons is comprised of genes of unknown functions ы a standing challenge of annotation for wildѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
microbesѢ43Ѣл The genes we could annotateе howeverе revealed a broad spectrum of functions associatedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
with ecologically relevant processes such as nutrient uptakeл Remarkablyе those functions include theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
three key nutrients that limit primary productivity in the global oceansд nitrogenе phosphorus and ironѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шѢFigл 2ѢaѢщл These complex metabolic traits ы some of them typically encoded in the core genomeѢ3Ϻе44 ы areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
captured in tycheposonsе turning them into mobile units able to boost host fitness in environmentsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
where a particular nutrient is a strong selective agentл These findings underpin the role of tycheposonsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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in accelerating microbial adaptation and genome evolutionе especially with respect to key metabolicѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
traitsе which are typically thought to be more rarely gained and lostл The elementsљ mobility is likely alsoѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
an important contributor to the oceanюwide stability of the ѢPơźchlźơźcźccƾƩ ѪcollectiveѢϻѢлѠѠ

A phylogenetic comparison of the tyrosine integrases encoded by tycheposons with those of other mobileѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genetic elementsе virusesе bacteria and archaeaѢ4Ϲ revealed thatе with few exceptionsе they form aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
monophyletic cladeр they are more closely related to each other than to integrases from any other systemѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шѢFigл 3Ѣщл This is unexpected because integrases often jump between virusesе elementsе and hostsеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
resulting in more convoluted evolutionary historiesѢ2ϺѢл At the same timeе these new integrases accountѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
for more than 10Җ of the phylogenetic diversity observed among known integrases across variousѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
domains of lifeе further supporting that they constitute an evolutionarily ancient and diverse groupе andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
suggesting that the elements carrying them evolved independently over similar timescalesлѠ

Ѡ
Figƾre Ϸ ҹ Phǡlogeneƶic placemenƶ of ƶǡchepoƩon ƶǡroƩine recombinaƩeƩ and preƩence of pƾƶaƶiǚe ƶǡchepoƩonƩ in oƶher marineѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
bacƶeriaлѠ
aѢщ Maximum likelihood phylogeny of a comprehensiveе representative set of Xerюlike tyrosine recombinases from bacterialеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
archaeal and phage genomes as well as those identified in ѢPơźchlźơźcźccƾƩ genomes in this studyл Common types шgreyщ areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
labeled according to the classification introduced by Smyshlyaev et alлѢ4ϹѢл Integrases found in phagesе ICEs шintegrativeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
conjugative elementsщ or other mobile genetic elements шMGEsщ and integrases associated with other functions are indicated byѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
navy blue labelsл Integrases from known PICIs шphageюinducible chromosomal islandsщѢ42е4Ϻе4ϻ match two known typesд TnϽ1Ϻ andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
SXTл Most ѢPơźchlźơźcźccƾƩ tRNAюassociated шcoloredщ and nonюtRNAюassociated шblackщ tyrosine recombinases form aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
monophyletic groupе together with a ѢPơźchlźơźcźccƾƩ core gene integrase шlight blueще and are distinct from the previouslyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
described common typesл 4ϻ4 of the Ϲ01 tycheposons described here carry one of the tRNAюassociated tyrosine recombinasesл ѢbѢщѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Examples of PICIюlike and cargoюcarrying ѢtycheposonѢs in a variety of other marine bacterial groupsл Gene labelsд tRNA genesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and snippets are labeled with singleюletter amino acid code and their anticodonе eлgл SѢtgaѢ ҂ tRNAюSerinѢTGAѢлѠѠ

Within the tycheposonsе the integrases further cluster by the different tRNA genes they target шѢFigл 3ѢщѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
such that each island has its specificе proximal tRNAе and each tRNA its specific integrase makingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
integrases islandюspecificл Thusе the integrases determine into which island a tycheposon will integrateѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and partition the pool of tycheposons into subpopulations that affect different islandsл This mechanismѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
has the potential to control which tycheposons and flanking genomic regions are more likely toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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Ѡ

recombineл It has previously been shown that different genes of similar ecological functions appear toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
occur in the same islands across different strainsѢ1е3Ѣл The island specificity of tycheposons could be oneѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
important factor for promoting this differentiation of islands with respect to broader ecological themesлѠ

Based on this evidence we define tycheposons as an independent lineage of mobile genetic elementsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
with the following featuresд a siteюspecific integrase ы in the majority of cases a siteюspecific tyrosineѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
recombinase lineageюspecific to tycheposons шѢFigл 3Ѣщр a common set of shared hallmark genes facilitatingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
mobility and replication шѢFigл 2cѢе ѢSupplementary Data for gene profilesщр a conserved gene organizationѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
with an inwardюfacing integrase at one endе and an optionalе small replication module either next to theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
integrase or at the opposite end шѢFigл 2aсbѢщр cargo providing adaptation to the local environment ы eл gлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
nutrient assimilation ы or phage interference шѢFigл 2aсbѢщлѠ

To determine whether tycheposons were specific to ѢPơźchlźơźcźccƾƩ Ѫor might be a feature of genomicallyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѩ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
streamlined ocean microbesе we examined a large number of other marine bacterial genomes for similarѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
elements by looking for the same hallmarks we have associated with tycheposonsл This search revealedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
related elements in a broad variety of bacterial groups including Alphaюе Gammaю andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Deltaproteobacteria шѢFig 3bѢще where they likely play similar roles in promoting genomic plasticity andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
adaptabilityлѠ

Eǚidence of acƶiǚiƶǡ and mobiliƶǡѠ
To get a more detailed picture of the activity of tycheposonsе we turned to ѢPơźchlźơźcźccƾƩ strainѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
MIT0Ϻ04е which is particularly interesting as it contains ϻ tycheposons Ѣincluding two with 100ҖѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
sequence identity encoding the complete gene cluster for nitrate assimilationѢ3Ϻе44 ѢшSupplementary Figл ϽѢщлѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
We took advantage of the fact that we had maintained this strain Ѣthrough serial transfer in two separateѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
liquid cultures for 10 years ы one propagated on media with NHѢ4Ѣ

Ѿ as the only Nюsourceе the other on theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
same media but with NOѢ3Ѣ

ю Ѣas the only Nюsourceл The latter culture was sequenced shortly afterѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
separation in 2011е and then both independent cultures were sequenced again in 201Ͻл Comparison ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the genomes of all three revealed significant genomic rearrangementsе all of which centered around theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposonsд we observed gainе loss and duplication of tycheposons as well as an associatedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
chromosomal inversion between two identical copies of the nitrate assimilation cluster they carry ѢшѢFigл 4ѢеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Supplementary Figл 10щл Because the tycheposon attachment sites reside within genomic islandsе theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
modifications were confined to islandsе while the rest of the genome remained unalteredл ImportantlyеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the rearrangements also point to the selective advantage provided by tycheposons carrying cargo withѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
adaptive metabolic functionsд The most conspicuous changes were linked to the tycheposon containingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the nitrate assimilation gene cluster when cultures were maintained with NOѢ3Ѣ

ю as the sole N sourceл ThatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
isе the cargo metabolic functionе nitrate assimilation has become an independent пplugюinп cassette thatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
can be duplicated under the selective pressure шѢNOѢ3Ѣ

юѢе in this caseще lost when useless шif ѢNHѢ4Ѣ
Ѿ is the onlyѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ

NюsourceщѢе andе in the wildе likely also more flexibly transferred between cells than would be a coreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genome traitлѠ
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 Figƾre ϸ ҹ ѢProchlorococcƾƩѪ MITϴϺϴϸ genome and genomic iƩlandƩ remodeling indƾced bǡ iƶƩ inƶegraƶed ƶǡchepoƩonƩлѠ
Comparison of 3 ѢPơźchlźơźcźccƾƩ MIT0Ϻ04 genomes from two liquid cultures maintained through serial transfers for 10 yearsдѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
MIT0Ϻ04 шNOѢ3Ѣ

юѢщ was kept growing on nitrate as the sole nitrogen source while MIT0Ϻ04 шNHѢ4Ѣ
ѾѢщ was transferred onto andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ

maintained on ammonia as the sole nitrogen sourceл The sketch on the left gives a simplified representation of the sequence ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
propagation of the two lineagesе and when the genomes were sequencedл The reference ѢMIT0Ϻ04 genome sequenced in 2011Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
carries seven integrated tycheposons including two identical copies of a tycheposon containing the nitrate assimilation geneѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
cluster шѢFigл 2Ѣщ in two different genomic islandsл ѢThe dark grey line represents the reference genome ш1лϻϼ Mbpщ and regions thatѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
changed in the other lineages relative to the referenceр faded regions remained unchangedл Grey boxes represent genomicѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
islandsе purple boxes represent different tycheposonsе the orange boxes the tycheposons carrying the nitrate assimilationѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
cluster шsee Ѣdetails in Supplementary Figл ϽщѢл The genomes sequenced in 201Ͻе furthermoreе showed that identical copies of aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposon in a single genome can trigger chromosomal inversions probably through homologous recombination Ѣ4ϼ therebyеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
revealing yet another mechanism by which these elements can promote genomic plasticity ы in this case even at theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
chromosomal scaleл Comparing the cultures maintained on different Nюsourcesе we observe that the duplication and movementѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of the nitrateюassimilation tycheposon happened in both lineages maintained on nitrateл Each jump happened in two distinctѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genomic island locationsе inserting next to a short segment of the same tRNA abutting the original copyе supporting our modelѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of siteюspecific recombinationлѠ

We also tested four additional tycheposonюcontaining ѢPơźchlźơźcźccƾƩ strains for tycheposon mobilityѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
using PCR amplification of the circular and excised element intermediatesл We found that all culturesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
are internally heterogeneousе with subpopulations of cells missing a tycheposon that excisedе orѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
possessing tandem repeat junctions шSupplementary Figл 11ще adding to our understanding of howѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
hundreds of coexisting subpopulations varying by small sets of genes might arise in the environmentѢϹыϻѢлѠ

To better understand what conditions would trigger tycheposon mobilityе we measured theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
transcriptional response of an integrase associated with a cargoюcarrying tycheposon in MIT0Ϻ04 to aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
wide range of stressors шSupplementary Figл 12щ ы some of which a cell might experience in theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
environmentе and others artificialл The only significant relative increase in transcripts occurred inѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
response to mitomycin Cе a DNA alkylating agent commonly used to trigger DNA damageл Mitomycin CеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
well known to induce prophage excisionе also induced other integrases in other strains шSupplementaryѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Figл 13щл This treatment triggered detectable mobilization of some tycheposons шSupplementary Figл 11щеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
showing that the effect is not specific to the MIT0Ϻ04 strainлѠѠ
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Ѡ
Figƾre Ϲ ҹ Differenƶial gene eǠpreƩƩion of ƶǡchepoƩon hallmark geneƩ ƾnder DNA damage ƩƶreƩƩлѠ
Volcano plot showing the logѢ2 fold change of gene expression of cultures treated with either mitomycin C шtopщ or a UV shockѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шbottomщ relative to the control treatmentл The yюaxis shows the false discovery rate corrected pюvalueл Coloured points showѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
hallmark genes with the shape indicating their functionл Overallе the mitomycin C treatment produced a much stronger signalѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шa phenomenon already observed in other bacteriaе 30Җ of ѢEу cźli genome is differentially expressed by mitomycin CѢ4ϽѢщеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѩ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
indicating that the cells are better equipped to handle UVюinduced damageл The majority of tycheposon hallmark genes areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
strongly upregulated by mitomycin C but not UV shockл In the mitomycin C treatmentе several tycheposons showѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
coюupregulation of their hallmark genes шintegraseе excisionaseе primaseсhelicaseщлѠ
Ѡ

Furtherе a genomeюwide transcriptome analysis of MIT0Ϻ04 шѢFigл ϹѢщ revealed that most integrasesеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
putative excisionases and replication genes all had elevated transcripts when subjected to mitomycin CеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
indicating a universal regulatory mechanismл We note that other DNA damaging treatmentsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
шSupplementary Figл 12щ including UV shock ы a known source of DNA damage in the surface oceanѢϹ0ыϹ3 ыѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
did not significantly increase relative transcript abundance of the integrase шѢFigл ϹѢщл This suggestsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
something distinctive about the mitomycin C inhibitory mechanismе which we suspect lies in its abilityѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
to cause lethal DNA crosslinksѢϹ4еϹϹ that lead to replication fork arrestsл Thus we postulate that this tightѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
regulatory mechanism would ensure that mobility genes remain mostly silentе avoiding the toxicityѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
generally linked to their activityѢ34еϹϺѢе and are only induced in a fraction of the populationѢϹϻѢе even in timesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of stress such as nutrient starvation or high UV exposureлѠѠ

TǡchepoƩonƩ in ǚiral capƩidƩ and ǚeƩicleƩѠ
Nextе we asked how tycheposons might move from cell to cell in the dilute oceansл Firstе we looked atѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
viral particles as potential vectors by screening viralюfraction metagenomic libraries from ocean samplesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
where ѢPơźchlźơźcźccƾƩ Ѫis abundantл We examined both long nanopore readsѢϹϼ and shortюread contigsѢϹϽеϺ0ѢеѠ Ѩ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and indeedе found an abundance of PICIюlike tycheposons шSupplementary Figл ϻщл Because they carryѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the same type of phageюpackaging genes as previously described PICIs ы we also anticipate they exhibitѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
the same lifeюstyleд the tycheposons likely reactivate upon phage infectionе replicateе and hijack phageѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
capsids with the help of their phageюlike packaging genesл In turnе they may reduceе either throughѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
competition for limited resources or through specific interferenceе the number of infective phageѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
particles produced in the infected cellе thereby conveying resistance against a further spread of theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
infection on the populationл At the same timeе by hijacking phage particles the PICIюlike tycheposonsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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promote their own dissemination leading to their prevalence in marine viral metagenomesл We couldѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
notе howeverе identify cargoюcarrying tycheposons in the phage fraction samplesе suggesting alternativeѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
transfer routes for them and motivating us to look elsewhereлѠ

Because ѢPơźchlźơźcźccƾƩ does not appear to engage in natural conjugation or transformationе weѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
wondered if extracellular vesiclesе known to contain DNA and to be released by ѢPơźchlźơźcźccƾƩ and otherѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
marine microbesѢϺ1Ѣе might serve as vectorsл Comparing vesicleю and cellularюfraction metagenomic dataѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
from seawater we observed a specific enrichment of almost all predicted tycheposon hallmark genes inѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
vesicles шѢFigл ϺѢщл Similarlyе most segments of tRNAs acting as tycheposon attachment sites andе therebyеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
as genomic island seedsе were also significantly enriched over other tRNA segments in vesiclesл TheѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
specific enrichments of both of these features strongly suggest that vesicles serve as a common means ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
dispersal for these elementsе thereby casting new light on the importance of vesicles as vectors forѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
horizontal gene transfer in natural microbial communitiesлѠ

Ѡ

 Figƾre Ϻ ҹ Differenƶial abƾndance of ƶǡchepoƩon ƩignaƶƾreƩ in ǚeƩicleюfracƶion meƶagenomeƩ from ƶhe oceanлѠ
aщ Read counts obtained for the same gene profiles from vesicleю and cellular fraction metagenomes from the North PacificѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
Subtropical Gyre шdark greyд ѢPơźchlźơźcźccƾƩ core gene profilesе coloredд tycheposon hallmark genesе plot labelsд ѢHѢawaiљi ѢOѢceanѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
TѢimeюseries cruiseе station and depth the samples were collected fromе DCMд deep chlorophyll maximumщл Larger pointsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
correspond to a higher degree of deviation шlower pюvalue in edgeR differential abundance analysisщ from the expectedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
abundance ratio шdotted lineщл Ѣbщ Abundances of tRNA Ϲљ and 3љ segments in vesicleюfraction metagenomesл Deviation from a 1д1Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
ratio on the xюaxis indicates an overю or underrepresentation of the respective ends of the tRNA sequence in vesiclesе suggestingѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
in the most extreme cases an excess of partialе integraseюtargeted tRNAs of more than 10юfold шAѢgccѢе RѢtctѢщл Higher mean countsѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
for both ends on the yюaxis indicate higher overall abundanceл Larger points correspond to a higher degree of deviation scaledѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
according to pюvalues after Bonferroni correctionлѠ

DiƩcƾƩƩion and ConclƾƩionѠ
Given that ѢPơźchlźơźcźccƾƩѪе and likely other oligotrophic bacteriaе appear to generally lack the canonicalѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
modes of horizontal gene transferе the mechanism through which their extraordinarily diverseѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
pangenomes have evolved has been elusiveл Hereе we present evidence ы using genomicе experimentalеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and field data ы arguing that a unique set of mobile genetic elementsе which we named tycheposons isѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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Ѡ

involvedл Tycheposons can carry functional modules important for nicheюdifferentiation amongѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
subюpopulations of cells along environmental gradientsл Strikinglyе the modules include genes involvedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
in the uptake of nitrogenе phosphorus and iron ы the three key nutrients limiting primary productivityѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
in the global oceanѢϺ2Ѣл Rarely does one see such a strong signal highlighting the important agents ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
selection over a vast ecosystemлѠ

A subset of the tycheposons appear to be phage satellite elements known as PICIsѢ42е4ϻ and those reportedѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
here are the first of their kind described in cyanobacteriaл The different evolutionary histories ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposons and PICI integrases suggests that their structural similarity could have arisen fromѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
convergent evolutionл It is unclear whether PICIюlike tycheposons were initially introduced in aѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
PơźchlźơźcźccƾƩ ancestorе and diverged into the larger family of cargoюcarrying tycheposonsе or ifѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
cargoюcarrying tycheposons acquired phage interference genes ы howeverе all tycheposons areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
interconnected by the swapping of the integrases and replication genesл That the two broad functionalѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
categories of tycheposons involve both relief from growth limitation and mortality defense is elegant inѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
its ecological simplicityлѠ

The role of tycheposonsе howeverе appears to go beyond just the function of their cargoл They appear toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
be at the center of a system that is responsible for the formation and remodeling of ѢPơźchlźơźcźccƾƩѡ muchѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
larger reservoir of genomic variability ы its genomic islandsл Our analyses of genes present in and nearѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
genomic islands suggest that the horizontally acquired regions inside islands that are not part ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
tycheposons were brought in with themл Moreoverе the presence and activity of tycheposons appear toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
stimulate rearrangements inside islands and beyondе therebyе promoting the genomic diversityѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
underlying the population structure of ѢPơźchlźơźcźccƾƩ cells in the wildе consisting of hundreds toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
thousands of coexisting subpopulations varying by small cassettes of genes within those islandsѢϹеϺѢлѠ

Our metagenomic analysis further shows that tycheposons are contained within both phage capsids andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
membrane vesiclesе implicating these structures in the movement of tycheposons among cells in theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
marine environmentл As structured particles that can diffuse through aqueous environmentsе vesiclesѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
and phage are both wellюsuited to transporting genetic information and delivering it into other oceanѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
microbesл Extracellular vesicleюmediated horizontal gene transfer ю recently proposed to be referred toѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
as vesiductionѢϺ3 ю occurs in diverse microbial systemsѢϺ4ыϻ0 and may mediate exchanges between moreѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
distantly related taxa than do virusesѢϻ1Ѣе which frequently exhibit narrow host rangesѢϻ2Ѣл Given theѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
abundance of vesicles in the oceansѢϻ3 and the enrichment of tycheposons within natural vesicle samplesеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
we propose that vesicleюmediated exchange of these elements could be a prevalent mechanism forѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
horizontal gene exchange among bacteria in the marine ecosystemл They are in effectе a family ofѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
minimalistic gene shuttlesл Though much remains to be learned concerning how such elements areѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
packaged within vesiclesе as well as the factors influencing their delivery and integration into other cellsеѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
our findings highlight the potential contribution of extracellular vesicles in shaping the genetic structureѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
of marine microbial populationsл They have left their signatures all over the genomes of marineѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
microbes implicating themselves as a potentially important mechanism for diversification andѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
adaptation in dilute environmentsе and possibly beyondлѠ
Ѡ
Ѡ
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Custom code used to detect and annotate genomic islands and tycheposons is available via GitHubѠ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ Ѡ
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Ѡ

1Ϻл Sullivanе Mл Bле Colemanе Mл Lле Weigeleе Pле Rohwerе Fл Ҳ Chisholmе Sл Wл Three ProchlorococcusѠ
Cyanophage Genomesд Signature Features and Ecological Interpretationsл ѢPLźS BiźlźgǡѪ ѢϷѢе e144 ш200ϹщлѠ

1ϻл Sullivanе Mл Bл Ѣeƶ alуѪ The genome and structural proteome of an ocean siphovirusд a new window into theѠ
cyanobacterial јmobilomeљл ѢEŰǚiơźŰу MicơźbiźlуѪ ѢϵϵѢе 2Ͻ3Ϲы2ϽϹ1 ш200ϽщлѠ

1ϼл Malmstromе Rл Rл Ѣeƶ alуѪ Ecology of uncultured Prochlorococcus clades revealed through singleюcell genomicsѠ
and biogeographic analysisл ѢISME JуѪ ѢϻѢе 1ϼ4ы1Ͻϼ ш2013щлѠ

1Ͻл Rocapе Gл Ѣeƶ alуѪ Genome divergence in two Prochlorococcus ecotypes reflects oceanic niche differentiationлѠ
NaƶƾơeѪ Ѣϸ϶ϸѢе 1042ы104ϻ ш2003щлѠ

20л Billerе Sл Jл Ѣeƶ alуѪ Genomes of diverse isolates of the marine cyanobacterium Prochlorococcusл ѢScieŰƶific DaƶaѪ ѢϵѢеѠ
140034 ш2014щлѠ

21л Berubeе Pл Mл Ѣeƶ alуѪ Single cell genomes of Prochlorococcusе Synechococcusе and sympatric microbes fromѠ
diverse marine environmentsл ѢScieŰƶific DaƶaѪ ѢϹѢе 1ϼ01Ϲ4 ш201ϼщлѠ

22л Bentkowskiе Pле Van Oosterhoutе Cл Ҳ Mockе Tл A Model of Genome Size Evolution for Prokaryotes in StableѠ
and Fluctuating Environmentsл ѢGeŰźŮe Biźlу EǚźlуѪ ѢϻѢе 2344ы23Ϲ1 ш201ϹщлѠ

23л Karcagiе Iл Ѣeƶ alуѪ Indispensability of Horizontally Transferred Genes and Its Impact on Bacterial GenomeѠ
Streamliningл ѢMźlу Biźlу EǚźlуѪ ѢϷϷѢе 12Ϲϻы12ϺϽ ш201ϺщлѠ

24л Boydе Eл Fле AlmagroюMorenoе Sл Ҳ Parentе Mл Aл Genomic islands are dynamicе ancient integrative elementsѠ
in bacterial evolutionл ѢTơeŰdƩ MicơźbiźlуѪ ѢϵϻѢе 4ϻыϹ3 ш200ϽщлѠ

2Ϲл LópezюPérezе Mле Gonzagaе Aл Ҳ RodriguezюValeraе Fл Genomic Diversity of јDeep Ecotypeљ AlteromonasѠ
macleodii Isolatesд Evidence for PanюMediterranean Clonal Framesл ѢGeŰźŮe Biźlу EǚźlуѪ ѢϹѢе 1220ы1232 ш2013щлѠ

2Ϻл RodriguezюValeraе Fле MartinюCuadradoе AлюBл Ҳ LópezюPérezе Mл Flexible genomic islands as drivers ofѠ
genome evolutionл ѢCƾơơу OƞiŰу MicơźbiźlуѪ ѢϷϵѢе 1Ϲ4ы1Ϻ0 ш201ϺщлѠ

2ϻл LópezюPérezе Mле MartinюCuadradoе AлюBл Ҳ RodriguezюValeraе Fл Homologous recombination is involved inѠ
the diversity of replacement flexible genomic islands in aquatic prokaryotesл ѢFơźŰƶу GeŰeƶуѪ ѢϹѢе 14ϻ ш2014щлѠ

2ϼл Liuе HлюLл Ҳ Zhuе Jл Analysis of the 3љ ends of tRNA as the cause of insertion sites of foreign DNA inѠ
Prochlorococcusл ѢJу ZhejiaŰg UŰiǚу Sciу BѪ ѢϵϵѢе ϻ0ϼыϻ1ϼ ш2010щлѠ

2Ͻл Williamsе Kл Pл Integration sites for genetic elements in prokaryotic tRNA and tmRNA genesд sublocationѠ
preference of integrase subfamiliesл ѢNƾcleic AcidƩ ReƩуѪ ѢϷϴѢе ϼϺϺыϼϻϹ ш2002щлѠ

30л Grindleyе Nл Dл Fле Whitesonе Kл Lл Ҳ Riceе Pл Aл Mechanisms of siteюspecific recombinationл ѢAŰŰƾу ReǚуѨ
BiźcheŮуѪ ѢϻϹѢе ϹϺϻыϺ0Ϲ ш200ϺщлѠ

31л Satoе Kл Ҳ Campbellе Aл Specialized transduction of galactose by lambda phage from a deletion lysogenлѠ
ViơźlźgǡѪ ѢϸϵѢе 4ϻ4ы4ϼϻ ш1Ͻϻ0щлѠ

32л Siguierе Pле Gourbeyreе Eл Ҳ Chandlerе Mл Bacterial insertion sequencesд their genomic impact and diversityлѠ
FEMS Micơźbiźlу ReǚуѪ ѢϷϼѢе ϼϺϹыϼϽ1 ш2014щлѠ

33л Hacklе Tле Duponchelе Sле Barenhoffе Kле Weinmannе Aл Ҳ Fischerе Mл Gл Endogenous virophages populate theѠ
genomes of a marine heterotrophic flagellateл doiдѢ10л1101с2020л11л30л404ϼϺ3ѢлѠ

34л Johnsonе Cл Mл Ҳ Grossmanе Aл Dл Integrative and Conjugative Elements шICEsщд What They Do and How TheyѠ
Workл ѢAŰŰƾу Reǚу GeŰeƶуѪ ѢϸϽѢе ϹϻϻыϺ01 ш201ϹщлѠ

3Ϲл Sobeckyе Pл Aл Ҳ Hazenе Tл Hл Horizontal gene transfer and mobile genetic elements in marine systemsлѠ
MeƶhźdƩ Mźlу BiźlуѪ ѢϹϷ϶Ѣе 43Ϲы4Ϲ3 ш200ϽщлѠ

3Ϻл Berubeе Pл Mл Ѣeƶ alуѪ Physiology and evolution of nitrate acquisition in Prochlorococcusл ѢISME JуѪ ѢϽѢе 11ϽϹы120ϻѠ
ш2014щлѠ

3ϻл Martinyе Aл Cле Colemanе Mл Lл Ҳ Chisholmе Sл Wл Phosphate acquisition genes in Prochlorococcus ecotypesдѠ
evidence for genomeюwide adaptationл ѢϵϴϷѢе 12ϹϹ2ы12ϹϹϻ ш200ϺщлѠ

3ϼл Barnettе Jл Pл Ѣeƶ alуѪ Mining genomes of marine cyanobacteria for elements of zinc homeostasisл ѢFơźŰƶуѨ
MicơźbiźlуѪ ѢϷѢе 142 ш2012щлѠ

3Ͻл Martínezе Aле Osburneе Mл Sле Sharmaе Aл Kле DeLongе Eл Fл Ҳ Chisholmе Sл Wл Phosphite utilization by theѠ
marine picocyanobacterium Prochlorococcus MITϽ301л ѢEŰǚiơźŰу MicơźbiźlуѪ ѢϵϸѢе 13Ϻ3ы13ϻϻ ш2012щлѠ
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Ѡ

40л Maiquesе Eл Ѣeƶ alуѪ Role of Staphylococcal Phage and SaPI Integrase in Intraю and Interspecies SaPI Transferл ѢJуѨ
BacƶeơiźlуѪ ѢϵϼϽѢе ϹϺ0ϼыϹϺ1Ϻ ш200ϻщлѠ

41л Novickе Rл Pле Christieе Gл Eл Ҳ Penadésе Jл Rл The phageюrelated chromosomal islands of GramюpositiveѠ
bacteriaл ѢNaƶу Reǚу MicơźbiźlуѪ ѢϼѢе Ϲ41ыϹϹ1 ш2010щлѠ

42л FillolюSalomе Aл Ѣeƶ alуѪ Phageюinducible chromosomal islands are ubiquitous within the bacterial universeлѠ
ISME JуѪ Ѣϵ϶Ѣе 2114ы212ϼ ш201ϼщлѠ

43л Lobbе Bле Tremblayе Bл JлюMле MorenoюHagelsiebе Gл Ҳ Doxeyе Aл Cл An assessment of genome annotationѠ
coverage across the bacterial tree of lifeл ѢMicơźb GeŰźŮѪ ѢϺѢе ш2020щлѠ

44л Berubeе Pл Mле Rasmussenе Aле Braakmanе Rле Stepanauskasе Rл Ҳ Chisholmе Sл Wл Emergence of traitѠ
variability through the lens of nitrogen assimilation in Prochlorococcusл ѢElifeѪ ѢϼѢе ш201ϽщлѠ

4Ϲл Smyshlyaevе Gле Barabasе Oл Ҳ Batemanе Aл Sequence analysis allows functional annotation of tyrosineѠ
recombinases in prokaryotic genomesл ѢbiźRǠiǚѪ Ϲ423ϼ1 ш201Ͻщ doiдѢ10л1101сϹ423ϼ1ѢлѠ

4Ϻл Hiramatsuе Kл Ѣeƶ alуѪ Genomic Basis for Methicillin Resistance in Staphylococcus aureusл ѢIŰfecƶ CheŮźƶheơѪ ѢϸϹѢеѠ
11ϻы13Ϻ ш2013щлѠ

4ϻл MartínezюRubioе Rл Ѣeƶ alуѪ Phageюinducible islands in the Gramюpositive cocciл ѢISME JуѪ ѢϵϵѢе 102Ͻы1042 ш201ϻщлѠ
4ϼл Achazе Gле Coissacе Eле Netterе Pл Ҳ Rochaе Eл Pл Cл Associations between inverted repeats and the structuralѠ

evolution of bacterial genomesл ѢGeŰeƶicƩѪ ѢϵϺϸѢе 12ϻϽы12ϼϽ ш2003щлѠ
4Ͻл Khilе Pл Pл Ҳ CameriniюOteroе Rл Dл Over 1000 genes are involved in the DNA damage response of EscherichiaѠ

coliл ѢMźlу MicơźbiźlуѪ ѢϸϸѢе ϼϽы10Ϲ ш2002щлѠ
Ϲ0л Llabrésе Mл Ҳ Agustíе Sл Picophytoplankton cell death induced by UV radiationд Evidence for oceanic AtlanticѠ

communitiesл ѢLiŮŰźlу OceaŰźgơуѪ ѢϹϵѢе 21ы2Ͻ ш200ϺщлѠ
Ϲ1л Agustíе Sл Ҳ Llabrésе Mл Solar radiationюinduced mortality of marine picoюphytoplankton in the oligotrophicѠ

oceanл ѢPhźƶźcheŮу PhźƶźbiźlуѪ ѢϼϷѢе ϻϽ3ыϼ01 ш200ϻщлѠ
Ϲ2л Kolowratе Cл Ѣeƶ alуѪ Ultraviolet stress delays chromosome replication in lightсdark synchronized cells of theѠ

marine cyanobacterium Prochlorococcus marinus PCCϽϹ11л ѢBMC MicơźbiźlуѪ ѢϵϴѢе 204 ш2010щлѠ
Ϲ3л MellaюFloresе Dл Ѣeƶ alуѪ Prochlorococcus and Synechococcus have Evolved Different Adaptive Mechanisms toѠ

Cope with Light and UV Stressл ѢFơźŰƶу MicơźbiźlуѪ ѢϷѢе 2ϼϹ ш2012щлѠ
Ϲ4л Iyerе Vл Nл Ҳ Szybalskiе Wл Mitomycins and Porfiromycinд Chemical Mechanism of Activation andѠ

Crossюlinking of DNAл ѢScieŰceѪ ѢϵϸϹѢе ϹϹыϹϼ ш1ϽϺ4щлѠ
ϹϹл Tomaszе Mл Mitomycin Cд smallе fast and deadly шbut very selectiveщл ѢCheŮу BiźlуѪ Ѣ϶Ѣе ϹϻϹыϹϻϽ ш1ϽϽϹщлѠ
ϹϺл Turnerе Sл Lле Baileyе Mл Jле Lilleyе Aл Kл Ҳ Thomasе Cл Mл Ecological and molecular maintenance strategies ofѠ

mobile genetic elementsл ѢFEMS Micơźbiźlу EcźlуѪ Ѣϸ϶Ѣе 1ϻϻы1ϼϹ ш2002щлѠ
Ϲϻл Minoiaе Mл Ѣeƶ alуѪ Stochasticity and bistability in horizontal transfer control of a genomic island inѠ

Pseudomonasл ѢPơźcу Naƶlу Acadу Sciу Uу Sу AуѪ ѢϵϴϹѢе 20ϻϽ2ы20ϻϽϻ ш200ϼщлѠ
Ϲϼл Beaulaurierе Jл Ѣeƶ alуѪ Assemblyюfree singleюmolecule nanopore sequencing recovers complete virus genomesѠ

from natural microbial communitiesл ѢbiźRǠiǚѪ Ϻ1ϽϺϼ4 ш201Ͻщ doiдѢ10л1101сϺ1ϽϺϼ4ѢлѠ
ϹϽл Gregoryе Aл Cл Ѣeƶ alуѪ Marine DNA Viral Macroю and Microdiversity from Pole to Poleл ѢCellѪ ѢϵϻϻѢе 110Ͻы1123лe14Ѡ

ш201ϽщлѠ
Ϻ0л Luoе Eле Eppleyе Jл Mле Romanoе Aл Eле Mendeе Dл Rл Ҳ DeLongе Eл Fл Doubleюstranded DNA virioplanktonѠ

dynamics and reproductive strategies in the oligotrophic open ocean water columnл ѢISME JуѪ ѢϵϸѢе 1304ы131ϹѠ
ш2020щлѠ

Ϻ1л Billerе Sл Jл Ѣeƶ alуѪ Bacterial Vesicles in Marine Ecosystemsл ѢScieŰceѪ volл 343 1ϼ3ы1ϼϺ ш2014щлѠ
Ϻ2л Mooreе Cл Mл Ѣeƶ alуѪ Processes and patterns of oceanic nutrient limitationл ѢNaƶу GeźƩciуѪ ѢϺѢе ϻ01ыϻ10 ш2013щлѠ
Ϻ3л Solerе Nл Ҳ Forterreе Pл Vesiductionд the fourth way of HGTл ѢEŰǚiơźŰу MicơźbiźlуѪ Ѣ϶϶Ѣе 24Ϲϻы24Ϻ0 ш2020щлѠ
Ϻ4л Dorwardе Dл Wле Garonе Cл Fл Ҳ Juddе Rл Cл Export and intercellular transfer of DNA via membrane blebs ofѠ

Neisseria gonorrhoeaeл ѢJу BacƶeơiźlуѪ ѢϵϻϵѢе 24ϽϽы2Ϲ0Ϲ ш1ϽϼϽщлѠ
ϺϹл Klieveе Aл Vл Ѣeƶ alуѪ Naturally occurring DNA transfer system associated with membrane vesicles in cellulolyticѠ

Ruminococcus sppл of ruminal originл ѢAƞƞlу EŰǚiơźŰу MicơźbiźlуѪ ѢϻϵѢе 424ϼы42Ϲ3 ш200ϹщлѠ
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Ѡ

ϺϺл Gaudinе Mл Ѣeƶ alуѪ Extracellular membrane vesicles harbouring viral genomesл ѢEŰǚiơźŰу MicơźbiźlуѪ ѢϵϺѢе 11Ϻϻы11ϻϹѠ
ш2014щлѠ

Ϻϻл Renelliе Mле Matiasе Vле Loе Rл Yл Ҳ Beveridgeе Tл Jл DNAюcontaining membrane vesicles of PseudomonasѠ
aeruginosa PAO1 and their genetic transformation potentialл ѢMicơźbiźlźgǡѪ ѢϵϹϴѢе 21Ϻ1ы21ϺϽ ш2004щлѠ

Ϻϼл Kollingе Gл Lле Simonе Lл Ҳ Matthewsе Kл Rл VesicleюMediated Transfer of Virulence Genes fromEscherichiaѠ
coli O1Ϲϻд Hϻ to Other Enteric Bacteriaл ѢAƞƞlied aŰdѪ ш2000щлѠ

ϺϽл Erdmannе Sле Tschitschkoе Bле Zhongе Lле Rafteryе Mл Jл Ҳ Cavicchioliе Rл A plasmid from an AntarcticѠ
haloarchaeon uses specialized membrane vesicles to disseminate and infect plasmidюfree cellsл ѢNaƶ MicơźbiźlѪ Ѣ϶ѢеѠ
144Ϻы14ϹϹ ш201ϻщлѠ

ϻ0л Tranе Fл Ҳ Boedickerе Jл Qл Genetic cargo and bacterial species set the rate of vesicleюmediated horizontal geneѠ
transferл ѢSciу ReƞуѪ ѢϻѢе ϼϼ13 ш201ϻщлѠ

ϻ1л Nazarianе Pле Tranе Fл Ҳ Boedickerе Jл Qл Modeling Multispecies Gene Flow Dynamics Reveals the UniqueѠ
Roles of Different Horizontal Gene Transfer Mechanismsл ѢFơźŰƶу MicơźbiźlуѪ ѢϽѢе 2Ͻϻϼ ш201ϼщлѠ

ϻ2л Kauffmanе Kл Mл Ѣeƶ alуѪ A major lineage of nonюtailed dsDNA viruses as unrecognized killers of marineѠ
bacteriaл ѢNaƶƾơeѪ ѢϹϹϸѢе 11ϼы122 ш201ϼщлѠ

ϻ3л Billerе Sл Jл Ѣeƶ alуѪ Bacterial vesicles in marine ecosystemsл ѢScieŰceѪ ѢϷϸϷѢе 1ϼ3ы1ϼϺ ш2014щлѠ
ϻ4л Hacklе Tл Ҳ Ankenbrandе Mл Jл Supplementary code and data for оNovel integrative elements and genomicѠ

plasticity in ocean ecosystemsїл ѢZeŰźdźѪ ш2020щ doiдѢ10лϹ2ϼ1сzenodoл43Ͻ3Ϻ2ϽѢлѠ

Ѡ

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 28, 2020. ; https://doi.org/10.1101/2020.12.28.424599doi: bioRxiv preprint 

http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/kXV76
http://paperpile.com/b/Md1Fhl/2hpzG
http://paperpile.com/b/Md1Fhl/2hpzG
http://paperpile.com/b/Md1Fhl/2hpzG
http://paperpile.com/b/Md1Fhl/2hpzG
http://paperpile.com/b/Md1Fhl/2hpzG
http://paperpile.com/b/Md1Fhl/2hpzG
http://paperpile.com/b/Md1Fhl/9ektn
http://paperpile.com/b/Md1Fhl/9ektn
http://paperpile.com/b/Md1Fhl/9ektn
http://paperpile.com/b/Md1Fhl/9ektn
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/ejabl
http://paperpile.com/b/Md1Fhl/clKWp
http://paperpile.com/b/Md1Fhl/clKWp
http://paperpile.com/b/Md1Fhl/clKWp
http://paperpile.com/b/Md1Fhl/clKWp
http://paperpile.com/b/Md1Fhl/clKWp
http://paperpile.com/b/Md1Fhl/clKWp
http://paperpile.com/b/Md1Fhl/3A3xq
http://paperpile.com/b/Md1Fhl/3A3xq
http://paperpile.com/b/Md1Fhl/3A3xq
http://paperpile.com/b/Md1Fhl/3A3xq
http://paperpile.com/b/Md1Fhl/3A3xq
http://paperpile.com/b/Md1Fhl/3A3xq
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/WMeNl
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/QmYxE
http://paperpile.com/b/Md1Fhl/7pIh9
http://paperpile.com/b/Md1Fhl/7pIh9
http://paperpile.com/b/Md1Fhl/7pIh9
http://paperpile.com/b/Md1Fhl/7pIh9
http://dx.doi.org/10.5281/zenodo.4393629
http://paperpile.com/b/Md1Fhl/7pIh9
https://doi.org/10.1101/2020.12.28.424599
http://creativecommons.org/licenses/by/4.0/

