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Supplementary Figure 1. Maximum-likelihood Cas9 phylogeny. Cas9 proteins from RefSeq are in grey; 
ORFs from Rifle groundwater metagenomic data are marked in green; ORFs from other Rifle metagenomic sam-
ples are marked in blue. The accession numbers and bootstrap values are detailed in Supplementary Figure 7.
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Supplementary Figure 2. Alternative viral defense systems in (A) Rifle groundwater samples, and (B) 
NCBI complete bacterial genomes. The number of genomes with restriction modification (yellow), abortive 
infection or toxin-antitoxin (red) and BREX (blue) viral defense system is displayed per taxonomic group. Only 
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Supplementary Figure 3. Fatty acid biosynthesis pathways among Rifle groundwater genomes. Bar 
heights represent the number of high quality genomes analyzed in each taxonomic group. Bar colors are accord-
ing to the completeness of fatty acid initiation and elongation pathways detected. Notably, all bacteria belonging 
to phyla lacking CRISPR-Cas had no fatty acid biosynthesis pathways.
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Supplementary Figure 4. Association between nucleotide synthesis pathway and (A) presence of CRIS-
PR-Cas, (B) Restriction systems count. A combined set of all completely sequenced bacterial genomes in 
NCBI and high quality genomes (estimated completeness ≥ 80%) from Rifle groundwater metagenomic samples 
were analyzed for association between the presence/absence of nucleotide biosynthesis and two viral defense 
mechanisms. (A) A significant association was observed between the absence of CRISPR-Cas and absence of 
nucleotide biosynthesis pathways (p-value < 10-116, Fisher exact test). (B) The number of restriction enzymes 
encoded by the genomes of CPR organisms lacking nucleotide biosynthesis pathways is significantly higher than 
the number of restriction enzymes in non-CPR organisms lacking these pathways (p-value 10-39 Mann-Whitney 
test). The box borders represent the 25th and 75th percentiles, and the heavy line within the box is the median 
number of restriction enzymes.
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Supplementary Figure 5. Genome length distribution per phylum for genomes assembled from the Rifle 
groundwater samples. The length of each genome is represented by a red dot if it contains a cas operon, or a 
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indicates that, within each phylum, no significant length differences were found between genomes with CRIS-
PR-Cas system and genomes without it (p-value 0.18).
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Supplementary Figure 6. Detailed phylogeny of Cas1 proteins from Rifle groundwater. A maximum-likeli-
hood based phylogenetic tree (detailed version of Fig. 2), including scaffolds names and bootstrap values.



Supplementary Figure 7. Detailed Cas9 phylogenetic tree. Maximum-likelihood phylogeny of Cas9 proteins 
(detailed version of Supplementary Fig. 1), including accession number/gene names and bootstrap values. 
Colors represent the source of the Cas9 proteins. Grey: RefSeq, green: Rifle groundwater metagenomic sam-
ples, blue: other Rifle metagenomic samples. Alingnment used to produce this tree is available in Supplementary 
Data 7.
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gi|504521832|ref|WP_014708934.1|

gi|499125628|ref|WP_010854492.1|

gi|640630256|ref|WP_025058256.1|

gi|654312393|ref|WP_027825498.1|

gi|489095005|ref|WP_003004889.1|

gi|488918895|ref|WP_002829970.1|

gi|515281834|ref|WP_016837331.1|

gi|501507994|ref|WP_012515931.1|

gi|499209493|ref|WP_010907033.1|

gi|499583770|ref|WP_011264553.1|

ACD10_218_2

gi|498311358|ref|WP_010625514.1|

gi|446986595|ref|WP_001063851.1|

gi|503154365|ref|WP_013389026.1|

gi|502812437|ref|WP_013047413.1|

gi|538476063|ref|WP_021001655.1|

gi|505282516|ref|WP_015469618.1|

gi|502574305|ref|WP_012819984.1|

gi|489134034|ref|WP_003043819.1|

gi|657925273|ref|WP_029626550.1|

gi|696278594|ref|WP_032854820.1|

gi|697063381|ref|WP_033152982.1|

gi|497243648|ref|WP_009557865.1|

gi|497227068|ref|WP_009541330.1|

gi|653636760|ref|WP_027639922.1|

gi|489805239|ref|WP_003709113.1|

gi|544920146|ref|WP_021329608.1|

gi|545596715|ref|WP_021725096.1|

gi|518706519|ref|WP_019867616.1|

gi|556618300|ref|WP_023374365.1|

gi|495782070|ref|WP_008506649.1|

gi|651883204|ref|WP_026642918.1|

gi|490501614|ref|WP_004367721.1|

gi|518820263|ref|WP_019976217.1|

gi|490938621|ref|WP_004800457.1|

gi|545373966|ref|WP_021618084.1|

gi|501128074|ref|WP_012177079.1|

gi|498446079|ref|WP_010751659.1|

gwf2_scaffold_1597_19

gi|497702843|ref|WP_010017027.1|

gi|503474914|ref|WP_013709575.1|

rifixya3_full_scaffold_8481_2

gi|503617972|ref|WP_013852048.1|

gi|494010777|ref|WP_006953194.1|

gi|493593690|ref|WP_006546479.1|

gi|499602984|ref|WP_011283718.1|

gi|498464655|ref|WP_010770040.1|

gi|545441952|ref|WP_021679369.1|

gi|652949241|ref|WP_027202655.1|

gi|653252986|ref|WP_027458392.1|

gi|496682130|ref|WP_009324328.1|

gi|488310125|ref|WP_002379510.1|

gi|504028100|ref|WP_014262094.1|

gi|501468426|ref|WP_012491871.1|

RAAC10_8_37

gi|653148921|ref|WP_027398095.1|

gi|657839418|ref|WP_029554517.1|

gi|489023116|ref|WP_002933589.1|

gi|547377583|ref|WP_022064472.1|

gi|490210047|ref|WP_004108449.1|

gi|655941673|ref|WP_028989873.1|

gi|500850126|ref|WP_012006786.1|

gi|653097340|ref|WP_027347504.1|

gi|653135180|ref|WP_027384529.1|

gi|516651060|ref|WP_018020049.1|

gi|522082838|ref|WP_020594047.1|

gi|545450635|ref|WP_021687642.1|

gi|492371249|ref|WP_005823771.1|

gi|504829993|ref|WP_015017095.1|

gi|547784318|ref|WP_022195068.1|

gi|640662680|ref|WP_025088082.1|

gi|494153302|ref|WP_007093045.1|

gwb2_scaffold_7662_3

gi|504224165|ref|WP_014411267.1|

gi|504426157|ref|WP_014613259.1|

gi|518800243|ref|WP_019956197.1|

gi|553804484|ref|WP_023134680.1|

gi|498444636|ref|WP_010750235.1|

gi|495422049|ref|WP_008146746.1|

gi|654414923|ref|WP_027886314.1|

gi|489089245|ref|WP_002999145.1|

RBG_16_scaffold_25109_11

gi|516804868|ref|WP_018109604.1|

gi|504804175|ref|WP_014991277.1|

gi|517868059|ref|WP_019038267.1|

gi|640549968|ref|WP_024982076.1|

gi|552759124|ref|WP_023015764.1|

RAAC27_52_6

RAAC70_117_2

gi|657708676|ref|WP_029507330.1|

gi|496418071|ref|WP_009126918.1|

gi|502828855|ref|WP_013063831.1|

RBG_13_scaffold_5958_6

gi|517180728|ref|WP_018369546.1|

gi|501079776|ref|WP_012130469.1|

gi|489772507|ref|WP_003676410.1|

gi|652510406|ref|WP_026904668.1|

rifixya3_full_scaffold_1701_12

gi|491523080|ref|WP_005380707.1|

gi|511763079|ref|WP_016396272.1|

gi|518806255|ref|WP_019962209.1|

gi|489075554|ref|WP_002985503.1|

gi|652363124|ref|WP_026759190.1|

gi|490517707|ref|WP_004383236.1|

gi|565865363|ref|WP_023947173.1|

gi|517091222|ref|WP_018280040.1|

gwc1_scaffold_11064_1

gi|653053701|ref|WP_027305220.1|

gi|490493802|ref|WP_004359999.1|

gi|517183674|ref|WP_018372492.1|
gi|654503258|ref|WP_027972728.1|

gi|640312571|ref|WP_024861694.1|

gi|653248794|ref|WP_027454236.1|

gi|500711346|ref|WP_011979028.1|

gi|504604717|ref|WP_014791819.1|

gi|489189894|ref|WP_003099269.1|

RBG_16_scaffold_10603_2

gi|651328177|ref|WP_026452461.1|

gi|517481225|ref|WP_018651807.1|

gi|503746753|ref|WP_013980829.1|

gi|517187049|ref|WP_018375867.1|

gi|488730210|ref|WP_002653630.1|

gi|652633606|ref|WP_027003521.1|

gi|494784522|ref|WP_007519930.1|

gi|502622266|ref|WP_012859073.1|

gi|488758052|ref|WP_002681289.1|

gi|545613323|ref|WP_021737686.1|

gi|652816549|ref|WP_027106998.1|

gi|648658006|ref|WP_026349753.1|

gi|651639122|ref|WP_026624983.1|

gi|489733276|ref|WP_003637375.1|

gi|492400508|ref|WP_005832240.1|

gi|501247123|ref|WP_012290141.1|

gi|654507345|ref|WP_027976660.1|

gi|565845126|ref|WP_023928227.1|

gi|552794869|ref|WP_023026749.1|

gi|545644659|ref|WP_021752441.1|

gi|499224711|ref|WP_010922251.1|

gi|517796491|ref|WP_018966699.1|

gi|496307041|ref|WP_009016219.1|

gi|503493991|ref|WP_013728652.1|

RAAC10_14_25

gi|647467276|ref|WP_025796696.1|

gi|517183564|ref|WP_018372382.1|

gi|503358116|ref|WP_013592777.1|

gi|490975103|ref|WP_004836889.1|

gi|500777975|ref|WP_011995013.1|

gi|490932877|ref|WP_004794730.1|

gi|530895385|ref|WP_020964486.1|

gi|489780830|ref|WP_003684721.1|

gi|655528224|ref|WP_028906301.1|

gi|499426471|ref|WP_011113935.1|

gi|490483559|ref|WP_004353854.1|

gi|546736751|ref|WP_021888970.1|

gi|494117278|ref|WP_007057059.1|

gi|517455375|ref|WP_018626154.1|

gi|488192341|ref|WP_002263549.1|

gi|506262077|ref|WP_015781852.1|

gi|503214802|ref|WP_013449463.1|

gi|515558280|ref|WP_016991165.1|

gi|547961963|ref|WP_022362209.1|

gwa2_scaffold_14_13

gi|652549382|ref|WP_026943034.1|

gi|653066911|ref|WP_027318179.1|

gwb2_scaffold_4764_3

gi|504586551|ref|WP_014773653.1|

gi|495398018|ref|WP_008122718.1|

gi|652304585|ref|WP_026711988.1|

gi|652312126|ref|WP_026715502.1|

gi|517534365|ref|WP_018704573.1|

gi|504380459|ref|WP_014567561.1|

gi|493491880|ref|WP_006446566.1|

gi|505245100|ref|WP_015432202.1|

gi|495400972|ref|WP_008125671.1|

gi|654493733|ref|WP_027963583.1|

gi|505192536|ref|WP_015379638.1|

gi|489179199|ref|WP_003088697.1|

gwf2_scaffold_3228_2

ACDCR_4_3

gi|496278995|ref|WP_008991033.1|

gi|495164507|ref|WP_007889305.1|

gi|550259504|ref|WP_022599516.1|

gi|563770399|ref|WP_023789210.1|

gi|653076292|ref|WP_027327039.1|

gi|545431917|ref|WP_021670015.1|

gi|547714644|ref|WP_022129873.1|

gi|494634637|ref|WP_007392581.1|

gi|495419773|ref|WP_008144470.1|

gi|653127417|ref|WP_027376815.1|

gi|490352708|ref|WP_004232481.1|

gi|500990533|ref|WP_012044026.1|

gi|503931814|ref|WP_014165808.1|

gi|499451967|ref|WP_011139431.1|

gi|496087149|ref|WP_008811656.1|

rifixya3_full_scaffold_485_5

gi|517844287|ref|WP_019014495.1|

gi|697194073|ref|WP_033162887.1|

gi|497703282|ref|WP_010017466.1|

gi|495020429|ref|WP_007746220.1|

gi|652199930|ref|WP_026705784.1|

gi|495171705|ref|WP_007896501.1|

gi|658542962|ref|WP_029736230.1|

gi|517174652|ref|WP_018363470.1|

gi|657701005|ref|WP_029499861.1|

gi|652935067|ref|WP_027188672.1|

gi|555545175|ref|WP_023275528.1|

gi|495606247|ref|WP_008330826.1|

gi|697193315|ref|WP_033162146.1|

gi|489777922|ref|WP_003681813.1|

gi|510827012|ref|WP_016200142.1|

gi|502762704|ref|WP_012997688.1|

gi|496176552|ref|WP_008901059.1|

gi|497695086|ref|WP_010009270.1|

RBG_13_scaffold_3065_2

gi|505374118|ref|WP_015561220.1|

gi|670508012|ref|WP_031455829.1|
gi|639787819|ref|WP_024742458.1|

gi|654631344|ref|WP_028095489.1|

gi|503848134|ref|WP_014082128.1|

gi|496138738|ref|WP_008863245.1|

gi|497157951|ref|WP_009489992.1|

gi|488741842|ref|WP_002665199.1|

gi|446936656|ref|WP_001013912.1|

gi|503763492|ref|WP_013997568.1|

gi|501182811|ref|WP_012225906.1|

gi|489188116|ref|WP_003097512.1|

gi|545408026|ref|WP_021647286.1|

gi|446350757|ref|WP_000428612.1|

gwe2_scaffold_4939_2

gi|545304525|ref|WP_021583828.1|

gi|503128334|ref|WP_013362995.1|

gi|498103495|ref|WP_010417651.1|

gi|640569697|ref|WP_025000598.1|

gi|692405604|ref|WP_032131027.1|

gi|503373188|ref|WP_013607849.1|

gi|516850529|ref|WP_018130201.1|

gi|654906815|ref|WP_028358171.1|

gi|489744644|ref|WP_003648675.1|

rifixya3_full_scaffold_1395_16

gi|656295101|ref|WP_029236766.1|
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