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Giant extrachromosomal elements with the potential

to augment methane oxidation
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Bizarre giant linear DNA elements flanked by ~2kbp inverted

terminal repeats
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But Borgs are not part of the Methanoperedens spp. chromosome...
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Groups of related Methanoperedens spp. correlate with groups of

Borgs within samples
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Tree scale: 0.1 +——

Colored ranges
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Average Nucleotide
Identity Comparisons
support that the
Methanoperedens co-
occurring with Borgs
are different species

Species-level ANI threshold = 95%

Comp method: ANImf Clust method: average Min cov: 0.5
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Borgs cannot be an independent Archaeal lineage
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Ribosomal
proteins found in
Borgs are similar
to, but distinct
from, those In
identified
Methanoperedens
species

Tree scale: 0.1 v

Colored ranges

| Borg

[] Methanoperedens

omal protein L11 Methano
505 rbosonsal protin L11 Methaneetilews sedin
S0S ribosomal pratein L11 Meanocuiess tamanen:

i BS1316004 re! WP 04817974

567252343 ral WP 12E602849
i 1819376270
0 49015044
(0 603095237 e WP 0
57152136 rof WP 042705317.1 505 rbosomal pi
506 ribosomnal proten L11 Methanaspirilum hungasei

505 rivoscmal protein L11 Methanogerium sp. MK-MG

| protein L11 Methanoptanus limicola

somal proein L11 Methanclacinia
n L11 Mothancenkrobivm mabiss

505 riboscenal protein L11 Methanol
33042 16 WP 0426873011 505 rhosomal protain 111 Methamk

37989651 505 rbasomal protain L11 Methanoirmss ignews
72.1 505 rbasomal profein L11 Methanccaldocacous villosus
WP 015733180.1 50S rbos

) 499484737 ref
g 00684435 ref WP 01197
0 S05138567 16! WP 015325669.1 50S rbosomal protein L11 Methanomettyiovorans hollandica
P 564600345 rof WP 023845445 1 505 rhosomal protein L11 Mothanolobus ting
507822018 re! WP 133617888.1 505
610773002 rel WP 135330650, 1 505 rk
) ES1354508 et WP 0481935011 505 rbosomal proein L11 Methanococooises metnyisens
551 505 rba P (84
13699255,1 505 1

ibosomal proten L11 Methanococcus aeclicus

7403.1 50S rbasomal p
incscmal proteen L11 Methanasarcing acotva
0 riboscmal protein L11 Methanosarcing sp. MSH10X1
12034350,1 505 rbosomal provin 11 Methanccella arvoryzan

tein L11 Methanosarcing sp. MTP4

ang

g 504218911 ref WP 014408013.1 S0S riboseenal protisn L11 Memanocela concadii

b ret we 1 protoin L11

N2 1 Canddaius ciete Mrrv1. whol shotgun sequence ¢
7.1 Candidaus e 21 scafioic1 7 whle genome shotgun sequance 17

SRVP 26 10 2019 1 100cm scalfold 26 269

RISod cspl 107 3 scafiolo 13963 17 RitSed cspl 19 3 Methanoperedens 44 10 RfSed cspd 19013 10779 11555 1
RifSed cspl 190 & scallold 1756 4 RESed cspl 190 4 Mehanopensdens 44 10 RUSed Cipl 19614 2138 2620 -1
FitSad csp2 160 3 scatfolo 977 20 RESed csp2 16Rt 3 Mathanopersdans 45 12 RitSed csp? 168 3 20773 212551
RifSed cap2 19ft 2 scaffold 5626 10 RilSed czp2 108 2 Methanoperadens 45 7 RifSed osp2 164t 2 6236 6718 -1
FofSed cspl 190 2 scafui 3926 9 RESed cspl 190 2 Meihanoperedens 44 10 RitSed cspl 191 2 4506 4985 -1
RitSed csp2 16h 2 scaffold 16023 11 RitSed cp2 168 2 Methanoperedens 45 8 RESed csp2 160 2 5370 5852 .1

DA 1TPA asm Candidan URBA53 UBAAS contig 174 wholh 03nome shoxun sequenca 17
9 BE1165617 ref AP 046094054, 1 505 sibosomal protn L11 Candidetus Methanopersdens nitroreducens
NZ 1 1 Candidatus ANME-20 ANMEZD Card 9.2 0 Igun sequence 17
SRAVP 0.2 scaffokd 141 1774732 3

1 Candid 50, 150413 MNB 20 Mn.BIn2 1 whale genome shotgun 3ecuonce 195
L 1 Cancidatus 3p. BLZ1 MPEBLZ whole genome shotgun sequence 22
NZ 1 Cancdatus p. BLZ2 CMPBLZ2c0nmg 107 whala enoime Shotgun sequienca 32

WETY01000001.1 Candidatus Methanaperedans sp. isclate S82 contig 14 whale genume shotgun sequence 122
g 1254443460 rel WP 097300863.1 505 ribosomal protein L11 Candidetus Medhanoperedens sp. BLZ2

NSIO01000009 1 Candidatus Melhanopensdens sp. scfase Ru ervich NN NODE 170 knigih 73209 cov 833958 whnks genome shoigun sequence 52
Greon-2_SR-VP 26 10 20182 100cm scafioid 26- 57

Groan_SRV18 hale-Tm fromtronch 1 80cm scaf 1200 360 88 186 424

Bigwn_SR-VP 26 1020192 10Cem seallold 1- 22

Blnck-3_ SRVP 26 10 2019 2 cin scaf 422 200 35 51 799

Black-&_SR-P 25 10 2019 1 100cm scaffold 111 131

SRIP 25 10 2019 2 50cm scoffold 50 biack 2

BLACK-SR-VP 26 10 2019 C 40cm scatold 23 FINAL 438

Rose_ SRV 0.2 seall 6130200 936180 523

Sk 7 1

Steed iicsphigha? 12 staffold 5666 4
Othie_SR-VP 25 10 2018 2 1005 scallol 1664 35
Drange-2_SRVP1E hale. #m-Fom-trench 1 B0om scaffold 173- 27
Orange_SRAVP 26 10 2019 2 100cm seal 3 12- 117

Piok _SRVPLS fronch 6 G0cm scatokl 174 38
Biue2_SA.VP 4.6 scafiold 141 1447842- 20

Bluo_SR.VF 0.7 scaft J6L4B0E 2032002 3AT1665-5 100
Offre-2_SR-VP -8 scal 6067201 SOM4665 1480215 ~confirmes) 15
Dive_SR-VP -2 scatiokd 141 2055468 51 _
Purple-2_SRP 26 10 2018 2 100cm scafield 128- 301
Purple_SAVP1A trerch 6 60cm scaf 214 117 86 FINAL 737
Lilac-2_RitSe cxpl 190 3 sca 1539 56-confemet 127

FotSad o5p) 19M 4 scaftoic 19 48

RifSed capl 168 1 scafloid 252 82

1csp2 19 4 full scaftold 14 101

RfSed Ly 160 2 Seaf 180 854 179 110

RtSed copl 166 2 seatiold 720 49

nécsp2 198 1 scaficld 10 47

191 2 paphage noknown scafald 125 47
riéesphigho2 12 seaffod 322 92

RSl csp2 160 1 seaffold 13 101

a7

Ribosomal
Protein L11

Methanoperedens

Borg




Borgs are
distinct
from
other
genetic
elements
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Some protein families are Borg-specific, some are shared with their hosts

Families
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Borgs ‘assimilate’ genes from their hosts via
horizontal gene transfer
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Blocks of identical regions indicate possible
recombination within same Mp Host cell
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Borgs ‘assimilate’ genes from their hosts via
horizontal gene transfer
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Tandem direct repeats are found
across Borg genomes
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Repeats from
different
Borgs do not
exhibit
sequence
conservation
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Borg CRISPR-Cas targets a Methanoperedens mobile element

Type llI-A variant system, lacking acquisition machinery
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Borgs likely affect many processes within their hosts

Frequency

85 —

80 —

75 —

70 —

65 -

40 —

30 —

20 —

10 —

S X _IOTMMOOwWX>

Unknown

DNA or RNA manipulation

Energy Metabolism
Glycosyltransferase & Glycosylhydrolase
Central Carbon Metabolism
Methyltransferase

PEGA and S-layer

Protein Processing and Peptidase
Transport

Stress and Environmental Response
Defense

Radical SAM

Purine and Pyrmidine Metabolism

Function

Fatty acid biosynthesis
Acetyltransferase
Translation
NTP_transferase
Nitrogen Fixation
Benzoate degradation
Cofactor Metabolism
PHA synthesis
Phosphodiesterases
Glyoxalase
Metabolism of terpenoids & polyketides
Pilin
Isoprenoid Biosynthesis

Bl Purple

Lilac

El Black
Sky

N<XS<CHn1u0OUTOZ

Al-Shayeb, et al. 2021, BioRxiv



Borgs potentially augment methane oxidation and other biogeochemical cycles

Extracellular
FeOOH electron transfer
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