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Enigmatic MGEs of asgardarchaea

Two circular contigs, 7H_11 and 8H_18, were nearly identical and targeted by identical spacers affiliated to
Thorarchaeia (Tables S3 and S4), but were assembled from metagenomes originating from samples collected at
different depths (59.5 and 68.8 mbsf, respectively). Notably, 7H_42 discovered in our samples from the offshore
Shimokita Peninsula, Japan was found to be related to Ga0114923 10000127 and Ga0209976_10000148
originating from the sediment samples from the Sumatra, Indian Ocean (Fig. S1), attesting to the consistency of
this emerging group of Asgard MGEs.

The seven MGEs encode diverse proteins involved in DNA replication, repair and metabolism, which are
common in MGE and viral genomes but, with the exception of 7H_42, Ga0114923 10000127 and
Ga0209976_ 10000148 which form a group, display little overlap in gene content (see below). Nevertheless,
8H_18, 10H_0 and 7H_42 encode Topo mini-A homologs. Phylogenetic analysis of these proteins showed that,
whereas 10H_0 and 7H_42 formed a clade with the Topo mini-A of wyrdvirus WyrdV4, 7H_42 branched among
other archaeal sequences (Extended Data 4), suggestive of active exchange of Topo mini-A genes among archaeal
viruses and MGEs. The 10H_0 and 7H_42-like MGEs as well as verdandiviruses and wyrdviruses encode
multiple non-orthologous Zn-finger proteins, which might be involved in transcription regulation or mediate
protein-protein interactions. 10H_0 and 7H_42-like MGEs also share homologs of proliferating cellular nuclear
antigen (PCNA) and transcription initiation factor B (TFB) (Fig. S1), both of which have been previously
identified in archaeal viruses. For instance, PCNA is encoded by several tailed archaeal viruses infecting
halophilic archaea? and spindle-shaped viruses of Nitrososphaeria®, whereas TFB homologs are encoded by
certain rod-shaped viruses infecting hyperthermophilic Thermoproteota®. 10H_0 also encodes Cdc6/Orcl-like
origin recognition protein, nucleoside 2-deoxyribosyltransferase, DNA lyase, MazG-like nucleotide
pyrophosphohydrolase and bifunctional (p)ppGpp synthase/hydrolase as well as several DNA methyltransferases
and nucleases. By contrast, 7H_42-like MGEs encode a DNA primase-superfamily 3 helicase fusion protein that
are commonly found in diverse MGEs including diverse varidnaviruses infecting eukaryotes, a Rad51-like
recombinase, several nucleases and chromatin-associated proteins containing the HMG domain. The larger
elements also encode auxiliary metabolic genes, including PAPS reductase, sulfatase, methylthiotransferase, and
enzymes involved in carbohydrate metabolism, which could boost the metabolic activities of the respective hosts.
For the smaller contigs, 8H_18 and 8H_67, the vast majority of genes were refractory to functional annotation
even using the most sensitive available sequence similarity detection tools, such as HHpred?®.

Auxiliary gene content of asgardarchaeal viruses

By dsDNA virus standards, genomes of verdandiviruses, skuldviruses and wyrdviruses are relatively small (<20
kb). Thus, the corresponding gene contents are streamlined to include largely the core functions required for
virion morphogenesis and genome replication. Nevertheless, some of these viruses encode auxiliary functions,
including metabolic genes. In particular, verdandivirus VerdaV1 (and 10H_0 MGE) encode phosphoadenosine
phosphosulfate (PAPS) reductase (also known as CysH), an enzyme reducing 3'—phosphoadenylylsulfate to
phosphoadenosine-phosphate using thioredoxin as an electron donor. PAPS reductases have been previously
identified in certain bacteriophages °® and tailed haloarchaeal viruses *, where they are thought to confer selective
advantage to the host cells through facilitating sulfur metabolism and/or synthesis of sulfur-containing amino
acids’. PAPS reductase of VerdaV1 might perform a similar function.

Wyrdviruses WyrdV2 and WyrdV6 carry a block of three genes coding for dUTPase, thymidylate synthase X
(ThyX) and an uncharacterized protein that is conserved in some phages and is annotated as nucleotide
modification associated domain 1 protein (PF07659.13, DUF1599) (Fig. 5). This putative operon is likely to be
involved in the biosynthesis of thymidylate from dUTP, to increase the pool of nucleotides available for the
synthesis of viral DNA. WyrdV3 encodes a homolog of the nucleoside pyrophosphohydrolase MazG, which in
bacteria prevents programmed cell death by degrading the central alarmone, ppGpp®. MazG is highly conserved
in tailed bacteriophages infecting cyanobacterial®. Biochemical characterization of a cyanophage MazG has
shown that, instead of degrading ppGpp, it preferentially hydrolyses dGTP and dCTP*. Thus, MazG homolog in
WyrdV3 might either function in disarming antiviral systems triggered by nucleotide-based alarmones, such as
ppGpp, or in adjusting the intracellular nucleotide concentrations for optimal viral genome synthesis. Notably,



MazG homologs are also encoded by asgardarchaeal MGEs 10H 0, 7H_42, Ga0114923 10000127 and
Ga0209976_10000148 (Fig. S2).

None of the known archaeal viruses encodes its own RNA polymerase!?. Nevertheless, various transcription
regulators with HTH, Zn-finger or ribbon-helix-helix domains are abundantly encoded in archaeal virus
genomes®®. This is also the case with asgardarchaeal viruses described herein. Verdandiviruses and wyrdviruses
encode multiple non-orthologous Zn-finger proteins, whereas skuldviruses encode several proteins with HTH
domains (Fig. 4a). In addition, Wyrdvl (as well as 10H 0, 7H 42, Ga0114923 10000127 and
Ga0209976_10000148) encodes a transcription initiation factor B (TFB), a homolog of eukaryotic TFIIB, which
guides the initiation of RNA transcription'*. Among archaeal viruses, TFB homologs have been previously
identified only in certain rod-shaped viruses infecting hyperthermophilic archaea 4. Thus, Asgard viruses appear
to fully rely on the core transcription machinery of their hosts but encode various transcription factors that could
be involved in the recruitment of this machinery for expression of viral genes as well as in the regulation of virus
gene transcription. As mentioned above, some of the genes regulated by these transcription factors are likely to
encode antidefense proteins.

WyrdV1 and WyrdV3 encode homologs of the carbohydrate-specific 3'-O-methyltransferase®®. In many archaeal
viruses, the structural proteins are glycosylated by either the virus or host encoded glycosyltransferases, although
the biological role of this post-translational modification remains unclear. The methyltransferase of WyrdV1 and
WyrdV3 could participate in modification of the glycans attached to the virion proteins.
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Figure S1. Genome maps of asgardarchaeal CRISPR-targeted MGEs. Due to the lack of known virus hallmark genes, the MGEs are not identified as
viruses, but could represent novel virus groups. Genes encoding putative DNA-binding proteins with Zn-binding and helix-turn-helix domains are colored in
black and grey, respectively. Grey shading connects genes displaying sequence similarity at the protein level, with the percent of sequence identity depicted
with different shades of grey Abbreviations: Int, integrase; PD-(D/E)XK, PD-(D/E)XK family nuclease; PCNA, proliferating cellular nuclear antigen; TFB,
transcription initiation factor B; MTase, methyltransferase; HNH, HNH family nuclease; PAPSR, phosphoadenosine phosphosulfate reductase; C25-Pro,
C25-family protease; Trx, thioredoxin; GHase, glycoside hydrolase; RHH, ribbon-helix-helix domain-containing DNA binding protein; Ser rec, serine
superfamily recombinase; HMG, high mobility group domain-containing chromatin-associated protein.
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Probab=100.00 E-value=4.1e-34 Score=301.28 Aligned_cols=403 Identities=15% Similarity=0.129 Sum_probs=304.0 Template_Neff=10.300
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Figure S2. Results of the HHsearch analysis queried with the putative large terminase subunit (a) and the major
capsid proteins (b) of verdandivirus VerdaV1. H(h), a-helix; E(e), B-strand; C(c), coil.
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Probab=97.84 E-value=0.013 Score=58.95 Aligned_cols=242 Identities=13% Similarity=0.060 Sum_probs=0.0 Template_Neff=6.300

Q ss_pred eeEeeecCceeeecceeeccEEEEEecCCcccCecchhhee-----eccccceEEEEECC-EEEEEEecccCccccchHHE
Q Skuldvl 12 IAFAESENKHVKIDNTFPIKKIVIIHNPGDFAGGSTGVLI —ANTILDNLRVFVHG-KEVISLIGDVDVDTAPFAIQ 85 (277)
Q Consensus 12 iafa~~~~~n~ ti~~tf~ik~I~I~~~~ga~sGGatG~~V—— —--aN~a~~s~rv~~nG-k~iI~~dG~~~vd~~s~gi~ 85 (277
B T e e [ B [ A PR L Lt R I NI -
T Consensus 13 ~s~~a~~t~tIdLP~~~pIS~I~l~~~~t~r~~S~mmmnm s p~~~I ~kIelv~~Gs~vi~S1lsG- 84 (345
T 3J31 B 13 YAWTAGTNIPIKIPRNNFIRKIRVQLIGSISNSGTAAVTLPSAPFPYNLVQTFNLSYEGSKTLYSVSG 84 (345
T ssidgsp EECCTTCEEEEEECCSSEEEEEEEEEEEEEECCSSSCEECCCTTTTGGGSCEECEEETTTEESEEEEHR
T ss_pred cccCCCCeEEEEcccCcceeEEEEEEEEeeeCCCCccccCCCCCchHHhceeEEEEECCCceEEEEeH-
Q Ss_pred HHHHHHHHhcccCC-- —--CccCCCCeEEEEEEecceeeecCCCCceee—-eceEEEEEE
Q Skuldvl 86 LMREANKLRNKVAD-- --KAIGRGHNAYIDFRENTIANMNDGDRTTYT-GATIDIMVE 148 (277)
Q Consensus 86 L1LRE~~~~~~~ VA~=——————————~ d~y~~I~FP-=====~ aip~g~dvqI~i~~~tsagq~~gGDr~T~t-a~t~DI~v~ 148 (277
B T | e T R e R T e
T Consensus 85 aLn~y~~~~~ PN N N N N S e IdFG~~~A~d~~-nLgL~Tt 158 (345
T 3J31_B 85 ILMYYTTKGQNPAYPAPGTSVPASGSVNLNVMWEFDLARFPATMVQ-NIILSILTGQ-----APSGVSINASFYITITYE 158 (345
T ss_dssp HHHHHHTTTCSCEESCTTCEECTTSEEEEEEEEEEEEEEECTTSSS-CEEEEEECCC-----CCTTSEECCEECCEEEEE
T ss_pred HHHHHHhCCCCCCCCCCCCccCCCCCceeEEEEEEEccceeccCCC-CeEEEEEECC-----CCCCCccCceeEEEEEEE
Q Ss_pred CCcC EEEeeEcce-eecccccCCCcccCCcccccceeeeEEEEEecCC--Cccccceee——
Q Skuldvl 149 VGTPGR LSLLRNCGK-IVLGANTGRLPEFINPTEFGYKALNLMVLIEDDG--TPSNTAIAK-- 206 (277)
Q Consensus 149 kG ~ip~~~~g~-~s~ga~~G~l~e~lp~~~~plR~~~Lm~it~D~g--T~S~tay~~-- 206 (277
Lt R T e I B N T e e a
T Consensus 159 ~rmmmmvavs s s P~~~ kevarnrnssnn R idLPtg~~~Rk--1li~~~d~~~ge~mnmmsnnn 1 236 (345
T 3J31_B 159 RVTAQEILSEGGLGADGEMPLATVLPKVIEIPTFNVPASSAPIHVAYLOPGQIYKR--QLVYVINSTSGINNTDPTEYEL 236 (345
T ss_dssp CCCHHHHHTTTSBCSSCSSBTTCCEECEEEEEEEEECBCSSCEEEEECCSSSEEEE--EEEEEEBTTTBTCCCCEEEEEE
T ss_pred EecccceeecCCCCcccCCCchheccceEEEeecCCCCCCCCceEEEECCCCCeEeE--EEEEEEeCCCCCCCCCecccce
Q ss pred -EEEeeCceeeecCcHHHHHHHHccCce-eeccceEEEEEecC-— —--c--CCHHHeEEEEEeccCccceEEE
Q Skuldvl 207 -LELRKGSNIIREGSIPKLQELTKGKFS-IALGTGFVWIPIKQ-- --A--ISASQLKLISQIDSAGTNIEVH 270 (277)
Q Consensus 207 -L~Is~g~~~i~DGsiakl~~~~~~ Ks~-vVA~s~G~~~i~fpr————————= k-—is~~tLkl~~~~~ tAgt~~e~h 270 (277)
| B T R O | +++4- |-+ P s I e R T
T Consensus 237 ~la~vmmssmnmassaasss Ir~nmnmnnaa s ~g~~~iDEv v~ grlrla~mnmassnnas Lo~ g~~~vi~ 312 (345
T 3J31_B 237 KIVRGVPT-DKIKVSWAALQAENQAEYQVAPYSGASAIIDFRKYFNGDLDLTHAPSDSIEYDLALQNQDNVYSLYVS 312 (345
T ss_dssp EECSSSCE-EEEECBHHHHHHHHHHHHCSCCSSTTEEEEEGGGTTTSSEECSSSCSSSCEEEEEESSCEEEEEEEEE
T ss_pred EEeecCCC-ceeeeCHHHHHHHHHhhhCCCCCCCcEEEEechhhccCccccCCCCCCCCEEEEEEecCCCceeEEEE
Cc

>P22535 CAPSD_BPPRD Major capsid protein P3 OS=Enterobacteria phage PRD1 0X=10658 GN=III PE=1 SV=2
Probab=96.16 E-value=1.5 Score=46.49 Aligned_cols=247 Identities=11% Similarity=0.091 Sum probs=0.0 Template Neff=5.600

Q ss_pred eeEeee--cCceeeecceeeccEEEEEecCCcccCcchhheeecc—----- ccceEEE-EECCEEEEEEecccCccccchH
Q Skuldvl 12 IAFAES--ENKHVKIDNTFPIKKIVIIHNPGDFAGGSTGVLIANT-----ILDNLRV-FVHGKEVISLIGDVDVDTAPFA 83 (277)
Q Consensus 12 iafa~~=——~~~n~ ti~~tf~ik~I~I~~~~ga~sGGatG~~VaN~— —a~~s~rv-~~nGk~iI~~dG~~~vd~~s~g 83 (277)
N I i B Rt ol I U O [++]+.-. .. L B R S e
T Consensus 45 ~vmmnmns s~~t~~Lp~~GrLv~l~l~v~~tlt~~~~t~a~vtr~~~~Pr~rlI~~I~1~~~gn 116 (395)
T P22535 45 QTFDPANRSVFDVTPANVGIVKGFLVKVTAAITNNHATEAVALTDFGPANLVQRVIYYDPDNQRHTETSGWH - 116 (395)
T ss_pred eeccCcCCcEEEEecCCCceEeeEEEEEEEEEECCCCCcccccCCecChhEhecceEEEECCCCCceEECCHHEHE - -
Q ss_pred HHHHHHHHHHhcccCCe- —-cceeEEEcCCccCCCC-
Q Skuldvl 84 DEYFEIDFPKAIGRGH- NAYID 121 (277
Q Consensus 84 --dvgI~ 121 (277)
[ e S R I e e o et
T Consensus 117 ———Lr~~lvr v~ v N v e s as~~Ag~t~~v~f~1~iPval~~~D~~G~il~gn~~t~1~L~ 193 (395
T P22535 117 ---LHFVNTAKQGAPFLSSMVTDSPIKYGDVMNVIDAPATIAAGATGELTMYYWVPLAYSETDLTGAVLANVPQSKQRLK 193 (395)
T ss_pred —---HHHHHHHhcCCCeeeeccCCCCcccCCccccecCeceeccCCCeEEEEEEEeeeeecCCccceeeecCCCCCCEEEE
Q ss_pred eeeecCCCCceeeeceEEEEEEe—— -eeEcceeecccccC
Q Skuldvl 122 IANMNDGDRTTYTGATIDIMVEV-- ~LRNCGKIVLGANTG 171 (277
Q Consensus 122 ~~g~~s~ga~~G 171 (277
T Consensus 194 273 (395)
T P22535 194 LEFANNNTAFAAVGANPLEAIYQGAGAADCEFEEISYTVYQSYLDQLPVGONGYILPLIDLSTLYNLENSAQAGLTPNVD 273 (395)
T ss_pred EEEcCccccccccCCCchhHhheCCCeccceEEeEEEEEEEEeEeecCCCCCCCccCCCecHHHHHhHhheeeccCCCCee
Q ss_pred CCcccCCcccccceeeeEEEEEecCCCccc—--cceeeEE-EeeCceeeecCcHHHHHHHHccCceeeccceEEEEEecC—
Q Skuldvl 172 RLPEFINPTEFGYKALNLMVLIEDDGTPSN--TAIAKLE-LRKGSNIIREGSIPKLQELTKGKFSIALGTGFVWIPIKQ- 247 (277)
Q Consensus 172 ~1~e~lp~~~~plR~~~Lm~it~D~gT~S~--tay~~L~-Is~g~~~i~DGsiakl~~~~~~ Ks~VA~s~G~~~i~fp~- 247 (277)
e I B R I I T [ R SN
T Consensus 274 ~~i~L--p~g~~yr~——l~~=v~DnG~r~r~r~~~n~ A~~~ 1~~n~~div~v v yg~~1p~Gvy~~Df~~~ 348 (395
T P22535 274 FVVQY--ANLYRYLS--TIA-VEDNGGSFNAGTDINYLSQRTANFSDTRKLDPKTWAAQTRRRIATDFPKGVYYCDNRDK 348 (395)
T ss_pred eEEEc--cccceeEE--EEE-EEeCCCccCCCcccccceeeeeCCceeeccCHHHHHHHHHHHhhCCCCCeEEEEeCCCC
Q ss_pred —---cCCHHHeEEEEEeccCccceEEEEEee
Q Skuldvl 248 AISASQLKLISQIDSAGTNIEVHWMLT 274 (277)
Q Consensus 248 ---kis~~tLkl~~~~~ tAgt~~e~h~~~~ 274 (277)
- I I ettt ol I
T Consensus 349 gi~t R R R g 378 (395
T P22535 349 PIYTLQYGNVGFVVNPKTVNONARLLMGYE 378 (395
T ss_pred cccccecceeEEEEccccccccceeEEEEe

Figure S3. HHsearch profile-profile comparisons between the putative major capsid protein of skuldvirus SkuldV1
and the double jelly-roll major capsid proteins of (a) corticovirus PM2, (b) turrivirus STI1V, and (c) tectivirus PRD1.
H(h), a-helix; E(e), p-strand; C(c), coil.
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Figure S4. Read depth along viral contigs. The scale on the left shows the maximal coverage for each contig.
The open reading frames are colored the same way as in the corresponding Figures 3 and 4 for verdandiviruses
and skuldviruses, respectively. Colored circles represent the positions of protospacers targeted by asgardarchaeal

CRISPR spacers.

Supplementary Data 1. Output of CRISPRDetect output for CRISPR arrays analyzed in this work.
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