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Supplementary Notes

Supplementary Note 1

Reason for using a continuous-flow bioreactor system to enrich deep marine
sedimentary microorganisms and deep-sea methane seep sediment as an inoculum
source. Culture-independent molecular studies showed that deep marine sediment
harbors phylogenetically diverse microorganisms, most of which belong to uncultured
taxa and are distinct from those living on the Earth’s surface!**. Hence, their physiology
and metabolic functions still remain largely unknown’*®. To gain insight into deep marine
sedimentary microbes, they need to be cultivated, and this has been a significant challenge.
However, only a small fraction of indigenous deep subseafloor microbes has been
successfully isolated and characterized”?. It is unclear why the cultivation of deep marine
sedimentary microbes is difficult, but the batch-type cultivation techniques commonly
used in previous studies may have been inadequate for this purpose. Therefore, the
development of a new cultivation technique is needed. We have, therefore, employed a
continuous-flow bioreactor technique for the cultivation of deep marine sedimentary
microbes since 2006. The bioreactor is called a down-flow hanging sponge (DHS) reactor,
which was originally developed to treat municipal sewage at a low cost in developing
countries®!!. Specifically, a polyurethane sponge packed in the DHS reactor column
provides a large surface area for microbial colonization and a longer cell residence time.
As such, this type of continuous-flow reactor cultivation can provide substrates at low
concentrations, similarly to those found in the natural environment. In addition,
continuous-flow bioreactors allow the outflow of metabolic products that may inhibit
microbial growth if accumulated. These continuous-flow reactors thereby might increase
the culturability of deep marine sedimentary microorganisms in a controlled manner and
serve as better sources (incubators) for microbial isolation than the original samples!2. In
fact, using DHS reactors, we have successfully enriched phylogenetically diverse

12-15

microorganisms from deep marine sediments and isolated and characterized various

microorganisms using enriched microbial community from the bioreactors!6-2%,

In this study, we used deep-sea methane seep sediments collected off Kumano area,
Japan. In deep-sea methane seep sediments, anaerobic oxidation of methane (AOM)
reaction is the major microbial process and is mediated by a syntrophic association of

euryarchaeal anaerobic methanotrophs (ANMEs) and deltaproteobacterial sulfate-



deducing bacteria (SRB)?!. In addition to ANMEs and SRB, abundant and diverse
microorganisms, most of which are affiliated with uncultured microbial groups of high
taxonomic ranks, such as phylum, class, and order, live in methane-seep sediments®>24,
Therefore, deep-sea methane-seep sediment can be regard as a hot spot for uncultured
microorganisms. As such, cultivation and characterization of these uncultured
microorganisms can greatly expand our knowledge regarding microbial physiology,
genetics, and ecology. This was our rationale for using deep-sea methane seep sediment
as an inoculum source for uncultured microorganism cultivation. However, in 2006, when
we started the DHS bioreactor cultivation, there was extremely limited information about
the metabolism of uncultured microorganisms because the metagenomic approach was
not a common technique. We, therefore, could not predict the appropriate carbon and
energy sources to culture uncultured microorganisms. However, we were aware that
methane-seep microbial communities were sustained by methane released below the sea
floor. Thus, we expected that if we provided methane as a major energy source in the
DHS reactor system, the uncultured microorganisms could be cultivated from the
methane-seep sediment under laboratory conditions, along with ANMEs and SRB. Indeed,
using a combination of the DHS bioreactor “pre-enrichment” and subsequent in vitro
cultivation, we have successfully cultured and isolated microorganisms representing
predominant uncultured taxa. The “Candidatus Prometheoarchaeum syntrophicum”
strain MK-D1 reported in this study is an example of cultured microorganism using our

deep-sea methane seep-derived bioreactor enrichment.

Supplementary Note 2

Reason for use of the four antibiotics to isolate the Lokiarchaota. In parallel to the
attempted the cultivation of microorganisms from methane-seep sediment, we tried to
isolate anaerobic microorganisms from the enriched methanogenic microbial community
in another DHS reactor, which was established from deep marine sediments collected off
the Shimokita Peninsula, Japan'>. During the isolation attempt, we detected few DSAG
(i.e., Lokiarchaeota) sequences in a propionate-fed culture (Supplementary Table S8 in
Imachi et al. [2011]"°). However, the Lokiarchaeota sequences became undetectable after
five successive transfers. After this, we could not revive the culture any longer. However,
we detected some Lokiarchaeota sequences in several anaerobic enrichment cultures

supplemented with four antibiotics (i.e., ampicillin, vancomycin, kanamycin, and



streptomycin, each at a final concentration of 50 pg/ml), via archaeal 16S rRNA gene-
based clone analysis (data not shown). This finding suggested that Lokiarchaeota
members can tolerate these antibiotics. Therefore, we added these four antibiotics into the
media to serve as selective agents for the isolation of Lokiarchaeota members from the

enriched AOM microbial community in the DHS reactor.

Supplementary Note 3

Reason for provisional Candidatus status.

Although the strain was extensively characterized and other organisms have been isolated
and published in co-cultures as well (e.g., Pelotomaculum schinkii strain HH?®), we opted
to use the provisional Candidatus status due to challenges associated with (i) deposition
and maintenance of the strain in culture collections (a requirement for validly naming a
strain) stemming from the extremely low growth rate/yield and need for qPCR track
growth and (ii) growing enough cell mass for accomplishing experiments that provide
sufficient biological data for meeting the current standards for validly proposing a name

for a strain.

Supplementary Note 4

Fate of *C-AAs in syntrophic degradation. MK-D1 and Methanobacterium co-
cultures fed with '*C-AAs generated '*C-enriched CH4 (Extended Data Table 2). On the
other hand, '>C-AA-fed tri-cultures of MK-D1 with Halodesulfovibrio and
Methanogenium generated '*C-enriched CO». Given that the medium is buffered with
2C-HCO; and 2CO,, any 3CO; produced by MK-D1 AA degradation would be diluted
by the exogenous 2C-carbonate pool and not directly reach the partner methanogen (i.e.,
very little 13CH4 generation); thus, syntrophy in the tri-culture is primarily mediated by
the oxidative path. Syntrophy in the co-culture is likely mediated by the hydrolytic
formate-transferring path as '3C-AA-derived '*C-formate would directly reach the
symbiotic partner, enrich the intracellular carbonate pool through oxidation to 3CO,, and

supply '*CO; for 1*CH4 generation.

Supplementary Note 5
Abbreviations in Figure 4.

Monomeric FeFe hydrogenase (Hyd), trimeric electron-confurcating FeFe hydrogenase



(HydABC), reversible NADPH-dependent NiFe hydrogenase (HydAD), reversible
heterodisulfide-dependent electron-confurcating hydrogenase (Mvh-Hdr), other NiFe
hydrogenases (NiFe Hyd.), formate dehydrogenase (FdhA), putative electron-
confurcating formate dehydrogenase (FdhA-HydBC), NADH-dependent
NADPH:ferredoxin oxidoreductase (NfnAB), heterodisulfide- and flavin-dependent
oxidoreductase of unknown function (FIXABCD), tetrahydromethanopterin

methyltransferase (MT), Wood-Ljungdahl (WL), and methyl-CoM reductase (Mcr)

Supplementary Note 6

Potential benefits of syntrophic interaction with a sulfate-reducing bacterium.

With ocean oxygenation, sulfate levels rose?®, which may have afforded an opportunity
for thermodynamically enhanced syntrophy via interaction with SRB?’ (an interaction

evidenced by MK-D1 cultures). In addition, SRB are aerotolerant?®

and produce a
reductant that can passively consume O> (H2S). By contrast, the alternative syntrophic
partner, methanogenic archaea, are sensitive to O» and produce an inert byproduct (CHy).
We suggest that interaction with SRB may have conferred a low-level of aerotolerance to
enable the archaea to inhabit more oxygenated environments, where excess organic
matter is predicted to have been available from increased cyanobacterial activity during
the Great Oxidation Event®**?, Growth in oxygenated environments may have further

selected for a more refined aerotolerance.

Supplementary Note 7

Transition towards aerobiosis may have benefited from multiple symbiosis.

To further adapt to higher O concentrations and compete with facultatively aerobic
organotrophs, interaction with an Oz-consuming partner might have been beneficial in
gaining aerotolerance’!*2. The alternative hypothesis would require the gain of genes for
aerobic respiration, but this may have significantly weakened the selection for
(endo)symbiosis between the host archaeon and pre-mitochondrial alphaproteobacterium
symbiont (PA), assuming that the host-PA symbiosis that led to endosymbiosis was driven
by the host’s sensitivity to O» and dependency on an O»-scavenging partner as we posit.
Given that, with the current data, eukaryotes and Ca. Heimdallarchaeota represent the
most recent branchpoint of archaea and eukaryotes, the lineages of Ca.

Heimdallarchaeota that possess aerobic respiration genes** may have evolved along this



alternative route. Interaction with SRB may have also been beneficial in developing
interaction with an O»-utilizing partner. The ancestral Asgard archaeon is predicted to be
an anaerobic AA-degrading Hz-producing organism dependent on partners for catabolic
symbiosis (Hz/formate-scavenging; syntrophy) and anabolic (building block-supplying)
symbioses. On the other hand, LECA was a facultatively aerobic organism that depended
on mitochondria for O respiration and ATP generation®*. Given that no extant
mitochondria (or related organelles) uptake H>* (and reasons described in Supplementary
Note 8), PA is suggested to have lacked ability to uptake H> and, thus, may not have been
able to syntrophically support the host’s catabolism. As we hypothesize the host may have
required continued anaerobic catabolism (i.e., gain ATP itself) during the transition
towards aerobiosis until an ATP transport route from the endosymbiont to the host
developed, the host may have benefited from continued syntrophic interaction with

aerotolerant SRB.

Supplementary Note 8
Potential reason that H; transfer was unlikely to drive endosymbiosis.
Note that it is entirely possible for the H;-consuming partner to have become

endosymbionts of the pre-LECA archaeon as proposed previously3¢-7

. However, we
postulate that H>-consumers would have had less advantage as endosymbionts. If the host
gained an Hz-consuming endosymbiont, the host cell size may increase. In theory,
compared to a smaller Ho-producing cell, an enlarged cell would stoichiometrically
require a larger amount of substrate and energy (i.e., through transport) to accumulate the
same intracellular substrate concentration. Thus, to achieve the same intracellular Ha
concentration, more substrate and energy is hypothesized to be necessary for larger cells
(e.g., cells with an endosymbiont) as byproduct H> concentrations would
stoichiometrically and thermodynamically depend on substrate concentrations. Moreover,
H: is membrane-permeable, so, in terms of substrate transport, H> consumers gain little
benefit from being inside an H» producer. Thus, endosymbiosis of an H; utilizer is
unfavorable without uncompartmentalized Hz generation and unlikely to have stabilized.
In fact, extant Ho-consuming endosymbionts of eukaryotes (i.e., some methanogenic
archaea) are observed only in eukaryotes possessing compartmentalized Hz-producing
organelles (i.e., hydrogenosomes)*®. Furthermore, based on current data, no extant

mitochondria (or related organelles) can uptake Ho?.



Supplementary Note 9

Potential impetus of developing mitochondrial ATP transport.

Our model assumes that the host evolved to delegate 2-oxoacid catabolism and ATP
generation to the endosymbiont (supported by the interaction between extant eukaryotes
and their mitochondria [and related organelles]), which suggests that an ATP transport
mechanism would have been required to provide the host energy. Development of the
ATP-providing machinery (i.e., ATP:ADP carrier or AAC found in extant mitochondria)
by the endosymbiont may have provided the opportunity for the host lose anaerobic O»-
sensitive 2-oxoacid catabolism (i.e., 2-oxoacid:ferredoxin oxidoreductases and
ferredoxin-dependent hydrogenases) to consequently lose catabolic O»-sensitivity and
delegate 2-oxoacid degradation and ATP synthesis to the endosymbiont. With current data,
as the activity of AAC is reversible®, it is unclear whether the endosymbiont developed
AAC to altruistically transport ATP to the host or parasitically absorb ATP from the host
(analogous to extant prokaryotes encoding ATP transporters — Rickettsia and
Chlamydiae®”). The above loss of anaerobic 2-oxoacid catabolism has potential
evolutionary benefits for both scenarios. For the former, the above loss leads to
consolidation of metabolism and delegation of catabolism to highly exergonic aerobic
respiration. Interestingly, several theories point towards a parasitic origin of

mitochondria*®42

. If AAC was originally used for parasitism, the above loss of 2-oxoacid
catabolism has the potential to resolve parasitism by reducing host ATP production and
reversing the ATP transport direction of AAC (direction dependent on ATP

concentration®).

Supplementary Methods

Culturing. The purity of Ca. P. syntrophicum strain MK-D1 was routinely examined by
microscopy and iTAG analysis. In addition, the purity was verified by the whole genome
shotgun sequencing, which only detected the sequences of MK-D1 and Methanogenium
genomes. We also confirmed the culture purity based on failure to amplify the bacterial
16S rRNA gene through PCR using the bacterial primer pairs 27F/907R?** and
EUB338F*/1492R*. Moreover, we evaluated the culture purity based on the failure of
microbial growth in the following media at 10°C, 20°C, 30°C, 37°C, and 55°C: (i)

thioglycolate medium (Difco); (ii) basal medium supplemented with 1 mM sucrose, 1



mM glucose, 1 mM fructose, | mM xylose, and 0.01% (w/v) yeast extract; and (iii) basal
medium containing 5 mM lactate, 10 mM sulfate, 0.05% (w/v) CA, and 0.01% (w/v)
yeast extract.

To confirm Halodesulfovibrio has ability to use H> and formate, we isolated the
bacterium from the MK-D1 enrichment culture using a roll-tube technique, with lactate
(10 mM) and sulfate (10 mM), acting as an electron donor and acceptor, respectively.
After isolation, we confirmed that the Halodesulfovibrio, designated strain MK-HDYV,
could grow on a hydrogen- or formate-fed medium supplemented with sulfate at 20°C.

Methanobacterium sp. strain MO-MB1 was previously isolated from subseafloor
sediment in our laboratory as a hydrogen- and formate-utilizing methanogenic archaea'>.
Methanobacterium sp, strain MO-MB was cultured on the basal medium on the basal
medium supplemented with H» (ca. 150 kPa in head space of culture bottle) and acetate
(1 mM) and yeast extract (0.01%) at 30°C. For the SYBR Green I staining experiment
(Extended Data Fig. 3m and 3n), MO-MBI cells were fixed with 2% paraformaldehyde
(PFA) after culturing under the condition mentioned above.

Methanogenium cariaci strain JR1 was obtained from the Japan Collection of
Microorganisms (Tsukuba, Japan) and cultured on the basal medium supplemented with
H> (ca. 150 kPa in head space of culture bottle) and acetate (1 mM) and yeast extract
(0.01%) at 20°C.

Cultures of Halodesulfovibrio sp. strain MK-HDV and Methanobacterium sp.
strain MO-MBI1 have been deposited in Japan Collection for Microorganisms (JCM
32479 and JCM 18473, respectively).

Growth monitoring using qPCR. The reaction mixture for qPCR was prepared
according to the manufacturer’s protocol. To construct a template standard for the primer
set, we used a dilution series of the 16S rRNA gene amplicon of MK-D1, which was
obtained via clone analysis using an archaeal primer pair Arch21F/1492R*47, The
dilution series of the PCR product was used in each qPCR analysis to calculate the 16S
rRNA gene copy number. Template DNA was quantified using a Quant-iT dsDNA High-
Sensitivity Assay Kit (Life Technologies). The PCR condition was as follows: initial
denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 10 s,
annealing at 58°C for 30 s, and extension at 72°C for 31 s. The annealing temperature
was optimized empirically through the amplification of the 16S rRNA gene of MK-DI.
To verify the specificity of the qPCR assay, we performed two types of experiments. First,



a melting-curve analysis was performed for every qPCR assay. Second, the PCR product
size was confirmed by gel electrophoresis and subsequent clone library analysis. The
clone library experiment was performed only for three DNA samples, which were
obtained from two- and three-successive transferred Lokiarchaeota enrichment cultures
and the DHS bioreactor enrichment. We confirmed that all the PCR products showed the
expected PCR amplicon size (i.e., about 390 bp) and all retrieved clones were identical
to MK-D1 or were affiliated with the candidate phylum Lokiarchaeota (16 clones were
randomly collected from each library).

FISH. MK-D1-specific probes were designed using the probe design tool of the ARB
program*. The specificity of the probes was confirmed using the BLAST and the ARB-
SILVA databases®. The AG%ycran values of the probes and target MK-D1 16S rRNA
sequence were calculated using the mathFISH web server>®. Both probes exhibited high
hybridization efficiencies (-15.5 kcal/mol for DSAG-Gr2-1142, -14.4 kcal/mol for
DSAG-Gr2-1432).

Growth test using multiple substrates. A highly purified culture of MK-D1 was
inoculated in the medium (15% inoculum, v/v). Then, 1 ml of the culture liquid was
immediately taken from each culture to examine the initial 16S rRNA gene copy numbers
of MK-D1 using the qPCR technique. The liquid culture samples for qPCR analysis were
stored at -80°C until further processing. After the sampling, all the cultures were
incubated at 20°C for 120 days in the dark without shaking. After 120 days of incubation,
1 ml of liquid culture was sampled from each culture vial to quantify the final 16S rRNA
gene copy numbers of MK-D1. DNA extraction and qPCR analysis were performed, as
the methods mentioned in the Methods section. In the qPCR assay, samples taken from
the same culture vial (e.g., 0-day and 120-day samples of H2-1 culture) were applied to
the same PCR plate for accurate quantification. To confirm microbial community
structure after incubation, iTAG analysis was performed on the samples, which showed
an increase of about 10-fold or more in the 16S rRNA gene copy numbers of MK-D1
after incubation, as observed by the qPCR assay.

Stable isotope probing incubation and NanoSIMS analysis. During incubation, 5 ml
of culture liquid was taken from the vials once every 30 days, 1 ml of which was used for
qPCR and iTAG analyses, and the remaining 4 ml was processed for NanoSIMS analysis.
The samples for NanoSIMS analysis were fixed in 2% PFA under anaerobic condition for

approximately 2 h. The fixed cells were washed twice in PBS and stored in a 1:1 mixture



of PBS and ethanol at -20°C until further processing.

Due to the low-biomass sample, the fixed cells were concentrated in a small analysis
area (0.5-1 mm?) of indium tin oxide-coated polycarbonate membranes using a
fluorescence-activated cell sorting®!. Microbial cells on membranes were stained with
SYBR Green I and observed with an epifluorescence microscope (BX-51, Olympus) prior
to NanoSIMS analysis.

Samples were analyzed by raster ion imaging with a CAMECA NanoSIMS 50L at
the Kochi Institute for Core Sample Research, JAMSTEC. A focused primary Cs* beam
of ~1 pA for carbon and nitrogen isotopic analysis was rastered over 30 x 30 um? areas
on the samples. Negative secondary ions of 12C (EM#1), 13C (EM#2), 190 (EM#4), 12C!“N
(EM#5), 2CSN (EM#6), and S (EM#7) were measured using six electron multipliers
(EMs) in a multi-detection mode at a high mass resolving power of ~7,000 (CAMECA
NanoSIMS definition), which is sufficient to separate all relevant isobaric interferences
(i.e., BC on '2C'H, "2C'N on "*C**, and ">)C'"*N'H). Each run was initiated after the
stabilization of the secondary ion beam intensity following a pre-sputtering of
approximately 2 min with a strong primary ion beam current. The same area was
repeatedly scanned (20-30 times) in each run, with individual images consisting of 256
x 256 pixels and with a dwell time of 2,000 ps. The total acquisition time was
approximately 1 h.

The recorded images and data were analyzed using IDL based NASA JSC imaging
software for NanoSIMS*2, OpenMIMS (https://github.com/BWHCNI/OpenMIMS) and
Look@NanoSIMS?3. The images were corrected for quasi-simultaneous arrival effect and
detector dead time. Different scans of each image were aligned to correct image drift
during acquisition. The final images were generated by adding the secondary ion counts

of each recorded secondary ion from each pixel for all scans.
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Supplementary Figure 1 | Phylogenetic tree of S-layer proteins related to MK-D1
and Euryarchaeota. Putative S-layer proteins of MK-D1 (PKD domain proteins) were
compared with related homologs (identified by blastp against the UniProt database
2019 09 (UniProt Consortium NAR 2019 10.1093/nar/gky1049) and only kept hits with
similarity >20% and alignment overlap >40%) and Methanosarcina barkeri S-layer
protein (UniProt ID: Q46BP2) homologs (same as above). Sequences were clustered with
a 70% similarity cutoff using CD-HIT v4.8.1°* and aligned with MAFFTv7°. Positions
with gaps in >30% of the sequences were trimmed with trimAl v1.2 (-gt 0.7)%°, leaving

A0/
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429 sites total. The tree was constructed using FastTree®’ (-lg) with 1000 bootstrap
replicates.
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Supplementary Figure 2 | A total ion chromatogram of gas chromatography/mass
spectrometry (GC/MS) for lipid obtained from Methanogenium cariaci strain JR1 (JCM
10550). The chemical structures of isoprenoid lipids are also shown.
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AORS24FH190 [Candicatys LoKiarchacota archaeon
3 [norarchacota archacon stran QW)
ASAiOTRGSS Mhorarchaseia srchacon Sam OWG
AOA524E914 [Thorarchaeota archaeon strain OWC]
AOA523RUO2 [Thorarchaeota archaeon strain OWC]
AOAS24ERZS [Thorarchasota archaeon strain OWC]
AOA524CD69 [Candidatus Lokiarchaeota archaeon]
"AOATQONTYS (Gandidatus Ociarchaeota archason LOB 4]
AOA256YFMO [/ archaeon ex4484 92]

related proteins
with Snf7 domain.
a, Phylogenetic
tree of putative =
Snf7 domain
proteins identified
in the genome of
strain MK-D1
(red),  homologs
from the UniProt
2019 06 database
(>20%  similarity
and >60% coverage
based on blastp,
representatives

selected with CD-
Hit [70%
similarity]), and
eukaryotic =~ Snf7 ©®

Snf7 (Snf7; pfam03357; 34 reference sequences)

P601_ARATH [Arabidopsis thaliana]
602 ARATH [Arabidopsis thaliana] VPS60
CHMP5 | HUMAN [Homo sapiens]
PS60, YEAST [Saccharomyces cerevisiae strain ATCC 204508]
185321 ARATHJArabldnpslsl alana]

P323_ARATH [Arabidopsis thaliana]

45 HUMAN [Hnmo sapiens] VPS32
CHM4C_HUMAN [Homo sapiens]
0 G1iman HUMAN Homo sapiena]
SNET_YEAST [Saceharomyces cerevisias strain ATCC 204508]
SNF7_ASHGO [A: shb¥a jossypii strain ATCC 1
A abiopea thalian]
505 ARATH [Arabidopsis thaliana] VPS20
CHMP6_HUMAN [Homo sapiens]
VPS20_YEAST [Saccharomyces cerevisiae strain ATCC 204508]
AOA1QONZB8 [Candidatus Heimdallarchaeota archaeon LC 2]
AOA3MTUVJS [Euryarchaeota archaeon]
AQAZEQCEQT [Candidaius Hemdallarchaeota archasor]
104 [Heimdalarchaeota archaeon strain B3-JM-08]
AOA497R7LO [Candlda\us Heimdallarchaeota archaeon]
/AOA1Q9PC98 [Candidatus Heimdallarchaeota archaeon AB 125]
AQASZRV28 [Thorarchasota archason strain OWC]
CHMP7_HUMAN [Homo sapiens]
YJES_YEAST [Saccharomyces cerevisiae strain ATCC 204508]
AOA524CF26 [Candidatus | oarchaeota archaeon]
‘AOAS24DIT2 [Candidistus L okarchacata srehason
AOA524DSL7 [Candidatus Lokiarchaeota archagon]
AOAS240MUS [Candidalys LoKirehaeata archason)
100 AOA524D5WO [Candidatus Lokiarchaeota archaeon]
AOA524F373 [Candidatus Lokiarchaeota archaeon]
AOA1QON2I3 [Lokiarchaeota archaeon strain CR 4]
AOA524FOY7 [Candidatus Lokiarchaeota archaeon]
97 DSAG12_( 1
AOA497QKM [Candidatus Lokiarchaeota archaeon]
524CDBS [Candidatus Lokiarchaeota archaeon]
N ORIQONNE [Candidatus Odinarchaeota archaeon LCB 4]~ 0.5

famlly prOtelnS DSAG12 02101 EA—-—RLKTLTHKLDLKIKDYENKAQLCKIKA————KKFLKS————— GNe——— rR
f‘ d DSAG12 03711 SPLIKIKVEFNKRLARQIGKMEIQERTAKKKA——ITARKNGDIA-——GSKLH———————— ™M
VEriiie DSAG12 03713 STITSLKIFNKRLQRQIRKMESQGKLAKKKA——IERRKAGDIP-——GSRLH———————— ™M

experimentally

(blue). The
. DSAG12702101 QOQASKTMLVRYKQYQOKILOQYNAMIMRSERHLDALEQAGVIKDVAGTMEASAGELKNV—-—-A
maximmum DSAG12 03711 KNSLOYRKWAHS TENFRVRMEGVQYRLEQAKAMGQFSKVAEDIVGTLOGLQEQVKMPESE
DSAG12:03713 KSCLOQFTKWSHSTENFRVRLDGVQFKLEQAKAMNDFEFSGVAQEIVGVLGELONTVKAPESQ

likelihood tree was .

8

. 520 E

constructed using a g

335

MAFFT Sequence DSAG12 02101 STVNAERALEITEEAEDSIEQINEAGELFAG——————— DPEV-DMGIDIDDELAQLETEL

DSAG12 03711 MDLGFGSMESMFGETSEQLEITDDASS TGV-—-TDDEVNLALAEVDSEL

alignment DSAG12 03713 T.DLGFGNMESMESETSEQLETSDDASA——————————— Sov__ e R B,
. . .o, . 030
trimming positions g2

1035 e

DSAG12_02101

with gaps in >50%

of sequences (232 pdi: o cromn- -
positions ;_ _
remaining),  and o
RAXML-NG* (-

model LG+G4+F; 100 bootstrap replicates). b, Domain analysis based on sequences
registered in NCBI CDD (v3.17) Snf7 domain pfam03357. A sequence logo is shown for
the region of the CDD alignment overlapping with the consensus sequence registered in
CDD. AA colors are based on chemistry (polar, neutral, basic, acidic, and hydrophobic).
For each position, the letter width corresponds to the percentage of non-gap sequences.
MK-DI1 sequences were aligned to the CDD reference alignment (mafft --add x --
keeplength). Residues aligned with any positions with bit values >2 are bolded and
colored based on chemistry. Those with chemistry consistent with at least one residue in
the CDD alignment are shown with a yellow background (otherwise orange background).
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54 AOA524FH84 [Candidatus Lokiarchaeota archaeon]
ADA524D492 [Candidatus Lokiarchaeota archaeon]
3 AOAOMOBJV2 [miscellaneous Crenarchaeota group archaeon SMTZ-80]
AOA523W165 [Candidatus Lokiarchaeota archaeon]
AOA524F251 [Candidatus Lokiarchaeota archaeon]
A497QIPO [Candidatus Lokiarchaeota archaeon]
SAG12_03697 EAP30/Vps36 family protein
DSAG12_02218 EAP30/Vps36 family protein
AOA524F7X6 [Candidatus Lokiarchaeota archaeon]
AOA524CDB2 [Candidatus Lokiarchaeota archaeon]
/A0A497R6BO [Candidatus Heimdallarchaeota archaeon]
F8_MOUSE Vacuolar-sorting protein SNF8 [Mus musculus]
gﬁFa RAT Vacuolar-sorting protein SNF8 [Rattus norvegicus]
€NF8_HUMAN Vacuolar-sorting protein SNF8 [Homo sapiens]
7 SNF8_DANRE Vacuolar-sorting protein SNF8 [Danio rerio]
SNF8_XENTR Vacuolar-sorting protein SNF8 [Xenopus tropicalis] vPS22
% SNF8_SCHPO Vacuol g protein dot2 yces pombe strain 972]
SNF8_YEAST Vacuolar-sorting protein SNF8 [Saccharomyces cerevisiae strain ATCC 204508]
SNF8_DICDI Vacuolar-sorting protein SNF8 [Dictyostelium discoideum]
YB221_ARATH Vacuolar protein sorting-associated protein 22 homolog 1 [Arabidopsis thaliana]
222 ARATH Putative vacuolar protein sorting-associated protein 22 homolog 2 [Arabidopsis thaliana]
%sasjuww Vacuolar protein-sorting-associated protein 36 [Homo sapiens]

1

100

S36_BOVIN Vacuolar protein-sorting-associated protein 36 [Bos taurus]

S$36_MOUSE Vacuolar protein-sorting-associated protein 36 [Mus musculus]

S36_RAT Vacuolar protein-sorting-associated protein 36 [Rattus norvegicus]
9%PS36_XENLA Vacuolar protein-sorting-associated protein 36 [Xenopus laevis] VPS36
VPS36_DANRE Vacuolar protein-sorting-associated protein 36 [Danio rerio]
VPS36_DROME Vacuolar prot i protein 36 [Drosophil 1

VPS36_SCHPO Vacuolar protei g iated protein 36 [Schi yces pombe strain 972]
VPS36_YEAST Vacuolar p protein 36 isiae strain ATCC 204508]
VPS36_DICDI Vacuolar protein-sorting iated protein 36 [Di iscoi
VPS36_ARATH Vacuolar protein sorti iated protein 36 [ thaliana]

7 AOAOF6PX17 [uncultured organism]
{GRPAOFBPYS7 [uncuitured organism]
AOA523W1R7 [Candidatus Lokiarchaeota archaeon]
‘ADA524FH8S8 [Candidatus Lokiarchaeota archaeon]
/ADA524EYY4 [Candidatus Lokiarchaeota archaeon]
87 /AOA497QL 28 [Candidatus Lokiarchaeota archaeon]
DSAG12_03698 ESCRT-II complex subunit
1 OCﬁOA524OD65 [Candidatus Lokiarchaeota archaeon]
AOA524CLV1 [Candidatus Lokiarchaeota archaeon]
ADA52382V7 [Thorarchaeota archaeon strain OWC]
AOA3L6JG13 [Thorarchaeota archaeon strain OWC]
ADA524E227 [Thorarchaeota archaeon strain OWGC]
/ADAG24EPI2 [Thorarchaeota archaeon strain OWC]
AOA497QDY3 [Candidatus Heimdallarchaeota archaeon]
JAOA2E9CESS [Candidatus Heimdallarchaeota archagon]
9gDBR251 [Selaginella moellendorffi]
AOAOK9IP1H7 [Zostera marina]
'AOA0B7SIG8 [Auxenochlorella protothecoides]
AAOA154P419 [Dufourea novaeanglias]
AAOAQ67QIDS [Zootermopsis nevadensis]
AOA2R7WGL1 [Oncopeitus fasciatus]
T1L0J5 [Tetranychus urticae]
AOA2G5BLO9 [Coemansia reversa strain ATCC 12441] 07

Supplementary Figure 4 | Hypothetical ESCRT-II-related proteins with
EAP30/Vps36-related domain. Phylogenetic tree of putative EAP30/Vps36 domain
proteins identified in the genome of strain MK-D1 (red), homologs from the UniProt
2019 06 database (>20% similarity and >60% coverage based on blastp, representatives
selected with CD-Hit [80% similarity]), and eukaryotic EAP30/Vps26 family proteins
verified experimentally (blue). The maximum likelihood tree was constructed using a
MAFFT-based sequence alignment (1096 positions), and RAXML-NG (--model
LG+G4+F; 100 bootstrap replicates).
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AOA1 82LPE8 Anopheles coluzzil
[Anopheles farauti]
AOA1Q8FFH9 [Culex larsalls]
Q1 6P1 8 E) S a ti]
K8TNGO [Tabanus bromius]
VPS25_DROME Vacuolar protein-sorting-associated protein 25 [Drosophila melanogaster]
AOAONT \PNG [Papilio machaon]

-opius arisanus]
AOAQASEKWS [Apls cerana cerar
osiphon pisum]

[Acyr
AOA481 SX71 [Essigella callfom]ica]
A0A481SWGO [Daktulosphaira vititoliae]
AAOA1S3DD26 [Diaphorina citri
AOATBOCTQS [Clasioptera arzonanal
\CAOAGYWA2 [Lygus hesperus]
AoATBELXU R\;Graphocepha\a atropunclata]

maculatum]
AOA4DES1 SS l[_l)lsodes scapularis]
NO [Ornithodoros moubata]
Avoa7UYW7 Steg jyphus mimosarum]
AOA2L2YRTE Parastealoda tepidariorum]
P4VTS1 [Scylla olivacea]
AOABR7P7Y1 L enaeus vannamei]
9E6 C\ona savignyi]
[C\ona mtestlnalls]
I3 [Sarcoptes scabiei]
T1LOJS [Te!ranychus urticae]
AOA3$3C}N45 [Dmo(hromblum tinctorium]
3ANU8£ -chinostoma caproni]
AO \07473G5 [Opisthorchis viverrini]
AOA267FIE1 [Macrostomum lignano]
US| Vacuo[ar protein-sorting-associated protein 25 [Mus musculus]
525 RAT Vacuolar protein-sorting-associated protein 25 [Rattus norvegicus]
198525 HUMAN Vacuolar protein-sorting-associated protein 25 [Homo sapiens]
VP325 BOVIN Vacuolar protein-sorting-associated protein 25 [Bos taurus]
VPS25 XENLA Vacuolar protein-sorting-associated protein 25 [Xenopus laevis]
AOAMGZYCO [Fundulus heteroclitus]
P DAN Vacuolar protein-sorting-associated protein 25 [Danio rerio]

22

vectensis]

A
RTIEST [f(:apneha teletal
or 15 purpuratus]

ir
AvoLaGcoe 53 (Qctopue bimacuioides]
38 [Daphria magnal

A RoAODGLHoA T [Ancylostoma ceylanicur
,—riﬂﬁi AOATITWIRY [Feterorabeits baclenop] ora]

0.6

[ s F5 [Toxocara canis|
L4 AOMU PH 4 HSlelnemema carpocapsae]
'AOAOV1BHHG [Trichinella spiralis]

'AOA3M7S3Z4 [Brachionus plicatilis]
E174G6 [Chlorella variabilis]
AOA2P6TWO7 [Chlorella sorokiniana]
AOA087SIG8 [Auxenochlorella protothecoides]

DB8R251 gSe\ \neUa moellendorffil

T Vacuolar protein sorting-associated protein 25 [Arabidopsis thaliana]
|—IDYNU8\5(X>ocom&>éa subellipsoidea strain C-169]

AOA2 phidocelis subcapitata]

AOA2PBN2V3 JPlano rotoslellum IungNorum]

VPS25_DICDI
M2XPN1 [Galdlena su\phurana]
AOA1Y1WNS61 [Linderina pennispora]
AOA2G5BL09 [Coemansia reversa strain ATCC 12441]
AOA2T9ZHO3 [Smittium me?azygosporum]
AOA1Y2B3L9 Ev

0A507FI'U8 Crfnomyces confervae]

protein 25 [Dit

hodotorula taiwanensis]
AOA51 1K842 hodosporidium toruloides

048D thodotomla graminis strain WP1]
O oA [Cutanegirchosgoron oleagingsur

WQS4 [Amanita muscaria Koide BX008]
AOATY2FNZ1 I:\::)(omyoes Iac(ucaedeb\hs]]

AOA1 C7N8V1 [Choanephora cucurbitarum|
/4Z\WN8 [Pneumocystis provecu strain RU7]
M7PJ86 [Pneumocystis murina strain B123]
325 SGHPO Vacuo ar prot rting iated protein 25 [Schi; pombe strain 972]
AOA1 EAT%FH [Fomspora caselnolytlca NRRL Y- 17796]
\0A2H3F5B0

AOABEQl—[IPYe & cytalldrum Ilgrucola

fici strain W106- A
JA367LR47 [Ophiocor /Q/oe;)s olyrhachis-furcata BCC 54312]
AOA3N4MI20 [Ter(ezla boudlerl ATCC MY/ r
AOA4P9ZYNO L imargaris cristalligen:
AOATEBNGU? [Pichia membranriac\ens NRRL Y-2026]
QZ50 [Pichia Kudriavzevii]
VPS25_YEAST Vacuolar Droteln-sor‘ protein 2: isiae strain ATCC 204508]
35VRM8 [Candv datus Thorarchaeota arohaeon SMTZ1-45]
AOA1 09P862 [Candldams Thorarchaeota archaeon AB_25]
horarchaeota archaeon strain OWC]
A L horarchaeota archaeon strain OWC]
AOA524MCB2 horarchaeo(a archaeon strain OWC’

archaeon strain OWC]
AOA5240501 horarchaeota archaeon strain OWC]
AOA4Q: PYGS crarchaeola Erchaeon strain OWCJN
AOA3 archaeon strain OWC]
AOAGLBJJAQ orarchaeo(a archaeon strain OWC]
'AOA524E8Z1 [Thorarchaeota archaeon straln owc]
AOA135VYA6 [Candidatus Thorarchaeota archaeon S j]
AOA524E227 [Thorarchaeota archaeon strain OWC]
AOA524EPI2 [Thorarchaeota archaeon strain OWC]
24EYY4 [Candidatus Lokiarchaeota archaeon]
AOAMOBIPG [miscellaneous Crenarchaeota group archaeon SMTZ-80]
AOA524FH88 [Candidatus Lokiarchaeota archaeon]
o) AOAOFBPX17 [uncultured organism]
'AOAOFBPY87 [uncultured organism]
AOA523W1R7 [Candldatus Lokiarchagota archaeon]
AOAA 9LsCandldalus Lokiarchaeota archaeon]
AoASRACLY [Ca S Ofem o b mplTx subunit
ndidatus Lokiarchaeota archaeon]
‘ 8o fao S D(L>5 (Candidatus Lokiarchaeota archaeon]
A TQON812 [Candldalus Odinarchaeota archaeon LCB_4]
AOABM1UCV1 [Euryarohaeota archae
AOAOFEPXI

lon
&
b
&
3

uncultured orgamsm
61 147 AOA1QOPC36 Candldﬂ(us Heimdallarchaeota archaeon AB_125]
15 AOA2EY( [Candldams Heimdallarchaeota archaeon
AO [Helmra\larchaeota archaeon strain B3-JM-08]

08]
RO EERAR [Candidatus Heimdallarchasota archaeon LC_3]
A0A497QDY3 [Candidatus Heimdallarchaeota archaeon]
AOA256YD74 [Arct archaeon ex4484_02)
‘AOA2369D01 [Candidatus Bathyarchagota archaeon exd484_135]

94

Supplementary Figure 5 | Hypothetical ESCRT-II-related proteins with Vps25-
related domain. Phylogenetic tree of putative ESCRT II domain proteins identified in
the genome of strain MK-D1 (red), homologs from the UniProt 2019 06 database (>25%
similarity and >60% coverage based on blastp, representatives selected with CD-Hit [80%
similarity]), and eukaryotic Vps25 family proteins verified experimentally (blue). The
maximum likelihood tree was constructed using a MAFFT-based sequence alignment
(2305 positions), and RAXML-NG (--model LG+G4+F; 100 bootstrap replicates).
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AOA2N1LKRES [Trichoderma harzianum]
AOA1S1VDI1 Colletotrichum incanum]
L7HZL8 agnaﬁorthe oryzae strain Y34]
AOA2P5I1X1 [Diaporthe heliantt
AOABE2HBS1

[Scytalidium I\gmoola]
AOA2H3EVNS [Diplocarpon rosae]
Q2uQD2 [Asperg\l\us oryzae strain ATCC 42149]
AOA4SQWE7 [Aureobasidium pullulans]
AOA43 GZPQS [Anhrobotrys flagrans]
AOA3N4LWDQ [Terfezia boud\er\ ATCC MYA-4762]
AOA482N2M ,JAsoodesmls nigricans]
AOA3N4KDQ1 [Morchella conica CCBAS932)]
AOA3N4HP15 [Ascobolus immersus RN42]
AOA4TOXB6M4 [[Candida] inconspicua]
AAOA448YQUY [Brettanomyces naardenensis]
C4R134 [Komagataella phaffii strain GS115]
VPS4_CANAL Vacuolar protein sorting- assoclated pmteln 4 [Candida albicans strain SC5314]
A5E2L0 Lodderomyces elongisporus strain ATCC 11503]
\OAOB0T4M9 [Blastobotrys adeninivorans]
AOADJ9><C19 (Geotrichum candidum]
PS4_YEAST Vacuolar protein sorti protein 4 isiae strain ATCC 204508]
Q} 0OWGJ3 [Naumovozyma dairenensis s(ra\n ATCC 10597]
AOATESR4W?2 [Hanseniaspora osmophila]
—154 1D2VH19 [Ascoidea rubescens DSM 1968]
AOAOD7AWS0 [Cylindrobasidium torrendii FP15055 ss-10]
AOA4S&MFL6 [Dendrothele bispora CBS 962.96]
14 [Coprinopsis cinerea strain Okayama-7]
AOA1C7M MQ [Grifola frondosal
AOA4YOYZ46 [Dentipellis fragilis]
AOAOH2S6V1 [Schizopora paradoxa]
M5BQZ0 [I'hana(ephorus cucumeris strain AG1-1B]
AOA1BOH2M1 [Puccinia triticina isolate 1-1]
AOAA FNUS [Wallemia hederae]
AOCATE3JS ﬂ[C%ptococcus depauperatus CBS 7855]
AOAOF7SGK4 [Pha

A5I8 [%Tassezxa sympodialis strain ATCC 42132]
A0, AGTGZB71 rl"llenopsws washingtonensis]
\OAOCOLV08 [Mucor ambiguus]
AOA1 C7NOG3 hoanephora cucurbitarum]
AOA168| lucor circinelloides f. lusitanicus CBS 277.49]
l AOA1 67NL69 [Phycomyces blakesleeanus strain ATCC 8743b]
72 AOAO77WOQ6 il_lch(helmla ramosa]

AOA1D1XEV2 [Anthurium amnicola]

AAOA507C993 [Synchytrium microbalum]

AOAOLOHNN1 S izellomyces punctatus strain DAOM BR117]
AOA1Y2CQE4 [Rhizoclosmatium ]gobo im)

AOA2U1JEN7 [Smlmum angustt um]J
AOA137P9P1 [Conidiobolus coronatus strain ATCC 28846]
AOAOLOTAF!S K\llomKnoes macrogynus strain ATCC 38327]
IAN Vacuolar protein sorting- assoclated protein 4A [Homo sapiens]
AOAAWSGGO1 [Callorhinchus mili]
A3B5KDA0 [Takifugu rubripes]
4B HUMAN Vacuolar protein sorting-associated protein 4B [Homo sapiens]
A091 DNVO [Fukomys damarensis]
AOA4WBHIN2 [Callorhinchus mili]
AOA564CZN6 [Hemifusus tuba]
AOAOLOG1AB [Sphaeroforma arctica JP610]
VPS4_DICDI Vacuolar protein sorting iated protein 4 [Dit
M2Y1E2 [Galdlena sulphurana]
U1NIC3 [Artemisia annua]
AOAAUSRSRZ [Populus alba]
AOA1Y1IE47 [K] Jm nitens]
JOHYWO [Oxytricha trifallax]
AOATR2BEZ9 [Stentor coeruleus]

0.4

AOABL6JF74 [Thorarchaeota archaeon strain OWC]
AOABLBJKAOQ [Thorarchaeota archaeon strain OWC]
AOA135VYF1 [Candidatus Thorarchaeota archagon SMTZ1-83]
'A0A497Q0UA4 [Thorarchaeota archaeon strain OWC]
AOA524(EB\3 [Thorarchaeota archaeon strain OWC]
1 24EPG4 [Thorarchaeota archaeon strain OWC]
A0, A524E522 [Thorarchaeo(a archaeon strain OWC]
'AOA497PGMS [Thorarchaeota archaeon strain OWC]
AOA497NIW5 [Candidatus Bathyarchaeota archaeon]
AOA256ZD75 £< ndidatus Bathyarchaeota archaeon ex4484_135]
AOA524DN 7 [Candidatus Lokiarchaeota archaeon]
AOA523RDX1 [Candidatus Lokiarchaeota archaeon]

AOAOFBF’YQO [unounured organism]

AO0A497QG79 [Candidatus Lokiarchaeota archaeon]
ISAG12_03699 VCP-like ATPase
AAOA524CD74 [Candidatus Lokiarchaeota archaeonL
AOA1QON7Y7 [Candidatus Odinarchaeota archaeon LCB_4]
AOA2E9CE75 [Candidatus Heimdallarchaeota archaeon]

AOAOFBPYJO [uncultured organlsm]
AOA3M1UBJ2 [Euryarchaeota archaeon]
AOA1QOPC87 [Candidatus HedeaIlarchaeota archaeon AB_125]
AAOA497MQS8 [Candidatus Bathyarchaeota archaeon]

AOA497Q\£VW3FL§andlds(us Heimdallarchaeota archaeon]

L (oo AOAOF6PX33 [uncultured organls )|

1aeota archaeon strain B3-JM-08]

Supplementary Figure 6 | Hypothetical Vps4 ATPase-related proteins with Vps4-
related domain. Phylogenetic tree of putative Vps4 domain proteins identified in the
genome of strain MK-D1 (red), homologs from the UniProt 2019 06 database (>30%
similarity and >60% coverage based on blastp, representatives selected with CD-Hit [80%
similarity]), and eukaryotic Vps4 family proteins verified experimentally (blue). The
maximum likelihood tree was constructed using a MAFFT-based sequence alignment
(2305 positions), and RAXML-NG (--model LG+G4+F; 100 bootstrap replicates).
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Too AOAS24CSLé [Thorarchaeota archaeon strain OWC]
AOAB24EON1 [Thorarchagota archaeon strain OWC]
AOA524FLM8 [Thorarchaeota archaeon strain OWC]
AOABLBJCWS [Thorarchasota archaeon strain OWC]
AOAB24LLJ4 [Thorarchacota archaeon strain OWC]
 AOAS24FZEO [Thorarchacota archacon strain OWC]
AOA524D1Y8 [Thorarchaeota archaeon strain OWC]
AOA497PZG6 [Thorarchaeota archaeon strain OWC]
AOA1QOPAO2 [Candidatus Thorarchaeota archaeon AB_25]
60 [Candidatus archaeon SMTZ1-45]
AOA52351D2 [Thorarchaeota archaeon strain OWC]
o7 = ADA3LEJDI7 [T archaeon strain OWC]
AOAS238577 [Thorarchaeota archagon strain OWG]
AOA524EIQ7 [Thorarchaeota archaeon strain OWC]

, AOA497QFN4 [Thorarchaeota archason sirain OWC]

AOA524E9M8 [Thorarchaeota archason strain OWC]
AOA497QAB3 [Thorarchaeota archaeon strain OWC]
AOA3L6654 [Thorarchagota archagon strain OWG]
" AOASLBJCYO (Thorarchasota archason strain OWC]
ADA135VWX6 [Candidatus Thorarchasota archason SMTZ1-83]
AOAS524LLE4 [Thorarchaeota archason strain OWC]
AOA524E1Q6 [Thorarchaeota archaeon strain OWC]

7 AOAS24F4RG (Candidatus Lokiarchasota archacon]
ADA524D789 [Candidatus Lokiarchasota archaeon]
AOA524CF89 [Candidatus Lokiarchaeota archaeon]
= ADA524DC05 [Candidatus Lokiarchasota archagon]
57 AOAS24FGE [Candidatus Lokiarchasota archacon]

AOA524DMB88 [Candidatus Lokiarchaeota archaeon]

AAOAQF8VSL2 [Lokiarchaoum sp. strain GC14_75]

79— AOAS32TDF1 [Candidatus Lokiarchaeota archacon Loki_b31]
AOA523RF54 [Candidatus Lokiarchaeota archaon]
AOA532THU7 [Candidatus Lokiarchaeota archaeon Loki_b32]

/AOAB24EWN2 [Candidatus Lokiarchaeota archaeon]

30 = AOA524EWZ9 [Candidatus Lokiarchaeota archaeon]
AOA524CI18 [Candidatus Lokiarchaeota archaeon]
4~ ADA1QOMVY6 [Lokiarchacota archacon strain CR_4]
AOA524D766 [Candidatus Lokiarchaeota archaor]

29 L AOA532TLV [Candidatus Lokiarchaeota archason Loki_b32]
AOA524F296 [Candidatus Lokiarchaeota archaeon]

L [ DsaGi20tas
AOA497QSV4 [Candidatus Lokiarchagota archason]

AOA524CLR2 [Candidatus L archaeon]
AOA524E0J4 [Candidatus Lokiarchaeota archaeon]
AOA1QON7W? [Candidatus Odinarchaeota archason LGB_4]
AOA1QOP359 [Gandidatus Heimdallarchaeota archacon LG_2]
[Candidatus L bacterium]
A0A497R4QT [Candidatus Heimdaliarchagota archason]
E AOA1Q3C6S8 [Cephalotus follicularis]
082572 [Ricinus communis]
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Profilin (Profilin; 100 reference sequences) [DSAG12_01906]
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Supplementary Flgure 7 | Hypothetical protein with profilin-like domain. a,
Maximum likelihood tree. Homologs were collected through BLASTp analysis of the
Asgard archaea sequences against the UniProt database (release 2019 _09). Of homologs
with sequence similarity >20%, representative sequences were selected using CD-HIT (-
¢ 0.8). Additional homologs with verified biochemical activity, sequence similarity >20%
were collected through BLASTp analysis of the Asgard archaea sequences against the
UniProt/SwissProt database (2019 _09). Sequences were aligned using MAFFT v7. Only
sequences with >70% overlap with the corresponding MK-D1 sequence were retained for
further analyses. The phylogenetic tree was constructed using RAXML-NG (--model
LG+G4+F) and 100 bootstrap replicates. 221 sites of the alignment were used for tree
construction. b, Domain analysis based on sequences registered in NCBI CDD (v3.17)
profilin domain pfam00235. A sequence logo is shown for the region of the CDD
alignment overlapping with the consensus sequence registered in CDD. Amino acid
colors are based on their chemistry (polar, neutral, basic, acidic, and hydrophobic). For
each position, the letter width corresponds to the percentage of non-gap sequences. MK-
D1 sequences were aligned to the CDD reference alignment (maftt --add x --keeplength).
Residues aligned with any positions with bit values >1.5 are bolded and colored based on
their chemistry. Those with chemistry consistent with at least one residue in the CDD
alignment are shown with a yellow background (otherwise orange background).
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GEL (Gelsolin in; smart00262; 54 reference sequences)
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Supplementary Figure 8 | Hypothetical
proteins with gelsolin-like domains.
Domain analysis based on sequences
registered in NCBI CDD (v3.17) gelsolin
domain smart00262. A sequence logo is
shown for the region of the CDD
alignment overlapping with the consensus
sequence registered in CDD. Amino acid
colors are based on their chemistry (polar,
neutral, basic, acidic, and hydrophobic).
For each position, the letter width
corresponds to the percentage of non-gap
sequences. MK-DI1 sequences were
aligned to the CDD reference alignment
(mafft --add x --keeplength). Residues
aligned with any positions with bit values
>2 are bolded and colored based on their
chemistry. Those  with  chemistry
consistent with at least one residue in the
CDD alignment are shown with a yellow
background (otherwise orange
background).
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Supplementary Figure 9 | Hypothetical protein with ubiquitin-like domain. Domain
analysis based on sequences registered in NCBI CDD (v3.17) ubiquitin-like domain
cd01805. A sequence logo is shown for the region of the CDD alignment overlapping
with the consensus sequence registered in CDD. Amino acid colors are based on their
chemistry (polar, neutral, basic, acidic, and hydrophobic). For each position, the letter
width corresponds to the percentage of non-gap sequences. MK-D1 sequences were
aligned to the CDD reference alignment (mafft --add x --keeplength). Residues aligned
with any positions with bit values >2 are bolded and colored based on their chemistry.
Those with chemistry consistent with at least one residue in the CDD alignment are shown
with a yellow background (otherwise orange background). Positions with catalytic
functions (documented in CDD) are marked with black dots.
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RM1_CANAL Ubiquitin-related modifier 1 [Candlda alblcans strain SC5314]
ASDTV4 [Lodderomyces elongisporus strain ATCC 11
M1_DEBHA Ubiquitin-related modifier 1 [Debaryumyces hansenii ATCC 36239]
90A1 EARPSA [Hyphopichia burtonii NRRL Y-19:
URM1_PICST Ubiquitin-related modifier 1 [Scheﬂersomyces stipitis strain ATCC 58785]
87URM1 CANGA Ubiquitin-related modifier 1 [Candida glabrata strain ATCC 2

8%OAM}WK?V& [Pochonia chlamydosporia 123]
AOA2S7YBNS [Beauveria bassiana]

R7YQ21 [Coniosporium apollinis strain CBS 100218]

C0SGS4 [Paracoccidioides brasiliensis strain Pb03]

AOAOJOX6Y7 [Geotrichum candidum]

M2XYP2 [Galdieria sulphuraria]
54 E4XMZ5 [Oikopleura dioica]

AOAOR3TUPS [Hymenolepis nana]
42, ‘AOA137P8N7 [Conidiobolus coronatus strain ATCC 28846]

"AOA4V1IXHO [Thamnocephalis sphaerospora]
8d\C'A‘IYZHD‘IB [Catenaria anguillulae PL171]
AOAOLOSSZS [Allomyces macrogynus strain ATCC 38327]

AOA139AQX9 [Gonapodya prolifera strain JEL478]
FOZXJB [Dictyostelium purpureum]
69 AOA443SR29 [Leptolrombldlum deliense]

AOA3S3SF 15 [Dinothrombium tinctorium]
'AOA1Y3BG87 [Euroglyphus maynei]
AOA023F8A1 [Triatoma infestans]
iR AOA293M4L8 [Omithodoros erraticus]

AOA2ABE440 [Apis cerana cerana]

AOA1W4UBW?7 [Drosophila ficusphila]
1 B0A118MXP6 [Musca domestica]
AOA2W1 BGSQ [Helicoverpa armigera]
AOA2\ IM3X4 [Columba livia]

U Ubiquitin-related modifier 1 [Homo sapiens]

5ASE8 [Heterocephalus glaber]
AOAOL8GF44 [Octopus bimaculoides]
AOAASGTJCS E‘I%/sla chlorotica]

:U

0 [Capsicum annuum]

76 ADA1 SAD7I6 [Nicotiana tabacum]
3 /AOA445E926 [Arachis hypogaea]
R0HS66 [Capsella rubella
AOA4SBKDO5 [Musa ba\blslana]
RM1_ORYSJ L d modifier 1
(0A3L6QT12 [Pamcum miliaceum]

AOAOP1BB48 [Ceraceosorus bombacis]
AOA118BGI4 [Meloidogyne hapla]
AOAON4Z4SA aras(rongylmdes trichosuri]

5USS!

3 aenorhabditis nigoni]
M1 CAEEL Ubiquitin-related modifier 1 homolog [Caenorhabditis elegans]
18 A2H2HUJO [Caenorhabditis japonica]
o7 OAOMBJ2V7 [Anisakis simplex]
AOA498SWT7 [Acanthocheilonema viteae]

AOAOV1G307 [Trichinella pseudospiralis]
4@%1 D1W7ES [Ramazzomus varieornatus|
17 AA%L\QIQE\%SQ;; Hypsibius d“latfﬁ'f;'] )

09" rypanosoma theileri

99_Sowsz4 Em jomonas culicis]

%l 1_ENCCU Ubiquitin-related modifier 1 [Encephalitozoon cuniculi GB-M1]
)A437AK91 [Tubulinosema ratisbonensis]
M7WI30 [Enlamoeba histolytica HM-3-IM:
‘AOA1S2LEG9 [Anaerobacillus alkalilacustris]

AOA1QBDWO6 [Candidatus Methanohalarchaeum thermophilum]
AOAOD5NIR6 [Gi sulfurreducens]

[Oryza sativa subsp. japonica]

AOA3R7BAL2 [Candidatus Bathyarchaeota archaeon]
AOA524C8C8 [Thorarchaeota archaeon strain OWC]
AOA524DHL5 [Candidatus Lokiarchaeota archaeon]

P AOA275JFZ8 [Streptomyces atratus]
V5XFUB [Mycolicibacterium neoaurum VKM Ac-1815D]
‘AOA115P0I0 [Yuhushiella deserti]
‘W1N1F4 [Halomonas huangheensis]
AOASZSBQLS [Candidatus Verstraetearchaeota archaeon]
S64 [Vulcanisaeta distributa strain DSM 14429]
99 DSAG12 01053
A0A497QIJ3 [Candidatus Lokiarchaeota archaeon]
'AOA550HK16 [Candidatus Bathyarchaeota archaeon]
AOA2J6NB19 [Candidatus Korarchaeota archaeon]
F4B802 [Acidianus hospitalis strain W1]
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URM1_YEAST Ubiquitin-related modifier 1 [Saccharomyces cerevisiae ATCC 204508]

Supplementary Figure 10 |
Hypothetical  protein  with
ubiquitin-related domain. a,
Phylogenetic tree of putative
ubiquitin-related modifier domain
proteins identified in the genome
of strain MK-D1 (red), homologs
from the UniProt 2019 06
database (>20% similarity and
>60% coverage based on blastp,
representatives selected with CD-
Hit [70%  similarity]), and
eukaryotic ubiquitin-related
modifiers verified experimentally
(blue). The maximum likelihood
tree was constructed using a
MAFFT sequence alignment (417
positions), and RAxML-ng (--
model LG+G4+F; 100 bootstrap
replicates). b, Domain analysis
based on sequences registered in
NCBI CDD (v3.17) ubiquitin-
related modifier domain
pfam03357. A sequence logo is
cd01764 for the region of the CDD
alignment overlapping with the
consensus sequence registered in
CDD. Amino acid colors are based
on their chemistry (polar, neutral,
basic, acidic, and hydrophobic).
For each position, the letter width
corresponds to the percentage of
non-gap  sequences. MK-DI
sequences were aligned to the
CDD reference alignment (mafft -
-add x --keeplength). Residues
aligned with any positions with bit
values >2 are bolded and colored
based on their chemistry. Those
with chemistry consistent with at
least one residue in the CDD
alignment are shown with a yellow
background (otherwise orange
background). ¢, Comparison of
secondary  structure  between

eukaryotic ubiquitin-related modifier and MK-D1 homolog (Jpred4-predicted) (blue =

beta sheet; red = alpha helix).
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zf-RING 2 (Ring finger domain; pfam13639; 100 reference sequences)
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Supplementary Figure 11 | Hypothetical protein with RING finger-like domain.
Domain analysis based on sequences registered in NCBI CDD (v3.17) RING finger
domain pfam13639. A sequence logo is shown for the region of the CDD alignment
overlapping with the consensus sequence registered in CDD. Amino acid colors are based
on their chemistry (polar, neutral, basic, acidic, and hydrophobic). For each position, the
letter width corresponds to the percentage of non-gap sequences. MK-D1 sequences were
aligned to the CDD reference alignment (mafft --add x --keeplength). Residues aligned
with any positions with bit values >2 are bolded and colored based on their chemistry.
Those with chemistry consistent with at least one residue in the CDD alignment are shown
with a yellow background (otherwise orange background).
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/AOA524D4M4 [Candidatus Lokiarchaeota archaeon] b
AOA524DL56 [Candidatus Lokiarchaeota archaeon] i i i . )
AOA524DTGE [Candidatus Lokiarchasota archacor] L22 (r protein L22e; pfam1776; 100 reference sequences)
AOA524FR11 [Candidatus Lokiarchaeota archaeon] DSAG12_01250 FEVNVSKLSTSQE—————
b33 AOAB23VYGS [Candidatus Lokiarchacota archacor] KKK43061 YTVNVKDLSFKSD—————
AOAOFBY466 [Lokiarchaeum sp. strain GG14_75] 40
AOA524EX48 [Candidatus Lokiarchaeota archagon]
AOAS32TE19 [Candidatus Lokiarchaeota archaeon Loki_b31] £ £20 G- D—
AOA524DHT4 [Candidatus Lokiarchaeota archaeor] V E} .
4A0A524P2U4 [Candidatus Lokiarchaeota archaeor]
=2 A0A497QRG6 [Candidatus Lokiarchaeota archaeon]
Dig/‘fﬁ;iggéo idtus LoKiarchasota rchasor] DSAG12 01250 == — — ——— ——— — KDVSKDGN-— ~KVNFEL- - PESTSKKM
andidatus Lokiarchaeota archaeon .
1ABAG24CKHS [Candidatus Lokiarchaeota archaeon] KKKa43061 HDENRDEN EmNpgEM- - SODIEEEE
AAOA524D8K4 [Candidatus Lokiarchaeota archaeon]
pryv— A[gm QoNav2 B[Candldalus Odma’;chaej)ta archaeon LCB_4] ;.20 o V KI _FS_KRY
7NH55 [Candidatus Bathyarchaeota archagon 'G 2
/AOA4971.2B9 [Candidatus Bathyarchaeota archaeor)] QL 2 - ?‘R§ 4 AN 2‘;§ | —vP
/AOA497MQUS [Candidatus Bathyarchaeota archaeon] 3% ass
AOA3R7BVH3 [Candidatus Bathyarchaeota archaeor]
AOA419K9EG [Candidatus Bathyarchaeota archaeon]
AOA3R7CVZ0 [Candidatus Bathyarchaeota archaeon] KKK43061
AOATF5D002 [Candidatus Bathyarchaeota archason RBG_13_46_16b]

AOAZHILLY4 [Candidatus Bathyarchaeota archaeon CGO7_land_8_20_14_0_80_47_9]
AOAQJGNWCB [Candidatus Bathyarchaeota archaeon] Dza RN — VK
A0A52351Y6 [Thorarchaeota archaeon strain OWC] QQ L s\ DT\ EL
LAk 1) £ 2325
3t

=5~ AOAOP9GBTS [Candidatus Bathyarchacota archacon BA2]

1 AAOAOP9I010 [Candidatus Bathyarchaeota archaeon BA1] 400
/AOA523SRMS [Candidatus Bathyarchaeota archaeon]

a g8 A0A497LTB4 [Gandidatus Bathyarchaeota archacon] DSAG12 01250 MER==——
ADA497KDQO [Candidatus Bathyarchaeota archaeon] KKK43061 KEKRIID
AOA2UORWF [Candidatus Bathyarchaeota archaeon]

5A0A4Q2DWCI [Psathyrella aberdarensis]

AOAOC2TTRO [Amanita muscaria Koide BX008]

AOA2H3J795 [Wolfiporia cocos strain MD-104]

AAOA166FXS0 [Peniophora sp. CONT]

7 AOA2B6URLO [Pyrrhoderma noxium]

AOAOH2SESS3 [Schizopora paradoxa] c
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3 P56628 [ isiae strain ATCC 204508 / $288c]
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335266 [Homo sapiont]
P13732 [Tripneustes gratilla] 4U4R_N2
AOAOL7RCGS5 [Habropoda laboriosa] (Human RPL22)
AOA118C4GS5 [Rhabditophanes sp. KR3021]
P52819 [Caenorhabditis elegans]
5 OMOWT [Arabidopsis thaliana]
‘@P QOSRX7 [Arabidopsis thaliana]
AOA388K2N3 [Chara braunii]
16 ADA2K1KD89 [Physcomitrella patens subsp. patens]
Q23BVS5 [Tetrahymena thermophila strain SB210]
23 AOA1Y1VOWS3 [Piromyces finnis]
AOA1J4JLL4 [Tritrichomonas foetus]

& . Q85549 [Encephalitozoon cuniculi strain GB-M1]
S7W058 [Spraguea lophii strain 42_110]
HBZA26 [Nematocida sp. 1 strain ERTm2 / ATCC PRA-371]
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Supplementary Figure 12 | Putative ribosomal protein L22e. a, Maximum likelihood
tree of genes encoding putative ribosomal protein L22e. Homologs were collected
through BLASTp analysis of the Asgard archaea sequences against the UniProt database
(release 2019 _09). Of homologs with sequence similarity >20%, representative
sequences were selected using CD-HIT with a clustering cutoff of 80% similarity (default
settings otherwise). Additional homologs with verified biochemical activity, sequence
similarity >20% were collected through BLASTp analysis of the Asgard archaea
sequences against the UniProt/SwissProt database (2019 09). Sequences were aligned
using MAFFT v7 with default settings. Only sequences with >70% overlap with the
corresponding MK-D1 sequence were retained for further analyses. The phylogenetic tree
was constructed using RAXML-NG using fixed empirical substitution matrix (LG), 4
discrete GAMMA categories, empirical amino acid frequencies from the alignment, and
100 bootstrap replicates. 225 sites of the alignment were used for tree construction. b,
Domain analysis based on sequences registered in NCBI CDD (v3.17) ribosomal protein
L22e pfam1776. A sequence logo is shown for the region of the CDD alignment
overlapping with the consensus sequence registered in CDD. Amino acid colors are based
on their hydrophobicity (hydrophilic, neutral, and hydrophobic). For each position, the
letter width corresponds to the percentage of non-gap sequences. MK-D1 sequences were
aligned to the CDD reference alignment (mafft --add x --keeplength). Residues aligned
with any positions with bit values >2 are bolded and colored based on their chemistry.
Those with chemistry consistent with at least one residue in the CDD alignment are shown
with a yellow background (otherwise orange background). ¢, Comparison of secondary
structure between eukaryotic ribosomal protein L22e and MK-D1 homolog (HHpred-
predicted) (blue = beta sheet; red = alpha helix).
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Stt3 ine N- ion enzyme.. subunit Stt3; COG1287; 27 reference sequences)
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Supplementary Figure 13 | Hypothetical protein with N-glycosylation enzyme
membrane subunit Stt3-like domain. Domain analysis based on sequences registered
in NCBI CDD (v3.17) N-glycosylation enzyme membrane subunit Stt3 domain
COG1287. A sequence logo is shown for the region of the CDD alignment overlapping
with the consensus sequence registered in CDD. Amino acid colors are based on their
chemistry (polar, neutral, basic, acidic, and hydrophobic). For each position, the letter
width corresponds to the percentage of non-gap sequences. MK-D1 sequences were
aligned to the CDD reference alignment (mafft --add x --keeplength). Residues aligned
with any positions with bit values >1.5 are bolded and colored based on their chemistry.
Those with chemistry consistent with at least one residue in the CDD alignment are shown
with a yellow background (otherwise orange background).
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AOA3DILONO [Marinoscillum furvescens DSM 4134] Fatty-acid--CoA ligase

AOA1W2GMQ4 [Reichenbachiella faecimaris]
AOAOWSEIES [Solirubrum puertoriconensis
AO0A395M2V3 [Candidatus Thermochlorobacter aerophilum]

AOA369A6P3 [Schleiferia thermophila]
H1XYJ3 [Caldithrix abyssi DSM 13497
I0AGP1 [Ignawbactenum album]
AOATMBVRY9 [Rhodothermus profundi]

AOA2ABCUH1 [Longibacter salinarum|

AOA345UHR4 [Candidatus Cyclonatronum proteinivorum]
AOA150WCDB [Bdellovibrio bacteriovorus)
36 'S9 [Myxococcus fulvus]

1015L.6 [Caldlllnea aerophila]
AOA1I2HYR4 [Nannocystis exedens]
100 AOAOK1EEK? [Chondromyces crocatus]
W6LWS3 [Candidatus Contendobacter odensis Run_B_J11]
G2LKH?7 [Chloracidobacterium thermophilum]
A9B881 [Herpetosiphon aurantiacus]
AOA2UBLAH7 [Candidatus Sulfotelmatobacter kueseliae]

AQA062XLK3 [Thermoanaerobaculum aquaticum]
AOA328VRA2 [Thermogemmatispora tikiterensis]
AOA402BK97 [Dictyobacter alpinus]
AOA1I0IDD6 [Marinobacter segnicrescens]

KOCAWO [Alcanivorax dieselolei]
ADA3B9AMMO [Extensimonas vulgaris]
AOA1Y3PRD4 [Bacillus thermozeamaize]
AOA2TBCONT [Mel?mamyces profundicolus]

AOATHBENA44 [Bacillus persicus]

AOA1 ESLCN1 [Bacillus solimangrovi]
AOA1GBYX25 [Rhodococcus tukisamuensis]
AOATMBJZAT [Desulfatibacillum alkenivorans DSM 16219]
QBNBTS [Rhodopseudomonas palustris]
AOA2H9V5V2 [Bradyrhizobium lablabi

9F7P5 [Gamma-proteobacterium EBAC31A08]
AOA2P6U7P6 Actinomadura viridilutea)
AOA17710J0 treptomyces |eddahen3|sJ
3 (Long-chain-fatty-acid--CoA ligase) POWQ37 [My ium tuber
AOA223EACT7 [Aenbacmus pallidus]
AOA2Z4MIO3 [Brevibacillus brevis]
AOA285UJI6 [Lysinibacillus acetophenoni]
L ADA212RUS7 [Thermoflexus hugenholtzii JAD2]
MOKP30 [Haloarcula amylolytica JCM 13557]

MOCLX9 [Halosimplex carlsbadense 2-9-1]
AOA1GISDG4 [Haloarchaeobius iranensis]
AOA1I6J194 [Halogeometricum rufum]
AOATM5PKP8 H lalobaculum gomorrense]

MONHMS [Halorubrum litoreum JCM 13561

Natronorubrum tibetense GA33]
AOA1G8X3T6 [Halovenus aranensis]
H5STU9 [Acetothermus autotrophicum]
0OLS21444.1 [Ca. Thorarchaeota archaeon AB_25]
KXH73544.1 [Ca. Thorarchaeota archaeon SMTZ1-45]
KXH77128.1 [Ca. Thorarchaeota archaeon SMTZ1-83]
KKK40207.1 [Ca. Lokiarchaeum sp. GC14_75]
QMYT010_00923 [Ca. Thorarchaeota B41_G1
1000 QMYR010_00592 [Ca. Thorarchaeota B65_G9]
LS16734.1 [Ca. Heimdallarchaeota archaeon LC_3]

AOATMBMCZ8 Earamaledlwbacter caminithermalis DSM 15212]

M12143 [[Clostridium) ultunense Esp]
AOATMBMBES [Dethiosulfatibacter aminovorans DSM 17477]
AOA1 I2KAFG $Fomlmonas thermophila]
'YWF6 [Enhygromyxa sallnaf
410 [Plesiocystis pacifica SIR-1
4 AOAO1 7TC|5 [Chondromyces apiculatus DSM 436]

AOA1G7C4D7 [Myxococcus virescens)]
73 AOA2ABRNB8 [Candidatus Viridilinea mediisalina]
7: E11IM7 [Oscillochloris trichoides DG-6]
AOA178MFR4 [Chiorofiexus islandicus]
A7NGF9 [Roseiflexus castenholzii]

AO0A251XCE7 [Thioflexothrix psekupsii]
AOATH8U1Y3 [Aquisalimonas asiatica]
AOAOMIUCDS [Ardenticatena maritima]
AOA212RUMO [Thermofiexus hugenholtzii JAD2]
Q67RBO [Symbiobacterium thermophilum]
\OA3D8PUX3 [Oceanobacillus chungangensis]
90 AOA417YBK1 [Oceanobacnllus profundus]
4 AOATH1GFC4 [Virgibacillus salinus]
AOATMS5ES46 [Omithinibacillus halophilus]
100 o AOA3N5BLLBL quisalibacillus elongatus]
61— AOAOA2TGFO [Pontibacillus yanchengensis YBZ]D
3. 7 AOAOASHW3S [Pontibacillus marinus BHO30004 = DSM 16465]
AOA3A1QNLO [Bacillus salacetis]
0 AOA2850RA4 [Bacillus oleivorans]
0 L7G8 [Bacillus infantis NRRL B-14911]
5 AOA1 H7WL43 Bacillus persicus]
56 AOA2N5HBK1 [Bacillus cucumis]
AOAOABX3G2 [Bacillus selenatarsenatis SF-1]
77 0o AOA0JBCSI3 [Anaerobacillus macyae)
AOA1L3MVI8 [Bacillus weihaiensis]
00 AOAOV8HHV1 [Bacillus enclensis]
AOQAONBGHJS %Bac_ill_us vietnamensis]
{ L 00 AOADABI3WE [Lysinibacillus manganicus DSM 26584]
70 AOA49472H8 [Lysinibacillus endophyticus]
90 AOQA370GVZ2 [Ea\sbacnlus pallidus]

AOAOQ3X0S9 [Bacillus shackletonil
28 53 AOA1SZLGB1 [Anaerobacillus isosaccharinicus]
7 KBDURS [Bacillus azotoformans LMG 9581
D3FX96 [Bacillus pseudofirmus)
o8 AOA223KM22 [Bacillus cohnii]
2 AOA1YOCKN7 [Bacillus horikoshii]
AOAOC2URTO [Cohnella kolymensis]
5 AOA163UCM4 [Paenibacillus elgii]
AOA383R4K4 [Paenibacillus alvei]
AOA1T2XLS4 [Paenibacillus selenitireducens]
89 2 AOA1I2NGPS %Planmlurn fulgidum]
AOA1I3RYZ0 [Thermoflavimicrobium dichotomicum]
A0A292YDY9 [Effusibacillus lacus]
100 160 AOAQ74LN! l_P umebacillus ﬂa?ellalus]
ecis]

AOA223D1Q0 [Tumebacillus algifa
AOA2R6Y201 [Candidatus Carbobacillus altaicus] _
M1ZCP8 [[Clostridium] ultunense Esp] 03

Supplementary Figure 14 | Maximum likelihood tree of Asgard archaea fatty-acid--
CoA ligase. Although the closest characterized relative of the Asgard archaea genes is a
long-chain-fatty-acid--CoA ligase, the preferred substrate remains unclear as fatty-acid--
CoA ligases have broad/diverse substrate specificities. See Extended Data Figure 6
caption for details. 831 sites of the alignment were used for tree construction.
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AOATM7YCM?7 [Desulfopila aestuarii DSM 18488]

AOATMS5S9ET? [Desulfofustis glycolicus DSM 9705]

AOA1T4WBT71 [Desulfovibrio gracilis DSM 16080]

14C5J5 [Desulfomonile tiedjei]

E1QDES [Desulfarculus baarsii]

AOATN7M9R1 [Neptunomonas antarctica)

KK46066.1 [Ca. Lokiarchaeum sp. GC14_75]
K45022.1 [Ca. Lokiarchaeum sp. GC14_75]

KXH74685.1 [Ca. Thorarchaeota SMTZ1-45]

0OLS23634.1 [Ca. Heimdallarchaeota archaeon LC_2]

KKK41709.1 [Ca. Lokiarchaeum sp. GC14_75]

QMYWO010_00209 [Ca. Lokiarchaeota B53_G9]

NOBA96 [Archaeoglobus sulfaticallidus PM70-1]

AOA101DYS1 [Archaeoglobus fulgidus]

SOART?2 [Ferroplasma acidarmanus fer1]

AOATW2G3K4 [Picrophilus oshimae DSM 9789]

SOAMW9 [Ferroplasma acidarmanus fer1]

AOATNSWPZ3 [Cuniculiplasma divulgatum]

| | 35— Q978T8 [Thermoplasma volcanium]

P 028040 [Archaeoglobus fulgidus]

ol LOADV2 [Caldisphaera lagunensis]

AOA348B1G5 [Sulfodiicoccus acidiphilus]
W HBQDT1 [Pyrobaculum oguniense]
FOQVK4 [Vulcanisaeta moutnovskia]
AOATWBJYY8 [Acidianus manzaensis)
AOA031LVR8 [Candidatus Acidianus copahuensis]

DOKNB3 [Saccharolobus solfataricus]

G7VANS [Pyrobaculum ferrireducens]

7 F2L4K2 [Thermoproteus uzoniensis] I
j FadA (3-} yl-CoA thiolase) 032177 [Bacillus subtilis] 03

3-ketoacyl-CoA thiolase

Supplementary Figure 15 | Maximum likelihood tree of Asgard archaea 3-ketoacyl-
CoA thiolase (FadA). See Extended Data Figure 6 caption for details. 489 sites of the
alignment were used for tree construction.
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100, QMYS010 01376 [Ca. Thorarchaeota B59 G1]
QMYUO010 00938 [Ca. Thorarchaeota B29 G2]
0LS29491.1 [Ca. Thorarchaeota archaeon AB 25]
KXH75053.1 [Ca. Thorarchaeota archaeon SMTZ1-45]
KXH73116.1 [Ca. Thorarchaeota archaeon SMTZ1-83]
0OLS29506.1 [Ca. Heimdallarchaeota archaeon AB 125]
KKK42519.1 [Ca. Lokiarchaeum sp. GC14 75]
FOTBZ0 [Methanobacterium lacus AL-21]
F6D6F4 [Methanobacterium paludis DSM 25820]
AOAOE3NAWS [Methanosarcina thermophila ATCC 43570]
Q1PW26 [Kuenenia stuttgartiensis]
AOA1E3XEX7 [Candidatus Scalindua rubra]
Q67122 [Symbiobacterium thermophilum T]
AOA062V7C6 [Candidatus Methanoperedens nitroreducens]
ADAOE3WZ58 [Methanococcoides methylutens MM1]
AOA284VSI8 [Candidatus Methanoperedens nitroreducens]
COGDE4 [Dethiobacter alkaliphilus AHT 1]
AOAOUSEBJS [Ignicoccus islandicus DSM 13165]
AOA2T2XHV7 [Sulfobacillus benefaciens]
AOA330L566 [Nitrospira lenta]
AOA1Y2K1G1 [Magnetofaba australis IT-1]
AOL4R3 [Magnetococcus marinus ATCC BAA-1437]

57 AOA1S2LNJ5 [Anaerobacillus arseniciselenatis]

2% ’_@: AOATW1V3H8 [Desulfonispora thiosulfatigenes DSM 11270]
100 C7N3HO [Slackia heliotrinireducens ATCC 29202]
B, AOA1LBCTU2 [Carboxydothermus pertinax]
066855 [Aquifex aeolicus VF5]

AOA3MOBII1 [Hydrogenothermus marinus]
Moo A4SGNS [Chlorobium phaeovibrioides DSM 265]
L= Q39YX1 [Geobacter metallireducens GS-15]
AOA3NTYM76 [Cetia pacifica]
AOA370DKC9 [enodsymbiont of Escarpia spicata]
E8T3A4 [Thermovibrio ammonificans DSM 15698]
ADA420W690 [Thermovibrio guaymasensis]
Moo A5D271 [Pelotomaculum thermopropionicum DSM 13744]
L AOA1IBEF02 [Desulfallas geothermicus DSM 3669]
C7M2N6 [Acidimicrobium ferrooxidans DSM 10331]
AOA2MOABC1 [Glutamicibacter mysorens]
S5DX43 [Candidatus Actinomarina minuta]
AOA160SZF1 [Candidatus Promineofilum breve]
AOAOMBKT7HS [Ardenticatena maritima]
D8FFQ7 [delta proteobacterium NaphS2]
E6SL43 [Thermaerobacter marianensis ATCC 700841]

100 AOA3N1VQ79 [Desulfosoma caldarium]
95 AOLK35 [Syntrophobacter fumaroxidans DSM 10017]
7@AOG2UX27 [Candidatus Methanoperedens nitroreducens]
AOAOUI9HLK2 [Thermodesulfovibrio aggregans]

29 5% B3EQBO [Chlorobium phaeobacteroides BS1]
= ADA395LVNT [Candidatus Thermochlorobacter aerophilum]

AOAZH3P5V9 [Longimonas halophila]

AOAOP1P0OA2 [Candidatus Kryptobacter tengchongensis]

AOA1YOD8M1 [Oceanisphaera profunda]

SdhA i y protei it) POAC41 [Escherichia coli]

AOA098RDI8 [Halomonas salina]

AOAOWOVSI2 [Legionella londiniensis]

AOAOK2L095 [Piscirickettsia salmonis]

L8BSU8 [Allofrancisella guangzhouensis]

AOA1V3BV57 [Thioalkalivibrio versutus]

Q3SJL7 [Thiobacillus denitrificans ATCC 25259]

AOA2S0PBN7 [Microvirgula aerodenitrificans]

Moo AOA2N9YA40 [Beggiatoa leptomitoformis]

! SdhA (Succi

10 y P i it) Q1RHB [Ri ia bellii]
AOA114U7H7 [Thermodesulforhabdus norvegica]

AOA11I5TB10 [Hydrogenimonas thermophila]
M12209 [Nitrospina gracilis 3211]
AOAOS3QTES [Thermosulfidibacter takaii DSM 17441] 0.2

Supplementary Figure 16 | Maximum likelihood tree of Asgard archaea succinate
dehydrogenase flavoprotein subunit (SdhA). See Extended Data Figure 6 caption for
details. MUSCLE v.3.8.31 was used for alignment instead of MAFFT and CD-HIT
clustering was performed with a 60% cutoff rather than 70%. Positions with gaps in
more than 10% of the sequences were excluded from the alignment using trimAl v1.2 (-
gt 0.9; and default settings otherwise). 553 sites of the alignment were used for tree
construction.

92

‘100

27



-- AOA3RIFOP9 [Bacillus subterraneus]
-+ AOA417YVE1 [Bacillus notoginsengisoli]
- AOA1JBWSR4 [Bacillus aquimaris]
- AOA370GlII1 [Falsibacillus pallidus]
- AOA147K8M4 [Bacillus coahuilensis p1.1.43]
- AODAOB5AM27 [Jeotgalibacillus malaysiensis]
- ADAOC2VVP3 [Jeotgalibacillus campisalis]
- AOAOF5HXAS [Quasibacillus thermotolerans]
- M4KSY8 [Bacillus subtilis XF-1]
- POCI75 [Bacillus subtilis]
- AOABA9DGSS3 [Bacillus aerius]
- ABFEHS [Bacillus pumilus]
- AOAOQOKTS57 [Bacillus thermoamylovorans]
- AOA165XB28 [Aeribacillus pallidus]
- AOA1L3MQK3 [Bacillus weihaiensis]
- AOA2ABRYJ8 [Bacillus cereus]
- AOA226QKF8 [Geobacillus galactosidasius]
- AOA1X7F1Z4 [Bacillus filamentosus]
- AOA1ES5LH74 [Bacillus solimangrovi]
- AOA235FB28 [Fictibacillus aquaticus]
-+ 18J4CO [Fictibacillus macauensis ZFHKF-1]
- M9OM463 [Paenibacillus popilliae ATCC 14706]
- AOA383RBR2 [Paenibacillus alvei]
- ADA0C2QZV4 [Cohnella kolymensis]
-- AOAOM1P323 [Paenibacillus solani]
--- G7VRJ1 [Paenibacillus terrae]
- AOA172TLNS [Paenibacillus swuensis]
- AOA1XBVYU1 [Chlamydia abortus]
- AOA1Y4X051 [Brevibacillus brevis]
- AOA3MBDOR3 [Brevibacillus fluminis]
- HOU9R2 [Brevibacillus laterosporus GI-9]
- AOATH2UVWS5 [Marininema mesophilum]
- ADA2T6BV27 [Melghirimyces profundicolus]
- AOA1G7ZD98 [Alteribacillus persepolensis]
- AOA3PBLJA9 [Lysinibacillus sphaericus]
- FODNQ5 [Sporosarcina newyorkensis 2681]
- AOA127VZT2 [Sporosarcina psychrophila]
- AOA380BKJ4 [Sporosarcina pasteurii]
- AOAOMOLDB84 [Viridibacillus arvi]
- AOA1TH7VHC2 [Paenisporosarcina quisquiliarum]
- AOA3BN9QUP4O [Lysinibacillus composti]
- AOA1A7LQ23 [Solibacillus silvestris]
- AOAOABIQ43 [Lysinibacillus odysseyi 34hs-1 = NBRC 100172]
- AOA1COYQK® [Caryophanon latum]
-- AOA365L159 [Planococcus halotolerans)
AO0A2NOVR29 [Macrococcus caseolyticus)
- AOA495ACEQ [Oceanobacillus halophilus]

AOAQASGFWS [Pontibacillus halophilus JSM 076056 = DSM 19796]
- AOA368XFZ5 [Saliterribacillus persicus]
- AOAOJ1FV87 [Desulfosporosinus acididurans]
- F8IJWS [Alicyclobacillus acidocaldarius]
-------- - AOA1T4L7E4 [Garciella nitratireducens DSM 15102]
- AOATM5AXJ6 [Schwartzia succinivorans DSM 10502]
- F3ZWP9 [Mahella australiensis]
-- LOK564 [Halobacteroides halobius]
D9QSYO [Acetohalobium arabaticum)]
- EBGX29 [Methanothermus fervidus]
- AOA328PEJ6 [Methanothermobacter tenebrarum]
- K2RCDB8 [Methanobacterium formicicum]
- AOA2A2HBE1 [Methanosphaera cuniculi]
- AOA2A2HHJ5 [Methanocorpusculum parvum)
- DSEAET7 [Methanohalophilus mahii]
------- - AOA101F3V5 [Methanosarcinales archeaon 56_1174]
- KOIJT4 [Nitrososphaera gargensis]
- AOA2H1FE16 [Ca. Nitrosotalea okcheonensis]
- QMYZ010_02260 [Ca. Heimdallarchaeota B18_G1]
- AOA1C9ZT40 [Ca. Endomicrobium trichonymphae]
- AOAOG3WK90 [Endomicrobium proavitum]
------------- - AOAOFOCPH?7 [Ca. Omnitrophus magneticus]
- AOA2C9CFG4 [Kuenenia stuttgartiensis]
- AOA142CSE2 [Thermococcus peptonophilus]
- AOA218P987 [Thermococcus pacificus)
-~ C5A118 [Thermococcus gammatolerans]
------ - WOISN9 [Thermococcus paralvinellae]
- AOAQ75LR27 [Palaeococcus pacificus DY2034 1]
- QMYS010_03021 [Ca. Thorarchaeota B59_G1]
- QMYU010_01696 [Ca. Thorarchaeota B29_G2]
-~ OLS26177.1 [Ca. Thorarchaeota archaeon AB_25]
- KXH71674.1 [Ca. Thorarchaeota archaeon SMTZ1-45]
- QMYRO010_01130 [Ca. Thorarchaeota B65_G9)]
- QMYT010_01668 [Ca. Thorarchaeota B41_G1]
- KXH72754.1 [Ca. Thorarchaeota archaeon SMTZ1-83]
- QMYV010_01733 [Ca. Thorarchaeota 816 G1]
- MJ1619 (Biotin ligase) Q59014 hii]
- AOAQTSXCA1 [Acetomicrobium hydrogeniformans ATCC BAA-1850]
- A1S0A5 [Thermofilum pendens]
- AOA2K1P2A0 [Petrotoga olearia DSM 13574]
- AOAOC7P3N9 [Defluviitoga tunisiensis]
-- OLS19619.1 [Ca. Heimdallarchaeota LC_3]
QMYWO010_00073 [Ca. Lokiarchaeota B53_G9]
--- KKK41861.1 [Ca. Lokiarchaeum sp. GC14_75]
-- OLS32498.1 [Ca. Heimdallarchaeota AB_125]

0.312 355
0:845

0.4

Supplementary Figure 17 | Maximum likelihood tree of Asgard archaea biotin ligase
(BirA). BirA homologs were collected through BLASTp analysis of the Asgard archaea
sequences against the UniProt database (release 2019 06). Of homologs with sequence
similarity >40% and overlap >70%, representative sequences were selected using CD-
HIT with a clustering cutoff of 70% similarity (default settings otherwise). Additional
homologs with verified biochemical activity, sequence similarity >30%, and overlap
>70% were collected through BLASTp analysis of the Asgard archaea sequences against
the UniProt/SwissProt database. Sequences were aligned using MAFFT v7 with default
settings and trimmed using trimAl with default settings. The phylogenetic tree was
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constructed using FastTree using fixed empirical substitution matrix (LG) and 1000
bootstrap replicates. 332 sites of the alignment were used for tree construction.
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AOAQF7IDZ6 [Geoglobus ahangari]

AOA3TOD5Q1 [Caldicellulosiruptor changbaiensis]

D3RZRS [Ferroglobus placidus (strain DSM 10642 / AEDII12D0)]

D3RXD3 [Ferroglobus placidus (strain DSM 10642 / AEDII12DO)]

W7YOHS8 [Saccharicrinis fermentans DSM 9555 = JCM 21142]
AOATITWANT7 [Thermophagus xiamenensis]

AOAOX8GBCO [Lutibacter profundi]

A0A395M283 [Candidatus Thermochlorobacter aerophilum]

F4B8N7 [Acidianus hospitalis (strain W1)]

FOVNA46 [Sulfurisphaera tokodaii (strain DSM 16993 / JCM 10545 / NBRC 100140/ 7)]
0OLS26665.1 [Candidatus Heimdallarchaeota archaeon LC_3]

AO0A415QBGS6 [Butyricimonas virosa]

S6BTA8 [endosymbiont of unidentified scaly snail isolate Monju]

H5SRR5 [Acetothermus autotrophicum]

QMYV010_01313 [Ca. Thorarchaeota B16_G1]

AOA432HEB1 [Marine Group Il euryarchaeote]

AOAO75FTD3 [uncultured marine group II/Ill euryarchaeote AD1000_30_B09]
AOA2ASVBX9 [Marine Group Il euryarchaeote MED-G37]

AOA2A5VMJ4 [Marine Group Il euryarchaeote MED-G36]

AOA3671G48 [Marine Group Il euryarchaeote]

AOAO075HWZ7 [uncultured marine group II/lll euryarchaeote KM3_85_D04]
AOABASW2S2 [Marine Group Il euryarchaeote]

AOABASVID2 [Marine Group Il euryarchaeote]

AOA3ASV5Z0 [Marine Group Il euryarchaeote]

AOA3671897 [Marine Group Il euryarchaeote]

QMYWO010_01913 [Ca. Lokiarchaeota B53_G9]

KKK41859.1 [Ca. Lokiarchaeum sp. GC14_75]

QMYZ010_02258 [Ca. Heimdallarchaeota B18_G1]

0OLS21107.1 [Ca. Heimdallarchaeota LC_2]

PYC1 (Pyruvate carboxylase [133aa/1178aa] ) P11154 [Saccharomyces cerevisiae]
T4VZW3 [Paraclostridium bifermentans ATCC 19299)]
AOA1V11022 [Romboutsia ilealis]

AOA1GIKK14 [Romboutsia lituseburensis DSM 797]
AOATMSTIKS [Tepidibacter thalassicus DSM 15285]
AOATNBHAB82 [Carnobacterium alterfunditum]

AOATHOY9Y3 [Carnobacterium viridans]

AOA1I3E388 [Pisciglobus halotolerans]

AOA1I3BP21 [Pisciglobus halotolerans]

AOATMBQRWS3 [Caminicella sporogenes DSM 14501]
AOA2T2WFX2 [Sulfobacillus acidophilus]

AOATMBRVI6 [Tepidibacter formicigenes DSM 15518]
E3PXA4 [Acetoanaerobium sticklandii]

D9TRB8 [Thermoanaerobacterium thermosaccharolyticum]
AOA1G9V981 [Lachnospira pectinoschiza)]

AOAOG3WGV3 [Clostridium aceticum]

C7DO0AY7 [Enterococcus faecalis T2]

AOA367CGX2 [Enterococcus durans]

Q1J612 [Streptococcus pyogenes serotype M4 (strain MGAS10750)]
AOA366SF04 [Enterococcus cecorum]

P29337 [Streptococcus mutans serotype ¢ (strain ATCC 700610 / UA159)]
AOA430B0V8 [Vagococcus acidifermentans)

AOATHOMKU? [Desulforhopalus singaporensis]
AOA2H3L976 [Candidatus Chloroploca asiatica]
AOA426TSW8 [Candidatus Viridilinea halotolerans]
AOAQP9H446 [Kouleothrix aurantiaca]

AOA160T611 [Candidatus Promineofilum breve]
AOATMBG7C6 [Malonomonas rubra DSM 5091]
AOAOB5FV66 [Geoalkalibacter subterraneus)

KXH77042.1 [Candidatus Thorarchaeota archaeon SMTZ-45] 03

Supplementary Figure 18 | Maximum likelihood tree of Asgard archaea
transcarboxylase biotin carboxyl carrier protein. See Supplementary Fig 17 caption
for details. 1307 sites of the alignment were used for tree construction.
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