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Nested symbioses, including hyperparasitism in which parasites exploit
other parasites within ahost, are common in nature. However, such nested

interactions remain poorly studied in archaea. Here we characterize

this phenomenonin ultra-small archaea of the candidate phylum
Nanohaloarchaeota, members of the DPANN superphylum (named after its
first representative phyla: Diapherotrites, Parvarchaeota, Aenigmarchaeota,
Nanoarchaeota and Nanohaloarchaeota) that form obligate interactions
with halophilic archaea of the class Halobacteria. We reconstructed

the viromes from geothermally influenced salt lakes in the Danakil
Depression, Ethiopia, and find that nanohaloarchaea and haloarchaea are
both associated with head-tailed, tailless icosahedral, pleomorphic and
spindle-shaped viruses, representing 16 different families. These viruses
exhibit convergent adaptation to hypersaline environments, encode diverse
auxiliary metabolic genes and exchange genes horizontally with each other.
We further characterize plasmid-derived satellites thatindependently
evolved to parasitize spindle-shaped viruses of haloarchaea and nan-
ohaloarchaea, revealing another layer of nested symbiosis. Collectively, our
findings highlight the complexity of virus-host and virus-virus interactions
in hypersaline environments.

Outside of laboratory settings, microorganisms rarely, if ever, exist in
isolation and instead establish complex networks of symbiotic inter-
actions with other cellular organisms and viruses, which range from
mutualism to parasitism. Remarkably, it has been shown that a consid-
erable fraction of the archaeal diversity is represented by ubiquitous,
ultra-small cells with highly reduced genomes, namely, members of the
kingdom Nanobdellati', also known as the DPANN superphylum (named
after its first representative phyla: Diapherotrites, Parvarchaeota,
Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota)**. Like
all cellular organisms, DPANN archaea are infected by viruses®”’, but
the diversity and impact of these viruses on their hosts remain poorly

understood. It remains unclear whether viruses of DPANN archaea
underwent genome reduction to adapt to their highly reduced hosts;
whether the DPANN virome has evolved through spillover from the
viromes of their respective hosts; whether horizontal gene exchange
is common between viruses infecting symbionts and their hosts; and
whether viruses of symbionts canboost the functional potential of their
hosts through auxiliary metabolic genes (AMGs). Furthermore, it is
becomingincreasingly recognized that prokaryotic viruses themselves
canbe targeted by mobile genetic elements, such as virus satellites®™;
however, whether such additional layers of nested symbiosis extend
to viruses of symbiotic hosts is unknown. To address some of these
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questions, in this study, we focus on one of the lineages of DPANN
archaea, Nanohaloarchaeota, associated with halophilic archaea of
the class Halobacteria.

Haloarchaea and nanohaloarchaea are usually the dominant
archaeal lineages in hypersaline environments" ™. Culture-based
experiments have shown that nanohaloarchaea possess small cells,
approximately 250-500 nmin diameter, and genome sizes of around
1Mb (refs.15-17). The genome reduction is typically accompanied by
theloss of metabolic and biosynthetic pathways of basic biomolecules,
suchasnucleotides, amino acids and lipids. Accordingly, nanohaloar-
chaea develop obligate symbiotic, sometimes mutualistic”, relation-
ships with autonomously growing haloarchaea®™,

Viruses can affect the composition of microbial communities
through host cell lysis and rewire the metabolic capacity of their hosts
by supplying diverse AMGs"*°, Hypersaline ecosystems represent some
of the most virus-rich environments on the planet*-*>. The majority
of haloarchaeal viruses (HVs) comprise head-tailed viruses that are
classified into 12 families within the class Caudoviricetes®. However,
non-tailed morphotypes are also common in hypersaline environ-
ments and include viruses with pleomorphic (Pleolipoviridae), tailless
icosahedral (Sphaerolipoviridae and Simuloviridae) and spindle-shaped
(Halspiviridae) virions*°, Although there is a growing appreciation
of the diversity and evolution of HVs, little is known about nanohalo-
archaeal viruses (NHVs)* %%,

Here, we use metagenomics to explore the diversity of HVs and
NHVsin geothermally influenced salt lakes in the Danakil Depression,
Ethiopia, some of the most extreme ecosystems known, dominated by
haloarchaea and nanohaloarchaea®**. Our results fill the knowledge
gap onthediversity and evolution of HVsand NHVs, and illuminate the
complexity of nested virus-host and virus-virus interactions.

Results

Virus-like particles in samples from Danakil salt lakes

To explore the viromes of consortia consisting of haloarchaea and
symbiotic nanohaloarchaea, we focused on salt lake samples from the
Danakil Depression, Ethiopia, a region with multiple hypersaline sys-
tems of diverse hydrochemistry***! (Fig.1a). Haloarchaea and nanohalo-
archaeawere dominantinsamples from Lake Assale or Karum (samples
Ass and 9Ass collected during different years), a cave reservoir at the
Dallol proto-volcano salt canyons (9Gt) and two of the Western Canyon
Lakes (WCL2 and WCL3)* (Fig.1b). Transmission electron microscopy
analysis of enrichment cultures from 9Ass, 9Gt and WCL3 samples
revealed the presence of morphologically diverse virus-like particles
(Fig.1c and Supplementary Text).

Haloarchaea and nanohaloarchaea are associated with

distinct viromes

Both haloarchaeal and nanohaloarchaeal species carry clustered
regularly interspaced short palindromic repeats (CRISPR) arrays'®*,
Thus, we assembled a database of CRISPR sequences specific to
either haloarchaea or nanohaloarchaea (Methods). A total of 64
haloarchaea-specific and 11 nanohaloarchaea-specific CRISPR
sequences were identified in the Danakil metagenomes, which together
with related CRISPR arrays from the Genome Taxonomy Database
(GTDB) and Earth’s Microbiomes (EM) dataset®’, formed 6 distinct
clusters (Fig. 1d and Extended Data Fig. 1). The haloarchaea-specific
and nanohaloarchaea-specific CRISPR arrays contained 60,722 and
1,179 spacers, respectively (Fig. 1e).

Next, five Danakil salt lake metagenomes were analysed for the
presence of viral contigs using geNomad?* and VirSorter2*, which
collectively yielded 2,085 non-redundant viral contigs (=5 kb). The
vConTACT gene-sharing network analysis showed that the majority
(n=1,641) of Danakil viral sequences (including 950 singletons) rep-
resent novel viruses (Extended Data Fig. 2). A total of 209 and 44 viral
contigs (<2% of the whole virome) were targeted (=30 bp exact match)

by haloarchaeal and nanohaloarchaeal spacers, respectively (Fig. 1f),
withnonebeingtargeted by both nanohaloarchaeal and haloarchaeal
spacers. Notably, although some archaea use CRISPR systems to fend
against DPANN ectosymbionts®, none of the retrieved haloarchaeal
spacers targeted nanohaloarchaeal genomes.

We assembled 11 and 7 circular (complete) genomes of Danakil
HVs and NHVs, respectively (Supplementary Table 1). Based on the
presence of signature virion morphogenesis genes, these viruses could
bebroadly assigned to four groups: (1) head-tailed viruses (class Cau-
doviricetes; eight HVs and three NHVs), (2) tailless icosahedral viruses
(realm Singelaviria; one HV and one NHV), (3) pleomorphic viruses
(family Pleolipoviridae; one HV and one NHV) and (4) spindle-shaped
viruses (one HV and two NHVs). Hereinafter, we refer to Danakil halo-
archaeal and nanohaloarchaeal tailed viruses as DHTVs and DNTVs;
to tailless icosahedral viruses as DHIVs and DNIVs; to pleomorphic
viruses as DHPVs and DNPVs; and to spindle-shaped viruses as DHSVs
and DNSVs, respectively. In addition to viral genomes, we identified
nine spacer-targeted small plasmid-like circular elements associated
with haloarchaea (see below).

Analysis of the distribution of HVs and NHVs across the five Dan-
akilmetagenomes revealed that the viromes varied across the studied
ecosystems, with the patterns for the cave reservoir (9Gt), the Lake
Assale samples (Ass, 9Ass) and the Western Canyon Lakes (WCL2,
WCL3) being clearly distinct (Fig.1g). Overall, all lakes contained both
HVs and NHVs, but certain viruses were exclusive to particular lakes
(Supplementary Text).

Deep divergence of haloarchaeal and nanohaloarchaeal viromes
Searches against the IMG/VR and National Center for Biotechnology
Information (NCBI) databases for the presence of virus genomes related
to NHVs identified in the Danakil metagenomes (Methods) yielded
additional complete or near-complete genomes related to DNTVs
(n=7),DNIV-1(n=3), DNPV-1(n=1) and DNSVs (n=1; Extended Data
Figs. 3-6 and Supplementary Table 2). Host assignments for all com-
plete genomes were done using acombination of CRISPR targeting and
blastp searches for proteins matching the reference cellular or viral
proteomes (Supplementary Tables 1and 2 and Methods).

Comparison of the inferred proteomes of HVs and NHVs showed
that the corresponding virus groups are only distantly related to each
other (Fig.2),arguing against recent horizontal virus transfer between
haloarchaeal and nanohaloarchaeal hosts, instead suggesting deep
divergence of the corresponding viromes. Members of the same family
exhibited similar genome lengths and GC% content (Fig. 2). Notably,
across the discovered virus groups, HVs and NHVs displayed compa-
rable genome lengths, indicating that, unlike their hosts, NHVs did not
evolve by genome reduction.

Our results suggest that HVs and NHVs can be classified into 16
families (Supplementary Table1and Supplementary Text), 12 of which
have notbeen described previously, emphasizing sparse sampling of
this part of the archaeal virome.

Amino acid composition of HVs and NHVs reflects adaptation
to hypersaline environments

To thrive under close-to-saturating salt concentrations, nanohaloar-
chaeaand haloarchaeahaveindependently adopted the ‘salt-in’ strat-
egy'”. Their intracellular K* concentration roughly matches that of
salt cationsin the surrounding environment, which triggers a massive
adaptive acidification of proteomes?>"”, Accordingly, we examined the
amino acid usage (AAU) patterns and proteome-wide isoelectric point
(pl) distributions of HVs and NHVs, and compared them with those of
the respective predicted hosts (Extended Data Fig. 7). Haloarchaeal
and nanohaloarchaeal proteomes are enriched inaspartic (D) and glu-
tamate (E) residues, which contribute to the overall acidic pI*. Alanine
isalso specifically enriched in haloarchaeal proteomes, presumably to
decrease hydrophobic forcesin the high salt environments. The same
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Fig. 1| Microbial and viral diversity in the salt lakes of the north Danakil
Depression, Ethiopia. a, Locations of the five sampling sites in the Danakil
Depression. b, Microbial community compositionin the environmental

samples collected from the five salt lakes. The compositionisinferred fromthe
previously described normalized frequency of selected ribosomal proteins®.

¢, Electron micrographs of virus-like particles observed in the enrichment
cultures established from environmental samples collected from the 9Ass, 9Gt
and WCL3 salt lakes. The virus-like particles were stained with 2% (w/v) uranyl
acetate. Scale bars, 100 nm. d, The consensus sequences of the six CRISPR
variants specific to Halobacteriota and Nanohaloarchaeota. e, The total numbers

and length distributions of spacers extracted from the Danakil Depression (DAL)
metagenomes, EM Project and GTDB. f, The results of CRISPR spacer targeting.
The openbars represent the total number of viral sequences identified in each
metagenome, whereas the filled bars represent the number of viral sequences
targeted by Halo (red) or Nanohalo (pink) spacers. g, Heatmap showing the
distribution and relative abundance of HVs and NHVs and plasmid-like elements
(mean coverage, rows) in Danakil salt lakes (columns). The intensity of the blue
colour represents relative abundance (the distribution of abundance values
across all virus-site combinations is shown in the inset below the panel).

The putative type of archaeal host is indicated in red or pink (left column).
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AAU and pl patterns were found in the viruses predicted to infect the
two groups of halophilic archaea (Extended Data Fig. 7a,b).

Adaptation of HVs and NHVs to their hosts is also evident at the
level of nucleotide composition. Analysis of the GC% content showed
thatnanohaloarchaea (42.9%; n=38) have considerably lower GC% con-
tent compared with that of haloarchaea (64.1%; n = 749), and the same
was true for head-tailed viruses predicted to infect the 2 host groups
(58.2% (n=62) versus 46.1% (n = 9) for DHTVs and DNTVs, respectively;
Extended Data Fig. 7c). This observation is consistent with the results
ofthe previous analyses showing that the GC% content of DNA viruses
and their hosts tend to correlate™,

The observed patterns suggest that HVs and NHVs have adapted
their AAU and GC% contents to mirror those of their hosts, presumably
to optimize the compatibility with the intracellular pools of amino acids
and nucleotides. The distinct GCand AAU patterns further suggest that
haloarchaeal and nanohaloarchaeal viromes have diverged early on
and coevolved with their hosts for an extended period.

Virus AMGs can enhance the hosts’ metabolic potential
Viruses with larger genomes often carry AMGs, which can supplement
and enhance the functional potential of the host cells***°. Although
nanohaloarchaea have dramatically reduced genomes, their viruses do
not appear to follow the same trend. Indeed, HVs and NHVs displayed
similar genomesizes, with the largest viral genomes in both host groups
exceeding 100 kb (DHTV-1with109.7 kb versus DNTV-1with103.4 kb).
Most of the functionally annotated genes in the HVs and NHVs
with smaller genomes (<50 kb) encode the core functionsinvolved in
virion morphogenesis and genome replication, whereas viruses with
large genomes encode more diverse functions. For instance, DHTV-1
and DHTV-2 encode nearly complete replisomes and a number of

AMGs (Supplementary Text). By contrast, the similarly sized genome
of DNTV-1lacks the expansive set of genome replication proteins and
encodes only the small subunit of the sliding clamp loader and MCM
helicase (Fig. 3 and Supplementary Table 3). The latter proteinis com-
monly found as a sole replication protein in archaeal viruses with
smaller genomes*. Consistently, inthe proteomic tree (Fig. 2a), DNTV-1
clusters with smaller DNTVs, suggesting that this virus underwent
genome expansion independently from tailed viruses of halophilic
and marine archaea.

Although nanohaloarchaea largely depend on haloarchaea for
the supply of amino acids and nucleotides, similar to DHTV-1 and
DHTV-2, DNTV-1encodes several proteins implicated in nucleotide
metabolism, including deoxyuridine triphosphatase (open reading
frame (ORF)88), thymidine kinase (ORF91) and the large subunit of
theribonucleoside-diphosphate reductase (RNR; ORF77), which uses
thioredoxin (ORF93) as a cofactor to convert ribonucleotides into
deoxyribonucleotides (Fig. 3 and Supplementary Table 3). Notably,
phage-encoded RNRs have been shown to be expressed uponinfection,
leading to a dramatic increase in the intracellular concentration of
deoxynucleotides®. Arelative of DNTV-1,LTV2, avirus foundin hypersa-
line Lake Tyrrell, Australia®®, also encodes anRNR (Extended DataFig. 4a
and Supplementary Table 3). Although DNTV-1and LTV2 are assigned
tothe same family (Fig. 2a and Extended DataFig. 5), their RNRs are not
orthologous but have beenindependently acquired horizontally from
nanohaloarchaeal hosts (Fig. 4a and Supplementary Text).

Inaddition, DNTV-1carries several genesimplicated in translation
and amino acid metabolism. In particular, it encodes 29 tRNAs for 19
different amino acids (Supplementary Table 4), including 5 tRNAs
for the negatively charged Asp and Glu residues that are enriched in
the nanohaloarchaeal and NHV proteomes (Extended Data Fig. 7a).
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Fig. 3| Genome maps of HVs and NHVs from the Danakil Depression.

For head-tailed viruses, only representatives of the previously undescribed
proposed families are shown. Each family is represented by a single genome.
HTH, helix-turn-helix; DUF, domain of unknown function; Hsp90, ATP-
dependent chaperone Hsp90; Mrell, nuclease Mrell; TerS and TerL, small and
large subunits of the terminase, respectively; MCP, major capsid protein; Hc,
head-closure protein; Tc, tail-completion protein; MTP, major tail protein; CBD,
carbohydrate binding domain; TTMP, tail tape measure protein; BP, baseplate
protein; SME, sulfatase-maturating enzyme; GT, glycosyltransferase; PDE,
phosphodiesterase; CP, cysteine protease; ERCC4n, ERCC4-type nuclease;
HNH_endo, HNH family endonuclease; polB, family B DNA polymerase; DHX,
DEAD/DEAH-box helicase; 7-CN-7-dG_S, 7-cyano-7-deazaguanine synthase; DNA
MTase, DNA methyltransferase; DG, DNA glycosylase; Dcd, dCTP deaminase;
transfer RNA MTase, tRNA methyltransferase; PCNA, DNA polymerase sliding
clamp; RecA, RecA ATPase; Ser/Thr PK, serine/threonine protein kinase; TS,
thymidylate synthase; TMK, thymidylate kinase; TK, thymidine kinase; HJR,
Holliday junction resolvase; NDT, nucleoside 2-deoxyribosyltransferase;
RCF_L, replication factor C large subunit; RCF_S, replication factor C small
subunit; IMPDH, inosine-5-monophosphate dehydrogenase; RecA/RadB-like,
RecA/RadB-like recombination protein; RadA, DNA repair and recombination
protein RadA; PP, prohead protease; homing_endo, homing endonuclease;
GH, glycoside hydrolase; RNase H1, ribonuclease HI; MazE-like, MazE-like

antitoxin; CBP, cobalamin biosynthesis protein; MP, metalloprotease; DAP,

DNA annealing protein; NAT, N-acetyltransferase; Queuine TGT, queuine tRNA-
guanine transglycosylase; VapB-like, VapB-like antitoxin; HalOD2, haloarchaeal
output domain 2; mCP, minor capsid protein; ParB, ParB family DNA-binding
protein; KTSCd, lysine (K) tRNA synthetase C-terminal domain; GIY-YIG, GIY-

YIG family nuclease; HTc, head-tail connector protein; TTI, tail tube initiator;
RBP, receptor binding protein; GImS, glucosamine 6-phosphate synthase;

PPP, phosphotyrosine protein phosphatase; Endolll, endonuclease Ill; SAMH,
S-adenosyl-L-methionine hydrolase; GGCT, gamma-glutamyl cyclotransferase;
T4-like PNK, T4-like polynucleotide kinase; Etnppl, ethanolamine phosphate
transferase; GBL, galactose-binding lectin; WD40 repeat, WD40 repeat-
containing protein; Alba, DNA/RNA-binding protein Alba; RNR_L, ribonucleotide
reductase large subunit; OMT, O-methyltransferase; LysW, amino group carrier
protein LysW; GIcN6PS, glucosamine 6-phosphate synthetase; CAT ligase,
carboxylate-amine/thiol ligase; Pth, peptidyl-tRNA hydrolase; PPAL, archaeal
replication protein Al; Sul7s-like, Sul7s-like DNA binding protein; CP_S, capsid
protein (small); CP_L, capsid protein (large); REase, restriction endonuclease;
TNF-like, TNF-like jelly-roll domain protein; NPP, nucleotide pyrophosphatase/
phosphodiesterase; Rep, rolling circle replication endonuclease; HRPV1 VP3-like,
HRPV1VP3-like matrix protein; HRPV1VP4-like, HRPV1VP4-like membrane fusion
protein; endo_HUH, endonuclease of the HUH superfamily; EPT, ethanolamine
phosphate transferase.

Other translation-related genes include archaeal-type peptidyl-tRNA
hydrolase (ORF50; Figs. 3 and 4b), two copies of phage T4-like RNA
ligase 2 (ORF51 and ORF76; Fig. 3 and Supplementary Table 3), and a
GGCT/AIG2 family gamma-glutamyl cyclotransferase (ORF158; Fig. 4b),
anenzyme catabolizing L-y-glutamyl-L-a-amino acid dipeptides formed
during the y-glutamyl cycle to 5-oxo-L-proline and a free amino acid*.

Finally, DNTV-1 ORF62 encodes a glucosamine 6-phosphate
synthase (GImS), which catalyses conversion of Gln and
fructose-6-phosphate to Glu and glucosamine-6-phosphate**.
The protein contains two domains (Fig. 4b), an N-terminal glu-
taminase domain, which catalyses the hydrolysis of GIn to Glu and

ammonia, and a C-terminal synthase domain, catalysing amina-
tion of fructose-6-phosphate. In addition, DNTV-1 ORF23 encodes a
stand-alone GImS glutaminase domain* (Fig. 4b), suggesting that
it participates in Gln deamination but not carbohydrate amina-
tion. This activity could increase the pool of intracellular Glu, one
of the most prevalent amino acids in the proteomes of NHVs and
nanohaloarchaea (Extended Data Fig. 7a). In a phylogenetic tree,
DNTV-1GImS branches within a clade containing nanohaloarchaeal
homologues and is closest to proteins encoded by members of the
family Asbonarchaeaceae (Fig. 4¢), a basal lineage of Nanohaloar-
chaeota recently described in Danakil salt lakes™. In addition, four
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hydrolase (Pth2; ORF50), GGCT/AIG2 family gamma-glutamyl cyclotransferase
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other DNTV-1 proteins yielded best blastp hits to Asbonarchaeaceae
(Supplementary Table 5). Notably, DNTV-2 was binned into the
Asbonarchaeaceae metagenome-assembled genome (DAL-9Gt_90_
72CIR, 72% completeness and 1% contamination). These results sug-
gest that DNTV-1and DNTV-2, and potentially other NHVs, infect
Asbonarchaeaceae members.

The presence of agreater diversity of AMGsinthe DNTV-1genome
compared with DHT Vs with larger genomes may reflect the metabolic
limitations of the nanohaloarchaeal host, providing afitness advantage
to viruses that encode AMGs. However, inferences based on the gene
content analysis described above will have to be experimentally vali-
dated using transcriptomics and metabolomics once the correspond-
ing virus-host systems are isolated.

Horizontal gene transfer between HVs and NHVs

Although our data suggest that HVs and NHVs did not switch hosts
across the phylum boundary, blastp analysis of the viral proteomes
pinpointed 18 NHV genes that appear to have been horizontally trans-
ferred between the two virus groups (Supplementary Table 6). Most
of these genes encode major morphogenesis proteins, such as major
capsid proteins (MCPs) and genome packaging ATPases, and hom-
ing endonucleases. To formally assess the potential gene transfers
between HVs and NHVs, we focused on the morphogenetic module
genes of head-tailed and tailless icosahedral viruses. Phylogenetic
analysis suggests that a gene block encoding the MCP and portal
protein—but not the large terminase subunit (TerL)—in Halorubrum
tailed virus 28 was horizontally acquired from NHVs (Fig. 5a-d,
Extended Data Fig. 8 and Supplementary Text). Conversely, the TerL
of DNTV-3 appears to have been acquired from HVs, suggesting an
HV-to-NHV transfer (Fig. 5c,d).

Exchange of the structural modules appears not to be restricted
to head-tailed HVs and NHVs. The four tailless icosahedral NHVs
share a set of nine genes and can be classified within the same family
(Fig.2b). However, the two single jelly-roll MCPs of DNIV-1and its close
relative SNIV-1show high sequence similarity (49.4% and 30.7% iden-
tity) with the homologues encoded by icosahedral HVs of the family
Simuloviridae (Supplementary Table 6). By contrast, the two other
DNIV-1-like NHVs, CNIV-1and CNIV-2, encode distinct MCP variants that
arenotrecognizably similar at the sequence level to the simulovirus or
DNIV-1MCPs (Fig. 5g). Consistently, phylogenetic analysis placed the
DNIV-1and SNIV-1MCPs deep within the HV clade (Fig. 5e). By contrast,
the FtsK-like genome packaging ATPases of the taillessicosahedral HVs
and NHVs formed distinct clades corresponding to their host associa-
tions (Fig. 5f). These results suggest that the ancestral MCPs, resem-
bling those of CNIV-1and CNIV-2, were replaced in DNIV-1 and SNIV-1
by homologues from HVs. Collectively, these results suggest common
bidirectional horizontal exchange of homologous genes between HVs
and NHVs, probably facilitated by cytoplasmic exchange between the
haloarchaeal and nanohaloarchaeal hosts*®*” and driven by the need
to escape the host defences (Supplementary Text).

Spindle-shaped viruses of haloarchaea and nanohaloarchaea
are associated with circular satellite molecules

The signature morphogenetic module of spindle-shaped viruses
includes the hydrophobic a-helical MCP and the AAA+ ATPase*®*,
Assembly of the Danakil metagenomes yielded nine complete genomes
of smallcircularelements (2.7-9.0 kb, median 3.6 kb) that encode one
or both of the two spindle-shaped virus signature proteins. Seven of
these elements, spindle-shaped virus-related circular elements (SRCEs),
weretargeted by haloarchaeal CRISPR spacers (Supplementary Table 7).
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Fig. 5|Horizontal gene transfer between HVs and NHVs. a-c, Maximum
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and portal (c) of head-tailed HVs and NHVs. Branches with bootstrap support
values higher than 85% are indicated with yellow circles. Expanded trees are
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Homologous genes (>25% identity) are highlighted using the same colour and
linked via shadings. e,f, Maximum likelihood phylogenies of the concatenated
sequences of the large and small MCPs (CP_L and CP_S, respectively; e) and
genome packaging ATPase (f) of tailless icosahedral HVs and NHVs. Branches
withbootstrap support values higher than 85% are indicated with blue circles.

g, Comparison of the genome maps of HJIV1, SNJ1, DNIV-1, SNIV-1, CNIV-1and
CNIV-2. Homologous genes (>25% identity) are highlighted using the same colour
and linked via shadings. Relevant genes are labelled.

Consistently, phylogenetic analysis of the SRCE AAA+ ATPases showed
that they form a monophyletic clade with the homologues encoded
by spindle-shaped HVs (Fig. 6a), including DHSV-1, suggesting that
these SRCEs replicatein haloarchaea. Further searches against the IMG/
VR database queried with the ATPases and MCPs of DNSVs led to the
identification of four SRCE-like elements, which in the phylogenetic
analysis of the AAA+ ATPases clustered with DNSV-1and DNSV-2, sug-
gesting nanohaloarchaeal hosts. Thus, the AAA+ ATPase phylogeny
supports the early divergence of haloarchaeal and nanohaloarchaeal
spindle-shaped viruses and suggests that both groups of viruses are
associated with SRCEs.

Besides the two viral proteins, SRCEs encode plasmid-like replica-
tion proteins, namely, rolling circlereplicationinitiation endonucleases
(Reps) or archaeo-eukaryotic primases-helicases belonging to several
different families (Fig. 6b,c). The combination of the spindle-shaped
virus signature proteins with plasmid replication proteins found in
SRCEs resembles the features of the satellite plasmid pSSVx of the
thermoacidophilic archaeon Saccharolobus islandicus. Similar to
SRCEs, pSSVx combines a replication module closely related to that
of Saccharolobus plasmids with homologues of two fusellovirus SSV2
proteins, including the AAA+ ATPase’. pSSVx is maintained in cells
as a plasmid but upon coinfection with SSV2, pSSVx is encapsidated
into smaller spindle-shaped particles and spreads horizontally in the
population’. We hypothesize that SRCEs represent satellites associ-
ated with haloarchaeal and nanohaloarchaeal spindle-shaped viruses.
Notably, similar SRCE-like agents were previously documented in the
hypersaline Lake Reba, Senegal®®, but were not considered to represent
virus satellites. Sequence similarity networks and the Rep phylogenetic
analysis showed that SRCEs formed five different clusters, including
previously described MSBL1, pGRBI1-like and pC2A-like Rep families,
aswellastwo additional clusters consisting of haloarchaeal and nano-
haloarchaeal SRCEs and plasmids (Fig. 6¢).

By hijacking the morphogenetic module of the helper viruses,
satellite nucleic acids can have adverse effects on the propagation
of the coinfecting viruses®. We thus assessed the distribution and
replicative potential of the SRCEs and spindle-shaped viruses, includ-
ing those with incomplete genomes, in the Danakil metagenomes by
comparing their relative abundance (normalized sequencing depths;
Extended Data Fig. 9, Supplementary Table 1 and Supplementary
Text). The relative abundance of SRCEs was generally higher than
that of the spindle-shaped viruses, with SRCE-6 and SRCE-8 being
up to 155-fold and 94-fold more abundant than their putative helper
virus DHSV-2 (3,557x and 2,163 x versus 23X, respectively; Fig. 1g and
Supplementary Table 1). Note that SRCE-6, SRCE-8 and DHSV-2 are
targeted by spacers fromthe same CRISPR arrays and areallfoundinthe
Western Canyon Lakes (Supplementary Tables 1,7 and 8). Furthermore,
SRCEs displayed broader distribution across Danakil lakes compared
with most DHSVs (Extended Data Fig. 9). Given the dominance of the
SRCE genomes, it is possible that, during coinfection, the majority of
viral structural proteins could be hijacked by SRCEs, thereby negatively
impacting the production of the helper virus. Notably, seven different
CRISPR arrays contained spacers against more than one SRCE (Fig. 6b
and Supplementary Table 8), suggesting that distinct SRCE variants
may coexist inthe same host cell. Collectively, our results point to the
existence of satellite agents that take advantage of both haloarchaeal
and nanohaloarchaeal spindle-shaped viruses, uncovering a hidden
layer of symbiosis in hypersaline environments.

Discussion

Here, we applied metagenomics to explore the viromes associated
with extreme halophilic archaea in geothermal hypersaline lakes of
the Danakil Depression close to life-limiting conditions. We found that
both haloarchaea and nanohaloarchaea are associated with the same
four groups of viruses, namely, head-tailed viruses, tailless icosahedral
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viruses, pleomorphic viruses and spindle-shaped viruses. These viruses
represent 16 families, 12 of which were not described previously, high-
lighting the sparse sampling of the archaeal virosphere and the distinc-
tiveness of the Danakil viromes. We describe the first spindle-shaped,
pleomorphic and tailless icosahedral viruses associated with Nano-
haloarchaeota (Supplementary Text). None of the NHVs could be
assigned to families containing HVs, and none of the viral genomes
was targeted by both haloarchaeal and nanohaloarchaeal spacers,
suggesting that the two archaeal lineages are associated with distinct
viromes despitelivingin close contact. Nevertheless, we detected cases
of bidirectional horizontal exchange of the morphogenesis modules
between HVs and NHVs, probably driven by diverse host defence sys-
tems (Supplementary Text).

Some of the large NHVs, such as DNTV-1, carry multiple AMGs
predicted tobeinvolvedinnucleotide and amino acid metabolism, as
wellas translation, and may have played animportantrolein horizontal
AMG transfer between viruses and cells, as exemplified by the case of
RNR. Nevertheless, itis unlikely that NHVs could complete the replica-
tioncyclein nanohaloarchaeathatare not attached to the haloarchaeal
cells. Thus, the dependence of nanohaloarchaea on haloarchaea for
basic biomolecules, such as nucleotides and amino acids, renders
NHVs secondarily dependent on haloarchaeabesides their direct host

nanohaloarchaea. In this context, the discovery of potential satellites,
termed SRCEs, associated with haloarchaeal and nanohaloarchaeal
spindle-shaped viruses is most striking. NHVs can be considered hyper-
parasites in their own right, whereas NHV satellites add yet another
layer to this nested symbiotic system (Extended Data Fig. 10).

Virus satellites have been known in eukaryotes and bacteria for
decades®* . By contrast, in the domain Archaea, only two satellites,
pSSVi and pSSVx, had been described previously, both associated
with spindle-shaped viruses of the family Fuselloviridaeinfecting ther-
moacidophilicarchaea®’. Acommon defining property of satellites is
that they hijack the virion morphogenesis machinery of helper viruses
for horizontal spread in the population. Haloarchaeal and nanohalo-
archaeal SRCEs combine plasmid-derived replication modules with
incomplete virion morphogenetic modules. In particular, they can
encode either a characteristic MCP*’,an AAA+ ATPase or both. Notably,
pSSVx associated with fuselloviruses encodes a homologous ATPase,
but not the MCP. Thus, in this respect, SRCEs resemble cf-PICI, the
recently discovered bacterial satellites that encode the MCPs**, but
appropriate the phage tails for spread.

Although the SRCEs described herein were retrieved from global
metagenomes, they are related to enigmatic elements previously
detected in the virus-sized fraction of hypersaline samples filtered
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through a 0.2-pm filter and pretreated with DNase I to remove free
DNA®, suggesting that SRCEs are bona fide satellites capable of extra-
cellular spread. Consistent with their broad distribution in hypersa-
line environments, we identified SRCE-like satellites in the IMG/VR
database. Furthermore, SRCEs appear to be related to the globally
distributed PL6-family plasmids, in which AAA+ ATPase is one of the
core genes’*”. Indeed, in our phylogenetic analysis, ATPases of the
PL6-family plasmids were nested among those encoded by SRCEs
(Fig. 6a). Thus, we propose that PL6-family plasmids represent satellites
that can hijack the structural module of haloarchaeal spindle-shaped
viruses upon coinfection.

We hypothesize that virus satellites could be retained by archaeal
cells as a defence strategy against infections by bona fide viruses,
as has been proposed for certain eukaryotic satellite viruses®. The
relative abundance of SRCEs in metagenomes was consistently higher
thanthat of the spindle-shaped viruses, suggesting a negative impact
ofthe satellites onthe helper viruses. Uponinfection with the cognate
helper viruses, the small genomes of SRCEs could replicate faster
than the larger genomes of the helper viruses. Alternatively, SRCEs
could be present in high copy already in the non-infected cells, in
anticipation of virusinfection. The SRCE genomes would effectively
compete with the helper viruses for the pool of structural proteins
required for particle assembly. Such competitions would probably
reduce the production of functional virions, limiting the spread of
the bona fide viruses, protecting the host population. Therefore,
we suggest that SRCEs, or more generally, virus satellites, may act as
stabilizers of microbial communities. By curtailing viral outbreaks,
they could help preventing the collapse of host populations thus
maintaining microbial diversity in ecosystems. Collectively, our
results underscore the complexity of natural microbial communities
and provide aglimpse at the intricate nested symbiotic interactions
between haloarchaea, nanohaloarchaea, their viruses and virus satel-
lites (Extended Data Fig. 10).

Methods

Environmental samples

Brine samples used for this study were collected in January 2019 from
different sites in the north Danakil Depression, Ethiopia: a cave reser-
voir in the Dallol dome salt canyons (9Gt), the Western Canyon Lakes
WCL2 and WCL3, and the middle of Lake Karum or Assale close to one
ofitsislands (9Ass)*°. An additional sample from the northwest rim of
Lake Assale was collectedin2016%. Their physicochemical parameters
and hydrochemistry were characterized, with the geothermally influ-
enced and actively degassing Western Canyon Lakes being the most
extreme and chaotropic systems sampled in the region*’. Microbial
biomass with cell diameters ranging from 0.2 to 30 pum was fraction-
ated by filtration, fixed in ethanolinsitu and, after DNA purificationin
thelaboratory, used for direct metagenome sequencing™. Inaddition,
unfiltered brine samples from 9Ass, 9Gt and WCL3 were collected in
sterile flasks and maintained at room temperature under diel condi-
tions for culture enrichment attempts.

Enrichment cultures and observation of virus-like particles
Enrichment cultures of the brine samples were established in CA
medium®’, by inoculating a10 ml aliquot of the brine sample into 40 ml
medium. The mixtures were incubated aerobically at 37 °Cand 100 rpm
agitation for 2 weeks. Cell-free culture supernatants containing
virus-like particles were collected by centrifugation (15,303g, 30 min,
Beckman JLA 16.250 rotor) and concentrated by ultracentrifugation
(164,243g,3 h,Beckmanrotor 70 Ti). The pellets were suspendedin the
sample buffer (2.46 MNaCl, 85 mM MgSO,x7H,0, 88 mM MgCl,x6H,0,
56 mM KCl, 3 mM CaCl, and 12 mM Tris—-HCI (pH 7.5)). For electron
microscopy observations, samples were applied to carbon-coated
copper grids, negatively stained with 2% uranyl acetate and observed
under the transmission electron microscope FEI Tecnai Biotwin.

Identification of viral sequences

The five Danakil metagenomes analysed in this study were reported
recently® and are available in GenBank under BioProject PRJNA541281.
Theaccessionnumbersforindividual metagenomes are SAMN37693137
(DAL-Ass), SAMN37693138 (DAL-9Ass), SAMN37693139 (DAL-9Gt),
SAMN37693140 (DAL-WCL2) and SAMN37693141 (DAL-WCL3). The
microbial community structure was originally inferred from these
metagenomes via the identification and relative quantification (reads
per kilobase per million mapped reads) of 15 ribosomal proteins phylo-
genetically assigned to GTDB taxa®. The general workflow of identifica-
tion of archaeal viruses in metagenomes has been recently described
in detail elsewhere®. In brief, putative viral sequences were sorted
out from Danakil metagenome assemblies using two tools, geNo-
mad v1.11.0 (github.com/apcamargo/genomad/)** and VirSorter2
v2.2.3 (github.com/jiarong/VirSorter2)®. Sequences with virus score
over 0.70 (geNomad or VirSorter2) were selected and potential host
contaminations were removed using CheckV v1.0.1 (bitbucket.org/
berkeleylab/checkv)®. The relative abundance of viral genomes was
inferred from their normalized coverage (see below). Notably, the
metagenomes analysed in this study were produced from samples
retained on the 0.2-30-pum filter membranes after filtration, that is,
with the majority of extracellular virions being removed. Thus, the
reconstructed viromes are likely to be enriched in viruses and satellites
actively replicating within their hosts.

Construction of virus gene-sharing networks

Virus gene-sharing networks were built by using vConTACT v.2.0 with
default parameters®. Input sequences were Danakil viral sequences
(=5 kb) and archaeal viral sequences and bacteriophage sequences
downloaded from NCBI Reference Sequence Database (RefSeq release
220). The network file produced by vConTACT v.2.0 was visualized by
Cytoscape v3.10.1°

Taxon-specific CRISPR identification and spacer extraction

Genomes of representative species of Halobacteriota and Nanoh-
aloarchaeota were downloaded from GTDB (release 08-RS214), and
CRISPR sequences were extracted from the genomes using CRIS-
PRCasFinder v4.2.20%. Redundancy removal of CRISPR sequences
was done by CD-HIT v4.8.1 clustering®® with a 100% sequence iden-
tity cut-off. Next, to obtain taxon-specific CRISPRs, for example,
haloarchaea-specific CRISPRs, the following procedure was con-
ducted: all CRISPR sequences extracted from haloarchaeawere used
as queries to perform BLASTn v2.16.0 searches against genomes of
all other archaeal phyla within the GTDB. CRISPR sequences were
removed if they showed matches (>90% identity and >90% coverage)
to genomes from other archaeal phyla, thus retaining only those that
are unique to haloarchaea (that is, haloarchaea-specific CRISPRs).
The same process was applied to obtain nanohaloarchaea-specific
CRISPRs. In total, 988 non-redundant haloarchaea-specific and 4
non-redundant nanohaloarchaea-specific CRISPR sequences were
obtained from the GTDB database. Using these taxon-specific CRISPRs
as references, the presence of haloarchaeal and nanohaloarchaeal
CRISPR arrays within Danakil metagenomes were identified using
BLASTN v2.16.0 search with the parameters: -word_size 7, -dust no,
-perc_identity 90, -qcov_hsp_perc 90. Next, spacers were retrieved
from these taxon-linked CRISPR arrays using CRISPRCasFinder
v4.2.20.Inaddition, to augment the spacer dataset for the subsequent
establishment of virus-host connections, we extracted haloarchaeal
and nanohaloarchaeal CRISPR spacers also from the EM dataset using
the same approach. The haloarchaea-specific CRISPR arrays fromthe
Danakil metagenomes, GTDB and EM contained 5,144, 47,878 and
7,700 spacers, respectively. Inthe case of nanohaloarchaea, 1,062 and
117 spacers were extracted from Danakil metagenomes and GTDB,
respectively, whereas EM did not contain identifiable nanohaloar-
chaeal spacers. Spacers extracted from different databases displayed
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similar length distributions, centring at ~-36 bp (Fig. 1e). The Danakil
haloarchaeal and nanohaloarchaeal spacers showed no overlap with
those from the two other databases, pointing to the novelty of the
Danakil viral assemblages.

Spacer targeting analysis

To make linkages between Danakil viruses and archaeal host groups,
haloarchaeal and nanohaloarchaeal CRISPR spacers were used as que-
ries to search against viral sequences using BLASTn v2.16.0 with the
parameters: -word_size 7,-dust no®”*%, Consequently, a viral sequence
hit showing =30 bp exact match with a certain spacer was consid-
ered the spacer target (that is, protospacer), and the spacer-related
archaeal taxon was then assigned as the host group to the corre-
sponding protospacer-carrying viral sequence. If some members
of a group of closely related viruses were targeted by CRISPR spac-
ers, all members of that group were considered to infect the same
hosts. For instance, DNSV-1 is not targeted by nanohaloarchaeal
CRISPR spacers, but its two close relatives, DNSV-2 (near-complete
genome) and SNSV-1 (complete genome) are both matched by nano-
haloarchaeal spacers (Extended Data Fig. 3a). Thus, all members
of this group were considered to infect nanohaloarchaeal hosts.
Notably, DNTV-1 was found to be closely related to a viral frag-
ment found in a nanohaloarchaeal single-cell amplified genome®
(Extended DataFig. 4a).

Viral sequence extension

The de novo assembled viral sequences (=3 kb) were pooled together
and used as seed sequences for reference assembly as previously
described®, inan attempt to get complete genomes. In brief, all Danakil
metagenomic sequencing reads were mapped to seed sequences using
Geneious Prime with parameters of 35 bp overlap and 97% identity.
The final extended sequences with >50 bp direct or inverted terminal
repeats were considered complete genomes.

Virus genome annotation and phylogenomic analysis

ORFs of viral sequences were predicted using Prokka v1.14.5°. Func-
tional annotation was performed using HHsearch” against Pfam, Pro-
tein Data Bank (PDB), Conserved Domain Database (CDD) and viral
protein sequence (uniprot_sprot_vir70) databases available from the
MPI Bioinformatics Toolkit’>. The proteomic trees were generated
using the ViPTree server version 4.07,

Identification of relatives of the Danakil NHVs

Sequences of MCPs of Danakil nanohaloarchaeal head-tailed viruses,
MCPs and genome-packaging ATPases of Danakil nanohaloarchaeal
tailless icosahedral viruses, pleolipovirus VP4-like proteins and AAA+
ATPases of Danakil nanohaloarchaeal pleomorphic viruses, and MCPs
and AAA+ ATPases of Danakil nanohaloarchaeal spindle-shaped
viruses were used as queries to perform BLASTp searches in NCBI
nr database and IMG/VR database. Hits with >30% identity and >50%
coverage were retrieved, and the corresponding viral sequences
were designated as relatives of Danakil NHVs and downloaded for
subsequent analyses.

Orthologous fraction calculation of the viral genomes
The proportion of orthologous fraction between the viral genomes
(sameinputs as for ViPTree) was estimated as previously described®’.

Distribution of HVs and NHVs across Danakil salt lakes

The abundance of the viral and SRCE genomes across the different
metagenomes was calculated with CoverM v0.6.1”* by mapping the
reads from the five Danakil metagenomes to each of the genome con-
tigs. The trimmed mean was selected for visualization in a heatmap
via an ad hoc R script using the gplots package. The dendrograms
were computed and reordered based on the means. In Fig. 1g, manual

breaks of the data were set for min (0), median (0.6043255), mean
(109.1317) and max (3,369.535) for better visualization, whereas in
Extended Data Fig. 9, manual breaks of the data were set for min (0),
median (1.845191), mean (85.48989) and max (2,669.926).

Phylogenetic analyses

Head-tailed HVs. The MCP sequences of Danakil head-tailed NHVs and
HVswere pooled with their homologues fromall cultured HVs. Protein
sequences were first clustered using CD-HIT v4.8.1 with a 75% identity
threshold (option‘-c 0.75")°°. Next, the non-redundant sequences were
aligned using Muscle5 with default parameters”, and non-informative
columns were removed from the alignment using trimAl v1.2 with
option-gt 0.2”°. Next, a phylogenetic tree was constructed based on the
trimmed alignment using IQ-TREE v2.2.2.2 with the following param-
eters:-mMFP,-alrt 10007 The resulting phylogeny was visualized using
the iTOL v7 online tool’. The same process was applied to generate
phylogenetic trees for portal proteins and terminase large subunits
of head-tailed HVs. The trimmed alignments for the MCP, portal and
TerL sequences included 452, 889 and 537 positions, and the best fit-
tingmodels for phylogenetic reconstructions were Blosum62+F+I+R3,
Q.pfam+F+1+G4 and Q.pfam+F+RS5, respectively.

Tailless icosahedral NHVs. Phylogenetic trees were constructed for
capsid proteins and genome packaging ATPases. The homologues
of NHVs’ small capsid proteins, large capsid proteins and genome
packaging ATPases were collected from the NCBI nr database through
BLASTp searches (>30% identity and >50% coverage). The methods for
sequence redundancy removal, sequence alignment and trimming, and
tree construction and visualization were the same as used for gener-
ating the MCP tree of head-tailed HVs. Before tree construction, the
trimmed sequence alignments of small and large capsid proteins were
concatenated. The trimmed alignments of the CP_S-CP_L and genome
packaging ATPase included 423 and 269 positions, respectively. The
best-fitting model for the CP_S-CP_L and ATPase phylogenies was
Q.pfam+F+I+R4 and Q.pfam+1+G4, respectively.

Spindle-shaped viruses and their satellites. Reference sequences
of AAA+ ATPases were extracted from genomes of spindle-shaped
viruses of Sulfolobales (n = 57), Asgardarchaeota (n = 4), Nitrosopumilus
(n=2) and Halobacteria (n = 2). The phylogenetic tree was generated
using the same methods as detailed above for head-tailed HVs. The
trimmed alignmentincluded 198 positions, and the best-fitting model
was LG+I+R4.

RNR large subunits of large head-tailed NHVs. The homologues
of NHV RNR large subunits were collected from NCBI Protein Refer-
ence Sequences database (Archaea, Bacteriaand Viruses) and Danakil
metagenomes through BLASTp searches (>50% identity and >75%
coverage). Protein sequences were initially clustered using CD-HIT
v4.8.1with a 75% identity threshold®®. Subsequently, the RNR large
subunits of NHVs were aligned with their non-redundant homologues
using Muscle5 with default parameters”. Non-informative columns
were eliminated from the alignment using trimAl v1.2 with the option
‘-gappyout’®., Finally,amaximum likelihood phylogenetic tree was cal-
culated withIQ-TREE v2.2.2.2 with the parameters: -m MFP, -alrt 1000.
The trimmed alignment included 477 positions, and the best-fitting
model was Q.pfam+I+R10.

GIlmS of DNTV-1. The homologues of DNTV-1 GImS were collected
from NCBI Protein Reference Sequences database (Archaea, Bacteria
and Viruses) and Danakil Depression metagenomes through three
iterations of PSI-BLASTp searches. The phylogenetic tree was gener-
ated using the same methods as detailed above for head-tailed HVs.
The trimmed alignment included 605 positions, and the best-fitting
model was LG+F+R10.

Nature Microbiology | Volume 10 | November 2025 | 2673-2685

2682


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-025-02149-7

Reps of SRCEs. The homologues of SRCE Reps were collected from
ref. 79 (only archaeal and archaeal virus homologues were kept). The
phylogenetic tree was generated using the same methods as detailed
above for head-tailed HVs. The trimmed alignmentincluded 628 posi-
tions, and the best-fitting model was VT+F+R8.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All assembled genomes were deposited to GenBank (viruses:
PQ827550-PQ827567; SRCEs and plasmids: PQ766422-PQ766435).
Metagenome-assembled genomes are accessible on GenBank through
BioProject PRINA541281. All identified haloarchaeal and nanohaloar-
chaeal CRISPRs and spacers are available via GitHub at https://github.
com/IfanZHOU/DAL-virome. Source data are provided with this paper.

Code availability
All scripts used in this work are available via GitHub
at https://github.com/IfanZHOU/DAL-virome.
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v1.2, IQ-TREE v2.2.2.2, iTOL v7. All scripts used in this work are available at github.com/IfanZHOU/DAL-virome

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All assembled genomes were deposited to GenBank (viruses: PQ827550-PQ827567; SRCEs and plasmids: PQ766422-PQ766435). Metagenome assembled genomes
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are accessible on GenBank through BioProject PRINA541281. All identified haloarchaeal and nanohaloarchaeal CRISPRs and spacers are available at github.com/
|fanZHOU/DAL-virome.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Not applicable.
Data exclusions | No data was excluded.
Replication Not applicable.
Randomization  Not applicable.

Blinding Not applicable.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

Involved in the study

|:| Antibodies

|:| Eukaryotic cell lines

|:| Palaeontology and archaeology
|:| Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

|:| Plants
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Plants

n/a | Involved in the study

IZ |:| ChlP-seq
IZ |:| Flow cytometry

|z |:| MRI-based neuroimaging

Seed stocks Not applicable.

Novel plant genotypes  Not applicable.

Authentication Not applicable.
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