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Nucleocytoplasmic large DNA and Mirusviricota viruses exhibit taxonomic

richness which continually expands due to metagenomic sequencing. Here we
curate a database of giant virus metagenome-assembled genomes (GVMAGs
V2), comprising 8,508 species-level representatives from 18,727 GVMAGs,
asixfoldincrease from the previous giant virus phylogenetic frameworks.
Phylogenomics revealed 712 previously undescribed genera, 13 previously
unknown viral families and an order we propose named Mycodnavirales.

By accounting for alternative and custom genetic codes, weimproved gene
callingin over 1,300 GVMAGs, enabling more accurate identification of
protein-coding genes. Database mining uncovered putative endogenous
viral elements in hosts spanning algae, fungi and parasitic protists,
highlighting that giant virus integration is widespread and evolutionarily
persistent. Protein-level analysis revealed enriched genes for pollutant
degradationin Algavirales and widespread biosynthetic gene clusters linked
to antimicrobial-like and antibiotic resistance gene-like activity. This public
resource will serve as afoundation for expanding giant virus diversity,
uncovering virus-host interactions and exploring viral evolution.

Nucleocytoplasmic large DNA viruses (Nucleocytoviricota), com-
monly referred to as giant viruses, represent a diverse group of viruses
that challenge traditional virological paradigms due to their large
size, genomic complexity and unique biological features'. Their
particles rival small bacteria in size and their genomes can exceed
2.5 Mb, encoding hundreds to thousands of proteins, some drawn
from cellular translation and metabolic pathways'**. Metagenomic
surveys have discovered giant viruses across Earth’s major biomes,
suggesting they have an important yet still poorly understood
ecological role’.

Despite these surveys, the taxonomic and functional landscape of
Nucleocytoviricota remains fragmentary because of sampling biases
towards marine and freshwater ecosystems and isolated algae and
protists® . Existing giant virus genome catalogues have laid ground-
work for Nucleocytoviricotaresearch, yet they encompass only a frac-
tion of the group’s diversity and were generated with gene-calling
pipelines that assume the standard genetic code. Consequently, some
open reading frames remain unannotated and occasional cellular
sequences may fail quality filters. Expanding Nucleocytoviricota
metagenomeresources with new sampling ecosystems and improved
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protein prediction will enable more comprehensive comparative analy-
sis and clarify lineage-specific metabolic innovations, increasing our
understanding of Nucleocytoviricota diversity and evolution.

Here, we have assembled GVMAGs V2, the largest curated col-
lection of giant virus metagenome-assembled genomes (GVMAGs)
so far, a fourfold increase from the original GVMAGs database® and a
sixfoldincrease fromthe previous 1,382 species-level representatives’.
GVMAGs contain one or more contigs and reflect giant virus popula-
tions at varying levels of completeness. We screened public assemblies
in IMG/M and integrated data from additional sources, recovering
18,727 GVMAGs™ . Dereplication at 95% average nucleotide identity
(ANI) resulted in 8,508 species-level representatives and resolved 712
previously unrecognised genera. Our phylogenomic analysis supports
the addition of 13 previously uncharacterized viral families but expands
the existing taxonomic framework, which previously consisted of
six orders, 32 families and 344 genera’. We also propose a new order
(Mycodnavirales), basal to Imitervirales, and incorporate genomes from
the recently described Duplodnaviria phylum, Mirusviricota', into
our comparative analyses, extending the evolutionary and functional
scope of the dataset.

To enhance genome annotation accuracy, we accounted for
alternative genetic codes during gene prediction. This increased
complete profile hitsand average scoresin1,342 GVMAGs, indicating
improvementin annotation quality and recovering >1,300 previously
missed genes. We mined PhycoCosm, MycoCosm, Phytozome and
IMG/M databases to recover endogenous viral elements in eukaryotic
genomes'” ", Orthologue clustering of 2.5 million proteins resolved
135,998 gene families. Of the 75,781 orthologues shared by at least
three GVMAGs, only 33% had functional assignments. Module-level
pathway reconstruction revealed order- and family-specific enrich-
ment for formaldehyde assimilation and aromatic degradation,
offering insights into virus-driven metabolic reprogramming.
We also identified widespread biosynthetic gene clusters (BGCs)
and antibiotic resistance gene-like homologues within GVMAGs,
highlighting potential roles in virus—host interactions. To enable
exploration of these data, we provide an interactive agentic system
inref. 20. Thus, GVMAGs V2 provides a phylogenetic and functional
resource for comparative analyses of giant virus evolution, ecology
and metabolic potential.

Results

An expanded giant virus genome database

Expanding the genomic catalogue of giant viruses is essential for
improving taxonomic resolution and uncovering previously unchar-
acterized lineages. We collated 18,727 GVMAGs from sources includ-
ing IMG/M database, Lake Mendota co-assemblies and the giant virus
taxonomy framework, among others™ " (Fig. 1a). These GVMAGs span
anthropogenic (for example, landfills), freshwater, marine and ter-
restrial environments (for example, soil) (Supplementary Fig. 1). Fol-
lowing dereplication using ANI, we identified 8,508 non-redundant
species-level GVMAGs? (hereafter known as species-level-clusters;
Fig.1b). The species-level clustersindicated hererepresent afourfold
increase from the original GVMAGs database® and a sixfold increase
from the previous 1,382 species-level representative framework’.
Using a phylogeny based-pairwise distance matrix (PDM) and filter-
ing for a minimum number of giant virus orthologous groups, we
generated a final phylogenetic tree containing 2,037 GVMAGs,
including five Proculovirales genomes and 194 Egovirales genomes'
(Fig.1c,d).

Using the final tree, we quantified relative evolutionary distance
(RED) scores from O to 1, where lower values represent deeper evo-
lutionary lineages near the root and higher values indicate narrowly
defined clades positioned near the terminal branches. RED scores
for Nucleocytoviricota classes ranged from 0.18 to 0.2, orders from
0.26 to 0.32, families from 0.35 to 0.75 and genera from 0.76 to 0.98

(Extended Data Fig. 1 and Supplementary Table 1). We identified
13 previously uncharacterized family classifications within Nucleocy-
toviricota, none of which contain single cultivated representatives.
Imitervirales, the largest Nucleocytoviricota order, displayed five previ-
ously uncharacterized families, increasing the 11 families identified in
2021’ (Fig.2). Previously uncharacterized families were also identified
inPimascovirales (n=4), Pandoravirales (n = 3) and Asfuvirales (n =1).
Most newly proposed families contain both clustered and singleton
GVMAGs, except IM_24 and MY_01, which contain only singletons. At
the genus level, we identified 712 previously uncharacterized genera,
including 343 singletons and 369 genera containing 1,092 species-level
clusters and 3,767 GVMAGs (taking into account all strain GVMAGs in
the species-level clusters).

The final tree revealed a clade of Imitervirales GVMAGs that
split from the main clade (Fig. 2), echoing previous findings®. This
clade comprises two previously identified /mitervirales families:
IM_18 (hereafter known as MY_03) and IM_02 (hereafter known as
MY_02; Mycodnaviridae), together with a newly identified family
(hereafter known as MY_01). Its members have similar GC percent-
age and assembly lengths to the larger Imitervirales group, but their
monophyly outside Imitervirales is strongly supported, with a RED
score consistent with order rank. The most robustly supported posi-
tion is basal to Imitervirales, with high support values (99/79) at the
common node. An alternative topology placing this clade sister to
Algavirales had lower support and was observed in the GVOG4 and
GVOGS8 trees (Supplementary Figs. 2 and 3). Single-gene trees also
showed variable placement (Supplementary Fig. 4), with Packaging
ATPase and DNA polymerase family B positioning these GVMAGs
within/mitervirales, whereas poxvirus late transcription factor VLTF3
supported the sister-to-Algavirales topology. DNA topoisomerase
Il and transcription initiation factor IIB gene trees showed cluster-
ing with other Imitervirales GVMAGs as a sister clade to Algavirales,
whereas DEAD/SNF2-like helicase grouped them with Asfuvirales. We
designate this divergent clade as a new taxonomic order, tentatively
named Mycodnavirales, derived from Mycodnaviridae, a proposed
family associated with early-diverging fungi****. To note, major cap-
sid proteins of Mycodnavirales are significantly shorter than those
of Imitervirales (median 400 versus 506 amino acids; Welch’s t-test,
P=7.0x107"), with families MY_02 and MY_03 having median lengths
of 349 and 400 amino acids, respectively.

Inour expanded dataset, we observed the division of known fami-
lies into multiple non-monophyletic clades, denoted with the clade
name and anew numberidentifier. Forexample, the Imitervirales family
IM_09 separatedintoIM_09,IM_19 and IM_20, each comprising a mix of
IMG/M GVMAGs and genomes from other sources. A similar patternis
observed in the Asfuvirales family AF_01, which separated into AF_01,
AF_04, AF_05 and AF_06. Each newly defined family (except AF_05)
contains GVMAGs from multiple independent sources, supporting
their taxonomic validity. We also observed former singleton genera
forming well-supported families through the addition of related
GVMAGs, including four families that emerged fromindividual single-
tons (AF_03,MY_01, IM_21and IM_24) and four that formed from pairs
of singletons (PM_14, PV_07, PV_08 and IM_23). This transformation
from singleton generato robust families demonstrates how additional
genomic sampling can reveal previously hidden viral diversity and
establish more accurate phylogenetic relationships.

Expansion of the viral phylum Mirusviricota

Mirusviricotais arecently characterized phylum of giant viruses linked
to herpesviruses' and potentially associated with diverse eukaryotes,
particularly protists and algae®**, We recovered 611 Mirusviricota
metagenome-assembled genomes (MAGs) from aquatic systems (that
is, marine, freshwater, non-marine saline/alkaline, deep subsurface and
thermal springs), terrestrial systems (that is, soils and rock endoliths),
plant-associated niches (that is, roots, peat moss and phyllosphere)
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Fig.1| Workflow for genomic dereplication and phylogenetic tree
construction. a, A set of 18,727 genomes was compiled from public databases,
with the majority (n =14,914) from IMG/M. b, Aninitial dereplication using
skANI (95% ANI, 30% alignment) produced the GVMAGs V2 database, containing
8,508 representative genomes (2,484 clusters, 6,024 singletons). ¢, After
anintermediate filtering step (resulting in n = 8,039 genomes), asecondary

Imitervirales

dereplication of phylogenetically close MAGs using a phylogenetic distance
matrix (phyloDM) refined the set to 1,838 genomes (820 clusters, 1,018
singletons). d, Finally,199 genomes (5 Proculovirales and 194 Egovirales) were
added, and a phylogenetic tree was constructed from the final set of 2,037
genomes.

and engineered environments (that is, anaerobic bioreactors, soil
microcosms and plant-growth chambers). We combined these with
88 Mirusviricota MAGs from TARA Oceans™.

Dereplicationresulted in111species-level-clusters and 298 single-
tons. Of these, only 145 clusters and singletons had enough markers
for phylogenetic clustering, resulting in 55 clusters and singletons,
including two composed of IMG/M GVMAGs. Most clusters (n =49) are
positioned with Pandoravirales, consistent with previous reconstruc-
tions?® (Extended Data Fig. 2). Using the same RED-based approach
as for Nucleocytoviricota, we established a Mirusviricota framework
comprising two orders (Fig. 2, ml1 and m2; Supplementary Tables 2
and 3). The m1 order, consisting of five GVMAGs in one family with
independent genera, appears basal to all Megaviricetes, although
its position outside the main Mirusviricota group remains uncer-
tain. The m2 order contains three families subdivided into 13 genera
(each containing multiple GVMAGs). One m2 genus occupies a posi-
tion basal to 47 other Mirusviricota sequences and a Pandoravirales
genome (‘sylv’), aplacement that may reflect long-branch attraction.
Our RED score analysis supports proposing Mirusviricota as its own
phylum-level lineage.

Genetic code diversity improves annotation in giant viruses
Alternative genetic codes, including stop codon reassignments, can
result in incomplete annotation of protein-coding genes if unac-
counted for, yet their distribution and impact in giant viruses remain
largely unexplored”. Our analysis of 8,508 dereplicated GVMAGs
showed improved protein-coding gene prediction in Nucleocytoviri-
cota when applying alternative genetic codes (Fig. 3). We compared
giant virus-specific gene-calling optimization with GVClass against
Prodigal using the meta mode by evaluating changes in the number
of complete best hits and the average best-hit score?®* (Fig. 3a). Of
the 8,508 GVMAGs analysed, 6,448 (-76%) fallon one of the axes (that
is, the two programs perform identically for at least one of the two
metrics). The remaining GVMAGs show a directional shift with 1,342
GVMAGs (16% of the total) in quadrant 1, where GVClass recovers more
complete profile hits and higher average scores. Another 716 GVMAGs
(8%) plot in quadrant 4, gaining additional hits at the expense of a
decreaseinscore.

To determine which genetic codes provided the greatest pre-
diction accuracy, we compared multiple translation tables (Fig. 3b
and Extended Data Fig. 3). The standard genetic code (code 1) and
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the bacterial, archaeal and plant plastid code (code 11) were the best
optimized overall codes. Genetic codes with a single stop codon reas-
signment were favoured more often than those with multiple reas-
signments. For example, code 106, reassigning TAA to glutamine, and
code 129, reassigning TAG to tyrosine, were more optimal than their
counterparts, code 6 and code 29.

Across environments, code 11and code 1were the best translation
codes, with one exception: anthropogenic environments, including
effluent, landfills and activated sludge, showed greater improvement
with code 106 and code 4 than with codel, although code 11 remained
dominant (Supplementary Fig. 5). Terrestrial environments, such as
grass, peat moss, roots and soil, also exhibited a higher number of
GVMAGs using codes 129,106 and 4, although these remained less
common than codes1and 11 (Supplementary Fig. 6).

Currently, all confirmed giant virus isolates have been isolated
from hosts using the standard genetic code 1 (for example, amoebae,
algae and other protists). One Imitervirales GVMAG from family IM_12
showed an increase in coding density from 13% to 93% and recovery
of additional functional genes, with complete best hits increasing
from 2 to 27, when code 6 was used. Code 6 translates both TAA and
TAG to glutamine rather than stop and is found in some ciliates, algae
and diplomonad protists®*~2. The only known association of a giant
virus with a protist that uses code 6 involves the ciliate Paramecium
bursaria, which harbours symbiotic Chlorella spp. infected by giant
viruses®, but no giant viruses have beenreported to directly infect the
nucleus or cytoplasm of P. bursaria or use its translation machinery.

GEVEs are widespread across datasets

Using updated hidden Markov models (HMMs) derived from the
GVMAGs, here, we searched for giant endogenous viral elements
(GEVEs) in publicly available eukaryote genomes. We identified 142,
550, 76 and 40 eukaryotic genomes with putative GEVEs from IMG/M,
MycoCosm, PhycoCosm and Phytozome, respectively, as identified by
both ViralRecall and GVClass'>"'***** (Supplementary Table 7). After
phylogeneticfiltering, we recovered 22 genomes with high-confidence
GEVEs (Supplementary Tables 4 and 8).

Our analysis uncovered high-confidence GEVEs in lineages pre-
viously known to contain giant virus integrations and in lineages
not previously considered hosts. We detected GEVEs in well-studied
groups such as Symbiodiniaceae dinoflagellates, Phaeophyceae
brown algae (Stramenopiles), green algae (Chlorophyta) and fungi
(Chrytridiomycota)>***** (Extended Data Fig. 4). High-confidence
GEVEs were also found in putative hosts, including Glaucophyta and
possibly vascular plants, such as Arabidopsis thaliana and Sinapis
alba, although these two organisms lacked the giant virus major
capsid protein. Marker searches using only HMMs identified GEVEs
in parasitic eukaryotes, including cordyceps fungi and the human
pathogen Trichomonas. Endogenization of smaller, Maverick/
Polinton-like viruses, which can parasitize giant viruses, is widespread
in Trichomonas®**.

Shared genes and enriched functions across giant virus orders
The gene repertoires of giant viruses encompass conserved
functions and diverse auxiliary genes, yet most coding potential
remains uncharacterized*’. Comparative genomic analysis 0of 2,504,503
genes from dereplicated GVMAGs identified 135,998 orthologues,
spanning 1,693,149 genes. Only 75,781 orthologues were shared by
at least three GVMAGs (1,571,367 genes; Extended Data Fig. 5). Of
these, 10,132 (14%) contained paralogs (defined as multiple genes from
asingle genome in an orthogroup), and 24,783 (33%) had functional
annotations. Known functions include diverse biological processes,
including protein synthesis and modification, and DNA damage
response and repair.

To understand the distribution and connectivity of orthologues
across Nucleocytoviricota orders, we conducted orthogroup and
network analysis. Imitervirales exhibited the highest number of
order-specific orthologues (n =47,541, 63% of total orthologues, 42%
oftotal genesinorthogroups, 34% of all genes in Imitervirales), as well
asthe highest median connectivity ratio (0.91) (Fig. 4a, Extended Data
Fig. 6, Supplementary Table 5and Supplementary Figs. 7-9). Only 68
orthogroups were shared across the five major orders (/mitervirales,
Pimascovirales, Algavirales, Pandoravirales and Asfuvirales).
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Imitervirales and the newly proposed Mycodnavirales shared 636
orthologues. Mycodnavirales possessed 433 order-specific orthologues
(with an additional 9,364 singletons) (Extended Data Fig. 5). Enrich-
ment analyses indicated that Mycodnavirales is enriched for Clusters
of Orthologous Groups (COG) categories involved in cytoskeleton
(2), signal transduction mechanisms (T), inorganic ion transport and
metabolism (P) andintracellular trafficking (U) (Supplementary Fig.10).
Thenewly proposed Mycodnavirales order is predicted to infect fungi,
as evidenced by endogenous viral elements within fungal genomes
and fungal homologuesingiant metagenome-assembled viruses?.In
our dataset, KEGG Orthology (KOs) groups unique to Mycodnavirales
supporta fungal host, including homologues annotated as

pre-rRNA-processing protein Srdlp (K14858) and osmolarity
two-component system, phosphorelay intermediate protein Ypdlp
(K11232), genes involved in fungal virulence and stress response,
respectively**? (Supplementary Fig. 11). We also found KO anno-
tations for proteins involved in signal transduction, including
mitogen-activated protein kinase-like protein (K04420,K06683) and
histidine kinase-like protein (K07646, K07679), suggesting possible
interference with host cell signalling pathways®**>*4,

Atotal of 811,354 giant virus genes were identified as singletons,
representing 32.4% of all genes analysed (Supplementary Figs. 12
and 13). To evaluate the impact of genome sampling on orthogroup
formation, we compared singleton rates before and after adding
7,013 GVMAGs fromIMG/Mto 1,495 previously published genomes. This
addition significantly reduced the singleton rate from 124.15 to 95.4
singletons per genome (rate ratio of1.30, P < 2.2 x 10 %), The expanded
datasetalsoled toasignificantincreaseinidentified orthologues, with
32,551 orthologues not reported in previous studies’ (Fig. 4c).

Having established patterns of gene sharing and taxonomic
connectivity, we investigated differences in functional capacity. We
identified 220 modules enriched across distinct families (Fig. 5a and
Extended DataFig.7). For example, Algavirales showed enrichment for
genes involved in the formaldehyde assimilation ribulose monophos-
phate pathway (M00345), whichincludes asugar manipulation enzyme
previously identified in prasinoviruses®. By contrast, Imitervirales
GVMAGs harbour genes for a different sugar manipulation process,
the formaldehyde assimilation xylulose monophosphate pathway
(M00344), asshownin*. Algavirales GYMAGs from marine and freshwa-
terenvironments, including shale gas reservoirs, estuarine waters, lakes,
rivers, ponds and salt marshes, were also significantly enriched in three
modules for aromatic degradation (M00545, MO0551 and M00569).

Nucleocytoviricota and Mirusviricota as reservoirs for
biotechnological potential

Antibioticresistance genes (ARGs) and antimicrobial BGCs areimpor-
tant for biotechnological exploration. Recent findings indicate that
giant viruses can act as reservoirs for 12 types of ARGs*. However,
because there is no evidence that they confer resistance in bacteria
orrelate to antibiotic resistance, this classification is debated***°, We
thereforerefer to themas viralhomologues of drug-targeted enzymes
andinterpret their functionsin the context of virus-hostinteractions.
Our expanded dataset identified dihydrofolate reductase-like homo-
logues associated with trimethoprim-resistance annotations (putative
dfr/dfrA-like homologues; n =1,604) as the most abundant ARG-like
homologues, alongside glycopeptide resistance-associated van-like
homologues (n =140) and mupirocin resistance-associated homo-
logues (n =114) (Fig. 5b). We also found five msbA-like homologues
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denoting newly proposed families. Tiles with coloured borders indicate gene
categories that contain modules enriched within a family. b, Analysis of antibiotic
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resistance-like gene homologues (ARG-like). Left: the heat map shows the proportion
of genomes within each viral order (bottom colour key) that encode genes for
various ARG categories. The pie charts on the right provide a detailed breakdown
of the specific genes found within two selected categories: diaminopyrimidine
and macrolide-lincosamide-streptogramin (MLS). ¢, A quantification and
network analysis of BGCs. The bar chart shows the total count of BGCs detected
for each functional category. Above it, a similarity network visualizes the
relationships between these BGCs. In the network, each nodeis aBGC, and they
are coloured according to the same functional categories shown in the bar chart,
revealing distinct clusters of related biosynthetic pathways.

annotated in the nitroimidazole resistance category in GVMAGs from
freshwater lakes and estuaries, absent from previous surveys*. Nitro-
imidazole resistance-like genes have been previously reported in
giantviruses®®*.

To further explore functional potential, we surveyed BGCs across
our curated database, identifying BGC-like homologues in 326
GVMAGs within Nucleocytoviricota and Mirusviricota (Fig. 5¢ and
Supplementary Table 6). Most predicted clusters were associated
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with terpene-precursors (n =233) and terpene (n =49), compounds
critical for membrane modification, signalling and defence™. Although
terpene biosynthesis has only been examined in four viralgenomes so
far***, our data show that putative terpene biosynthetic genes span all
major Nucleocytoviricota orders and Mirusviricota. Terpenoid-related
BGC homologues were found primarily in aquatic environments includ-
ingthermal springs, deep subsurface habitats, and both freshwater and
marine settings (Supplementary Fig.14).

We also uncovered BGCs related to polyketides (T1IPKS and T3PKS)
and peptide-derived compounds (non-ribosomal peptide synthetases
(NRPS)-like), commonly known for antimicrobial properties, primarily
in/mitervirales, Pandoravirales and Pimascovirales. These compounds
were found in freshwater, marine and mixed feedstock samples
(Supplementary Fig.14). Order-specific BGC-like homologuesinclude
aredox-cofactor cluster unique to Algavirales and RiPP recognition
element clustersin Pandoravirales.Phosphonate gene clusters wereiden-
tified inImitervirales and Mirusviricota, along with quorum-sensing-like
cyclic-autoinducer clusters in both Imitervirales and Pimascovirales.

Discussion
Our study expands the known diversity and functional potential of
Nucleocytoviricota and Mirusviricotaby combininglarge-scale genome
recovery with phylogenomic classification, genetic code-aware annota-
tion, endogenous viral element detection and comparative functional
analyses. Building upon previous classifications’, we identified one pre-
viously uncharacterized order, 13 previously uncharacterized families
and 712 previously undescribed genera, including singleton genomes
that probably represent undescribed lineages. These findings show
that giant virus diversity remains substantially underestimated and
that genome-resolved metagenomics continues to reshape our under-
standing of giant virus evolution, ecology and metabolic potential.
The transition of several singleton genera into well-supported
families demonstrates how additional genomes canreveal hidden viral
diversity and establish more accurate phylogenetic relationships. Con-
versely, the division of known families into multiple non-monophyletic
clades suggests that some current classifications remain sensitive to
sampling depth. This pattern is exemplified by the proposed order
Mycodnavirales. Although these genomes were previously associated
with Imitervirales, their monophyly outside the main /mitervirales
clade, order-level RED and distinct major capsid protein lengths sup-
port their recognition as a separate lineage. Mycodnavirales-specific
genes, includinghomologues to fungal virulence and stress-response
genes, further suggest a possible fungal host association and pro-
vide targets for future experimental work. Our analyses also expand
Mirusviricota diversity and support its recognition as a phylum-level
lineage, although the uncertain position of the ml order highlights the
difficulty of reconstructing deep viral evolutionary relationships and
may reflect genuine evolutionary separation, independent acquisition
of Nucleocytoviricota genes or limited phylogenetic resolution.
Expanded genome sampling also changes how we interpret giant
virus gene content. Althoughgiant viruses are known for large genomes
and extensive gene repertoires, most genes in our dataset remain
uncharacterized, reflecting both the novelty of giant virus biology
and the limitations of current annotation databases. The unexpect-
edly low frequency of orthogroups with paralogs warrants further
investigation, especially given that giant virus genomes often contain
many gene duplications®. Similarly, the high connectivity observed
in/mitervirales may reflect the large number of Imitervirales GVMAGs
and specific network edges, or it may indicate gene content shaped
by consistent host associations and environmental pressures’. The
reductioninsingletonrate after adding 7,013 IMG/M GVMAGs further
shows that many apparent orphan genes may result fromincomplete
sampling. Thus, many genes currently interpreted as taxon-specific
may have homologues in yet-to-be-sequenced viruses, emphasizing
theneed for continued genomerecovery fromdiverse environments.

GVMAGs V2 also provides clues about host associations and the
evolutionary constraints shaping genetic code variation. Although
most GVMAGs were best annotated with the standard genetic code, sev-
eralimproved when alternative genetic codes were considered. These
cases, which were checked for contamination, raise the possibility
of previously unrecognized host-virus associations and suggest that
giant virus-host coevolution may be broader than currently appreci-
ated. Genetic codes involving single stop-codon reassignments were
favoured more often than those involving multiple reassignments.
According to the ‘ambush hypothesis’, multiple stop codons may
reduce the cost of frameshift mutations by increasing the likelihood
of premature translation termination®. However, reassigning multiple
stop codons may impose greater translational costs in giant viruses,
whereas single reassignments may minimize translational disruption
orfacilitate adaptation to hosts with nonstandard termination biology.

Host-virus genetic code alignment is thought to facilitate efficient
translation of viral proteins during infection®®*, although codon usage
matching alone may notreliably predict host range, asshownin some
amoeba-associated giant viruses®. Differences between viral and host
genetic codes may also be influenced by immune evasion, replica-
tion site or requirements for efficient transcription and export®. The
IM_12 genome that improved under code 6 is a plausible candidate
for studying giant viruses that may infect hosts using genetic code
6 or use alternative genetic codes during infection. In parallel, the
detection of GEVEs in algae, parasitic fungi and the human pathogen
Trichomonas expands the range of possible giant virus associations
and suggests that endogenization of giant virus DNA may be a recur-
ring feature of eukaryotic genome evolution. These findings require
further validation, particularly for candidates lacking clear major
capsid protein evidence.

The functional analyses extend this picture from diversity and
host associationto potential ecological roles. Enrichment of metabolic
modules across specific orders indicates that giant viruses may use
lineage-specific strategies for host interaction and metabolic repro-
gramming. Aromatic degradation genes in Algavirales may enhance
replication and survival in environments where microalgal hosts thrive;
these hosts can also contribute to bioremediation through pollutant
uptake and detoxification'“%. The meta-cleavage modules enriched
in Algavirales support degradation of natural and industrial pollut-
ants in other microbes and could potentially be relevant to bioreme-
diation®. Likewise, antibiotic resistance gene-like homologues and
BGCs-like regions highlight the functional complexity of giant virus
genomes. Because there is no evidence that these viral homologues
confer antibiotic resistance in bacteria, they should be interpreted
cautiously as viralhomologues of drug-targeted enzymes rather than
confirmed resistance determinants. Their functions may instead relate
tovirus-hostinteractions, cellular metabolism or competition within
host-associated microbial communities. Terpene-, polyketide- and
peptide-related BGCs-like homologues further suggest that some giant
viruses may affect microbial community dynamics or leverage these
genes during virus-host interactions.

Several limitations should be considered. Incomplete MAGs
may bias our view towards readily assembled viral genomes and
obscure the full spectrum of diversity. Uneven environmental sam-
plingleadsto overrepresentation of certain ecosystems and host types.
Limited host information constrains ecological interpretation and
understanding of genetic code variation. Functional predictions also
remaindependent on databases thatareincomplete for giant viruses.
Nevertheless, our large-scale genome mining uncovered increased
giant virus diversity and functional potential relevant to biotechnology.

Together, these findings establish GVMAGs V2 as an expanded
foundation for future research ongiant virus evolution, diversity, host
interactions and metabolic potential. By combining large-scale genome
recovery, phylogenomic classification, genetic code-aware annota-
tion, endogenous viral element detection and functional pathway
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analysis, this resource enables comparative analyses and supports
efforts to explore the ecological and biotechnological potential of
giant virus-encoded genes and pathways.

Methods

Dereplication and phylogenetic inference of GVMAGs

A total of 18,727 genomes were downloaded from multiple sources,
including 14,914 MAGs recovered from the IMG/M database®*, 1,516
genomes from a coassembly of MAGs from the freshwater Lake
Mendota®, 1,353 genomes from the 2021 giant virus taxonomy
framework’, 630 genomes for the TARA Oceans sequencing efforts™¢,
227 isolate giant virus genomes, 65 from a sequencing effort for
protists single-cell assembly genomes” and 22 genomes from deep
seasediments™.

First, we did an initial dereplication using nucleotide identity.
We calculated the pairwise ANI between MAGs using skani v 0.2.1
(settings: -slow -min-af 30 -m 200)%. MAGs with at least 95% ANI and
30% alignment were considered inthe same cluster (hereafter denoted
as ‘species-level cluster’). Each species-level cluster was chosen to have
one MAG representative, preferring the MAG with the highest number
of the nine giant virus orthologous groups (GVOGs) markers’. For refer-
ence, the nine GVOGs consist of ‘GVOGmMO003’ (NCLDV major capsid
protein), ‘GVOGmMOO013’ (DEAD/SNF2-like helicase), ‘GVOGm0022’
(DNA-directed RNA polymerase beta subunit), ‘GVOGm0023’
(DNA-directed RNA polymerase alpha subunit), ‘GVOGmMO0054' (DNA
polymerase family B), ‘'GVOGmO172’ (transcription initiation factor
1IB), ‘GVOGmMO0461 (DNA topoisomerasell), 'GYOGmMO760’ (packaging
ATPase), ‘GVOGmMO890’ (poxvirus late transcription factor VLTF3).

Using the species-level cluster representatives and all genomes
that do not fall into a species-level cluster (hereafter identified as
singletons). To select the most likely correct copy of duplicated GVOGs
we leveraged gene tree—species tree reconciliation based marker gene
selection in sgtree (https://github.com/NeLLi-team/sgtree) to select
the most likely correct copy of duplicated GVOG7 markers (includes
DEAD/SNF2-like helicase, DNA-directed RNA polymerase alpha subu-
nit, DNA polymerase family B, transcription initiation factor I1IB, DNA
topoisomerase I, packaging ATPase, poxvirus late transcription factor
VLTF3) prior to alignment, supermatrix generation and tree inference’.
This tree does not include Mirusviricota genomes as they are missing
most of the Nucleocytoviricota hallmark genes. In brief, sgtree identi-
fies the markers with HMMER v.3.4%, aligns sequences using MAFFT
v7.520, trims alignments with trimAl v1.4.rev1 (settings: -gt 0.1) and
constructs the tree using Fasttree v2.1.11 (model: LG+F+1+G4) %, To
selectbetween multiple copies of the same marker in agenome, sgtree
infers atree with each marker variant, compare the Robinson-Foulds
distances of the treesto atree generated withthe best scoring markers
according to HMMER and select the marker with the minimal Robin-
son-Foulds distance.

We filtered out gene markers shorter than 50% of the marker
median length and then genomes with less than three GVOG4
(‘GVOGmMO0461, ‘GVOGmMO0022’, ‘GVOGmMO0023’ and ‘GVOGmMO0054’)
or two GVOG4 and three GVOGS8 (‘GVOGmO0013’, ‘GVOGmO0022’,
‘GVOGmO0023’, ‘GVOGmMO0054’, ‘GVOGmMO0172’, ‘GVOGmMO0461’,
‘GVOGmMO0760’ and ‘GVOGmMO0890’) markers were removed from further
dereplication. To further dereplicate genomes, we used the sgtree phy-
logenetictree and converteditintoa PDMthen further converted the
distance into a similarity value (maximum 1) using PhyloDM (https://
github.com/aaronmussig/PhyloDM). We generated a set of similarity
tables, with different cut-off values for similarity, keeping the distance
for similarity higher than the cut-off, from 0.98 to 0.05 with steps of
0.01. Allsimilarity tables were clustered using MCL (inflation 2), obtain-
ing clusters of phylogenetically close MAGs (hereafter identified as
‘PDM-cluster’). Using the taxonomic assignments for the genomes
from the giant virus taxonomy framework’, we counted how many
genomes from different genera ended in the same MCL cluster for

eachcut-offvalue. We selected the lowest cut-off number that did not
collapse different generain the same cluster. For each PDM-cluster we
selected a representative genome, favouring the genomes with the
highest number of GVOG markers. The final genome phylogenetic tree
consists of the PDM-cluster representatives, allunclustered genomes
(that is, singletons) and the addition of 5 Procul and 194 Egovirales
genomes, resultingin2,037 genomes. Our final tree was inferred using
IQtree v2.3.5 Q.pfam+R10+F with1000 ultrafast bootstraps and 1000
SH-aLRT in sgtree and the GVOG7 HMM markers’. The obtained tree
was rooted on the Proculviricetes. We additionally tested our proce-
dure with the genomes used in Aylward et al.” to see if we were able to
replicate the tree. The topology of the resulting trees was dependent
moreontheselection of the gene markers thanto the parameters of the
phylogeneticinference: our tree built without gene selection resulted
inthe splitting of a part of Imitervirales, withacommon ancestor with
Algavirales and Pandoravirales.

Tobuild Supplementary trees to consider alternative topologies,
we used the PDM-clustered representatives to build trees using concat-
enated GVOGs and single GVOG trees. We specifically used aconcatena-
tion of four markers (GVOG4) and a concatenation of eight markers
(GVOGS). For GVOG4, we kept all representatives with at least three
GVOG4 markers and re-ran sgtree, obtaining 1,838 genomes, plus the 5
Proculand 194 Egovirales. The final tree was inferred using IQtree v2.3.5
Q.pfam+R10+F with1,000 ultrafast bootstraps and 1,000 SH-aLRT. The
GVOG4 tree had limited phylogenetic signal and reduced the number of
genomes usable in the phylogeny with enough markers. Therelations
between the orders were not clearly solved as their internal nodes
often had limited support. For example, the basal taxa (that is, basal
Chitovirales and basal Pokkesviricetes) were nested inside Imitervirales
and inside Algavirales, respectively.

For the GVOGS tree, we added GVOGmO0O22 to the original
GVOG7 markers. First, we identified GVOGmMO0O022 sequences using
HMMER v3.4 on the PDM-cluster representatives, aligned the pro-
tein sequences with MAFFT v7.520 and trimmed with trimAl vl.4.revl
(settings: -gt 0.1). We built a single-gene tree on the GYOGmO0022
sequences withIQtreev2.3.5LG+F+R4. The tree was manually inspected
toidentifyif paralogs were present, and we found two clades of Imiter-
virales (n = 631) showing presence of paralogs that formsister clades to
Pimascovirales (Supplementary Fig. 15). Therefore, we subsetted the
GVOGmO0022 alignment, keeping the sequence with the best HHMER
bitscore for eachgenome. The sequences were realigned and trimmed,
and added to the GVOGS8 concatenated alignment, and the tree was
inferred with IQtree v2.3.5 Q.pfam+R10+F with 1,000 ultrafast boot-
straps and 1,000 SH-aLRT. The GVOGS tree had low support for the
internal nodes separating the orders, with Algavirales paraphyletic
with some of its clades monophyletic with Pandoravirales, atopology
inconsistent with other trees and literature.

For the 611 recovered Mirusviricota MAGs, we combined the
genomes with 88 Mirusviricota MAGs from TARA Oceans'®. Dereplica-
tion was done with skaniv 0.2.1(settings: -slow -min-af 30 -m 200) and
MAGs with atleast 95% ANIand 30% alignment were considered inthe
same cluster®. However, only 145 clusters and singletons had enough
markers for phylogenetic distance matrix clustering, resulting in
55 clusters and singletons.

Taxonomic assignments of GVMAGs

To assign the taxonomic rank of our final dataset, we used the R package
Castor v1.8.2 to calculate the RED scores for the rooted phylogenetic
tree where each node has a score calculating the relative position
between the root and the tips””2. The calculated RED scores were
used to assign the taxonomic classification without overlaps between
differentlevels of taxonomic ranks, using the genomes from the Frame-
work dataset as a reference. To prevent misclassifications based on
isolated genome placements, we assigned family taxonomy if at least
three genomes were presentin thetaxa, otherwise unclassified families
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were labelled with ‘incertae sedis’. We further assigned genus taxonomy
using the calculated RED scores. Using our expanded giant virus data-
base, we identified new families and genera using RED score analysis
on our species tree that was inferred from representative genomes
obtained after PDM clustering of viral species. For newly proposed
families and genera, we assigned non-redundant identifiers following
previous nomenclature (Aylward et al.’). For Mirusviricota genomes,
only clusters and singletons with enough markers for phylogenetic
clustering (following steps as described above) were used for the
RED score analysis. All 55 Mirusviricota representatives follow a
sequential naming convention (orders: m1/m2, families: m1_1/m2_1,
genera: m2_1g 1) (Fig. 2).

Coding potential and inferred functional capabilities of
GVMAGs

To consider alternative genetic codes for giant virus genomes, we used
GVClass v1.0%”. GVClass tests different genetic codes and evaluates
results based on a hmmsearch using the general models. Currently,
GVClass will select the optimal code based on the genetic code that
yields the largest number of matches to general models (that is, spe-
cific gene orthogroups) with the highest average bitscore and the
highest coding density. Genome completeness is calculated as
the count of genes conserved in 50% of genomes of the respective
Nucleocytoviricota order. When needed to confirm the lack of con-
tamination, a BLASTP with diamond v2.1.9 search was performed”>™.

We further identified orthologous genes using Proteinortho
v6.3.3 (settings: -p=diamond -e=1e-5 -identity=25 -cov=50 -sim=0.80,
--core) with all genomes included in the phylogenetic tree or were
clustered through species-level or PDM”. We performed a smaller
orthologue search using the non-redundant GVMAGs. We used gephi
to visualize the orthogroups shared by at least three genomes, using
a bipartite graph where genomes and orthogroups are nodes and
the presence of genes as weightless edges™. We used a ForceAtlas2
layout with default settings and 100 iterations”’. ForceAtlas2 repels
nodes from one another, while using edges to pull connected nodes
together, thus creating agraph where highly connected nodes cluster
together. We calculated awithin-order and within-family connectivity
ratio, defined by the number of edges shared with species within the
same order divided by the total number of edges where a value closer
tooneindicates astronger connectiontoits ownorder compared with
its connections to other orders.

To evaluate the impact of genome sampling on orthogroup for-
mation, we compared singleton rates before and after adding 7,013
genomes (those recovered from the IMG/M dataset notincludedin pre-
vious studies) to previously published 1,495 representatives (includes
genomes from TARA Oceans, Aylward et al.’, isolate genomes and
deep sea sediment genomes). We used a Poisson rate test for each set
of genomes.

Finally, we assessed the completeness of metabolic modules based
on the metabolic module definitions of KEGG’®. The KEGG KOs func-
tional annotations of every genome were extracted from the results of
EggNOG-mapper v2.1.10”°; when more than one KO was assigned to a
protein, all the KOs were unnested and considered individual KOs for
downstream analyses. The list of KOs per genome was then passed to
the script ko_mapper.py from MicrobeAnnotator v2.0.5to map KOs to
their respective modules and compute metabolic module complete-
ness per genome®,

To identify family-specific enrichment of metabolic modules, we
first converted module completeness scores to asimple binary variable
(present/absent). Any value over O was considered present. For every
module we then counted, within each focal family, how many genomes
contained the module and how many did not and contrasted these num-
berswith the corresponding counts fromall other families combined.
The resulting 2 x 2 contingency tables were analysed with Fisher’s
exacttest toobtain odds ratios and Pvalues, which were subsequently

adjusted for multiple testing with the Benjamini-Hochberg procedure.
Infinite odds ratios arising from zero counts were truncated to 5 x 10
for downstream display.

To identify antibiotic resistance gene homologues, we used
DeepARG v1.0.2 which identifies a broader diversity of ARGs using its
own database (--model LS --min-prob 0.8 --arg-alignment-identity 25
--arg-alignment-evalue 1e-10 --arg-num-alignments-per-entry 1000)®",
Foridentification of BGCs, we used antiSMASH 8.0 and BLASTP (-evalue
le-5) against the Minimum Information about a Biosynthetic Gene clus-
ter (MIBiG) database”*>®, Moreover, we used BLASTP against the NR
database on all contigs containing putative BGCs to confirm they are
nested within Nucleocytoviricota genes. We used BiG-SLiCE v2% to clus-
ter BGCs by similarity and cytoscape web 1.0%° to visualize networks.

Identification of GEVEs

We screened 219 algal genomes and 2,487 eukaryotic bins from the
PhycoCosm and MycoCosm databases for the presence of putative
GEVEs™®", along with 570 eukaryotic MAGs in the IMG/M databases
and 115 eukaryotic genomes from Phytozome. We firstidentified puta-
tive GEVEs using ViralRecall v2.0** and masked nucleotide genomes.
We then used GVClass v1.0 on curated protein files generated by the
respective database to identify contigs with hits to eukaryote Bench-
marking Universal Single-Copy Orthologs (BUSCO)® and Giant Virus
Orthologous Groups (GVOGs) or Mirusvirus Orthologous Groups
(mOGs)* profile HMMs from the newly generated giant virus genomes
from this analysis. For this analysis, an e-value of 1 x 107 was applied
as a cut-off. Finally, we used the nearest neighbour phylogenetic tree
result from GVClass toidentify GEVEs that were phylogenetically placed
within proximity to a Nucleocytoviricota gene. In GEVE analyses using
GVClass, we consider GEVEs with at least one match to a viral major
capsid protein or matches to at least three unique GVOG markers.

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

Data availability

The complete datasetis available viaZenodo at https://doi.org/10.5281/
zenodo.20126600 (ref. 87) and can be explored interactively at https://
gvmagdb.newlineages.com/. Nucleotide assembly files for MAGs are
available via the European Nucleotide Archive under bioproject ID
PRJEB113230. Source data are provided with this paper.
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and taxonomic classification. GVOG7 markers consist of (GYOGmMO0013’ marker genes. The tree displays distinct clades color-coded by taxonomic order.
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(Transcription initiation factor IIB),‘'GVOGmO0461 (DNA topoisomerasell), are highlighted inred throughout the tree. The interactive version of this tree is
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Extended DataFig. 2 | Phylogenetic tree using GVOG7 markers with RED
scores and taxonomic classification. GVOG7 markers consist of (GVOGmO0013’
(DEAD/SNF2-like helicase), ‘GVOGmO0023’ (DNA-directed RNA polymerase alpha
subunit), ‘GVOGmMO054’ (DNA polymerase family B), ‘'GVOGmO172’ (Transcription
initiation factor IIB), ‘GVOGmO0461 (DNA topoisomerase II), ‘'GVOGmMO0760’

(Packaging ATPase), ‘GVOGmO890’ (Poxvirus Late Transcription Factor VLTF3).
The tree displays distinct clades color-coded by taxonomic order, ‘Mirusviricota’
represents the lime green clade nestled with Pandoravirales. RED (Relative
Evolutionary Divergence) scores are displayed on branches. The interactive
version of this tree is available at https://itol.embl.de/shared/fmschulz.
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