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Nucleocytoplasmic large DNA viruses (NCLDVs; also called giant viruses),
constituting the phylum Nucleocytoviricota, can infect a wide range of eukar-
yotes and exchange genetic material with not only their hosts but also pro-
karyotes and phages. A few NCLDVs were reported to encode genes conferring
resistance to beta-lactam, trimethoprim, or pyrimethamine, suggesting that
they are potential vehicles for the transmission of antibiotic resistance genes
(ARGs) in the biome. However, the incidence of ARGs across the phylum
Nucleocytoviricota, their evolutionary characteristics, their dissemination
potential, and their association with virulence factors remain unexplored.
Here, we systematically investigated ARGs of 1416 NCLDV genomes including
those of almost all currently available cultured isolates and high-quality
metagenome-assembled genomes from diverse habitats across the globe. We
reveal that 39.5% of them carry ARGs, which is approximately 37 times higher
than that for phage genomes. A total of 12 ARG types are encoded by NCLDVs.
Phylogenies of the three most abundant NCLDV-encoded ARGs hint that
NCLDVs acquire ARGs from not only eukaryotes but also prokaryotes and
phages. Two NCLDV-encoded trimethoprim resistance genes are demon-
strated to confer trimethoprim resistance in Escherichia coli. The presence of
ARGs in NCLDV genomes is significantly correlated with mobile genetic ele-
ments and virulence factors.

Due to its impact on human health, antibiotic resistance was identified
as one of the top 10 threats to global health by the World Health
Organization in 2019'. Antibiotic resistance can arise through point
mutation or horizontal gene transfer (HGT), with the latter often being
cited as a key driver of its rapid spread”. HGT mainly takes three forms
in prokaryotes: conjugation, transduction, or transformation’. Of
these, transduction, the phage-mediated transfer of genetic material,
is considered a route for ARG exchange among prokaryotes. Genes
conferring resistance to beta-lactam antibiotics, glycopeptides, mac-
rolides, peptide antibiotics, and tetracyclines, have been detected in
phages from a variety of environments®’. Moreover, the functionality

of phage-encoded beta-lactam resistance genes from aquatic envir-
onments was verified using heterologous expression systems based on
E. coli”’.

Prokaryotes do not only exchange genetic material with other
prokaryotes and phages, but also acquire genetic material from
eukaryotes'®™. One of the notable examples of eukaryote-to-
prokaryote HGT is that a gene conveying mupirocin resistance in
bacteria was suggested to be transferred from an early evolved
eukaryote'. As with prokaryotes, eukaryotes exchange genetic mate-
rial with their viruses™*. A comprehensive analysis of HGT between
201 eukaryotic and 108,842 viral taxa revealed that NCLDVs probably
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Fig. 1| Taxonomic overview of viral genomes and their antibiotic resistance
gene (ARG) carriage. Taxonomic distribution of the genomes of (A) nucleocyto-
plasmic large DNA viruses (NCLDVs) and (D) phages analyzed in this study. For
NCLDVs, the 11 currently known families are shown. For phages, the 10 most
abundant families (according to the number of genomes in individual families) are
displayed, and the rest families are referred to as “Others”. Possibility of ARG-
carriage in (B) NCLDVs and (E) phages. Genomic potential of ARG-carriage of (C)
NCLDVs and (F) phages. For clarity, only the most abundant four families, the
unclassified genomes (as a whole), and the overall patterns are displayed in (B-F),
with data on all viral families being presented in Supplementary Data 7 and 8. Viral
family names are displayed above the bars where colors cannot be clearly

recognized. Lower-case letters above the bars in (C) and (F) represent significantly
different groups assessed with two-sided Wilcoxon rank-sum test, and P-values
indicate the overall difference among all families assessed with Kruskal-Wallis test.
Data presented in (C) and (F) were mean values + standard error of the mean (SEM).
Each data point represents an individual genome in the corresponding group. The
number (n) of genomes in each group can be found in Supplementary Data 7 for (C)
and Supplementary Data 8 for (F). The y-axis was truncated to zoom in on values
below 0.03% in (F). ORF is the abbreviation for open reading frame, IG is for isolate
genome, and MAG is for metagenome-assembled genome. Source data are pro-
vided as a Source Data file on Github'”".

infecting all major eukaryotic microbial lineages were the main con-
tributors to genetic exchange across eukaryotic diversity”. In addition,
there was evidence that a number of genes found in giant viruses were
shared with prokaryotes or phages®. Given the complex cross-
kingdom HGT mentioned above, it is conceivable that some giant
viruses are potential effective vehicles of DNA transfer between
eukaryotes and prokaryotes.

To date, there are only three studies that have reported ARGs of
NCLDVs. In a pioneering study, Muller et al. found that six NCLDVs of
the family Marseilleviridae harbored a gene encoding dihydrofolate
reductase individually. Moreover, the authors demonstrated that one
of the six dihydrofolate reductase genes was capable of conferring
resistance to trimethoprim and pyrimethamine while expressed in
Saccharomyces cerevisiae”. In a follow-up study, Colson et al. docu-
mented the presence of a beta-lactamase gene in 21 NCLDV genomes
and revealed that the product of beta-lactamase gene of the giant
Tupanvirus exhibited beta-lactam hydrolyzing activity after expression
in E. coli'®. Recently, genes encoding dihydrofolate reductase or beta-
lactamase were observed in eight NCLDV genomes reconstructed from
permafrost metagenomes”. These previous findings indicate that
NCLDVs are potential vehicles for the transmission of ARGs in the
biome. However, the incidence of ARGs across the phylum Nucleocy-
toviricota, their evolutionary characteristics, their dissemination
potential, and their association with virulence factors have not yet
been explored.

In this work, we conducted a comprehensive analysis of ARGs
across 1416 giant virus genomes. This genome collection

encompassed nearly all currently available genomes of cultured
isolates and high-quality metagenome-assembled genomes (MAGs)
sourced from diverse habitat types worldwide. To ensure the
robustness of our results, we analyzed isolate genomes and MAGs
separately, where applicable, to account for the potential effects of
contaminating DNA sequences. The ARG profiles of over 40,277
phage genomes were analyzed for comparison. Gene trees of
representative NCLDV-encoded ARGs were constructed to elucidate
their evolutionary relationships with their counterparts in prokar-
yotes, eukaryotes, and phages. The functionality of two selected
NCLDV-encoded ARGs was verified in E. coli. Additionally, we anno-
tated mobile genetic elements (MGEs) of NCLDVs to explore their
possible correlation with ARG carriage. Finally, virulence factors
(VFs) of NCLDVs were annotated and their co-occurring patterns
with ARGs were examined.

Results

Overview of viral genomes analyzed in this study

The NCLDV genomes analyzed in this study comprised 130 isolate
genomes and 1,286 MAGs (Fig. 1A and Supplementary Data 1). These
viral genomes could be classified into at least 11 known NCLDV famil-
ies. As to the isolate genomes, the top-3 dominant families included
Poxviridae (accounting for 32.3% of all isolate genomes), Iridoviridae
(10.0%), and Mimiviridae (8.46%). As to the MAGs, Mimiviridae (6.61%),
Prasinoviridae (5.05%), and Pithoviridae (2.02%) were the top-3 domi-
nant families. Seven families (i.e., Asfarviridae, Coccolithoviridae,
Marseilleviridae, Mimiviridae, Phycodnaviridae, Pithoviridae, and
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Prasinoviridae; Supplementary Data 1) were represented commonly by
both the isolate genomes and MAGs. When habitats of the investigated
NCLDV genomes were taken into account, 55.4% of the isolate gen-
omes were host-associated and 90.9% of the MAGs were from either
freshwater or marine environments (Supplementary Fig. 1A and Sup-
plementary Data 1).

The phage genomes analyzed in this study consisted of 4682
isolate genomes and 35,595 MAGs (Fig. 1D and Supplementary Data 2).
These phage genomes could be assorted to at least 78 known phage
families. As to the isolate genomes, the three most dominant families
were Microviridae (20.4%), Papillomaviridae (4.10%), and Auto-
graphiviridae (3.05%). Regarding the MAGs, the top-3 dominant
families were Microviridae (12.8%), Inoviridae (0.669%), and Auto-
graphiviridae (0.584%). Twenty-five families (including Microviridae,
Papillomaviridae, Autographiviridae, Retroviridae, and Genomoviridae,
etc.; Supplementary Data 2) were common to both the isolate gen-
omes and MAGs. As to habitats, 58.4% of the isolate genomes and
53.9% of the MAGs originated from host-associated environments,
while 28.2% of the MAGs were found in aquatic environments,
including both freshwater and marine settings (Supplementary Fig. 1D
and Supplementary Data 2).

Taxonomic and habitat distribution of ARG-carrying viral
genomes

A total of 749 ARG-like open reading frames (ORFs) were found in
NCLDVs (Supplementary Data 3) and 453 in phages (Supplementary
Data 4). Additionally, 181 and 67 potential efflux pump genes were
found in NCLDVs (Supplementary Data 5) and phages (Supplementary
Data 6), respectively. Given that efflux pumps often serve multiple
purposes, with antibiotic elimination typically being one collateral
activity, we did not include them in the subsequent analyses as ARGs.

A considerable proportion (39.5%, Supplementary Data 7) of the
1416 examined NCLDV genomes harbored ARG-like ORFs (referred to
as ARGs hereafter). Among the investigated isolate genomes, 63.1%
carried ARGs (referred to as possibility of ARG carriage, see Methods
for more details), being 1.7 times as high as that of the MAGs (36.5%,
Fig. 1B). Although nine out of the 11 known NCLDV families were ARG
carriers, their possibility of ARG carriage varied widely (Supplementary
Data 7). The top-3 dominant families represented by the isolates had
varying possibility of ARG carriage (Fig. 1B): Poxviridae (100%), Mimi-
viridae (81.8%), and Iridoviridae (15.4%). A similar trend was seen for the
MAGs, with Mimiviridae having the highest (57.6%) and Prasinoviridae
the lowest (0.00%) possibility of ARG carriage (Fig. 1B). As to habitats,
freshwater isolates had the highest possibility of ARG carriage (80.0%,
Supplementary Fig. 1B), followed by host-associated isolates (63.9%),
soil MAGs (50.0%), marine MAGs (41.3%), and tailings MAGs (35.3%).

In contrast, phages exhibited a much lower possibility (1.06%) of
ARG carriage. Among the 78 known phage families, only four carried
ARGs, and none of the top-4 dominant families, represented by either
the isolates or MAGs, harbored any ARG (Fig. 1E). Regarding habitats,
built environment MAGs had a notably higher possibility (9.29%,
Supplementary Fig. 1E) of ARG carriage compared to those of other
habitats (<4.40%).

On average, NCLDV genomes had 0.136% of their total ORFs
annotated as ARGs (referred to as genomic potential of ARG carriage,
see Methods for more details; Supplementary Data 7). Variations
existed among NCLDV families in genomic potential of ARG carriage
(Supplementary Data 7). For the top-3 dominant families represented
by the isolates, Poxviridae had a significantly higher genomic potential
of ARG carriage (0.547%) compared to Mimiviridae (0.113%) and Iri-
doviridae (0.081%) (Kruskal-Wallis test: n=94, P=8.1e-14; Fig. 1C).
Among the MAGs, Mimiviridae had the highest genomic potential of
ARG carriage (0.162%), followed by Pithoviridae (0.053%) and Asfar-
viridae (0.034%) (Kruskal-Wallis test: n=1,275, P=1.6e-10; Fig. 1C).
Regarding habitats, host-associated (0.342%) and freshwater isolates

(0.278%) exhibited the highest genomic potential of ARG carriage
(Supplementary Fig. 1C).

In contrast, phages showed a much lower genomic potential of
ARG carriage. Overall, phage genomes had only 0.008% of their total
ORFs annotated as ARGs (Supplementary Data 8). None of the top-4
dominant phage families carried any ARG (Fig. 1F). Built environments
and tailings, where only MAGs were available, stood out as the habitats
whose phages had the highest genomic potential of ARG carriage
(0.071% and 0.030%, respectively; with the others below 0.020%;
Supplementary Fig. 1F).

Diversity and composition of ARGs in viral genomes

A total of 12 ARG types were identified in NCLDVs, consisting of 19
antimicrobial resistance gene families (as defined in the CARD
database”; Supplementary Data 3). On average, NCLDVs harbored
0.48 ARG types per genome. There were significant differences
between NCLDV families in the number of ARG types encoded by
them, with Phycodnaviridae (average =1.67 in isolates), Pithoviridae
(1.40 in isolates), Pandoraviridae (1.29 in isolates), and Mimiviridae
(1.09 in isolates and 1.01 in MAGs) encoding the highest number of
ARG types among all known NCLDV families (Kruskal-Wallis test:
n=97, P=2.4e-5 for isolates; n=1195, P=1.4e-6 for MAGs; Fig. 2A).

Phages encoded a total of nine ARG types, encompassing 18
antimicrobial resistance gene families (Supplementary Data 4). On
average, phages carried mere 0.011 ARG types per genome (Fig. 2B),
which was much lower than that of NCLDVs. As to isolates, the average
ARG types encoded by Straboviridae (0.52) and Herelleviridae (0.43)
were significantly higher than those of other families (Kruskal-Wallis
test: n=2378, P=3.0e-92; Fig. 2B). In contrast, no known families of the
MAGs carried enough ARG counts (>5 ARGs) for analysis of the pos-
sible differences among families. Similar patterns were found when the
numbers of ARGs carried by individual viral families were compared
(Supplementary Fig. 2).

As to the composition of ARG types, NCLDV isolates pre-
dominantly carried rifampin (51.2%) and trimethoprim (19.5%) resis-
tance genes (Fig. 2C). Specifically, rifampin resistance was exclusively
carried by Poxviridae. Trimethoprim was a major ARG type for Pan-
doraviridae (85.7%) and Marseilleviridae (50.0%). Additionally, Mimi-
viridae exhibited an apparent tendency to carry mupirocin resistance
genes (88.9%). Other families, including Pithoviridae and Phycodna-
viridae, mainly harbored macrolide-lincosamide-streptogramin and
peptide resistance genes. The identifiable ARG-carrying families
represented by NCLDV MAGs included Mimiviridae and Pithoviridae,
and they both were characterized by a high dominance of multidrug
(21.7% and 50.0%, respectively), macrolide-lincosamide-streptogramin
(29.2% and 12.5%, respectively), and trimethoprim (10.5% and 31.3%,
respectively) resistance genes (Fig. 2C).

Both isolates and MAGs of phages were found to have trimetho-
prim resistance genes as the most dominant ARG type (86.7% in iso-
lates and 68.6% in MAGs), followed in decreasing order by macrolide-
lincosamide-streptogramin (4.56% in isolates and 12.0% in MAGs) and
multidrug (4.00% in isolates and 7.46% in MAGs) resistance genes
(Fig. 2D). Among the families represented by isolates, Straboviridae
and Herelleviridae carried exclusively trimethoprim resistance
genes (Fig. 2D).

Regarding resistance mechanisms, antibiotic target alteration/
protection/replacement were the most predominant mechanism for
both NCLDVs (overall accounting for 96.5% of the ARGs, Fig. 2E) and
phages (97.5%, Fig. 2F). The only exception was the NCLDV family
Pithoviridae represented by isolates, which harbored a relatively high
proportion (16.7%) of antibiotic inactivation genes (Fig. 2E).

The most frequently detected antimicrobial resistance gene
family in viral genomes was the dfr genes, with 303 occurrences in
NCLDVs and 325 occurrences in phages respectively (Table 1). The dfr
genes encode dihydrofolate reductases that can be targeted by the
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Fig. 2 | Diversity and composition of ARGs in viral genomes. Number of ARG
types detected in the genomes of different taxonomic groups in (A) NCLDVs and
(B) phages. Data are presented as mean values + SEM. The unit of study is one
genome. The number (n) of genomes in each group can be found in Supplementary
Data 7 for (A) and Supplementary Data 8 for (B). Lower-case letters above the bars
represent significantly different groups assessed with two-sided Wilcoxon rank-
sum test, and P-values indicate the overall difference among all families assessed

with Kruskal-Wallis test. Composition of ARG types in different families in (C)
NCLDVs and (D) phages. Composition of ARG resistance mechanisms in different
families in (E) NCLDVs and (F) phages. For clarity, only viral families with more than
five ARGs, the unclassified genomes (as a whole), and the overall patterns of
NCLDVs and phages are displayed. MLS is the abbreviation of macrolides, linco-
samides, and streptogramines. Source data are provided as a Source Data file on
Github'”.

Table 1| Most prevalently detected antimicrobial resistance gene families in nucleocytoplasmic large DNA virus (NCLDV) and

phage genomes

AMR gene family® ARG type Mechanism No. detected in NCLDVs  No. detected in phages
trimethoprim resistant dihydrofolate reductase dfr  trimethoprim antibiotic target replacement 303 325

F-subtype ATP-binding cassette protein multiple antibiotics  antibiotic target protection 219 46

antibiotic-resistant isoleucyl-tRNA synthetase (ileS)  mupirocin antibiotic target alteration 52 o]

streptogramin vat acetyltransferase MLS antibiotic inactivation 27 5

glycopeptide resistance gene cluster;vanH glycopeptide antibiotic target alteration 24 6

glycopeptide resistance gene cluster;vanT glycopeptide antibiotic target alteration 20 0

tetracycline-resistant ribosomal protection protein tetracycline antibiotic target protection 16 5

pmr phosphoethanolamine transferase polymyxin antibiotic target alteration 12 9

glycopeptide resistance gene cluster;vanS glycopeptide antibiotic target alteration n 2

2AMR gene families were adopted from CARD database. AMR gene families with more than 10 ORFs detected in NCLDVs were shown.

antibiotic trimethoprim. Bacterial trimethoprim resistance mediated
by the dfr genes can arise through mutations of the native dfr genes”,
or through acquiring a resistant homolog, or simply an additional dfr
gene to increase the production of dihydrofolate reductase?. Other
major gene families included the F-subtype ATP-binding cassette
genes, ileS genes, and glycopeptide resistance cluster-associated
genes, etc. (Table 1). F-subtype ATP-binding cassette proteins belong
to the ATP-binding cassette superfamily but lack transmembrane
domains. They are associated with ribosomes, and some can confer
resistance by binding to ribosomes and inducing conformational
changes, thereby leading to drug release in bacteria®. The ileS genes
encode isoleucyl-tRNA synthetases, a target of the antibiotic mupir-
ocin. Bacterial mupirocin resistance can arise from mutation of the

native ileS genes or by acquiring an alternate ileS homolog that is
inherently resistant®. The detected glocopeptides resistance asso-
ciated genes in this study, such as vanT and vanH, are general units
found on multiple vancomycin resistance operons, which function by
allowing the restructuring of peptidoglycan precursors to end in D-Ala-
D-Lac, resulting in decreased vancomycin binding affinity”. In addi-
tion, the antibiotic inactivation mechanisms are mainly employed by
streptogramin vat acetyltransferase genes, which catalyze the transfer
of an acetyl group from acetyl-CoA to the secondary alcohol of
streptogramin A compounds, thus inactivating virginiamycin-like
antibiotics®.

There existed apparent differences among viral families in the
composition of antimicrobial resistance gene families they harbored
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(Supplementary Fig. 3). For instance, Mimiviridae contained the most
diverse array of gene families. Phycodnaviridae and Pithoviridae both
encoded multiple types of F-subtype ATP-binding cassette protein
genes, glycopeptide resistance genes, and streptogramin vat acetyl-
transferase genes. In contrast, only two antimicrobial resistance gene
families were carried by Pandoraviridae (Supplementary Fig. 3).

Evolutionary characteristics of selected NCLDV ARGs
The evolutionary relationships between the top-3 dominant anti-
microbial resistance gene families (Table 1) of NCLDVs and their
homologs of eukaryotes, prokaryotes, and phages were analyzed. As to
the most dominant gene family (i.e., the dfr genes encoding dihy-
drofolate reductases), NCLDV sequences did not form a monophyletic
clade. Instead, they exhibited diverse potential origins (Fig. 3A). Firstly,
it was frequently observed that certain sequences of NCLDVs showed
closer phylogenetic relationships with phage sequences, forming dis-
tinct clades at multiple instances. Secondly, some NCLDV sequences
were inserted within the eukaryotic clade. Lastly, complex evolu-
tionary relationships existed between phages and prokaryotes in
dihydrofolate reductase, and some NCLDV sequences were inserted
within the phage/prokaryotic clades. The multiple alignments com-
paring dihydrofolate reductase sequences of NCLDVs with those of
bacteria showed conservatism at the trimethoprim binding sites
(Supplementary Fig. 4).

Within NCLDVs, certain F-subtype ATP-binding cassette (ABC-F)
sequences have been identified as vga-type ABC-F, msr-type ABC-F, or
sal-type ABC-F, while others annotated by profile HMMs could not be

A dfr, dihydrofolate reductase

* Validated trimethoprim resistance in this study

B ABC-F, F-subtype ATP-binding cassette protein

H Antibiotic resistance subfamilies of ABC-F
e Support > 70%

ABC-F F

pinpointed to a more precise subfamily (Supplementary Data 3).
Therefore, we constructed a gene tree encompassing the broader ABC-
F family of proteins and marked antibiotic resistance-associated sub-
families on the tree (Fig. 3B). The analysis revealed that ABC-F proteins
of NCLDVs primarily clustered into two distinct groups on the gene
tree. Specifically, the majority of NCLDV sequences formed a mono-
clade along with phage sequences, sharing a close evolutionary rela-
tionship with a subset of the antibiotic resistance subfamilies of ABC-F
proteins of bacteria. Additionally, a smaller subset of ABC-F proteins of
NCLDVs were dispersed within the clade of eukaryotic sequences.

The third most frequently detected antimicrobial resistance gene
family (i.e., the ileS genes) in NCLDVs were absent in phage genomes
(Table 1). Mupirocin was reported to selectively inhibit certain bac-
terial and archaeal ileS-encoding enzymes while sparing eukaryotic
counterparts, rendering them inherently mupirocin-resistant”’. More-
over, prior studies showed that certain bacterial mupirocin-resistant
ileS genes likely originated from eukaryotes””. We found that
mupirocin-sensitive bacterial ileS genes primarily clustered within the
clade dominated by bacterial sequences (Fig. 3C). In contrast,
mupirocin-resistance bacterial ileS genes exhibited closer evolutionary
relationships with eukaryotic ileS genes, with giant virus ileS genes
being positioning intermediately to resistant bacterial ileS and eukar-
yotic ileS genes. This positioning indicated a potential bridging role of
NCLDVs in the possible transmission between eukaryotic and resistant
bacterial ileS genes.

We further inferred selection pressures on the three above-
mentioned ARG families of NCLDVs, phages, eukaryotes, bacteria, and
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Fig. 3 | Evolutionary characteristics of representative NCLDV-encoded ARGs.
Phylogenetic trees of (A) dihydrofolate reductase, (B) F-subtype ABC protein, and
(C) isoleucyl-tRNA transferase from NCLDVs, eukaryotes, prokaryotes, and phages.
Dfr, ABC-F ATP-binding cassette genes, and ileS are the top three most prevalent
antimicrobial resistance gene families detected in NCLDVs. Nodes with support
values >70% are labeled with black dots. Information on antibiotic resistance
phenotypes are adopted from ref. 96 for ABC-F and from ref. 52 for ileS genes.
Roots of the trees are determined using the midpoint rooting method. Ka/Ks ratio
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of (D) dfr, (E) ABC-F, and (F) ileS sequences in NCLDVs, phages, eukaryotes, and
prokaryotes, respectively. Lower-case letters above the bars in (D) to (F) represent
significantly different groups assessed with two-sided Wilcoxon rank-sum test, and
P-values indicate the overall difference among all families assessed with
Kruskal-Wallis test. The unit of study is one sequence pair. The boxes represent
25th percentile, median and 75th percentile of the data, and the whiskers show the
minimum or maximum value of the data. Data points are shown when n<10.
Source data are provided as a Source Data file on Github'”.
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archaea by calculating the ratios of non-synonymous (Ka) to synon-
ymous (Ks) substitution (referred to as Ka/Ks ratios hereafter) of the
relevant genes respectively. All analyzed genes of different taxonomic
groups were found to undergo negative selection pressures, as evi-
denced by their Ka/Ks ratios being markedly lower than one
(Fig. 3D-F). Despite this, the strength of selection pressure on a given
ARG could vary considerably among different taxonomic groups. The
average Ka/Ks ratio (0.075) for the dfr genes of NCLDVs was sig-
nificantly lower than those of other three groups (0.104 in phages,
0.120 in bacteria, and 0.146 in eukaryotes; Kruskal-Wallis test:
n=1683, P=1.0e-18; Fig. 3D). The results indicated a tendency toward
functional conservatism and stability in the evolution of the dfr genes
of NCLDVs, providing a possible explanation for its high incidence in
NCLDVs. The Ka/Ks ratios of two other genes of NCLDVs were also
notably low (0.050 for the ABC-F genes and 0.018 for the ileS genes;
Fig. 3E-F), indicating their biological importance for the NCLDVs.
However, due to the limited number of sequence pairs (only 20 pairs
for the ABC-F genes and six pairs for the ileS genes, respectively)
meeting the criteria (70% identity over 95% sequence length as defined
in ref. 29) for Ka/Ks calculation, it would be inconclusive to compare
these values with those of other taxonomic groups and assess
differences.

Functional validation of selected NCLDV-encoded ARGs

Due to the widespread presence of dfr genes in NCLDV genomes, we
randomly selected two NCLDV dfr sequences (Supplementary Data 9)
and validated their functionality by introducing them into a
trimethoprim-sensitive E. coli strain. Among them, one is from an
isolate of the family Asfarviridae, and the other from a MAG of the
family Pithoviridae (Fig. 4A). The Asfarviridae isolate genome had
limited annotated information in the upstream and downstream of its

A

GCA_002116175.1_
ViralProj381648
(Asfarviridae)

DHFR G-protein alpha subunit

dfr gene, primarily featuring genes associated with DNA modification,
repair, metabolism, and transcription. In contrast, the Pithoviridae
MAG, assembled from mine tailings, had more annotations (15 genes)
in the surrounding coding regions of its dfr gene. Notably, a few genes
potentially linked to infectious diseases (including Rab-5C*° and
ubiquitin-conjugating enzyme®-*?), a group 1 intron putative endonu-
clease gene (potentially associated with HGT*), and two genes
encoding membrane domain-containing proteins involved in mem-
brane trafficking® were found within 10 kb region around the dfr gene.
The two NCLDV-encoded dihydrofolate reductases were pre-
dicted to show similar tertiary structures (Fig. 4B, C), along with con-
served trimethoprim binding sites shared with bacterial homologs
(Supplementary Fig. 4). Despite their relatively low amino acid
sequence identity (33.5% and 36.3%, Supplementary Data 9) with the
bacterial homologs, we speculated that these genes could function in
bacteria. Because another NCLDV-encoded dihydrofolate reductase
that exhibited only 22.2% amino acid sequence identity with its
homolog of S. cerevisiae was reported previously to confer trimetho-
prim resistance when expressed in S. cerevisiae”. We introduced the
two dfr genes into the E. coli Sa strain separately and tested their
resistance to trimethoprim. Both dfr genes were found to be able to
elevate the minimum inhibitory concentration value of the
trimethoprim-sensitive E. coli strain from 0.5 to 64 ug mL™ (Fig. 4D).

Interdependence between ARGs and MGEs in viral genomes

Besides endonucleases and insertion sequences that were previously
observed in several giant virus families®™, we also investigated the
incidence of other various mobility-involved genes (including those
encoding transposases, integrases, recombinases, resolvases, and
relaxases) across the phylum Nucleocytoviricota. Insertion sequences
and transposases were further integrated due to their frequent co-
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Fig. 4 | Functional validation of two dfr sequences from NCLDVs. A Genetic

structures of the upstream and downstream coding regions of the two randomly
selected NCLDV dfr genes. DHFR, dihydrofolate reductase, represents the protein
product encoded by dfr gene. Function annotations follow the KEGG classification.
Genes of viral origin are determined using VOG annotation. B, C Protein structures
of the selected DHFRs generated by Phyre2 web platform. D Minimum inhibitory
concentration (MIC) values to the antibiotic trimethoprim. DHFR (*) and DHFR (**)
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represent the experimental groups of Escherichia coli DH5a strains carrying
recombinant plasmids with two NCLDV dfr genes, respectively (gene sequences
shown in Supplementary Data 9 and protein structures shown in B and C, respec-
tively). Control refers to E. coli DHS5a strains harboring the pUC19 plasmid without
any gene insert. Data are presented as mean values + standard deviations from
eight biological replicates. Source data are provided as a Source Data file on
Github'”.
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between MGE-carriage and ARG-carriage in the viral genomes. Genomic potential
of ARG-carriage in MGE- and MGE+ genomes in (C) NCLDVs and (G) phages. Two-
sided Wilcoxon rank-sum test is performed to evaluate the statistical significance of
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the differences in genomic potential of ARG carriage between MGE+ and MGE-
genomes. MGE +: genomes with at least one MGE. MGE-: genomes without any
MGE. Data are presented as mean values + SEM. Each data point is one genome.
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for phages. The y-axis was truncated to zoom in on values below 0.012% in (G).
Histogram of ARG-MGE distance (kb) in (D) NCLDVs and (H) phages. Source data
are provided as a Source Data file on Github'”’.

occurrence in annotations. For example, insertion sequences often
contain one to two transposases within their structure, and both
insertion sequences and transposases are typically part of transposon
structures®.

Overall, 96.0% of the investigated NCLDV genomes were found to
harbor MGEs (Fig. 5A). Few variations existed among different NCLDV
families or among NCLDVs from different habitats in the possibility of
MGE carriage (Supplementary Data 7 and Supplementary Fig. 5A). In
contrast, the genomic potential of MGE carriage varied greatly among
different NCLDV families or among NCLDVs from different habitats
(Supplementary Data 7 and Supplementary Fig. 5B). Upon closer
examination of various MGE types (Supplementary Fig. 6A), endonu-
cleases were carried by of 87.7% of the total NCLDV genomes and
ranked as the most commonly identified MGE type, followed by
recombinases (69.1%), resolvases (45.8%), and insertion sequences/
transposases (24.6%).

A significant interdependence was observed between the pre-
sence of ARGs and MGEs in NCLDV genomes (Two-sided Chi-squared
test: n=1416, P=2.6e - 6; Fig. 5B). Fifty-eight percent of MGE-positive
NCLDV genomes harbored ARGs, which was higher than that (26.8%) of
MGE-negative genomes. Similar patterns were observed, when differ-
ent MGE types were taken into account individually (Supplementary
Fig. 6B). The genomic potential of ARG carriage of NCLDVs was not
significantly affected by their MGE carriage status (Two-sided Wil-
coxon rank-sum test: n =56 for MGE- and n =1360 for MGE+ genomes
respectively, P=0.52; Fig. 5C). However, upon closer examination of
different MGE types, the carriage status of endonucleases was found to
significantly influence the genomic potential of ARG carriage of
NCLDVs (Two-sided Wilcoxon: n =174 for MGE- and n =1242 for MGE+
genomes respectively, P=15e-3; Supplementary Fig. 6C). The co-
localization analysis showed that 37.1% of the MGEs co-occurring with
ARGs located within 10 kb of their corresponding ARGs (with 72.9%
within 30 kb, Fig. 5D). This kind of close association between MGEs and

ARGs was relatively consistent across different MGE types (Supple-
mentary Fig. 6D).

Compared to NCLDVs, phages had a lower possibility of MGE
carriage (63.0%, Fig. 5E), with substantial variations detected among
phages from different families or from different habitats (Supple-
mentary Data 8 and Supplementary Fig. 7C). A more pronounced
impact of the MGE presence on ARG carriage was observed in phages
than in NCLDVs. On the one hand, 3.28% of MGE-positive phage gen-
omes carried ARGs, a proportion higher than that (0.423%) of MGE-
negative genomes (Two-sided Chi-squared test: n=40,277, P=4.7e
-22; Fig. 5F). On the other hand, MGE-positive phage genomes were
found to have an average of 0.009% of their total ORFs as ARGs, which
was significantly higher than that (0.005%) of MGE-negative phage
genomes (Two-sided Wilcoxon: n =14,910 for MGE- and n = 25,367 for
MGE+ genomes respectively, P=3.7e-22; Fig. 5G). Similar trends were
observed, when different MGE types of phages were considered indi-
vidually (Supplementary Fig. 7). A closer association between MGEs
and ARGs was recorded in phages than in NCLDVs, as evidenced by the
results that 53.3% of the MGEs co-occurring with ARGs of phages were
located within 10 kb of their corresponding ARGs (with 85.9% within
30 kb, Fig. SH).

Presence of VFs in viral genomes

We further looked into the NCLDV genomes that carry both ARGs and
VFs. A total of 2487 VF-like ORFs were annotated in the studied NCLDV
genomes (Supplementary Data 10), resulting in 68.0% of the studied
NCLDV genomes being identified to carry VFs (Fig. 6A). VF-positive
genomes exhibited a higher possibility (63.7%) of ARG carriage com-
pared to VF-negative genomes (35.4%; two-sided Chi-squared test:
n=1416, P=4.4e-4; Fig. 6B). NCLDVs with both VF and ARG carriage
were primarily from unknown families (81.8%, Fig. 6C) or the family
Mimiviridae (13.6%). The genomic potential of ARG carriage of NCLDVs
showed no correlation with their VF carriage status (Two-sided
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Wilcoxon rank-sum test: n=453 and 963 for VF- and VF+ genomes
respectively, P=0.12; Fig. 6D).

Compared to NCLDVs, phages exhibited a much lower possibility
of VF carriage (4.88%, Fig. 6E and Supplementary Data 11). However,
the interdependence between the presence of ARGs and VFs was more
pronounced in phages, as evidenced by the observation that 11.2% of
VF-positive phage genomes carried ARGs, a proportion 13.5 times
higher than that of VF-negative phage genomes (Two-sided Chi-
squared test: n=40,277, P=7.5e-110; Fig. 6F). Furthermore, the geno-
mic potential of ARG carriage was also significantly higher in VF-
positive phage genomes than in VF-negative phage genomes (Two-
sided Wilcoxon rank-sum test: n=38,310 and 1967 for VF- and VF+
genomes respectively, P=2.5e-110; Fig. 6H). Phages with both VF and
ARG carriage were predominantly from unknown families
(97.5%, Fig. 6G).

Discussion

As one of the most significant advances in biology over the past dec-
ades, the discovery of giant viruses whose particle size can reach up to
2.3um in length and genome size can be as large as 2.5Mb* ", has
challenged the classical concept of virus**. Furthermore, the
increasing availability of giant virus MAGs recovered from various
samples has heightened our understanding of the genetic make-up,
diversity, and potential ecological roles of giant viruses*>*'. Despite
these advances, the recovery of giant virus MAGs without con-
taminating DNA sequences (including those of prokaryotes rich in
ARGs) still remains a challenging task***'. Therefore, one would expect
that the detection of ARGs from giant virus MAGs likely results in
overestimation of the possibility and genomic potential of ARG car-
riage of giant viruses. Such an expectation, however, seems not to be
supported by our results. The overall possibility (Fig. 1B) and genomic
potential (Fig. 1C) of ARG carriage of giant virus MAGs were lower than
those of giant virus isolates. Comparing isolates and MAGs from the
same giant virus family (e.g., Mimiviridae or Prasinoviridae) enables a

more confirmative demonstration that the ARGs carriage of MAGs had
not been overestimated (Fig. 1B, C). Likewise, our results suggested
that, phages showed no bias in MAGs towards overestimating ARG
carriage compared to isolates (Fig. 1E, F).

A total of 35 giant virus genomes were reported previously to
encode ARGs" ™. In this context, one of the most striking findings of
our study was that 39.5% of the investigated giant virus genomes
(Fig. 1B; i.e., 560 out of the 1416 genomes) were shown to carry ARGs.
Such a proportion was approaching that (47%) for bacteria*’. The
detection of ARGs from viral sequences is always sensitive to the
thresholds used for sequence similarity analysis*. Given that some
viral ARGs were shown to exhibit low sequence identities with cellular
ARGs (as low as 20.4%)"75, an exploratory threshold of sequence
identity (i.e., 25%) was employed in our study. Despite this, the other
cutoff values used by us to annotate ARGs were conformable to or
more stringent than those criteria widely used in the literature (see
Methods for more details). Nonetheless, there were two lines of evi-
dence that our selection of the exploratory threshold made a negli-
gible contribution to the observed unexpectedly large possibility of
ARG carriage of giant viruses. First, at least one previously reported
NCDLV-encoded beta-lactamase gene (GenBank: AUL78925.1; whose
product expressed by E. coli was able to hydrolyse a beta-lactam and
penicillin G)*® was not identified as an ARG by any of the ARG anno-
tation methods used in this study, probably due to the higher align-
ment cutoffs set (e.g., the 80% target and query sequence coverage;
see Methods for more details). Second, the ARG-like ORFs in the stu-
died phage genomes, on average, accounted for 0.008% of the total
predicted genes (Fig. 1F), which was lower than that (0.02%) reported
by Debroas & Siguret who employed a conservative threshold to
detect ARGs in virome data from public databases®.

Given the large genome size of NCLDVs*, one would expect that
the more widespread presence of ARGs in NCLDVs than in phages
(Fig. 1) could be attributed to a simple scenario that the genomic
potential of ARG carriage of viruses increased with their genome size.
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To address this point, we examined the correlations between the
genomic potential of ARG carriage of isolated viruses and their gen-
ome size. While a weak positive correlation between the genomic
potential of ARG carriage and genome size was observed for overall
isolated phages (Supplementary Fig. 8B), no significant relationship
was recorded for overall isolated NCLDVs (Supplementary Fig. 8A).
More surprisingly, a significant negative correlation between the
genomic potential of ARG carriage and genome size was observed for
several NCLDV families (Supplementary Fig. 8A). These results indi-
cated that the mechanisms by which NCLDVs acquired ARGs were
likely not the same as those of phages.

Among all currently known families of NCDLVs, Poxviridae
exhibited not only the highest possibility but also the highest genomic
potential of ARG carriage (Fig. 1B, C). A subset of poxviruses comprises
the causative agents of human smallpox and cowpox**, with rifampin
being utilized for treatment*. Uncoincidentally, it was observed that
all the ARGs carried by Poxiviridae were rifampin resistance (rif) genes
(Fig. 2C and Supplementary Data 3). Since the Poxviridae genomes
analyzed in this study were all obtained from host-associated envir-
onments (Supplementary Data 1), we proposed that the presence of
the rif genes within Poxiviridae likely stemmed from a direct selection
under the pressure of the antiviral agent, rifampin.

There were at least two other possible reasons why giant viruses
carry ARGs. First, certain ARG-encoded proteins could exert crucial
functions in the reproduction of giant viruses while they were also
antibiotic targets. Such proteins likely included dihydrofolate reduc-
tase encoded by dfr gene and isoleucyl-tRNA synthetase encoded by
ileS gene (Table 1). Dihydrofolate reductase is involved in the pro-
duction of tetrahydrofolic acid, the active form of folate that is
essential for all living organisms in various biosynthetic pathways such
as amino acid and nucleic acid metabolism*. Given its significance in
fundamental life processes, dihydrofolate reductase has served as a
drug target in both prokaryotic and eukaryotic microbial
pathogens*®*’. Specifically, common antibiotic combinations like
sulfamethoxazole-trimethoprim, inhibiting enzymes in the folate
pathway, have been applied in treating infections caused by prokar-
yotic pathogens such as Nocardia asteroids and an eukaryotic micro-
bial pathogens Pneumocystis carinii**, although eukaryotic
dihydrofolate reductase exhibits certain degree of inherent resistance
to trimethoprim compared to its prokaryotic counterpart*’. A prior
study has shown that one dihydrofolate reductase gene from the giant
virus family Marseilleviridae, when expressed in S. cerevisiae, conferred
resistance to trimethoprim in the fungus”. In this study, we extended
the previous finding by demonstrating that the two dfr genes from
Asfarviridae and Pithoviridae respectively, when transferred to E. coli,
were able to confer resistance to trimethoprim in the bacterium
(Fig. 4). A closer look at the two functionally validated dfr genes of this
study showed that they both placed within the eukaryotic clade on the
gene tree (Supplementary Fig. 9). Within this context, the ability of
those dfr genes falling within other clades on the gene tree (Fig. 3A) to
confer trimethoprim resistance phenotypes in fungi and/or bacteria
deserves further research. As to ileS gene, its product isoleucyl-tRNA
synthetase is vital for protein translation across multiple kingdoms of
life®. The antibiotic mupirocin effectively inhibits bacterial isoleucyl-
tRNA synthetase but not its eukaryotic counterpart”. Several previous
studies have revealed that the mupirocin-resistant types of isoleucyl-
tRNA synthetase in bacteria exhibited a greater sequence similarity to
eukaryotic sequences than to those of bacterial mupirocin-sensitive
types, suggesting their potential origin from inherently resistant
sequences in eukaryotes, possibly via HGT?**"*2, Similarly, we found
that bacterial ileS genes conferring mupirocin-resistant phenotypes
clustered separately from those with sensitive phenotypes, displaying
a closer resemblance to eukaryotic ileS than to the mupirocin-sensitive
bacterial clade (Fig. 3C). Moreover, the ileS genes of giant viruses were
shown to occupy an intermediate position between eukaryotic ileS and

bacterial resistant ileS in the gene tree (Fig. 3C), implying that the ileS
genes of giant viruses likely exhibit similar inherent resistance traits as
those found in eukaryotes. Note also that both dfr and ileS were
revealed to evolve towards functional conservatism (especially in giant
viruses), as illustrated by their Ka/Ks values <1 (Fig. 3D, F)*.

Second, some ARG-encoded proteins could have evolved to be
pleiotropic rather than mere as an agent to resist antibiotics. For
example, after expression in E. coli, the beta-lactamase encoded by
Tupanvirus deep ocean was able to not only hydrolyze beta-lactam but
also degrade RNA from its amoebal host and a variety of bacteria®.
Such an RNase activity could help the giant virus to take over its host
and to interact with its sympatric bacteria. A recent study has revealed
that T. deep ocean did interact with an intracellular bacterial symbiont
of its host®. Although we didn’t identify any beta-lactamase genes
carried by giant viruses, we found that some giant viruses carried
streptogramin vat acetyltransferase genes whose resistance mechan-
ism (i.e., antibiotic inactivation; Table 1) falls into the same category as
that of beta-lactamase genes. We thus considered the possibility that
streptogramin vat acetyltransferase encoded by giant viruses could
have also become a pleiotropic protein. Nonetheless, further bio-
chemical experiments are needed to test our hypothesis.

There are some eukaryotes whose cells are infected not only by
giant viruses but also by a variety of microbes*. A typical example is
amoeba, which are well-known “Trojan horses” for giant viruses and
human pathogens®. Moreover, HGT between mimivirus and intra-
amoebal bacteria has been reported®*’. As such, the widespread pre-
sence of ARGs in giant viruses (Fig. 1B, C) raises concerns about both
their origin and their potential to be transferred to intracellular
microbes (especially pathogens) of their hosts. That is, the implica-
tions of a strong interdependence between the possibility of ARG
carriage of giant viruses and the presence of MGEs in their genomes
(Fig. 5A, B) were twofold. On the one hand, it indicated that MGEs
could have play an important role in the acquisition of ARGs by giant
viruses. In agreement with this notion, transposable elements in
Mimiviridae and Pandoravirus were proposed to have a crucial impact
on their genome formation and evolution®***. On the other hand, it
hinted that a considerable proportion of ARGs of giant viruses had
substantial dissemination potential. Taking endonucleases (i.e., the
most dominant MGE type that co-occurred with NCLDV-encoded
ARGs; Supplementary Fig. 6A) as an example, they are characterized by
their ability to cleave nucleotide chains into smaller fragments®® and
have been recently proposed to be able to confer mobility to their
associated genes located within nearby regions of up to 10kb in
viruses®'. Note that 14.2% of the total NCLDV-encoded ARGs fell within
such an active range of endonucleases (Supplementary Fig. 6D),
including the functional validated dfr gene from the family Pithoviridae
(Fig. 4A). In this context, one may expect that, once being transferred
to intracellular microbes of their hosts, certain NCLDV-encoded ARGs
can help the microbes survive better under antibiotic stress.

The simultaneous carriage of ARGs and VFs by giant viruses is of
particular concern. Besides human smallpox virus, cowpox virus, and
African swine fever virus that have long been known as pathogens,
several members of Mimiviridae, Marseilleviridae, and Phycodnaviridae
were reported to be opportunistic human pathogens in some
instances®**. Despite this, the pathogenicity of other giant viruses
remains poorly understood. In this study, we showed that up to 68.0%
of the investigated giant virus genomes harbored VFs (Fig. 6A).
Moreover, 63.7% of the VF-positive giant virus genomes also carried
ARGs, encompassing almost all ARG-carrying giant virus families
(Fig. 6B, C).

In summary, we reveal that the diversity and incidence of ARGs
in NCLDVs are much higher than previously recognized. We also
obtain evidence that some NCLDV-encoded ARGs have the potential
to confer resistance phenotypes and exhibit close associations with
MGEs and VFs. Our results highlight that the functions and
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associated potential health risks of NCLDV-encoded ARGs deserve
much more attention.

Methods

Public viral genome collection

In this study, the terms “NCLDVs” and “giant viruses” both specifically
refer to members within the phylum Nucleocytoviricota. Public NCLDV
genomes were obtained from a seminal paper by Aylward and collea-
gues in 2021 (archived in the Giant Virus Database, https://faylward.
github.io/GVDB/, accessed on 2022/10/19)%. Through conducting a
comprehensive screening of the NCBI RefSeq database and related
references, the authors selected a set of 1383 high-quality genomes of
the phylum Nucleocytoviricota to identify phylogenetic marker genes.
This set encompassed the genomes of almost all currently available
cultured isolates and representative MAGs from diverse habitats
across the globe®. All of the 1383 genomes were used directly in this
study (Supplementary Data 1).

Public phage genomes were obtained from the CheckV (v1.5)
complete viral genomes database, which initially contained 62,895
phage genomes identified through a systematic search of the NCBI
GenBank database, publicly available metagenomes, metatran-
scriptomes and metaviromes®. We excluded those phage genomes
that did not have habitat information or could not be classified at any
taxonomic level of phages from our further analysis, resulting in a total
of 39,689 public phage genomes being used in this study (Supple-
mentary Data 2).

Obtaining viral sequences from mine tailings metagenomes

A country-scale sampling of mine tailings (an under-sampled habitat
type both in the literature and in the public datasets) from 39 mine
sites across China was conducted by ourselves in July and August 2018.
Three mine tailings samples at a depth of 0-20 cm were taken at each
site. 10-30 g of tailings per sample were extracted for total genomic
DNA (using FastDNA Spin kit, MP Biomedicals, Santa Ana, CA), which
were subsequently used for library construction (with NEBNext Ultra Il
DNA PCR-free Library Prep Kit, New England Biolabs, Ipswich, MA,
USA), and shotgun-sequencing on the MiSeq platform with PE150
mode (Illumina, San Diego, CA, USA). A total of 115 metagenomes with
69.6 +14.0 Gb clean reads per sample (more information can be found
in a previous study®’) were generated, and assembled into contigs
using MEGAHIT (v1.2.9).

Binning was performed to generate NCLDV MAGs from the tail-
ings metagenomes according to a previously published protocol®.
Briefly, contigs were screened with a minimum length of 5kb, and
putative NCLDV contigs were identified by either of the following cri-
teria: (1) classified as “NCLDV” by the random forest classifier pub-
lished by Schulz et al.?%; (2) contained at least two nucleo-cytoplasmic
virus orthologous groups (NCVOGs) based on HMMs of 20 ancestral
NCVOGs employed by Yutin et al.*’; and (3) contained the NCLDV polB
gene (NCVOGO0038)’°. Putative NCLDV contigs were first assessed for
coverage information using Bowtie (v2.4.5)"", Samtools (v1.15.1)”%, and
the jgi summarize_bam_contig depths script. Subsequently, contigs
were pooled and binned using MetaBAT2”® with default parameters,
with the contig coverage serving as input for the binning process. Bins
were then de-duplicated using dRep (v3.3.0)"*, de-contaminated and
quality-checked following Schulz’s protocol®®. Thirty-three NCLDV
MAGs were generated in this study, and their taxonomy was inferred
by constructing a phylogenetic tree using them and the known NCLDV
genomes (Supplementary Fig. 10) published by Aylward et al.. 1Q-
TREE (v.1.6.12) was utilized to construct the tree, using concatenated
protein alignments of seven marker genes including SFIl (DEAD/SNF2-
like helicase), RNAPL (DNA-directed RNA polymerase alpha subunit),
PolB (DNA polymerase family B), TFIIB (transcription initiation factor
IIB), Topoll (DNA topoisomerase II), A32 (Packaging ATPase), and
VLTF3 (Poxvirus late transcription factor VLTF3), employing the LG +

I+F +G4 model, 1000 ultrafast bootstrap replicates. Poxviridae was
used as an outgroup for the tree construction. Meta information of the
NCLDV sequences used in this study were presented in Supplemen-
tary Data 1.

Phage sequences from our own mine tailings metagenomes were
annotated by VirSorter2 (v2.2.3) with a minimum length of 10 kb”.
CheckV software®® was further employed to remove potential host
regions at the end of prophages and to evaluate genome quality. Only
sequences with CheckV quality tiers of “complete” (n=9) or “high-
quality” (n=579) were retained for further analysis, resulting in a total
of 588 phage genomes from the mine tailings being used in this study.
Taxonomy of phages were annotated using geNomad software with the
“end-to-end” command and default settings and genomad_db v1.77%.
Meta information of the phage sequences used in this study were
presented in Supplementary Data 2.

Annotation of ARGs and characterization of ARG-carriage
ARGs were annotated using multiple methods as follows. First, Dee-
PARG software (v1.0.2), which employs a deep learning algorithm
specifically designed to enhance annotation accuracy particularly for
novel ARG sequences, was applied on the viral protein sequences using
the “LS” model”. Sequences were further filtered to retain those with
alignment identity >25%, both target and query coverage >80%, and
e<1e-10 in the alignment step, and a final prediction probability over
80% in the machine learning prediction step. Second, sequence
alignment was conducted using diamond (v2.1.8.162) blastp command
to align viral protein sequences against the CARD (https:/card.
mcmaster.ca/, accessed on 2024.03.10)*°, SARG (v3.2.1-S, https://
smile.hku.hk/ARGs/Indexing, accessed on 2024.03.14)”%, and NCBI
NDARO (https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-
resistance/, accessed on 2024.03.19)”° databases, respectively. For
each viral sequence, top alignment with e <1e-10, percent of identity
>25%, and both target and query coverage >80% were kept for final
integration. Third, viral protein sequences were also aligned against
profile HMMs from the SARGfam database (https://smile.hku.hk/
SARGs, accessed on 2024.03.21) and Reference HMM Catalog of the
NCBI NDARO platform (https://www.ncbi.nlm.nih.gov/pathogens/
antimicrobial-resistance/, accessed on 2024. 03.19) using HMMER
(v3.1b2). Alignments with both domain and sequence scores > 40,
domain e < 1e-15 and sequence e < 1e-10 were retained, and top hit with
the lowest domain e-value was designated as the annotation for each
viral protein. Among the above cutoffs, a percent identity cutoff of 25%
was adopted considering that some viral ARGs were reported to
exhibit considerable novelty, with sequence identities ranging from
20.4% to 67.3% compared to cellular ARGs”". The other cutoffs were
conformable to or more stringent than those employed in recent
publications*°"%, Sequences annotated by DeepARG or those by at
least two of the abovementioned four databases (i.e., CARD, SARG,
SARGfam, and NCBI NDARO) were finally retained as ARGs.

Two quantitative parameters were used to describe the ARG car-
riage of a given viral taxonomic group. The first one was “Possibility of
ARG carriage”, which refers to the proportion of genomes within a
given group that carry ARGs, expressed as a percentage of the total
number of genomes in that group (Eq. 1). The second one was
“Genomic potential of ARG carriage”, which is defined as the percen-
tage of ARG-like ORFs relative to the total number of ORFs in a given
genome (Eq. 2)*. The genomic potential of ARG carriage of a given
group can be then calculated as the average value of the genomic
potential of all genomes within that group.

Number of ARG — carrying genomes
Total number of genomes

Possibility of ARG carriage (%) =
@
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Genomic potential of ARG carriage (%)
_ Number of ARG — like ORFs in a genome 2
Total number of ORFs in a genome

Annotation and characterization of MGEs and VFs

Insertion sequences were annotated with ISEScan (v1.7.2.3)¥ with
default settings. Other types of mobility-involved genes including
integrases, transposase, resolvases, recombinases, relaxases, and
endonucleases were annotated using the following methods: (1) align-
ing protein sequences against a self-compiled mobility gene database
referenced in a previous publication®” using Diamond blastp; (2) align-
ing protein sequences against profile HMMs collected from CONJscan
(v2.0.1)*%, Phage Finder (v2.1)*, ICEberg (v2.0)°°, and Jiang et al.”, as
described in our previous publication®”; and (3) using DRAM (v1.3.5)”
implemented with KEGG and PFAM databases and the default settings.
The cutoffs for diamond blastp and hmmsearch for MGEs were the
same as those in the annotation of ARGs. Virulence factors were anno-
tated by aligning the viral protein sequences against the VFDB (http://
www.mgc.ac.cn/VFs, accessed on 2022.06.07) using diamond blastp
with the same cutoffs as those used in the ARG annotation. Four para-
meters, including “Possibility of MGE carriage”, “Genomic potential of
MGE carriage”, “Possibility of VF carriage”, and “Genomic potential of VF
carriage”, were calculated in a way similar to that for ARGs.

Gene tree construction

To construct gene trees for representative ARGs from NCLDVs, pha-
ges, eukaryotes, and prokaryotes, the protein sequences of ARG-like
ORFs in NCLDVs and phages annotated in this study were extracted
and their orthologs in prokaryotes and eukaryotes were collected
either from the literature or from the public databases. Specifically,
representative protein sequences of the dfr gene encoding dihy-
drofolate reductase in prokaryotes were downloaded from NCBI using
the accession list provided in a previous study which systematically
evaluated their phylogeny®. Orthologs of dihydrofolate reductase
from eukaryotes were downloaded from eggNOG (v5.0.0)°° under the
ID KOG1324. All dihydrofolate reductase sequences were examined
with the PFO0186 HMM model downloaded from the Pfam database
(https://www.ebi.ac.uk/interpro/) and only those with sequence e-
value below 1e-5 were retained for gene tree construction. Sequences
from prokaryotes and eukaryotes were clustered at 95% identity over
90% of the shorter ORF length to eliminate redundancy. Additionally,
taxonomy-based filtering was applied by randomly selecting one
sequence from each family or order depending on the available
sequence count, aiming to minimize the number of sequences while
preserving optimal sequence diversity.

Homologs of F-subtype ATP-binding cassette protein in prokar-
yotes and eukaryotes were directly extracted from a previous litera-
ture that evaluated their structural and functional diversification
across the tree of life’®. The original publication collected 16,848
F-subtype ATP-binding cassette protein sequences, and five were
randomly selected from each subfamily for gene tree construction to
simplify visualization while retaining sequence diversity.

To download sequences of isoleucyl-tRNA synthetase encoded by
the ileS gene, we searched NCBI with “isoleucyl-tRNA synthetase” as
the keyword (with source database set as “UniprotKB” to minimize
redundancy, accessed on 2023.08.23), downloaded 112 protein
sequences from the search results, and manually checked the anno-
tation and attached references of each record for those conferring the
mupirocin resistance phenotypes. Additionally, some ileS sequences
with either confirmed mupirocin resistant or sensitive phenotypes
were collected from a previous publication®. Eukaryotic ileS-encoded
proteins were downloaded from eggNOG database under the ID
KOGO0434. Sequences were dereplicated at 95% identity over 90% of
the shorter protein length before tree construction.

To construct the gene trees, protein sequences were aligned using
MAFFT (v7.490)”” and trimmed using trimAlI (v1.4, parameter -gt 0.1)*%.
IQ-TREE (v2.1.2)°° was used to build maximum likelihood phylogenetic
trees with 1000 ultrafast bootstrap replicates (parameter --alrt 1000
--bnni). Gene trees were visualized using ‘ggtree’ package (v3.0.4) in R
software (v4.1.0, R Foundation for Statistical Computing).

Ka/Ks ratio

The Ka/Ks ratios of selected ARGs were calculated for NCLDVs, phages,
bacteria, archaea and eukaryotes, respectively. On the one hand, the
ARG protein sequences for different taxonomic groups were clustered
individually at 75% identity over at least 95% of their lengths using CD-
hit?. Sequences in each cluster were separated into all possible pairs,
and each pair was subjected to the following Ka/Ks analysis. On the
other hand, for ARGs with only protein sequences available, the mat-
ched nucleotide sequences were linked and fetched from the NCBI
Nucleotide database using the ‘rentrez’ package (v1.2.3) in R software
(v4.1.0). Subsequently, the ARG protein sequences, as well as the
nucleotide sequences aligned with MAFFT*” were used as input for the
ParaAT (v2.0) software'’° to generate alignment files in the axt format,
which were then processed using the KaKs (v3.0) software'” to cal-
culate the Ka/Ks ratios.

Functional characterization of NCLDV dfr genes

Two dfr genes from NCLDVs (Supplementary Data 3) were synthesized
by General Bioscience Co., Ltd (Anhui, China) and subcloned into the
expression vector pUC19 plasmid, respectively'®>. The two recombi-
nant plasmids were then transformed separately into E. coli DH5x
strain. Another E. coli DH5a strain harboring pUC19 plasmid without
any gene insert was used as the negative control. The positive clones
were screened by Mueller-Hinton Broth (MHB) containing 100 pg mL™
ampicillin'®,

The E. coli DH5a strains carrying different pUC19 plasmids were
cultured overnight in MHB and subjected to trimethoprim sus-
ceptibility test using the broth-dilution method'®®, with concentra-
tions of trimethoprim tested at 0, 0.5, 1, 2, 4, 8, 16, 32, 64, and
128 pg mL™%. The minimum inhibitory concentration of trimetho-
prim against a given strain was defined as the lowest concentration
that inhibited >80% growth of that strain compared to the growth
control'®*,

Statistics and reproducibility

In this study, we utilized a comprehensive public dataset of virus
genomes as the main data for all analyses. Consequently, no statistical
methods were employed to predetermine the sample size, as the
sample size was restrained by the available public dataset. No data
were excluded from the analyses. For the antimicrobial susceptibility
test, individuals involved in the experiments were blinded to the
experiment groups to ensure unbiased measurements.

Two-group comparisons were performed with two-sided Wil-
coxon rank-sum test. Multiple-group comparisons were performed
with Kruskal-Wallis test. Dependency between two binary variables
were tested with two-sided Chi-squared test. The multiple sequence
alignments plots were generated using ESPript 3 web platform'®. Gene
structure plots were generated using gggenes package. Protein
structures were generated using Phyre2 web platform'®, R software
(v4.1.0) was used for the statistics analysis and plotting.

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

Data availability
Metagenomic sequencing data for the tailings samples used in this
study have been deposited in the NCBI BioProject database under the
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accession number PRJNA1085405. The giant virus sequences and
phage contigs generated from tailings metagenomes in this study have
been deposited in the ENA Sequence Read Archive database under the
accession number PRJEB74361 and PRJEB78842, respectively. Source
data of this paper are provided on Github'”’.

Code availability
The codes used in this study are available on GitHub'”’.
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