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VITAP: a high precision tool for DNA and
RNA viral classification based on meta-
omic data

Kaiyang Zheng1,11, Jianhua Sun1,2,11, Yantao Liang 1,3,4,5,6,7 , Liangliang Kong1,3,
David Paez-Espino 8, Andrew Mcminn 1,3,7,9 & Min Wang 1,2,3,4,5,6,7,10

The rapid growth in the number of newly identified DNA and RNA viral
sequences underscores the need for an accurate and comprehensive classifi-
cation system for all viral realms at different taxonomic levels. Here, we
establish the Viral Taxonomic Assignment Pipeline (VITAP), which addresses
classification challenges by integrating alignment-based techniques with
graphs, offering high precision in classifying both DNA and RNA viral
sequences and providing confidence level for each taxonomic unit. This tool
automatically updates its database in sync with the latest references from the
International Committee onTaxonomyof Viruses (ICTV), efficiently classifying
viral sequences as short as 1,000 base pairs to genus level. VITAP possesses
good generalization capabilities, maintaining accuracy comparable to other
pipelines while achieving higher annotation rates across most DNA and RNA
viral phyla. Its application in deep-sea viromes has led to significant taxonomic
updates, providing comprehensive diversity information of viruses fromdeep-
sea. VITAP is available at https://github.com/DrKaiyangZheng/VITAP.

Viruses possess a range of replication and mobility strategies and play a
vital role in ecology1–6. Cross-species infection by viruses allows them to
transfer genes horizontally, driving the formation of the “web of life”,
which replaces the traditional view of the “tree of life”7–12. Viruses can also
hijack host metabolic pathways during infection periods, altering their
physiological state and possibly bringing metabolic capability to their
hosts1,13–16. Biological community structure can be shaped through the
cell lysis that has resulted from viral infection1,17,18. This allows viruses to
indirectly influence global biogeochemical cycling through the inter-
ference of cellular metabolisms and lifespans1,5,13,19. Although viruses are
passive opportunists, they can produce essential ecological effects by
manipulating three life domains.

The development of high-throughput sequencing for viruses
provides the opportunity to deeply profile human-associated and
environmental DNA and RNA viral communities. In-depth sequencing
of the gut viral metagenomes has led to the construction of a human
intestinal DNA virome database20–22, which has revealed the dominant
viral lineages in the human gut23,24. The large-scale metatranscriptome
sampling of different animal tissues has expanded the RNA viral host
spectrum, revealing many RNA viruses infecting both invertebrates
and vertebrates25,26. The investigation of animal-derived metatran-
scriptomes is capable of tracing pathogenmigration andmutation and
provides a potential contribution to public health27. In the environ-
ment, the recovery of viromes from diverse habitats has revealed their
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effects on local ecosystems. For example, DNA viruses have been
shown to influence microbial hydrocarbon biodegradation at cold
seeps and utilize refractory organic matter in the deep sea4,28. The
large-scale metatranscriptome sampling from a range of ecosystems
has revealed a cryptic RNA virosphere that was little knownbefore29–33.
These culture-independent investigations of DNA and RNA viruses
highlight critical ecological effects that were unknown before.

Sound taxonomy,whichunderpins all ecological and evolutionary
investigations, depends on the identification of biological marker
genes. An understanding of virus dynamics is impeded by the absence
of universally applicable marker genes, such as rRNA genes encoded
by cellular organisms34–36. Consequently, methodologies analogous to
thoseused in cellular organismsare inadequate for viral phylogenetics.
The rapid growth in the number of viral genomes has prompted the
International Committee on Taxonomy of Viruses (ICTV) to propose
special taxonomic criteria for viruses, such as virion morphology and
single-/multiple-gene phylogenies37. Currently, five primary methods
of automated viral classification have enabled taxonomic research on a
large number of uncultured viral genomes. The first, an openly avail-
able online tool (VICTOR), utilizes a prokaryotic classifying algorithm
(genome blast distance phylogeny, GBDP) to categorize prokaryotic
viral genomes through phylogenetic-based clustering38. VICTOR
helped to establish nine new viral families associated with Flavo-
bacteriia, which have been accepted by ICTV in 202039. The second,
the alignment-based gene-sharing clustering (vConTACT2 and ViP-
Tree) and genome-wide nucleic acids similarity (VIRIDIC), have been
widely adopted by ICTV to classify viruses40–42. These methods are
specifically efficient for taxonomic assignments of dsDNA viruses of
prokaryotes, leading to the establishment of 63 novel families of head-
tail viruses43. The third, the present/absent patterns of protein families
for genomes, has been used in VPF-class and geNomad to classify
viruses44,45. These methods utilized a voting strategy to determine the
best-fit taxonomic units of target genomes and are effective for
incomplete viral genomes. The fourth, CAT/BAT combined with pro-
tein sequence alignment and the last common ancestry approach
(LCA), has been used to classify viral genomes46. The fifth, PhaGCN/
PhaGCN2, was the first method to introduce deep-learning methods
into automatic viral taxonomic assignments and expand the viral
taxonomic units of the global ocean virome database (GOV). The
aforementioned pipelines have made significant contributions to the
field. While some tools can be applied to a wide range of viral taxa,
many of them demonstrate optimized performance primarily for
specific viral lineages, such as prokaryotic viruses. The adaptability of
thesepipelines to classify diverse viral taxa comprehensively remains a
challenge. Additionally, most pipelines are not designed to allow non-
expert users to update taxonomic criteria in real-time, which could
align with ICTV’s annual proposals.

Here, we present VITAP (viral taxonomic assignment pipeline),
which has a redesigned taxonomic algorithm and provides the con-
fidence level of each taxonomic unit. VITAP is capable of automatically
updating its reference database based on the latest viral reference
release from the ICTV and can effectively perform taxonomic assign-
ments for viral sequences as short as 1000 base pairs (bp) to genus
level. In addition, while maintaining accuracy, precision, and recall
comparable to those of other pipelines, VITAP exhibits a high anno-
tation rate for nearly all RNA and DNA viral phyla, not merely confined
to prokaryotic dsDNA viruses. With increasing systematic research on
metagenomes and metatranscriptomes, this method is expected to
provide a more comprehensive, automated viral taxonomic assign-
ment pipeline.

Results
VITAP overview and workflow
The VITAP workflow includes two main sections: generation of a
taxonomic-specific database, and taxonomic assignments for target

genomes (Fig. 1). The first step enables users to generate a VITAP-
specific database based on each release of an ICTV proposal. The
genomes included in the viral metadata resource master species list
(VMR-MSL) are automatically retrieved and downloaded from Gen-
Bank and are used to generate a viral reference protein database. The
protein alignment scores (bitscores) are used to calculate the taxo-
nomic units’ thresholds. Hence, the VITAP-specific database includes a
viral reference protein database, taxonomic units’ thresholds, and
VMR-MSL information. The second step is the taxonomic assignments
of target genomes utilizing the VITAP-specific database (Supplemen-
tary Note 1). The proteins of target genomes are first aligned to viral
reference proteins. Different proteins are assigned different weights
for taxonomic signals from the protein alignment between target
genomes and viral references; these are used to calculate the taxo-
nomic scores. These taxonomic scores are used in cumulative average
calculations to determine the best taxonomic paths, which represent
the most likely taxonomic hierarchies and units. Based on their taxo-
nomic scores compared to related thresholds, this result is defined as
low-/high-/medium-confidence results. The unique framework of
VITAP offers more features compared to other pipelines, providing a
more comprehensive resource for taxonomic studies (Table 1).

Benchmarking VITAP against simulated viromes and new
viruses
Based on the taxonomic assignments of viral reference genomic
sequences in VMR-MSL38, VITAP demonstrates acceptable general-
ization performance for most viral phyla. Through tenfold cross-
validation compared to vConTACT2 (Fig. 2a, b), VITAP demonstrates
comparable accuracy, precision, and recall (over 0.9, on average and
median) for family- and genus-level taxonomic assignments (Fig. 2c, d
and Supplementary Data 1). Nevertheless, VITAP achieves a sig-
nificantly higher annotation rate than vConTACT2. Specifically,
VITAP’s family-level average annotation rates exceed those of vCon-
TACT2 by 0.53 (at 1-kb) to 0.43 (at 30-kb), whereas VITAP’s genus-level
average annotation rates surpass thoseof vConTACT2 by0.56 (at 1-kb)
to0.38 (at 30-kb). Fordifferent viral phyla, VITAP’s principal advantage
over vConTACT2 lies in its annotation rate. For sequences as short as
1 kb, VITAP’s family-level annotation rate exceeds that of vConTACT2
by 0.13 (Cossaviricota) to 0.87 (Phixviricota) (Fig. 2e), while its genus-
level annotation rate is higher by 0.13 (Cossaviricota) to 0.94 (Cressd-
naviricota) (Fig. 2f). For 30-kb sequences, VITAP’s genus-level anno-
tation rates for Cossaviricota and Preplasmiviricota are 0.20 and 0.05
lower than those of vConTACT2, respectively. VITAP’s family-level
annotation rates for Cossaviricota and Saleviricota are 0.07 and 0.04
lower, respectively. Apart from these three phyla, for 30-kb sequences,
VITAP’s family-level annotation rate surpasses that of vConTACT2 by
0.27 (Taleaviricota) to 0.85 (Kitrinoviricota) (Fig. 2e); its genus-level
annotation rate is higher by 0.06 (Artverviricota) to 0.86 (Kitrinovir-
icota) (Fig. 2f). Overall, in terms of generalizability, vConTACT2’s
strength lies in its very high F1 score, albeit at the cost of severely
diminished annotation rates. In contrast, VITAP maintains an accep-
table F1 score (over 0.9 on average) while preserving relatively high
annotation rates. Specifically, VITAP’s annotation rates for short
sequences exceed those of vConTACT2 across all viral phyla, and for
nearly complete genomes, VITAP also achieves higher annotation rates
for all RNA viral phyla and most DNA viral phyla compared to
vConTACT2.

By employing these pipelines to perform taxonomic assignments
on their database-derived sequences, we evaluated each pipeline’s
efficiency and performance in utilizing taxonomic databases. For
family-level taxonomic assignments on sequences of varying lengths,
VITAP and the other four pipelines all achieve average accuracy, pre-
cision, and recall values exceeding 0.9 (Fig. 3a). PhaGCN2 is unable to
perform taxonomic assignments on short sequences and can only
provide valid assignments for Duploviricota, its classification metrics
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are notably lower than those of the other pipelines. VITAP’s family-
level annotation rate exceeds that of most other pipelines, remaining
comparable to VPF-Class (both exceeding 0.9). For genus-level taxo-
nomic assignments, VITAP exhibits accuracy approaching 1, compar-
able to vConTACT2 (Fig. 3b). Although its precision and recall are
slightly lower than those of vConTACT2 and CAT, they remain
acceptable (above 0.9), remaining comparable to VPF-Class. In terms
of genus-level annotation rate, VITAP surpasses vConTACT2 and CAT,
remaining comparable to VPF-Class. This result further underscores
VITAP’s ability to maintain high taxonomic assignment matrices while
achieving a higher annotation rate than other pipelines.

Next, a taxonomic assignment comparison on newly released viral
genomes between VITAP and other pipelines was conducted to vali-
date its potential advantages in viral taxonomy applications. The viral
reference genomes collected in previous ICTV releases and NCBI viral
RefSeqs (VMR-MSL35, VMR-MSL37, andNCBI RefSeq209)were used to
build VITAP databases. These VITAP database versions are consistent
with those used by other pipelines to avoid the impact of database
version differences on the comparison. Genomes released in NCBI
Viruses after January 2020 (for VMR-MSL35) and January 2022 (for
VMR-MSL37 and NCBI RefSeq209) were respectively designated as
‘new genomes’ and fragmented to generate simulated viromes47. The
simulated viromeswere used toperformtaxonomic assignments using
five state-of-the-art pipelines (VPF-Class: genomes released after Jan-
uary 2020, others: genomes released after January 2022) and VITAP,
respectively40,44,46,48,49. Based on the results of VMR-MSL37-based

family-level taxonomic assignments, vConTACT2, CAT and VITAP
had relatively high accuracy, precision, and recall, resulting in similar
F1 scores (Fig. 4a); based on the results of VMR-MSL35-based family-
level taxonomic assignments, VITAP had higher accuracy, precision,
recall, and annotation rate than VPF-Class (Supplementary Fig. 1a).
Hence, the performance differences of family-level taxonomic
assignments between most pipelines are mainly reflected by the dif-
ferences of annotation rate (Fig. 4a and Supplementary Data 2, 3).
VITAP’s average annotation rate is higher than other pipelines (family-
level: 0.95, genus level: 0.86), and its standard deviation is lower than
other pipelines (family-level: 0.15, genus level: 0.2). For genus-level
taxonomic assignments, VITAP and CAT exhibit similar performance,
with vConTACT2 slightly outperforming both. All three pipelines
achieve an average F1 score above 0.9. Nevertheless, CAT and VITAP
clearly outperform vConTACT2 in terms of annotation rate, especially
for sequences as short as 1 and 5 kb. Even for 20-kb and 30-kb
sequences, CAT and VITAP remain superior to vConTACT2. In addi-
tion, VITAP achieves a lower standard deviation in genus-level taxo-
nomic assignments across all sequence lengths (vConTACT2: 0.37,
CAT: 0.29, VITAP: 0.15) (Fig. 4b). Similar evaluations for the VMR-
MSL35-based taxonomic assignments also indicate that VITAP out-
performs VPF-Class on accuracy, precision, recall, F1 score and anno-
tation rate (Supplementary Fig. 1a, b).

To provide more detail on the effectiveness of VITAP taxonomic
assignments, the taxonomic assignment performance through six
pipelines was compared in terms of viral phyla. Different viral
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taxonomic ranks within the Baltimore framework have a range of
taxonomic criteria, which create difficulties and challenges for auto-
mated taxonomic assignments. For the VMR-MSR37-based family-level
taxonomic assignments, VITAP consistently achieves F1 scores
exceeding 0.9, outperforming or equaling other pipelines for taxo-
nomic assignments on sequences of all lengths (Fig. 4c and Supple-
mentary Data 2). Meanwhile, VITAP attains annotation rates above 0.8
across 14 viral phyla on sequences of all lengths (except for Nucleo-
cytoviricota and Artverviricota at 1/5 kb). By contrast, CAT and geNo-
mad are able to maintain annotation rates above 0.8 for all sequence
lengths in only three (Peploviricota, Preplasmiviricota, Duplornavir-
icota) and one (Uroviricota) viral phyla, respectively, whereas vCon-
TACT2 and PhaGCN2 fail to reach annotation rates of 0.8 formost viral
phyla. For the VMR-MSR37-based genus-level taxonomic assignments,
VITAP achieves an F1 score exceeding 0.9 for sequences of various
lengths from 14 viral phyla (except for Preplasmiviricota and Lenar-
viricota) (Fig. 4d and Supplementary Data 3). Moreover, VITAP and
CAT maintain annotation rates above 0.7 for sequences of various
lengths from nine and eight viral phyla, respectively. vConTACT2 only
maintains an annotation rate of 0.88 for Nucleocytoviricota, and when
the sequence length reaches the 30-kb cutoff, it achieves annotation
rates exceeding 0.7 for seven viral phyla. These results further
demonstrate that although vConTACT2 exhibits high accuracy, pre-
cision, and recall, its annotation rate is suboptimal and is significantly
influenced by sequence length. For VMR-MSR35-based taxonomic
assignments, VITAPgenerally achieves higher F1 scores and annotation
rates than VPF-Class across all viral phyla (Supplementary Fig. 1c, d and
Supplementary Data 3). Notably, for RNA viruses, VPF-Class failed to
perform taxonomic assignments for any of the five RNA viral phyla. In
sum, these results demonstrate VITAP’s superior performance in
genus-/family-level taxonomic assignments compared to other pipe-
lines. The advantage of VITAP lies in its ability to maintain a high
F1 score while achieving relatively high annotation rates across multi-
ple viral phyla. In addition, VITAP is particularly suitable for taxonomic
assignments on highly incomplete DNA and RNA viral sequences,
which constitute the main components of metagenomes, metatran-
scriptomes, and metaviromes.

High accuracy and robustness of VITAP in taxonomic assign-
ments of short sequences from different viral phyla
Based on the results from tenfold cross-validation, the F1 scores of
assigned viral families/genera for short sequences were further ana-
lyzed. These results focus solely on those sequences with assigned
taxonomic units by VITAP, demonstrating its capability for effective
family and genus level taxonomic assignments for sequences as short
as 1-kb and 5-kb. For taxonomic assignment of 1-kb sequences at the
family-level, VITAP yielded reliable taxonomic assignments (average

F1 score >0.9) for 13 viral phyla, and acceptable taxonomic assign-
ments for Cossaviricota (average F1 score = 0.83), Nucleocytoviricota
(average F1 score = 0.89), Negarnaviricota (average F1 score = 0.88),
and Pisuviricota (average F1 score = 0.88) (Fig. 5a and Supplementary
Data 4). At least 80% of families in each viral phylum had an F1 score of
higher than 0.9. For taxonomic assignment of 1-kb sequences at the
genus level, VITAP yielded similar average F1 scores for most viral
phyla except Cressdnaviricota, which had a notably reduced value
(decreased from 0.92 to 0.67). In nine viral phyla (Peploviricota, Uro-
viricota, Cressdnaviricota, Hofneiviricota, Phixviricota, Pre-
plasmiviricota, Kitrinoviricota, Negarnaviricota, and Pisuviricota), less
than 80% of genera had F1 scores of higher than 0.9 (Fig. 5a and
Supplementary Data 4). For taxonomic assignment of 5-kb sequences
at the genus and family levels, VITAP is capable of performing more
stable and effective taxonomic assignments than for 1-kb sequences.
The family-level average F1 scores for the 17 viral phyla range from0.91
(Nucleocytoviricota) to 1 (for eight viral phyla); the genus-level average
F1 scores range from0.62 (Pisuviricota) to 1 (for six viral phyla). Nearly
90% of families in each viral phylum had an F1 score higher than 0.9
(Fig. 5a and Supplementary Data 4). In Peploviricota, Cressdnaviricota,
Hofneiviricota, Phixviricota, Kitrinoviricota, and Negarnaviricota, 80%
of genera have average F1 scores higher than 0.9 when the sequence
length reached at least 5-kb. In summary, for short sequences from all
17 viral phyla, VITAP is able to generate reliable family-level taxonomic
assignments. For short sequences from the majority of viral phyla (10
out of 17 for 1-kb sequences and 14 out of 17 for 5-kb sequences), VITAP
is able to generate acceptable genus-level taxonomic assignments.

The relationship between alignment scores and confidence levels
of taxonomic assignments were assessed. Four representative gen-
omes from four viral realms were selected to show the taxonomic
assignment performances of 1-kb sequences from along the genomes
(Fig. 5b). Viral sequences generally have higher alignment scores
within their own taxonomic units compared to those from other
taxonomic units. The greater the difference between the alignment
scores within their taxonomic units and those with other units, the
stronger the taxonomic distinctiveness of these sequences, corre-
sponding to higher confidence in their taxonomic assignments. For
Human herpesvirus 1 strain 17 (Simplexvirus humanalpha1) and Mon-
keypox virus strain Zaire-96-I-16 (Monkeypox virus), some sequences
located in longer intergenic regions could also be effectively classified,
with a high-confidenceof taxonomic assignment (ranging from0.78 to
1). Owing to the end-to-end translation strategy for short non-coding
sequences, VITAP is also capable of effectively classifying potential
non-coding viral sequences in metagenomes.

Based on the results of the tenfold cross-validation, the accuracy
of genus-/family-level taxonomic assignments for short sequences
across various viral phylawas further evaluated at different confidence

Table 1 | Features of viral taxonomic assignment pipelines

vConTACT2 CAT PhaGCN2 geNomad VPF-Class VITAP

Taxonomy rationale GB PB GB PB PB GB

ICTV database adaptation √ √ √ √

Custom database adaptation √ √ √

Updates by non-specialist users √ √ √

Family-level classification recommendations √ √ √ √ √ √

Genus-level classification recommendations √ √ √ √

Genome-content-based network √ √

Short sequence (≤ 5-kb) analysis √ √ √ √ √

Proposals for new taxonomic units √

Taxonomic assignments across all viral realms √ √ √ √

GB genome-based, PB protein-based.
These features reflect the capabilities of these pipelines but do not pertain to their performance strengths or weaknesses.
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levels. For most phyla, high-/medium-confidence assignments showed
an accuracy above 0.7, indicating acceptable performance (Fig. 6 and
Supplementary Note 2). Low-confidence assignments varied, with
some phyla, such as Taleaviricota and Peploviricota achieving an
acceptable accuracy for 5-kb sequences. Notably, the evaluation
highlights VITAP’s stable performance in RNA viral taxonomic assign-
ments. For Duplornaviricota, Lenarviricota, and Negarnaviricota, all
genus and family-level taxonomic assignments, regardless of con-
fidence level, demonstrated an accuracy exceeding 0.7, indicating
consistent reliability (Fig. 6 and Supplementary Note 2). Taxonomic

assignments with high-/medium-confidence of Kitrinoviricota and
Pisuviricota achieved accuracies above 0.7 across different sequence
lengths (Fig. 6 and Supplementary Note 2). This result also confirmed
VITAP’s effectiveness in accuratelyperforming taxonomic assignments
for RNA viral sequences.

The re-assessment of viral diversity in deep-sea environments
To update insights into the diversity of deep-sea viruses under a viral
taxonomic framework, viruses derived from four deep-sea viromes
were re-performed taxonomic assignments using VITAP4,28,50,51. For the
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original taxonomic profiling from the literature, 93.5% of deep-sea-
derived vOTUs were unclassified at the class level4,50. These studies
were all based on the taxonomic framework proposed by ICTV prior to
2021 for viral taxonomic criteria, which includedmorphological-based
taxonomic units (Sipoviridae, Myoviridae, and Podoviridae) that are
now abolished in the taxonomy of head-tail viruses. Morphology-
based taxonomy of head-tail viruses is a low-resolution classification,
that fails to adequately reflect the genomic characteristics of these
viruses. Nonetheless, these studies filled gaps in the understanding of
the ecological functions of deep-sea viruses, but the information they
providedon the taxonomyand systematics of these viruses is still quite
limited.

Leveraging the advantages of VITAP in viral taxonomic assign-
ments, the taxonomic profile of deep-sea viruses has been re-
established. To achieve more comprehensive results, we performed
taxonomic assignments for deep-sea viruses using an expanded data-
base combining IMG/VR and NCBI RefSeqs. Based on the expanded
database, VITAP achieved a slightly higher lineage-level annotation
rate compared to using the VMR-MSL37 database alone, while sig-
nificantly improving family- and genus-level annotation rates, with
increases of approximately 1.5-fold and 1.7-fold, respectively (Supple-
mentary Fig. 2a, b). With regard to whole lineage annotation, VITAP
and geNomad have similar annotation rates on these datasets, which
are significantly higher than those of other pipelines (Supplementary
Fig. 2a and Supplementary Data 5). They both assigned taxonomic
lineages to over 27,000 deep-sea-derived viruses. However, with
regard to family and genus level unit assignments, the annotation rate
of VITAP is higher than geNomad and other pipelines, further con-
firming the good generalization ability of VITAP. Although VPF-Class
and PhaGCN2 achieved higher genus and family-level unit assignments
compared to VITAP, their results were not considered to be highly
reliable due to their outdated databases and suboptimal taxonomic
assignment efficiency (Fig. 4 and Supplementary Fig. 1). At the phylum-
to-class level, 27,064 vOTUs out of 33,373 could be assigned to
established viral phylumor classes (Fig. 7a and SupplementaryData 5).
Hence, VITAP increased the proportion of classifiable viruses from the
original 6.5 to 81.1%. Most deep-sea viruses belonging to Uroviricota-
Caudoviricetes, comprise 77.9, 80.3, 75.0, and 77.9% vOTUs of CSSV
(cold seep sediment virome), OTGVD (oceanic trench viral genome
dataset), MTSV (Mariana Trench sediment virome), and MTV (Mariana
Trench water column virome), respectively. The Varidnaviria is the
second largest viral realm, comprising 0.9% vOTUs of MTV to 3.3%
vOTUs ofMTSV. Notably, 11 vOTUswere assigned to Adnaviria (4 from
OTVGD, 3 from the CSSV, and 1 from CSSV), which contained all fila-
mentous dsDNA viruses infecting Archaea52,53. At the family-level, only
2339 vOTUs were assigned to family-level units, indicating that there
were a substantial number of undiscovered viral families in deep-sea
viruses, especially for head-tail viruses (Supplementary Fig. 2a and
Supplementary Data 5). For established viral families, the Kyanoviridae
(T4-like viruses infecting cyanobacteria) are themost classified viruses

within deep-sea viromes (n = 459). This is followed by Auto-
graphiviridae (T7-like viruses) and Peduoviridae (P2-like viruses), which
contain 292 and 110 vOTUs, respectively. In addition, 79 and 28 vOTUs
(mainly from the OTVGD andMTV) were classified as Phycodnaviridae
and Mimiviridae, respectively. The family features of these viral linea-
ges were also confirmed through genome-wide analysis (Supplemen-
tary Fig. 3).

Recruitment of a range of viral taxonomic units were normal-
ized based on their metagenome sizes and were used to facilitate
comparisons between different deep-sea viromes. At the phylum
level, Uroviricota had the highest density across all viromes (from
6.3 to 230.3 vOTUs/GB), followed by Nucleocytoviricota (from 0.05
to 0.95 vOTUs/GB) (Fig. 7c). For vOTUs assigned to established
families, Autographiviridae, Kyanoviridae, Zobellviridae and Kya-
noviridae had the highest densities in CSSV, OTVGD, MTSV, and
MTV, respectively (Fig. 7d). Notably, most viral families from the
MTV had higher densities than other three datasets, potentially due
to its enrichment process leading to greater efficiency in virion
recovery50.

Discussion
Through comparative genomics employing computational techni-
ques, significant progress has been made in mapping out the evolu-
tionary history of key viral groups. This progress has led to the
establishment of a systematic viral taxonomic framework, now offi-
cially recognized by ICTV54–57. The automated taxonomic assignments
of viruses has been a challenge within the field of virology for decades.
Particularly, with the rapid development of meta-omics, the vast
amount of viral genomic data presents unprecedented challenges for
viral taxonomy. Leveraging computational biology techniques, pre-
vious research efforts have resulted in the development of a series of
high-performance automated classification pipelines, making a sig-
nificant contribution to advances in the field40–42,46,48. These pipelines
are primarily applicable to prokaryotic viruses with dsDNA genomes,
providing a crucial reference for the establishment of various taxo-
nomic hierarchies for head-tail viruses as recognized by ICTV58,59. The
dsDNA viruses that infect prokaryotes are widely distributed in the
environment and have long served as the primary subjects of research
in ecological virology4,24,28,60,61. With further advances in metagenomic
technologies, an increasing number of studies have been focused on
the diversity of viruses beyond head-tail viruses (e.g., ssDNA viruses
and RNA viruses), aiming to elucidate their biological and ecological
significance12,29–33,62–68. However, no automatic taxonomic assignment
pipeline is universally available for all viruses. This was the initial
motivation behind the design of VITAP, with the expectation of filling
this technical void in the field.With an acceptable time-consuming and
memory-consuming requirement (Table 2, Supplementary Fig. 4, and
Supplementary Note 3), VITAP is capable of performing efficient
taxonomic assignments for viruses from different realms and is con-
tinuously updated based on the latest ICTV proposals. VITAP exhibits

Fig. 2 | The generalization ability of VITAP compared to vConTACT2 based on
the VMR-MSL38 database. The VMR-MSL38 database was divided into a training
set comprising 70%of the data and a test set comprising 30%. Sequences in the test
set were sliced into genome fragments of varying lengths (1-, 5-, 10-, 20-, and 30-kb),
and taxonomic assignments were performed using VITAP and vConTACT2, which
was built on the 70% training set. The dataset splitting, training, and taxonomic
assignment steps were independently repeated ten times. The accuracy, precision,
recall, F1 score, and annotation rate were employed to characterize the tenfold
cross-validation. The center lines of the boxes indicate the median values of taxo-
nomic assignment matrices on 17 viral phyla. The bounds of the box represent the
interquartile range, with the lower and upper bounds, respectively, corresponding
to the first and third quartiles. The whiskers denote the lowest and highest values
within 1.5 times the interquartile range. a The F1 scores of VITAP and vConTACT2
across ten independent family and genus level taxonomic assignments; b The

annotation rate of VITAP and vConTACT2 across ten independent family and genus
level taxonomic assignments; cTaxonomic assignment performances of VITAP and
vConTACT2 on family levels were evaluated by accuracy, precision, recall F1 score,
and annotation rate. The boxplots represent the distribution of averages of five
classification matrices for 17 different viral phyla produced by two pipelines;
d Taxonomic assignment performances of VITAP and vConTACT2 on genus levels
were evaluated by accuracy, precision, recall F1 score, and annotation rate. The
boxplots represent the distribution of averages of five classificationmatrices for 17
different viral phyla produced by two pipelines; e Taxonomic assignment perfor-
mances of VITAP and vConTACT2 on family-level cross 17 viral phyla were eval-
uated by F1 score and annotation rate; f Taxonomic assignment performances of
VITAP and vConTACT2 on genus level cross 17 viral phyla were evaluated by
F1 score and annotation rate.
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Fig. 3 | Database utilization efficiency evaluation of VITAP compared to
vConTACT2, CAT, VPF-Class, PhaGCN2, and geNomad. Boxplots represent the
performance metrics (accuracy, precision, recall, F1 score, annotation rate) of five
fragment subsets with different lengths (1-, 5-, 10-, 20-, and 30-kb), which were
generated from their corresponding database The boxplots represent the dis-
tribution of averages of five classification matrices for 17 different viral phyla pro-
duced by two pipelines. The center lines of the boxes indicate themedian values of
taxonomic assignment matrices on 17 viral phyla. The bounds of the box represent
the interquartile range, with the lower and upper bounds, respectively,

corresponding to the first and third quartiles. The whiskers denote the lowest and
highest values within 1.5 times the interquartile range. a The evaluation of taxo-
nomic assignments on family-level. For each box plot, the boxes from left to right
represent the statistical data of vConTACT2, CAT, VPF-Class, PhaGCN2, geNomad,
andVITAP, respectively;bThe evaluationof taxonomicassignments ongenus level.
The PhaGCN2 and geNomad lack genus-level taxonomic assignment capabilities,
hence their related results are not displayed. For each box plot, the boxes from left
to right represent the statistical data of vConTACT2, CAT, VPF-Class, and VITAP,
respectively.
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reliable generalization ability for taxonomic assignments of highly
diverse viromes. In the evaluation based on newly released viral
RefSeqs, VITAP and other pipelines show comparable accuracy, pre-
cision, recall, and F1 score for taxonomic assignments, we demon-
strated superior overall annotation rates of VITAP compared to other
pipelines, particularly for highly incomplete viral sequences (Fig. 4 and
Supplementary Fig. 1). In application, the advantage of VITAP becomes
obvious, as reflected in its remarkably higher annotation rate com-
pared to other pipelines for DSV-derived viruses. VITAP can also inte-
grate viral genomes from different databases (e.g., NCBI RefSeqs and
IMG/VR) along with their taxonomic information to perform taxo-
nomic assignments. This integration enhances the generalization
ability of VITAP’s taxonomic assignment, resulting in a greater number
of annotations (Supplementary Figs. 2, 5 and SupplementaryData 5). In
addition, it offers a user-friendly interface and provides easily inter-
pretable results.

VITAP is capable of performing taxonomic assignments for viral
sequences as short as 1 kb. However, the taxonomic assignments of
these sequences require careful interpretation (Supplementary
Note 4). Firstly, researchers need to rigorously quality control the
short sequences used for taxonomic assignments to exclude any
potential contamination from cellular genomic sequences. Such con-
tamination may arise from artificial concatemer/circular sequences
introduced during the reads assembly process45,69, or natural viral
genomes with cellular origins due to frequent HGTs between viruses
and cellular organisms70,71. For nearly complete genomes, this cellular
contamination can be effectively identified through comparison with
reference genomes and analysis of G +C skewing72. However, this
process becomes challenging for shorter sequences, as much of the
information is lost or cannot yield statistically meaningful
conclusions73. Secondly, there are extensiveHGTs between viruses and
cellular organisms, as well as among different viruses63,70,71,74. These
exogenous sequences do not reflect the bona fide taxonomic infor-
mation of the viruses and can lead to abnormal results when present in
short sequences. For instance, some genetic elements of head-tail viral
ORFs and cellular gene transfer agents (GTAs) share a common
origin75–77; there are widespread HGTs between giant viruses78. Thirdly,
the boundaries between viral lineages are not always clear. Different
viral lineages may share genes26,63,74,79, and smaller viral elements can
even integrate into larger viral genomes80,81, which complicates the
taxonomic assignments of short sequences. Considering these issues,
VITAP attempts to provide local optimum taxonomic hierarchies by
making comparisons with reference genomes and calculating char-
acteristic thresholds, although these results are not guaranteed to be
correct (Supplementary Note 4). Therefore, the taxonomic assign-
ments of short (≤1-kb) viral sequences remain a challenge for VITAP as
well as other current pipelines, albeit VITAP has made some
improvements in this aspect.

Unlike genome-content-based taxonomic assignment pipelines,
VITAP performs taxonomic assignments on relevant viral contigs in
accordance with an existing taxonomic framework. The former
approach is based on clustering algorithms, performing taxonomic
assignments based on signature sequences present within each
group40,41. Initially, adopting a similar methodology for VITAP was
considered, but subsequent evaluations revealed the limitations of
clustering algorithms for viral taxonomic assignments. Specifically, it is
challenging to generate results consistent with the current taxonomic
framework for viral genomes from different taxonomic levels/units
under the same clustering parameters (e.g., inflation in the Markov
clustering algorithm, linkage criteria in Hierarchical Clustering).
Therefore, viral taxonomic assignments based on clustering methods
require careful consideration of these clustering parameters and the
design of specific classification approaches for viruses from different
taxonomic hierarchies or units31. However, this introduces a potential
problem: often, it is not clear in advance towhich taxonomic hierarchy

or unit the virus to be classified belongs, creating an obstacle to the
effective use of these taxonomic assignment pipelines. Undoubtedly,
while genome-content-based taxonomic assignment pipelines cen-
tered on clustering algorithms have apparent limitations, they pro-
vided an important method for the establishment of novel viral
taxonomic units (especially for head-tail viruses)56,58,82,83.

A hybrid annotation strategy can make more comprehensive
annotation results thanonlyusing a single one. For instance, the hybrid
annotation strategy of IMG/VR (v.4) is based on several databases,
including the viral RefSeqs database, geNomad’s marker-based
assignments, alignment to GenBank NR database, and vOTU
consensus45. Based on the benchmarking and DSV-based annotation
analysis, the results indicate that, the performance of stand-alone
VITAP surpassed or was equal to other stand-alone pipelines on most
viral phyla (Supplementary Fig. 2a and Supplementary Data 5). VITAP
largely replicates IMG/VR’s taxonomic assignments for DNA viruses,
with fewer inconsistencies and higher accuracy in some cases, but
shows limited consistency for RNA viruses at the family-level (Sup-
plementary Fig. 6, Supplementary Data 6, and Supplementary Note 5).
For genomes with inconsistencies, the IMG/VR hybrid taxonomic
annotation pipeline outperforms VITAP by over five-fold, suggesting
potential limitation of VITAP due to the lack of reference sequences in
ICTV. However, its performance is expected to be improved as the
diversity of viral databases increases (Supplementary Fig. 5). In addi-
tion, VITAP assigned new family-level taxonomic units to 41,469 pre-
viously unclassified vOTUs from IMG/VR (v.4), highlighting the
complementary advantages of VITAP compared to other pipelines in
taxonomic assignments (Supplementary Fig. 7, Supplementary Data 7,
and Supplementary Note 6). Currently, no single pipeline can achieve
performance comparable to that of a hybrid annotation strategy. The
combining results frommultiple pipelines is expected to obtain more
comprehensive annotations in meta-omic analysis. Overall, VITAP
currently offers a viral taxonomic assignment algorithm framework,
including a series of steps to determine the optimal taxonomic hier-
archies and units for viral sequences. In future work, we will explore
whether the weights generated during the VITAP taxonomic assign-
ment process can be utilized as measures of distance or similarity in
clustering algorithms, giving the capacity to guide the generation of
novel taxonomic units.

Methods
Database of viral reference genomic sequences used by VITAP
Published viral reference genomes were used to build the VITAP-
specific database and performbenchmarking. As the high priority of
ICTV in viral taxonomy, the taxonomic assignments by VITAP are
highly based on viral genomes accepted by ICTV. After carefully
evaluating the differences in taxonomic information between var-
ious databases, viral genomes from other databases can also be
integrated into the VITAP database to enhance the sensitivity of
taxonomic assignments. Genomes collected in ICTV VMRs and NCBI
RefSeqs (VMR-MSL35, VMR-MSL37, VMR-MSL38, and NCBI
RefSeq209) were retrieved and downloaded from GenBank. These
included 10,345, 15,230, 16,238, and 13,650 viral genomes/segments
from 6388, 10,245, 11,095, and 10,377 viral species respectively.
Based on the viral region information provided by ICTV, viral
regions that were integrated into host genomes were extracted
from corresponding host chromosomes.

The gene calling of viral genomes/segments was performed using
two strategies, open-reading-frame (ORF)-based and end-to-end
translation. Prodigal (v.2.6) was used to predict putative viral ORFs
with default parameters in “meta” mode84. For those short sequences
that could not be processed by Prodigal, the end-to-end translation
strategy was applied to generate six possible reading frames using
Seqkit (v.2.5)85. The ORFs and end-to-end translated reading frames
were merged into a viral reference protein set.
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Determination of taxonomic thresholds
Taxon-specific alignment thresholds were calculated for each taxo-
nomic unit based on all-to-all alignment of reference genomes. Unlike
the method designed by Lavigne et al., the proportion of shared

homologous ORFs within a taxonomic unit was not presupposed86.
Instead, the alignment-based sequence similarity was quantified and
used to determine the taxon thresholds. This is a more flexible
approach, as each taxonomic unit is assigned a specific threshold, thus
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Fig. 4 | Benchmarking performance metrics (accuracy, precision, recall,
F1 score, annotation rate) of VITAP compared to vConTACT2, CAT, PhaGCN2,
and geNomad based on newly released genomes (3705 viral reference gen-
omes, released after 2022.01).All of these pipelines are based on the VMR-MSL37/
NCBI RefSeq209 database. a The taxonomic assignment performance evaluation
on family-level. Boxplots represent the five performance metrics of five fragment
subsets with different lengths (1-, 5-, 10-, 20-, and 30-kb), which were generated
from the VMR-MSL37/NCBI RefSeq209 database, including 191,596, 40,425, 21,857,
13,622, and 8844 fragments, respectively. These boxplots represent the distribu-
tion of averages of five classification matrices for 16 different viral phyla produced
by two pipelines. The center lines of the boxes indicate the median values of
taxonomic assignment matrices on 16 viral phyla. The bounds of the box represent

the interquartile range, with the lower and upper bounds, respectively, corre-
sponding to the first and third quartiles. The whiskers denote the lowest and
highest values within 1.5 times the interquartile range. For each box plot, the boxes
from left to right represent the statistical data of vConTACT2, CAT, PhaGCN2,
geNomad, and VITAP, respectively; b The taxonomic assignment performance
evaluation on genus level. For each box plot, the boxes from left to right represent
the statistical data of vConTACT2, CAT, and VITAP, respectively; cOn the aspect of
family-level taxonomic assignments, the F1 score and annotation rate of VITAP and
the other four pipelines were compared spanning various sequence lengths; d On
the aspect of genus-level taxonomic assignments, the F1 score and annotation rate
of VITAP and the other four pipelines were compared spanning various sequence
lengths.
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avoiding the previous rigid taxonomic assignment process. Viral
reference proteins were self-aligned using DIAMOND (v.0.9) with 1e-5
as the E-value and other default parameters, reporting the top 1000
hits. Each ORF was subsequently given a taxonomic lineage composi-
tion based on the taxonomic lineage of the assigned reference gen-
omes. Different ORFs within a target genome might have different
taxonomic lineage compositions. The hits for each ORF were then

categorized into three types: self-hit, top-hit, and others, assigning
different weights to each type. A self-hit is an ORF’s self-alignment,
with a weight of 1; top-hit is the second-ranking hit, excluding the self-
hit, and all other hits sharing the same taxonomic unit, with aweight of
1.2; others, including all remaining hits, were assigned a weight of 0.8.
A second type of weight based on a voting strategy was then defined.
Dominant taxonomic units (constituting at least 50% of all hits for an
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ORF, referring to geNomad) were assigned a weight of 1.249, while the
remaining taxonomic units were assigned a weight of 1. Based on the
two types of weights mentioned above (ω1 and ω2) and the raw bit-
scoreof eachhit of eachORF (b), the taxon bitscore (bt) of eachhit was
calculated:

bt =ω1 � ω2 � b ð1Þ

where bt describes a modified bitscore considering different hit types
for each alignment.

Each taxonomic unitwas scored for eachgenome. Firstly, the ratio
of the number of homologous ORFs (with 1e-5 as the E-value cut-off of
BLASTp) is defined. Let norf be the number of ORFs of a genome that
fall into a taxonomic unit; let Norf be the total number of ORFs of a
genome. Based on the calculated norf and Norf , a parameter is defined
by:

D =
norf

Norf

� �2

ð2Þ

where D describes the ratio of the number of homologous ORFs (with
1e-5 as the E-value cut-off of BLASTp) appearing in a genome within a
taxonomic unit to its total ORFs. For each unit within each taxonomic
hierarchy, a distinct D will be calculated. In other words, each realm-,
kingdom-, phylum-, class-, order-, family-, genus-, and species-level
unit within the viral taxonomy framework will have its own specific D.
This ratio is squared to amplify differences. Secondly, the taxonomic
scores for each genome are determined. Let

P
Bsame be the sum of bt

for a genome within a taxonomic unit; let n be the number of hits
within this taxonomic unit. Then, the taxonomic score (T) for a
genome is defined by:

T = D �
P

Bsame

n
ð3Þ

where T describes a quantified parameter that considers two features,
including ORF alignment scores, and the proportion of homologous
ORFs present in a taxonomic unit relative to the total number of ORFs
in the genome.

The taxonomic threshold for a taxonomic unit is determined from
the set of taxonomic scores of a reference viral genome. Defining
Tsame min and Tdif f max : Tsame min belongs to a set that contains a series
of taxonomic scores, all of which are associated with taxonomic units
identical to those of the query genome. The lowest valuewithin this set
is defined as Tsame min. Similarly, Tdif f max belongs to another set that
consists of taxonomic scores associatedwith taxonomic units different
from those of the query genome. The highest value within this set is
defined as Tdif f max . Based on the calculated Tsame min and Tdif f max ,
two types of taxonomic score threshold are defined by:

Tc1 =
Tsame min +Tdif f max

2

Tc2 =
3�Tsame min

4

(
ð4Þ

where Tc1 and Tc2 respectively describe the cases where multiple
genomes from the same taxonomic unit are present in the database,
and the cases where certain taxonomic units in the database contain
only a single genome. These equations considered both different
taxonomic units with close relationships and relatively independent
taxonomic units. If a genome has taxonomic scores in multiple dif-
ferent taxonomicunits, the taxonomic score threshold for its bonafide
unit is the minimum value among all members that meet the con-
sistency criteria for that unit. If all genomes in a particular unit only
have taxonomic scores within that unit, the threshold is set in the
upper quartile of the lowest taxonomic score in that unit, ensuring a
degree of diversity tolerance.

The taxonomic thresholds were calculated for each taxonomic
unit through the algorithm described above. The thresholds were
subsequently used to calculate quantitative parameters for the classi-
fication of a target genome into taxonomic units at different taxo-
nomic hierarchies. These steps provide the minimum thresholds for
the taxonomic validity of each taxonomic unit. These values vary for
different taxonomic units and are influenced by the diversity of the
reference sequence database.

Optimal taxonomic lineage determination and confidence level
assignment
The taxonomic unit assignment of VITAP independently processes in
different taxonomic hierarchies (from realm-level to species-level). For
annotations of a certain genome, the best-fit taxonomic units
belonging to different hierarchies are not always consistent with its
real hierarchies. This confusion might have resulted from horizontal
gene transfers between different taxonomic units within different
taxonomic ranks. Based on a range of taxon scores of a genome, an
algorithm to detect all possible taxonomic lineages for that genome
and determine one optimal taxonomic lineage was developed. Firstly,
based on the genome-taxonomy bipartite graph and taxonomic hier-
archy, taxonomic units of a genome were aligned at a range of hier-
archies. The genome-taxonomy bipartite graph consists of genome
IDs, taxonomic units, and taxonomic scores (T), describing the taxo-
nomic score (T) of each genome for each taxonomic unit. A genome
may have multiple taxonomic unit associations, but the mapping
between each genome and each taxonomic unit is unique. This step
produced all possible taxonomic lineages for a genome. Secondly,
based on pre-built taxonomic thresholds (Tc1 and Tc2) and taxonomic
score for a genome (T), the ratio of each taxonomic unit’s taxon score
to its corresponding threshold was calculated:

ωT =
T
Tc1

orωT =
T
Tc2

ð5Þ

where theωT wasused as the taxonweight (species to realm-level). For
a genome, ωT described a quantitative parameter for the likelihood of
a genome being attributed to a specific taxonomic unit. Thirdly, the
lineage score was calculated based on the array ofωT of a genome. Let
S1 and S2 be two types of lineage scores; let I be the lowest taxonomic
rank at which ωT exceeds 0.3; i is the final terminating taxonomic
hierarchy, for which the calculated lineage score is the maximum

Fig. 5 | The robustness of VITAP’s taxonomic assignments for short sequences
within different viral phyla, and across whole viral genomes. This result focuses
on the taxonomic assignment efficiency of short sequences that were successfully
assigned taxonomic units by VITAP, without considering sequences that were not
assigned, as the annotation rate of VITAP has already been thoroughly evaluated in
previous results. a The comparison of the taxonomic assignment efficiency at the
family and genus level for 1- and 5-kb short sequences, which derived fromdifferent
viral phyla. For 1-kb sequences, VITAP can produce acceptable family-level taxo-
nomic assignment results; For 5-kb sequences, VITAP can produce reliable results
on both genus and family levels. Different viral phyla are represented by distinct

symbols; DNA viruses and RNA viruses are denoted by different background colors
in the scatter plots.bVITAP is capable of capturing taxonomic signals for 1-kb short
sequences fromdifferent regions of viral genomes. Four viruses (Tequatrovirus T4,
human alphaherpesvirus 1, monkeypox virus, and severe acute respiratory syn-
drome coronavirus 2) were used to demonstrate VITAP’s classification confidence
for their different genomic sequences. In the genome organization diagrams,
heatmaps below indicate the taxonomic assignment confidence levels at the family
and genus levels for the sequences; line graphs represent the alignment scores of
these sequences among members within their own taxonomic unit, as well as with
members of other taxonomic units.
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Fig. 6 | The VITAP taxonomic assignments’ accuracy of different confidence
levels for family and genus level unit assignments across viral phyla. The pie
charts indicate the true positive and false positive results from family and genus
levels unit assignments for viral phyla, with the accuracy (and lineage scores cal-
culated by VITAP). If a taxonomic hierarchy in a viral phylum has no results at a

certain confidence level, it will be shown as an empty pie chart. The results
demonstrate that VITAP can provide accurate taxonomic assignments at a high-
confidence level (lineage score ≥0.6) for all viral phyla, and offer acceptable clas-
sification for most viral phyla at a medium-confidence level (0.3 ≤ lineage
score <0.6).
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Fig. 7 | The viral taxonomy of deep-sea viromes. a The realm-level taxonomy of
four deep-sea virome datasets. The pie chart and bar chart indicate the number of
viral operated units (vOTUs) contained in each viral phylum,which are represented
by distinct viral symbols; b The family-level taxonomy of four deep-sea virome
datasets. The bubble chart displays the top ten assigned viral families in each
dataset. Viral family names and their respective phylum symbols are annotated on
the left side of the heatmap; c The bar graph represents the density of each phylum
level taxonomic unit in each dataset based on sequencing depth (giga base, Gb).

Different datasets are indicated by bars of varying colors; d The bar graph repre-
sents the density of the top ten family-level taxonomic units in each dataset based
on sequencing depth (giga base, Gb). Different datasets are indicated by bars of
varying colors. Corresponding phylum symbols are annotated beside the viral
family names. (CSSV sediment virome of cold seep, OTGVD oceanic trench viral
genome dataset, MTSV sediment virome of Mariana Trench, MTV water column
virome of Mariana Trench).
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among all lineage scores; let nT be the number of taxon levels included
in a lineage. Then:

S1 =
Prealm

i
ωT

nT
ði= species, genus, f amily,order, classÞ

S2 = max
Prealm

i
ωT

nT

� �� �
ði= species, genus, f amily, order, classÞ

8>><
>>:

ð6Þ

In detail, for lineages where all taxon scores are less than 0.3, the
determination of S2 involves a series of calculations. Starting from the
realm, the taxon scores of lower rankswere progressively summed and
the average calculated, resulting in a set of lineage scoresPrealm

i
ωT

nT

� �� �
. The highest lineage score is designated as S2; the cor-

responding lowest rank is identified as the optimal terminating hier-
archy. Based on the current database and taxonomic frameworks, this
step determined the lowest classifiable taxonomic hierarchy for a
genome. Fourthly, the three confidence levels were assigned based on
lineage scores: high-confidence for results with lineage score ≥ 0.6;
medium-confidence for results with lineage score ≥ 0.3; low-
confidence for the rest of other results. In terms of the significance
of varying lineage scores, a lineage score of 1 indicates that a genome
meets the threshold of the current taxonomic framework (a high-
confidence setting of 0.6 is used to maintain a certain tolerance level).
When the lineage score is less than 1, it signifies that a genomedoes not
meet the threshold of the existing taxonomic framework but is, to
some extent, close to certain taxonomic lineages (the lineage score
describes this degree). Fifthly, the result with the highest lineage score
with certain conditions for each genome was selected as the optimal

taxonomic lineage (l*). Let L be a set containing all possible taxonomic
lineages; let nT

�� �� be the number of weights (taxonomic hierarchies) in
the set nT for l. Then, for each possible lineage (l) from the last weight
to the first weight, each lineage score S3:

S3 =
Prealm

i ωT

nT
ði= species, genus, f amily, order, classÞ ð7Þ

its ratio to S2 was calculated and l* was determined:

l* = argmaxl2L nT

�� �� : S3
S2

≥0:6
� �

ð8Þ

In summary, this equation aims to find an l in the set L such that,
under the condition S3

S2
≥0:6, the value of nT

�� �� ismaximized. This allows
VITAP to capture the condition where the optimal taxonomic lineage
has the most number of weights (taxonomic hierarchies) and its
average weight is at least 0.6 of the maximum weight of all possible
taxonomic lineages.

The generalization ability assessment of VITAP
The 16,238 viral genomic sequences collected in VMR-MSL38 were
used to characterize the generalization ability of VITAP. 70% of the
sequences from the set were selected as the training set, and the
remaining sequences as the test set. The sequences in the test set were
sliced into fragments with diverse lengths (1-kb, 5-kb, 10-kb, 20-kb, 30-
kb). The training set was used to build a database utilized by VITAP.
Taxonomic assignments of the test set were performed by VITAP
based on the built database in the previous step. The model’s perfor-
mance on the test set was characterized using four parameters for
different taxonomic levels: accuracy, precision, recall, F1 score, and
annotation rate. Let TP, TN, FP, FN be numbers of true positive, true
negative, false positive, and false negative, respectively. Then:

accuracy=
TP +TN

TP +TN + FP + FN
ð9Þ

precision=
TP

TP + FP
ð10Þ

recall =
TP

TP + FN
ð11Þ

F1 =
2×precision× recall
precision+ recall

ð12Þ

annotation rate=
number of contigs with taxonomic assignments

number of contigs
ð13Þ

whereTP refers to the number of viral sequences correctly assigned to
the bona fide taxonomic units; TN refers to the number of viral
sequences that do not belong to given taxonomic units and were also
correctly excluded by the VITAP; FP refers to the number of viral
sequences that were incorrectly assigned to a taxonomic unit; FN
refers to the number of viral sequences that should have been assigned
to a taxonomic unit but were incorrectly excluded by the VITAP and
other pipelines. These performance matrices were calculated for
family and genus, respectively.

The model is not expected to provide taxonomic units beyond
those present in the training set. On the other hand, unlike traditional
binary andmulti-class supervised learning, viral taxonomic assignment
task is a complex hierarchical classification rather than a flat classifi-
cation. Therefore, applying a strategy to describe the model’s gen-
eralization ability objectively was considered: the statistics were
performed only on the taxonomic units appearing in the training and
test sets. For taxonomic units missing from the training set, if the
related sequences were marked by VITAP as “-“ (indicating that they
cannot be classified) rather than being assigned to incorrect taxo-
nomic units, these sequences were also considered true positive

Table 2 | The time-consuming of different pipelines across viral sequence sets with diverse lengths

Pipelines Database version 1-kb (h) 5-kb (h) 10-kb (h) 20-kb (h) 30-kb (h)

vConTACT2 VMR-MSL37 2.5 1.9 1.5 1.1 1.0

CAT NCBI RefSeq209 1.3 1.1 1.0 0.9 0.7

PhaGCN2 VMR-MSL37 - - 6.1 2.4 1.8

geNomad VMR-MSL37 0.2 0.2 0.2 0.2 0.2

VITAP VMR-MSL37/NCBI RefSeq209 2.7 1.8 1.4 1.3 0.9

VPF-Class VMR-MSL35 141.7 30.1 15.6 8.8 5.1

VITAP VMR-MSL35 5.3 3.3 2.8 2.3 1.8

These were recorded by wall-clock time under the programs running with 12 CPUs and 96 GB memory.
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results. These instances should not be considered failures of VITAP and
other pipelines. These steps were repeated ten times independently
(tenfold validation) to ensure the stability of the generalization ability
assessment.

Benchmarking of VITAP with other pipelines on viral sequences
The performance of VITAP and other state-of-the-art pipelines was
evaluated based on a simulated virome generated from ICTV reference
genomes. To enable a comparison between different pipelines, three
distinct VITAP databases were constructed based on VMR-MSL35
(compared to VPF-Class), VMR-MSL37 (compared to vConTACT2,
PhaGCN2, and geNomad), and NCBI RefSeq209 (compared to CAT) to
ensure that VITAP and the other pipelines used the same (or con-
temporaneous) databases. First, we sliced the viral genomes fromeach
database corresponding to eachpipeline into 1-kb, 5-kb, 20-kb, and 30-
kb sequences and performed taxonomic assignments to evaluate how
effectively each pipeline utilized its respective database. Second, two
“new” viral datasets (viral RefSeqs released after 2022.01 and after
2020.01, respectively) were established as test datasets based on the
release dates of these databases. Sequences of different lengths (1-kb,
5-kb, 10-kb, 20-kb, and 30-kb) from two “new” viruses datasets were
generated by slicing genomes, using fragment lengths as the window
size and half the fragment length as the step size. The sequences
generated in this step exhibited at least 50% overlap in their regions
and covered the entire genomes. The database with an older version
(VMR-MSL35) corresponds to a larger number of “new” test sequences,
while the database with newer versions (VMR-MSL37 and NCBI
RefSeqs209) corresponds to fewer “new” test sequences. Conse-
quently, pipelines tested using VMR-MSL35 as the database (e.g., VPF-
Class and VITAP) include a greater number of sequences compared to
those tested using VMR-MSL37/RefSeqs209 as the database (e.g.,
vConTACT2, CAT, PhaGCN2, geNomad, and VITAP).

Datasets with diverse lengths were subject to previously pub-
lished pipelines to perform taxonomic assignments. For vConTACT2,
the genomes of VMR-MSL37weremerged with the “new” virus dataset
to generate VCs (with “–db none” option and other default para-
meters). As stated by vConTACT2, the extent towhich vConTACT2 can
reproduce a situation where one VC and one sub-VC represent one
family and genus was monitored, respectively. We strictly followed
vConTACT2’s official guideline: “If the user genome is in the same VC
but not the same subcluster as a reference, then it’s highly likely the
two genomes are related at roughly genus-subfamily level.”40. There-
fore, given that a VC may represent a genus or a subfamily, a VC must
have purity at the family-level, meaning that all members within the
same VC must belong to the same family. Otherwise, all members
within that VC were considered false negatives that cannot be effi-
ciently classified. For genus, referring to “If the user genome is within
the sameVC subcluster as a referencegenome, then there is a veryhigh
probability that the user genome is part of the same genus,” a sub-VC
produced by vConTACT2 represents a genus. All members within the
same subVC must belong to the same genus. Otherwise, all members
within that subVC were considered false negatives that cannot be
efficiently classified. For CAT (with NCBI RefSeq209 database)46,
fragments of the “new” viral dataset (released after 2022.01) were used
to perform taxonomic assignments. For VPF-Class (with VMR-MSL35-
contemporary database)44, fragments of “new” viral datasets (released
after 2020.01) were used to perform taxonomic assignments. At that
time, Caudovirales had not yet been abolished. For PhaGCN2 (with
VMR-MSL37 database)48, fragments of the new viral dataset (released
after 2022.01) were used to perform taxonomic assignments. Only
fragment sets with lengths over 10-kb can be used in taxonomic
assignments of PhaGCN2. Shorter sequences cannot be recognized by
the neural network module of PhaGCN2. For geNomad (with VMR-
MSL37 database)45, fragments of “new” viruses set (released after
2022.01) were used to perform taxonomic assignments. The

consistency between assigned taxonomic units and bona fide taxo-
nomic units was assessed by accuracy, precision, recall, F1 score, and
annotation rate. The calculation approach is the same as the general-
ization ability assessment.

Comparison of taxonomic annotation on IMG/VR (v.4)
The taxonomic annotation of 2,631,412 vOTUs from the IMG/VR (v.4)
database was performed based on the approach described above45. As
the GTA-like genomes have been assigned as novel viral families in the
current ICTV viral metadata resource (VMR-MSL38, as of September
2023), it was expected that viral genomes belonging to these novel
families would be found. The IMG/VR (v.4) genome database was
downloaded from the JGI genome portal (https://genome.jgi.doe.gov/
portal/IMG_VR/IMG_VR.home.html). For DNA viruses, a vOTU-level
cluster was determined if its internal members had 95% average
nucleotide identity (ANI) and 85% aligned fraction coverage (AF)
across the genome45. For RNA viruses, a vOTU-level cluster was
determined if its internal members had 90% ANI and 80% AF for RNA-
dependent RNA polymerase (RdRp)67. The annotation of vOTUs by
VITAP was compared with their original taxonomic units to assess the
consistency.

For viral contigs that showed differences in family-level taxo-
nomic assignments between two pipelines (2,830 inconsistencies and
41,479 newly added) (Supplementary Data 6, 7), their ORFs were
aligned with the NR database (as 2023.12.26), using 1e-5 as the E-value
cut-off, and reporting the top 1,000 hits. Based on the alignment result
and GenBank taxonomy database, let norf be the number of ORFs of a
genome that fell into a family; letNorf be the total number of ORFs of a
genome, the participation ratio (p) of each viral contig at each family-
level was calculated:

p=
norf

Norf
ð14Þ

where p is the compositional percentage of a viral sequence at the
protein level for a given family. Subsequently, the consistencywith the
results of VITAP or IMG/VR based on the family with the highest p was
evaluated. This voting-based evaluation method does not rely on the
databases of VITAP and IMG/VR. Although it is influenced by the
species diversity present in public databases, and so the resultsmaybe
relatively objective.

Building the database from diverse genome sources
To enhance classification sensitivity, 4807 and 785 representative
genomes from NCBI RefSeq209 and IMG/VR (v. 4) were incorporated
into the reference sequence of VITAP, respectively. All 13,650 viral
genomes from NCBI RefSeq209 were included. For genomes from
IMG/VR (v.4), only viral taxonomic units (vOTUs) labeled as high-
confidence and high-quality (completeness >0.9) from IMG/VR work-
flow, as well as with genus as lowest taxonomic hierarchy, were
included (n = 10,335)45. Firstly, viral genomes from NCBI RefSeq209
were aligned to the VMR-MSL37 database using MMSeqs2 with para-
meters 95 and 100% as the alignment identity and coverage, respec-
tively. This step led to 6840 non-redundant genomes being compared
to the VMR-MSL37 database. Secondly, vOTUs from IMG/VR (v.4) were
aligned to the VMR-MSL37 genome database and 6,840 non-
redundant viral RefSeqs, respectively, leading to 1234 extra non-
redundant genomes. Thirdly, taxonomic assignments were performed
on these 8074 extra non-redundant genomes by VMR-MSL37-based
VITAP.Only genomeswhere the VITAP-derived taxonomic information
is consistent with the original taxonomic information to a certain level
were retained: 3627 genomes with consistency down to genus; 909
genomes with consistency down to family (received no genus level
units from VITAP); 271 genomes with consistency down to order
(received no family and genus level units from VITAP); 501 genomes
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with consistency down to class (received no order, family and genus
level units from VITAP); 284 genomes without any taxonomic assign-
ment by VITAP. The 5592 genomes as final extra reference genomes
were combined with the VMR-MSL37 database. These extra genomes
and genomes from the VMR-MSL37 databaseweremerged to calculate
thresholds of all taxonomic units and build the database utilized
by VITAP.

Taxonomic re-annotation of the deep ocean virome
VITAP andfive other pipelines (vConTACT2,CAT, VPF-Class, PhaGCN2,
and geNomad) were used to perform viral taxonomic assignments of
deep ocean viromes datasets derived from four studies. The taxo-
nomic databases used by these pipelines include VMR-MSL37/
RefSeq209/IMGVR4-hybrid database (VITAP), VMR-MSL37 (vCon-
TACT2 and VITAP), RefSeq209 (CAT), and pipeline-integrated data-
bases (VPF-Class, PhaGCN2, and geNomad). Four viromes associated
with deep sea and corresponding metadata were retrieved and
downloaded from public databases. These viromes were derived from
oceanic trenches and cold seep sediments4,28,50,51. All viral contigs were
performed taxonomic assignments through VITAP using the VMR-
MSL37/RefSeq209/IMGVR4-hybrid database and stand-alone VMR-
MSL37, respectively. Theprokaryotic viral genomeswith lengthsover 5
kb from the top ten viral families were used to build a genome-content
similarity network by vConTACT240 and visualized by Cytoscape87. As
the contigs assigned to Herelleviridae have no linkages with Here-
lleviridae RefSeqs, these contigs were further confirmed by a viral
proteome tree using ViPTree (v.4)41. The proteins from two assigned
giant viral families (Mimiviridae, and Phycodnaviridae) were subject to
Diamond BLASTp against viral proteins from RefSeq223. The average
number of hits for each target viral protein was calculated across four
different viral groups (Phycodnaviridae in RefSeqs, Mimiviridae in
RefSeqs, Head-tail viruses in RefSeqs, and Filamentous phages in
RefSeqs).

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

Data availability
The hybrid database of VITAP and related taxonomic assignments of
IMG/VR (v.4) vOTUs generated in this study havebeendeposited in the
Figshare database under data https://doi.org/10.6084/m9.figshare.
25426159.v3. The benchmarking and other taxonomic assignment
assessment data generated in this study are provided in the Supple-
mentary Information/Source Data file.

Code availability
The open-source Python code of VITAP, auxiliary scripts in analysis,
taxonomic assignments of IMG/VR (v.4)-derived vOTUs, are all freely
available at Code Ocean, GitHub (https://github.com/
DrKaiyangZheng/VITAP), Zenodo (https://doi.org/10.5281/zenodo.
14873988)88, and Anaconda (https://anaconda.org/bioconda/vitap).
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