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ABSTRACT: We construct a virus database called VirusDB (http://yaulab.math.tsinghua.edu.cn/VirusDB/) and an online inquiry system to serve
people who are interested in viral classification and prediction. The database stores all viral genomes, their corresponding natural vectors, and
the classification information of the single/multiple-segmented viral reference sequences downloaded from National Center for Biotechnology
Information. The online inquiry system serves the purpose of computing natural vectors and their distances based on submitted genomes,
providing an online interface for accessing and using the database for viral classification and prediction, and back-end processes for automatic
and manual updating of database content to synchronize with GenBank. Submitted genomes data in FASTA format will be carried out and

the prediction results with 5 closest neighbors and their classifications will be returned by email. Considering the one-to-one correspondence
between sequence and natural vector, time efficiency, and high accuracy, natural vector is a significant advance compared with alignment
methods, which makes VirusDB a useful database in further research.
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Introduction
Viruses are tiny organisms that may cause a number of diseases
in eukaryotes. They are quite diverse and different from other
biological entities. Some viruses have RNA genomes and some
have DNA genomes. Some viruses have single-stranded
genomes, whereas others have multiple-stranded genomes. The
structures and replication strategies are also quite different.!?
Due to the high diversity of viruses, the corresponding classifi-
cation problem is complicated. The International Committee
on Taxonomy of Viruses (ICTV) defined a universal taxo-
nomic scheme for all the viruses. According to the ICTV
scheme, viral classification starts at the highest level of order
and continues as follows: order, family, subfamily, genus, and spe-
cies. Another main scheme used for the classification of viruses
is the Baltimore classification system.? Based on their nucleic
acid, strandedness (single-stranded or double-stranded), and
methods of replication, viruses are divided into the following 7
groups: dsDNA, ssDNA, dsRNA, ssRNA-RT, (+)ssRNA, (-)
ssRNA, and dsDNA-RT.

More and more new deadly viruses have been discovered,
such as human immunodeficiency virus, severe acute respira-

tory syndrome, Ebola virus, West Nile virus, H7N9, and their

variants. They continually threaten human’s life. Nowadays,
scientists are able to study the nucleotide sequences of viruses
and develop algorithms to classify and predict the characteris-
tics of new viruses. One major approach is to analyze the simi-
larity between the new viruses and known ones. Multiple
sequence alignment (IMSA) has been widely accepted and used
by biologists and virologists now. However, its heavy computa-
tional cost causes serious inefficiency, which makes it impossi-
ble to analyze the phylogeny of whole genomes. Besides, MSA
methods may fail in diverse systems of different families of
RNA viruses. Meantime, different evolutionary models can
lead to different results, which implies that the models and
assumptions are unnatural and unpersuasive. Another popular
category of alignment-free methods is based on the statistics of
oligomers frequency and associated with a fixed-length seg-
ment, known as 4-mers. However, it ignores the positional
information of nucleotides.

Many virus databases have been constructed but on a limited
subset. Examples include the influenza virus database,* the RNA
virus database,” the LANL hemorrhagic fever virus database,’
and the Hepatitis B virus database.” The GenBank provides a
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comprehensive database for viral genomes but with significantly
high-missing ICTV labels, partly due to the different definitions
of “species”. For example, the missing rates of family and genus
labels at GenBank are as high as 12% and 30%, respectively.® For
virus research, it is crucial to take the whole virus database as an
entirety to reveal the relationships for classification.

Our VirusDB introduced here is based on a newly developed
method, natural vector representation,®’-!! which is highly
accurate and efficient. In our latest version (April 14,2017), we
extract all the viruses with complete genomes information
directly downloaded from National Center for Biotechnology
Information (NCBI). All the genomes are obtained by biologi-
cal experiments rather than the prediction from other models,
which reduces the errors by human involvement to the greatest
extent. With the rapid development of sequencing technology
such as next-generation sequencing, the sequence resources
would be more and more abundant and accurate, thus the pre-
diction results would be more satisfying as well.

Materials and Methods

There are 2 kinds of methods for alignment-free genetic
sequence comparison in the literature.!? One is based on the
statistics of oligomer frequencies and associated with a fixed-
length segments, and the other one is based on information
theory and chaos theory. In the past 10 years, alignment-free
comparison has attracted much attention from researchers, and
more and more methods and models have been proposed. The
natural vector method is an alignment-free approach to char-
acterize the genetic sequences and could be used to classify and
to predict the DNA/RNA and protein sequences with high
efficiency and accuracy.®10-14

Let S=(s;,85,--,8,) be a nucleotide sequence with
length n, s; € {A,C,G,T}. For a=A4,C,GT, we define
w,(5)=1,if s=a;and w, (s) = 0 otherwise.

The 12-dimemsional natural vector of § is defined
as (”A’nm”w”w Ha> MC)MG’MT’Dj’DcZ:’D(Z;’D;) 510 where
n, = Z; w,(s5;) denotes the number of occurrences of letter
a in$, p, = Z;i-wa (s,)/n, is the mean position of letter
a, D) = z;(i — )’ w,(s;)/ n,n is a scaled variance of posi-
tions of letter a.

For example, the nucleotide sequence “ACGTA” will be rep-
resented as “(2,1,1,1,3,2,3,4,0.8,0,0,0).”

Using the natural vector representation, if a viral genome
consists of a single-nucleotide sequence, known as single-seg-
mented, then the virus will be represented by a 12-dimensional
numerical vector in the database. If a viral genome contains
more than one nucleotide sequence, known as multiple-seg-
mented, then each nucleotide sequence is represented by a
natural vector and this virus will be represented by multiple
12-dimensional vectors in the database. According to the dis-
tance matrix, we find the nearest neighbor of each virus, i.e., the
virus that has the smallest distance to it. We check the
Baltimore, family, genus, and species labels of the virus and
count it as a case of misclassification if they are not consistent.

We first build a distance matrix among all viruses in the
database. If 2 viruses are both single-segmented, then the dis-
tance between them is defined as the Euclidean distance
between their natural vectors of the 2 viruses. If at least 1 of the
2 viruses is multiple-segmented, the distance is defined as the
Hausdorff distance of 2 sets of natural vectors.1°

For example, if set A={ay, . ..,a,} and set B={4;, ... ,117}, the
Hausdorff distance between them is defined as follows:

H(A,B) =max(h(A4,B), B, A)), where h( A, B)

=maxmin|[a—2&]||
acd beB

The natural vector method has quite a few successful applica-
tions recently. In 2011, we applied natural vector to cluster HIN1
genomes and reported as significant results in dendrogram, which
coincided with biologists’analyses in the work by Deng et al.” We
also predict that the A(H1N1) genomes are originally from swine
flu virus genome lineage, which shows the direction toward how
to resist the threat of the new influenza; in 2013, we also proposed
12-dimensional natural vectors for classifying all single-seg-
mented viruses (DNA and RNA genomes) which broadened the
range of natural vector.® Among the 7 Baltimore classes, the error
rates of classifying Baltimore labels were below 0.01% for
Baltimore I, II, IV, V, and VII, and the error rates of classifying
family labels were O for Baltimore II, III, V, VI, and VII. After
validating with the published references, we successfully predicted
21 missing labels of viruses. In the work by Huang et al,'® we
extended the natural vector approach to include multiple-seg-
mented viruses by introducing Hausdorft metric in the GenBank
at that time. The error rates of the predictions of 2384 viruses
were 3.5% for Baltimore labels, 4.6% for family labels, 0.3% for
subfamily labels, and 4.4% for genus labels. We also analyzed the
influenza A(H7N9) virus whose genome consists of 8 segments
and drew the conclusion that the analysis based on whole
genomes through Hausdorft distance is more reliable than the
classical one based only on 2 segments, which proves that our
method performs well in multiple-segmented viruses. In 2015,
we applied natural vectors on Ebola viruses of the 2014 out-
break.! The accuracy rates on classifying family and genus labels
were 100%. Our phylogenetic analysis showed that a protein
named VP24 is the most consistent one to the variation of viru-
lence among the 7 proteins related to Ebola viruses, which sug-
gests that VP24 would be a pharmaceutical target for preventing
and treating Ebola virus. As natural vector can reflect core infor-
mation stored in sequences and genomes, we use it to construct
the virus classification system introduced in this article.

Results
Database
Our VirusDB contains all the single-segmented and multiple-

segmented reference viral genomes in GenBank. The reference
nucleotide sequence and the label information of Baltimore
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class, family, subfamily, genus, and species of each virus are
included. Every viral nucleotide sequence is analyzed and con-
verted into a unique 12-dimensional natural vector. Because
the correspondence between the natural vectors and the exist-
ing viral genomes is one to one, the distance between 2 viral
genomes based on natural vectors successfully reflects their
biological distance.®10 Relative distances ensure the influence
of different scopes of families or species, whereas absolute dis-
tances show little significance to the final result as the length
and the scope of categories vary from one to another.

As natural vector method is nonassumption and does not
rely on any model, it can be applied well on the whole virus
dataset in GenBank. Thus, it can help fill in the high-missing
classification labels in GenBank fast and accurately. Meantime,
it provides insight into the sequences or genomes of viruses and
their variants and shows the direction for biological experi-
ments and medical research, especially for viral diseases.

Currently, we have 5 database versions available which are
labeled by the downloading time from GenBank: v1, July 27,
2012; v2, November 21, 2012; v3, May 22, 2013; v4, February
20, 2014; and v5, April 14,2017. The first 2 versions only con-
tain single-segmented viruses. We keep these 5 versions avail-
able to users to track the changes of viral information due to
corrections, updates, etc. The last 3 versions include both sin-
gle-segmented and multiple-segmented viruses. The latest ver-
sion contains 4390 viruses with complete genomes information
directly downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/
genomes/Viruses/). Those genomes are obtained from biologi-
cal experiments rather than predicted by other models, which
may introduce many assumptions and errors from the models.
We have tested the fifth version to make sure that it is stable
with high prediction accuracy.

Our database stores the following information of each virus:

e Number of segments: 1 if the virus is single segmented,
and some integer larger than 1 if the virus is multiple
segmented,;

e Accession: the access number of the virus in GenBank;

o GI: the GenBank GI number of the viral nucleotide
sequence;

e GenPartl: first class label of the nucleotide sequence
extracted from NCBI;

o GenPart2: if the sequence is from ssRNA, the property
of positive/negative-strand information;

e Balt: Baltimore classification labels I, II, III, IV, V, VI,
VII of the virus;

e Shape: the shape of the virus, circular or linear;

e Order: order label of the virus;

e Family: family label of the virus;

e Subfamily: subfamily label of the virus;

e Genus: genus label of the virus;

e Virus: the name of the virus;

e Length: the length of the nucleotide sequence;

e 12-dimensional natural vectors.
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Figure 1. The high-level design of the inquiry system.

Online inquiry system

The online inquiry system at VirusDB facilitates the broad sci-
entific user community with the natural vector method, includ-
ing virologists, computational biologists, genomics and
proteomics scientists, molecular biologists, and clinicians. To
cater the balance between development and cost as well as sys-
tem maintenance and performance, a Linux-Apache-MySQL-
PHP (LAMP) solution is applied. Figure 1 outlines the
high-level design of the inquiry system.

A LINUX-based host running on CentOS 6 is used as a server
that contains all the required program and application modules for
implementing the system. It also serves as a file repository for the
public and administrative document storage system.

The core of the whole system is a database management
system, implemented using MySQL databases. The core data-
base is used to store the genome sequences, their associated
natural vectors, and classification information. Perl program-
ming language is adopted as the scripting language to bridge
the internal database and online GenBank database. Apache
http server, the most widely adopted web server, is used to serve
both general public and internal administrators. WordPress has
been adopted as the presentation layer. PHP is used as the
scripting language for the Web application development.


ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/). Those genomes are obtained from biological experiments rather than predicted by other models, which may introduce many assumptions and errors from the models. We have tested the fifth version to make sure that it is stable with high prediction accuracy
ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/). Those genomes are obtained from biological experiments rather than predicted by other models, which may introduce many assumptions and errors from the models. We have tested the fifth version to make sure that it is stable with high prediction accuracy
ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/). Those genomes are obtained from biological experiments rather than predicted by other models, which may introduce many assumptions and errors from the models. We have tested the fifth version to make sure that it is stable with high prediction accuracy
ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/). Those genomes are obtained from biological experiments rather than predicted by other models, which may introduce many assumptions and errors from the models. We have tested the fifth version to make sure that it is stable with high prediction accuracy
ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/). Those genomes are obtained from biological experiments rather than predicted by other models, which may introduce many assumptions and errors from the models. We have tested the fifth version to make sure that it is stable with high prediction accuracy
ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/). Those genomes are obtained from biological experiments rather than predicted by other models, which may introduce many assumptions and errors from the models. We have tested the fifth version to make sure that it is stable with high prediction accuracy

Evolutionary Bioinformatics

Query Sequence virus 0
ATCGGTCGATC...
!
Natural Vector:
(nAJ Ny N, Ny far Ber By BTy D}: DE,DE, D'lz")

1

Find the 5 closest viruses in the whole dataset
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Are there more than 75% pairs of
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Yes No

We predict that virus 0
belongs to the
class/order/family/. ..

l l

| Reply the results to user by email ‘

We don’t make any
prediction.

Figure 2. The basic workflow of VirusDB.

Web interﬁzce design overview

The structure of Web interface of whole system consists of 8
parts: Home, About, Content, Submit Sequence, Get Result,
Current Collection, FAQ, and Contact Us.

The whole Web system contains 2 components, namely, as
follows:

e Virus Classification Project using natural vector method;
e Virus Prediction.

Virus Classification Project is the main homepage for the
project. All 8 categories except the Submit Sequence and Get
Result are under this homepage. The Home section displays
our research progress on natural vector method, published
papers, and funding support. The About section contains the
overview of the whole project. The Content section contains
detailed information of the whole project. The Submit
Sequences web application aims at providing online interface
to users. The Current Collection provides online interfaces for
the public to read the current virus classification. FAQ displays
several commonly asked questions and the corresponding
answers, especially about the inputs and outputs of the system,
and will be updated regularly according to feedback from users.

Virus Prediction System includes Submit Sequences and
Get Result. Our basic workflow is shown in Figure 2. The users
are inquired to choose either single segment or multiple seg-
ments of the viruses. With a little instruction beginning with a
symbol “>” on the first line (which is similar to FASTA file),
they can submit a nucleotide sequence with or without the
Baltimore and family labels. If no label is chosen, the calcula-
tion would be done in the whole database and the prediction of

which Baltimore class and family it belongs to would be made.
If the sequence and Baltimore class label are submitted, but
without a family label, the calculation will be done within the
Baltimore class, and then the prediction of whether the query
virus is in the Baltimore class or not would be made. If the fam-
ily label is also submitted, then the system would predict
whether it is in the family or not. As soon as the system receives
a request with the verification code to ensure human requiring
rather than attack from a malicious hacker, it will calculate the
corresponding natural vector as well as the distances between
the submitted sequence and the viruses in VirusDB. Besides,
when we make a prediction, we set up a cutoft rate of 75%,
which means that only when the distance between the refer-
ence virus and its nearest neighbor is smaller than 75% of the
distances in the family, we will make the prediction that this
virus belongs to the same class as its nearest neighbor. In this
way, the accuracy rate is dramatically improved up to 90% for
the predicted ones.®

Figure 3 displays the screenshots of the procedure of sub-
mission and prediction of a single-segmented virus. It shows
that the system successfully predicted a Parvoviridae virus. For
a multiple-segmented virus, users can choose “Multiple
Segments” and upload the corresponding FASTA files to get
the results.

We design Get Result section to allow users to retrieve their
previous requests. That is also why we send the results back to
users via email so that when they want to retrieve the results,
they can easily get the Request ID from their previous email.
They can get results by submitting the Request ID which is
generated by the system.

The Current Collection allows users to find the viruses
from a given family group. Figure 4 shows the screenshots of
finding all the Filoviridae viruses in our database through
Current Collection. By clicking the neighbors and segments
buttons, one can receive more information about the virus. We
also add the links to GenBank in the current version, which
contain the link of virus itself and of each segment.

Discussion

WEe plan to build the System Administration section to serve
the administrative tasks for the system in the future. It will
include Approve Submission, List Submission, Upload New
Database, and Manual Database Update. Once a user submit-
ted a sequence, a notification will be sent to the moderator.
Should the administrator accept the submission, further pro-
cessing, as well as calculation will be done.

Moreover, we have some back-end process. Computation
Service is designed because sequence processing using natural
vectors involves a huge volume of computer processing. It pro-
vides program modules written in Perl (or further enhanced
using C/C++) to compute natural vectors, build distance matri-
ces,and find neighbors of a virus. Automatic Database Updating
refers to retrieving latest sequences from GenBank and recalcu-
lating the natural vectors and its associated distances with other
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Email

Database Version
Baltimore

Family

Sequence

Fasta File

Verification code

® Single Segment Multiple Segments

seranadong1993@outicok com
15,1, 2017-04-14 ~

-Choose one from the list- =
-Choose one from the list- =

>NC_012636.1 Aedes aegypti densovirus 2 strain 0814616, complete genome
TATAAGTCCATATTCCATATAAGAAATATTATTTCGTGATACGGATACTGTAAGATACAGTTTCTATTAG
AAACGATGTATTACATCTGTATCTTACAGTATCCGTATCACGAAATAATATTT T TTATATGGATTATGGA
CTTATATCAAATTCCTATATGGATCACTGGAGGTGGAAAATAAG GGAAAAACATAAGGCGGAAATTAACT
TATTCTCCAGACACAAATACAACCTTAATTTCCAGTAGCACATGGTGCACCGCTATATAAGGAGTACAAA
AGGAGAGGCGAATCGAGTAATGAATTCAGTCTGTTTTGAACATTCGCCGTGTGAACACGGAAACCTATAT
TGTGAGTGCATATATTGTTGGGAGCATGACAGCCAGTGCAGGEGGAAAAAACTGGAT TTGGGAGAATCAA
CTGGAATCGAAGGAAGACTGGCCAACGATAACCAACAACCAGGGCTCTCAGATTTATATTGCACCGAGAC
AATACATCTTGCAACTACAGTACCGGAAAGAAGAGTCATCAATCGAGAAGATTACGTCAAGGATTTCGCT
GGTCAAACCGTTGGTGACCTCTACCCACAATTACAAGGCAGCACCGGAGCCTCTGAACCAATTGATTTCG

SR | AR ERI

ZSVP *Click the picture again if you can't see it clearly

Submit Reset

*There is no distinction between the lower case letters and capital letters

1

Dear serenadong1993 @outlook.com,

With refer to your calculation request (Reference Number : 3EIVQK) submitted
on 2017-05-31 22:13:50, we would like to reply you the calculated result.

Based on current version of Database, we predict the sequence that you have

submitted belongs to Baltimaore = 'llI' and Family = 'Parvoviridae'. The following
are the five closest viruses in our data set.

Neighbor Index :1

Virus Name : Aedes_aegypti_densovirus_uid37821
Virus Order

Baltimore Al

Family : Parvoviridae
SubFamily : Densovirinae
Genus : Brevidensovirus
Accession :NC_012636

Gl 1229342011
GenParl : 5sDNA viruses
GenPar2

Shape :linear

Neighbor Distance : 2,.00096432327775

Neighbor Index :2

Virus Name : Mosquito_densovirus_BR_07_uid62639
Virus Order

Baltimore Al

Family : Parvoviridae

SubFamily : Densovirinae

Genus : unclassified Brevidensovirus
Accession :NC_015115

Gl 1322688186

GenParl : 55DNA viruses

GenPar2 :

Shape : linear

Neighbor Distance : 150.206534660969

Neighbor Index :3

Virus Name
Infectious_hypodermal_and_hematopoietic_necrosis_virus_uid14436
Virus Order

Baltimore il

Family : Parvoviridae

SubFamily : Densovirinae

Genus : Penstyldensovirus
Accession :NC_002190

Gl : 294441960

GenParl : ssDNA viruses

GenPar2

Shape : linear

Neighbor Distance : 354.699429615121

(Excerpt)

Neighbor Index :1

Virus Name :
Aedes_aegypti_densovirus_
uid37821

Virus Order

Baltimore |

Family : Parvoviridae
SubFamily :
Densovirinae

Genus :
Brevidensovirus

Accession :NC 012636
Gl : 229342011
GenParl : SSDNA
viruses

GenPar2

Shape : linear
Neighbor Distance :
2.00096432327775

Figure 3. Screenshots of procedure of submission and prediction of a single-segmented virus.
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Email serenadong1993@outlook.co
Database Version 5:2017-04-14 -
Family Filoviridae -
Verification code Q52U *Click the picture again if you can't see it clearly
Submit Reset *There is no distinction between the lower case letters and capital letters

There are 8 viruses that belong to Filoviridae Family in the Virus Databse 5:2017-04-14, and they are listed as follows:
VirusNol[VirusName Family [Subfamily|Genus Segment Numbers Neighbors Details|Segment Details
1 Mm Filoviridae Ebolavirus |1 Neighbors Segments

2 || Iéwu é Jévé\nrué Filoviridae Cuevavirus |1 Neighbors Segments

3 Marburg marburgvirus |[Filoviridae Marburgvirus|1 Neighbors Segments

4 Marburg marburgvirus [Filoviridae HMarburgvirus 1 Neighbors Segments

5 |R§£i§n ebolavirus Filoviridae [Ebolavirus 1 Neighbors Segments

6 |Suc|an ebolavirus Filoviridae [ebolavirus |1 Neighbors Segments

7 [Tai Forest ebolavirus [Filoviridae [Ebolavirus |1 Neighbors Segments

8 [Zaire ebolavirus Filoviridae [Ebolavirus 1 Neighbors Segments

There are 5 neighbors of Bundibugyo ebaolavirus in this version of Virus Database, and they are listed as follows:

NeighborNo |VirusName ||Fami|y SubfamilinGenus Segment N@hbers
1 Tai Forest eholavirus|Filoviridae |[Ebolavirus 1
2 Zaire ebolavirus  [Filoviridae [ebolavirus 1
3 ISudan ebolavirus  |[Filoviridae [ebolavirus 1
4 Reston ebolavirus | Filoviridae [Ebolavirus 1
5 J-virus |unclassified Paramyxoviridae| ssRNA negative-strand viruses 1

There is 1 segment belonging to the Bundibugyo ebolavirus and it is listed as follows:

=

|SigmentNo
1

Accession |[GenPart1 GenPart2 Baltimore|Shape|Length
NC _014373||ssRNA viruses|ssRNA negative-strand viruses||V linear {18940

Figure 4. The Filoviridae viruses in our database through Current Collection.

viruses. The following system administration and maintenance
tasks will run on a predetermined schedule: system backup,
database housekeeping, usage report generation, routine integ-
rity check, and performance reporting and tuning.

We plan to build the Approve Submission interface to allow
moderator to view the submission and approve/reject submis-
sion possibly with reasons. The Upload New DB Dataset
interface will allow project leader to operate the system to
download a new version of the dataset. The new dataset would

then be verified against GenBank and the FASTA files

would then be retrieved. Natural vectors and distance matrices
would then be recalculated and updated. This database is
planned to update every year to ensure its advance with times
and new technology.

Viral classification may provide clues for understanding the
origins and mechanisms of transmission of viruses, and thus we
are also working on a graphical representation of our prediction
results. For better user’s experience, a complete and detailed
analysis of the query virus is essential. A new phylogenetic
graphical representation has been proposed in 20138%; we plan
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to implement it to provide the users with visual results as well.
Traditional phylogenetic trees are also in our plan for a more
direct and clear representation.

Currently, VirusDB can calculate the genome sequences of a
virus. However, proteins have more direct functions during the
procedure of virus infection and transmission. The protein
sequences are also an important data source to understand the
functions and relationships of viruses, and previous works have
made some progress.!> In 2016, we constructed a 60-dimensional
protein space to analyze the evolutionary relationships of 4021
viruses by whole proteomes in the NCBI Reference Sequence
Database.'® The accuracy for randomly chosen 351 viruses data
set can reach 95.4%, whereas the 2-mer can only get 71.2% accu-
racy (k=6 as the optimal). This inspires us to add the proteome
information into our system, thus in subsequent version, users can
input the proteome and get a prediction result based on genomes
and proteomes. Predictions based on the protein sequences would
be more related to the practical impact of viruses and would put
more insight into the functions and mechanisms of viruses.

Conclusions

This database VirusDB and online inquiry system serve the
purpose of storing viral genome reference sequences and related
information, providing online tools for computing natural vec-
tors of genome sequences submitted by the users and returning
5 nearest known viral genomes. Based on the high efficiency
and accuracy of natural vector method, it serves as a valuable
tool for virus analysis.
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