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Abstract

V iruses are found wherever there is life. Yet little is known how viruses
evolved. Species of viruses evolve at a high mutation rate, making it hard to reconstruction their evolution accurately. Todate, no one has successfully classify
the relationship of viral families and super-families. In this thesis I propose to reconstruct and study the evolutionary history of a common gene, or gene fragment
of all Rna viruses: Rna dependent Rna polymerase or RdRp. I propose another
algorithm to classify the catlytic regions of the RdRpsequences. By reconstructung the phylogenetic tree of RdRpcatalytic regions, the phylogenetic tree of the
RdRp catlytic regions, it is shown that the constructed tree is highly accurately
with viruses of families and super-families having common accestors. With the
proposed algorithm and strategy of RdRp sequence collection. RdRp sequence
can be collected, phylogenetic tree can be built with more monophyletic groups of
viral families and super-families. It is hoped that the proposed phylogenetic tree of
RdRp sequences can provide information for further information in viral research.
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Chapter

1

Introduction of RDRPs
Viruses are found wherever there is life. To date it remains as an open question
how and what viruses evolved from. In the evolution of viruses, species often produce numerous offspring and have short generation times [1] making it hard to
reconstruction their evolution accurately. One of the reasons is they have high
mutation rates. Therefore reconstructing phylogenetic trees may be intractable.
Our challenge is to reconstruct the evolution history of all Rna viruses in order
to understand evolution of all viruses. In this thesis it is proposed to reconstruct
and study the evolutionary history of a common gene, or gene fragment of all
Rna viruses: Rna dependent Rna polymerase or RdRp. An RdRp domain is
an enzyme that catalyzes the replication of Rna strand from an Rna template.
Genomic regions encoding RdRp are present in genomes of all Rna viruses as
they are essential for the replication. Because of lateral gene transfer, the evolutionary history of RdRp regions is not the same as evolution of viral species, but
it would allow to address basic questions on their development. One question is if
all viruses have a common ancestor, and if so, what is the relationship of the main
super-families. A more practical use for the RdRp phylogeny identification and
classification of an unknown viruses collected from patients of field samples. It is a
challenge to classify novel viral samples given the high speed of evolution viruses.
RdRp sequences were first discovered in 1960’s[1]. Since then, many studies were
conducted to reconstruct phylogeny of RdRp sequences. Thus far, only small sets
of viruses were used to construct phylogeny, due to lack of accurate RdRp annotations and the failure to identifying motifs in RdRp’s. As more viral genomes
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were collected in alone data repositories, it becomes an important research problem
to accurately reconstruct and classify the evolution of viral sequences. In 1996,
Anette PET Eal conducted an extensive study of the evolution of viral species using
different phylogenetic methods, such as UPGMA, parsimony and neighbor joining
[2]. In that study, 40 RdRp sequences and 40 reverse transcriptase sequences were
tested for any phylogenetic signal. RdRp sequences have been actively studied.
As published in 1996, there was not enough phylogenetic information to ‘construct
a common phylogeny of all Rna viruses’. One potential problem is there is a lack
of annotated RdRp sequences in the on-line sequence repositories. In this thesis,
I will attempt to re-evaluate the validity of the conclusion of Not e Hal by using
a new computational approach, with the help of modern Bioinformatics resources
and improvement in biological data infrastructures. In particular, I will investigate
the effectiveness of the Phyrn framework, which has shown to work with highly
diverged sequences in the twilight zone, sequences that have less than 20% in sequence similarity. More formally, I investigate the hypothesis if Phyrn framework
is able to provide enough phylogenetic signals in order understand the evolution
of viral RdRp sequences.
The structure of ca. 40 domains was identified using X-ray crystallography.
Their shape looks like a right hand consisting three different sub-domains, known
as the palm, finger and thumb sub-domains. As viruses evolve rapidly, the three
sub-domains of RdRp’s undergo rearrangement and transposition events, making
identifying of RdRp sequences more challenging. Already identified sequences
can be found as genomic annotations in the Internet repositories, such as NCBI 1 ,
ExPASy 2 and UniProt3 . However, the criteria of what constitutes an are not
uniform, and as a result different annotations indicate very divergent lengths, from
6 to about 2000 amino-acids. This makes reconstruction of RdRp phylogenetic
tree highly volatile as most modern reconstruction algorithms depend a lot on
the sequence lengths. These annotated domains range from hundred of amino
acids to thousands of amino acids in length. In one of our earlier experiments,
RdRp sequences of lengths between 100 to 500 sites were collected from the NCBI
Protein Data bank. The resulted phylogenetic tree shows inconsistent with the
1

NCBI: National Center for Biotechnology Information, URL: http://www.ncbi.nlm.nih.gov/
ExPASy Bioinformatics Resource Portal, URL:http://expasy.org/
3
UniProt, URL: http://www.uniprot.org/
2

3
actual results from literature studies. Therefore, it is first hypothesized there is
a computational method that can classify and identify more conserved regions of
the viral protein sequences such that a phylogeny could be built more accurately,
carrying more phylogenetic signals.

1.1

Reconstruction of Phylogenetic Tree of
RdRp sequences

Modern ways of phylogenetic analysis often follows a three-step process after obtaining a collection of sequences:
1. Obtain a guide tree based on percentage identity of all-against-all pairwise
alignments, which designates the order of a progressive alignment,
2. Construct a multiple sequence alignment (Msa) from the guide tree.
3. Estimate a phylogeny based upon the resultant Msa with distance-based or
character-based tree inference programs.
There are advanced algorithms developed to reconstruct phylogenetic tree from
the multiple sequence alignment, using different criteria, such as Bayesian probability, maximum likelihood and maximum parsimony. Phylogenetic tree reconstruction is done from the multiple sequence alignment. Distance methods, such as UPGMA are Neighbor Joining are fast, can handle large numbers of sequences. This
method however has a shortcoming, known as the Long Branch Attraction (Lba.)
Lba is introduced as the phylogenetic tree is reconstructed from its multiple sequence alignment. In Lba artifact, rapidly evolving species are incorrectly inferred
to be closely related [3]. Common solution to avoid Lba is:
1. Exclusion of outgroups,
2. Adding data to break up long branches.
In this thesis, we try to eliminate the effect of Lba by bringing in as many
RdRp sequences as possible. Phyrn [4] is created to identify evolution of highly
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diverged sequences, known as sequences in the ‘twilight-zone’. The Phyrn framework has shown to identify more phylogenetic signal with conventional tools (see
Figure 4.) In my preliminary study of RdRp’s, reconstructing phylogenetic trees
from annotated RdRp sequences produced unreliable, or inconsistent results. One
may attribute this an inconsistency of the RdRp sequences. In the following Section, I propose an algorithm to refine the ‘catalytic regions’ of RdRp sequences.
This algorithm is also a useful tool to uncover the RdRp sequences given a new
species. My proposed mouth’s follows these steps:
1. collect a large set of sequences that may contain RdRp sequences
2. construct initial RdRp library (SeedLib)
3. Use SeedLib to estimate catalyst regions of all RdRp sequences
4. Reduce identical RdRp sequences
5. Construct RdRp Phylogenetic Tree
6. Refine/enhance SeedLib and repeat step 4).
I first construct a set of RdRp from reliable sources, which incorporate accurate three-dimensional structural information of RdRp’s. I then propose a new
partitioning algorithm that can accurately uncover more RdRp catalytic regions
for those without RdRp regions annotation (Section 2.1.) Reconstruction of phylogenetic tree of RdRp is hard as the sequence identity can be as low as 15%. I
propose that Phyrn framework can be adapted to reconstruct phylogenetic tree
of RdRp sequences, explained Section 2.2. In Section 3, I report the results of the
initial RdRp tree and explain the way contain a more accurate phylogenetic tree
from the initial RdRp tree, by refining the RdRp regions.

Chapter
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Methodology
It is first hypothesized that with the high variance in the lengths of RdRp Sequences would limit the discovery of any phylogenetic signals, making it impossible to reconstruct a phylogenetic tree consisting all Rna viruses. A fundamental
problem of RdRp phylogeny is data collection, and sequences annotation. In the
earlier studies based on NCBI and Expasy annotation. These data banks report
RdRp sequences with large variability, from 30 to 3000 amino acids long. It is
thought the a conserved regions in the RdRp sequences are be used to reconstruct RdRp phylogenies with higher accuracy. I propose that one should collect
as many non-redundant annotations in order to avoid Lba. In a paper published
in 1996 it was first reported and concluded that there is no enough evidence to
construct a single phylogenetic tree of all Rna viruses [5]. We reason this by the
lack of RdRp sequences (leading to Lba) and computational tools. In this paper,
we define a new algorithm that is able to identify conserved regions within the
RdRp domain in Section 2.1. In Section 2.2 we define the method to reconstruct
a phylogenetic tree using Phyrn .
The steps to discovering of catalytic RdRp regions are as follow:
1. Collect a set of RdRp sequences, make the initial library RdRp library (SeedLib),
discussed in Section 2.1
2. Collect more non-annotated viral protein sequences. Construct local alignments when run with SeedLib
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3. Annotate RdRp sequences from step ii) using the proposed Partition Algorithm
4. Remove any annotations with identical catalytic RdRp sequences based.
This step is necessary to prevent any artifact of Lba.

2.1

Curation of RdRp sequences

There are different annotations of RdRp sequences in public sequence repositories.
This is probably because viral proteins are extremely divergent; discovering the
catalytic regions is hard without conducting web-lab experiments. We first suggest
a way to discover catalytic regions of RdRp sequences from a set of 234 initial
RdRp. Sequences. The initial RdRp sequence was collected in collaboration
with the Center of Computational Proteomics (CCP) of PSU. The initial 234
RdRp sequences (SeedLib) are collected from PDB (Protein Data Bank) with
actual RdRp coordinates. Using the RdRp library, we then propose an algorithm
that estimates RdRp catalytic regions using RPS-BLAST alignment tool:
We define catalytic regions using the Partition algorithm (see Appendix.) We
are able to identify and estimate RdRp catalytic regions from 19958 viral proteins
collected from NCBI data bank. Subsequently we retain only RdRp sequences
with (estimated) catalytic regions with no less than 90 amino acids. After that,
we also performed pair-to-pair alignments to remove identical RdRp sequences,
that is sequences with identical amino acids sequence, with zero-branch lengths
as shown in the phylogenetic tree reconstructed. After removing redundancy, we
arrived at 4206 RdRp sequences.

2.2

Reconstructing RdRp Phylogenetic Trees

In this section, different methods of reconstructing phylogenetic trees are evaluated.
The divergence of viral species so large that sequences similarity between viruses
can be as low as 15%. Phylogenetic analysis are problematic in the ‘twilight zone’.
Comparison of Known Methods Common methods
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A common approach to reconstructing phylogenetic tree is to infer their relationship using alignment constructed using different alignment tools, examples
are MATE, T-COFFEE, CLUSTAL and MUSCLE alignment tools. There are six
different methods which are commonly used for tree estimation: Neighbor-Joining;
Character-based: PhyML, RAxML, GARLI, Maximum Parsimony, and Bayesian.
The paper on Phyrn reviews that alignment-based methods have less accuracy
because of Lba [4]. As far as computing resources are considered, downside to
character-based phylogenetic inference is the computational time, making scalability problematic for large data sets. Further, character-based methods are prone to
long branch attraction in which rapidly evolving sequences (with long branches),
are placed with other rapidly evolving sequences even if they are not sister taxa. In
an earlier study, RdRp performance is superior to other alignment based methods
as the sequence identify drops blow 30% [4]. Hence is suggested that RdRp is a
suitable framework for reconstraction of RdRp phylogentic tree.
Phyrn consists of 5 stages:
1. Curate a data set S of N amino acid sequences
2. For each of s in S (of length L), use RPS-BLAST to find Set(s) of sequences
in S with 95 percent identity to s, obtain P (s), Position Specific Score Matrix (Pssm) for Set(s)
3. Compute N ×N matrix of scores: given s in S and t in S, we find if there is an
RPS-BLAST alignment of s and P (s) with positive score, if not, Score(s, t) =
0, if yes, Score(s, t) is the product of %identity and %coverage, this defines
Row(s) of Score matrix
4. Calculate Euclidean distance of all C(N, 2) pairs of Row(s), Row(t)
5. Generate a distance-based tree estimated using Neighbor-Joining [NJ]
Step 5 can be replaced by another algorithm that produces a tree for a given
set of C(N, 2) distances, like FastME1 , however our subsequent experience shows
that the largest impact on the quality of the tree, e.g. the number of viral families
1

FastME, Fast and accurate phylogeny reconstruction algorithms based on the minimumevolution principle, URL:http://www.atgc-montpellier.fr/fastme/
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that have their own clade nodes, comes from improvements in step a). Step a)
corresponds to the transition from Stage I to Stage III in [4], but given the poor
coverage of viral sequences with CDD annotation, we try alternative approaches.
Experiments have shown that RdRp is able to reconstruct phylogenetic trees
given the sequence similarity is as 10%. In the following, results of the phylogenetic
tree of RdRp sequences constructed using the RdRp is discussed. Reliability of
the phylogenetic tree is discussed. Phylogenetic reconstruction using RdRp has the
advantage that distance estimation is measured from local alignment constructed
and not the all-pairs alignments as most distant based alignment methods (such as
neighbor joining.) In the next chapter, we highlight the our method to evaluating
the quality of the phylogenetic tree constructed

Figure 2.1. Work-flow of the Phyrn Framework
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Figure 2.2. Performiance of pphhyyrrnn with other distance based methods of reconstructing phlogenetic tree
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Results
3.1

Reconstructing the RDRP Phylogenetic Tree

In the problem of reconstructing phylogenetic tree of RdRp trees is visited by
reevaluating the evolution of RdRp sequences by utilizing the Phyrn framework
that is shown to work for sequences in the ‘twilight’ zone. by reconstructing a
phylogenetic tree of 4206 viral RdRp sequences. We evaluate the validity of the
RdRp tree by examining the topology of the viral families and super-families in
the results phylogenetic tree. Broadly speaking, Rna viruses can be classified by
their genome-types: double stranded Rna viruses (dsRNA,) single stranded positive stranded and negative strand Rna viruses (ssRNA+ and ssRNA-, respectively.)
In particular, ssRNA- viruses are formed by copying their genomes to their positive strands before making into polymerases. There are less samples of negative
stranded and double stranded viruses. We evaluate the RdRp phylogenetic tree
by inspecting the degree of monophyletic viral groups. It is commonly believed
that all viruses of the same group share a common ancestor. In our first tree of
4206 RdRp sequences, it was noticed that there are viruses of families come in as
a clades in the phylogenetic tree:
1. dsRNA: Birnaviridae (39), Chrysoviridae (15), Endornaviridae (11), Picobirnaviridae (16) and Totiviridae (57)
2. ssRNA+: Astroviridae(92), Bromoviridae(65), Hepeviridae (65), Leviviridae(14) Narnaviridae(21), Arteriviridae (108), Coronaviridae (114), Roniviri-
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dae (6), Nodaviridae (36) PICORNAVIRALES (401), Potyviridae (532),
Tetraviridae (4), Togaviridae (85), TYMOVIRALES (242) and Virgaviridae (84);
3. ssRNA-: Arenaviridae (51), Ophioviridae (5), Orthomyxoviridae (109), Orthomyxoviridae (109), Orthomyxoviridae (109) and MONONEGAVIRALES (417).
There are viral families that do not share common ancestors (examples are
Flaviviridae, 352 RdRp samples.) One may think that the RdRp regions are not
measure entirely, such that Phyrn did not collect enough alignments to bring
viruses of the same families into a common clades.

3.2

Refinement to the RDRP Phylogenetic Tree

The first phylogenetic tree is obtained using and initial set of 234 RdRp sample sequences. The initial sample set however may not encapsulate all the information of RdRp sequences. For example, there are only 26 double stranded
Rna viruses. Moreover, there are viruses families with few representatives. For example, there is only one representative of Hypovirus (double stranded virus) in the
initial SeedLib library. More precisely, the initial tree of 4206 RdRp Sequences
are constructed from the local alignments between the 234 SeedLibLibrary sequences. One can refine the catalytic regions from the all-against-all local alignments. With the use of the new set of catalytic regions, one can improve the
Phyrn tree. This has the advantage that viruses that are not present in the
initial SeedLib of 234 RdRp set can be aligned to other sequences for protein
sequence similarity. Algorithm:
1. build an RPS Blast-Database from 4206 initial RdRp sequences. 4206 RdRp A
2. for each of the 4206 full-length sequences (FL) run FL on the 4206 RdRp A
using RPSBlast algorithm, collect the RPSBlast alignments
3. Refinement the catalytic regions for each of the 4206 sequences, details, find
the write up
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Result of RdRp Tree after the Refinement step Neg. stranded viruses away
from monophyletic group: 2 proteins/795 mis-classified Pos. stranded viruses
away from monophyletic group: 41 proteins/2853 mis-classified’s Double stranded
viruses 86 proteins/506 mis-classified species become monophyletic groups after
the refinement:
• Flaviviridae (ssRNA+)
• Bunyaviridae (ssRNA-)
• Tombusviridae (ssRNA+)
The refinement enhances the catalytic regions from an average of 294.04 amino
acids to 378.05 amino acids. Viruses that are in monophyletic groups:
• dsRNA: Birnaviridae (39), Chrysoviridae (15), Endornaviridae (11), Picobirnaviridae (16) and Totiviridae (57);
• ssRNA+: Astroviridae(92), Bromoviridae(65), Hepeviridae (65), Leviviridae(14) Narnaviridae(21), Arteriviridae (108), Coronaviridae (114), Roniviridae (6), Nodaviridae (36) PICORNAVIRALES (401), Potyviridae (532),
Tetraviridae (4), Togaviridae (85), TYMOVIRALES (242) and Virgaviridae (84);
• ssRNA-: Arenaviridae (51), Ophioviridae (5), Orthomyxoviridae (109), Orthomyxoviridae (109), Orthomyxoviridae (109) and MONONEGAVIRALES (417).

3.3

Improvement to the PHYRN Framework

Phyrn was shown to identify remote homological signals in viral sequences. Constructing Pssm for each of the input sequences takes up to 3 days. Our experience
suggests that building of Pssm’s can be computed concurrently using a Computational Cluster; each Pssm can be constructed independently; The [N × M ] matrix
can be constructed using N jobs, each job computes [1 × M ] entries of [N × M ]
matrix. Eventually, calculating the Euclidean distance [N × N ] from the [N × M ]
matrix is substituted by executable program, compiled by GCC4. It improved the
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total running time of the tree of 4206 RdRp sequences from 2 days down to 20
hours.
Computing Multiple Sequence Alignment (MSA) of the RDRP sequences. Although Msa is not constructed explicitly constructed in the RdRp framework, it is a useful to align the the catalytic regions of the RdRp. The most
widely used methods of getting Msa is to build using the Progressive alignment
construction. The method builds up a final Msa by combining pair-wise alignments beginning with the most similar pair and progressing to the most distantly
related. The order of building an Msa is also known as the guide tree. Usually
a guide tree is inferred to by the all-pairs alignments. Therefore, an Msa of the
RdRp sequences built by progressive alignment is likely to suffer from Lba as
well. Here we compute the Msa of RdRp catalytic set by using the Phyrn tree
as the guide tree and the compute the Msa by Clustal-Omega 1 [6]. The resulted
Msa can be used for subsequent analyst such protein motif discovery.

1

URL: http://www.clustal.org/omega/

Chapter

4

Future Work and Conclusion
4.1

Future work of Study

• Building a Comprehensive RdRp database Literature suggest that structural information is more conserved than sequence similarity [7], [8]. It
is hypothesized that structural information can help to recover more phylogenetic signals where sequence based analysis work less effectively. In
the present tree reconstructed from 4602 species, the catalytic regions of
RdRp (as defined previously) may not cover the entire region of the three
sub-domains, namely the palm, thumb and finger sub-domains. Figure 1
shows six structurally resolved RdRp’s; they have lengths about 500 to 800
amino acids. One may suggest reconstructing phylogenetic trees of subdomains of RdRp’s. In order to measure sufficient phylogenetic signals, it is
crucial that the phylogenetic tree is built upon an RdRp database covering
all RdRp sub-domains. This suggests that the current method to collect
RdRp is fragments of RdRp sequences. Partial RdRp sequences collected
might affect the RdRp phylogenetic signals, resulting in paraphylies in some
groups of viral families. Therefore, it is important to define an RdRp library that can provide sufficient phylogenetic signals. Identifying domain
specific RdRp regions can be achieved using the proposed algorithm with
a set of structurally resolved RdRp specific sub-domain libraries. Although
rearrangement events are rare, one may argue that rearrangements would
compromise the strength of the phylogenetic signals. This is especially acute
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for sub-domains that have lower conservation compared to other sub-domains
of stronger signals. This approach has an advantage of identifying rearrangement events in a large phylogenetic tree of RdRp sequences.
• Analysis of Phylogenetic Signals - Statistical support and analysis Statistical
analysis will be performed on the phylogenetic tree. In the current implementation of phylogenetic tree of 4206 sequences, identical RdRp sequences are
removed as they have the degree of phylogenetic signals. RdRp sequences
of near identify get retained. It is suggested that principle component analysis1 is performed the RdRp sequences so that smaller set of representative
RdRp sequences are used to reconstruct phylogenetic tree. Bootstrapping
and jackknife analysis are popular statistical analysis techniques. Performing
this analysis on the proposed phylogenetic tree will help to validate the robustness of the proposed method. The RdRp framework suggests methods
to measure statistical significance by re-sampling the associated profiles of
the RdRp sequences [4]. To perform bootstrap and jack-knife analysis one
can generated a few thousands of random samples from the M-dimension
of composite score matrix, using random number generator code. During
re-sampling, same columns were allowed to be selected more than once. A
consensus tree is generated from the trees built with random samples. For
jack-knife re-sampling, one can follow a similar approach to generate random samples, however only 80% of original Pssm-dimensional data was resampled each time.
• Visualization and Software Packaging It is proposed that a better visual tool
will help the phylogenetic tree analysis. With a phylogenetic tree of a large
set of sequences (say 4000 RdRp sequences) some tree viewing software
have problem displaying a tree of large samples. It is also proposed that
phylogenetic tree can be visualized with added information on each taxa.
A experimental view of the phylogeny can be found on the following page.
These views can easily present homology in organisms as well as the subdomain organization.
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4.2

Conclusion

We have validated RdRp framework in the context of a very challenging biological
data set by showing that it produces trees with more families and super-families
that have their clade nodes. Similarly, we validated our procedure for extending
the protein domain (catalytic region) annotations from a curated seed set to a set
of proteins that is 20 times larger.
Multiple sequences alignment guided by our tree shows that a number of
conserved fragments of RdRp’s points to motifs that may be conserved for all
Rna viruses. However, while many families form groups with common clades,
further study is needed to corroborate the structure of the phylogenetic tree for
the top 10 to 40 nodes.
Reconstructing phylogenetic tree of a large number of species is a difficult problem in computer science as well as in biology. For ten sequences there are already
2027025 possible unrooted trees. Furthermore, for 50 sequences, it is estimated
the number of possible unrooted topologies would ‘exceed the number of atoms in
the universe’. To-date, no one has any success of classifying the relationship of
viral families and super-families since RdRp’s are discovered in 1960.s. With such
high degree of complexity, reconstructing a phylogenetic tree of a large group viral
species is a difficult problem [9]. The proposed method has shown evidence that it
is able to uncover higher degree of phylogenetic signals than a paper in 1996 [5] with
the new algorithm and improved framework that building phylogenetic trees of sequences in twilight zone. It remains as a question if there is enough phylogenetic
information sufficient to reconstruct a reliable phylogenetic tree that can explain
the evolution of all Rna viruses. With the proposed algorithm and strategy of
RdRp sequence collection. RdRp sequence can be collected, phylogenetic tree
can be built with more monophyletic groups of viral families and super-families.
It is hoped that the proposed phylogenetic tree of RdRp sequences can provide
information for further information in viral research.

Appendix
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Partition Algorithm
Partitioning Algorithm for Refining the Catalytic RdRp Regions,
1. DB: (initial) RdRp library, protein sequences in BLAST format
2. FL: a set of viral sequences, protein sequences from several viral data bases
in BLAST format
Purpose: identify fragments (possibly with gaps) of F L sequences that match
DB sequences
Method: for each A in F L we return BestP art(A, DB, e)
Details: BlastSeqQuery(A, B, e): returns a list of local alignments between
sequence A and sequence B, each described as (a1, a2, b1, b2) which mean that a
fragment of A from position a1 to position a2 has local alignment with a fragment
of B sequence
The score s of local alignment is acceptable (i.e. this alignment is returned by
BlastQuery(A, B, e) if the number of hits with score s or larger that A would get
with all sequences in B is on the average lower than e, if A is a random sequence
of the same length as A.
BlastDbaseQuery(A, DB, e): set of pairs (a1, a2) such that for some B in DB
and some b1, b2 the output of BlastSeqQuery(A, B, e) contains (a1, a2, b1, b2)
P arts(A, DB, e): we form a graph with node set BlastDbaseQuery(A, DB, e)
and edges ((a1, a2), (c1, c2)) that correspond to overlaps, i.e. either a1 ≤ c1 ≤ a2
or c1 ≤ a1 ≤ c2, for each connected component in that graph we have a minimum
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first position f and maximum second position g and thus pair (f, g), we return all
such pairs
BestP art(A, DB, e): we return the longest fragment in P arts(A, DB, e), i.e.
fragment of A from position a1 to position a2 if (a1, a2) is a pair in P arts(A, DB, e)
with the maximum a2 − a1 We selected e = 10. For smaller values of e For larger
values of e

Appendix
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RDRP Trees of 4206 Viral Species
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Refined phylogenetic tree of 4206 RdRp sequences.

1

1

information about this RdRp sequences and phylogenetic trees can be downloaded at WWW
URL: https://drive.google.com/?authuser=0#folders/0B6EMxO7wtF0 d0FzODh5cFBFb2s
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