A method for accurate reconstruction of persistent human viral sequences
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Abstract

The accurate reconstruction of viral genomes has become increasingly
important due to the growing availability of diverse human viral sequenced
samples. This necessity is particularly pronounced in clinical and foren-
sic scenarios, where specialized tools capable of correctly reconstructing
genomes are required. In this article, we present CoopPipe, a method
capable of improving the reconstruction of human DNA viruses. Coop-
Pipe utilizes an adaptive cooperation between publicly available viral re-
construction tools and is capable of improving the reconstruction pro-
cess by, on average, 19.3% in terms of the NCSD and 17.0% in terms
of the NRC, in relation to the best tool and for each virus. The imple-
mentation of CoopPipe is entirely reproducible and publicly available at
https://github.com/viromelab/CoopPipe.

1 Introduction

The advancement of high-throughput sequencing technologies has made
it easier to study the genetic makeup of human viral genomes [13]. The
study of human viruses is of utmost importance since they are responsible
for a myriad of diseases such as cancer, AIDS, or Covid-19 and can affect
all of the major tissues and systems [7]. The sequenced genomes are,
however, fragmented and in order to be studied in this context, they need
to be reconstructed, which is a challenging and complex process both at
the laboratory and computational levels.

The primary goal of this method is to improve the reconstruction of
human DNA viruses, focusing especially on genomes with similar charac-
teristics to those found in samples obtained from forensic and clinical sce-
narios. Therefore, we developed a novel cooperative pipeline (CoopPipe)
that is able to improve upon the results of the best existent reconstruction
programs.

2 Methodology

The CoopPipe is a reconstruction pipeline capable of reconstructing vi-
ral genomes from human viral samples, combining the output of other
reconstruction tools, such as metaSPAdes [9], PEHaplo [1], QVG [16],
TRACESPipe [12], and LAZYPIPE 2 [10]. CoopPipe is available as an
open-source tool.

CoopPipe includes the automatic installation of all of the programs
used in its execution and the viral databases used in the classification pro-
cess. Additionally, the tool is also capable of classifying both input and
output data in terms of the viral sequences that are contained within it,
which can be used to detect which viruses are present in the sample given
and the viruses each tool is capable of reconstructing. Moreover, Coop-
Pipe can also evaluate the reconstruction process and plotting the results.

Figure 1 illustrates the different phases of the execution of CoopPipe.
This methodology requires only the FASTQ reads from a metagenomic
human sample as input.

CoopPipe has two different execution paths: the upper one, used by
the reconstruction tools that do not require a reference to reconstruct the
genomes and the lower path, followed by tools that require a reference.

The initial classification process, present on the lower path, serves to
retrieve information about the contents of the input sample, which is used
to extract suitable references from a viral database. This process is made
using either Kraken2 [17], Centrifuge [4], or FALCON-meta [11].

Afterwards, the input genomes are reconstructed using the recon-
struction programs selected and the results are stored as FASTA files. The
last part includes the reclassification, where the reconstructed genomes
are analysed to determine which genomes were able to be reconstructed.

The identification of which viruses or parts of viruses are contained
in a sample is made by CoopPipe by aligning the reconstructed genome

to the references retrieved, using either Bowtie2 [6] or BWA [8]. The re-
constructed genomes for each virus are joined together in a multi-FASTA
file, which is further multi-aligned using either MAFFT [3] or Muscle [2].

Lastly, a consensus sequence for each virus is generated using either
EMBOSS [14] or Adaptive Weighted-K (AWK). The AWK is also a con-
tribution of this work and its objective is to produce the most complete
approximation of a genome from a multi-FASTA file. The AWK consid-
ers that if any of the tools is capable of reconstructing a nucleotide base,
that base is considered for the consensus sequence and it employs mod-
els that evaluate the performance of each tool in the last k positions and
makes decisions based on them. CoopPipe uses AWK with several mod-
els, setting the value of k to both low and high values, which makes it
more adaptable to different scenarios.

After generating the consensus sequence, the reconstruction is evalu-
ated based on the average identity, Normalized Compression Semi-Distance
(NCSD), Normalized Relative Compression (NRC) and the computational
resources used with dnadiff from MUMmer 4 [5] and GeCo3 [15].

3 Results

To benchmark CoopPipe, sixty-five nearly synthetic datasets based on
real human viral sequences were generated. These datasets included dif-
ferent viral compositions, contamination, mitochondrial DNA and vary-
ing percentages of SNPs (substitutions) added. Additionally, the sequenc-
ing process was simulated with depth coverage ranging from 2x to 40x.

To illustrate the performance obtained by CoopPipe and given space
constrains of this paper, we include results for two of the datasets gener-
ated are illustrated in the Figures 2 and 3. Both datasets considered had a
read length of 150 bp, depth coverage of 2x and contained contamination,
mitochondrial DNA and the viruses B19V, HPV, VZV and MCPyYV, dif-
fering only on the percentage of SNPs each of them contains, with dataset
18 containing 3% of SNPs and dataset 24 containing 15% of SNPs.

Figure 2 shows the results obtained by CoopPipe when reconstructing
dataset 18 using all reconstruction tools. The average identity of Coop-
Pipe is worse than the one obtained using the best tool for each virus. The
average identity is a metric that relies on alignments and the differences
between the alignments and the reference, and it may not be the most
reliable metric for this case since unaligned data is not taken into consid-
eration. We used this metric only as a control. In terms of the NCSD,
CoopPipe was able to improve the reconstruction made in relation to the
remaining tools for the viruses HPV68, MCPyV and VZV, however, it re-
constructed B19V less accurately than TRACESPipe. TRACESPipe was
designed to accurately reconstruct the B19V virus, and the other tools
that were able to reconstruct B19V did it less accurately, which nega-
tively affected CoopPipe. Similar to the results obtained for the NCSD,
CoopPipe has obtained better results in terms of the NRC in every virus
except B19V, which can once again be attributed to the poor performance
of the other reconstruction tools in relation to TRACESPipe.

Figure 3 shows the results obtained by CoopPipe when reconstruct-
ing dataset 24 using all reconstruction tools. CoopPipe has a better per-
formance in terms of the average identity than the best tool in the virus
MCPyV, with a slightly worse performance in the remaining viruses. In
terms of the NCSD, CoopPipe has obtained better results than all other
tools considered with significant improvements to the reconstruction of
the viruses B19V, HPV68 and VZV. CoopPipe has also significantly im-
proved the reconstruction of the viruses B19V, HPV68 and VZV in terms
of NRC in comparison to all other reconstruction programs, however, its
performance was slightly worse than the performance obtained by the best
tool when reconstructing MCPyV.

In the whole datasets, CoopPipe was able to improve the reconstruc-
tion of viral genomes in relation to the best reconstruction tool by, on
average, 19.3% in terms of the NCSD and 17.0% in terms of the NRC.
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Figure 1: CoopPipe methodology depicting the different phases of execution. Hybrid reconstruction programs that depend on explicitly given
references (VirGenA and V-pipe), follow the bottom path, whereas programs that are able to determine which references to utilize (LAZYPIPE and
TRACESPipe) follow the top path. The blue arrow indicates that the step is optional in the execution of CoopPipe.
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Figure 2: Results obtained using CoopPipe in relation to the tool that
obtained the best performance for each virus of the dataset 18.
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Figure 3: Results obtained using CoopPipe in relation to the tool that
obtained the best performance for each virus of the dataset 24.

These values show the substantial improvement that CoopPipe provides
in this very important and competitive area.

4 Conclusions

The precise reconstruction of human viral genomes is vital, yet find-
ing a tool that consistently achieves optimal performance for diverse vi-
ral genomes and situations is challenging. We show that CoopPipe can
leverage the cooperation between different reconstruction tools and sig-
nificantly improve the reconstruction of different genomes, even in un-
favourable scenarios, namely low-depth coverage and a high percentage
of SNPs. Furthermore, we show that CoopPipe can improve the recon-
struction of viral genomes in relation to the best reconstruction tool by,
on average, 19.3% and 17.0% in NCSD and NRC, respectively.
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