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Responding to the ongoing and severe public health threat of viruses of the family Flaviviridae, including dengue, hepatitis
C, West Nile, yellow fever, and Zika, demands a greater understanding of how these viruses emerge and spread. Updated
phylogenies are central to this understanding. Most cladograms of Flaviviridae focus on specific lineages and ignore
outgroups, thus hampering the efficacy of the analysis to test ingroup monophyly and relationships. This is due to the lack
of annotated Flaviviridae genomes, which has gene content variation among genera. This variation makes analysis
without partitioning difficult. Therefore, we developed an annotation pipeline for the genera of Flaviviridae (Flavirirus,
Hepacivirus, Pegivirus, and Pestivirus), named “Fast Loci Annotation of Viruses” (FLAVi: flavi-web.com (http:/flavi-

web.com/)), that combines ab initio and homology-based strategies. FLAVi recovered 100% of the genes in Flavivirus and
Hepacivirus genomes. In Pegivirus and Pestivirus, annotation efficiency was 100% except for one partition each. There
were no false positives. The combined phylogenetic analysis of multiple genes made possible by annotation has clear
impacts over the tree topology compared to phylogenies that we inferred without outgroups or data partitioning. The final
tree is largely congruent with previous hypotheses and adds evidence supporting the close phylogenetic relationship
between dengue and Zika.
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1. Background

The family Flaviviridae comprises the genera Flavivirus, Hepacivirus, Pegivirus, and Pestivirus, all of which share
structural and genomic similarityll. Several examples demonstrate the clinical relevance and zoonotic nature of this
family. In humans, hepatitis C virus (HCV) causes a disease that damages the liver. Human pegivirus-1 (HPgV-1), causes
human encephalitis@ as well as bovine viral diarrhea (BVDV), a long-known cause of major losses in livestock!2l.
Flaviviridae also houses viruses known to cause neglected tropical diseases of the genus Flavivirus, which comprises
over 100 different pathogens, including notable viruses such as dengue (DENV), West Nile (WNV), yellow fever (YFV),
and Zika (ZIKV)&!,

Given the medical and economic significance of Flaviviridae, there is an increasing interest in understanding their
genomic structure and evolution as well as comparing known viruses of this family with less known viruses that may
become a health concern in the upcoming years. However, the lack of genome annotation thwarts comparative analyses
at the level of individual proteins. To overcome these shortcomings, we developed a new approach to annotate genomes
from any of the four genera of Flaviviridae and evaluated its potential impact on the phylogenetic analyses of these
viruses. The combined phylogenetic analysis of multiple genes made possible by annotation has a clear impacts over the
tree topology compared to phylogenies that we inferred without outgroups or data partitioning. The final tree is largely
congruent with previous hypotheses and adds evidence supporting the close phylogenetic relationship between dengue
and Zika!.

2. New approaches for gene prediction in Flaviviridae

The "Fast Loci Annotation of Viruses" (FLAVI) is a new tool dedicated to annotate genomes of the family Flaviviridae and
takes into account their specific characteristics (i.e. a linear and positive-sense single-stranded RNA that codes genomic
polyprotein in which genes are not necessarily flanked by start and stop-codons).

Genomic sequences of Flaviviriade were processed through a pipeline that started with parallel GeneWise (Wise v2.4.1[])
and TransDecoder v.3.0.0 analyses. In TransDecoder, we used dedicated databases downloaded from UniProt!® and
blastp (BLAST v2.4.0+2]) for homology-based annotation. The user may decide to change or update the gene databases
used for homology-based annotation. These databases that come with FLAVi consider all the diversity in gene content
among the different genera of Flaviviridae.


http://flavi-web.com/

The pipeline also executes ab initio analyses for different genes simultaneously, allowing the user to leverage on multiple
processors. It allows the user to easily update datasets for homology searches and to train new gene models. We
employed hmmscan (HMMER v3.1b2, available at hmmer.org) to search the peptides for protein domains using Pfamd.
If predictions from both GeneWise and TransDecoder matched, we pooled the alignments and calculated distance
matrices with distmat (EMBOSS v6.6.0[L1]),

Finally, we applied the distance matrices for outlier testing using the Tukey method with the help of original R scripts. The
Tukey method of searching for outliers leverages on the interquartile range and applies to most ranges since it is not
dependent on distributional assumptions. It also ignores the mean and standard deviation, making it resistant to being
influenced by the extreme values in the range. We removed all sequences that were selected as outliers.

The main steps of the gene annotation pipeline are described in the image below.

3. Web application

The web application is available at flavi-web.com. The main steps of the FLAVi-Web application are described in the figure
below. FLAVi-Web was created using Flask, a Python-based application for the creation of web interfaces. Flask uses
HTML and JavaScript to create the aesthetic properties of the web interface. FLAVi-Web was first tested on macOS
Mojave with 6 CPUs and 8GB RAM. The beta version was also tested on Ubuntu with 4 CPUs and 4GB RAM. A FASTA
file with the virus sequences is annotated through the FLAViI pipeline in the background to produce a tar file with the main
annotation results, including the gene annotation table in GFF3 format (see software.broadinstitute.org/software/igv/iGFF).

The additional files, found in the compressed folder are supplementary data about each step of the annotation pipeline.
These can be used for further referencing applications. During testing, a multi-FASTA file of five sequences takes about
33 min to annotate, and time increases linearly based on file size.

The accuracy and outlier tests that are part of the FLAVi pipeline are replicated within FLAVi-Web. At the time of testing,
there were few annotated genomes for Flaviviridae. In NCBI's GenBank and RefSeq there were about 8,860 complete
genomes (until March 2020). We have found that only 5,325 of these genomes were annotated (fully or partially). This
results in ~60% of the genomes of Flaviviridae being annotated at any level. We hope that FLAVi-Web will provide
annotation data to published and future genomes, adding to their usefulness in many fields of research.



4. Additional details

FLAVi was published at Viruses (DOI: 10.3390/v12080892). The new approach presented there is a dedicated annotation
pipeline for Flaviviridae. Our annotation pipeline uses a combination of ab initio and homology-based strategies and

recovered 100% of the genes in Flavivirus and Hepacivirus genomes. In Pegivirus and Pestivirus, annotation efficiency
was 100% except for one partition each. In Pegivirus, the annotation efficiency for p7 was only 20%. In Pestivirus, FLAVi
failed to recover the NS2 gene (0%). There were no false positives. So far, the pipeline was extensively tested for
Flavivirus and has shown promising results for the limited number of sequences of Hepacivirus, Pegivirus, and Pestivirus
that we examined, with no false-positive results. The pipeline is available at gitlab.com/MachadoDJ/FLAVi. A web

application is available at flavi-web.com. Supplementary digital materials are available at Zenodo.
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