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Continuous viral surveillance is essential for public safety

▪ 6,5 Million blood donations per year (Germany)

▪ 1:10,000 to 1:100,000 positive donations for HBV, HCV, HEV, HIV, Parvovirus B19

▪ Thanks to PCR testing only 11 transmission events in 4 years (2016-2020)

Identification of porcine circovirus type 1 (PCV-1) in Rotarix vaccine (Victoria et al. 2010)

Identification of novel rhabdovirus in sf9 cells   (Ma et al. 2014)

Discovery of human circovirus 1 (HCirV-1)  in human blood  (Pérot et al.  2023)
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BLOODVIR surveillance system

Blood plasma

Viral nucleic acid extraction

Library preparation

Sequencing

Data Analysis

1. Known virus identification
2. Novel virus detection
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BLOODVIR analysis pipeline

▪ Implemented in Snakemake

▪ Runs locally or on HPC cluster

▪ Read classification against a reduced RVDB

▪ Novel virus prediction with trained ML model

▪ Analysis results summarized in an interactive dashboard

Markus Braun
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Strategies for viral sequencing libraries

Non-targeted metagenomics

Targeted virus enrichment 

Virus enrichment with VirCapSeq-VERT (Ian Lipkin)
▪ 900,000 probes against 207 known vertebrate viral taxons
▪ Enables sequencing of genomes with as little as 75% sequence identity 

Sample
Nuclease 
treatment

NEBNext Ultra II
Library prep

Sequencing

Host sequence depletion 
▪ Agnostic to virus type or genomic sequence
▪ Less virus material enrichment

Gibran Horemheb-Rubio
Csaba Miskey
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Data analysis in a nutshell 

Host sequence removal

▪ Removal of contaminating sequences

▪ Sequential alignment with bowtie2

▪ Common contaminants: human, mouse, bovine, bacteria

Markus Braun
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Data analysis in a nutshell 

Host sequence removal

Trimming, QC

Before trimming

After trimming

Markus Braun
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Data analysis in a nutshell 

Host sequence removal

Trimming, QC

Classification

Markus Braun
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Classification methods benchmarking

MiCoP (LaPierre et al. 2019)

TaxMaps (Corvelo et al. 2018)

Kraken2 (Wood et al. 2019)

Centrifuge (Kim et al. 2016)

Alignment-based K-mer-based

(LaPierre et al. 2019) (Wood et al. 2019)
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MiCoP provides best classification accuracy across a 
range of editing distances
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MiCoP provides best classification accuracy across a 
range of editing distances
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Composition of genome database dramatically 
influences read classification 

RVDB (Goodacre et al. 2018)

▪ Curated compilation of GenBank and RefSeq
▪ 850,309 records for 19,149 species (v23)
▪ Dominated by handful of viral species
▪ Many <1000 nt sequences

RefSeq RVDB RVDB Filtered

PCV1 ✓ ✓ ✓

Feline leukemia vrius ✓ ✓ ✓

RSV ✓ ✗ ✓

Gammaherpesvirus 4 ✓ ✓ ✓

Squirrel monkey virus ✓ ✓ ✓

Viral reads 3,395 1,569 6,917

Markus Braun
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Composition of genome database dramatically 
influences read classification 

RVDB (Goodacre et al. 2018)

▪ Curated compilation of GenBank and RefSeq
▪ 850,309 records for 19,149 species (v23)
▪ Dominated by handful of viral species
▪ Many <1000 nt sequences

RefSeq RVDB RVDB Filtered

PCV1 ✓ ✓ ✓

Feline leukemia vrius ✓ ✓ ✓

RSV ✓ ✗ ✓

Gammaherpesvirus 4 ✓ ✓ ✓

Squirrel monkey virus ✓ ✓ ✓

Viral reads 3,395 1,569 6,917

▪ Kept RefSeq records
▪ Removed genomes with Mash (MinHash) score  < 0.15
▪ Removed sequences < 1000 nt

RVDB filtering
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Data analysis in a nutshell 

Host sequence removal

Trimming, QC

Classification MiCoP (bwa) using reduced RVDB

+ Kaiju secondary classification

Markus Braun
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BLOODVIR can detect 100 viral copies per mL

Markus Braun
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Data analysis in a nutshell 

Host sequence removal

Trimming, QC

Classification

Estimate species abundance

Calculate genome coverage

classified
Report

▪ Minimum coverage filtering
▪ Length filtering

Markus Braun
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Data analysis in a nutshell 

Host sequence removal

Trimming, QC

Classification

Estimate species abundance

Calculate genome coverage

Contigs assembly Novel virus prediction

unclassified

classified
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How to detect viruses that have not been 
observed yet?

Virus ?
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Machine Learning – model training
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ML architectures

VirHunter (Sukhorukov et al. 2022) BERTax (Mock, Kretschmer et al. 2022)

▪ 3x CNN + random forest classifier ▪ BERT transformer model
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Model Name Year Published Architecture Code Availability

VirHunter 2022 3x CNN + Random Forest https://github.com/cbib/virhunter

BERTax 2022 Transformer BERT https://github.com/f-kretschmer/bertax

Deep6 2023 CNN https://github.com/janfelix/Deep6

ViraMiner 2019 2x CNN https://github.com/NeuroCSUT/ViraMiner

Virtifier (Seq2Vec) 2021 LSTM https://github.com/crazyinter/Seq2Vec

Selected candidate ML architectures

https://github.com/cbib/virhunter
https://github.com/f-kretschmer/bertax
https://github.com/janfelix/Deep6
https://github.com/NeuroCSUT/ViraMiner
https://github.com/crazyinter/Seq2Vec
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Evaluating ML architectures with Leave-One-Out strategy 

Training: 
▪ Human
▪ Bacteria
▪ Viruses     -  Leave Out one Family of viruses

Riboviria

Pararnavirae

Artverviricota

Revtraviricetes

Ortervirales

Retroviridae

Lentivirus

HIV-1
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Evaluating ML architectures with Leave-One-Out strategy 

Training: 
▪ Human
▪ Bacteria
▪ Viruses     -  Leave Out one Family of viruses

Riboviria

Pararnavirae

Artverviricota

Revtraviricetes

Ortervirales

Retroviridae

Lentivirus

HIV-1

1 Chrysoviridae Riboviria

2 Geminiviridae Monodnaviria

3 Fimoviridae Riboviria

4 Botourmiaviridae Riboviria

5 Picornaviridae Riboviria

6 Picobirnaviridae Riboviria

7 Tospoviridae Riboviria

8 Potyviridae Riboviria

9 Cruciviridae DNA viruses

10 Secoviridae Riboviria
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Evaluating ML architectures with Leave-One-Out strategy 

Training: 
▪ Human
▪ Bacteria
▪ Viruses     -  Leave Out one Family of viruses

Evaluation:
▪ Contigs:                         Human, Bacteria, left out Viral Family
▪ Number of contigs:     10,000 each
▪ Contigs length:  0.5 - 5kb

▪ Evaluation metrics: Precision, Recall, F1

Riboviria

Pararnavirae

Artverviricota

Revtraviricetes

Ortervirales

Retroviridae

Lentivirus

HIV-1
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Accuracy of novel virus prediction is contig 
length dependent

BERTax

Precision = How many false positive virus contigs?
Recall      = How many false negative virus contigs?
F1            = (2 x precision x recall) / (precision + recall)
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VirHunter shows best performance in novel 
virus prediction
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VirHunter shows best performance in novel 
virus prediction

Family-level testing Class-level testing

Riboviria

Pararnavirae

Artverviricota

Revtraviricetes

Ortervirales

Retroviridae

Lentivirus

HIV-1



Martin MachynaPaul-Ehrlich-Institut

Data analysis in a nutshell 

Host sequence removal

Trimming, QC

Classification

Estimate species abundance

Calculate genome coverage
Report

Contigs assembly Novel virus prediction

unclassified

classified

Spades VirHunter
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Conclusions

▪ BLOODVIR pipeline implemented in snakemake for reproducible execution

▪ Sequence classification with MiCoP (bwa) is more accurate than k-mer based solutions

▪ Linear detection response with 100 virus copies per mL detection limit

▪ Prediction of novel viruses using custom trained VirHunter ML model
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