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Evolution of virus detection

Rasmussen mBio 2015



Wouldn’t it be nice if we could…

• Simply sequence them all? i.e. the “virome”

• Culture-independently

• No a priori knowledge of viruses in the sample

• Aspiration since advent of NGS (>10 yrs)



Human microbiome

Garrette, J Cell Biol 2015



• Vertebrate-infecting viruses most relevant to disease pathogenesis

Forterre, Clin Infect Dis. 2017

Human virome



No 16S rRNA in viruses

http://www.nxt-dx.com/metagenomics/16s-rrna-sequencing/



Bottlenecks of virome NGS

• No 16S equivalent

• >99% reads bacteria or host

• Majority of viral sequences from phage

• Most RNA viruses in stool are plant viruses

• Needle in a haystack!



Adapted from Kumar et al., Virus Research 2017

Viral sequence enrichment strategies

Physical 
enrichment

Sequence 
capture

a.Depletion
b.Enrichment



Adapted from Conceição-Neto et al., Sci Reports 2015

• Physical enrichment

• 2- or 3-step process

• Sample tampering

• Loss of viral NA

• Laborious 

• Slow

• Expensive

• ~20%↑ in viral reads

Conventional virome NGS



• Widely applied for whole exome sequencing (Cancer genetics)
➢ 30 Mb vs 3,200 Mb (Human genome)

• Biotinylated ssRNA/DNA baits (50-150 mer)

• Solution-based capture using magnetic streptavidin beads

biotinylated baits

Sequence Capture enrichment for NGS



Chilamakuri et al.,  BMC Genomics 2014 

SeqCap EZ SureSelect

• xGen (IDT)

• Nugen

Ovation

• NEBNext

Direct®

• Qiagen



VZV, EBV, KSHV

Retroviruses

HCV, HIV

Norovirus



Chilamakuri et al.,  BMC Genomics 2014 

SeqCap EZ SureSelect

200



~2 million probes (avg. 70 mer)

complete genomes of all known 
vertebrate-infectious viruses 
(207 viral taxa)

Virome Capture Sequencing for vertebrate-
infecting viruses (VirCapSeq-VERT)



Briese et al., mBio 2015



Nuclease treatment

DNA/RNA purification

Random PCR

NGS Library Preparation

Ribo-zero

Homogenisation

Ultra-centrifugation 
& Filtration

Illumina 
Sequencing

• Up to 10,000-fold increase in viral reads

• More sensitive than qPCR

• No special equipment or enzymes

• Post-library prep enrichment

• All known vertebrate-infecting virus

VirCapSeq-VERT



• Can detect novel viruses with up to ~40% sequence divergence
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Q. Why viruses?



• > 50 genetic loci associated with T1D

• Human Leukocyte Antigen (HLA) region account ~50% of reported genetic risk

Genetic risk factors for type 1 diabetes



Craig Pediatric Diabetes 2014
Australian Institute of Health and Welfare 2010-2011

• Since 1980s childhood T1D has 
DOUBLED

• In children (0-14 yrs):
• 7th highest prevalence
• 6th highest incidence

11th



• Significant geographical variation

• Seasonal variation

• Monozygotic twins discordant for T1D

T1D healthy

Increasing role of the environment



Rewers and Ludvigsson, Lancet 2016



Yeung et al., BMJ 2011
Krogvold et al., Diabetes 2014

• Prime environmental trigger of islet autoimmunity (IA)

• IA precedes most T1D during childhood

• Strong epidemiological association:

• EV and IA (odds ratio 3.7)

• EV and T1D (odds ratio 9.8)

• Detection of EV RNA /protein in pancreata of recent onset patients

• coxsackievirus B implicated and examined most extensively

Viral aetiology of T1D



Insulin VP1



Why examine the virome?

• Selective focus on EVs over others 

➢ E.g. rotavirus, rubella, cytomegalovirus and influenza

• Reliance on targeted virus detection (PCR/serology)

• Other viruses may have been missed

• Experimental bias  overestimated association between EVs and T1D?

• Defining the full breadth diabetogenic viruses paramount for vaccine development



Study population

Viruses In the Genetically at Risk (VIGR)

• 93 children with 1st degree relative with T1D (parent or sibling)

• Gut virome: 20 IA+ cases vs IA- (n=64)

• Plasma virome: 41 IA+ cases vs IA- (n=118)



Hypothesis & anticipated outcomes

Overarching hypothesis: 

• Viral infection in early life increases risk of IA in genetically predisposed children

Anticipated outcomes:

• Virome of IA+ cases differ from IA- controls

• EV infections more frequent in IA+ cases



Methods



VIGR virome

• >2.6 billion raw reads           
(~14 M filtered reads/sample)

• 28 genera of vertebrate-
infectious viruses

• 75% of stools virus +ve

• 38% of plasma virus +ve

• 62% of children (58/93) 
positive for viral nucleic acid
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• No significant difference in viral “richness” at genus level

STOOL

VIGR virome







• 129 differentially abundant viruses (>2-fold, p<0.05, False Discovery Rate <5%)
• 5 EV-A genotypes more abundant in the gut of cases

HIGHER IN CASESHIGHER IN CONTROLS



How does it relate to other studies?

• Higher rate of virus positivity
– European DIPP study of 16 IA+ cases (Kramna et al., Diabetes Care 2015)
– gut virus positivity of 10.4% (10/96 samples) using 50/100K raw threshold
– 36% (23/64) positivity in VIGR feces 

• Emphasis on identifying statistically significant differences in virus frequency

• Importance to also compare differential abundance of viruses

• Strong focus on EV-B genotypes – warrant further research of EV-As

• Predominance of EV-A consistent with:
– Natural EV circulation in infants (Witsø et al., J Clin Microbiol 2006)
– 10 yr follow-up of 129 children who developed persisten islet autoimmunity in 

Finland (Honkanen et al., Diabetologia 2017)



Working model
• Gut as a reservoir for transmission into pancreas

• Anatomically very close, share common lymphatic & vasculature networks

• Sufficient viral load required to establish persistent infection in the gut

• Maintain chronic inflammation milieu that may promote islet autoreactivity by 
bystander activation

• Preceding intestinal inflammation required for the development of β-cell autoimmunity 
in mice

• More frequent detection of EV RNA and gut inflammation in T1D patients (small-
bowel mucosal biopsy samples of 39 cases with matched controls) 



www.endia.org.au



• Nationwide prospective T1D birth cohort

• 1,400 at risk infants and mothers

• 3rd year – 6 T1D, 21 with islet autoimmunity

• Pregnancy gut virome: 61 mothers, 1-3 trimesters (n=124)

• Infant gut virome: 25 infants, 4 x visits (n=100) 

ENDIA virome

0 12 24 30Age (months)



• Gut virome of 61 mothers & 25 infants during pregnancy and early life (n=224 samples) 

• >2 billion raw reads (~13M filtered reads/sample)

• 28 genera of vertebrate-infecting viruses in pregnancy

• Trend to higher virus positivity in mothers with T1D vs without (64% vs 50%, p=0.14)

• Picobirnavirus more prevalent in mothers with T1D (p=0.006) 

Frequency of viruses detected pregnancy stools (n=124) 
*p=0.006.

ENDIA virome



• 77 viruses differentially abundant between gut of  mothers with vs without T1D

ENDIA virome



• Picobirnavirus, Parechovirus and Circovirus across multiple trimesters 

• Persistent/recurring infection?

ENDIA virome



• 24 different genera of vertebrate viruses detected in early life
• 17 mother-infant pairs reveal potential vertical transmission of viruses (*)
Age (0-12 months) 



High density viral peptide array

3 million-feature peptide array that accurately displays a repertoire of 
linear epitopes for all viruses known to infect vertebrates (207 viral taxa)

• Peptides synthesised in situ then tiled with 2 amino acid offset

• Enables comprehensive interrogation of a child’s humoral immune 
response to all past virus exposures using <100 µL of serum

(Diagram by Karlsruhe Institute of Technology, 2015)

12 mer linear 
epitopes

Comprehensive serological profiling



• Virology Research Laboratory:
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– Prof. William Rawlinson
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• Mothers & Children supporting 
ENDIA
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Comparison of virus detection in VirCapSeq-VERT versus targeted real-time PCR. (a) Five case and
five control feces identified as EV-positive by VirCapSeq-VERT. Two of the control specimens tested
negative (neg) by EV-specific qPCR. (b) Multiplex qPCR validation of fecal specimens identified as positive
for astroviruses, sapoviruses and noroviruses by VirCapSeq-VERT. Astrovirus positivity could not be qPCR
validated in one specimen.

a b



High virus genome coverage achieved using VirCapSeq-VERT. Filtered reads
were mapped to reference genome accessions identified by BLAST (megablast).
Partial/complete genome sequences were obtained from GenBank, alignments
performed using bowtie2 and coverage plots generated in Geneious R9.


