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Can next generation sequencing
be used to unravel

fine scale
FMDV population dynamics?

Caroline Wright 
Institute for Animal Health, Pirbright, UK

30.09.10

Summary and conclusions

• First time next generation sequencing (NGS)
has been used to investigate within-host FMDV
population diversity

• NGS demonstrates a ‘step-change’
improvement in the depth of detection of
FMDV population diversity present within-host

• Intermediate stages in the evolution of a cell
culture to host adapted virus revealed for the
first time

• Such data leads to an improved understanding
of FMDV evolution and the more accurate
reconstruction of transmission events

FMDV and the ‘virus swarm’

• Small genome ~ 8500 nt long

• Rapid replication  rate

• Large population sizes

• High error rate of viral polymerase – virus  swarm

The consensus and beyond

Consensus (≥50%)
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGACTGCATGTGGAGCCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGACTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTGGACGCCCTATGCGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACCCCCTATACGGG
TGCGTTAAGGGACTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGACTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTGGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG
TGCGTTAAGGGTCTGCATGTCGACGCCCTATACGGG

20% 15% 10% 5% …1%... and beyond

• Consensus (Sanger) 
sequences average 
the sequence at any 
one nucleotide 
position

Full genome sequencing has proven to be a powerful
tool for epidemiological tracing of FMD during outbreaks
(UK ‘07)

ATGCGTTC
CTTCGATC
ATGCTTTC
ATGAGTTT
AGGCGTTC
ATGCGTAC

Problem 
distinguishing the 
genuine mutations 
from experiment 
introduced error

ATGCGTTC
CTGCGTT C
CTGCGTT C
ATGCGATC
CTGCGAT C
ATGCGTTC 

•Limited resolution 
achieved by cloning 
approaches

Limitations to date

Why look beyond the consensus?

Global
Phylogeography
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intra-cellular dynamics

Diversity within
swarm animal-animal 

transmission

farm-to-farm 
spread

Outbreak 
epidemiology

Unified model 
describing 

evolution and 
transmission 

of FMDV

cell-to-
cell 

infection
within 
host 

pathways

X X XX XX XX
XX XX XXX XX X XX

5’ AAAA

Pilot study utilising NGS 

1

2 3

1 O1BFS1860 (inoculum)

2 Front left foot lesion (FLF) – 2dpi

3 Back right foot lesion (BRF) - 2dpi 
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RT

2x long PCR
(overlapping fragments)
1ug of product required

Transportation to 
Glasgow

Optimisation

Illumina sequencing platform (2x runs)

Sample preparation for sequencing

•High fidelity 
RT&PCR enzymes 
used

•Reproducibility 
study carried out 
from PCR step

RNA extraction

IAH

Glasgow
Sample preparation

AAAACCCC

L-fragment

1 2

Greater resolution 

Only the best quality reads (50nt) used

• 7,190,884   ⋙ 2,828,554 A (run 1)
• 10,116,147 ⋙ 8,969,902 B (run 2) 

Raw data

Run 1

Run 2

Data used

Fr
eq

ue
nc

y 
of

 m
ut

at
io

n 
wi

th
in

 re
ad

s

Estimates of site specific mutation (SSM)

Analytical 
techniques used to 
qualitatively 
validate sites and 
quantitatively 
assess 
repeatability of 
SSM between runs   

Consensus (≥50%)

Sites with no 
mutations

Validated STOP codons within ORF used to infer upper 
limit of virus intra-cellular mutation rate (μ=7.8 x 10-4)

Dominance of mutation within reads (%) 

ATGCGTTC
CTGCGTT C
CTGCGTT C
ATGCGATC
CTGCGATC
ATGCGTTC 

ATGCGTTC
CTTCGATC
ATGCTTTC
ATGAGTTT
AGGCGTTC
ATGCGTAC

AGCT

Sites of biological significance (run1)
VP356 VP360

Glycine to 
Aspartic Acid
GAC

Arginine to 
Cysteine TGC

Arginine to 
Histidine CAC

78.1

21.9

93.2

6.8

100 100 100

66.5

33.5

% 
Nu

cl
eo

tid
e 

(F
LF

)

Codon position

89.7

10.3

85.6

14.4

100 100
74.1

25.9

100

% 
Nu

cl
eo

tid
e 

(B
RF

)
100 100 100 100 100 100

% 
Nu

cl
eo

tid
e 

(In
oc

)

Arginine Glycine

Correlation of mutation frequencies between samples for ALL 
qualitatively validated mutations receiving coverage above 

100x in run 1 

Genome wide correlation Conclusions of pilot study

• The majority of mutations are low dominance and
most likely represent progeny from replication
within cells prior to onset of any selective pressures
(STOP codons within ORF)

NGS demonstrates a ‘step-change’ improvement in the depth 
of detection of FMDV population diversity present within-host

intra-cellular 
dynamics

5’ AAAA

within host 
pathways

cell-to-cell 
infection

• We hypothesize the higher dominance mutations
have been selected over multiple replication rounds
between cells

• Linkage between foot samples of higher dominance
mutations (<50%) associated with heparan sulphate
binding reveals intermediate stages in the evolution
of a cell culture to host adapted virus
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Future work

1. How does the viral swarm vary over time within
a naturally infected host?

2. How does the viral swarm vary between
different locations within a naturally infected
host?
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