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Same experiment presented by Eva Pérez-Martín in the previous talk 
!
Aim: study within-host evolution and genetic variability post inoculation 
  
Sequencing of SAT1 only (persistent serotype) 
!
Inoculum:  

• deep next-generation sequencing of capsid region 
• average coverage ~30000 

Virus from micro-dissections of 3 buffalos (2 at 35dpi, 1 at 400dpi): 
• Sanger sequencing of VP1 
• viruses from dorsal soft palate, palatine and pharyngeal tonsils (both 

epithelium and germinal center) 
!

Furthermore, Sanger/NGS of probang and tonsil swabs from multiple individuals
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Inoculation

26%
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Quasi-species:  
population of viruses with similar sequences  
(differing only by a few mutations)  
evolving under high mutation rates 
!
!
!
 Expectation:  
  either identical viruses,  
  or a single quasi-species 
 

Inoculum: 



Inoculation

26%
54%

2%

44%

74%

Two main quasi-species  
with 3% sequence divergence 
!
!
Large fraction of recombinant  
sequences 

Inoculum: 
two quasi-species (plus recombinants)
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Inoculum: 
two quasi-species (plus recombinants)

Recombinant  
!
VP1 sequence of major quasi-species,   
except for 2 nonsynonymous variants 
corresponding to minor quasi-species



Inoculation

26%
54%

2%

44%

74%

Strong post-inoculation changes  
in quasi-species frequencies 



Inoculation

26%
54%

2%

44%

74%

Strong post-inoculation changes  
in quasi-species frequencies 



Inoculation

26%
54%

2%

44%

74%

Strong post-inoculation changes  
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Quasi-species structure 
across animals and tissues
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Recombination



●
●

●

●

●●

●

●

●

●
●

●
●

●
●

●

●

●

●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●
●

●●

●

●

●

●

●

●●

●

●

●
●

●
●

●
●

●
●

●

●

●

●

●

0.6 0.7 0.8 0.9 1.0

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Predicted D' among next−to−nearest mutations

D
' a

m
on

g 
ne

xt
−t

o−
ne

ar
es

t m
ut

at
io

ns

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●●●

●

●

●●

●●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●●

●

●

●●

●
●

●

●
●

●●

●

●
●●

●

●●

●●

●

●●

●

●

●
●

●

●
●

●
●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●●

●●

●

●

●

●

●●

●
●

●

●

●

●
●

●●

●

●

●●

●●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●

●
●

●●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●●

●●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●● ●

●

●

●●

●●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●●

●

●

●●

●
●

●

●
●

●●

●

●
●●

●

●●

●●

●

●●

●

●

●
●

●

●
●

●
● ●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

● ●

●

●

●

●

●

●●

● ●

●

●

●

●

●●

●
●

●

●

●

●
●

● ●

●

●

●●

● ●

●

●

●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●

●
●

● ●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

● ●

●●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

2000 2500 3000 3500 4000

−1
.0

−0
.5

0.
0

0.
5

1.
0

Position along genome sequence

Li
nk

ag
e 

di
se

qu
ilib

riu
m

 D
' a

m
on

g 
de

riv
ed

 m
ut

at
io

ns

●

●

●

●

●
●

●
●

●

●

●●

●

●●
●

●
●●

●●
●

●
●●

●
●
●
●
●

●

●

●●
●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●
●

●
●

●●
●

●

●

●
●

●●

●●

●

●

●●

●●

●● ●

●

●

●●

●●
●

●

●

●●

●●
●

●

●

●

●●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●●

●●

●

●

●●

●●

●

●●

●●

●

●●●

●

●●

●●

●

●●

●

●

●●

●

●●

●●●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●●

●

●

●

●

●

●●
●●

●

●

●

●●●

●●●

●

●
●●

●●
●

●

●●
●●●

●

●

●●●

●

●

●●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●●

●
●

●

●

●
●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●
●

●

●●

●

●●

●●
●●

●

●

●

●

●
●

●●

●
●
●

●

●

●

●

●
●

●

●
●
●

●

●

●

●

●
●

●
●
●

●

●

●

●

●
●

●●●

●

●

●

●●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●
●

●●

●

●
●

●●

●●

●●

●

●●
●●

●●

●

●
●

●

●

●
●

●

●
●

●
●

●
●
●

1A 1B 1C 1D

●

●

●

●

●

●

●
●

●

●

● ●

●

●
●

●

●

●
●

●
●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●
●

●

●

●
●

● ●

●● ●

●

●

● ●

●●

●

●

●

●
●

●●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●●

●

●

●
●

●●

●

●

● ●

●●

●

● ●

●●

●

● ●●

●

●●

●●

●

●●

●

●

●●

●

●●

●● ●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

● ●

●

●

●

●

●

● ●

● ●

●

●

●

●
● ●

● ●
●

●

●

● ●

● ●

●

●

● ●

● ●
●

●

●

● ●
●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●
●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●

●

●

● ●

●

●●

● ●

● ●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

● ●

●

●
●

● ●

● ●

● ●

●

● ●

● ●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

0 50 100 150 200

0.
2

0.
4

0.
6

0.
8

1.
0

Distance between SNPS

|D
'|

● ●●
●● ● ●

● ●
● ●●● ●●● ●● ●

●●● ●● ●●● ●● ●●● ●● ●● ●
● ●● ● ●● ●● ●

●
●● ●

●
● ●

● ● ●●
● ●●●● ● ●●

●
●

● ●●
●●

● ●
●●
● ●

●
● ●

●

●
●●
● ●

●
● ●

●

●●● ●
●
● ●

●

●● ●●
● ●

●
●

● ●●● ●

●
●● ●

● ●
● ●●

● ●
●

●
● ●

●
● ● ●●

● ●
● ●

● ● ● ●● ● ●
●
●●

●

● ●
●
●●

●
●● ●

●●
●● ●●●●●●●● ● ●●

●● ●
●●

● ● ● ●● ● ●●● ●● ● ● ●
●●● ●

●
●●●

●●
● ●● ●

●●● ● ●● ● ● ●
●
●

●
●●

●
● ● ●

●
●

●
●●

●
● ●

●
●

●●●
●

●
●
●

●●●
●●

●
●●● ●●
●●● ●●●●● ● ●

●● ●● ● ●● ●● ● ●
● ● ● ●●● ●●● ●● ●●●● ●● ●● ●● ● ●

●● ● ●
●

●● ● ●
●

●
●

● ●
●

●
●

●
●

●
●

●

●
●

●
●

●
●●●

●
●
●●●

●
●
●●● ●●● ●●●●

●● ●● ●●● ● ●●● ●● ●●● ● ● ● ●● ●● ●●● ● ● ●●●● ●●● ● ● ●●● ●● ●●● ●●●● ●● ●● ●● ●● ● ● ●● ●● ●●● ● ● ● ●●● ●● ●●●●
●●● ●● ●●●● ● ●●● ● ●●● ●●●●● ●●

0.00 0.05 0.10 0.15 0.20 0.25

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

minimum frequency among recombining pairs

cu
m

ul
at

ive
 fr

eq
ue

nc
y 

of
 o

th
er

 p
ai

rs

Recombination

3200 3300 3400 3500 3600 3700 3800

0.
00

0.
01

0.
02

0.
03

0.
04

0.
05

Position along genome sequence
R

ec
om

bi
na

tio
n 

ra
te

 p
er

 b
as

e

inoculum
35 dpi
400 dpi



Recombinants in buffalos

Variable sites

se
q
u
e
n
ce

s

100

200

300

400

500

20 40 60
SAT1/KNP/196/91

Inoculum

Vi
ra

l s
eq

ue
nc

es

VP1 polymorphismsInoculum consensus



Recombinants in buffalos

Variable sites

se
q
u
e
n
ce

s

100

200

300

400

500

20 40 60
SAT1/KNP/196/91

Inoculum

Vi
ra

l s
eq

ue
nc

es

VP1 polymorphismsInoculum consensus



Recombinants in buffalos

Variable sites

se
q
u
e
n
ce

s

100

200

300

400

500

20 40 60
SAT1/KNP/196/91

Inoculum

Vi
ra

l s
eq

ue
nc

es

VP1 polymorphismsInoculum consensus

Recombinant sequences



Increase in recombinants  
and sequence diversity with time

●

●

●

0.
00

0
0.

00
5

0.
01

0
0.

01
5

Days post infection

Av
er

ag
e 

re
co

m
bi

na
tio

n 
ra

te

0 35 400

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Recombination:
whole sequence
5' end
3' end

Heterozygosity

Recombination occurs during viral replication



Increase in recombinants  
and sequence diversity with time

●

●

●

0.
00

0
0.

00
5

0.
01

0
0.

01
5

Days post infection

Av
er

ag
e 

re
co

m
bi

na
tio

n 
ra

te

0 35 400

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Recombination:
whole sequence
5' end
3' end

Heterozygosity

Recombination occurs during viral replication

Recombinants

Genetic diversity



Increase in recombinants  
and sequence diversity with time

●

●

●

0.
00

0
0.

00
5

0.
01

0
0.

01
5

Days post infection

Av
er

ag
e 

re
co

m
bi

na
tio

n 
ra

te

0 35 400

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Recombination:
whole sequence
5' end
3' end

Heterozygosity

Absolute recombination rates in VP1: 
acute phase:  
 ~0.2 per base per year 
persistent phase:  
 ~0.005 per base per year 

Recombination occurs during viral replication



Increase in recombinants  
and sequence diversity with time

●

●

●

0.
00

0
0.

00
5

0.
01

0
0.

01
5

Days post infection

Av
er

ag
e 

re
co

m
bi

na
tio

n 
ra

te

0 35 400

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Recombination:
whole sequence
5' end
3' end

Heterozygosity

Absolute recombination rates in VP1: 
acute phase:  
 ~0.2 per base per year 
persistent phase:  
 ~0.005 per base per year 

Recombination occurs during viral replication

Replication during persistent phase 
is about 40 times slower than 

replication during acute phase of infection



Recombination map of capsid genes 

1500 2000 2500 3000 3500 4000

0.
00

0
0.

00
5

0.
01

0
0.

01
5

Position along genome sequence

R
ec

om
bi

na
tio

n 
ra

te
 p

er
 b

as
e 

in
 in

oc
ul

um

1A 1B 1C 1D 2A 2B



Recombination map of capsid genes 
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Recombination map of capsid genes 
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Genetic diversity and differentiation



FMDV genetic diversity  
within animals, tissues and locations in tissues
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FMDV genetic diversity  
within animals, tissues and locations in tissues
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FMDV genetic diversity  
within animals, tissues and locations in tissues
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Genetic differentiation  
between animals, tissues and locations in tissues
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Genetic differentiation  
between animals, tissues and locations in tissues
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Genetic differentiation  
between animals, tissues and locations in tissues
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Genetic differentiation  
between animals, tissues and locations in tissues
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• Interesting and non-trivial quasi-species structure 
 How often does it occur? Relevant for viral dynamics/evolution? 

• Systematic selection on quasi-species during acute infection 
!

• Within-host recombination in capsid genes 
 Why not observed in large-scale phylogenies? 

• Replication in carrier state is ~40 times slower than during 
acute infection 
!

• Similar levels of genetic diversity and low differentiation 
between animals/tissues 
 Genetic diversity was present or originated during acute infection phase

Summary: surprises from deep sequencing
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