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S1 Sequencing methods

More details on the experimental setup can be found in [1] and [2]. The samples included micro-
dissected tissues (pharyngeal tonsil, palatine tonsils and dorsal soft palate) from three buffaloes
obtained at 35 or 400 days post-infection with FMDV, which were sequenced by Sanger technol-
ogy. RNA was extracted from LMD material using RNeasy Micro kit (Qiagen), followed by cDNA
synthesis using TaqMan RT reagents (Agilent) and random hexamers, then the VP1 region of
SAT1 was amplified using Platinum Taq Hi-Fidelity (Invitrogen) and the following primer pair: 5’-
AGTGCTGGACCCGACTTCGA-3’ and 5’-TGTAGCGATCCTTGCCACCGT-3’ and the VP1 fragment
was cloned into a TOPO R©TA vector (Life Technologies). After colony picking and plasmid purifica-
tion, the fragments were Sanger sequenced using BigDye terminator v3.1 (Applied Biosystems) and
M13 primers.

The inoculum used for the experiment, as well as six further samples obtained from tonsil swabs
and probangs of four animals culled between 200 and 400 days post inoculation, were sequenced at
high throughput. RNA was extracted using RNeasy mini Kit (Qiagen), followed by cDNA synthesis
using SuperScriptTM III First-Strand Synthesis System (Life Technologies), amplification of the cap-
sid region using Platinum Taq Hi-Fidelity (Invitrogen) and the primer pair 1A1F/2B2R (sequences
available on request). Libraries were constructed using Nextera XT DNA Sample Preparation Kit

∗Email: luca.ferretti@gmail.com, luca.ferretti@bdi.ox.ac.uk
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(Illumina) and deep sequenced on a MiSeq system using 300 cycle version 2 reagent cartridges
(Illumina) to produce paired end reads of approximately 150 bp each.

S2 Genetic content of the inoculum

After the removal of reads from contaminations, all sequenced FMDV reads belong to the SAT1
serotype. The consensus sequence of VP1 is very similar to the sequence of SAT1/KNP/196/91.
There are 26 SNPs at frequency > 1% in VP1, of which 22 have an allele at frequency about 0.45.
This corresponds to a strong haplotype structure in the inoculum, with at least two main variants (or
better, two swarms around these variants, plus their recombinants) differing by about 3% in their VP1
sequence. The majority of these mutations are at the third codon position (17 out of 26, p = 4×10−3

by multinomial test), suggesting purifying selection pressure on the virus.

S3 Error model for Sanger sequences

All sequences obtained by Sanger sequencing from two animals culled at 35 dpi and one culled at
400 dpi were pooled together and aligned to the sequence of the inoculum using MAFFT-ginsi [3].
From this alignment, the distribution of the counts of all minor alleles in the sample was extracted.
Since the distribution of sequencing errors was not known, we fitted an error model to the low-
frequency part of the allele distribution, under the conservative assumption that all low-frequency
alleles were sequencing errors. Simple models of random errors predict a Poisson distribution of
error frequencies (resulting from rare, independent errors in each sequence) and more generally
the tail of the error distribution is expected to be exponential. In fact the distribution of alleles
present in three to ten sequences was well-fitted by a geometric distribution P (c) = 186 · 0.69(c−1)

(Figure A), which is the discrete version of an exponential distribution. From this geometric fit,
the number of expected false SNPs in the sample above a threshold count c̄ was estimated as
E[false SNPs] = 186 · 0.69c̄/(1 − 0.69). We fix the threshold by requiring that E[# false SNPs] < 0.5,
that implies c̄ = 20.

S4 Linkage disequilibrium D′ from sequences and short reads

Consider two biallelic variables sites in the FMDV genome, with alleles A, a at the first site and B, b
at the second one. The Linkage Disequilibrium D for multiple haploid sequences is defined in terms
of allele frequencies at both sites by the standard expressions [4]

D = fAa − fAfa = fAafBb − fAbfaB (S1)

The linkage disequilibrium D is not normalised, i.e. it covers a wide range of values even for per-
fectly linked mutations without recombination. To take this into account, we consider the normalised
value D′

D′ =

{
D

maxfAa
(D)

D ≥ 0

D
|minfAa

(D)| D < 0
(S2)

which is always ±1 in the absence of recombination, provided that the variants are not generated by
recurrent mutations.
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Figure A: The low-frequency part of the distribution of minor allele counts. The data with counts
between 3 and 10 (black dots) were fitted by an exponential model (black line)
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For a finite sample, If there are c reads or sequences covering both SNVs, it is possible to esti-
mate the linkage disequilibrium between their alleles by restricting the analysis on these c sequences
and estimating D′ based on the sample frequencies. The result of this computation for inter-swarm
SNVs in the inoculum is shown in Figure B.

Since the sample frequencies have an uncertainty of order
√

f(1−f)
c

with respect to the actual
frequencies, the computation of LD from a finite sample results in an error of order 1/

√
c. More

precisely, for pairs of linked loci of similar frequency q and covered by c reads, the sampling error on
the estimates of D′ [5] is about

σ2(D′) =
(1−D′)(1 + ( 1

q(1−q) − 3)D′ + 2D′2)

c
(S3)

This error is illustrated in Figure CA,B for the deep sequencing of the inoculum as well as for all viral
Sanger sequences from buffaloes.
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Figure B: Normalised linkage disequilibrium D′ between pairs of derived swarm-specific variants
covered by at least 104 reads. Red bars illustrate the interval between variants, with a black dot at
the mid-point.

S5 Inference of recombination and related uncertainties

The advantage of LD is that it takes naturally into account the fact that many recombination events
are invisible, i.e. they do not alter D since they occur between two sequences with the same combi-
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Figure C: Uncertainty at 1σ level on inferred LD and recombination rates. Approximated via the LD
uncertainty (C,D) or with equation S7 (E,F). Red: deep sequencing data; grey: Sanger sequences.
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nation of alleles. In fact, its decay in time follows the law

E

[
dD

dt

]
= −rD (S4)

where r is the recombination rate per sequence between the two loci. Hence, for variants initially in
complete linkage,

E [D′] = e−rt = e−R (S5)

where R is the cumulative recombination rate in time. For this reason, we can estimate the recom-
bination rate by inverting the previous equation:

R̂ = − log(D′) (S6)

The uncertainty on R̂ can be estimated either by assuming an approximately Gaussian distribu-
tion for D′, as illustrated in Figure CC,D, and transforming the Gaussian confidence intervals for D′

into the corresponding confidence intervals for R. Alternatively, the delta method implies that the
variance of the estimate of R = − log(D′) is about

σ2(R) ≈ σ2(D′)

D′2
=

(1−D′)(1 + ( 1
q(1−q) − 3)D′ + 3D′2)

cD′2
(S7)

illustrated in Figure CE,F. For values of R > 0.05, the relative error σ(R)/R . 10% is reasonably
small. Even for smaller values of R > 0.01, the error σ(R)/R . 25% is under control.

Note that for large recombination rates, there is a saturation effect with smaller and smaller
changes in LD as the recombination increases. This corresponds to the exponential dependence in
equation S5. The consequence is a strong increase in the uncertainties on recombination rates for
values of cumulative recombination greater than 2, or D′ values lower than 0.2.

In this experiment, typical values of D′ among reasonably close SNVs are large enough that this
saturation effect does not affect our data, as can be seen from Figure B.

Errors on recombination rates are shown explicitly in Figure D by mapping the 1σ confidence
intervals of D′. For VP1 sequences in buffalo, the evidence of recombination in terms of reduction
in LD compared to complete linkage is also significant for all pairs of SNVs, as illustrated by the
z-scores in Figure E.

The above approach is denoted by “local” approach in the text and it is based on the above
estimate (S6) for consecutive variants only. The second approach that we propose is denoted as
“global” approach and is given by the weighted least squares [6] estimate Rwls from all variants.
More precisely, it is defined by the equations:∑

j

∑
I⊃i,j

Rwls
j /Var(R̂I) =

∑
I⊃i

R̂I/Var(R̂I) (S8)

where i, j denote intervals between consecutive variants and I intervals between any pair of vari-
ants. For this estimator, we use the approximate form for the variance: Var(R̂) = (D′)−2/c + R̂,
where c is the number of reads covering both variants in the pair; the first term comes from the delta
method applied to the variance of binomial sampling of c sequences (assuming low recombination
and similar frequencies for all SNVs), the second from the Poisson noise of the random recombina-
tion events. To get comparable results between Sanger and short-reads data, only intervals of length
less than 200 bases are used for the “global’ estimate for analyses involving both approaches.

6



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
buffalo 19
buffalo X4
buffalo 44

Figure D: Inferred cumulative recombination rates per base. Dashed lines illustrate the 1σ uncer-
tainties.

7



Position in 1D sequence − z−score of complete linkage vs actual D'
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Figure E: Relative z-scores with respect to D′, i.e. z(x) = x−D′
σ(D′)

, computed across all sequences
from buffalo tissues. Note that z-scores between -2 and 2 are in white. Lower triangle: complete
linkage (D′ = 1) z-scores are all larger than 2, proving that LD is significantly lower than complete
LD for all pairs of mutations. Upper triangle: most predicted D′ z-scores are less than -2, showing
that epistasis affects significantly LD among most mutations.
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S6 Multi-swarm structure

Deep sequencing of inoculum

The description of the peculiar structure of the quasi-species is based on three pieces of evidence:

• The distribution of minor allele frequencies in the inoculum is strongly bimodal (Figure 2A in
the Main Text), with a expected tail of low-frequency alleles disappearing before frequency 0.2,
and a large number of intermediate-frequency alleles peaked at 0.4. This already is a strong
hint of haplotype structure. The derived alleles show a similar distribution of frequencies and
the intermediate-frequency SNPs are distributed uniformly along the sequence (Figure 2B in
the Main Text).

• A haplotype structure is defined by a strong linkage disequilibrium (LD) among derived alleles.
In the inoculum, LD can be measured only between close SNPs. Figure 2B in the Main Text
shows that the LD between the derived alleles of consecutive SNPs is very strong (D′ ≈ 1),
therefore supporting a local haplotype structure. The few mutations with D′ ≈ −1 point to an
erroneous inference of their ancestral state.

• The Sanger sequences from microdissections of infected buffalos were sampled after the
acute phase of the infection, hence they are affected by selection and recombination in a
complex way. However, when looking at the SNPs already present in the inoculum, they still
show a bimodal distribution of frequencies (Figure F) and signatures of a strong haplotype
structure (Figure 3 in the Main Text).

These data support a strong haplotype structure of the quasi-species, with clouds of genotype
concentrated around two well-defined haplotypes and their recombinants. The frequency of these
haplotypes in VP1 can be estimated by taking the average of the frequencies of the derived and
ancestral variants in the SNPs, obtaining 0.44 and 0.56 respectively.

The minor haplotype among the buffalo sequences in Figure 3 does not correspond to any of the
two main haplotypes of the quasi-species. It is very similar to the major haplotype of the inoculum,
but with two “fixed” variants identical to the minor haplotype. Nevertheless, since it is observed
at similar frequencies in the different individuals and tissues, it should have been present in the
inoculum: otherwise, if it would have emerged as a random recombinant, its evolutionary outcomes
would have been highly stochastic. An estimate of the initial frequency of this haplotype in the
inoculum can be obtained by the fraction of reads that (i) cover one of the two sites with “fixed”
variants and a neighbouring SNP and (ii) are compatible with this haplotype. The estimated fraction
of reads satisfying both conditions (i),(ii) among all reads satisfying condition (i) is about 0.02.

Viral sequences from micro-dissections

The frequencies of all SNPs among the viral sequences from micro-dissection are shown in Figure
F. Their distribution is again bimodal. New SNPs (corresponding to monomorphic sites in the VP1
sequence of the inoculum) do not show any significant purifying selection (p > 0.05 by multinomial
test on their codon position).

Two main haplotypes (plus several recombinants) are present among the sequences post-inoculation.
The major haplotype is the same as the minor haplotype in the inoculum. Instead, the second main
haplotype post-inoculation is not the major haplotype of the inoculum, but it is rather a (possibly
recombinant) variant of that haplotype differing only by 0.2% in the VP1 sequence. The VP1 se-
quences of the minor haplotype in the inoculum and of this recombinant differ in 20 positions out of
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Composition of buffalo LMD sequences
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Figure G: Left: distribution of the composition of each sequence in terms of the two swarms de-
scribed in the paper. More precisely, it is the distribution of the fraction of SNVs that can be at-
tributed to the minor swarm in the inoculum (top), computed across all viral sequences from micro-
dissections of buffalo tissues. The relation between sequence composition and the amount of minor
intra-swarm variants is also illustrated (bottom). Right: Distribution of abundance of minor intra-
swarm SNVs within each sequence, for both swarms (top) and separated by swarm (bottom).

the 22 SNPs at intermediate frequency in the inoculum, while the remaining two SNPs at interme-
diate frequency in the inoculum are fixed post-inoculation. Assuming that this variant was already
present in the inoculum - which is the most parsimonious hypothesis - it is possible to estimate its
initial frequency at about 2% or less in the inoculum, as discussed above. Note that the value of
linkage disequilibrium D among the remaining variants is affected by these changes in frequency
post inoculation, but its normalized value D′ is not.

A more detailed picture of the two quasi-species and their recombinants in buffalo, as well as
the diversity within swarms, is illustrated in Figure G. From these figures, it is apparent that roughly
half of the sequences are derived from a single swarm; however, the other half is constituted by
recombinants, containing contributions from both swarms in different proportions. Intra-swarm vari-
ants contribute to overall sequence diversity roughly as much as the inter-swarms SNVs discussed
before. Sequences belonging to the major swarm within buffalo tissues contain less intra-swarm
variants, which could be explained by a rapid growth in the relative size of this swarm even before
inoculation.
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S7 Biases in recombination inference

Our approach to the inference of recombination rates between nearest neighbour pairs of variants
can be biased by several biological factors:

• Local genetic structure of the swarm: even if the population is composed of a mixture of the
two swarms with frequencies q and 1− q, there could be local inhomogeneities that cause one
or the other swarm to be locally more abundant. In such cases, the likelihood of two viruses
from two different swarms infecting the same cell could be reduced with respect to the well-
mixed case π = 2q(1 − q). If the average local genetic diversity is πlocal = E[2qlocal(1 − qlocal)],
the local genetic structure has an impact quantified by 1− F local

st = πlocal/π.

• Viability of recombinants: recombination can generate defective viral sequences, e.g. due to
deletions caused by the recombination process. Such viruses are unlikely to replicate. We
assume that these non-viable sequences are generated with probability pnv and are removed
at a rate σnv.

• Epistatic interactions between nearest neighbour pairs of variants: such interactions cannot
be detected, since they occur at the resolution of the finest scale available in the experiment.
Recombinants are likely to be less fit that the original swarms: we denote the fitness cost of
recombinants by s.

To understand the quantitative impact of these effects, we describe mathematically the evolution
of the amount of visible recombinants. The equations for the evolution of the fraction of viable and
non-viable recombinants are

dfr,v
dt

= ri,jπlocal(1− pnv)− si.jfr,v (S9)

dfr,nv
dt

= ri,jπlocalpnv − σnvfr,nv (S10)

If the observed recombination is weak, then it can be well approximated by

robservedi,j ≈
1−D′i,j

∆t
=

fr,v + fr,nv
2q(1− q)∆t

= ri,j(1−F local
st )

[
pnv

1− e−σnv∆t

σnv∆t
+ (1− pnv)

1− e−si,j∆t

si,j∆t

]
(S11)

From this expression it is clear that the local genetic structure suppresses the observed recombi-
nation rate by a factor 1 − F local

st . From the results in [2], we estimate that 1 − F local
st & 0.8, hence

local genetic structure could be responsible for a modest suppression of recombination of up to
20%. The impact of epistatic interactions is relevant only when defective recombinants are not ex-
ceedingly probable, otherwise the suppression of recombination depends on the lifetime 1/σnv of
non-viable recombinants.

If the recombinants are not dominantly defective, i.e. if pnv � 1, we can assume σnv � s and
therefore neglect the contribution of non-viable recombinants, approximating the result as

robservedi,j ≈ ri,j(1− F local
st )(1− pnv)

1− e−si,j∆t

si,j∆t
(S12)

In this case, all three factors contribute to the suppression of the observed recombination rates.
It should be pointed out that for many applications, the effective recombination rate that matters is

the one that takes into account the local genetic structure and the non-viable recombinants as well,
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since these effects occur on a very short scale in space and time and are therefore unavoidable.
Hence, the effective recombination rate that matters is

reffectivei,j = ri,j(1− F local
st )(1− pnv) ≈ robservedi,j

si,j∆t

1− e−si,j∆t
(S13)

which is larger than the inferred rates because of the epistatic effects. As we will show later, recom-
bination can be typically enhanced by 25%− 100% with respect to the observed one, since epistatic
interaction coefficients tend to lie in the range s∆t ∼ 0.5− 1.5.

S8 Epistasis from Linkage Disequilibrium

Detecting epistasis

In the absence of epistasis, the Linkage Disequilibrium is expected to decay exponentially with
recombination, i.e. D′ = e−R. Recombination can be modelled as an inhomogeneous Poisson pro-
cess, hence by the superposition properties of Poisson processes, the recombination rate between
two variants is the sum of all recombination rates between consecutive bases in the genomic interval
defined by the two variants, i.e. for variants in position x and y, the equation

Rx,y =

y−1∑
z=x

Rz,z+1 (S14)

should be satisfied. We can use these equations to detect the presence of epistasis among our
variants.

From the ith and jth variant (i < j) and the inferred recombination rate between them Ri,j =
− log(D′i,j), we define the predicted recombination rates as

Rpredicted =

j−1∑
k=i

Rk,k+1 (S15)

The suppression of recombination R − Rpredicted = log(D′predicted/D
′) between all pairs of SNVs rep-

resents the impact of epistasis among these variants and it is shown in Figure 7 in the Main Text.
The relative suppression R−Rpredicted

Rpredicted
reaches up to −74%, as shown in Figure H (lower triangle).

The detection of epistatic effects among VP1 sequences from buffalo is robust with respect to
statistical and sampling uncertainties. In fact, z-scores of the difference between observed and
predicted LD in Figure E (upper triangle) are much lower than -2 for most pairs of variants.

It is worth noticing that this approach would not work for viral populations with a strong subpop-
ulation structure among different tissues or niches. If that would be the case, LD could be caused
by different linked variants within each subpopulation and would not decay exponentially. In this ex-
periment, this caveat does not apply since population structure is weak, as shown in details through
genetic differentiation analyses in [2].

Heuristic inference of pairwise epistatic interactions

Reduction in recombination rates between two mutations can be due to direct epistatic interactions
between those mutations, or indirect effect from epistatic interactions between other linked variants.
Here we present a heuristic approach to extract the most relevant pairwise epistatic interactions.
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Position in 1D sequence − Relative suppression of recombination

P
os

iti
on

 in
 1

D
 s

eq
ue

nc
e 

−
 P

ai
rw

is
e 

re
la

tiv
e 

su
pp

re
ss

io
n 

of
 r

ec
om

bi
na

tio
n

100

200

300

400

500

600

100 200 300 400 500 600

−0.7

−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0.0

0.1

Figure H: Suppression of recombination for all sequences from buffalo tissues. Lower trian-
gle: relative suppression of recombination (R − Rpredicted)/Rpredicted with respect to the predic-
tions from local recombination rates. Upper triangle: relative suppression of recombination
(R − R2,predicted)/R2,predicted with respect to the heuristic predictions corrected to extract only the
effect of pairwise direct interactions.
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Contributions to heuristic prediction 
of recombination rate
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Rpredicted=R’+R’’+R’’’

A

Figure I: Illustration of multiple epistatic interactions among variants along a sequence (red arrows)
and of the corresponding heuristic prediction for R2,predicted between variants i and j (dashed lines).
In both examples A and B, the prediction is R2,predicted = R′ +R′′ +R′′′, which is the chain of recom-
bination rates between i and j with the minimum sum. As shown by this illustration, the heuristic
prediction R2,predicted accounts for most indirect effects of other epistatic interactions on the LD be-
tween i and j.
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The idea is to compare the recombination rate inferred from LD between two variants with the
cumulative recombination rates across the most linked chain of variants connecting the two. The
idea is illustrated in Figure I.

More precisely, from the ith and jth variant and the inferred recombination rate between variants
Rk,k′ = − log(D′k,k′), we define the predicted recombination rates as

R2,predicted = min
{k1,...kn}

(
Ri,k1 +

n−1∑
a=1

Rka,ka+1 +Rkn,j

)
(S16)

where the ordered set {k1, . . . kn} contains at least one variant and all variants in it are different from
i and j. This heuristic prediction is able to capture the effect of one or a few epistatic interactions
between variants linked to i and j, provided that there is a dominant chain among such interactions
(see Figure I).

The relative pairwise suppression of recombination (R−R2,predicted)/R2,predicted is shown in Figure
H (upper triangle). Direct epistatic interactions appear to suppress recombination up to −55%.

Note that when there is no direct epistatic interaction among two variants but there are strong
epistatic interactions between linked variants, R2,predicted could even be smaller than the observed R.
This does not necessarily mean that there are “negative” epistatic interactions, and in fact there is
no evidence for such significant “negative” interactions in Figure E (upper triangle).

Inference of selection strength for epistatic interactions

The suppression of recombination is related to the selection coefficients, but it is not a direct mea-
sure of their strength. To infer the actual strength of the epistatic selection coefficients, we need an
explicit model relating them to the suppression of recombination.

Consider two sites with variants of fixed frequency q, recombining with a recombination rate r.
Assume also that all recombinants have a fitness disadvantage −s. Initially, the two sites are fully
linked and D′ = 1. The expected evolution of recombinants between these sites can be written in
terms of a single differential equation for the fraction of recombinants fr:

dfr
dt

= r(2q(1− q)− fr)− sfr(1− fr) (S17)

which can be translated into an equation for the evolution of the linkage disequilibrium D′ = 1 −
fr

2q(1−q) :

dD′

dt
= −rD′ + s(1−D′)[1− 2q(1− q)(1−D′)] (S18)

In turn, this can be solved in terms of the overall effective recombination rate R = − log(D′) as

R = − log

1−
1 + s/r − γ coth

[
γrt
2

+ 1
2

log
(

1+s/r+γ
1+s/r−γ

)]
4q(1− q)s/r

 (S19)

where γ =
√

(1 + s/r)2 − 8q(1− q)s/r.
In this formula, we can replace the recombination rate r · t→ R2,predicted and the ratio s/r = s·t

r·t →
s′/R2,predicted and we end up with an implicit equation for the rescaled selection coefficient s′ = s · t:

4q(1− q)s′

R2,predicted

(1− e−R) =1 +
s′

R2,predicted

− γ coth

[
γR2,predicted

2
+

1

2
log

(
1 + s′

R2,predicted
+ γ

1 + s′

R2,predicted
− γ

)]
(S20)

γ =
√

(1 + s′/R2,predicted)2 − 8q(1− q)s′/R2,predicted (S21)

16



For numerical reasons, we estimate s′ = 0 if the suppression of recombination is too small, i.e. if
R−R2,predicted > −0.1.

The results are shown in Figure J for all sequences and in Figures K,L,M for the different animals.
The inferred coefficients s′ corrected to estimate the strength of pairwise interactions, based on
R2,predicted, are shown in the lower triangle of Figure J. Most of the coefficients lie in the range
s′ ∼ 0− 2; if the replication time during the acute phase of the infection is a few hours, the selective
coefficients can be estimated in the range s ∼ 0− 0.1.

S9 Direct Coupling Analysis from linkage disequilibrium among
SNVs

The approach for the detection of direct epistatic interactions presented in the previous sections is
grounded in population genetics for the inference of selection strengths, but is otherwise based on
heuristic estimates of the predicted recombination rate corrected for indirect interactions. Here we
present a different approach based on Direct Coupling Analysis [7]. Such approach is based on a
simpler model for the probability to find a sequence as a function of its fitness and it is more appro-
priate for stationary ensembles of sequences, which are usually reached after longer evolutionary
times. However, it has the great advantage of providing a simple and statistically grounded method
to disentangle direct and indirect interactions.

Assume that we have SNVs denoted by indices 1 . . . s with alleles a1 . . . as. Each allele can be
represented by the values ai = −1 if the variant belongs to the first swarm or ai = +1 if it belongs
to the second one. We assume that the population-scaled fitness of the sequence is given by the
quadratic function

f(a1 . . . as) =
∑
i,j

Jijaiaj +
∑
i

hiai (S22)

where Jij are direct epistatic couplings between variants. From standard population genetics argu-
ments, the probability of a sequence is

P (a1 . . . as) =
e−f(a1...as)

Z
=

1

Z
exp

[
−
∑
i,j

Jijaiaj −
∑
i

hiai

]
(S23)

where Z =
∑

a1
. . .
∑

as
e−f(a1...as) is a normalisation factor.

As a mathematical simplification, we can follow the Gaussian approximation approach proposed
in [8], promoting the variables ai to Gaussian random variables. Then Z can be computed explicitly
as

Z =
(2π)s/2√

det(J)
exp

[∑
i,j

hiJ
−1
ij hj/4

]
(S24)

If the frequencies of the two swarms are q and 1− q, the expected values are E[ai] = 2q − 1 and the
variances are Var[ai] = 4q(1− q). The covariances can be estimated as

Cov[ai, aj] =
∂2 logZ

∂hi∂hj
=
J−1
ij

4
(S25)

The LD is related to the covariances as follows. Assume positive linkage, i.e. D > 0. The
definition of LD can be rewritten as

Dij = Cov

[
ai + 1

2
,
aj + 1

2

]
=
J−1
ij

16
(S26)
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Position in 1D sequence − Strength of epistatic selection
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Figure J: Pairwise epistatic interactions inferred from all viral sequences from buffalo tissues. Lower
triangle: Strength of selection coefficients s′ for pairwise direct epistatic interactions inferred from the
recombination R versus the predicted one R2,predicted corrected to extract only the effect of pairwise
direct interactions. Upper triangle: pairwise direct coupling coefficients inferred from DCA.
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Position in 1D sequence − Strength of epistatic selection
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Figure K: Same as Figure J, but computed only from sequences from buffalo 19 (culled at 35 dpi).
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Position in 1D sequence − Strength of epistatic selection
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Figure L: Same as Figure J, but computed only from sequences from buffalo X4 (culled at 35 dpi).
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Position in 1D sequence − Strength of epistatic selection
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Figure M: Same as Figure J, but computed only from sequences from buffalo 44 (culled at 400 dpi).
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Figure N: Top, and bottom left: comparisons of the inferred strength s′ of epistatic selection coef-
ficients between sequences from different infected animals (buffalo 19, X4 and 44). Bottom right:
local recombination rates inferred from DCA couplings.
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and the normalised LD is then defined by D′ = D/q(1− q)

D′ij =
J−1
ij

16q(1− q)
(S27)

which implies that up to an irrelevant constant, we obtain a focal relation for the direct couplings:

Ĵij = D′−1
ij (S28)

This equation is the basis for the inference of direct couplings from LD values.
This DCA approach is particularly interesting because under the assumptions that there is no

epistasis but variants are coupled by physical linkage only, i.e. D′ij = e−
∑j−1

k=i Rk,k+1, we retrieve
precisely the natural result that we would like to obtain: Ĵij has non-zero components only between
consecutive variants, i.e. the impact of physical linkage is restricted to nearest neighbours and no
spurious interactions are inferred. The value of coupling coefficients between consecutive variants
is inversely related to the recombination rate between the variants as

Ĵi,i+1 = Ĵi+1,i = − 1

2 sinh(Ri,i+1)
(S29)

Ĵi,j = 0 , |i− j| > 1 (S30)

This shows that the approach is well suited for the analysis of epistatic interactions in recombining
sequences. The (irrelevant) diagonal components are Ĵi,i =

sinh(Ri,i+1)+sinh(Ri−1,i)

2 sinh(Ri−1,i) sinh(Ri,i+1)
for i 6= 1, s, Ĵ1,1 =

eR1,2

eR1,2−e−R1,2
and Ĵs,s = eRs−1,s

eRs−1,s−e−Rs−1,s
.

In practice, estimating the inverse of the LD matrix (S28) is extremely noisy and requires some
assumptions of sparseness for the interactions. We employ a graphical LASSO regularization ap-
proach, which is particulary suitable for Gaussian models [9], for the computation of the inverse
covariance matrix choosing a regularization parameter ρ = 0.2.

First, it is interesting to see that equation (S29) of the DCA approach can be used to reconstruct
correctly the shape of the recombination profile along VP1 (bottom right panel of Figure N). However,
the absolute values across different buffaloes do not correspond to the one we inferred from LD; this
relative insensitivity to the absolute values of recombination coefficients appears to be a limitation
of the DCA approach, as illustrated by the results of non-epistatic simulations in Figure O.

The results for the coupling coefficients are shown in Figure J, K, L and M. A comparison
between coupling coefficients and strengths of selection is shown in Figure P. Many pairs with
non-zero coupling coefficients are actually inferred to be non-interacting or weakly interacting by
our heuristic approach. However, interacting pairs detected by both approaches show a remarkable
correlation in their inferred interaction strengths, confirming the validity of the two approaches.

S10 Epistasis versus RNA and protein structure

To assess if there is selection at the protein level, we looked for an excess in epistatic interactions
detected between non-synonymous variants compared to the interactions between synonymous
variants. Such an excess in the strength of non-synonymous epistatic interactions is clearly visible
in the bottom panels of Figure P. To prove the significance of this effect, we compare the median
interaction strength s′ for interactions involving only non-synonymous variants and for interactions
involving only synonymous ones via one-tailed Mann-Whitney U-test.

We find that the results across all buffaloes are significant using our heuristic pairwise approach
(p=0.005 while combining p-values by Fisher’s method and p=0.006 by Stouffer’s method). Even
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Figure P: Top: comparison between measures of the strength of epistatic interactions (inferred
selection coefficients vs DCA coupling coefficients). Buffaloes 19 and X4 were culled at 35 dpi,
buffalo 44 at 400 dpi. Red dots represent pairs of non-synonymous variants. Bottom: boxplots
illustrating the distribution of the strength of epistatic interactions between non-synonymous variants
versus strength of selection between synonymous variants
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using the noisier DCA-based approach, the couplings between non-synonymous mutations tend to
be significantly stronger (p=0.05 by Fisher’s method and p=0.03 by Stouffer’s method). This proves
that some of the epistatic interactions detected here act at the protein level. It also confirms that our
approaches to detect epistatic interactions are sensitive enough to capture some of the information
present in the data.

For a functional interpretation of epistatic interactions among the inter-swarm variants, we anal-
ysed their localisation within the RNA secondary structure of FMDV, as well as the localisation of
non-synonymous variants in the capsid.

There are four non-synonymous variants in the VP1-coding region, corresponding to four aminoacid
mutations: H18Y, K49R, A99T and E179V. The localisation of these four non-synonymous variants in
the capsid is illustrated in Figure 8 based on the capsid structure of the SAT1 isolate SAT1/BOT/1/68
[10, 11]. Two of these aminoacids are exposed (99 and 179), and two are close to known or sus-
pected epitopes (49 and 99, see [12]). Three of these variants are characterised by epistatic interac-
tions, illustrated in Figure 8 in the Main Text. The interaction between H18Y and A99T is particularly
strong and is detected in all buffaloes, while the interaction between K49R and A99T is weaker
and detected only in sequences from two of the animals. Note that aminoacid 99 is exposed while
the interacting residue 18 is fully buried, hence this epistatic interaction could be a compensatory
interaction related to the stability of the VP1 protein and the capsid structure

The other interactions are likely to be related to the RNA secondary structure of the virus. The
free energy of the RNA secondary structure has been computed using rnafold from ViennaRNA
[13] for all Sanger sequences from buffalo tissues. The secondary structure corresponding to the
minimum free energy for the consensus sequence of the inoculum and the localisation of inter-
swarm SNVs are shown in Figure Q. Most of these variants are not localised within a stem or lie
on the terminal bases of a stem, hence are not expected to play a major role in the stability of RNA
secondary structure.

The impact of the two swarms, the recombinants and the intra-swarm variants on the free en-
ergy of the folded RNA structure have been estimated by ANOVA based on three variables: (i) the
relative contribution to each swarm to the sequence, (ii) the diversity in the recombinant origin of
the sequence - i.e. the probability that two random variants in the sequence are derived from the
same swarm - and (iii) the number of intra-swarm minor variants. Both swarms seem to have similar
minimum free energy (about −245 kcal/mol), but recombinants tend to be surprisingly slightly more
stable (up to −1.5 kcal/mol, p=0.02) while intra-swarm variants significantly reduce stability (+0.25
kcal/mol for each extra intra-swarm mutation in the sequence, p=0.017) as expected if they would
be dominated by slightly deleterious mutations of low frequency. These results and the small values
of the differences in free energy suggest that RNA stability is not the main cause of the decrease in
fitness of the recombinants observed in our experiment. This agrees with the above observation on
the localisation of inter-swarms SNVs.

The strongest inferred interaction between synonymous variants is shown in Figure Q. We could
not find any functional interpretation for this interaction. Since it involves the last mutation at the
3’ end of the sequenced region, it is also possible that this interaction is actually an artifact due to
the indirect effect of an even stronger epistatic interaction with some variant outside the sequenced
region.
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Figure Q: Localisation of inter-swarm variants in the RNA secondary structure inferred from Vien-
naRNA [13] using the consensus of viral sequences from buffaloes. All variants that are polymorphic
both in the inoculum and within buffaloes are highlighted by red circles. The strongest epistatic in-
teraction inferred among synonymous variants is illustrated by a dotted lines.
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S11 Evolutionary consequence of recombination in the FMDV
capsid

Recombination as a leading force in generating within-host diversity

One of the features of RNA viruses such as FMDV is the formation of viral swarms and quasi-
species. This is a consequence of their high mutation rate [14]. The actual amount of genetic
diversity within the swarm depends on the length of the infection, on the transmission bottlenecks
and on the equilibrium between mutation, recombination and the selective pressures on the quasi-
species. Genetic diversity in quasi-species has functional roles that are not fully understood: among
others, it may increase pathogenicity and adaptation to specific tissues [15, 14].

The rates of intra-host recombination observed in this experiment suggest that recombination
could be a leading force in generating genetic diversity in the swarms. In fact, a simple calculation
using the substitution rates known from the literature shows that in an infected buffalo only about half
of the FMDV sequences at the end of the acute infection phase would differ from the inoculum, most
of them by a single nucleotide mutation; on the other hand, according to the rates observed here,
most sequences would be recombinants of 4-5 viruses in the swarm. Most of these recombination
events would be between almost identical viruses and do not lead to new haplotypes, but a sizeable
fraction of events would create new haplotype combinations separated from the inoculum by multiple
mutations, therefore enhancing the breadth of the swarm in genotype space while alleviating the
mutational load by disentangling the fate of beneficial and deleterious mutations [16]. This effect is
illustrated in Figure S18A.

The multi-swarm structure of our experiment offers some indirect evidence to back these ob-
servations. We perform a further analysis on the viral sequences from buffalo tissues, ignoring
the intermediate-frequency SNVs that distinguish the two swarms, and focus on the low-frequency
SNVs within each swarm. The corresponding genetic diversity is a good representation of the poten-
tial intra-host diversity of a single quasi-species. For each buffalo, in the absence of recombination
and assuming that multiple mutations play a minor role, the haplotypic diversity of the sample (de-
fined as the number of haplotypes [17]) should be equal to the number of these SNVs plus one, but
it turns out to be systematically higher. In fact, for the swarms infecting the two individuals culled
at 35 dpi, recombination could account for about 31% and 28% of the haplotypic diversity in VP1,
respectively. In the animal culled after one year of persistent infection, the haplotypic diversity in
VP1 is close to saturation (i.e. almost all sequences are different haplotypes) and 75% of it could
be attributed to recombination. This rise in the role of recombination in time is consistent with the
observed increase in recombination between swarms and supports the persistent replication of the
virus even in the carrier state.

Reduction in the fitness of recombinants during co-infections

The dynamics of recombination are different when an animal is co-infected by multiple strains, as
in our experiment. As discussed before, combinations of alleles belonging to the same strain often
have higher fitness even within host, since these combinations have already co-evolved through a
range of selective pressures for infectivity and stability and are already adapted. This is a case of
positive epistasis between these variants.

Recombination causes the disruption of these beneficial coevolved genetic interactions [18, 19].
Hence, the within-host selective pressures due to epistatic interactions tend to reduce the number
of recombinants and therefore the effective rate of recombination [20]. This effect is visible even
in our data. From Figure 7, the number of recombinants with two VP1 blocks of different origin is
suppressed by an order of magnitude with respect to the naive expectation based on the inferred
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rates. From a back-of-the-envelope computation, the suppression factor can be estimated as e−s·t

where s is the fitness disadvantage of recombinants within the host and t is the number of viral
generations since the beginning of the infection. Since a replication cycle of FMDV is completed in
a few hours, we estimate that intra-host epistatic interactions in VP1 are quite strong, with selection
coefficients up to s ≈ 0.1 per generation.

Given the further selective constraints on infectivity and transmissibility, recombination between
different strains could easily generate recombinants with suboptimal combinations of variants not
only for within-host growth, but for between-host transmission as well, as discussed in the next
section. That would then significantly reduce the probability of observing these recombinants in
other hosts. This effect increases with the amount and strength of epistatic interactions, but it occurs
even for weak epistasis among many variants [21].

The interplay of recombination and epistasis results in the exchange of short sequences

At high recombination rates, there would be a number of recombinants that are almost identical to
one of the original strains but for short sequence stretches coming from the other strain. The role of
recombination is to mediate these exchanges of short fragments that tend to have a limited impact
on fitness and could even form new beneficial allelic combinations. Sequences derived from such
exchanges may be transmitted and infect other animals, hence playing a role in the generation of
capsid genetic diversity at epidemiological scales. This phenomenon is illustrated in Figure S18B.
These exchanges of short recombinant fragments would be almost undetectable from phylogenetic
analyses since they would likely be attributed to convergent point mutations, but would actually be
originating from co-infection and recombination.

Some indirect evidence for this phenomenon can be found in the samples obtained via tonsil
swabs and probangs from four buffaloes involved in the experiment, all of them infected with the
same inoculum. These samples show almost no internal variability, while at the consensus level,
their sequences correspond to recombinants of the two initial swarms [2]. In these samples, we
actually observe such exchanges of short fragments, most of them being about a few tens of bases
long. In fact, these recombinant sequences show a clear asymmetry in the amount of bases derived
from each swarm: the average contribution of the major swarm of the inoculum is less than 20% and
it is scattered in small fragments with a median estimated length of 27 bases, much smaller than
the median length of ∼ 130 expected for randomly located recombination breakpoints (p < 10−8 by
Mann-Whitney U-test). Each of these fragments contains on average 1-2 swarm-specific variants.

This recombination-mediated exchange of short fragments is a potentially relevant mechanism
for genetic exchange between capsid sequences of different FMDV strains. Its evolutionary role
could mimic what occurs in non-structural proteins, where the exchange of large fragments and the
“mosaic” structure of the genome play an important role in long-term viral evolution by spreading
genetic variability across different serotypes.

S12 Mismatch between intra- and inter-host recombination rates

Within-host recombination between different FMDV strains during co-infections sometimes results
in sequences of high fitness containing large recombinant fragments, which can be transmitted and
are able infect other animals, hence playing a role in the long-term evolution of the virus.

These recombination events can also be inferred at phylogenetic scales, i.e. from FMDV se-
quences collected from different animals and locations. In fact, in the presence of recombination
different regions of the genome might have different genealogical trees. If the recombinant frag-
ments are large enough, this signal can be detected in phylogenetic analyses. Such analyses were
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performed in the past to infer FMDV recombination breakpoints from phylogenetic incompatibilities
[22, 23].

There is a clear mismatch between the within-host recombination rates observed in our experi-
ment and the much lower recombination rates inferred from phylogenetic analyses. As an example,
the number of recombination events in the capsid region inferred in [22] for the whole FMDV phy-
logeny is similar to the number of intra-host events that we observe after one year of persistent infec-
tion in a single individual! In addition, while our findings imply that structural proteins recombine less
than non-structural ones located in flanking regions in the genome, this difference in recombination
rates appears to be much less extreme than the one observed on a phylogenetic scale. Genome-
wide differences in the patterns of within-host versus phylogenetic recombination have been studied
in a related paper [24], yielding qualitatively similar results.

However, there is another key difference between this study and previous studies. Previous
phylogenetic investigations focused on recombination between highly divergent sequences: in [23]
only inter-serotype recombination events were considered, while in [22], parent sequences belonged
to different serotypes in about 70% of the detected events. In contrast, the two main swarms studied
here are very similar and belong to the same topotype. This suggests that divergence-dependent
effects that suppress recombination on broad scales could be responsible for the mismatch.

Artefacts like biased detection in phylogenetic analyses could partially explain this result. In-
ference of recombination by phylogenetic methods depends on the resolution of the tree and the
similarity of recombining sequences. Inferring recombination between similar sequences is very dif-
ficult, since the trees generated by these events are very similar to each other [25] and there are
not enough mutations to resolve the recombining branches. In particular, recombination between
very close sequences in the phylogenetic tree is hardly detectable. This affects structural and non-
structural proteins in a similar way, since it depends only on the local molecular clock. Hence, this
cannot be the only reason for the mismatch.

Cross-immunity, population structure and epistasis suppress recombination

There are several other genetic and epidemiological factors that can suppress FMDV recombina-
tion in endemic and epidemic contexts. Some of these factors could have a stronger impact on
structural proteins than on non-structural ones. The mismatch between intra-host and phylogenetic
recombination rates offers new opportunities to study these factors.

One of these factors is cross-immunity. The effective rate of recombination is proportional to the
rate of co-infections, since co-infection of the same animal/cell by two different strains is a necessary
condition for recombination to occur via template switching [26]. The probability of co-infections de-
pends on the ability of the second strain to escape the immune response induced by the first strain,
i.e. on the cross-immunity between strains. Cross-immunity depends mostly on capsid proteins
[27] (since they are exposed to the immune system) and it tends to decrease with increasing diver-
gence between the capsid sequences of the two strains, hence suppressing recombination between
closely related strains only.

Another related factor is the co-circulation of lineages. Geographical separation of lineages could
reduce the probability of co-infection and recombination, since the spatial co-existence of different
FMDV lineages in the same area is a prerequisite for non-trivial recombination [26]. However, spatial
patterns of FMDV are complex and depend on the endemic/epidemic system considered, so the
importance and the actual role of this effect is difficult to estimate.

Finally, selection for infectivity and transmissibility would enhance the role of epistatic genetic
interactions between variants of well-adapted strains. Such interactions have been recently detected
in phylogenetic studies of influenza A [28, 29]. While epistatic interactions in infectivity and between-
host transmissibility could be present among all FMDV protein-coding regions, it is reasonable to
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expect stronger selection in the capsid, due to the amount of structural interactions between capsid
proteins and the interplay between opposite selective pressures from stability and from the immune
system of the host.

The pattern of suppression of recombination due to these constraints is illustrated in Fig RC
using a simple model of cross-immunity and epistatic incompatibilities. For most reasonable values
of cross-immunity and epistatic parameters, the model predicts a strong suppression of the recom-
bination rate in structural proteins. The suppression can be of several orders of magnitude, which
would explain the near absence of recombination events in capsid on a phylogenetic scale.

Recombination, epistasis and speciation in FMDV

Interestingly enough, it was suggested in [28] that the suppression of recombination due to epistatic
interactions could act as a mechanism for viral speciation, playing a similar role as hybrid incom-
patibilities in the classical Dobzhansky-Muller model of speciation [30, 31]. Sympatric speciation is
known to occur in viruses [32, 33] and could be caused precisely by the dependence of epistasis and
suppression on the amount of divergence between sequences. In the context of FMDV and other
picornaviruses, speciation appears to be inhibited by capsid-swapping [22] and frequent recombina-
tion events in the genomic regions coding for non-structural proteins. However, epistatic interactions
could lead to a genetic separation between incompatible capsid sequences, being therefore the
causal factor in the emergence of different serotypes.
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