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Run!

Now, here, you see, it takes all the running you can do, to keep in the
same place.

– Red Queen to Alice

• “arms race” between host and virus

2 of 10



Run!

Now, here, you see, it takes all the running you can do, to keep in the
same place.

– Red Queen to Alice

• “arms race” between host and virus

2 of 10



Co-Evolution and detecting natural selection

Host receptor Virus

Species 1

Species 6

Species 4

Species 8

Species 7

Species 9

Species 10

Species 3

Species 2

Species 5

Species 11

Species 12

Species 13

Species 14

No receptor bindingReceptor bindingInfection

Sironi, Manuela, et al. "Evolutionary insights into host-pathogen interactions from mammalian sequence data." Nature Reviews
Genetics 16.4 (2015): 224-236.

3 of 10



Co-Evolution and detecting natural selection

. . .  K  G  L I  R  S  A  N  R  T  R  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  G  G  N  Y  T  H  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  G  G  N  Y  T  H  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  S  T  K  H  T  T  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  S  T  N  H  T  T  K  I  N  Y  L  R  . . .

. . .  K  G  L F  R  S  A  N  Q  T  P  K  I  N  Y  L  R  . . .

. . .  K  R  F I  R  R  A  N  H  T  S  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  K  G  L I  R  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  K  G  L I  G  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  N  G  L I  R  T  S  N  L  T  T  E  M  S  Y  L  R  . . .

. . .  K  G  L I  R  R  A  N  Q  T  P  K  I  S  Y  L  R  . . .

. . .  K  G  L I  R  N  P  N  H  T  P  K  I  S  Y  L  R  . . .

. . .  K  G  L L  R  G  A  T  N  T  P  K  I  N  Y  L  R  . . .

. . . A A A G G A T T G A T T A G G A G T G C A A A C C G T A C T C G C A A G A T C A A T T A C C T T A G A . . .

. . . A A A G G A T T G A T T A G G G G T G G C A A C  T A T A C C C A T A A A A T C A A C T A T C T T A G G . . .

. . . A A G G G A T T G A T T A G A G G T G G C A A C T A T A C T C A T A A A A T C A A T T A T C T C A G G . . .

. . . A A A G G A T T G A T T A G A A G T A C C A A A C A T A C C A C T A A A A T C A A T T A T C T G A G G . . .

. . . A A A G G A T T G A T T A G A A G T A C C A A T C A C A C C A C T A A A A T C A A T T A T C T T A G G . . .

. . . A A A G G A T T G T T T A G A A G C G C C A A C C A A A C C C C T A A A A T T A A T T A T C T G A G G . . .

. . . A A A A G A T T C A T T A G A C G T G C C A A C C A T A C T T C T A A A A T C A A T T A C C T T A G A . . .

. . . A A A G G A  C T G A T T A G A A C T  T C C A A C C T T A C T  A C T A G A A T G A A T T A T C T T A G G . . .

. . . A A A G G A T T G A T T A G A A C T  T C C A A C C T T A C T  A C T A G A A T G A A T T A T C T T A G A . . .

. . . A A A G G A T T G A T T G G A A C T  T C C A A T C T T A C T  A C T A G A A T G A A T T A T C T T A G G . . .

. . . A A T G G A T T G A T T A G A A C T  T C C A A C C T T A C T  A C T G A A A T G A G T T A T C T A A G G . . .

. . . A A A G G G T T G A T T A G A A G A G C C A A C C A G A C T C C T A A A A T C A G T T A T C T T A G G . . .

. . . A A A G G A T T G A T C A G A A A T  C C C A A C C A T A C T C C T A A G A T C A G T T A T C T T A G G . . .

. . . A A A G G G T T A C T T A G A G G T G C C A C C  A A T A C T C C T A A A A T C A A T T A C C T T A G A . . .

1
2 
3
4 
5
6
7
8
9
10
11
12
13
14

Species

Non-synonymous substitution
(amino acid replacement) 

Lineage-specific selection
(episodic selection)

dN/dS<1
(negative selection)

dN/dS~1
(neutral evolution)

dN/dS>1
(positive selection)

Synonymous substitution
(no amino acid replacement) 

Species
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Sironi, Manuela, et al. "Evolutionary insights into host-pathogen interactions from mammalian sequence data." Nature Reviews
Genetics 16.4 (2015): 224-236.

3 of 10



Co-Evolution and detecting natural selection

. . .  K  G  L I  R  S  A  N  R  T  R  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  G  G  N  Y  T  H  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  G  G  N  Y  T  H  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  S  T  K  H  T  T  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  S  T  N  H  T  T  K  I  N  Y  L  R  . . .

. . .  K  G  L F  R  S  A  N  Q  T  P  K  I  N  Y  L  R  . . .

. . .  K  R  F I  R  R  A  N  H  T  S  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  K  G  L I  R  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  K  G  L I  G  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  N  G  L I  R  T  S  N  L  T  T  E  M  S  Y  L  R  . . .

. . .  K  G  L I  R  R  A  N  Q  T  P  K  I  S  Y  L  R  . . .

. . .  K  G  L I  R  N  P  N  H  T  P  K  I  S  Y  L  R  . . .

. . .  K  G  L L  R  G  A  T  N  T  P  K  I  N  Y  L  R  . . .

. . . A A A G G A T T G A T T A G G A G T G C A A A C C G T A C T C G C A A G A T C A A T T A C C T T A G A . . .

. . . A A A G G A T T G A T T A G G G G T G G C A A C  T A T A C C C A T A A A A T C A A C T A T C T T A G G . . .

. . . A A G G G A T T G A T T A G A G G T G G C A A C T A T A C T C A T A A A A T C A A T T A T C T C A G G . . .

. . . A A A G G A T T G A T T A G A A G T A C C A A A C A T A C C A C T A A A A T C A A T T A T C T G A G G . . .

. . . A A A G G A T T G A T T A G A A G T A C C A A T C A C A C C A C T A A A A T C A A T T A T C T T A G G . . .

. . . A A A G G A T T G T T T A G A A G C G C C A A C C A A A C C C C T A A A A T T A A T T A T C T G A G G . . .

. . . A A A A G A T T C A T T A G A C G T G C C A A C C A T A C T T C T A A A A T C A A T T A C C T T A G A . . .

. . . A A A G G A  C T G A T T A G A A C T  T C C A A C C T T A C T  A C T A G A A T G A A T T A T C T T A G G . . .

. . . A A A G G A T T G A T T A G A A C T  T C C A A C C T T A C T  A C T A G A A T G A A T T A T C T T A G A . . .

. . . A A A G G A T T G A T T G G A A C T  T C C A A T C T T A C T  A C T A G A A T G A A T T A T C T T A G G . . .

. . . A A T G G A T T G A T T A G A A C T  T C C A A C C T T A C T  A C T G A A A T G A G T T A T C T A A G G . . .

. . . A A A G G G T T G A T T A G A A G A G C C A A C C A G A C T C C T A A A A T C A G T T A T C T T A G G . . .

. . . A A A G G A T T G A T C A G A A A T  C C C A A C C A T A C T C C T A A G A T C A G T T A T C T T A G G . . .

. . . A A A G G G T T A C T T A G A G G T G C C A C C  A A T A C T C C T A A A A T C A A T T A C C T T A G A . . .

1
2 
3
4 
5
6
7
8
9
10
11
12
13
14

Species

Non-synonymous substitution
(amino acid replacement) 

Lineage-specific selection
(episodic selection)

dN/dS<1
(negative selection)

dN/dS~1
(neutral evolution)

dN/dS>1
(positive selection)

Synonymous substitution
(no amino acid replacement) 

Species
1
2
3
4
5
6
7
8
9
10
11
12
13
14

 # non-syn sites

 # non-syn substitutions

 # syn sites

 # syn substitutions
dS=

dN=

Sironi, Manuela, et al. "Evolutionary insights into host-pathogen interactions from mammalian sequence data." Nature Reviews
Genetics 16.4 (2015): 224-236.

3 of 10



Co-Evolution and detecting natural selection

. . .  K  G  L I  R  S  A  N  R  T  R  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  G  G  N  Y  T  H  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  G  G  N  Y  T  H  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  S  T  K  H  T  T  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  S  T  N  H  T  T  K  I  N  Y  L  R  . . .

. . .  K  G  L F  R  S  A  N  Q  T  P  K  I  N  Y  L  R  . . .

. . .  K  R  F I  R  R  A  N  H  T  S  K  I  N  Y  L  R  . . .

. . .  K  G  L I  R  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  K  G  L I  R  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  K  G  L I  G  T  S  N  L  T  T  R  M  N  Y  L  R  . . .

. . .  N  G  L I  R  T  S  N  L  T  T  E  M  S  Y  L  R  . . .

. . .  K  G  L I  R  R  A  N  Q  T  P  K  I  S  Y  L  R  . . .

. . .  K  G  L I  R  N  P  N  H  T  P  K  I  S  Y  L  R  . . .

. . .  K  G  L L  R  G  A  T  N  T  P  K  I  N  Y  L  R  . . .

. . . A A A G G A T T G A T T A G G A G T G C A A A C C G T A C T C G C A A G A T C A A T T A C C T T A G A . . .

. . . A A A G G A T T G A T T A G G G G T G G C A A C  T A T A C C C A T A A A A T C A A C T A T C T T A G G . . .

. . . A A G G G A T T G A T T A G A G G T G G C A A C T A T A C T C A T A A A A T C A A T T A T C T C A G G . . .

. . . A A A G G A T T G A T T A G A A G T A C C A A A C A T A C C A C T A A A A T C A A T T A T C T G A G G . . .

. . . A A A G G A T T G A T T A G A A G T A C C A A T C A C A C C A C T A A A A T C A A T T A T C T T A G G . . .

. . . A A A G G A T T G T T T A G A A G C G C C A A C C A A A C C C C T A A A A T T A A T T A T C T G A G G . . .

. . . A A A A G A T T C A T T A G A C G T G C C A A C C A T A C T T C T A A A A T C A A T T A C C T T A G A . . .

. . . A A A G G A  C T G A T T A G A A C T  T C C A A C C T T A C T  A C T A G A A T G A A T T A T C T T A G G . . .

. . . A A A G G A T T G A T T A G A A C T  T C C A A C C T T A C T  A C T A G A A T G A A T T A T C T T A G A . . .

. . . A A A G G A T T G A T T G G A A C T  T C C A A T C T T A C T  A C T A G A A T G A A T T A T C T T A G G . . .

. . . A A T G G A T T G A T T A G A A C T  T C C A A C C T T A C T  A C T G A A A T G A G T T A T C T A A G G . . .

. . . A A A G G G T T G A T T A G A A G A G C C A A C C A G A C T C C T A A A A T C A G T T A T C T T A G G . . .

. . . A A A G G A T T G A T C A G A A A T  C C C A A C C A T A C T C C T A A G A T C A G T T A T C T T A G G . . .

. . . A A A G G G T T A C T T A G A G G T G C C A C C  A A T A C T C C T A A A A T C A A T T A C C T T A G A . . .

1
2 
3
4 
5
6
7
8
9
10
11
12
13
14

Species

Non-synonymous substitution
(amino acid replacement) 

Lineage-specific selection
(episodic selection)

dN/dS<1
(negative selection)

dN/dS~1
(neutral evolution)

dN/dS>1
(positive selection)

Synonymous substitution
(no amino acid replacement) 

Species
1
2
3
4
5
6
7
8
9
10
11
12
13
14

 # non-syn sites

 # non-syn substitutions

 # syn sites

 # syn substitutions
dS=

dN=

dN
dS

Sironi, Manuela, et al. "Evolutionary insights into host-pathogen interactions from mammalian sequence data." Nature Reviews
Genetics 16.4 (2015): 224-236.

3 of 10



Mx GTPases

• Myxovirus resistance protein
1 (A) and 2 (B), two Mx
copies in most mammals

• dynamin-like GTPases

• induced by IFN I/III

• key antiviral effector proteins
in mammals

• blocking early steps of viral
replication cycles (DNA,
RNA)
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Mx GTPases

Mitchell, Patrick S., et al. "Evolution-guided identification of antiviral specificity determinants in the broadly acting
interferon-induced innate immunity factor MxA." Cell host & microbe 12.4 (2012): 598-604.
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Workflow to detect positively selected sites

FASTA

>s1
GTTATGAAG...
>s2
GTACTGAAA...

AA ALN

>s1
V M R ...
>s2
V L R  ...

Combine all output (HTML)
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Positive selection: bats and other mammals
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Calculating selective pressure, Ka/Ks

• Ka/Ks ratio is an indicator of selective pressure acting on
protein-coding genes

◦ Ka: number of non-synonymous substitutions per non-synonymous site
◦ Ks: number of synonymous substitutions per synonymous site

• homologous genes with a Ka/Ks ratio above 1 are evolving under
positive selection

◦ at least some of the mutations concerned must be advantageous

• if all the mutations are neutral or disadvantageous, the ratio will be in
the range 0 to 1

• however, if some of the mutations are advantageous and some
disadvantageous, the ratio could be less than 1

• Ka/Ks – dN/dS – ω
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Example: calculating Ka/Ks

Val Met Arg Thr
G T T A T G A A G A C C Total

• nucleotide sites give 9 2
3 non-synonymous sites and 2 1

3 synonymous sites in this
peptide
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Example: calculating Ka/Ks

Now,

Ka =
#nonsyn_substitutions

#nonsyn_sites
=

1

9 2
3

= 0.103

and

Ks =
#syn_substitutions

#syn_sites
=

2

2 1
3

= 0.857

Thus,
Ka

Ks
=

dN
dS

= ω =
0.103
0.857

= 0.12
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CodeML: Output

• CodonFreq=F3x4 (estimation of codon frequency distribution)

• NSsites=M2a (positive selection)

and Nielsen 1998). They may be used to detect positive
selection acting on particular lineages, without averaging
the x ratio throughout the phylogenetic tree. The branch
models are useful for detecting positive selection after
gene duplications, where one copy of the duplicates may
have acquired a new function and may have thus evolved
at accelerated rates.

The site models treats the x ratio for any site (codon)
in the gene as a random variable from a statistical distribu-
tion, thus allowing x to vary among codons (Nielsen and
Yang 1998; Yang et al. 2000). Positive selection is defined
as presence of some codons at which x . 1. An LRT is
constructed to compare a null model that does not allow
for any codons with x . 1 against a more general model
that does. Real data analyses and computer simulations
(Anisimova, Bielawski, and Yang 2001, 2002; Anisimova,
Nielsen, and Yang 2003; Wong et al. 2004) suggest that
two pairs of site models are particularly effective (table 2).
The first pair include M1a (neutral) and M2a (selection)
(Nielsen and Yang 1998; Wong et al. 2004; Yang, Wong,
and Nielsen 2005), while the second pair include M7 (beta)
and M8 (beta&x) (Yang et al. 2000). The LRT statistic, or
twice the log likelihood difference between the two com-
pared models (2D‘), may be compared against v22, with crit-
ical values to be 5.99 and 9.21 at 5% and 1% significance
levels, respectively. When the LRT suggests positive selec-
tion, the Bayes empirical Bayes (BEB) method can be used
to calculate the posterior probabilities that each codon is
from the site class of positive selection under models
M2a and M8 (Yang, Wong, and Nielsen 2005). The BEB
is an improvement of the early Naı̈ve empirical Bayesian
(NEB) method (Nielsen and Yang 1998), and accounts
for sampling errors in the ML estimates of parameters in
the model.

The branch-site models aim to detect positive selec-
tion that affects only a few sites on prespecified lineages
(Yang and Nielsen 2002). The branches under test for pos-
itive selection are called the foreground branches, while
all other branches on the tree are the background branches.
The version of the model in common use now is called
branch-site model A and is illustrated in table 3 (Yang,
Wong, and Nielsen 2005; Zhang, Nielsen, and Yang
2005). In the LRT, branch-site model A is the alternative
model, while the simpler null model is model A but with
x2 5 1 fixed. Because the value x2 5 1 is at the boundary

of the space of model A, the test statistic 2D‘ should
be compared with the 50:50 mixture of point mass 0 and
v21 (with critical values to be 2.71 and 5.41 at the 5%
and 1% significance levels, respectively) (Self and Liang
1987). Some authors (e.g., Zhang, Nielsen, and Yang
2005) also suggested the use of v21 (with critical values
to be 3.84 and 5.99), to guide against violations of model
assumptions. The BEB method is implemented to calculate
posterior probabilities for site classes under model A if the
LRT suggests presence of codons under positive selection
on the foreground branch.

The branch-site test requires a priori specification of
the foreground branches. When multiple branches on the
tree are tested for positive selection using the same data
set, a correction for multiple testing is required (Anisimova
and Yang 2007). A simple and slightly conservative proce-
dure is Bonferroni’s correction, which means that the indi-
vidual test for any branch is considered significant at the
level a only if the p-value is ,a/m, where m is the number
of branches being tested using the same data.

Reconstruction of Ancestral Sequences

The programs BASEML and CODEML implement the em-
pirical Bayes (EB) method for reconstructing genes or pro-
teins in extinct ancestors on a phylogeny (Yang, Kumar,
and Nei 1995; Koshi and Goldstein 1996). The general
methodology is the same as the NEB for detecting posi-
tively selected sites discussed above. Ancestral reconstruc-
tion can be conducted under nucleotide-, amino acid-, or
codon-based models. Compared with the parsimony algo-
rithm (Fitch 1971; Hartigan 1973), the EB approach takes
into account differences in the branch lengths and in the
relative substitution rates between characters (nucleotides,
amino acids, or codons). Both marginal and joint recon-
structions are implemented. The marginal reconstruction
assigns a character state to a single node on the tree and
may be more suitable when the gene or protein sequence
in an extinct ancestor is desired, as in restoration studies
(Chang, Kazmi, and Sakmar 2002; Thornton 2004). The
joint reconstruction assigns a set of character states to
all ancestral nodes on the tree and is more appropriate
when one counts changes at every site (Pupko et al.
2000). The EB approach replaces parameters in the model
such as branch lengths and substitution parameters by
their ML estimates. An alternative method, the hierarchical
(full) Bayesian approach, accommodates sampling errors
in the parameter estimates by averaging the parameters

Table 2
Parameters in Site Models

Model NSsites p Parameters

M0 (one ratio) 0 1 x
M1a (neutral) 1 2 p0 (p1 5 1 – p0),

x0 , 1, x1 5 1
M2a (selection) 2 4 p0, p1 (p2 5 1 – p0 – p1),

x0 , 1, x1 5 1, x2 . 1
M3 (discrete) 3 5 p0, p1 (p2 5 1 – p0 – p1)

x0, x1, x2

M7 (beta) 7 2 p, q
M8 (beta&x) 8 4 p0 (p1 5 1 – p0),

p, q, xs . 1

NOTE.—The site models are implemented using the control variable NSsites in

CODEML, and p is the number of free parameters in the x distribution.

Table 3
Parameters in Branch-Site Model A

Site class Proportion of sites Background x Foreground x

0 p0 0 , x0 , 1 0 , x0 , 1
1 p1 x1 5 1 x1 5 1
2a (1� p0� p1)�

p0/(p0þ p1)
0 , x0 , 1 x2 � 1

2b (1� p0� p1)�
p1/(p0þ p1)

x1 5 1 x2 � 1

NOTE.—Model A is the alternative hypothesis for the branch-site test of

positive selection. The null model fixes x2 5 1 for the foreground branch.
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