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Ø Molecular Evolution - part 3
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

 

Note: In literatures, Ka and Ks are also 
used instead of dN and dS

dN(AB) < dN(C)

(Based on nonsynonymous substitution rates estimated from human-rat comparison) 

dN(AB) = uT(AB) * f0(AB)
dN(C) = uT(C) * f0(C) 

Both mutation rates (uT) and 
selective constraints (f0) affect 

nonsynonymous rates (dN)
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

 
dN(AB) < dN(C)

dN(AB) = uT(AB) * f0(AB)
dN(C) = uT(C) * f0(C) 

Does it mean:
uT(AB) < uT(C) ?
 f0(AB) <  f0(C)  ?

Both mutation rate (uT) and
selective constraints (f0) can 

affect dN(AB) < dN(C).

(Based on nonsynonymous substitution rates estimated from human-rat comparison) 
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

If mutation rates are 
constant within a gene,
➜ uT(AB) = uT(C) 
➜ dN(AB) < dN(C) can be 

explained by 
f0(AB) < f0(C)

(Based on nonsynonymous substitution rates estimated from human-rat comparison) 

dN(AB) < dN(C)

uT(AB)*f0(AB) < uT(C)*f0(C) 

5

If mutation rates are 
different
➜ uT(AB) ≠ uT(C) 
➜ dN(AB) < dN(C) cannot 

be simply explained by

f0(AB) < f0(C)
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

(Based on nonsynonymous substitution rates estimated from human-rat comparison) 

dN(AB) < dN(C)

uT(AB)*f0(AB) < uT(C)*f0(C) 
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

 
dN(AB) < dN(C)

dN(AB) = uT(AB) * f0(AB)
dN(C) = uT(C) * f0(C) 

Synonymous substitutions are 
assumed to be neutral or 

near-neutral.

dS = uTf0 = uT
where f0 ≈ 1 (neutral)

(Based on nonsynonymous substitution rates estimated from human-rat comparison) 
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

 
dN(AB) < dN(C)

dN(AB) = uT(AB) * f0(AB)
dN(C) = uT(C) * f0(C) 

Synonymous substitutions are 
assumed to be neutral or 

near-neutral.

dS(AB) = uT(AB)
dS(C) = uT(C)

(Based on nonsynonymous substitution rates estimated from human-rat comparison) 
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

 
dN(AB) vs. dN(C)

dN(AB) = uT(AB) * f0(AB) dN(C) = uT(C) * f0(C)

dN(AB)      dN(C)    
dS(AB)      dS(C)   

uT(AB) *f0(AB)
uT(AB)=

uT(C) *f0(C)
uT(C)=

dS(AB) = uT(AB) dS(C) = uT(C)

dN(AB)      dN(C)    
dS(AB)      dS(C)   = f0(AB) = f0(C)
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)

 
dN(AB)      dN(C)    
dS(AB)      dS(C)   = f0(AB) = f0(C)

dN/dS can be used to identify selection

• Shows only the level of selective constrains (f0)
• We don’t need to worry about mutation rates (uT) 
➜ Even if uT(AB) ≠ uT(C), dN/dS can be compared
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Identifying Selection
• Number of synonymous substitutions per site: dS (or KS)
• Number of nonsynonymous substitutions per site: dN (or KN)
 ➜ dN/dS can be used to identify selection

dN(AB) < dN(C)
dN(AB)/dS(AB) ? dN(C)/dS(C)

This is the better 
comparison

Regardless of the 
mutation rates, 
we can compare:
f0(AB) vs. f0(C) 

11
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dN1< dN2, dS1< dS2Human: Gene A

Chimp: Gene A

Rat: Gene A

Mouse: Gene A

dN1, dS1

dN2, dS2

t2

t1 t1 < t2
(t1, t2: divergence time)

This may be caused simply
by the difference in 

divergence time (t1 < t2)

Identifying Selection

dN1 = uT1 * f1 * 2t1
dN2 = uT2 * f2 * 2t2

, dS1 = uT1 * 2t1
, dS2 = uT2 * 2t2

12
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➜ dN1/dS1 = uT1 * f01 * 2t1 / (uT1 * 2t1)
➜ dN2/dS2 = uT2 * f02 * 2t2 / (uT2 * 2t2)

dN1< dN2, dS1< dS2Human: Gene A

Chimp: Gene A

Rat: Gene A

Mouse: Gene A

dN1, dS1

dN2, dS2

t2

t1 t1 < t2
(t1, t2: divergence time)

Identifying Selection

dN1 = uT1 * f1 * 2t1, dS1 = uT1 * 2t1
dN2 = uT2 * f2 * 2t2, dS2 = uT2 * 2t2

dN1/dS1 vs. dN2/dS2

By comparing dN/dS, the time 
effect can be cancelled out.

= f01
= f02

We can compare the selective 
constraints between genes 

and between lineages.

This may be caused simply
by the difference in 

divergence time (t1 < t2)
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• Number of synonymous substitutions per site: dS

• Number of nonsynonymous substitutions per site: dN
 ➜ dN/dS can be used to identify selection

If nonsynonymous (replacement) 
substitutions are neutral:

Identifying Selection

dN>dS or dN≈dS or dN<dS ?

14
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• Number of synonymous substitutions per site: dS

• Number of nonsynonymous substitutions per site: dN
 ➜ dN/dS can be used to identify selection

If nonsynonymous (replacement) 
substitutions are neutral:

Identifying Selection

dN>dS or dN≈dS or dN<dS ?

dN = uT * f0
dS = uT ➜ f0 = 1, 

➜ dN = uT * f0 = uT = dS 

dN≈dS

If nonsynonymous substitutions are neutral,

15
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 ➜ dS is used as a control 
 (substitution rate at neutral or near-neutral)

When nonsynonymous (replacement) 
substitutions are neutral,

dN ≈ dS ➜ dN/dS ≈ 1

Identifying Selection
• Number of synonymous substitutions per site: dS

• Number of nonsynonymous substitutions per site: dN
 ➜ dN/dS can be used to identify selection
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dN/dS ≈ 1.0 Neutral (e.g., non-coding regions, pseudogenes)

 ➜ dS is used as a control 
 (substitution rate at neutral or near-neutral)

• Number of synonymous substitutions per site: dS

• Number of nonsynonymous substitutions per site: dN
 ➜ dN/dS can be used to identify selection

d N
/d

S

0

dN/dS > 1.0

dN/dS < 1.0

Identifying Selection
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d N
/d

S

0

1.0

Identifying Selection

dN/dS > 1.0

dN/dS < 1.0

Which indicates negative selection?

 ➜ dS is used as a control 
 (substitution rate at neutral or near-neutral)

• Number of synonymous substitutions per site: dS

• Number of nonsynonymous substitutions per site: dN
 ➜ dN/dS can be used to identify selection

18
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d N
/d

S

0

1.0

Identifying Selection

Neutral (e.g., non-coding regions, pseudogenes)1.0

Negative selection (under functional constraints)

(Negative but relaxed selection)

Positive selection

Adaptive selection could be driving amino acid substitutions!

 ➜ dS is used as a control 
 (substitution rate at neutral or near-neutral)

• Number of synonymous substitutions per site: dS

• Number of nonsynonymous substitutions per site: dN
 ➜ dN/dS can be used to identify selection

20
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exon

intron

ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
     |           |   |                                       
ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
               | |  |                    ||||||   ||  ||||||
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG
  ||||||| || |||  ||   |   |||||| |||
TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Exon(2nd) < Exon(3rd) Intron(2nd) ≲ or ≈ Intron(3rd)

Exon Intron
[Codon position] 1st 2nd 3rd 1st 2nd 3rd
# nucleotide sites 31 31 31 23 22 22
# nucleotide substitutions 2 0 4 12 12 14
Nucleotide substitutions/site 0.06 0 0.13 0.52 0.55 0.64

Identifying Selection

Exon(2nd) / Exon(3rd)
0

Intron(2nd) / Intron(3rd)
0.86 (≈1)<<

(Similar to dN/dS analysis)
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Swanson & Vacquier (2002) Nature Reviews Genetics 3: 137-144

Rapid evolution of 
reproductive proteins

10% most divergent 
proteins from 1,880 
human/rodent orthologues

Why are they evolving 
fast?

Weak selective 
constrains?

(relaxed selection)
or

Divergence is favored?
(positive selection)

Identifying Selection

22
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Selection and functions
• Elevated dN/dS ratios are often found in reproductive genes
 (e.g., genes involved in mating 

behavior, fertilization, 
spermatogenesis, ejaculation, or sex 
determination)

Nonreproductive proteins

Male reproductive proteins

dN 
= dS

dN 
= dS

Swanson et al. (2001) Evolutionary EST analysis 
identifies rapidly evolving male reproductive 
proteins in Drosophila. PNAS 98: 7375-7379. 

See also
Findlay et al. (2010) Proteomics enhances 
evolutionary and functional analysis of 
reproductive proteins. BioEssays 32: 26-36.

Wilburn and Swanson (2016) From molecules to 
mating: Rapid evolution and biochemical studies 
of reproductive proteins. J. Proteomics 135: 12-
25.
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Selection and functions
• Elevated dN/dS ratios are often found in reproductive genes
 (e.g., genes involved in mating 

behavior, fertilization, 
spermatogenesis, ejaculation, or sex 
determination)

Nonreproductive proteins

Male reproductive proteins

Swanson et al. (2001) Evolutionary EST analysis 
identifies rapidly evolving male reproductive 
proteins in Drosophila. PNAS 98: 7375-7379. 

See also
Findlay et al. (2010) Proteomics enhances 
evolutionary and functional analysis of 
reproductive proteins. BioEssays 32: 26-36.

Wilburn and Swanson (2016) From molecules to 
mating: Rapid evolution and biochemical studies 
of reproductive proteins. J. Proteomics 135: 12-
25.

dN/dS>>1

dN/dS<<1

dN/dS<<1

d N/d
S≈

1
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Yang & Bielawski (2000) Statistical methods for detecting molecular adaptation. TREE 15: 496-503.

Defensive systems or immunity

Reproduction

Digestion

Toxin proteins

Electron transport and/or ATP synthesis

Cytokine

Selection and functions

25
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Identifying Selection

Gibbs et al. (2007) Evolutionary and biomedical insights from the rhesus macaque genome.  
Science 316: 222-34.

macaques compared with the other primates.
The estimates for the internal branches between
the most recent common ancestors of the
human and mouse and of the human and
macaque, as well as the most recent common
ancestors of the human and macaque and of the
human and chimpanzee, are nearly equal to the
macaque estimate. This suggests that protein-
coding sequence evolution in macaques may
have occurred at a typical primate rate, whereas
it is the elevated rates in hominins that may be
anomalous.

When primate and rodent w of individual
genes were compared, primate orthologs were
found to be evolving more rapidly by a 3:2
ratio. This asymmetry was also evident among
genes showing substantial differences in primate
w (wp), on the basis of human-macaque align-
ments, and rodent w (wr), deduced from mouse-
rat alignments. According to a strict Bonferroni
correction for multiple testing, 22 genes showed
statistically significant wp > wr, whereas only
three genes showed wr > wp (McNemar P <
0.001). If multiple testing criteria are relaxed,
the bias toward larger wp is more notable (144
versus 8; tables S6.1 and S6.2). Cases of wp >
wr generally reflect an increase in wp, whereas
cases of wr > wp result both from an increase
in wr and a decrease in wp. The genes showing
statistically significant wp > wr are enriched
for functions in sensory perception of smell
and taste as well as for regulation of tran-
scription (7).

Positive selection. Taking advantage of the
additional phylogenetic information provided by
the macaque genome, we performed a genome-
wide scan for positive selection, using our
10,376 HCR orthologous trios and likelihood
ratio tests (LRTs) (51–53). Four different
LRTs were performed: test TA, for positive
selection across all branches of the phylogeny,
and tests TH, TC, and TM for positive se-
lection on the individual branches to human,

chimpanzee, and macaque, respectively. Our
methods use an unrooted tree and cannot
distinguish between the branches to macaque
and the human-chimpanzee ancestor; for con-
venience, we refer to the combined branch as
the macaque branch. In all cases, variation
among sites in w was allowed and, to reduce
the number of parameters to estimate per gene,
the branch-length proportions and transition-
transversion ratio (k) were estimated by pool-
ing data from genes of similar G+C content
(7). Test TA identified 67 genes, and tests TH,
TC, and TM identified 2, 14, and 131 genes
(false-discovery rate (FDR) < 0.1 in all cases),
respectively. The large number of genes identi-
fied for the macaque branch is partly a reflection
of its greater length compared with the chim-
panzee and human branches (7).

These four sets of genes overlap consider-
ably, particularly among their highest scoring
predictions (Table 5 and table S6.3). Their
union contains 178 genes, or 1.7% of all genes
tested. The two genes identified by TH—those
encoding the leukocyte immunoglobulin-like
receptor LILRB1 and hypothetical protein
LOC399947—were also identified by TA,

and the gene for LILRB1 was identified by
TC as well, indicating evidence of positive
selection on multiple branches. However, 12
out of 14 genes identified by TC were not
identified by the other tests, indicating possi-
ble lineage-specific selection in the chimpan-
zee. These include sex comb on midleg-like
1 (SCML1) and protamine 1 (PRM1), which
were previously identified in an analysis that
could not distinguish between selection on the
human and chimpanzee branches (52). In
addition, 99 genes were identified by TM but
not the other tests. These genes may be under
lineage-specific selection in the macaque and/or
may have experienced positive selection on the
branch leading to the most recent common
ancestor of the human and chimpanzee.

The genes identified by our tests for positive
selection are enriched for several categories
from the gene ontology (50) and Protein
Analysis Through Evolutionary Relationships
(PANTHER) (54) classification systems that are
similar to those observed in previous genome-
wide scans for positive selection (52, 53). These
include defense response, immune response, T
cell–mediated immunity, signal transduction,

Fig. 6. Numbers of hu-
man genes passing suc-
cessive filters in the
orthology analysis pipe-
line. Genes are required
to fall in regions of large-
scale synteny between
genomes, to have com-
pletely aligned coding
regions, not to have
frame-shift indels or al-
tered gene structures,
and not to show signs
of recent duplication.
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filter 2: incomplete alignments

filter 3: frame-shift indels

filter 4: changes in exon-intron structure

filter 5: recent duplication

remaining 1:1 orthologs

Fig. 7. Distributions of w in pri-
mates versus rodents. Histogram of
estimates of w = dN/dS for human,
chimpanzee, and macaque versus
estimates for mouse and rat in
5641 orthologous quintets, showing
a pronounced shift toward larger
values in primates (P = 2.2 × 10−16,
Mann Whitney test). Genes with
dN = 0 or dS = 0 are counted in
the relative frequencies but not
shown.
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Distribution of ω (dN/dS) in primates 
versus rodents.
Example of genes whose ω is larger in 
primates:
- Spermatogenesis
- Lipid transport
- Amino acid transport
- Inorganic anion transport
- Protein amino acid glycosylation
- Second-messenger-mediated signaling

(Chimpanzee Sequencing and Analysis Consortium, 2005 
Nature 437: 69-87)
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• Positive selection usually works within a limited region
 (e.g., a few particular amino acid sites: binding sites)

• If we can identify sites under positive selection, we can predict 
amino acid positions that are important in adaptive evolution

Identifying Selection

From average dN, dS ➜ dN/dS < 1 or dN/dS ≈ 1
dN/dS>1 is too conservative!
dN/dS>0.5 may still indicate positive selection!!

ORPositive selection

dN/dS >> 1 
(Does not happen often)

Positive selection
Selective constraints
(negative selection)

27
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Identifying Selection

Window-shifting 
analysis of dN/dS 
shows the SC 
region to be 

positively selected.

Turner and Hoekstra (2008) Reproductive protein evolution within and between 
species: maintenance of divergent ZP3 alleles in Peromyscus. Mol. Ecol. 17: 2616-2628.

CL: cumulus layer
ZP: zona pellucida
PVS: perivitelline space
EC: egg cytoplasm

SP: signal peptide
ZD: zona domain
SC: sperm-combining region
FC: furin cleavage site
TM: transmembrane domain

(between species) dN/dS>1

(within species polymorphism)

(exon 6) (exon 7)(intron)
* Nonsynonymous;  Synonymous

28
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Identifying Selection
Swanson (2003) Adaptive evolution 
of genes and gene families.
Curr Opin Genet Dev 13:617–622.

[Originally from:
Swanson et al. (2001)
Darwinian selection drives the evolution 
of several female reproductive proteins in 
mammals. PNAS 98: 2509-2514.]

●  sites:
Predicted to be subjected to 
positive selection

by using
a maximum likelihood model that 
allows dN/dS to vary among amino 
acid sites

PAML:
http://abacus.gene.ucl.ac.uk/
software/paml.html
(reviewed in Yang, 2007)

See also HyPhy and Datamonkey:
http://hyphy.org
http://www.datamonkey.org
(characterize various selective pressures)

Egg inducer of sperm acrosome
reaction

Major histocompatibilty complex

29

Spike

SARS-CoV-2 genomic position 
(kb)

BIOS477/877 L5 - 30
Shang et al. (2020) 

🁢: Regions where positive 
selection was detected

 (using population genetics methods)

Human

ACE2 protein 
located on human 

cell surface

Spike

Receptor-binding domain (RBD)

ACE2

Compared to the 
human wild type 

(A372), the A372T 
mutant in S protein 
has weaker affinity 

to human ACE2 
protein. 

Thr➜Ala mutation at AA position 372 
was found only in human SARS-CoV-2 

Human
SARS-CoV-2

Ala372/Thr372 (S) is located 
at the Spike-ACE2 interface

Kang et al., (2021) Cell 184, 4392–4400
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Identifying Selection - Data Quality

Schneider et al. (2009) Estimates of positive Darwinian selection are inflated by 
errors in sequencing, annotation, and alignment. Genome Biol Evol 1: 114-8.

results (not shown) did not affect the conclusions. For each
position in the CDS, the number of hits overlapping this
position were counted and used as a measure of sequencing
coverage. We divided the sequences into two categories:
those in which parts were covered by less than three trace
sequences and those in which all the sequence was covered
at least three times.

Quality of the Alignment

The quality of the multiple sequence alignment was
determinedwith the Heads or Tails (HoT) algorithm (Landan
and Graur 2007). Briefly, this methodology is based upon
the a priori expectation that sequence alignment results
should be independent of the orientation of the input se-
quences. Thus, for totally unambiguous cases, reversing
residue order prior to alignment should yield an exact re-
versed alignment of that obtained by using the unreversed
sequences. The degree of agreement between these two
alignments may be used to assess the reliability of the se-
quence alignment. In this study, we divided the sequences
into unambiguous (100% agreement between the head and
tail alignments) and ambiguous alignments.

Degree of Certainty in Gene Annotation

We used the gene annotation status in Ensembl to di-
vide the genes into two categories: known genes and novel
genes. ‘‘Ensembl known genes’’ are predicted on the basis
of species-specific database entries from manually curated
UniProt/Swiss-Prot, partially manually curated RefSeq, and
UniProt/TrEMBL databases. Predictions of ‘‘Ensembl
novel genes’’ are based on other experimental evidence
such as protein and cDNA sequence information from re-
lated species (http://www.ensembl.org/Homo_sapiens/
glossaryview). We, therefore, have more confidence in
the veracity of the annotation of the ‘‘known’’ category than
that in the ‘‘novel’’ (or ‘‘inferred’’) category.

Results

We, first, used the trace database to divide the 17,880
genes from six species (trace data for the human genome are
not available) into ones that have poorly sequences regions
(less than three times coverage) and genes, in which all
parts have been sequenced at least three times. The results

are shown in table 1. In all cases, the fraction of genes that
have been inferred to evolve by positive selection is signif-
icantly higher in poorly covered genes. For the pooled re-
sults, the difference is striking with the proportion of PSGs
in lowly covered sequences being 3.3 times higher than that
in highly covered sequences.

We, then, divided the sequences by annotation status
into known and inferred (see Data and Methods). The re-
sults are shown in table 2. The known category had a sig-
nificantly smaller fraction of PSGs than the inferred
category. In the pooled data, the proportion of PSGs in pu-
tative genes was 1.9 times higher than that in known ones.

In the third step (table 3), we divided the sequences by
the quality of alignment into those for which the alignment
was judged to be unambiguous by the HoT methodology
(Landan and Graur 2007) and those that contained align-
ment ambiguities. PSGs were less likely to appear in the
perfectly aligned category. In the pooled data, the propor-
tion of PSGs in ambiguously aligned genes was 1.6 times
higher than that in perfectly aligned ones.

Finally (table 4), we compared the inferred percen-
tages of PSGs between genes with high trace sequencing
coverage, known annotation status, and 100% alignment
HoT scores (henceforth ‘‘all good’’ genes) and genes that
are deficient in all three criteria of coverage, annotation,
and alignment (henceforth ‘‘all bad’’ genes). In all cases,

Table 1
Inferred Percentage of PSGs as a Function of Sequencing
Coverage

Coverage !3" Coverage ,3"

Total PSG % PSG Total PSG % PSG P(v2)

Human N/A N/A N/A N/A N/A N/A N/A
Chimp 1,144 9 0.8 1,836 74 4.0 9.6 " 10#8

Macaque 896 32 3.6 2,084 488 23.4 8.1 " 10#46

Mouse 2,493 77 3.1 487 37 7.6 1.3 " 10#6

Rat 1,841 93 5.1 1,139 217 19.1 3.2 " 10#38

Dog 1,568 212 13.5 1,412 481 34.1 1.7 " 10#49

Cow 1,086 54 5.0 1,894 249 13.1 4.8 " 10#14

Total 9,028 477 5.3 8,852 1,546 17.5 2.3 " 10#166

NOTE.—N/A, Not available.

Table 2
Inferred Percentage of PSGs as a Function of Annotation
Status

Known Genes Inferred Genes

Totala PSG % PSG Totala PSG % PSG P(v2)

Human 2,833 21 0.7 95 5 5.3 3.5 " 10#6

Chimp 318 17 5.3 2,653 66 2.5 0.0031b

Macaque 139 13 9.4 2,840 507 17.9 0.0082
Mouse 2,924 108 3.7 56 6 10.7 0.0063
Rat 2,696 224 8.3 284 86 30.3 8.9 " 10#33

Dog 2,568 491 19.1 412 202 49.0 7.6 " 10#46

Cow 2,670 206 7.7 309 97 31.4 1.8 " 10#41

Total 14,148 1,080 7.6 6,649 969 14.6 1.4 " 10#61

a The sums of the two total numbers of genes in each species do not always

add up to 2,980 because some genes lack annotation status in the databank.
b The difference is in the opposite direction.

Table 3
Inferred Percentage of PSGs as a Function of Alignment
Quality (HoT)

HoT Score 5 100% HoT Score , 100%

Total PSG % PSG Total PSG % PSG P(v2)

Human 2,805 23 0.8 175 3 1.7 0.22
Chimp 2,805 78 2.8 175 5 2.9 0.95
Macaque 2,805 468 16.7 175 52 29.7 5.6 " 10#6

Mouse 2,805 99 3.5 175 15 8.6 6.3 " 10#4

Rat 2,805 284 10.1 175 26 14.9 0.042
Dog 2,805 630 22.5 175 63 36.0 2.1 " 10#5

Cow 2,805 276 9.8 175 27 15.4 0.015
Total 19,635 1,858 9.5 1,225 191 15.6 8.2 " 10#13

NOTE.—The quality is determined for the whole multiple sequence alignment,

so the numbers of unambiguous and ambiguous alignments is the same for all

species.

116 Schneider et al.
The quality of the sequence, the degree of misannotation, and ambiguities in 

the multiple sequence alignment, all affect identification of positive selection!

(PSG: positively selected genes) Many are based on errors
Higher quality➜  Lower quality ➜ 
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http://abacus.gene.ucl.ac.uk/software/paml.html
http://abacus.gene.ucl.ac.uk/software/paml.html
http://hyphy.org/
http://www.datamonkey.org/
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Gradnigo et al. (2016) Advantages of an improved rhesus 
macaque genome for evolutionary analyses. PLOS ONE 
11: e0167376.

Low quality annotation of the 
rhesus macaque genome inflated 

estimated ω (dN/dS).

- Human vs. rhesus genes
- NCBI annotation: draft quality rhesus 
genome

- MacaM annotation: new high quality rhesus 
genome (same assembly but different gene 
annotation)

Identifying Selection - Data Quality
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Homologue, Orthologue, Paralogue
Ø Homologues: sequences that share a common ancestor

Homologues

Duplication Speciation

Species 1
A1 A2

Ancestral sequence
A

Species 1
A A

Species 2

Ancestral species
A

Homologues

OrthologuesParalogues
Read Gabaldon & Koonin (2013)
Mini-reviews: Koonin (2001)/Jensen (2001)/Theißen (2002)
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Species 1 Species 2

Ancestral species

Ancestral sequence

TD TS

Homologues

D
iv

er
ge

nc
e t

im
e Duplication

Speciation

A1 A2 A1 A2

A1 A2

Homologue, Orthologue, Paralogue
Ø Homologues: sequences that share a common ancestor
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Ø Orthologues: derived from a speciation event

Species 1 Species 2

Ancestral species

Ancestral sequence

TD TS

A1 in Species 1 & 2:
Orthologues

A2 in Species 1& 2:
Orthologues

D
iv

er
ge

nc
e t

im
e

A1 A2 A1 A2

A1 A2 Duplication

Speciation

Homologue, Orthologue, Paralogue
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A1 A2

Ø Paralogues: derived from a duplication event

Species 1 Species 2

Ancestral species

Ancestral sequence

TD TS

A1 & A2 in Species 1:
Paralogues

D
iv

er
ge

nc
e t

im
e

A1 A2 A1 A2

A1:Species 1 & A2:Species 2, A2:Speices 1 & A1:Species 2 are 
also paralogues (paralogues can be in different genomes)

A1 & A2 in Species 2:
Paralogues

Duplication

Speciation

Homologue, Orthologue, Paralogue

36

A diagram to clarify 
duplication vs. speciation
(a visual help, informal)

See Jensen (2001)

Duplication: joined by a horizontal line
Speciation: joined by an inverted Y
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Ø Phylogenetic relationship of gene families

TSTD

D
iv

er
ge

nc
e t

im
e Duplication

Speciation

Species 1 Species 2

Ancestral sequence

A1 A2 A1 A2

Ancestral species

A1 A2

Ancestral sequence

A1 A2A1 A2

Species 1 Species 2

Homologue, Orthologue, Paralogue

37
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Ø Duplications can happen anytime

Species 1 Species 2

Ancestral sequence

A1 A2 A1 A2

Ancestral species

A1 A2

A1b A2A1a

Duplication

Speciation

Ancestral sequence

A1a A2A1 A2

Species 1 Species 2

Duplication

A1b

Ortholoques: A1a - A1, A1b – A1, A2 – A2
Paraloques: (A1a - A1b) è inparalogues (species-specific)
 (A1a/A1b – A2), (A2 - A1) è outparalogues

Homologue, Orthologue, Paralogue
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Ø Gene duplication creates large gene families
Ø Important means of providing a substrate on 

which evolution can work 
 • 15% or more of human genes are duplicates!
 1) Duplicated copies: Redundancy
  ➜  Weaker functional constraint (neutral or near neutral)
  ➜  One copy can be degenerated to become a pseudogene
  ➜  Non-functionalization … likely to be lost
 2) One copy can acquire a novel gene function
  ➜  Neo-functionalization, rare but important
 3) Sub-functionalization?
  ➜  Functional complementation between duplicated genes

Gene Duplication

BIOS477/877 L5 - 39
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Pseudogene

TS

TDD
iv

er
ge

nc
e t

im
e

Duplication

Speciation

Species 2Species 1

A1 A1YA1

Non-functionalization
TN

Pseudogene
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TS

TDD
iv
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ge
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e t
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e

Duplication

Speciation

Species 2Species 1

A1 A1YA1
Pseudogene

TN Non-functionalization

Lost function only recently
(dN/dS « 1)

Pseudogene
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TS

TDD
iv
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e t
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e

Duplication

Speciation

Species 2Species 1

A1 A1YA1
Pseudogene

Non-functionalization
TN

Lost function long time ago
(dN/dS ≈ 1)

Pseudogene
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TD

Duplication

Speciation

Species 2Species 1

A1 A1YA1

Non-functionalization
TN

Pseudogene

Depending on when they became 
non-functional, pseudogenes 

may not show completely 
neutral evolutionary patterns.

dN/dS≈ 1 ??

Pseudogene

43
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Eyun et al. (2016) Molecular evolution 
and functional divergence of trace 
amine–associated receptors. PLOS 
ONE 11: e0151023

Gene duplication creates gene family: multigene family

Evolution of multigene 
family contains birth and 

death process

[Trace-amine associated receptor (TAAR) gene family]
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Homology vs. Similarity
Ø Similarity: the extent to which sequences are related. 
➜ makes no statement about descent from a common 

  ancestor
Ø Homology: sequence similarity that can be attributed 

to descent from a common ancestor
Homology ≠ Similarity !!

 • Sequences can be either homologous or non-homologous, but 
not in between (e.g., you cannot say two genes are 10% homologous!)

 • Homology is not directly measurable or observable. 
 • Similarity is a direct measurement. 
 Higgs and Attwood (2005) Chapter 1 page 8
 Read also Petsko (2001), Koonin (2001), Jensen (2001)
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Next time ...
Ø Pairwise sequence comparison by dotplot
 • Dotlet JS https://dotlet.vital-it.ch
 • Dotlet (old Java version) https://myhits.isb-sib.ch/cgi-bin/dotlet
 [For security reasons, old Java programs are not available within UNL network]
 • DotMatcher (A program in EMBOSS)
 http://emboss.bioinformatics.nl/cgi-bin/emboss/dotmatcher
  (see course Web for other EMBOSS links)
 • JDotter: Java Dot Plot Alignments
 http://pgrc.ipk-gatersleben.de/jdotter/
 • YASS: Visualization of local pairwise alignments
 https://bioinfo.univ-lille.fr/yass/index.php

See the Course website for more programs
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https://dotlet.vital-it.ch/
https://myhits.isb-sib.ch/cgi-bin/dotlet
http://emboss.bioinformatics.nl/cgi-bin/emboss/dotmatcher
http://pgrc.ipk-gatersleben.de/jdotter/
https://bioinfo.univ-lille.fr/yass/index.php

