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How to identify selection
o Number of synonymous substitutions per site: ds (or Kg)
o Number of nonsynonymous substitutions per site: dx (or Kx)
. R
‘ ‘ . ; dN(AB) < dn(C)
LSl bdun _Cewieeagan | d(AB) = ur(AB) * fy(AB)
O =) *HO) |
Both mutation rates («1) and
Signal selective constraints (f;) affect
\ )
TSl Lisvics nonsynonymous rates (dy) )
substitutions substitutions
perait pr year peraie pr yer
Based S itution rates estimated Note: In literatures, Ka and Ks are also
human/rat comparison (divergence time: 80 million years ago) used instead of dx and ds
(b G Ene) BIOS477/877 L5 -3
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How to isolate u; vs. f; (continued)
dx(AB) < dn(C)
e
ut(AB)*fy(AB) < ur(C)*fo(C)

If mutation rates are constant If mutation rates are different,

within a gene, => ur(AB) # ur(C)

= ur(AB) = ur(C)

=> dx(AB) < dn(C) cannot be
= dN(AB) <dy(C) can be simply explained by
explained by f)(AB) < fo(C) Jo(AB) < £(C)

5

Today's topics

> Molecular Evolution - part 3
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How to isolate u; vs. f,

o Number of synonymous substitutions per site: ds (or Kg)
© Number of nonsynonymous substitutions per site: dx (or Kx)

‘ e | dn(AB) <dnN(C)
Signal ‘ B chain C peptide A chain ‘ v‘

ur(AB)*fo(AB) < ur(C)*fo(C)

What causes dy(AB) < dn(C)?
Both uy and f; affect dy:
ur(AB) <ur(C)?
Jo(AB) < fy(C) ?

or both?

Signal
[

154x10%
substitutions
per site per year

Based on nonsynonymous substitution rates estimated from
human/rat comparison (divergence time: 80 million years ago)
from Graur (2016)
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How to isolate f,

Synonymous substitutions
are assumed to be neutral
or near-neutral:

fo=1 (neutral)
=2 ds= M'[foz Ur

ds(AB) = ur(AB)
ds(C) = ur(C)

dy(AB) = u;(AB)*f,(AB)
ds(AB) = u;(AB)

dy (0) = u (O)*f, (0)
ds(0) =u, (0)

N @
dy(AB) _wrtdB) + fo(4B) | | dy(C) _ Q) * fo(C)
ds(AB) wrdB) &G0 T mQ
Nt @
dy(AB) dy ()

ds(TB):fO(AB) dS_(C):fO(C)
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How to isolateﬁ, (continued)

If synonymous substitutions
are assumed to be neutral ‘
or near-neutral:

dN(AB)
ds(AB)

= fo(AB) and X = £, (C)

ds(C)

dn/ds can be used to identify selection

+ Shows only the level of selective constrains (fy)
+ We don't need to worry about mutation rates (ur)
- even if ur(AB) # ur(C), dn/ds can be compared
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When divergence time is different

Human: Gene A i< do, dsi< ds;
< dny, ds; 8-
Chimp: Gene A This may be caused simply
by the difference in
Rat: Gene A
} dNZ’ dSZ

divergence time (t; < 1;)
Mouse: Gene A

dyl/d51 Vs. dxz/dsz \
-

By comparing dx/ds, the time

.

effect can be cancelled out.
! h Hh<t We can compare the selective
— o
. . constraints between genes and
b (t1, t,: divergence time) between lineages

dyy = wry * for * 20, dsy = wpy * 200 S dyaldsy = v ¥ for F I (g F %)

dyy = tny * fio * 2, dsy = gy * 20, 2 dyaldsy = W1y * for * s/ (e * 2y
P P BIOS477/877 L5 -9

Identifying selection

[ dn/dg can be used to identify selection ]

Prep: i
‘ I
y

Signal ‘ B chain C peptide Achain ‘
1 I

AntAB)<n(€)-

The better comparison is:

dx(AB)/ds(AB)
vs dn(C)/ds(C)

Signal
i

Even if mutation rates are
staons different, we can compare:

per siteperyear fi(AB) vs. £o(C)

Based on nonsynonymous substitution rates estimated from

154x10%
substitutions
persite per year

020x 107
substitutions
persite per year

human/rat comparison (divergence time: 80 million years ago)
from Graur (2016)
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Identifying selection
If nonsynonymous (replacement)
substitutions are neutral:
dx>ds or dy=dg or dy<dg ?
10

Identifying selection (continued)

If nonsynonymous (replacement)
substitutions are neutral:

dy=ds =¥ dy/ds = 1

ds is used as a control

(substitution rate at neutral or
near neutral)

=» dy is evaluated against ds
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Identifying selection (continued)
If nonsynonymous (replacement)
substitutions are neutral:
dny= uT*fo, where fgz 1
P d=ur* fo=ur
Sinceds=uyp =¥ dy =~ dy
11

12




Identifying selection (continued)

[ dn/dg can be used to identify selection ]

dnlds> 1.0

dy/dg = 1.0 Neutral

(e.g., non-coding regions, pseudogenes)
dy/dg < 1.0
0

dnlds
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Type of selection (continued)

[ dyn/dg can be used to identify selection ]

Adaptive selection could be driving amino acid substitutions!

[ Positive selecﬁon]

12 = Neutral (e.g., non-coding regions, pseudogenes)
é (Negative but relaxed selection)

Negative selection
(under strong functional constraints)

dnlds
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Identifying selection (continued)

[ dn/dg can be used to identify selection ]

dnlds> 1.0 <\

Which indicates negative selection?

d/ds < 1.0 <—/ m
0

dnlds
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Identifying selection (exon vs. intron)

B! ::ff?ﬁzzzzxmz:rfz |1 B e
o0 00 1 T 1

¢

_5=§..H_

Sequence | TrgfrTicc rractrrarrorecke xapancrre  iNTTON
N R | A T A (AU I
Sequence2 TTC| GApTTRCClT T TTRTTE T TTIGTAGAACT TG
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 006 0 0.13 0.52 0.55 0.64

(Exon(2nd) < Exon3rd) | Intron(2nd) = or = Intron(3ra) |

» Exon(2nd)/ Exon(3rd) | ¢¢ | Intron(2nd)/ Intron(3rd)
0 0.86 (=1)

(Similar to dx/ds analysis) BIOS477/877 L4 -17
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Positive selection (reproductive proteins)

17

e - —
1000 Rapidly evolving reproductive proteins 10% most divergent proteins
bl Rank  Protein Divergence (%)
v . Transiton protein 2 88 from 1,880 human/rodent
800 4 48 zP2 43 orthologues
59 Protamine P15 “
0 86 Sperm protein 10 39 . .
2 500 @2 Testis histone H1 38 —_ Mw‘y rapidly ZVOI)’"‘Q
s 101 Acrosh 28 proteins are associated
3 120 Protamine 2 36 .
£ w0l 183 o1 oms = to reproduction system
z 194 Testes Tpx1 31 Y,
200 1 238 .
198 - Why are they evolving
o T T T = T = fasr?
10 20 30 40 50 46 2
~ Weak selective
% AmIno-acld sequence dVergance Gl
Figure 1| Rapidly evolving proteins. Comparison of 1,880 human-fodent othologues from ler
Makaloski & Bogusk? plotted as a frequency of the occtrrence of genes with a varying (relaxed selection)
percentage of amino-acid divergence. The portion that contains the 10% most divergent protei
is shown in blue; reproductive proteins that are among the 10% most divergent proteins are ist or
Tpx1, testis-specific protein 1; ZP2/3, zona pellucida 2/3 Divergence is favored?
From Swanson & Vacquier (2002) (positive selection)
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Positive selection (reproductive proteins)

Seminal fluid proteins & n
0.30 P o2 ( Elevated d/ds ratios are '\

often found in
0.20 - :
o ~1_ % Z0ads reproductive genes
N . .
o010l e.g., genes involved in:
dnlds<<1 mating behavior, fertilization,
0.00 Xl > o3 o spermatogenesis, ejaculation,
d sex determination
Random proteins s P
0.30 < Possibly due to sexual
selection, preventing
0.20 hybridization, etc.
d
N
0.10
Based on comparisons between D.
0.00 I nd D.
o 01 0.2 0.3 0.4 et al. (2001), Findlay and Swanson (2010)
ds BIOS477/877 LS - 19
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Proteins under positive selection

Table 1. Selected examples of protein-coding genes in which positive selection was detected by using the dy/d; ratio
Defensive systems or immunity

g Z T B 4
e ducti Cae. &
fgeewe fne | Reproduction | gREie o
e uee .. | Digestion|, . =~ == e
Type | interferon gene. Marmmals o Bovide 7
T, ThAR MSATwarSS ok Toxin pl“O'l'ZlﬂS 1 oo v 2
e G

5
el E rt and/or ATP synthesis | "
mwl Electron transport and/or ATP synthesis |
SpEEee s | Cytokine |, [

Yang & Bielawski (2000)
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Distribution of dy/ds: primates vs. rodents

0.09
- Rodents I
s O = dnlds Primates
007 Example of genes whose w is larger
006 in primates: .
R * Spermatogenesis
g 005 « Lipid transport
E 0.04 * Amino acid transport
* Inorganic anion transport
0.03 . . . n
* Protein amino acid glycosylation
0.02 .S d diated
0.0t
0
0.001 001 01 10

o

Gibbs et al. (2007); also see Chimpanzee Sequencing and Analysis Consortium (2005)

Rodents: mouse vs. rat genomes; BIOS477/877 LS -21

Primates: human, chi vs. rhesus
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Identifying positive selection

Positive selection usually works within a limited region,
(e.g., a few particular amino acid), not for the entire coding region

Positive selection ) )
S(elecflye c:rﬂr;qm‘ss

negahve el ion,
Positive selection

BOGAAGI00GE = TAS 20 G 0
| E—— e —

dy/ds >> 1
(Does not happen often)

From average dx, ds =¥ d/ds may be <1 or =~ 1
dn/ds>1 is too conservativel
dn/ds>0.5 may still indicate positive selection!

If we can identify specific sites under positive
selection, we can predict amino acid positions

that are important in adaptive evolution BIOS477/877 L5 -22

Scanning dy/dg

Turner and Hoekstra (2008)
From comparison of rodent sequences

P
{
z CL: cumulus layer

cL | ZP: zona pellucida
Z92-2P3752-293 792293 202-2°3 272293 ZPA- TPy ZPL-TPIZPILRD vitel
il T W 1 Sl s 20 | PVS: perivitelline space

a) sperm-ZP
binding s | EC: egg cytoplasm

ignal peptide
ZD: zona domain
sp b2y scrc

am BT I
., (between species) dN/ds>1-\
293 divergence | \ .
in ,....2:.;:; N AMMW/ \/\,«\A/f\JW Scanning dy/ds along
the ZP3 gene shows

the SC region to be

perm-combining region
rin cleavage site
TM: transmembrane domain

d) Zp3 aa 145=418 . -

o8 . ————————my—==r] positively selected.
eS0T (within species polymorphism) [ i P ly
P~ s
(exon'6) (exon7) BIOS477/877 LS 23

22

ive selection

Identifying sites under posi

(@ Malor histocompatibilty complex Egg inducer of sperm acrosome /ﬁ
e it @ sites: Predicted to be

Bound ant iti i
oun fn igen under positive selection

el —s "I = by using a maximum
ignal sequence A
2 likelihood model that allows
Homologous region dN-/dS _w Nalvamongiaming
(70-240) acid sites:
* PAML

Hinge region

(see Alvarez-Carretero et al.
2023 for a guide)
also

‘  Datamonkey

(various selective pressures

FUrin cleavage site 7 e, 424

50-353 o
? yarophatic region can be charact
(387-409)

d)

BIOS477/877 LS - 24

‘Current Opion in Genetics & Development.

&
Swanson (2001 and 2003)

24

* nonsynonymous; ® synonymous
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A selective sweep in the Spike gene has

driven SARS-CoV-2 human adaptation 1 : Regions where positive selection

Kang et al., (2021) was d  (using p

X _ Spike genetics methods)

b n | ;

i, i buihah iy i I Thr->Ala mutation at AA

= T, | i . position 372 was found only in

fobiaitlidy ‘wi
s n ® n 2
SARS-CoV-2 genomic position (kb)

human SARS-CoV-2

, ~

= ==
wie ae i L~ 4
Human
Ala372/Thr372 (S) is located at
Bat- the Spike-ACE2 interface
Human
ARS-CoV-2
ey
R Eomparet.ilso the “—gpike Viral
= UETILEATES (] attachment
. (A372), the A372T o ACE2 protein
TS mutant in S protein located on human|
= has weaker affinity cell surface
© S to human ACE2
hailhi protein. > Receptor-binding domain (RBD) B10S477/877 LS - 25

Shang et al. (2020)

25


https://github.com/abacus-gene/paml
https://github.com/abacus-gene/paml
http://hyphy.org/
http://hyphy.org/
http://www.datamonkey.org/
http://www.datamonkey.org/

Detection of selection and data quality

The quality of the sequence, the degree of misannotation, and ambiguities in the
multiple sequence alignment, all affect identification of positive selection!

)

Table 1
Inferred Percentage of PSGs as a Function of Sequencing
Coverage (PS6: positively selected genes) Many are based on errors

Higher quality=» Coverage >3x Coveragé <3 x « Lower quality

Total PSG % PSG Total [ PSG % PSG| PO
Human N/A N/A N/A NA | NJA  N/A N/A
Chimp 1,144 9 0.8 1,836 74 40 | 9.6 x 107®
Macaque 896 32 3.6 2,084| 488 234 | 8.1 x 1074
Mouse 2,493 77 3.1 487 37 7.6 | 1.3 x 10°°
Rat 1,841 93 5.1 1,139 217 19.1 | 3.2 x 10°%®
Dog 1,568 212 135 1412 481 341 | 1.7 x 107
Cow 1,086 54 50 1,894 249 13.1 | 48 x 10°'¢
Total 9,028 477 53 8852|1546 175 ) 2.3 x 10'*°

Schneider et al. (2009) BIOS477/877 LS -2
5-26
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Homologue, orthologue, paralogue

» Homologues: sequences that share a common ancestor

Ancestral sequence Ancestral species

[A]

—A—
/\ Speciation

—— —A—

Species 1 Species 2

Duplication

— -z —

Species 1

Homologues

Paralogues

Read Theifien (2002) [very short review]
Gabaldon & Koonin (2013)/

Homologues

Orthologues

BIOS477/877 L5 - 28
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Homologue, orthologue, paralogue
(identifying orthologues)
> Orthologues: derived from a speciation event

Ancestral sequence

o AI:I 42 = Duplication

Ancestral species

«= Speciation

Divergence time

—-R— —{AT-ee—

Species 1 Species 2

Al in Species 1 & 2:
Orthologues

A2 in Species 1& 2:
Orthologues

BIOS477/877 LS -30

Detection of selection and data quality
(continued)
Low quality annotation of the rhesus

macaque genome inflated estimated
° o (d/ds)

o(NCBY) | %0  (Macal)

Count

03 12 15 2 24 28 %2 04 08 12 16 2 24 26 32

° Q%
Count

* Comparisons: human vs. rhesus genes

* Genome annotations:
00 04 08 12 16 20 za 29 o NCBI: draft quality rhesus genome

© (MacalM) o MacaM: new high quality rhesus genome
(same assembly but different gene
annotation)

Gradnigo et al. (2016)
BIOS477/877 L5 -27
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Homologue, orthologue, paralogue
(a more complex gene history)

» Homologues: sequences that share a common ancestor

Ancestral sequence
— +— . 5
A7\ a2 *= Duplication

Ancestral species

<= Speciation

Divergence time

—Am-Az— —{AUHAZ—

Species 1 Species 2
- J

Homaggues

BIOS477/877 L5 -29
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Homologue, orthologue, paralogue
(identifying paralogues)
> Paralogues: derived from a duplication event

Ancestral sequence

...................................... T

<« Speciation

Divergence time

—- R —{AT-ee—

Species 1 Species 2
Al & A2 in Species 1: Al & A2 in Species 2:
Paralogues Paralogues
Al ies 1 & A2 ies 2, A2 ices 1 & AL:Sp 2 are also

" paralogues (paralogues can be in different genomes) BICSHZEESS]
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Gene duplication and gene family
Duplication and speciation events can be identified in a

phylogenetic tree of a gene family
Ancestral sequence
— o Ancestral sequence
<= Duplication 11
E AL N 42 q
8
g Ancestral species
,a_nTD Ts <=m Speciation immp |-
2
&
— A2 — ATz — AL AL 2 A2

Species 1 Species 2
Species 1 Species 2

A diagram to clarify Duplication: joined by a horizontal line
duplication vs. speciation Speciation: joined by an inverted Y

(an informal visual help) See Jensen (2001) BIOS477/877 L5 -32

A complex history of gene family

Duplications can happen anytime

Ancestral sequence
Ancestral sequence

—{— S
<= Duplication s
AL p2 g
Ancestral species

4= Speciation ) 3
Species 1 A Species 2
— A2 — —{ALHAZ—

A < Duplication | s
—{Ala - IERHA2—
L Al Alb Al A2 2

Ortholoques: Ala - Al, Alb—Al, A2 - A2

32

Gene duplication

» Gene duplication creates large gene families

= |mportant means of providing a substrate
on which evolution can work
o 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 (not very well understood)

* Functional complementation between

duplicated genes

BIOS477/877 LS -34
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Pseudogene
(recent non-functionalization)

................................ o= [ Speciation

' Duplication |

Divergence time

L <= Non-functionalization |
—II- —.- —.-
VAL Al Al

Pseudogene —
[ Lost function only recently ] Speciesl

Species 2

dnlds « 1
(dnlds « 1) BIOS477/877 LS -36

36

Paraloques: (Ala - Alb) =¥ inparalogues (species-specific) Species 1 Species 2
(Ala/A1lb - A2), (A2 - A1) = outparalogues BIOS477/877 L5 -33
33
Pseudogene
................................ - Speciaﬁon
]
£
1
A R ' Duplication
) \
I | | ee—— | Non-functionalization |
TN N
—- —-
YAl Al Al
Pseudogene
Species 1 Species 2
BI10S477/877 L5 -35
35
Pseudogene
(non-functionalization long-time ago)
................................ <= | Speciation
]
£
8 ( . .
g oo, J | Duplication
=l .'
2 s s
& of ﬂ (Non-functionalization |
—- ——
YAl Al Al
Pseudogene
[ Lost function long time ago ] Seedell Spedlesl
(d\/{ls = 1) BIOS477/877 L5 -37
37



Pseudogene and dy/ds

— [Speciaton

Duplication

Depending on when they became
non-functional, pseudogenes may
not show completely neutral

evolutionary patterns.

< Non-functionalization |
—.— —.—

YAl Al Al

Species 1 Species 2

BIOS477/877 L5 -38

« Gene duplication
creates a large gene
family (multigene
family)

« Evolution of multigene
family contains birth
and death process

Eyun et al. (2016)

[Trace-amine associated receptor (TAAR) gene family]

Multigene family

SEERIRIE

ey
BIOS477/877 L5 -39

38

Homology vs. Similarity

» Similarity: the extent to which sequences are related.
=> makes no statement about descent from a common
ancestor

» 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.

1L A Attaand (2005 Chontax 1 9
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