ay ¥ 84 3 2 LRRRATARMH (DREBSR PN ) . EREFEBRFHESDS

National Genomics Data Center

BHE [EREEHEFS D FiEl

=ik 5t

oy Yadry R EHEH - Genomics 2024E5ZF5H]

University of Chinese Academy of Sciences



)

ABEdN

- iiEl: WREREZSSFEK
- MRS 50 FEMR

« DFFAEN

.« BISTFERREF

o« EREND. BANXSIEENX B

- A EBN

- BHAEREFE

Nothing in biology makes sense except in the light of evolution.——Theodosius Dobzhansky
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How do different species differ?

Fruit Fly
44% 23andMe

What percent
of your genes
do you share?

www.23andme.com
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Evolution = change over time

« Evolution at its most fundamental level simply describes a change over time.

« Heritable characteristics are encoded by genes and may be transferred
between generations as alleles.

« A concise definition is a change in the allele frequency of a population’s gene
pool over successive generations.
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Microevolution vs Macroevolution

Microevolution and macroevolution describe fundamentally identical
processes on different evolutionary scales.

- Microevolution Macroevolution

evolutionary changes resulting in

Change small evolutionary changes .2
speciation

Species / within a species or population in large populations

Population P POp ge pop

within a short period of geological

Time over relatively long geological periods

time
. due to mutation, selection, and associated with significant
Assoclation S :
genetic drift environmental change
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= *‘_,,} (macroevolution)

\ ) Vs )

N aZ | U9 d >10-1
Chimpanzee®, Mouse 8 L 12
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cancer cell in . -5 .

individual i N ‘ig _ i _
N - (microevolution)
_ = d~103—1071
| Cancer-normal tissue = A
divergence (STAGE I) Qo
C-I C2 C3 CI“I ! 3 ()
- —_ =. (M
on = R
Tumor mass = - 9 2 ‘ i
, L Lsg 20 (ultra-microevolution)
. Evolution within o=5 d ~ 107 — 10
tumors (STAGE Il) mg. Q
. -

The scales of organismal evolution and cancer evolution.
evolutionary distance d: number of differences per nucleotide

The Ecology and Evolution of Cancer: The Ultra-Microevolutionary Process. Annual Review of Genetics 2016 https://doi.org/10.1146/annurev-genet-112414-054842
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Studying evolution at the molecular Ievel

“Nothing in biology makes sense except in the

BN, B (GLIDASE) - “AiE, 1EERERET 7
il (Hinks) . AZZM, & light of evolution.

BB, ElEEEEIEFRAL. A i 1%,
e Bamamraams  DBEHZ, REmZR
Theodosius Dobzhansky (1900-1975)

Russian-American geneticist and evolutionary biologist

 Morphological (Mendelian) approach:
Confined to within-species genetic changes

* Molecular approach:
Removal of species barrier and extension to between-species

DNA sequences are more informative than protein sequences, due to the
degeneracy of the genetic code.
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FELERREE4HE (Comparative Genomlcs)

-BZBE =2 QH?ZEELLI;KZB& =5 }%ﬁu ﬁEﬂ] = NHGRI FACTSHEETS

genome. gov Researchers choose the appropriate time-scale of evolutionary

k 1:/3 J/ %JL'I:: ~ k Ij] E B % *[Lﬁgu *DZ_ |__| fl:@ : _ conservation for the question being addressed.

such as humans and fish are often

*EI]%I_: %%?E{]/‘_ﬂ:@?ﬁﬂ%o : Common features of d.ifferent organisms

encoded within the DNA evolutionarily
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https://www.genome.gov/about-genomics/fact-sheets/Comparative-Genomics-Fact-Sheet & ' ' | ' @ i1 s
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SFiEH (Molecular Evolution)

how sequences change over time

« Molecular evolution is the area of evolutionary biology that studies evolutio
nary change at the level of the DNA/protein sequence.

* Molecular evolution is the process of change in the sequence composition
across generations.

 Major topics in molecular evolution
 rates and patterns of sequence changes
 relative importance of adaptive and neutral changes
* neutral evolution vs. natural selection
* origins of new genes
* the genetic basis of speciation
 evolutionary forces on genomic and phenotypic changes
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itk ERYSEEan iLJF

SK§#)-FCEBSLI8 (Miller-Urey experiment)

EantCiRRYE L0 —, RIURHIMEKI GG,
REENTCFEEICRIAERT, IR HAMEEK
%&ﬁ?ﬂ%AWﬁmwA%mﬁf&%EE

Stanley Miller (1930-2007). This experiment was
conducted in 1952, with assistance from Harold Urey, at
the University of Chicago.
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History of Earth in 12-hour clock

11:52

N .
I}:[,iz I @77 GALLATIN PETRIFIED FOREST
I i

TON P %J;_hg_}/; 50 MILLION YEARS ) ( A7|<‘ £

(ﬂ*«( 11:26 11:5924 | =
= PR PARRARES: FIRSTHUMANS || -

210 MILLION YEARS r/‘/;_.a MILLION YEARS < *

12:00 NOON

FORMATION OF EARTH
45BILLION YEARS  J

FIRST DINOSAURS

.-L"\
— -
Bﬁl_' [ 10:48 230 MILLION YEARS
— FIRST LAND PLANTS

*E#% 450 MILLION YEARS
1003 —

FIRST MARINE ANIMALS

11:50 TO MIDNIGHT
CENOZOIC ERA

665 MILLION YEARS
. 10 65 MILLIONYEARS 2
[ 1 4 11:23TO 11:50
TS 10:24TO 11:23 MESOZOIC ERA

165 MILLION YEARS

PALEOZOIC ERA

370 MILLION YEARS
2:42

EARLIEST FORMS OF LIFE
BACTERIA, STROMATOLITES
(DOME-LIKE LAYERED ALGAL
STRUCTURES)
3.5 BILLION YEARS \

BHA4 s

L)
MULTI-CELLED ORGANISMS

1.1 BILLION YEARS

12:00 NOON TO 10:24
PRECAMERIAN TIME

10:24 TO MIDNIGHT
PHAMEROZOIC EON

6

AGES OF PETRIFIED FORESTS
. . 6:24
https://www.fs.usda.gov/sites/default/files/fs COMPLEX CELL STRUCTURE 57 GALLATIN PETRIFIED FOREST: 50 MILLION YEARS
media/fs_document/gallatin-petrified-forest. pdf 2.1 BILLION YEARS S PETRIFIED FOREST, ARIZONA: 215 MILLION YEARS
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izt (Tree of Life)

Bacteria Archaea Eukaryota
I = e —
M= S HiZEY)
Green
Filamentous Sli
Spirochetes bacteria Entamoebae "I:Ie Animals
Gram Methanosarcina Fungi
\ Positives | p1othanobacterium Halophiles
Proteobacteria \ Plants
. Methanococcus
Cyanobacteria Ciliates
T. celer
Planctomyces Thermoproteus Flagellates
Pyrodicticum
Bacteroides Trichomonads
Cytophaga
Microsporidia
Thermotoga
Diplomonads
Aquifex

LUCA (Last Universal Common Ancestor)
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Jean-Baptiste Lamarck (1744—1829): ;EZEIE¥IER, i&ﬂﬁﬁ%ﬁ\k
1761-1768EEZE AR, 17685 RMEIR, ZEEBHNEBR. TFR.
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Gregor Johann Mendel (1822-1884): BaithFITEE (HEse), T EEZFEIIRA
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Charles Robert Darwin (1809—1882): ZaE{H¥)F 3R, HEERTNEPYFESR
1828 QI RS, 1831-1836FF, "WIZ/RS" , RIKEER

18385F108 , IA/RICHAICHIEZREAFZAL
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Lamarck’s Theory of Evolution

« Giraffes all had SHORT necks originally

» Giraffe’s Necks got LONGER from
stretching for food

* “Acquired” trait (long necks) then passed
to offspring

 Giraffe population became long-necked

B ELH% - Genomics



Darwin’s Theory of Evolution

« A combination of Lamarckian ideas and recent fossil discoveries Neo

« Species living today had been changed over time and stemmed from a single (or Darwinism
few) ancestral organism(s).

: : : : . _ Mendelian
» Organisms which possess traits better suited to conditions would have an adaptive inheritance
advantage and be more likely to reproduce.
« These traits would hence become more common within the population and the Etlr\luiture

species would gradually change over time.

) i o'o"

TN { .° Q- :‘ |

o 00e 005 - o00e

\ mi ( \ s, W
" "y ] LR i) ‘ea .. =
Charles Darwin — Evolution by Descent with Modification (1859)

*ME_'J%J ean-Baptl§te I—\amaer Long-necked giraffes are randomly born and have more offspring due to their competitive advantage Charles Darwin
(1744—1829) : HKICEEEA (1809—1882)
1809F K (GHIFHEZE) | https://ib.bioninja.com.au/standard-level/topic-5-evolution-and-biodi/52- 18594 (¥PFhicizR)
RHEHERSHRE!MEE natural-selection/theories-of-evolution.html
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Natural Selection
The theory of natural selection—*‘survival of the fittest’ (E&%F)

yellow brown

There is genetic variation within a Overproduction of offspring

population which can be inherited leads to competition for survival
3 Adaptations

Indlwduals with benefi Clal adaptations are Over many generations, there is a
more likely to survive to pass on their genes change in allele frequency (evolution)
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Darwinian vs. Lamarckian

; A 4
environmental <@> o e
factors £y D e At
k3
a Lamarck , ) TS wmp R
) ) \
mutation-directing % i o 1

mechanism
Jean Baptiste Lamarck — Evolution by Transformation (1809)
ﬂ Long-necked giraffes evolved as generations of giraffes stretched their necks to reach higher leaves

beneficial adapted

mutations ** F » = - IR ognism Lamarck’s Theory of Evolution (Use and Disuse)
environmental
factors

Darwin
random S ANSSA
mutagenesis ma md -

. . Charles Darwin — Evolution by Descent with Modification (1859)
beneficial mutations Long-necked giraffes are randomly born and have more offspring due to their competitive advantage
i . - ir I r \ ing du ir itive adv
+ | - « fixed by selection; 9 9 y pring p g

U
Y selection
4
C—>

—<:

random mutations == | | o e i

Darwin’s Theory of Evolution (Natural Selection)

Is evolution Darwinian or/and Lamarckian? Biology Direct 2009 https://ib.bioninja.com.au/standard-level/topic-5-evolution-and-
https://doi.org/10.1186/1745-6150-4-42 biodi/52-natural-selection/theories-of-evolution.html
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The Neutral Theory of Molecular Evolution

The theory was introduced by the Japanese biologist Motoo Kimura
In 1968 and described in detail in his 1983 monograph The Neutral
Theory of Molecular Evolution. The theory has been widely
accepted and is the guiding principle for studying evolutionary

genomics and the molecular basis of phenotypic evolution. Motoo Kimura AFFESE
(1924-1994)

* A neutral mutation does not affect an organism's ability to survive and reproduce.

* Most evolutionary changes at the molecular level are caused by random genetic drift
through mutations that are selectively neutral, giving rise to genetic polymorphisms.

* Most evolutionary changes and polymorphisms within species are not caused by
natural selection, but by random genetic drift.

Motivated by the Haldane's dilemma: it takes about 300 generations for a beneficial mutation to become
fixed in a mammalian lineage, meaning that the number of substitutions (1.5 per year) in
the evolution between humans and chimpanzees was too high to be explained by beneficial mutations.

‘ ?(a@?%&? HEH - Genomics




Neutral vs Selection

The neutral theory is not an anti-Darwinian theory.

Both recognize that natural selection is responsible for the adaptation of
organisms to their environment.

Both recognize that most new mutations in functionally important
regions are deleterious and that purifying selection quickly removes

these deleterious mutations from populations. . Iheory [E——————————
The evolutionary fate of genetic variation is )
best explained by stochastic processes. Neutal theory Li

The null hypothesis of molecular evolution Neary notral . [m— 1 '
IS that sequence evolves neutrally.

It provides a theoretical framework for B Doleterous  [_] Neutral
developing methods that detect the forces ] Aovantageous  [L] Neary neutral
acting on sequences. The modern molecular clock

Nature Reviews Genetics 2003
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Forces In Molecular Evolution

« Selection occurs when organisms with greater fithess are favored in
subsequent generations, thereby increasing the instance of underlying
genetic variants in a population.

= Natural selection is any selective process that occurs due to the fithess of an
organism to its environment.

= Artificial selection, also known as selective breeding, is imposed by an outside
entity, typically humans, in order to increase the frequency of desired traits.
« Mutations are stochastic and typically occur randomly across genes.
Most mutations that occur are single nucleotide polymorphisms, resulting
In point mutations. Most organisms display a strong bias in the types of
mutations that occur with strong influence in GC content.

« Genetic drift is the change of allele frequencies from one generation to
the next due to stochastic effects of random sampling in finite populations.

B ELH% - Genomics



BEZELT (Genetic drift)
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B Translocations

80'0'/ B Deletions

70.0 = Amplifications
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‘Number of alterations per tumor

s
Stochastic prof-esse

Single-base substitutions (SBS)
DOI: https://doi.org/10.1016/j.trecan.2015.11.003 Cancer Genome Landscapes. Science 2013

Precision Cancer Medicine. Trends in Cancer 2015
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2F%h (Molecular Clock)

The rate of evolution in any protein (or later, DNA) molecule is approximately
constant over time and over evolutionary lineages.

The notion of the existence of a so-called "molecular clock” was first attributed to Emile
Zuckerkandl and Linus Pauling who, in 1962, noticed that the number of amino acid differences
In hemoglobin between different lineages changes roughly linearly with time, as estimated
from fossil evidence.

- Rates of molecular evolution can be remarkably constant over time, producing a
molecular clock.

« The constancy of rates was explained by the neutral theory by assuming that most
changes to DNA or protein sequences are neutral — that is, driven by drift not selection.

- Variation in rate between lineages can cause substantial bias in molecular date
estimates.

« Stochastic fluctuations in substitution rate over time in lineages make molecular date
estimates imprecise.
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~80 Myr ago

~310 Myr ago

~350 Myr ago
~430 Myr ago
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Nature Genetics 31, 205 - 209 (2002)

). ~830 Myr ago
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Beta globins: human-mouse

« Beta globin chains of closely related species are highly similar:
* Observe simple alignments below:

Human [ chain: MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLL

Mouse [ chain: MVHLTDAEKAAVNGLWGKVNPDDVGGEALGRLL

Human [ chain: VVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLG
Mouse [ chain: VVYPWTQRYFDSFGDLSSASAIMGNPKVKAHGKKVIN
Human B chain: AFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGN
Mouse B chain: AFNDGLKHLDNLKGTFAHLSELHCDKLHVDPENFRLLGN
Human [3 chain: VLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH
Mouse B chain: MIVIVLGHHLGKEFTPCAQAAFQKVVAGVASALAHKYH

There are a total of 27 mismatches, or (147 — 27) / 147 = 81.7 % identical.

B ELH% - Genomics



Beta globins: human-chicken

Human B chain: MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLL
Chicken ﬁ chain: MVHWTAEEKQLI TGLWGKVNVAECGAEALARLL

Human ﬁ chain: VVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLG
Chicken ﬁ chain: IVYPWTQRFFASFGNLSSPTAILGNPMVRAHGKKVLT

Human B chain: AFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGN
Chicken B chain: SFGDAVKNLDNIKNTEFSQLSELHCDKLHVDPENFRLLGD

Human B chain: VLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH
Chicken B chain: ILIIVLAAHFSKDFTPECQAAWQKLVRVVAHALARKYH

There are a total of 44 mismatches, or (147 —44)/ 147 = 70.1 % identical.

As expected, mouse 3 chain is ‘closer’to that of human than chicken’s.
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Evidence of the molecular clock

1.4

I

12

o

1.0

[=

Sequence divergence (per site)
Sequence divergence (per site)

0.8 0.8 -
0.6 0.6 -
04 04 -
0.2 0.2 7
0 0 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Divergence time (MY) based on fossil records Divergence time (MY) based on molecular data

Linear relationships of the number of amino acid substitutions per residue (dA) and the numbers of
synonymous (dS) and nonsynonymous (dN) nucleotide substitutions per site, with divergence
times based on the fossil record (a) and molecular data from 10 vertebrates (b).

The neutral theory of molecular evolution in the genomic era. Annu Rev Genom Hum Genet 2010
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If a gene which mutates at a rate of 1 bp per 100,000 years has 6 bp
different, divergence occurred 600,000 years ago.

University of Chinese Academy of Sciences

Fibrinopeptides

Haemoglobin

Cytochrome ¢

100

200 300 400 500 600 700 800 900

Millions of years (MY) since divergence

1000 1100 1200 1300

Limitation: Different genes may change at different rates.
Haemoglobin mutates more rapidly than cytochrome c.
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https://www.ncbi.nlm.nih.gov/nuccore/NC_012920.1

Evolutionary Tree of Humans (mtDNA)

a 60

MtDNA analysis supports the “Out
of Africa” Hypothesis.

« The evolutionary tree separates one group of
Africans from a group containing all five populations.

« African population was the most diverse.

« Tree was rooted on branch between groups of
greatest difference.

Out of Africa:

« Humans evolved in Africa ~150,000 years ago.

« Humans migrated out of Africa, replacing other
humanoids around the globe.

« There is no direct descendence from
Neanderthals.

African populations and the evolution of human mitochondrial DNA.
Science 1991. DOI: 10.1126/science.1840702
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25000
40 000

FHEeZxEE.A (Denisovan) EABH—
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RIBIAF, 2008F1EFHAFIR3Rk
/J\»un-lﬂ'):lb?EInEléiltEFEi)b 2019
FFmlFERIEFEFRL19.555F,
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50 000
ExEHAR—EEFTIHARAHISERIAZK,
- Homo sapiens 1856£EE1¢JEE%T1E.E§?EI—J ~i)II_I.u ﬂl—l_'/%\ﬁ . o .
Homo neanderthalensis MEETMNRZRREE, B et eEndts Age estimates for hominin fos§|I§ and
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Denisova Cave. Nature 2019
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mEEHSE (Paleogenomics)
ETLEE T EAIR S KIRFHIASR?

2022:-115*/1\ B2 /EIZISFE A% -IHiE (Svante P&&bo)

=efth " E'J@@EI’JEA* EHFMASSH A ER AN
- FEIMAREE T "HEREARE" X—&F5=R
u&FFAEEIZE’B!'JF’

19975, SERXIBLERFAZRAIRDNARINE, XEASRNHINSE—IMEREAIEH AZDNARS,
IERRL AT AR ASRHAIIEFHIFEEHE

20014, A%gzﬁiﬂaag%ﬁz SR THAAEREARFIARE, Fa 7S DNAFIITA
DNARITS L, BEAZIS T DNALLISRITC A B EHE+

20104, MHIEMINT T LB ANEERAFFINF, NFEEXEIT50E, 1EBAAZRMETE
HFIENEE S EFAEGERIRR

AREERARLIR

AL EFE— MU EDNALLEF R ZRIASFIM, (JIDERGSRIREDNAFNEF, LIRS
e SN 7 U NE TN
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DNAFFFIE

XTFRFIKESANBIDNAFS, ARBIREXS Ing BEHRA
(transition) P, EE A (transversion) Q, M

* Ny= P + Q

- BERERT, BROIUIERS TR, HiR/EHRitkappa=P/Q
s SRS UEER/NT, BREBRESEMTAZER, WQ=2P
« RERFY Uﬂg%\{%EZ%E*EAEP AJZRN/I: p= Ng/n

Y |

AT, DHSHpAREE: MNEINEFRESNFREELERIEIRL,
Akt FEMEIAREHITRINENESR.
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Why observed substitutions <real ones?

Single substitution Coincidental substitution
A G
1 difference A A
C C
1 change 2 changes
Parallel substitution Convergent substitution
C C T
No difference @ A A
C T
2 changes 3 changes

Multiple substitution

C e T
A
n changes
Back substitution
C o A
A
n changes
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DNA substitution models

b L
DNA substitutions models are frequently used in | A ¢—> (G  transitions §&if
molecular phylogenetic analyses and

evolutionary distance estimations. al g X ¢ [P transversions A%
« Transitions: changes within purines (A«+G) or pyrimidines (T+C) e
- Transversions: changes between a purine and a pyrimidine C «——» T ) transitions &%

parameters

JC69 (or JC) a=b=c=d=e= M= =n;=n=0.25 Jukes and Cantor (1969)
F81 a=b=c=d=e=f all m, values free Felsenstein (1981)
K2P (or K80) a=c=d=f, b=e M= -=T;=m=0.25 Kimura (1980)
HKY85 a=c=d=f, b=e all m, values free Hasegawa et al. (1985)
K3ST (or K81) a=f, c=d, b=e M= =n;=n=0.25 Kimura (1981)
TN93 a=c=d=f, b#e all m, values free Tamura and Nei (1993)
SYM all exchangeability parameters free MA=T=Tig=m=0.25 Zharkikh (1994)
GTR (or REV) all exchangeability parameters free all m, values free Tavare (1986)
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Modeling sequence evolution by
Jukes-Cantor Model

RE: FURIVZERSIRFEES, B8R E
BRSO E T R = bz E‘E&E’J—W AR
s —MZERBIEAHE=MIZERIIEEER Y= 3a;
s [RIZEtFRIDHWHEMFRIZEERFFIXFIY :
o« QRXFIY Z [EIfEREIREERRIECHIE
o PERTXFIY Z [BEIARRIEERRIECHINE
» AL, p=1-q
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Jukes-Cantor Model (cont.)

Xﬁ/ﬂiXF%ViUWYF%'ﬁU, FERJEIt+ 1B T —5F), FERKAERTEZRg,,, NRER

2k

o HEMUR(q): VEREAHECZERVEZ, WXFIYLA(T-y)? RS AT, 3
YR/, yeRT LB, MQge,,=1-2y

o AEIFR(1-9y): XWFXFAYZEARGIR, RIRERSEEY, XFH ERA=AI, Y
5 )

o WIEXAUITYj, MYRAZ, #@ERAa(1-y)=y(1-y)/3;
o WEBRXMIAZE, MYAYZI, #ERAa(1-y)=y(1-y)/3;

AL, XFYHEBERSEEER: 2y(1-y)/3, ZyRVNEY, y?RJLAZ
%, MEEA3: 2y/3




Jukes-Cantor Model (cont.)
Atk, FEREH+HIRZEERMEE SR, R A

d
qt+1:(1_27/)qt+(2/3)7/(1_qt) /‘7\ d_j:qt+1_qt
2 2

S G =G =2+ 57— 5 MREM S 572

2 8 dg 2 8
<:>qt+1:qt+§7_§7’qt d_t_gy_qu

2 8 LVIE &Mt = 0Hq = 1
< (1 — G =§7—§7qt SHIAR q 1

3 8
g=1-7(1—-e3")
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How do different species differ?

A, F—NRERAVEAEEI=2yt, {TA

3 8
q= 1__(1—€_§yt),ﬂd — Zyt,)l_\“J

4
3 4 4 _4
1—p=1——(1—e_3d)(:)—p=1—e 39
4 3
~3d 1 i d 31 1 i
o = —_—— s — — — —_
e 3P 4n( 319)

pAMIHE, dARIEE
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ZHBFEHME (Codon Degeneracy)

64/ NS F4hG20 MR
(PREERTR)

Degeneracy is the redundancy
of the genetic code




T oZan
ZF R
n-fold degenerate site if only n of four possible nucleotides
(A, C, G, T) at this position specify the same amino acid

1st base .
n-fold degenerate site
A T G C rete e
— nERHAI=
A 1§U§ZI]
AAY (N) TAY (Y) TTARISE—: 28EE/EHF AR
| Amaw RO TTAEI’*J%E@Z: EENEipaz vl
3 e | Tve TTARSE=(I: 2&EF{HALR
PO R TERGLY) (e G) CGN (R) CGARVZE—I: 2EEFHIA
AGY(S) | TGY(©) CGARIEE —{ii: OEfGHAIR
CGARYE=I: AEfEFHAIS
C ACN (T) TCN (S) GCN (A) CCN (P)

ATARNE =1 3BREHAIS

Yu, J. (2007) Genomics Proteomics Bioinformatics, 5:1-6.
Zhang, Z. and Yu, J. (2011) Genomics Proteomics Bioinformatics, 9(1-2):21-29.
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BEZIEE (Genetic code)

EomAE T\ ETGCERENERZENRHFAT

Second letter 1st base
U c A G

UUU}Phe Ucu ) UAU}Tr UGU}CS u A T G C

uuc UcC oo, UACT ™ uac I TC

UUA}Leu UCA UAA Stop UGA Stop A AAR (K) TAR(SY) GAR (E) CAR (Q)

UUG UCG | UAG Stop UGG Trp G

, AAY (N) TAY (Y) GAY (D) CAY (H)

CuU geu CAU } e CGU U
. cuc GO CAC CGC C
% CUA (€U oca [ Pro CAA}Gm CGA [A9 A = ATR (I, M) TTR (L) —_— _—
— — Q 3 s L
- CUG | CCE | CAG CeG G 5 ; ATY () v F)
= AUU ) ACU ) AAU}A AGU}S U g -

AUC tlle  ACC |~ AAC SN aGe [°°" Bl & & AGR (R) TGR (St, W)

AUA | ACA AAA AGA }A ;- GGN (G) CGN(R)

AUG Met ACG | AAG}LVS AGG [7Y I8 AGY (S) TGY (C)

GUU =0 GAU } GGU U

GUC Cieie GAC AP |leGe o B

Gua (V8 Gea (Al GAA}GI coa [GY A ACN(T) TCN (S) GCN (A) CCN(P)

GUG | GCG ) Gac] ™ GGG &

_ —Hogess &4 = — R
N={HtZ 58, R=IZEK (A/G) , Y=IEIE (T/C) , St=2=ZIIZfEF

QYT RRY

B ELH% - Genomics
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2nd base

=EEINER: D&

1st base
A T G C

AAR (K) TAR (St) GAR (E) CAR (Q)
AAY (N) TAY (Y) GAY (D) CAY (H)
ATR (I, M) TTR (L)

GTN (V) CTN (L)
ATY (1) TTY (F)
AGR (R) TGR (St, W)

GGN (G) CGN (R)
AGY (S) TGY (C)
ACN (T TCN (S) GCN (A) CCN (P)

Yu, J. (2007) Genomics Proteomics Bioinformatics, 5:1-6.

Zhang, Z. and Yu, J. (2011) Genomics Proteomics Bioinformatics, 9(1-2):21-29.

Pro-Robustness Half

Pro-Diversity Half: 32 codons, 15 amino acids
as well as start and stop codons
Prof-Robustness Half: 32 codons, 8 amino
acids; any substitution at third codon position will
not lead to amino acid change

B ELH% - Genomics



=GR MDA

1st base
A T G C
AAR (K) TAR (St) GAR (E) CAR (Q)
A .
AAY (N) TAY (Y) GAY (D) CAY (H) AT Rich
ATR (I, M) TTR (L)
ol| T GTN (V) CTN (L)
© ATY (1) TTY (F)
0
L= .
L5 AGR(R) | TGR (St W) GCp2 GC Rich
G GGN (G) CGN (R)
AGY (S) TGY (C)
C | ACN( e 15 £, S, AT Rich: AT at codon positions 1 and 2
GC Rich: GC at codon positions 1 and 2

GCpl: GC at codon position 1

Yu, J. (2007) Genomics Proteomics Bioinformatics, 5:1-6.

Zhang, Z. and Yu, J. (2011) Genomics Proteomics Bioinformatics, 9(1-2):21-29. GCp2: GC at codon position 2
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2nd base

Three amino acids with six-fold
degenerate codons: Leu, Ser, Arg

1st base
A T G C

AAR (K) TAR (St) GAR (E) CAR (Q)
AAY (N) TAY (Y) GAY (D) CAY (H)
ATR (I, M)

GTN (V)
ATY (1) TTY (F)
AGR (R) TGR (St, W)

cono (G
ACN (T) GCN (A) CCN (P)

Three amino acids with six-
fold degenerate

codons (Ser, Leu and Arg)
are distributed:

 across PDH and PRH;
« among all four quarters.

Zhang, Z. and Yu, J. (2011) Genomics Proteomics Bioinformatics, 9(1-2):21-29.
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Codon Usage

* There are 64 codons (61 sense codons plus 3 stop codons) that
code for 20 amino acids.

* Theoretically, If there Is no selection or mutation bias, it is
expected that the codons encoding the same amino acid are on
average in equal frequencies in protein coding regions of DNA.

 |n practice, the frequencies of different codons for the same
amino acid are usually different, and some codons are used more
often than others.

& PaTmRy B E4HZF - Genomics




Codon Usage Bias

« Codon usage bias is a phenomenon in which synonymous codons (that
encode the same amino acid) are used at different frequencies across
different species and between different genes within one species.

« Codon usage bias is aresult of a balance of mutation and selection
(Bulmer, M. 1991. Genetics).

D. melanogaster

GGG 0.02 0.03
GGA 0.00 0.28
GGT 0.59 0.26
GGC 0.39 0.43

Hershberg, R, Petrov, DA. 2008. Selection on codon bias. Annu Rev Genet 42:287-299.
Plotkin, JB, Kudla, G. 2011. Synonymous but not the same: the causes and consequences of codon bias. Nature Reviews Genetics 12:32-42.
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Causes of Codon Usage Bias

Mutation g |
* GC content: ~20% to ~80% In 0l CC eV
bacteria (Sueoka, N. 1962. PNAS 0al
48:582-591) o1
« Strand-related bias (Karlin, S, of
Campbell, AM, Mrazek, J. 1998. 01
Annu Rev Genet 32:185-225) 02|
 Horizontal gene transfer (Lawrence, o3 ceston n enome
JG, and Ochman, H. 1998. PNAS 04l 5 ; : ; i
05:9413-9417) x10°
 Isochore structure (Bernardi, G. et al
1985. Science 228953—958) GC skew for the B. burgoferri genome (Ermolaeva,

MD. 2001. Curr Issues Mol Biol 3:91-97)
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Causes of Codon Usage Bias (cont.)

Selection
| _L

(b} Yeast

« Translational selection favors codons
that correspond to the most abundant
tRNA species (Akashi, H. Genetics

Codon =
frequencies E’
z

=

1994’ Ikemura, T J MOI B|O| 1981) CUG  CuA  Cuc +Cuu umim GUG+CUA  CUC  CUU UUG  UUA
 Positive correlation between codon - C I
usage bias and gene expression £
(Gouy, M and Gautier, C. Nucleic
Acids Res 1982)
* Highly conserved sites have more Relative frequencies of codons match tRNA
biased codon usage (Stoletzki’ N and abundances (Ridley M. 2004. Evolution (3rd
. d.). Oxford: Blackwell publishing).
Eyre-Walker, A. Mol Biol Evol 2007). ed.). Oxford: Blackwell publishing)
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Codon Usage Bias (CUB)

* Natural selection on codon usage is more efficient in
species with large effective population, such as,
prokaryotes and unicellular eukaryotes.

» Codon bias can be used to predict protein expression
level.

Goetz, R.M. and Fuglsang, A. (2005) Correlation of codon bias measures with mRNA levels: analysis of
transcriptome data from Escherichia coli, Biochem Biophys Res Commun, 327, 4-7.

Henry, |. and Sharp, P.M. (2007) Predicting gene expression level from codon usage bias, Mol Biol Evol, 24, 10-12.

Roymondal, U., Das, S. and Sahoo, S. (2009) Predicting gene expression level from relative codon usage bias: an
application to Escherichia coli genome, DNA Res, 16, 13-30.
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Measures for estimating CUB

« Reference-based measures: highly-expressed genes as reference datasets
v' CAl (Codon Adaptation Index; Sharp and Li 1987)
v Fop (Frequency of Optimal Codons; Ilkemura 1981)
v RSCU (Relative Synonymous Codon Usage; Sharp et al 1986)
v E(g) (Karlin et al 2001)
 Distribution-based measures: without requiring any prior knowledge
v CDC (Codon Deviation Coefficient; Zhang and Yu 2012)
v N, (Effective Number of Codons or ENC; Wright 1990)
v N.' (a variant of N; Novembre 2002)
v CBI (Codon Bias Index; Morton 1993)




Reference-based measure: CAI

« CAI: range from O (no bias) to 1 (maximum bias)

L
CAl=(] [w)™ w; = relative adaptation value for codon i
= L = number of codons
RSCU; RSCU; = Relative synonymous codon usage for codon i
Wi = RSCU: RSCU;.x = maximum RSCU; in the reference set
RSCU; = X& X; = Number of occurrences of codon |
N=1,23,40r6
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Distribution-based measure: CDC

CDC adopts a model factoring GC and purine contents to obtain the expect
ed codon frequencies and compare the expected against the observed.

* The universal set U isdefinedasU ={A, T, G, C}
« GC (S=GUC) and purine (R=A U G) contents are two subsets of U.

Thus,

« G=(GUCONA UG =SNR=SR

c C=(GUONAUGBGE=SNR*=5(1-R)

c A=(GUCNAUG)=S*NR=(1-9R

e T=(GUCXNAUGE=SNR*=1-95(1-R)

Apply to nucleotide contents at three codon positions (i=1,2,3), so:
Ai=(1-S)R;, Ti=(1-S)(1-R), G =5R;, C;=5(1-R)

.. Expected frequency of codon xyz = X.VY,Z., Wh = Zhang and Yu (2010)
P q y y 1Y223; ere X,y ¢ {A’ TG, C} Biology Direct 5:63
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Distribution-based measure: CDC

« CDC (Codon Deviation Coefficient) employs the cosine distance
metric to render a distance coefficient based on the cosine of the
angle (6) between observed and expected codon vectors.

CDC =1 (0) =1 Xzyz:myzxmyz 7 : observed codon usage
=1-cos(0) =1-

\/z 77:xyz2 X Z 7,7:'xyz2

7 . expected codon usage

Xyz Xyz

« CDC represents codon usage bias, ranging from 0 (no bias) to 1
(maximum bias).

(5 Gy e BEHF - Genomics
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BEZIEE (Genetic code)

2nd base

1st base
A T G C

AAR (K) TAR (St) GAR (E) CAR (Q)
AAY (N) TAY (Y) GAY (D) CAY (H)
ATR (I, M) TTR (L)

GTN (V) CTN (L)
ATY (1) TTY (F)
AGR (R) TGR (St, W)

GGN (G) CGN (R)
AGY (S) TGY (C)
ACN (T) TCN (S) GCN (A) CCN (P)

N={EH{aJ#%EER, R=IZK (A/G) ,
B ELH% - Genomics

Y=IZ0E (T/C) , St=£&RILZF




[ X S53ER X &R

- [RIMEEHE—Synonymous (silent) substitution: do not change amino acid
TTT (Phe) <-> TTC (Phe)

- JERINEH—Nonsynonymous substitution: change amino acid
TTT (Phe) <-> TTA (Leu)

nonsynonymous substitution (Nd)

Ka or dN = :
nonsynonymous site (N)

synonymous substitution (Sd)
synonymous site (S)

Ks ordS =

Ka: nonsynonymous substitution rate, or nonsynonymous substitutions per nonsynonymous site
Ks: synonymous substitution rate, or synonymous substitutions per synonymous site
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[m X SAER X EiREE

Estimating nonsynonymous and synonymous substitution rates (denoted
as Ka and Ks) is important in understanding the dynamics of molecular
sequence evolution.

Synonymous (silent) mutations are largely invisible to natural selection,
while nonsynonymous (amino-acid replacing) mutations may be under
strong selective pressure.

Comparison of the rates of fixation of those two types of mutations
provides a powerful tool for understanding the mechanisms of DNA
seguence evolution.

Variable nonsynonymous/synonymous rate ratios among lineages may
Indicate adaptive evolution or relaxed selective constraints along
certain lineages.
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EEEIES (Selective Pressure)

+ Ks, synonymous substitution rate, can be thought as the
background mutation rate of evolution.

* Selective Pressure Is defined as Ka/Ks

vKa>Ks: IEZEEEASEREHY, positive/adaptive selection,
Indicating a functional benefit to diversify the amino acid
seguence and possibly obtaining new functions

vKa=Ks: %33, neutral mutation

vKa<Ks: GagsiF/ai{tiEEE, negative/purifying selection,
eliminating deleterious mutations and keeping the protein
as itis.

&y TN TRRE EE4H% - Genomics



o 5

M O I e C u I ar Harmful mutation Beneficial mutation Neutral mutation
such as the loss such as antibiotic with no effect

of protective coloration resistance on organism
EV O I u t i O n in squirrel coats in bacteria fitness
| | l
X Negative selection \/ Positive selection Random sampling
reduces the number favors the survival determines whether
of these mutants that of these mutants mutations are
live to breed. over others. passed on.

Negative Selection | |

|
. I

POS Itlve Sel eCtI on These mutants occur These mutants occur Genetic drift: The mutation
less often in future more often in future rises or falls in frequency
generations. generations. through chance alone.
Neutral Mutation EXPECTED DISTRIBUTIONS OF MUTATIONS: Selectionist and neutralist models

of evolution predict different proportions of beneficial and neutral mutations.

® Harmful Selectionist Neutralist
@ Beneficial Model Model
@® Neutral
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https://www.quantamagazine.org/neutral-theory-of-evolution-challenged-by-evidence-for-dna-selection-20181108/
https://www.quantamagazine.org/neutral-theory-of-evolution-challenged-by-evidence-for-dna-selection-20181108/

Three steps to estimate Ka and Ks

e counting sites:
synonymous sites (S) and nonsynonymous (N) sites
e counting substitutions:

synonymous (Sd) and nonsynonymous (Nd)
substitutions

e correcting for multiple substitutions:
due to observed substitutions < real ones




Key problems in estimation

Example:
segl: ATC CTA CGA GGC CGC GTA

segz: ATC TTA CGA AGA CGC TCT

___AX dRER e

(V= synonymous nonsynonymous S+N=18
sites (S) sites (N)

S Synonymous nonsynonymous Sd+Nd =6
substitutions (Sd) substitutions (Nd)

(1) How to determine S, N, Sd and Nd?
Ka = Nd / N, nonsynonymous substitutions per nonsynonymous site
Ks = Sd /S, synonymous substitutions per synonymous site
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Key problems in estimation (cont.)

Take counting substitutions as an example:
seql: ATC CTA CGA GGC CGC GTA
seg2: ATC TTA CGA AGA CGC TCT

= CTA (Leu) <-> TTA (Leu):
One difference: 1 evolutionary pathway

= GGC (Gly) <-> AGA (Arq)

Two differences: 2 evolutionary pathways
I. GGC (Gly) <-> AGC (Ser) <-> AGA (Arg)
Il: GGC (Gly) <-> GGA (Gly) <-> AGA (Arg)

= GTA (Val) <-> TCT (Ser)
Three differences: 6 evolutionary pathways......
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Key problems in estimation (cont.)

The observed number of substitutions underestimates the real number of
substitutions, as sequences diverge over time.

ATC — — ATC

(3) How to correct accurately for multiple substitutions?
Ka (the expected) > Nd / N (the observed)
Ks (the expected) > Sd / S (the observed)

Hurst, L. D. (2002) Trends in Genetics, 18(9): 486-487.

B ELH% - Genomics



Methods for estimating Ka and Ks

Method Model : Reference

Sites? SubstitutionsP Correcting®
Approximate Methods
NG JC JC JC Nei and Gojobori (1986)
LWL JC K2P K2P Li, Wu, and Luo (1985)
MLWL K2P K2P K2P Tzeng, Pan, and Li (2004)
LPB — — K2P Li (1993) and Pamilo and Bianchi (1993)
MLPB — — K2P Tzeng, Pan, and Li (2004)
YN HKY HKY HKY Yang and Nielsen (2000)
MYN TN TN TN Zhang, Li, and Yu (2006)
Maximum-Likelihood Methods
GY HKY Goldman and Yang (1994)
MS Model Selection Zhang et al. (2006)
MA Model Averaging Zhang et al. (2006)

QI FRRT HEHZ - Genomics
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« Counting Sites

NG

segl: ATC CTA CGA GGC CGC GTA
segz: ATC TTA CGA AGA CGC TCT

ATC (Ile)
TTC (Phe) ACC (Thr) ATT (Ile)
All possible substituted codons CTC (Leu) AAC (Asn) ATA (Ile)
GTC (Val) AGC (Ser) ATG (Met)
Synonymous sites (S) 0 0 2/3
Nonsynonymous sites (n) 1 1 1/3

Nei, M. and Gojobori, T. (1986) Mol. Biol. Evol., 3, 418-426.

Synonymous sites: S=>s

B ELH% - Genomics

Nonsynonymous sites: N = >n




NG (cont.)

« Counting Substitutions

segl: ATC CTA CGA GGC CGC GTA
segZ2: ATC TTA CGA AGA CGC TCT

QCTA (Leu) <-> TTA (Leu)
sd=1, nd=0
QGGC (Gly) <-> AGA (Arg)
I: GGC (Gly) <-> AGC (Ser)
II: GGC (Gly) <-> GGA (Gly)
sd=0.5,nd=1.5
QGTA (Val) <-> TCT (Ser)
Synonymous substitutions: Sd = ) sd
Nonsynonymous substitutions: Nd = > nd

B ELH% - Genomics



NG (cont.)

e Correction: Jukes-Cantor formula

3 4
d=——1loge(l-—xdo
1 ge( 3 )
3 4 Nd
Ka=-——loge(l - — x—
5 ogell =ox=)
3 4 Sd
Ks =—-——1 1 -
S 4oge( 3XS)

Assume:
(1) If Nd/N = 0.15, then Ka = 0.17.
(2) If Sd/S =0.4, then Ks =0.57.
Note: d, should be smaller than 3/4.
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KaKs Calculator 3.0

Coding Sequences (CDS) Mon-Coding Sequences (NCS)

Parameters Setting Parameters Setting

TN Lo n STl Files (x86)\CNCB-NGDC\KaKs_Calculator\coding axi | Aligned NCS: IC:\Prugrarn Files 86)N\CNCB-NGDC \KaKs_Calculator'ne J Bun | Reset
Methods: v MA [~ MS I GY W MYN [ YN

Aligned C\Pro Files ( MNeutral Mutation Rate
) _ |C:\Program Files (x86)\C .. ort to File
T MLPB [T LPB [ MWL [T LWL W NG B ER Adacert COS: | OR = SeottoE
i - |1-Standard Code
Genetic Code: |1-Standard Code j = | LI Copy to Clipboard

l KaKs_Calculator

| Seque..| Method | Ka | Ks | Ka/Ks | P-Valu..| Length | S-Stes | N-Sites | Fold- [Sequ.. | Kn | Ks | Kn/Ks | Length | Substi.. | Kappa | GC | cDS
MRPL... NG 0097.. 0885. 01102 1.449. 435 105481 329.519 NA H19h... 0340.. 1.15002 0.29... 2167 574 351923 059.. MRPL..
MRPL.. MYN 0087.. 166783 0052. 8538. 435 994176 335.582 NA MALA... 0323.. 0.6969 0.464.. 6757 1756 1.88926 0407.. SCYL..
MRPL... MA 0.092.. 135844 0067. 2162. 435 9520845 342916 NA HOTA... 0543.. 0.488193 111381 2083 79N 203571 0.445.. HOXC..
< > < >
Please cite: KaKs_Calculator 3.0: calculating selective pressure on coding and non-coding sequences. Genomics Proteomics Biocinformatics 2021 ‘ CpenlLB ‘ ‘ Help |
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IERIBFTIRBNEFEEITE

1E4RE3 5 il B e BZAEFEEDNREEFRETE

GlAlG|cIC|C|G|A|T| [T |T|T|G|c|Cc|T|T|T Noncoding Coding
- . L - Gene symbol Kn E=Kn/ Ks Gene symbol Ka Ks o =Ka/Ks
Phe Phe HI9 0.340 0.296 MRPL23 0.088 1.150 0.077
MALATI 0.324 0.464 SCYLI 0.040 0.697 0.058
Phe Leu HOTAIR 0544 1.114 HOXCI2  0.020 0488 0.041
GAGCCAGAT T TCGCCTTA Human
] 10kb | | hg3e
Noncoding Synonymous Nonsynonymous 53,355,000 53,960,000 I53 855,000 53,870,000 5 975,000 53,38
Nucleotide substitution substitution substitution HoKC12 - f— [T e Aot ettt
ENSGDDDDDE?SSSQI HOXCI '—H—)-_
_ _ EMNSG00000277994 1 Hoxcl 1
Ko — nucleotide substitution Ks = synonymous substitution s
n= site synonymous site Mouse

10 kb} | mmio

ﬂEﬁﬁEl rg;u E%i&;ﬁ _i;jji'l'%ﬁﬂ . NRNN Qr-..m‘imslgml}l Fix Patch Sequence :ﬁz.i?ﬁl?ml

Reference Assembly Alternate Haplotype Sequence Alignments
GEMNCODE VM23 Comﬁrehensive Transcript Set (only Basic displayed by default)

Kn - £>1 adaptive/positive selection - crersort | Grerot
£ = 4 ¢~ 1 neutral mutation - IE%E#E: HOTAIR
& <1 purifying/negative selection - f%IE: H19, MALAT1

KaKs_Calculator 3.0: Calculating selective pressure on coding and non-coding sequences. Genomics, Proteomics & Bioinformatics 2022
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Dating the divergence time

“Estimates of the times since divergence of ...... were made by calculation of synonymous
base substitution rates (Ks values) and assumption of a mutation rate of 1.4 x 1078
substitutions per synonymous site per year (Koch et al., 2000). The median Ks values
between orthologous genes ...... (0.49 to 0.51) are representative of the Brassica—Arabidopsis
divergence, which we estimate at 17 to 18 MYA.”

Ks/?2
1.4x 10

-8
0.25 substitutions/site
1.4 x 1078 substitutions/site/year

Divergence Time =

0.1785 x 108 year=17.85 x 10° year=17.85 MYA

Yang, T.J, et al (2006) Plant Cell. 18(6): 1339-1347.
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1475497/#bib23

Statistical significance of Ka/Ks by
Fisher exact test

T synonymous T—

substitution Sd Nd
site S N

The null hypothesis is Sd/S = Nd/N or neutral mutation.

Reject the null hypothesis if Sd/S is significantly greater (negative selection) or
smaller (positive selection) than Nd/N, as indicated by small P-value (e.g.,
<0.05).
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Phylograms vs Cladograms

Both diagrams show relationships between lineages.
Phylograms (phylogenetic trees) show the amount of genetic change over time calibrated by

fossils or a molecular clock.
v' They do infer the amount of evolutionary time separating two species.
v' The greater the differences between the sequences, the longer the time span since the two species

had a common ancestor.
Cladograms do not infer an evolutionary time scale—the length of each branch is the same.

Cladogram vs Phylogram

CLADOGRAM PHYLOGRAM

RGEM

OO0 W»
o0 W>»
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Phylogeny Terminology

Root — The initial ancestor common to all organisms within the cladogram (incoming line
shows it originates from a larger clade)

Nodes — Each node corresponds to a hypothetical common ancestor that speciated to give
rise to two (or more) daughter taxa

Outgroup — The most distantly related species in the cladogram which functions as a point
of comparison and reference group

Clades — A common ancestor and all of its descendants (i.e. a node and all of its connected

branches)
node y
N, A Key:
>~ clade

B B Unique history of A

Vs B Unique history of B

root

c — outgroup B Shared history of A& B

QI FRRT HEHZ - Genomics
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Rooted and Unrooted Trees

Archaea 3
Eukaryote 2

Archaea 2

Unrooted tree

Archaeal %*Eﬂg

Eukaryote 4

Eukaryote 1

Eukaryote 3

bacteria outgroup HNEE

Archaea 1

Rooted tree

Bt

Archaea 2
Archaea 3

Eukaryote 1

\ *E / Eukaryote 2
J\Eﬁgl‘g$ Eukaryote 3 .
FERITR

Eukaryote 4
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Phylogenetic Tree

« RARBWN: TMRRFEREN. DFEN., 5N
. @Z RO FFRYDWIEE, EMENMKR, FulloF=5ITheE

EL Pmbr

v IEE% (Distance Matrix) : UPGAM. Neighbor-Joining

BEIE)
v

| —

S AEINE (Maximum Parsimony) : 23
51, ERETN

/| \EIHEFH

vVEAXLIAE (Maximum Likelihood) : EEE#EE, (L
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Construct a Tree with UPGMA

“Unweighted Pair Group Method with Arithmetic Mean”

 Originally developed for numeric taxonomy in 1958 by Sokal and Michener
« Simplest algorithm for tree construction, so it's fast!

JENNECXIEARFLIE

Algorithm procedure:
« Derive a distance Matrix from aligned sequences.
« Assume each leaf/sequence as a cluster.
* Repeat steps 1 and 2 until there are only two clusters.
Step 1: Cluster a pair of leaves (taxa) by shortest distance.

Step 2: Derive a new distance Matrix by recalculating a new average
distance with the new cluster and other leaves.

B ELH% - Genomics



Example of UPGMA

30 0

 New average distance between C and AB is:
CtoAB =(60+50)/2=55

« Distance between D and AB is:
DtoAB = (100 +90) /2 =95

« Distance between E and AB is:
Eto AB=(90+80)/2=85

= [g;:r;;wg &é HEHZ - Genomics




Example of UPGMA (cont.)

e c 0 e
AB 0

20
A B D

 New average distance between DE and AB is:
DEto AB=(95+85)/2=90

« Distance between DE and C is:
DEtoC=(40+50)/2 =45

B E4HZ - Genomics
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Example of UPGMA (cont.)

e o e
o

55 0 45
90 45 0
30
20
New Average distance between

CDE and AB is: A B C D E
CDEtoAB=(90+55)/2=72.5

B E4HZ - Genomics



Example of UPGMA (cont.)

EETEES
o

CDE 72.5 0

Mission accomplished!

B E4HZ - Genomics
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45

30




Steps for tree construction

Step 1: Select a gene/protein common to a range of selected organisms
Step 2: Obtain molecular sequences for all selected organisms

Step 3: Run a multiple alignment to compare molecular sequences
Step 4. Generate a phylogeny tree (cladogram) from aligned sequences

mouse . St

chicken . A

frog . iF

Consensus F S T

Q
o]
(o]
%)
- A4 4 4 -4
> ED Ep i D Epe S

b G

> P b b b

100%

Conservation |_| |—||_| |_|

0%

]
-
=
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Hemoglobin subunit alpha

>NP_000549.1 hemoglobin subunit alpha [Homo sapiens]
MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSEFPTTKTYFPHEFDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSDLHAHKLRVDPV
NFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR

>NP_001036091.1 hemoglobin subunit alpha [Pan troglodytes]
MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHEDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSDLHAHKLRVDPV
NFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR

>XP 012661133.1 hemoglobin subunit alpha [Otolemur garnettii]
MVLSPTDKSNVKAAWEKVGGHAGDYGAEALERMFLSFPTTKTYFPHEFDLSHGSAQVKAHGKKVADALTNAVSHVVNFKLLSHCLLVTLACHHPAELT
PAVHASFDKFMASVSTVLTSKYR

>XP 004628004.1 hemoglobin subunit alpha [Octodon degus]
MVLSPADKTNVKTAWGKIGGHGAEYGAEALFRMFLSFPTTKTYFHHEFDLSAGSAQIKSHGKKVSDALTTAVDHLDDLPTALSALSDLHAHKLRVDPV
NFKLLSHCLLVTLSAHHPADFTPAVHASLDKFLATVSTVLTSKYR

>XP 006050021.1 hemoglobin subunit alpha-4 [Bubalus bubalis]
MVLSAADKSNVKAAWGKVGGHAADYGAEALERMFLSFPTTKTYFPHEFDLSHGSAQVKGHGAKVANALTKAVGHLDDLPGALSELSDLHAHKLRVDPV
NFKLLSHSLLVTLASHLPNDFTPAVHASLDKFLASVSTVLTSKYR

>XP 008155896.1 hemoglobin subunit alpha [Eptesicus fuscus]
MVLSPADKSNVKAAWDKVGGNAGDYGAEALERMEFLSFPTTKTYFPHEDLSHGSAQVKGHGKKVGDALGSAVAHMDDLPGALSALSDLHAYKLRVDPV
NFKLLSHCLLVTLACHNPAEFTPAVHASLDKFLASVSTVLVSKYR

>XP 010380159.1 hemoglobin subunit alpha [Rhinopithecus roxellana]
MVLSPADKTNVKAAWGKVGGHGGEYGAEALERMFLSEFPTTKTYFPHEFDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSDLHAHKLRVDPV
NFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR

>XP 022450006.1 hemoglobin subunit alpha [Delphinapterus leucas]
MVLSPADKTNVKGTWAKIGNHSAEYGAEALERMEFISEFPSTKTYFSHEDLGHGSAQIKGHGKKVADALTKAVGHIDNLPDALSELSDLHAHKLRVDPV
NFKLLSHCLLVTLALHLPADFTPSVHASLDKFLASVSTVLTSKYR

 (CRLEEL ¥ ey ERE4B%: - Genomics

University of Chinese Academy of Sciences



Hemoglobin sequences in NCBI
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& NCBI  Resources & How To @

Protein

Species clear
« Animals (17)
Customize ...

Source clear
databases

+ RefSeq (17)
Customize ...

Sequence
length
Custom range...

Maolecular
welght
Custom range...

Release date
Custom range...

Revision date
Custom range...

Clear all

Show additional filters

E Haemoglobin alpha chain
Create alert Advanced

Protein

ﬁ %ﬁ
Summary ~ 20 per page ~ Sort by Default order - : ' i

See Gene information for alpha alpha chain

alpha in Bovine ephemeral fever virus Adelaide River virus Kimberley virus
13 Gene records

alpha chain in Homo sapiens 1 Gene record

See the results of this search (2 items) in our new |dentical Protein Groups
database.

ltems: 17

ﬁ' Filters activated: Animals, RefSeq. Clear all

hemoglobin alpha, adult chain 3 [Rattus norvegicus]

142 aa protein
Accession: NP_001013875.1 Gl: 62078447
BioProject Nucleotide PubMed Taxonomy

GenPept |dentical Proteins FASTA Graphics

hemoglobin subunit alpha [Homeo sapiens]

142 aa protein

Accession: NP_000549.1 Gl: 4504347
BioProject Nucleotide PubMed

GenPept |dentical Proteins FASTA Graphics

Taxonomy

Sign in to NCBI

Help

Filters: Manage Filters

Results by taxon

Top Organisms [Tree]
Homo sapiens (4)
Oryctolagus cuniculus (3]
Mus musculus (3)

Rattus norvegicus (3)
Bos taurus (2}

Sus scrofa (1)

Equus caballus (1)

Less...

Analyze these sequences =
Run BLAST

Align sequences with COBALT.

ldentify Conserved Domains with CD-
Search

Find related data =

Database:
Select

https://www.ncbi.nlm.nih.gov/protein/?term=Haemoglobin+alpha+chain
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https://www.ncbi.nlm.nih.gov/protein/?term=Haemoglobin+alpha+chain

Phylogeny tree construction in NCBI

m) U.S. National Library of Medicine NCBI National Center for Biotechnology Information Sign in to NCBI

COBALT Constraint-based Multiple Alignment Tool

Phylogenetic Tree View Home Recent Results Help

This tree is based on COBALT multiple alignment more...

Reset Tree
Cobalt RID 64URTD5UZ12 Mumber of Seqs 11
Tree method Max Seq Difference Distance Sequence Label
Fast Minimum Evolution L2 0.85 L2 Grishin (protein) 1L Seguence Title (if a L
Mouse over an internal node for a subtree or alignment. Click an tree label to select sequence to download Hide legend
Find: v (Dan| - [i + @il ep 4L STools + | (B)Upload | | 7 - | ‘Labelcolor map
Blast names color map
*PREDICTED: hemoglobin subunit beta [Chinchilla lanigera]
*PREDICTED: hemoglobin subunit beta [Ursus maritinms |
Q

hemoglobin subunit beta [Macaca mulatta]

PREDICTED: hemoglobin subunit beta [Colobus angolensis palliatus]

hemoglobin subunit beta |Piliocolobus tephrosceles)

hemoglobin subunit beta | Sapajus apella)

PREDICTED: hemoglobin subunit beta [Cebus capucinus imitator]

hemoglobin subunit beta [Nomascus leucogenys|
hemoglobin subunit beta [Homo sapiens|

hemoglobin subunit beta |Pongo abelii]

hemoglobin subunit beta |Hylobates moloch|

https://www.ncbi.nlm.nih.gov/gene/3043/ortholog
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University of Chinese Academy of Sciences



https://www.ncbi.nlm.nih.gov/gene/3043/ortholog

= R

« MEGA (Molecular Evolutionary Genetics Analysis): www.megasoftware.net

« PAML (Phylogenetic Analysis by Maximum Likelihood):
http://abacus.gene.ucl.ac.uk/software/paml.html

* iTOL (Interactive Tree Of Life): an online tool for the display, annotation and management of
phylogenetic trees, https://itol.embl.de

« 392 tools: http://evolution.gs.washington.edu/phylip/software.html

4.3 (H58)
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Population Genomics:

Population genomics is the
large-scale comparison of DNA
sequences of populations.

-

(A)

o SR
i
{ZIS )
B | iEEmsiEE (m) (e
| mmow ) OV
:‘7'-_ K JJ ( st)

Population genomics is the

S ©
large-scale application of
genomic technologies to
study populations of (E) (D)

individuals. For example, iﬂ%“gﬁi+ﬁg
population genomics
research can be used to
study human ancestry,
migrations and health.

QAT IRRT

Advancing Understanding of Nature

The simultaneous study of numerous loci and genome regions to
better understand the roles of evolutionary processes (such as
mutation, genetic drift, gene flow, and natural selection) that
influence variation across genomes and populations.

- — —— —_ ——— - -

BEa

— ;}
-
R—

FEESE (Tajima's D)

R i 75

W b5 BH it B 3k

W\ SHBIGHE (107, R

Population Genomics: Advancing Understanding of
Nature. Population Genomics. Springer 2018

position along genome
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a Purifying selection
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= m— L P— - Very rare
® ® o o ’n‘ severe disease
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® Neutral mutation

® Deleterious mutation

® Positively selected mutation

® Balanced mutation

BERE—HF
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Population genetic tools for dissecting innate immunity in humans. Nat Rev Immunol 2013 https://doi.org/10.1038/nri3421
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https://doi.org/10.1038/nri3421

BHEMRIEIFIEETajima’s D Test

=& BIrDNAFF IEHLIIEFERERETEHUER, Tajima's DRHHAARRZHEENEE (Fumio Tajima)
BIEZREHAERRNSITEIE. DRTELZERMEESHIENEEZENER: ANERIFIISNEND
BARHIEE, SPENECHERE, IEETSFIENERER/NEH AT E(12EE.

Zi<jkij p S Position 12345 67890 12345 67890
w

O =

E) =Zn_11 Person Y 00000 00000 00000 000O0O
2 i=1 i Person A 00100 00000 00100 00010
BHARZAMUSEY, E(SAPEN N0 = 4Ny, N2 Person B 00000 00000 00100 00010
EHAR/N, BT (BEARM) . EEnBMRE Person C 00000 01000 00000 00010
0y FIRMMEF I E R E T 19800, kfhito, nERFFIEL, Person D 00000 01000 00100 00010
SHD BRI, Ki RFFHI D [ IBRIZEFLREL YvsA:3  YvsB:2  YvsC:2  YvsD:3  AvsB:1
Tajima’s D Test B0l MEiHERNES Avs C: 3 AvsD: 2 BvsC: 2 BvsD: 1 CvsD:1
ki 20
— HTE - QW S Observed similar i ¢ select 97'[ — Zl<] H — = 2
—_— = to expected 0 evigence or selection E 10
\/VCU' (Hn N QW) Recent selective sweep 2)
D<0 Rare alleles population expansion af,ter a d — 008
\ abundant recent bottleneck, linkage to a
D {: 0 fgéqﬂ'l‘i\l&ﬁ: swept gene ’ 0, = S T = 1 4 1 1 = 1.92
<O FFERMEE | oo faeuss ooy secton cuten NES dergimds
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P A/18) &S McDonald-Kreitman (MK) test

Fixed Polymorphic

Nonsynonymous Dy Py

Synonymous D¢ Ps

Dy : the number of nonsynonymous fixed differences

Ds : the number of synonymous fixed differences

Py : the number of nonsynonymous polymorphisms differences
Ps : the number of synonymous polymorphisms differences

The neutrality index (NI) quantifies the direction
and degree of departure from neutrality.

_ Py/PS

~ D,/DS

NI=1: neutral mutation
NI>1: negative selection
NI<1: positive selection

QYT RRY

Fixed Polymorphic

Nonsynonymous 7 2

Synonymous 17 42

Py 2 Dy 7
P 42°'Dg 17
NI = (2/42) / (7/17) < 1

Fisher's exact test: p = 0.007

McDonald, J. H., and Kreitman, M. (1991). Adaptive protein
evolution at the Adh locus in Drosophila. Nature 351, 652—-654.
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HIAEEH: MGWASTIPangenome

Genome-Wide Association Study Pangenome Graph

NHGkI FACTSHEETS” e IR + A Current human genome reference

genome.gov

Individuals with disease  Individuals without disease

Using a CHIP can genotype
500,000 - 5 Million SNPs

SNP 1
No association
to disease

Better human genome reference(s)

SNP 2
No association
to disease

SNP 3
Associated
to disease
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Summary

- HWRERABFSDFEN
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= {ER7]: 96?4: (Selection) . 38%&% (Mutation) . RMEEZE
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Further Reading

« Population Genomics: Advancing Understanding of Nature. Population Genomics.
Springer 2018 https://doi.org/10.1007/13836_2018 60

« Adaptive Molecular Evolution. Handbook of Statistical Genomics 2019,
https://doi.org/10.1002/9781119487845.ch13

« The Ecology and Evolution of Cancer: The Ultra-Microevolutionary Process. Annual
Review of Genetics 2016

 Molecular phylogenetics: principles and practice. Nature Reviews Genetics 2012

 Synonymous but not the same: the causes and consequences of codon bias. Nature
Reviews Genetics 2011

« Selection on codon bias. Annu Rev Genet 2008

 The neutral theory of molecular evolution in the genomic era. Annu Rev Genom Hum
Genet 2010

» Selectionism and Neutralism in Molecular Evolution. Molecular Biology and Evolution 2006

« The Ka/Ks ratio: diagnhosing the form of sequence evolution. Trends in Genetics 2002

* Molecular Evolution and Phylogenetics. Oxford University Press 2000
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