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ST DNAL R

BEAEA (sequence alienment) :

u%%%%&%ﬂkﬂﬂﬁ%ﬁ%ﬁ
%o WMRMANEE R BN ERFS)

PRIAR 7] 58 [R5
. BIEEAI LA (Pairwise alignment): The

process of lining up two sequences to achieve

of assessing the degree of similarity and the
possibility of homology.

Query: 181 catcaactacaactccaaagacacccttacaccca

Sbjct: 189 catcaactgcaaccccaaagecaccect-caceca

Query: ctaggatatcaacaaacctacccac 240

I Sbjct: ctaggatatcaacaaacctacccac 247
| e r——

REASRLAF T e, MIERE X A2k

maximal levels of identity (and conservation, in |
- the case of amino acid sequences) for the purpose |
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152112 RS (pa1rw1se allgnment)

® Protein is more informative (20 vs. 4 characters); many amino acids share
related biophysical properties

® Codons are degenerate: changes in the third position often do not alter the
amino acid that is specified

® Protein sequences offer a longer “look-back” time

® DNA sequences can be translated into protein, and then used in pairwise
alignments

Many times, DNA alignments are appropriate
® to confirm the identity of a cDNA

® to study noncoding regions of DNA

® to study DNA polymorphisms

EEXS T 12 ™ HBoE
® to decide if two proteins (or genes) are related structurally or functionally
® to identify domains or motifs that are shared between proteins
® the ba51of BLAST searching
d. ‘analysis of genomes

Peking Ui veuity
m m " SECEge To 1 e

IL/‘EQ*%,‘?:
Homology ([F]¥{t)

Similarity attributed to descent from a common ancestor.

Identity (—Z{H:)

The extent to which two (nucleotide or amino acid) sequences are

invariant.

RBP: 26 RVKENFDKARFSGTWYAMAKKDPEGLFLQDNIVA 59
+ K++ + ++ GTW++ MA + L+ A

glycodelin: 23 QTKQDLELPKLAGTWHSMAMA-TNNISLMATLKA 55

Conservation (ff£571E)

Changes at a specific position of an amino acid or DNA sequence that preserve
the physico-chemical properties of the original residue.

Similarity (FH{PlH:)

The extent to which nucleot1de or protein sequences are related. It is based
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Pairwise alignment of retinol-binding protein (RBP)
and b-lactoglobulin

1 MKWAMALLLLAAWAAAERDCRVSSFRVKENFDKARFSGTWYAMAKKDPEG 50 RBP

-~ T e A -
1 ... MKCLLLALALTCGAQALI VT. . QTMKGLDI QKVAGTWSLAMAASD. 44 | act ogl obul i n

. . VCADWGTFTDTE 97 RBP

[l :
NGECACKKI | AEKTK 93 | act ogl obul i n

51 LFLQDNI VAEFSVDETGQVSATAKGRVR. LLN

S % Ao
45 | SLLDAQSAPLRV. YVEELKPTPEGDLEI LL

98 DPAKFKMWK ASFLQKGNDDHW VDTDYDTYAV. . . ........ QYSC 136 RBP

A | S : |
94 | PAVFKI DALNENKVL. . . . .. .. VLDTDYKKYLLFCVENSAEPEQSLAC 135 | act ogl obul i n

© 137 RLLNLDGT Y SFVFSRDPNGL PPEACKI VRORQ KELCLARQYRLI V 185 RBP

o I | - N IREN
QCLVRTPEVDDEAL EKFDKALKALPVHI RLBFNPTQLEEQSH . . . . . . . 178 | actogl obul i n

Somewhat similar
(one dot)

Very similar
(two dots)

& Peking Umiversity
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A E B

Orthologs (E. 9] [F]JE) : Homologous sequences in different species that
arose from a common ancestral gene during speciation; may or may not be
responsible for a similar function.

Paralogs (R FER) Homologous sequences within a single species
at arose by gene duplication; usually are not responsible for the same function.

homologs
e

- -

orthologs paralogs orthologs

Bk a L
.~ ~

~ - ~ — -~
frog t chick & mousec: mouse[3 chick [3 frog[3

ot-chain gene [ -chain gene

\___g_ene duplication /

‘z‘ carly globin gene
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common carp

zebrafish
rainbow trout
teleost
African
clawed
frog
chicken
human
10 changes horse ouse
pig cow rabbit

ik "o AT LA

Orthologs:

members of a gene
(protein) family in
various organisms.
This tree shows RBP
orthologs.

Peking University

Tritroduuction fo Campulational Biology

apolipoprotein D

retinol-binding
protein 4

Alpha-1
Microglobulin
/bikunin

progestagen-
associated
endometrial
protein

Lipocalin 1

Paralogs:
members of a gene
(protein) family
within a species

Complement
component 8

prostaglandin
D2 synthase

neutrophil
gelatinase-
associated
lipocalin

pvad o, A LTS R e e
3 » — R e B L -




Before
duplication

Duplicated area ? E:

After
duplication

The organization of five LCR16 (low copy repeats on chromosome 16) segmental duplications is compared
between human and baboon. In humans, the duplications range in size from 19-75 kb, are 97-99.5% identical
and are distributed in different permutations to 27 different map positions shown along the ideogram. In
baboons (and other Old World monkeys), the corresponding segments are not duplicated and map to a single
locus. The data suggest a dramatic expansion of segmental duplications during hominoid evolution on this
chromosome. Note: The LCR16a duplication (red) contains a novel gene family (morpheus) that shows

positive selection only in humans and the great-apes. (eichlerlab.gs.washington.edu/primate.html)




General approach t0 pairwise alienment

® Choose two sequences

® Select an algorithm that generates a score

® Allow gaps (insertions, deletions)

® Score reflects degree of similarity

Alignments can be global or local

Estimate probability that the alignment occurred by chance

DNAJFH LA 93T 43

Range of Allﬁnment .
Is

S= Z(identities, mismatches) - X (gap penalties)

= Score = Max(S)

Substituent residue
(Percentage of total residue sites at which the substituent occurs)

\}
P AM %E ARNDTCOQEGH I LKMFZPSTWYYV
M. % A 28 31(33 31
Accepted Point R = = ppm
Mutations (PAMs) N |33 47 a3 33 a3
D |44 22 4713422 28 25
C (66
Q 56 30 40 70
T E |50 44 38 41 24
§ G |51 33 30 27 36
=
E H 26 26|30 22
= EE 58
£
2 L |21 23 23 28
“g’ K [23]21 28 3123 21 21
E M |22 22|89 22 45
neer in Bioinformatics E F 22 61
I ] argaret O. Dayhoff P50 = S 21
. (1925-1983) S |49 24 24(36 24 40
T |32 28|24 24 52
w40 40) 60
Y 33 50
V |36 21143| 21




PAM matrices: Pomt-accepted mutations

O®PAM matrices are based on global alignments of closely
related proteins.

®The PAMI is the matrix calculated from comparisons of
sequences with no more than 1% divergence. At an
evolutionary interval of PAM1, one change has occurred
over a length of 100 amino acids.

®(Other PAM matrices are extrapolated from PAMI1. For

PAM250, 250 changes have occurred for two proteins over a

length of 100 amino acids.

OAll PAM data come from closely related protems s
Vaamino acid identity). e RNt

2
2] 6
0] o] 2
o] -1] 2] 4 PAM250 log odds
20 4] 4]-5]12 . .
o 1T 1 2 51 scoring matrix
o] -1] 1] 3[-5] 2] 4
13 o] 1][-3]-1] o] 5
2] 1 30 1] 2] 6

212131215

2134 2]2] 6

-11-21-3]1-2] 2] 4]0

S50 -50-2) 1] 255

-1 0] 1]-1]1-11-3]0

-1 0] 0]-1] 0]-2] 0

517735 2]3

44 5] 0] -1|-1] 4

<l=<|g|=|e ==z x o=z |o|=lo|nle | 2| =] >

21 -21-11-2] 4] 2]-2

N R R PSS
(e}

1

3
|
A




BLOSUMQ‘E R4

® BLOSUM matrices are based on local alignments.

® BLOSUM stands for blocks substitution matrix.

. ® BLOSUMG62 is a matrix calculated from comparisons of
sequences with no less than 62% divergence.

BLOSUM 80 BLOSUM 62 BLOSUM 45
PAM 1 PAM 120 PAM 250
Less divergent < > More divergent
More conserved Less conserved
A Rat versus Rat versus bacterial

lipocalin

Al
g :; —0[—[ Blosum62 scoring matrix
D | 2|2 1] F]
clol-3[3]-3] F]
Q-1 W] o o[ -3] F]
E|[-1] o] ol B[ W 2] §]
Gl o2l of1]-3]2]2] F]
H |2 o] B 1[-3] 0] o] 2] §]
30331 3]-3 3 0
a2 -3 W] 2]3 3 2] 0
K|[-1] Bl o1 B WN[2[a[3]-2] F]
M|-1[2[2]-3[a]o2[3]-2] W] B|-1] §]
F | 2]-3]-3]-3[2[-3[3[3[-1] 0] 0][-3]0
P l-a|2]2[a[3[a[a[2]2]3]-3[1]2HF]
S | W[ Wl ol-1] o] o] of -1[2[-2] o] -1]-2]-1] H]
T o[-t of-a|afala[2[2[af-1]-a]-1]-2]-1] 1] F]
w33 H B 2] 23] 2 -i_-s 2] -3 -1J[—l 32 W] "
Y [2]2[2][-3[2]-1]-2]-3 a1 2] 32 2] 2
v io[3[3[-3[al2]2[3[-3F W2 [a[-=2]=2[0]-3[a
: E|[G|H]|I |L K




Introdiudiion to Compulational Biology

{The Origin of Species)
(1859)

Pekinge University
Inirodiudiion to Compuiational Biology

27( i 2 g =)
o 2 S B AR IE 5 T 3
(Fossil)

QLT A 2 F IR UU:’ R 5% (Systematics)

(Comparative morphology) 43 &%2(Taxonomy)
L le i E SR

(Comparative physiology)

. Land-based life
—rr

First

Oldest

Microfossils Eukaryotes Edicaran Fauna Nl o
‘ Water-based life it Extinction Extinction
Archean | Proterozoic | Cambrian Ordovician Silurian | Devonian |

Ao e maE R S MR X &R T & A
{Based on Scientific American, October 1994) & B # 5 &7
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WA L BGIE T

(Fossil comparison)

Cnmpacris on of markings found at the Portland dinosaur footprint site hy Stwwt Ia!mes and shed skin of a modern reptile.
The fossil impression is on the left while on the ngh‘t{ is shed skin of a living gecko lizard, much anIargad Jan West () 2003

Pekimg University
Inirodiudiion to Compuiational Biology
R ZFUEDE (Comparative morphology)
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AL I gt

Q s}fzﬁ‘&
H4MEIRALN P 40 FKERBEALRI N . DNAF 5 B3
s BERFHEA BHRSHHEL
. Q@ WhiH
- A YA X DNAF S = 8- DNAFF AL
R JERTMEAARR (B
& H R a5 e RL
(EA HRMEERT? )
- 0 EHEMALEEEMNEE
: 5% BRESKNERHL, ERARIEEES. B
- BRNEEEH

AN Peking Umiversity
— _, -
What can we do for molecular evolution?

FPAILLES: JET R —HH SEDNA/EEIRF 5 P A DNA/F R IR
Pol, ZEE_EHEWNER.

 RHIZER: AR TR IR

o G ARVHEDNA/ERER ¥ LR A5 B 5l ,
Fo53FIKF i YA AL -

FFREREF
Molecular Phylogenetics
- sty

Molecular Systematics

AT RGN AR T VES BRI
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R
. HA
AR
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Eras| 10T oy B ggﬁfrﬁs

B R

PAREHE HR
EjE— s %ﬁ%,ﬁﬁl

DNAJFH| #5828

%NAﬁ%B{]E&% |DD:» T ‘
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Y -T‘;{’ B - -
BR A
Thr Tyr Leu Leu Thr Tyr Leu Leu
ACCTAT TTG CTG ACCTAT TTG CTG
ACCTCTTTG CTG ACCTACTTT GCT G
Thr Ser Leu Leu Thr Tyr Phe Ala
R iI[DA
Thr Tyr Leu Leu Thr Tyr Leu Leu
ACCTAT TTG CTG ACCTAT TTIG CTG

X

ACC TTT ATG CT(

e “Metes

) Peking University
\7" 4 Tniroducdion o Gormpuiational Biology
BEBRZERE LR
JLwE e a J R
i o - >
(transition) Q X c

WS = IENS
™

L]

A A

BllB P p|| P
ik p

(transvertion)

NS = I ~

=5 o
HRIGERS

wﬁk¢ﬁ¢,%ﬁ$ﬂ%ﬁ$

«
<«
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Q R X (JtBR) #HX (symonymous / silent substitution)

3880 R SCER T M HREBR
i: TAT ® TAC

Tyr ®» Tyr

£ &% (nonsynonymous substitution)

B A e R VBB F B HRER
qi: TAT » AAT
Tyr ® Asn

Q@ LY RA (nonsense mutation)

SR K LR R RRRRE
#1l: TAT » TAA

Tyr ®» STP

;h&mﬁa@%un~mzma,

gwkamwﬁ

G Peking University
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B+ F P (codon usage)
& fF 5& B o=

(BB R
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REL R T MY, BoEERL |
5 B T 726055 S S BK b Lk 95 KK,
GBS 24 KR T A7 B A

< E 50 AEAE
2R, KRN

%ﬁ?iﬁm%ﬂﬁ-t

) Peking Uuivemity
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HEa=R
4% (Eubacteria)

H4E (Archaebacteria)

H#Z% (Eukaryotes)
(Woese and Fox, 1977)

Korarchaeota
@ Environmental

Isolates

BACTERIA

Nanoarchaeota

¥ kAt TR F RS LT

. © - (EttemaZg, 2005)
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R R EWHIPR

AN TR

Hig £, —ADNAFIEYME R BR HE HIE, 2%
BHAFRA, BEERGEREN—BR .
. RE BT T R

SEHMEA K
FRUR: e Y BB
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S
ARG LA

i o E ANy KRBENT, #ﬁljﬂ‘_ﬁf ) £ b /L

b Wl iy = o
1" Nty e — g - N
” e - . canaat
a3 R e R N
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FRIHEON m (m23)RGEN, HARKmIEAZERN:

(2m - 3)! m=10:
ARB om2 (-2 34,459,425%)

(2m - 5)! m=10:
FTARB oms T 3y 2,027,025F4

5 MBCKR], 3% R HITR M 143 B

psh—c R g
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X HH :
AWK 2m - 2 TR 2m — 3

W#EB 4 %A -
BB m -2 TR m -3

NEBY R ELH :

AN Peking University
A Introdkuction to Cormpulational Biology

ARG RERERR
TR P

QO Yhhi: HESHN-
RFE— AU EBER
| f [H] :

AR R A TR R . O
i 1) I 4
Q M Yifhsy
- HRE SR —
MEEEENRGEREWN
(ASEEZFFRTIRR) ,
2B B B ] o




E%FWWM:MMWﬁMy

ifimmmmmmu i
fﬁ?fzﬁm‘ b
—%ﬁﬁm\ PR SR A B AR
B3 BT 55 B ) 51 T iR B 55 0 5 R S 5 5
K, MBEAL AT SHEANBREERF

GH A ‘ TER RBEALIRS ‘

o L:lE DL :
— M HRAERKE T S — ﬁ_ﬂé‘hi (g=giw- e 30N
o X HIB B R B R

1. 34F 3B (character data):
RO TERE. MR BHARIMIER

2+ FEEEIE (distance data) B AH L E 3B (similarity data):
R BN R E MR BRSIFEE R -
e -y

PR BT DA ARE B T AR E
Rz?
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HERGERENNEELE

BEEYE  BIBEXNYMZ MK EREETESE . TR

R A B B BT R S RS B R

“F2E B R RSN A B R 58 B
AR BRI HEBTEOL R SR T BB R

HUP T MM . Hadamard4s&34......

HERSZHERNHERTRE

1. SEFMERBRIR] KRB )
2v —ABER im0 S KB R T

]

—
Bt

Pekinge University
— - -
RGN AR T IR IR

L. HRBEIRBHAD R Z R HEALER .
2. RGBT AR Z MR R

T1e SEREASR RIME P — BRI BRI S)
'g__ (14{?: )}\: . 4 B8R R Sa N aEH o NARERT 5

A~ B BEEMZRADNA R iR bR R B IR 751
(1,125bp) ;

2 TR RS ¢
L OFFE)
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3 MRBAFBBRGIEE, BFFTHNERMEAREA]

AL R B
KEBR)FF: PC (PoissontZiE) PEE. I'HEE
ZEBRFH: Jukes-CantorfiZl. Kimurafiffl, HKYFIRIZ:......

O |, PCHEH

b

oo
h

Number of sub stitutions per sit
£
k.
=)
=
ko

[ Peking University
— : -
RGBT BREATE
(Maximum Parsimony Method)

MPH; 58
(Fitch, 1971; Hartigan, 1973)

L FEmAMEER (REER) FF (n>4) , BEMEER
(R20FEIERR) W55 B 5 A R ML —F

1) XETE—REWIEGN, TR LR

2) WT I, WATHE L AR LSRR
HEHR (REER) BR/NFREH;

- 3) MBATRERMGH SR RSN NEREE , #
B RO B A 454
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Okkham's Razor/Accam’s Razor

Entities should not be multiplied unnecessarily

ML, MELE!

Pluralitas non est ponenda sine necessitate.
Frustra fit per plura quod potest fieri per pauciora.
Entia non sunt multiplicanda praeter necessitatem

FEFRERBNEA, TARENA. (BEME)

OGCAMS) -
" @ LK. EHFEL

RAZOR

A Parsimonious //

Shave Every 3 n
Time!
BRI #) B R
| (1284-1347)

A Peking University
N =—— ' :
MP; 5]

(1) BLARGEEERE. FTRE;

(2) WARIFFIRAK, HHrRo e RN H K

(3) P BIBGH LB SR

(4) BERRAERBREERRE.
 RENAESY B TRRSRERF (HEHFHIE)
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L r———— g

RSN BRI BRAURE
(Maximum Likelihood Method)

MLEJ A
(Felsenstein, 1981; Kishino, 1990)

D—A e F B RER G — A5 e R (REER)
FPIEHE, HRTRHE— RIS ARDRER N RKR, 3
EH AR A PR KNI, BARERGN .

MLIEZZM BT RIS, BT ARBEE IS
B KE-

MLIERA 7RIS s, EIMECRBERER .

IR Peking Umiversity

BB IR ik tER

It includes programs to carry out parsimony,
distance matrix methods, maximum

. . [likelihood, and other methods on a variety of
http://evolution.gs.washin ’
PHYLIP P du/ophvi % 1 types of data, including DNA and RNA
1 gton.edu/phylip.htm sequences, protein sequences, restriction sites

0/1 discrete characters data, gene frequencies
continuous characters and distance matrices.

It includes parsimony, distance matrix,
PAUP http://paup.csit.fsu.edu/ [invariants, and maximum likelihood methods
and many indices and statistical tests.

. http://phyl .ari . . N N
Tree of Life p://phylogeny.arizona.edu/ Arizona KZ2FF K KA

tree/program/program.html
% H =M M 7 K2~ Masatoshi NeiFf &
IMEGA http://www.megasoftware. |(It carries out parsimony, distance matrix
net and likelihood methods for molecular .
data.)
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KRR Pk 15 FH

http://www.ism.ac.jp/soft |HA&E 7S HHHBEHAHF K. (Carrying out
MOLPHY  |ware/ismlib/softother.e.ht [maximum likelihood inference of phylogenies for
ml#molphy either nucleotide sequences or protein sequences.

R ECHEBEZH YANGHF K. (A package of

http://abacus.gene.ucl.ac.u

PAML K/software/pamLhtml programs for the ML analysis of nucleotide or
protein sequences.)
'PUZZLE ftp://fx.zi.biologie.uni- A Quarter puzzling 7775 (—Fh & K
muenchen.de/pub/puzzle |[Z)7E) W& RFE LM
A program for displaying trees on Apple Macs
htto://taxonomv.zoologv.ol and Windows PCs. It can draw rooted and
TreeView p: Y. 8Y-8llunrooted trees, display bootstrap values, and

a.ac.uk/rod/treeview.html supports the native font and graphics file

formats of both Macs and PCs.

http: .ebi.ac. i \
phylogeny b |EBI R AT 4

o

AR Peking Umiversity
I | E E I En m G ﬁ Eo ' Bn I
e ML
§ 4 FEHAW AL
Mobile Elements: Drivers of GENOME EVOLUTION
Mobile elements (events) A3¥E:

» REREF (transposon) , JKFEFEEH%E:FE (Horizontal gene
. transfer) , FEFEE#H| (Gene duplication) , #Htk
(Loss) , ......

. ® Mobile materials: BEYRAEFEEHHART EEHAZ R
. TBEMY 1Y
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Horizontal gene transfer (HGT) or Lateral gene transfer (LGT):
any process in which an organism transfers genetic material to
another cell that is not its offspring.

BRI EHGTR &P (Ochiai et al., 1959); Syvanen (1984) ik

P HIANHGTHI{FLE, FH45 HHGT “has biological significance,
nd is a process that shaped evolutionary history from the very

beginning of life on earth.”

® HGT is common among bacteria, even very distantly-related
nes.

HGT has also occurred within eukaryotes, from their chloroplast
nd mitochondrial genome to their nuclear genome.

hl.ﬁ[”r’:ual.ﬁ o Weebassorv ke 3
Eukaryotes

¥

Plants
Slime mioulds ——= Microsporidia
h e
Archasa Enamosta
Eurvarchasaota Aplcomplexa (such as Pasmodium])

Low G+( Korarchasaota Crenarchaeota Euglana

Bacteria Kinetoplasta (such as Trypanasoma)
&'e purples — Parabasalia (such ss Trichomonas)
o puples !
¥p purples e Metamonda (such as Girdia)
Spirochaetas A
Fusohactena
Flesdbacter/Bactenodes

Cyancbactaria \ Mitochondrial loes

Putative ongins of organelles

Brown, Nat. Rev. Genet., 4: 121.

— Chloroplasts

— Mitochondri
"Cenancestor' I =

Nature Reviews | Genetics

In addition to putative HGT events that are associated with the origin of
mitochondria and chloroplasts (green and purple arrows), HGT between other

groups has also been observed, such as between spirochaetes and Archaea (arrow _




Positive:

® & T HG TR 1T ML R4 2 13 K37 ) 2R W 65 M e A RE )
. @ FhL RS R H R e g . b ER A

- B, WAERRRBE AT SN IAE, BRI

. Negative:

® KT KT RBIRB T R ORI AL I R B, WMARARY

3t PR 20 ) SRR HEA T HH L I

- O FRZAMBERNANNEREE, BEZIRERNEEFE
2 H7¥ 51

@ i: g -.v_r;_‘:—‘,

",

3. XTI B R

" @ HGTREFMM. AW LR ANEERR
® HGTZA WML B HF S R AR
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FEHEE# (Gene Duplication)

Gene duplication (or chromosomal duplication) is any
duplication of a region of DNA that contains a gene; it may occur as
an error in homologous recombination, a retro-transposition event,

© 5 [N 53 1l Y R A -

r duplication of an entire chromosome.

®Gene duplication is believed to play a major role in evolution

- %A g lﬁéﬂ H{lﬁﬁ ( The entire yeast genome underwent duplication about

- 100 million years ago. Plants are the most prolific genome duplicators. )

E @ (Gene Loss)

_E i 10 >

Am. J. Hum. Genet, 64:158-23, 1999

87 R S B A N T RE R 25

MOLECULAR EVOLUTION 99

When Less Is More: Gene Loss as an Engine of Evolutionary Change

Mavnard V. Olson

Departments of Medicine (Division of Medical Genetics) and Genetics, University of Washington, Seattle

Evolutionary change results from differences in the re-
productive success of individuals with different geno-
types. The downside of this process is easy to grasp:
selection constantly purges deleterious mutations from
the gene pool. However, we know remarkably little
about evolurion’s upside—that is, about the types of
mutations that commonly lead to increased fitness. To
understand the biology of natural populations—
including, most notably, that of the human—we need
testable ideas about the types of mutations that evolution
is likely to have favored in the recent past. Here I explore
one such idea, the proposal that loss of gene function
may represent a common evolutionary response of pop-
ulations undergoing a shift in environment and, conse-
| quently, a change in the pattern of selective pressures.

I propose the testable view that gene loss is a major motif
of molecular evolution.

Well-known human examples of conditionally advan-
tageous mutations—those that improve fitness in par-
ticular environments—include a number of biallelic and
multiallelic systems in which heterozygotes enjoy a con-
ditional advantage. In these cases, alleles that are clearly
maladaptive when present in homozygous form are nev-
ertheless maintained at high frequency in some popu-
lations. For example, enteric disease and iron-deficient
diets, respectively, have been proposed as selective pres-

sures that may confer a heterozygote advantage on mu- |/}
.

tations that, when homozygous, cause cystic fibrosis and [
hemochromarosis (Gabriel et al. 1994; Crawford et al.

1995), Similarly, hemoglobinopathies are common in =




HR b B4
W FEE4E (Co-evolution)

The mutual evolutionary influence between two species. Each
party in a co-evolutionary relationship exerts selective
- pressures on the other, thereby affecting each others' evolution.

1linl

R (Convergent evolution)

- The process whereby organisms not closely related (not
monophyletic), independently evolve similar traits as a result of
- having to adapt to similar environments or ecological niches

) Peking University

Less is more:

(Olsen, 1999)
Loss of gene function may represent a common evolutionary
response of populations undergoing a shift in environment and,
consequently, a change in the pattern of selective pressures.
Adaptive loss of function may occur frequently and may spread
« rapidly through small populations.

=

AL R 32 A4 Bk PR iy sl 2K T DA i A\ A4 2 iR ST A IDS A
JRR R ERE ), BN IZE A BRI RAN R %4
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