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1. YTto Takoe Mmukpoasonoumna?

2. YT1o Takoe nonynauma?

3. XapakTepuCcTUKM nonynaumm — mytaumm, otoop, apend, paamMmHoOXeHue,
CTPYKTypa.

4. NMpsaman n obpaTHaa 3agavv B U3y4YeHUU MUKPOIBOSTIOLUN.

5. BuouHdopmaTmnka u obpaTtHasa 3agada - cpaBHeHUe reHoMOB U FeHOTUMNOB.
6. KpaTtkasa ncropms usay4eHuss U3aAMeH4YMBOCTU NONYNALUNA.

7. N3yyeHMe MmyTauMoOHHOrO npouecca — mama, narna v NOTOMOK.

8. U3yuyeHune ppenda: acpdekTnBHaAA yncneHHocTb nonynsauum, H = 4N _u.

9. OTpruaTtenbHbIN, NONIOXUTENbHbLIN N DanaHcUpyOLWNn OTOOoP.

10. N3yyeHue oTOOpa.

11. A3y4yeHune pa3sMHOXEHMUS.

12. N3vueHue CToVKTVDbI.



1. YUto Takoe mukpoasonroumna?

MaKpOQBOHI-OLlMFI — CaMoe BaxXxHoe U ovHeBunaHoe.

Lamarckian evolution

low high
fitness fithess

MukpoaBonouua BaXkHa TONbLKO MOTOMY, YTO
MeXaHU3MOM OapBUHOBCKOWU 3BOSOLUMU
ABNAETCA eCTeCTBEHHbIN OTOOp
HacrneayemMbIX USMEHEHUMN. Darwinian evolution

low high
fithess fithess

JTamapkoBcKkasi 3BONOLUSA JIMHUM,
COCTOSILLEeNn, B KaXablI MOMEHT, U3 O4HOM
ocobu, Obina 6bl BO3MOXHAa, a
AAapBUHOBCKas — HeT.

MukpoaBsonouusi = 3BONIOLUS
BHYTPUMNONYNALUMOHHON U3MEHUYNBOCTMN.




2. YTto Takoe nonynauma?

Moyemy Henb3s paccmaTpuBaTb NIMHUIO Kaxaon (becnornon) ocobu otaesnibHO?

Genomic evidence for ameiotic evolution in
the bdelloid rotifer Adineta vaga. Nature
(2013) doi:10.1038/nature12326

present

present

He ObiBaer. XXu3sHb HecnpaBegnueal TonbKo Tak.
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NMoToMKM KpaCHOM OCTaHyTCA, BCeX ocTalibHbIX BbIMpPYT. Noyemy Tak? Mo AByM
npuyYnHaMm — U3-3a CUCTEMaTUYECKOro npenmyLiectsa (oToop) n urpbl crniy4yas
(apend). KpacHas — xopowiasi, HO He 06sA3aTeNnbLHO camas nyJllas.



Becnonaa nonynauma — MHOXeCTBO ocobeun, npeacTaBnAOWUX, B AaHHbIU
MOMEHT, MUHUManbHOe A0NroBe4YHOe MHOXEeCTBO NIMHMKN, TaKoe, YTO XOTb OAHa
M3 HUX OyAeT XUTb OONro.

= -

FERES

Philodina“ rdSeola Adineta vaga

dunopmnHa aguHeTe rna3 He BbIKMOeT (Bce HaobopoT!). YneHbl ogHOU nonynaAunun
3KOJIOrM4Yecku aKkBMBaneHTHbI (NMpuHUun May3e) n urparoT B Urpy € HyJf1IeBOM
CYMMOM.

NMonynauua — MHOXeCTBO 0CO0OeU, NpeacTaBnAWUX, B AaHHbIXM MOMEHT, BCe
FINHUN, KOTOPbIe He 3alyMLeHbl ApYyr OT Apyra, Tak YTO pasMHOXeHWue 0ogHOU U3
HUX HEeU30eXXHO noBneYyeT BbIMUpPaHME OCTarbHbIX.



Pa3MHOXeHue n BbIMUpPpaHue NIUHUN npouncxoanT, KOHE4YHO, U NP NONoOBOM
Pa3MHOXEeHUN — HO B 3TOM CJlly4ae, n3-3a peKOM6VIHaUMVI, 3TN npoLuecchbl
npouncxoadaT He3aBUCUMO B Pa3HbIX CermMmeHTax reHomMma.

B coBpemeHHOM nonynsauuMm YenoBeka
KoarecueHTHbIe UCTOPUM
MUTOXOHAPUAIIbHOro reHoma (KpacHbIn),
(red), Y xpomocomMbI (CMHUK), U cerMmeHTa
ayTOCOMbI (3efieHbIN) pa3fINYHbI.

A ] ] 1]
. Y-xpoMmocomMHbIn “Apam”, ~150 TbicaY
3 “g. ﬂeT.

Ve

O6LwWwunn npeaoK ayTocoOMHOro FfioKyca —
100-400 TbICSY nerT.

| :
1 MutoxoHapuanbHas "Esa" ~ 200
’ TbICAY NeT.

MutoxoHapuanbHaa EBa He Obina xeHou Y-XxpoMocomMHoro Agama!

NMonoBasa nonynauusa — MMHMManbHOe MHOXECTBO 0coben, Takoe, YTO B SIlOOOM
cerMeHTe reHoma annenb, NPUCYTCTBYHOLWUN XOTA Obl B OAHOWU U3 HUX,
COXpaHUTCA Ha[onro.



MonoBoe pasmHOXeHMe [06aBnAeT ewe oAHY NPUYKNHY, 3aCTaBNSAIOLLYI0O Hac
paccmaTpuBaTh NonynsuMm BMecTo ocoben — nepekpecTHoe onnoaoTBOpPEeHMe.

] future

present

NMonoBasa nonynauma — MMHUMaribHoe PenpoaAyKTUBHO 3aMKHYTOE MHOXeCTBO
ocoben, Takoe, YTO B MOTOMCTBE KaXXAo0u U3 HUX OyayT NPUCYTCTBOBAaTb TOJNILKO
annenun gpyrux 4sieHoB nonynsiumm, HO He NOCTOPOHHMUX.

OObIYHO 3TH ABa noaxoana He nportuBopeYart Apyr Apyry, Xotd eCTb U
NCKNKOYEeHUs.




3. XapakTepuCcTUKM nonynaumm — mytaumm, otoop, apend, paamMmHoOXeHue,
CTPYKTypa.

MyTauuOHHbIN NpoLuecc — crny4yanHble nameHeHUA nocriegosaTtenbHocTy AHK.
3amMeHbl, BbiNnageHus, BCTaBKWU, CNOXHble coObITUA. CKOpOCTb MyTauum —
BEPOSTHOCTb U3MEHEHUA HA HYKIleoTU  3a NOKOoseHue.

OT60p — andcdepeHumnanbHoe o o © © o X
pa3MHoOXeHue reHoTunoB. KTo
0exuT ObicTpee, NnpuaeT K e © © o
doUHNLLY NepBbIM — HA YPOBHE

nonyns LMn Bce NMPOCTO.

A T RN Y N
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— oxunpaaemas 3cppeKTUBHOCTb % \?&‘*— ol o o o ek
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time



Opend — BNuAHME Ha reHeTUYECKUM ﬁme“
cocTaB Nnonynfauuilo crny4yamHoro
npouecca BbIMMPaHUA U Pa3MHOXEHUNA

NUHUKU. Hanbonee BaXXHbIN acnekKT present —
apenda — cnyyamHble U3MEHeHUs 4acToT
anneneu B NOKYyce. 1st coalescence+

AddekTBHAA uncneHHocTb N,

2nd coalescence

nonynsaumm — YUNCIIeHHOCTb
3KkBUBasrieHTHon Pant-®uwiepoBCKOU 3rd coalescence

nonynsauum (B KOTOPOM YMCIIO NOTOMKOB
ocobu pacnpepneneHo no lNyaccoHy).

4th coalescence

| MRCA

Vv

Pa3MHOXeHne MoxeT ObITb 0ecnornbiM (anoMmMkecuc) n nonoBbiM (ampUMUKCHUC).

CTpyKTypa MOXeT ObITb BO3PacCTHOMN U NPOCTPAHCTBEHHOM.

ONDINIHL 30 AVM INJINFANOD



4. Npsimas n obpaTHas 3aga4yv B U3yYEeHNN MUKPOIBOSIOLUM.

NMpsaman 3apavya — Mbl 3HaemMm Bce napamMeTpbl NONYyNAUMN, YTO C Hen byaeT?

d[A]/dt = s[A](1-[A])

O6paTHas 3agavya — Mbl 3HaeM COCTOsIHME NoNynsALun, KakoBbl ee napameTpbl?

H=0.01, u = 108. MNockonbky H = 4N_u, N, = 2.5x10°.



5. BuounHdcdopmaTmka u obpatHana 3agava - cpaBHeHUe reHOMOB U reHOTUIMOB.

eHOM — y BuAa, a reHotun (vnuv agBa y agunnonaa) — y ocoom.

v

Canis lupus familiaris MTGAGMNPARSEAPANETRN
Bos taurus MTGAGMNPARSEAPAJETRN

Homo sapiens FTGAGMNPARSEAPANETGN
Xenopus laevis PTGASMNPARSEAPANETRN
Gallus gallus ETGAGMNPARSEAPANMUTRN

Consenszﬁx YTGAGMNPARSFAPAILTRN

cons ervatiog]% H H HH ﬂ

CpaBHeHMe ¢ 65rIM3KUM BUAOM NO3BONAET OTNNYUTL NMPOU3BOAHDbIE annenu oT
aHuecTpanbHbIX. [[ponsBoaHbIe annenu oo6bLIYHO peaKku U BpeaHbl — XOTA,
KOHEYHO, ObIBalOT UCKIOYEHUA (MHa4vye He ObIrio Okl 3BOMOLUN).




6. KpaTtkasa ncropusi usyueHuss MU3MeH4YMBOCTU NOoNynsiLum.

1909 Apunbanbp Nappoa - «<BpoxaeHHble oluMOKU MeTabonuama». OTKpbIn
penkue BpeaHble peuecCUBHbIe anrenun, 3aMmeTmB, YTO anKkanToHypus Yaile
BCTpe4yaeTcs y NOTOMKOB OT OpakoB MexXay poACTBeHHMUKAMM.

1926 Hukonan Bnagnmmnposuyd n EneHa AnekcaHgpoBHa TumocpeeBbi-PecoBckue -
OueHkKa Yncna BManMbIX peuecCUBHbIX MyTauun Ha reHoTun — okorso 0.1.

1928 NepmaH Mennep — OueHka yncna P G
peLeccuBHbLIX netaneun Ha reHoTun — 1-2. - A

1938 ®eopnocum NpuropbeBn4 [obpKaHCKUA
n Anbcpen CtepteBaHT - lNonumopdunsm
nonynsauumn no UHBEPCUSAM.

1966. Pnyapp JleBOHTUH 1 Ap.

JIO X2 X4 26 Y1 196 JI0 X2 X4 28 Y1 196

NMonumopdunsm no nsocgepmeHTam.

o
CSnunegl|”8B=2"g

B: PGM C: TDH



1983 — Hauano HoBowu 3pbl — MapTnH KpenTtmaH
onucan nonumopcunsm Ha yposHe AHK. 11
anneneun ankoronbaerngporeHasbl Agpo3odunol,
Bcero 43 otnunuus.

412 m NATURE VOL. 304 4 AUGUST 1983

Nucleotide polymorphism at the
alcohol dehydrogenase
locus of Drosophila melanogaster
Martin Kreitman

Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts 02138, USA

The sequencing of eleven cloned Drosophila melanogaster alcohol dehydrogenase (Adh) genes from five natural
populations has revealed a large number of previously hidden polymorphisms. Only one of the 43 polymorphisms results
in an amino acid change, the one responsible for the two electrophoretic variants (fast, Adh-f, and slow, Adh-s) found
in nearly all natural populations. The implication is that most amino acid changes in Adh would be selectively deleterious.
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7. U3yyeHmne MyTauMOHHOrO npouecca — mama, nana u noTOMOK.

NosBneHne metoaos CeKBeHNpoBaHUsA HOBOIo NoKomneHnAa caenano HeHYyXXHbIMUA
MHOrIo KpacumBbIX HeNnpsaAMbIX MeTo40B U3y4eHnAa MmyTaulMoOHHOIO npotLuecca.

brute-force sequencing phenotype-mediated
atatgcagtcaGetacgtacg O0®O0O00...0
1 generation
atatgcagtcaTctacgtacg 00000 ...0
A° = O
% 8 ©
. - O
10-1000 generations o o o
O 0O O
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O

evolutionary times



Rate of de novo mutations and the
importance of father’s age to disease risk

Augustine Knng R MlchaelL Fr1gge Gu-:hhdasmn Soren Beqenhacher] , Patrick Sulern Gu-:hhflagnmmn

Sigurjon A. Gudjnns'-:on Asgeir S1gurd'-:'-mr1 JL'-tlaug Jonasdottir’ J\dalhjnrg]nnasdnttlr Tl.lende W. Tl.hnng .

Gunnar S1,c,furd=;mr1 G. Bragﬂkaltere Stacv Stemherg Hannes Helgason', GudmarThorleﬁemn Daniel F. Gudh]artemn
Agnar Helgamn , Olafur Th. Magnuemn Unnur Thorsteinsdottir'™ & Kar1 Stefansson'*

Mutations generate sequence diversity and provide a substrate for selection. The rate of de nove mutations is therefore of
major importance to evolution. Here we conduct a study of genome-wide mutation rates by sequencing the entire
genomes of 78 Icelandic parent-offspring trios at hlgh coverage. We show that in our samples, with an average
father’s age of 29.7, the average de novo mutation rate is 1.20 x 10~* per nucleotide per generation. Most notably, the
diversity in mutation rate of single nucleotide polymorphisms is dominated by the age of the father at conception of the
child. The effect is an increase of about two mutations per year. An exponential model estimates paternal mutations
doubling every 16.5 years. After accounting for random Poisson variation, father’s age is estimated to explain nearly all of
the remaining variation in the de nove mutation counts. These observations shed light on the importance of the father's
age on the risk of diseases such as schizophrenia and autism.

b 6 sib-pairs + Proband autistic *
* Proband schizophrenic "
+ Proband parent of autistic case

a 57 simple trios
€ 5 three-generation families

OO OO OO

1004

801

G0

Mumber of de novo mutations called

O l O O a0
@ @ 0} ; . . . . .
Figure 1 | A summary of the family types. a, Fifty-seven simple trios. b, Six 15 20 25 30 35 40 45

sib-pairs accounting for 12 trios. ¢, Five three-generation families accounting

for nine trios. Age of father at conception of child (years)



8. U3yuyeHune ppenda: acpdekTnBHaa yncneHHocTb nonynsauum, H = 4N _u.

JTa 3aMmevaTtenbHasa popmMyrna gaeT HaMm HenpsAMYr OUeHKY CKOpocTu apenda,
€CIin Mbl 3HaeM CKOpPOCTb MyTUpPOBaHUS, MOCKOSNIbKY H nomMepuTb OTHOCUTESNbHO
HECNOXHO (XOTSA eCcTb NpPoo6nemMbl ¢ 0TOOpOM). Takme OLEeHKN He3aMeHUMb,
NOCKONbKY U3MepUTb Apenud HanpsamMyro HepearnbHO — OH CJIMLLKOM MeAJ1IeHHbIN.

Table 1| Effective population size (N ) estimates from DNA sequence diversities

Species N Genes used Refs

Species with direct mutation rate estimates

Humans 10,400 50 nuclear sequences 145
Drosophila melanogaster (African populations) 1.150.000 252 nuclear genes 108
Caenorhabditis elegans (self-fertilizing hermaphrodite) 80.000 6 nuclear genes 41
Escherichia coli 25.000.000 410 genes 146
Species with indirect mutation rate estimates

Bonobo 12,300 50 nuclear sequences 145
Chimpanzee 21,300 50 nuclear sequences 145
Gorilla 25.200 50 nuclear sequences 145
Craywhale 34410 9 nuclear gene introns 147
Caenorhabditis remanei (separate sexes) 1.600.000 6 nuclear genes 43
Plasmodium falciparum 210,000-300,000 204 nuclear genes 145

For data from genes. synonymous site diversity for nuclear genes was used as the basis for the calculation, unless otherwise stated.



9. OTpuuaTtesnibHbIN, MNONIOXUTESNbHLIA N bDanaHCcUpyOLWXn OTOOP.

ApantuBHbIN naHgwadT 3To rpacuk pyHKUMM reHOTUN -> NPUCNOCOONEeHHOCTb.
KoHe4yHO, NnpocTpaHCTBO reHOTUNOB O4YeHb MHOTOMEpPHO.
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®dopma oTOopa 3aBUCUT OT aganTUBHOro naHawadTa m ot Toro, rae HaxoauTcs
nonynsauus B NpoCTpaHCTBe reHOTUNOB.
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OTpuuatenbHbIU (OYMLLAIOLLNNA) NonoxutenbHbIN (BapBUHOB) OTOOP —
OTOOpP — caMbIn NPUCNOCOONIEHHbIN CaMbIU NPUCNOCOONIEHHbIN reHOTUN —
reHOTUN — YacTbIMN. penkun.

OTpuuaTenbHbIn OTOOP NoaAepXKMBAET CTaTyC KBO U NPENATCTBYET U3MEHEeHUAM.
NMonoxutenbHbIN OTOOP cnocob6cTBYEeT U3MeHeHUAM. locne Toro, Kak
NONIOXNTENbHbLIA OTOOP caenan cBoe Aeno, U Hanbonee NPUCNOCOONEHHbLIN
reHOTUN cTas 4YacTbiM, OTOOpP AenaeTcA oTpuuaTesibHbIM — NPU HEU3MEHHOCTHU
aganTuBHOro naHgwadpra.

BanaHcupyrowmmn otoop GnaronpuATCTBYET JIIOOOMY peaKoOMy reHOTUNy, 4YTo
BO3MOXHO TONbKO €CNM afanTUBHbIN NnaHawadgT MeHAeTcs.



What kinds of sequence data can be used to study selection?

First, we may be dealing with interspecies differences - with an alignment of homologous
(orthologous or paralogous) sequences from different species, with known phylogeny.

Homo fkvmnasdfrtshnmcvadnmd
Macacca fklmnasdfrtshnmcvqdnmd :k
Rattus fklmnatdfrtshnmcvadnmd |
Mus fkvmnasdfrtshnicvadnmd —

Variable sites are shown in red.

Second, we can be dealing with within-population variation. This variation can also be
represented by alignment of different genotypes (preferably polarized by an outgroup, a
genotype from related species, in order to distinguish ancestral and derived alleles)

Homo genotype 1l: catgccagca-cgtctagcatatacgcagactcgctatttacgtcacgatgagcat
Homo genotype 2: catgccagcatcgtctagcatatacacagactcgctatttacgtcacgatcagcat
Homo genotype 3: catgccagcatcgtctagcatatacgcagactcgctatttacgtcacgatcagcat
Pan (outgroup) : catgccagcatcgtgtagcatataggcagactcgctatttacgtcacgatcagtat

Derived human alleles are shown in red. Sites where the outgroup diverged are in blue.



Detecting negative selection

This is a relatively easy task - because negative selection is very common. Negative
selection affects evolving sequences in two ways:

1) it reduces the probability of fixation of a mutation with s <0

2) it reduces the time until elimination of a mutation with s <0
As a result, negative selection leaves two kinds of footprints:

1) reduced rate of evolution and the level of within-population variation
Reduced relative to what? - to the rate of evolution at selectively neutral sites. According to
the fundamental theorem of neutral evolution, neutral sites evolve at the mutation rate (this

is intuitively obvious). Practically, negative selection is detected by comparing the amount

of interspecies divergence or within-population polymorphism to that at plausibly neutral
sequence sites.

—
Mouse AGCAGTGGCAGGGC--CAG-GCTGAGCTTATCAGTCTCCCAGCCCAGCCCCTGCCCACAC
Rabbit AGCAGTGACTAGGC--CCA-GCTGEGOTTATCAGCCTCACAGCCCAGCCECTGCCTGOAG
Human  AGCAGCAACAGGGC--CAGGGCTGGGCTTATCAGCCTCCCAGCCCAGACCCTGGCTGCAG
Chicken GTGATTTCTTGGGCTGCGGCGCTG-GCTTATCTGGTGCGGAACT-~GCCCCTGG-TG=~~
1

Alignment of orthologous regulatory regions of 4 mammals. A transcription factor-binding
site with low divergence is marked by blue. If the alignment includes only a few sequences,
we can only detect substantial segments with reduced divergence rates (never call them
mutation rates!) - for example, using Hidden Markov Model technique.



HIKADMYNLMGSGFPDDGPVMTSQIVDQDGCVSKKTYLNN
KIKGEFQLIGSGFPAGGPVMSGGLTTLDRSVAKLQCSDD
HIKSDFKLMGSGFPDDGPVMTSQIVDQDGCVSKKTYLND
HVKGEFQLIGTGFPTDGPVMTNQLTAADWCVDKLLYPND
HIKGEFQVIGTGFPADGPVMTNKLEAADWCVVKMVYPND
HIKGEFQVIGTGFPPDGPVMTNKLYALDWSVVKEFVYPND
KIQGEFHLVGSCFPDDSPVMTNALWGLDRSVAKLMCVSD
KIKGEFEVVGSGFPDDGPVMTNS LQQHDHNVERLMVLGD
HIKADMKFTGTGFPEDGPVMTSQIVDQDGCVSKNTYLND
HIKGEFQVIGTGFPPDGPVMTNKLTAMDWSVTKMLYPND
HIKADMKFTGSGFPDDGPVMTSQIVDEDGCVSKNTIHND
HIKGEFRVVGSGFPADGPVMTKS LIAVDWSVATMLFPND

A typical segment of an alignment of orthologous proteins from different species. Here the
number of sequences makes it possible to detect negative selection even at individual sites.

Data on within-population variation usually allow us only to detect negative selection in wide
classes of sites, for example to show that non-synonymous coding sites are under stronger
selection than synonymous sites. However, with high H making inferences about individual
sites may become possible. We badly need 100 genotypes of Ciona savignyi.



2) An excess of rare alleles
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Distribution of allele

(nucleotide) frequencies in
Arabidopsis thaliana. PLoS
Biology 3, 1289-1299, 2005.

At non-synonymous sites an
excess of rare alleles, relative
to the neutral expectation, is
higher. Of course, here we
cannot make inferences about
individual sites.

However, we can make
inferences about the strength
of negative selection -
because only alleles with
small s are observed as rare
polymorphisms.

In contrast, reduced rate of
evolution tells us very little
about the strength of
selection: s = -0.001 is enough
to stop evolution.



Detecting positive selection

This is a difficult and important problem - because positive selection is rare, relatively to
negative selection (this was proposed in 1935 by Ivan Schmalhausen) and because positive
selection is the only driving force of adaptive evolution.

Positive selection affects evolving sequences in two ways:

1) it increases the probability of fixation of a mutation with s > 0

2) it reduces the time until fixation of a mutation with s > 0
Footprint of positive selection looks rather differently depending on its age.

1) Positive selection accomplished a long time ago - interspecies comparisons
In contrast to negative selection, positive selection accelerates evolution (not the rate of
evolution!). Thus, it makes sites or segments to evolve faster than neutrally. As a result, we
can detect positive selection only from comparing relatively close species, such that the
number of accepted substitutions between them per neutral site, K,.,,, is ~1-3. Ancient

actions of positive selection, that occurred more than 1/m generations ago (m is the per
nucleotide mutation rate) could never be detected.



So, if we have a large number of close enough sequences, even individual sites where K >
Kieu (K, e, is measured for sites that are probably under no selection) can be detected. This
approach works well for pathogens, with multiple moderately different strains.
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Distribution of amino acid replacements along the Neisseria gonorrhoeae transmembrane
porin sequence. Each dot represents one replacement. Obviously, sequence segments
exposed outside the cell evolve much faster, probably due to positive selection. Molecular
Biology and Evolution 17, 423-436, 2000.



Selection Pressure for HIV-1 Protease
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Positive selection in HIV-1 protease, detected on samples from 40,000 patients. For each
codon site, the ratio of the rate of the most common allele replacement over the neutral rate
is shown (Journal of Virology 78, 3722-3732, 2004).



However, there are two problems with this approach:

1) Positive selection can act only within one clade, with negative selection acting at the
same site in the rest of the phylogeny. Then, overall K will be low at the site.

2) There may be not enough species to measure K for individual sites. If so, all probably
important sites are treated together, and their average per site number of changes, K, is
calculated. Trouble is, sites under positive are generally scattered between numerous sites
under negative selection, leading to K, < K.,- Only very rarely, there are long enough
segments with a majority of sites under positive selection.

Positive selection acting in one clade,
on a sparse phylogenetic tree.

Sophisticated statistical methods can be used to analyze such data - but, in my opinion, they
reliably detect positive selection only if a substantial fraction of sites to K;,, > K. at least
within a large clade - and this is generally very rare. Most of "important” sites are, most of
the time, under negative, and not positive selection.



A clever idea of MacDonald and Kreitman can offer some help. They realized that the
condition K, > K, (or K, /K., > 1) can be relaxed. If negative selection is strong,
"important” sites under it will not be polymorphic in the population. Sites under positive
selection also make only minimal contribution to polymorphism (because polymorphism in
the course of an allele replacement is very short-lived). Thus, instead of asking for

Kimo/Kneu > 1

neu >

as a signature of positive selection it is enough to ask for

K /K. ., >H_ [H

imp’ " *neu imp’" "neu
H;p/Hnew €an be as low as 0.2-0.3 (due to a large fraction of sites under negative selection
among "important” sites), so this is a much less stringent condition.

One problem with this approach is that slightly deleterious variants with -s ~ 1/N_ can
segregate within the population, but are only rarely fixed, and thus inflate H,  /H . A
possible way of dealing with this problem is to ignore rare variants.

neu-

Some applications of MacDonald-Kreitman test to Drosophila species suggest that as many
as 50% of allele replacements in fly evolution were driven by positive selection, because

Kimp/Kneu = 2H/H

neu neu

In contrast, in mammals K, /K., < Hi;,,/H,.,; SUggesting no positive selection. The reasons
for such contrast are unclear. Anyway, MK test could never establish identities of individual

sites under positive selection.



OOHapyxeHue NoNoXUTesibHOro oTéopa B NPOLUSIOM MO OoTpUUaTerlbHOMY OTOOpY
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B nuHuUm yenoseka NonoXxuTternbHbIM 0TOOP ocnad okosnio 20 MUNNMOHOB NET Ha3ag —
BUOUMO, U3-3a ycuneHusa gpenda.



2) Positive selection accomplished recently - within-population variation

A recent allele replacement driven by positive selection produces a region of very low
variation, flanked by regions with some high-frequency derived alleles. Such a scar of an
allele replacement is due to an effect called hitch-hiking, and it remains visible for << 1/N

e
generations, where N, is the effective population size per nucleotide mutation rate.

C =  — = 6
— —— —>» —— .
: M A — : —————
> P ' — > P > .y ' — > ® $: & ' — > o
A beneficial mutation (red) Half-way towards fixation, Some of these variants
in a population with many the beneficial mutation become detached, due
segregating neutral (green) carries with it the close-by to crossing-over, by the

and slightly deleterious variants.

time of the fixation.
(blue) variants.



There are several definite known cases of recently accomplished selective sweeps.

a YRI b CEU C CHB + JPT

7 =
20 - 4 4 | o
5 -
E 15+ 3 - 4 -
= 10 2 - 3
s .l
1- .

0- : O“f.-.-ufl.m-..-x.:‘-.l:‘hfma-_lp O“Wm-(_

114.2 114 .4 114.6 114.2 114.4 1146 114.2 114 .4 114.6
Position on chromosome 10 (mb)

Reduced levels of genetic variation around the site of recent positive selection-driven allele
replacement (selective sweep) in human populations from Africa (a), Europe (b), and East
Asia (c) (Nature Genetics 39, 218 - 225, 2007).
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3) Ongoing positive selection - within-population variation

One must be lucky to study the right population at the right time. Still, there are some
definite cases of ongoing allele replacements driven by strong positive selection. One of
them is parallel acquisition the ability of adults to digest milk (due to persistent expression
of lactase) in Africans and non-Africans. These ongoing sweeps left clear-cut signatures.

a African G/C-14010
b Eurasian C/T-13910
—-1000000 —500000 0 500000 1000000 1500000 -1000000 -500000 0 500000 1000000 1500000
Position (bp) Position (bp)

(a) Kenyan and Tanzanian C-14010 lactase-persistent (red) and non-persistent G-14010 (blue)
homozygosity tracts. (b) European and Asian T-13910 lactase-persistent (green) and C-13910
non-persistent (orange) homozygosity tracts. Positions are relative to the start codon of
lactase locus (Nature Genetics 39, 31 - 40, 2006).



4) A different approach - detecting positive selection by bursts of substitutions

Suppose that at a codon site fitness landscape was suddenly changed. The new optimal
amino acid may not be reachable from the old one by a single nucleotide substitution. Then,
a clump of two or even three non-synonymous substitutions may follow. Such clumps were
observed in evolution of mammals and HIV-1 (PNAS 103, 19396-19401, 2006).

V'

common (>25%) rare (<50%) common (>25%)

Clumping of nonsynonymous substitutions is the strongest in conservative regions of
proteins, where the 1:1 situations occur only in ~20% of codons. Indeed - if an important
amino acid is replaced, this must be beneficial. This approach reveals a number of slowly-
evolving sites that occasionally undergo positive selection.

Amino acid sites inferred to be under
positive selection in HIV-1 gp120. Left:
rapidly evolving sites previously
inferred to be under positive selection.
Right: conservative sites with strongly
clumped substitutions.




Detecting balanced selection

Balancing selection, which requires changing fitness landscapes, favors rare alleles. It
prevents fixations and losses of the alleles involved, leading to durable polymorphisms.

A. dorsata
type 2 (10)

99 type 1 (1)
A. mellifera ]A cerana
type 1 (26) type 1 (3)
100
A. cerana
type 2 (7)

0.02

A. mellifera
type 2 (8)

A. dorsata

In the extreme case this can lead to
transspecies polymorphisms,
persisting from the time of species
divergence. This is the case for sad csd
(complementary sex determination)
locus in bees. Female must be
heterozygous at this locus, and
homozygotes develop into sterile
males, causing strong selection against
common alleles (Genome Res. 16,
1366-1375, 2006).



Detecting epistatic selection

Let us consider just one salient manifestation of epistasis: compensated pathogenic
deviations, such that an nucleotide or amino acid normal for one species would be severely

deleterious, at the same site of the orthologous molecules, for another species.
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CDPs are very common in tRNAs. Three of them
are present in mitochondrial tRNASer of Ursus
maritimus. Nucleotides corresponding to human
pathogenic mutations are shown in red;
predicted compensatory substitutions are
shown in blue; and other deviations from the
human ortholog, unrelated to the pathogenic
mutations or their compensations, are shown in
green. Nucleotides found in healthy humans are
shown in orange alongside the bear sequence.

At least five mechanisms of compensation are
known for pathogenic mutations that destroy a
Watson-Crick pair in one of the four tRNA
stems: restoration of the affected Watson-Crick
interaction, strengthening of another pair,
creation of a new pair, changes of multiple
interactions in the affected stem and changes
involving the interaction between the loop and
stem structures. (Nature Genetics 36, 1207-1212,
2004).



11. A3yuyeHune pa3sMHOXeHMUSI.

Independent joint distribution of alleles at several loci means that frequency of a genotype
equals to the product of frequencies of its constituent alleles. In the case of two diallelic loci,
alleles at A and B are distributed independently if and only if

[AB] = [A][B], [Ab] = [A][b], [aB]=[a][B], and  [ab]=[a][b].

A convenient measure of non-independence of distributions of alleles is the coefficient of
association (or of linkage disequilibrium - a horrible term!) of a pair of loci:

d = [AB] [ab] - [Ab] [aB] -

v

independence dependence

In sexual populations only alleles at tightly linked loci are associated, and for pairs of more
distant loci d ~ 0. Some distances between nucleotide sites at which d vanishes are:

~100,000 in Homo sapiens
~1000 in Drosophila melanogaster

In species with high H, d disappears at shorter distances - there is a reason for this!



YobiBaHue LD c paccTtosiHnem mexay nokycamm B AMepukaHckon n Pycckowm
nonynauuax wusocgpunnyma. Cpasy BUAHO, YTO 3TOT BUA, Pa3MHOXaeTcsl NONoBbIM
nyTem.



12. U3yyeHune CTPYKTYypHbI.

EcTb MHOro MeTo40B MosSly4YeHUs HENPSMbIX OLIEHOK CTeneHn reorpadouyeckomn
CTPYKTYPMUPOBAHHOCTU NONYNALMNA HA OCHOBaHUN NX rEeHETUYeCKon anddepeHumauumn.

Gsr = (Hy - Hg)/Hy

Species Phylum Pelagic larva Swim ability Gy

Coris julis Vertebrata yes strong 0.133
Amphiprion clarkii Vertebrata yes strong 0.008
Dascyllus trimaculatus Vertebrata yes strong 0.720
Holocentrus ascensionis Vertebrata yes strong 0.091
Botrylloides magnicoecum Urochordata no weak 0.202
Stolonica australis Urochordata no weak 0.201
Pyura gibbosa Urochordata yes weak 0.002
Phallusia nigra Urochordata yes weak 0.083
Strongylocentrotus droebachiens Echinodermata yes weak 0.002
Strongylocentrotus purpuratus Echinodermata yes weak 0.033
Cucumaria pseudocurata Echinodermata no weak 0.966
Cucumaria miniata Echinodermata yes weak 0.025

Tridacna maxima Mollusca yes weak 0.156



