MOJIEKYJISAPHAS OKOJIOI'USA (6 aekumii, 12 akaa. 4acoB)

* Jlekmop: Koucrantun BanepseBuu KpyroBckuit

TIpodeccop I'érrunrenckoro yanusepeurera, I'epmanus (hitp://www.uni-goettingen.de/en/414626.html) u
Texacckoro ynusepcuteta (http://essm.tamu.edu/people/faculty/adjunct-faculty/krutovsky-konstantin

>
» Benyuwii nayunstii corpyanuk Mucruryra oOwei reneruku um. H. Y. Basunosa PAH, Mocksa
>

3aB. taGoparopueii IECHOH TeHOMUKH 1 pyKoBomuTeh HaydHo-06pa3oBaTesbHOTO0 EHTPa FeHOMHBIX
nccnenosanuit Cubupckoro penepansHoro ynusepeurera, Kpacuosipek (http://genome.sfu-
kras.ru/en/krutovsky)

e Ten.: +7 965912 1959 (M06.)

* E-mail: kkrutovsky@gmail.com nimm kkrutov@gwdg.de

« Office: 113J1, Axanemroponok 50a, xopr.2, ayn. 133

« Office Hours: You can contact by e-mail or phone to make an appointment.

« Textbook (not required): Freeland, J.R., H. Kirk, and S.D. Peterson 2011. Molecular Ecology. 2" ed.
John Wiley & Sons, Ltd. 449 pp.

* Required e-mail: You will need to send an e-mail to kkrutov@gwdg.de from your preferred address.
This would allow me to distribute class announcements, lecture notes, readings, problem sets, etc. Please,
provide me with:

— your full name

— name by which you prefer to be called

— phone number(s) where you can be reached
— e-mail address that you check daily

— academic & career interests

— what you hope to get from this course

 Course web page: http://genome.sfu-kras.ru/node/200

* Lecture notes: PowerPoint lecture notes for most of the class sessions will be available on the Web site

prior to each class session. I expect you to print out and bring the notes with you to class (bring also !

your laptop with you to class)
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TEMbI JIEKIIUI 1O KYPCY «MOJIEKYJISIPHASL SKOJIOT UsT»

Oo6bem Jlara u
HanMeHoBaHueE JIeKIIUH B aKajl. BpeMmst
qacax npoBeIeHust
Beenenne B M0JIEKYISPHYI0 9KOJIOTHIO. Br. 28.03
deHoTHNINYECKAS MIACTHYHOCTD. JNHUTeHeTHKA. 2 14.10-15.45

MOJIeKyJ'lf[pHLIe MapKepbl B 9K0JI0TUM.

15.55-17.30
IBOJIONHOHHBIE (PaKTOPHI, BIUSAIOIINE HA

reHeTHYECKYI0 HF3MEHYHBOCTD B NMOMYJISIHSIX
(myTanun, oTOO0p, TeHeTHYeCKHH Aper( 1 3P PeKTHBHBIN 2
pa3Mep MOMmyJISILKH, 0OMEH TeHAMH M MUTPALKsL, CHCTEMa
CKpCIMBAHUS U T.11.).

. N Cp. 29.03
TeHeTHYecKHil aHAJIN3 MOMYJISIIIAM. 2

14.10-15.45
H3Mepenue reHeTH4ecKoii M3MeH4YHBOCTH. 2 15.55-17.30
MoJexyasipaasi puaoreHeTuka u ¢puiaoreorpadusi. > Isar. 31.03
Koajecuenuus. 10.15-11.50

12.00-13.35
IIpnponooxpanHnasi reHeTHKA. 2
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3ajaum Kypchl — 1aTh KpaTKHii 0030p

* MOJICKYJIAPHO-TCHCTUICCKUX MCTOJI0B B
ISKOJOTHUYCCKHUX NCCIICOAOBAHUAX

* AHAJIMTHYCCKUX ITOAXOO0B JIAA U3YUYCHUA
MOJICKYH}IpHO-FeHCTHIICCKOﬁ N3MCHYHNBOCTHU B
CJIOKHBIX CUCTCMAxX

* IMPAKTUYCCKUX HpI/IHO}KCHI/Iﬁ MOJICKYJISIPHO-
I'CHCTUYCCKHUX U I'CHOMHBIX MCTOIOB B
9KOJIO0T'MHN

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1 |

Kparkasi cTpykTypa Kypca

° I/ICTOquCCKaH IICPCIICKTHBA

» KinroueBrie 9BOJIOOUOHHO- U IMOITYJIALIMOHHO-
I'€HCTHYCCKUEC KOHICIIINHN

* MoneKkyJIsIpHO-T€HETUYECKHE METO/IbI
» Ananu3 uamenunBoctu JJHK

* AHanu3 CeJEKTUBHO-HEUTPAIBLHON U
aalITUBHON U3MEHYMBOCTH

e OCHOBBI DKOT€HOMUKH

* CTyJeHYECKHE MPOEKThI, CECMUHAPBI U
MpE3EHTALNU |
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OMOJIHUTEJIbHbIEC YYeOHUKHU




1. BBegeHue B MOJIEKYJISIPHYIO IKOJIOTHIO

* Ecology + Molecular Genetics => Molecular Ecology
(Molecular Ecological Genetics):

V' (OKyC Ha HCIIOJIH30BAHKUE METO/IOB U MOJXO/I0B MOJIEKY ISIPHOI
HOMYJISIIUOHHON T€HETUKU U TEHOMUKH B 3KOJIOTHH

v/ OTHOCHTEIBHO MOJIOJIAs MEXKIUCIUIIMHAPHAS OHOJOrnYecKas
JUCUUITIMHA (XOTs, CYIIECTBEHHO U3MEHUBILASCS 32 TIOCIETHUE
20 ner)

v/ OTBeyaeT Ha TPAJAUIMOHHBIE BOIIPOCKHI SKOJIOTHH (€.2., species
identification, migration, invasion and introgression, conservation
and assessment of biodiversity, species—environment
relationships, behavioral ecology, and many other questions),
HCIIOJIB3Yys MECTOABI U MMOAXObI MOJIeKy.]ISIpHOﬁ HOHyHHHHOHHOﬁ
I'CHCTUKU, (bHHOFeHOMHKH U TCHOMUKHU

Z MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1 |

MouJiekyJasipHasi IKOJIOTMA KaK HayKa

 Integrative science: integrates the two main components
of ecosystems — environmental variation and genetic
variation

 Interdisciplinary science: exists at the interface of
ecology and genetics and applies an interdisciplinary
approach to a full understanding of interaction between
genotypes, phenotypes, and environment; it embraces also
many other related disciplines, such as evolution,
phylogenetics, population and conservation genetics, etc.

» Applied science: the theoretical and applied aspects of
genetics are used to address practical questions and
problems in ecology including conservation, management,
and genetic improvement of species. H




BaskHellye cOCTaABHbIE KOMIIOHEHTHI MOJIEKYJISIPHON IKOJI0THH

* JKOCHCTEMA — COBOKYTHOCTh OPTaHU3MOB, MOIYJISIINI
¥ COOO0IIeCTB, TMHAMUYECCKH B3aUMOICHCTBYIOIINX
MEXKy COOOM U HEKUBBIMU (A0MOTUYECKUMU )
KOMIIOHECHTAMH UX CPEIbI.

 JKoJiorus (0T Iped. 01K0G, 03HAYAIOIIETO «JIOM», U
Aoyia, 03H. «y4eHHe») — HayuyHasi JUCHUIUIMHA O KU3HHU,
W3ydaroIas B3auMOJICHCTBUS MEXIY OpTraHU3MaMU U UX
OMOTHUYECKOU U a0UOTUYECKOHN CPEeIOi.

» T'enernka (ot rpeu. Greek yevetikdg genetikos,
"genitive" WK YEVESIC JENESIS, «ITPOUCXOKACHHE"),
Onostornyeckas TUCIMILINHA, U3ydaromias reHbl,
HACJIEJICTBEHHOCTh M K3MEHYUBOCTh B OPraHU3Max. m
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BaxxHOCTb U3yYeHHUS MOJIEKYJISIPHOU IKOJIOTMH

e DKOIOTHS ¥ T€HETHKA BMECTE OOBICHIIOT MEXaHU3MBI 3BOJIIOIII/IOHHOI>1
U3MCHYUBOCTH U 6I/IOp33HOO6paSI/IH.

* DKOJIOTHYECKHE B3aUMOOOTHOLICHUS OPraHM3MOB ¢ OMOTHUYECKOIl U
abMOTUYECKOM CpeJloi CYyTh €CTECTBEHHOr0 0TOOpa. DTH
B3aMMOOOTHOIICHHUS ONPEACIIAIOT IPHCIOCOOIEHOCTh (DEHOTHUIIOB
JIekKAIUX B UX OCHOBE T€HOTHUIIOB K JaHHOH cpefie.

* C 0o1HOI1 CTOPOHBI, 3KOJIOTHYECKAsl CTPYKTYypa MOMyJIsiui (pa3mep,
CTEIeHb MOAPA3IeNIEHHOCTH U T.J.) BIUAET HAa TEHETUYECKYIO
WU3MEHUYUBOCTD MOIYJISIINH.

* C npyroit cTOpOHbI, TeHETUYECKAs] U3MEHYMBOCTh TOIMYJISIIUU 110
9KOJIOTMYECKH BayKHBIM MPHU3HAKaM BIIMAET Ha CKOPOCTh U HAIlPaBJICHUE
OTBETa MOIMYJISIIMKA Ha OTOOP B PE3YJIbTATE KOJOTHIECKUX
B3aMMOOOTHOIIIEHHH. Eq




BaxkHOCTH U3yYeHUS MOJIEKYJIAPHOU IKOJIOTUU

* OO0e, ¥ TECHETHYECKAs, U DKOJIOTHUYECKAst H3MEHUYHNBOCTD

JIOJ>KHBI YYUTBHIBATHCS JJIs1 TOHUMAHUA MOTEHIMAa U
OTPaHUYEHUN [T alanTallid U 3BOJIFOLMY TOMYJISIIAN.

T.o., MONIEKyISIpHAst KOJIOTHUS — 3TO Hay4YHas JTUCLUILIIMHA,
KOTOpasi yUUTHIBACT FT€HETUUECKYI0 U3MEHUUBOCTH MPH
M3YUYEHUH BCSKOTO POJa IKOJIOTMYECKUX B3aUMOOOTHOIICHUS
OpPraHU3MOB - KaK OMOTUYECKHX, TAK U a0MOTUYECKHUX.

KirodeBsle 3K0I0rH4ecKre napaMeTpsl (T.€., CKOpOCTh
HOIYJIALIHOHHOIOPOCTa, KOHKYPEHTHOCIIOCOOHOCTb, 4aCTOTA
aTTaK BpeIUTENIEH, SKOJOTHYECKH BaXKHOE MTOBEACHHE) — HE
ABJIAIOTCS. (PUKCUPOBAHHBIE CBOMCTBAMU MOIYJISILUI UK BUAA,
a OHM JBOJIIOIUOHUPYIOT B IOCTOSSHHOM B3aWMOJICHCTBUHU
MEXKy SKOJIOTHEN U TEHETUKOM. Eﬂ
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BaxxHOCTb U3yYeHHUS MOJIEKYJISIPHOU IKOJIOTMH

OKoIorus n3y4yaeT Kak OpraHH3Mbl B3aUMOJEHCTBYIO IPYT € IPYTOM U CO
cpenoi Ha PeHOMEHOIOTHYECKOM HIIH (PeHOTHITNIECKOM YPOBHE, HO
(heHOTUITUECKHE JaHHBIC MOTYT OBITh OOMaHUUBBI UM HEJOCTATOUHO
UH(POPMATUBHBI U3-3a (PCHOTHIINYECKON TIIACTUYHOCTH U TPEOYIOTCS
TeHETHYECKHE JaHHbBIE, KOTOPIE MOXKHO MOIYyYHTh C TIOMOIIBIO MOJIEKYJISIPHO-
TeHETHYECKHX MapKEPOB.

DKOJIOTUYECKHE IIPOLECCHI - ABUT'ATECIIb a,Z[aHTHBHOfI OBOJIIOIIMH, HO DBOJIIOIHA
OCHOBAaHa Ha HACJIEAyCMbIX (FeHeTI/I‘IeCKI/IX) HU3MCHCHUAX

OTHOCHTENBHAS TPUCTIOCOOJICHHOCTD 3aBUCUT HE TOJBKO OT TeHOTHIIA, HO M OT
cpelibl, C KOTOPOH OH B3aMMOJAEUCTBYET

NuauBuIyyMBI M HX TEHOTHUIIB B3aUMOJICHCTBYET ¢ aOMOTHUYECKOW Cpesioi
(TeMI1., BIaXKHOCTb, THIT TIOYBBI, ¥ T.JI.) H OMOTHYECCKUMH (PaKTOpaMu
(MeXBUIOBast KOHKYPEHIIHS, XUIITHUKY, TAPA3UTHI, U T.J1.).

BpeMEHHa}I 1 IPOCTPAHCTBCHHAA NU3MCHYNUBOCTDL CPECAOBBIX (1)aKTOpOB MOXKET
opoXKaaTb USMCHYUBOCTD HpHCHOCO@HGHHOCTB BO BpEMCHU U IIPOCTPAHCTBE.

Okonormyeckue (GaKTOphl BIUAIOT Ha TOMYJIIAOHHO-TEHETHUECKYIO CTPYKTYPY.
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3ap0>1<11eHue MOJIEKYJISIPHOM 3KO0JIOTMH

MOLECULAR * The emergence of Molecular Ecology was finally documented in the
ECOLOG\ establishment of a new scientific journal, Molecular Ecology, in 1992
NOT £S (although it has changed significantly over the past 20 years)

questions in ecology, evolution, behavior and conservation

The term was rarely used before 1990, but it can be tracked back as far as 1980

» The journal publishes papers that use molecular genetic techniques to address

= MOLECULAR [l
ECOLOGY :

of mitochandrial arigin exhibit lawer
d higher differcatiation than
 in Douglas fir

(2001-2007)

il MOLECULAR
ECOLOGY
RESOURCES

(1992-now)

MOIEKY JISIP]

IIpakTnyeckue NpPUI0KEHU MOJIEKYJISIPHO-

Ir¢eHETHYECCKUX METOA0B B MOﬂeKyﬂHpHOﬁ IKOJIOTUHN

* CJIOKEHUE 3a MUTpAIUeil, TMOpuaIu3anueii, CKpeIuBaHueM,
pacrpocTpaHeHUEeM, KOJIOHU3AIMel, MHBAa3Uel BpeaUTeNe 1
IaTOTE€HOB

* M3MEpEHHE F'eHETUIECKOTO CXOJICTBA, POJICTBA, N3MEHYHBOCTH,
3¢ HeKTHBHOTO pazMepa MOIMYJISIIIN, MHOpUIUHTA (HATIp., IS

BbIJICJICHUS TOIYJISILIMH, KOTOPOI yrpoXkKaeT pUCK UCUE3HOBEHNUS),

JUHaAMHKHU HOHYJISH_II/Iﬁ

* IPUPOIOOXPAHHON CyJeOHOM IKCTIEPTHU3Hl U MOHUTOPUHTA

MOMYJIALNN peAKUX BUOB, HE3aKOHHOM TOPTOBJIH, OpaKOHHEPCTBA

" T.]I.

* WiICHTU(UKAIIMKM BUI0B U Pa3HOBHIHOCTEH, COCTaBa CIIOXKHBIX
COOOIIIECTB

* U3y4EHHs B3aUMOOTHOILIEHUI OPraHU3MOB C UX CPEION U UX
9BOJIIOLIMM KakK pe3yJibTaTa alalTalii K Pa3HbIM 3KOJIOTMUYECKUM
YCIIOBUSAM

tq




MecTo MOJIEKYJISAPHOM IKOJIOTHU B OMOJIOTHH
“reductionist” “compositionist” or
approach to “holistic” approach
science to science
molecules organism population species ecosystem
Developmental Population
\ Biology Genetics Ecology }
Molecular Ecology
is a bridge between reductionist and compositionist
approaches in biology !
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EcrecTBenHas CTpaTI/I(l)I/IKa]_lI/ISI Ha B3aUMO03aBUCUMbIC

YPOBHH — (l)yHIlaMeHTa.HLHOG CBOMCTBO KN3HHU
(1 OuosIorMYecKHe JUCHHUILUIMHBI B OCHOBHOM CJIEAYIOT 3TOM cTpaTugukanms )

Level Biological discipline Genetic discipline
Macromolecules Biochemistry and Molecular genetics
molecular biology
Cell, organelle  Cytology Cytogenetics
Tissue, organ Anatomy, histology, Embryogenetics,
embryology ontogenetics
Organism Anatomy, physiology Physiological genetics
Population Population biology Population genetics
Species Evolutionary biology Evolutionary genetics
Ecosystem Ecology Ecological genetics

Molecular Ecology tq




DeHOTUNIHYECKAS IVIACTUYHOCTH U JMHUIeHeTHKA (BPEMEHHBIE 00paTHMBbIe
n3menens B JJHK u ructonax, Biaustomye Ha SKCIIPECCHIO TE€HOB)
IIpumeps! kak cpegoBbie GaKTOPbI MOTYTh BIUATH HA (hpeHOTHIIHYECKHE IPU3HAKH

Traits Environmental Example
influence
Gender Temperature Eggs of the American snapping turtle Chelydra serpentina
during embryonic |[develop primarily into females at cool temperatures, primarily
development into males at moderate temperatures, and exclusively into
females at warm temperatures (Ewert et al. 2005)
Growth Soil nutrients and [Southern coastal violet (Viola septemloba) allocated a greater
patterns in  |water availability [proportion of biomass to roots and rhizomes in poor-quality
lants environments (Moriuchi & Winn 2005)
Leaf size Light intensity ~ [Dandelions (Taraxacum officinale) produce larger leaves under
conditions of relatively strong light intensity (Brock et al. 2005)
Migration  |Age and Diamond-back moths (Plutella xylostella) are most likely to
between host [nutritional quality [migrate as adults, if the juvenile stage feed on mature plants
lants of host plants (Campos et al. 2004)
Feeding- Food availability [Sea-urchin larvae (Strongylocentrotus purpuratus and S.
related franciscanus) produce longer food-gathering arms and smaller
imorphology stomachs when food is scarce (Miner 2005)
IPlumage Carotenoids in  [The plumage of male house finches (Carpodacus mexicanus)
coloration  |diet shows varying degrees of red, orange and yellow depending on
the carotenoids in each bird's diet (Hill et al. 2002)
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@®eHoTUNINYECKAS IVIACTHYHOCTD U NMIeHeTHKA (BpeMeHHbIe 00paTuMble
usMeHeust B JIHK u rucronax, Biausiioniue Ha 3KCNpPecCHIo reHoB)

ryeku,a,

nuTalrowascs

couBeTUaAMuU

(13 MOTOMCTBA OTHUX U TEX XK€ POAUTENEH)

ryceHuua, nutaito

Traits |Environmental Example
influence
[Feeding- [Food source  |Oak caterpillars Nemoria arizonaria that eat catkins (inflorescences)
related camouflage themselves by developing into catkins-mimics, whereas
imorphology those feeding on leaves develop into twig mimics (Greene 1996)

l ° reHeTHYECKHH aHAJIU3
HY/KeH 1151
omnpeneeHus BUIOBOM
NMPUHANJIEKHOCTH

IMHUIeHeTHYECKU I
aHAJIU3 HYKEH 1JIA
U3y4YeHHs KaK Cpe1oBbIe
(hakTOpbI BAMAIOT HA
(penorunuueckue
NPU3HAKH

wascs

NINCTbAMU




«I/ICTOpI/IH Hay‘lHOﬁ JUCIHHHUIIJIMHBI - 3TO
NCTOPUA UBMCHCHHUA MMAPAAUTMDBI» Thomas Kuhn, 1962

» CambIM OOJBITUM U3MEHEHHEM TapauTrMbl B OMOJIOTHH B
Hauasie 20 Beka ObLII0 00HAPYKEHHE CJI0KHON CTPVKTYPLI
HONYJSIUM Y OOJBIIMHCTBA BUJOB U €€ OMOJIOrMUeCKOU
posu Kak hOPMBI CYIIIECTBOBAHUS 1 IBOJIIOIMH BUI0B

 CHHTE3 reHeTHUKH M TEOPHS eCTECTBEHHOr0 0T00pPa ObLT
eIIe OJHIM M3MEHEHHEM MapaaurMbl B cep. 20 Beka,
KOTOPBIH CHITPaJl OYE€Hb BAKHYIO POJIb B CO3JITaHUU
MOMYJISIIUOHHON TEHETUKH

— c.ﬂyqaﬁnaﬂ reHeTHYECKasi MyTalus craJjia
paccMaTpuBaThHCH KaK HCTOYHUK UBMCHYMBOCTH

— nmonmyJsinus, a HC HHAUBUAYYM, CTaJIa pacCMaTpUBaATHCH
KaKk 3JIEMCHTapHasl € AUHUIA IBOJIOIUHU

* CuHTE3 MOJIEKYISAPHO r'eHETUKH M YKOJOTHHU CTAJ
HOBBLIM M3MEHEHHEM NMAapPaAJAUIrMbl, KOTOPBIA NPUBEI K
BO3HUKHOBEHHMIO MOJIEKYJISIPHOM 3KOJIOTHMH H
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HapaI[I/IFMLI MO.]'leKy.]IHpHOﬁ IKO0J/IOTHUHA BCTPOCHLI B
nmapagurmMmabl 3BOHIOHI’IOHHOﬁ H HOHyHﬂHHOHHOﬁ Ir¢eHETUKH

» Kak u yem pa3iuyaoTcs NONyJASUMU M BUABI? (110 KAaKUM aJlIeNsIM,
reHoTUnaM, eHOTUIaM, TeHETHUECKON CTPYKTYpe, CUCTEME
CKpEUIUBAHUS U PACTIPOCTPAHEHNI) OHU OTJIMYAIOTCS)

* IoyeMy OHM OTJAHYAKTCA? (U3-32 (HEHOTUITMUECKOM IIACTUYIHOCTH,
MyTalui, 0T00pa, OrpaHM4YeHHO MUTPALIUM M TOTOKA I'eHOB,
TeHETHUYECKOTro apeida, M30Jsuu, aAaNTAlNN K Pa3Iu4YHbIM
cpeaam, ciay4yaiHbIX (aKTOpoOB U T.1.)

* Y10 3TO 03HAYACT JJIS NONMYJIAINH, BIWIA HJIH JKOCHCTEMbI?
(obemHeHME, YyIpo3a, YIaa0K, HCUE3HOBEHUE, POCT, SKCIIAHCHS U T.11.)

* DMIUpHYeCKHe (€CTECTBEHHBIE TIOMYJISAINH), JKCIIePUMEHTAIbHbIE
(MaHunyIMpyeMble nomysanuu), TeopeTnyeckue (IPOrHOCTHYECKUE,

MaTeMaTUYECKHE) TTOIX0 bl
/]/
hypothesis
Experimental R —— Theoretical
Pr—
20 2 Z BIODHUK #1 H
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KuroueBasi npodaema MOJIEKYJISIPHOU IKOJIOTHMH —
3TO FreHEeTHYECKAsl CTAOMWIBLHOCTD MOIY AU

21

* EcrecTBeHHas MOMyALUsA — 3TO HE TOJIBKO €IUHUIA
MMKPOIBOJIFOLIMH, HO TaKKe€ 4aCTO U OOBEKT
XO3IUCTBEHHOM NE€ATEIILHOCTH YEIOBEKA.

 IIpu 3TOM BUA OOBIYHO MPEACTABICH HE OJTHOU
MOMYJIALMEN, & CUCTEMOMN B3aNMOAEHUCTBYOIINX
ITOITYJISILIAMN.

e T.o., yCrlemiHOE COXpaHEHUE, 3aAIIUTA U YIIPABICHUE
OMOJIOTHYECKUMHU PECYPCAMU U 3KOJIOTUYECKas
pEeCTOBpaIUs 3aBUCAT B OCHOBHOM OT CTA0OUJIBHOTO U
YCTOWYHMBOTO BOCIIPOU3BOICTBA MOMYJISLIHM.

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1 |

Parameters and parameter estimates in
Molecular Ecology

22

* Parameter — a variable or constant appearing in a
mathematical expression; a value (usually unknown) used
to represent a certain characteristic; any factor that defines
a system and determines or limits its performance (e.g., p,
— allele frequency of A4 allele in a population; m , —
migration rate of 4 allele in a population)

» Estimate — an indication of the value of an unknown
quantity based on observed data; an approximation of a true
score, parameter, or value; a statistical estimate of the value
of a parameter (e.g., P, — estimate of allele frequency of
A allele in a population)

MOJIEKY.IAPHAS JKOIOTHA, 28 vapia 2017, Bropuus, 41 |
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NHAYKTUBHOE U 1eAYKTHBHOE MbIIIJICHUE
B MOJICKYJISAPHOM 3KOJIOT U

* IHAYKTHBHOE MbIIIJIEHHE — OT YaCTHOTO K
oO1emMy

* JlefyKTHBHOE MBbIIILJIEHHE — OT O0IIIEro K
YaCTHOMY

23 MOUIEKYISPHAA QKOOI NS, 28 Mapta 2017, Bropnui il |

I1o3HAHUE B MOJICKYJISAPHOMN 3KOJOT AU

* Teopus - 310 cucTeMa UAEH UK YTBEPKIACHUM,
OOBSCHSIONIMX WM OMHCHIBAIOIIUX TPYIITY (haKTOB WU
SIBJICHUH; OOIIME 3aKOHBI, IPUHIIMIILI HJIA IIPUYHUHBI YETO-
1100 U3BECTHOT'O HUIM HAOII01aeMOI0

° l'[pezmo.nomeﬂne - TCOPCTUICCKOC IPCACKA3aHUC
® BI)IBOII - JIOTHYCCKOC YMO3AK/IIOYCHHUC HAa OCHOBC (baKTOB

* MoaeupoBaHue - HCCIIeI0BaHNE 0OBbEKTOB MTO3HAHUS Ha
X MOJEJSAX; MOCTPOCHUE U U3YUYEHHUE MOJICIIEN PEAIbHO
CYIIECTBYIOIINUX 0OBEKTOB, IIPOIICCCOB MU SIBIICHUM C
IIEJIBIO TIOJYYCHUS OOBSICHCHHH ITUX SBJICHUMN, a TAaK)Ke
IUIS IPEACKAa3aHus SIBJICHUI, HHTEPECYIOIINUX

HCCIIeI0BATEIS. Eq
24 MOJIEKYIAPHAS DKOQIOTHA, 28 wapra 2017, Bropung 41
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Pa3pa0oTka u npoBeaeHre IKCIIEPUMEHTA B
MOJICKYJISIPHO IKOJIOTUU

e AJIEKBAaTHOE YHCJIO HE3aBUCHUMBIX IIOBTOPOB
e OIHOBPEMEHHBIN U MOJXOASAIINN KOHTOJIb

» PazMmep BBIOOpPKHU, 1OCTATOYHBIN 115
MHUHHUMU3AIUN CTOXaCTUYECKUX A(PGHEKTOB

e Craructuueckas MOIITHOCTb

* OCTOPOKHOCTH C 0000IIIEHUEM HA JIPYyTUe
CUTYyaIluy U BUJIBI

25 MOJIEKYIEPHAS DKQIOTHA, 28 vanra 2017, Bropuui #1 |

Synthesis of Ecology and Molecular Population Genetics:
How it all began?

The era of empirical Molecular Population Genetics based on sequence
data began ~ 25 years ago from the study of nucleotide
polymorphism in Adh locus in Drosophila (Martin Kreitman 1983,

Nature 304,412 - 417 ) Vo o=

N

» This study can be also considered as one of the first Molecular
Ecology study that provided insights into the nature and importance
of natural selection and also identified genes targeted by adaptive
events: this study demonstrated genetic basis for the alcohol
tolerance in different Drosophila populations that rear in the

fermented substrate

» 5
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Nucleotide polymorphism at the
alcohol dehydrogenase
locus of Drosophila melanogaster
Martin Kreltman
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Molecular Ecology: A case study of ethanol
tolerance in human populations —
interaction of genotype and environment

* The study of alcohol dependence in human populations is
also an example of Molecular Ecology:

ADH (alcohol ALDH (aldehyde
dehydrogenase) dehydrogenase)

ethanol acetaldehyde acetate
C,HsOH C,H,00 —— C,H,0 ------ » CO, +H,0

l l

Narcotic Toxic
effect effect

14



Molecular Ecology: A case study of ethanol tolerance in human
populations — interaction of genotype and environment

» Alcohol tolerance in human populations:

“strong” ADH + “strong” ALDH = can consume much indifferent

booze with little “fun”, to alcohol
l 1 but without bad side and less
weak weak effects prone to
narcotic toxic alcohol
effect effect dependence

“weak” ADH + “strong” ALDH

have “fun” even from prone to

l l a small dose, stay alcohol
“high” for a longer dependence
strong & weak perlod and can (populations that
prolonged toxic consume much e loss exposed o
narcotic effect without bad side fuch as those that
el
effect effects are less tolerant to
alcohol)
“strong” ADH + “weak” ALDH = no “fun” and severe = immune to
bad side effects alcohol
l l dependence
weak strong {parm Climase that. "
narcotic toxic developed more_
effect effect formanted products) tq
29 MOUIEKYIAPHAS QKOOI S, 28 vapta 2017, Bropus, #1

Molecular Ecology: A case study of ethanol
tolerance in human populations — interaction
of genotype and environment

* The problem with alcohol tolerance and dependence as phenotypic
traits is very complex in human populations

* There are many genes that are involved in ethanol metabolism and
receptivity in humans (alcohol dehydrogenases, aldehyde
dehydrogenases, cytochrome P4502E1, catalase/peroxidase,

aminobutyric acid (GABA) receptor genes, etc.; see Danielle D.M.
Foroud T. 2003 Candidate Genes for Alcohol Dependence: A Review of Genetic
Evidence From Human Studies. Alcoholism: Clinical & Experimental Research

27(5):868-879)

* Ecological and Population genomics & association mapping

+ Epigenetic, social, ethnic & economic issues H

20
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3aKJII0YeHHue

31

C nosiBIEHWEM MOJIEKYJISIPHON NOMYJISIIITUOHHON
TEHETUKU NOSABUIIACH BO3MOXKHOCTb IOJIYYHUTh
ITEHETUYECKUE TaHHbIE O IIPUPOIHBIX MOIYIIALUAX
HEOOXOIUMBIE DKOJIOTaM

I'eneTnueckue JaHHBIC ITO3BOJIAIOT ITOHATH
OTHOHICHUA MCKIY (bCHOTI/IHOM U IT'CHOTHIIOM,
KOTOPBIC 4aCTO OYCHDb CJIOKHBI U3-34a Q)GHOTHHHQGCKOIZ
IUIACTUIHOCTHU U MOT'YT CHJIBHO 3aBHUCHUTB OT CPCIbI

OJHO U3 MEPBBIX UCCIIEIOBAHUMN, CBSI3BIBAIOIIINX
MOJIEKYJISIPHYIO T€HETUKY U SKOJIOTHIO, OBLIO
OCHOBAHO Ha aJUI03UMaXx aJIKOTOJIbAETHIPOT€HA3bI
(ADH) u Bapuanuu B HyKJI€OTUIHON
MIOCJIEI0BATENIbHOCTH, KOTOpas €€ KOHTPOIUPYET {q

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1

Key definitions

32

Gene: a hereditary unit consisting of a sequence of DNA (or RNA in some viruses)
that occupies a specific location on a chromosome (locus) and determines a
particular characteristic in an organism.

Genotype:
(1) the entire set of genes in an organism;
(2) the genetic makeup of an individual or taxon;
(3) a set of alleles that determines the expression of a particular characteristic or trait
(phenotype).
Allele: a different form of the same gene. A gene for a particular character or trait
may have multiple alleles (exists in multiple allelic forms).
Alleles could be dominant, codominant and recessive:

(1) for dominant A and recessive a alleles there could be three possible diploid genotypes for a
particular character: A4 (homozygous dominant), Aa (heterozygous), and aa (homozygous
recessive), but only two phenotypes — A4+Aa and aa.

(2) for codominant alleles 4, and A4, there could be three possible diploid genotypes for a particular
character: 4,4, (first homozygote), 4,4, (heterozygote), and 4,4, (second homozygote), and three
phenotypes, respectively.

Phenotype:
(1) the physical appearance or biochemical characteristic of an organism as a result of the
interaction of its genotype and the environment.
(2) the expression of a particular trait, for example, skin color, height, behavior, etc.,
according to the individual’s genetic makeup and environment.

Phenotypic plasticity — the potential for a single genotype to develop into multiple
alternative phenotypes under different environmental conditions Eq
MOIEKY.IAPHAA OKOIOUHA, 28 vaora 2017, Bropuus, #1
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Key definitions

« an isolated population is a randomly breeding group
of individuals that share a common gene pool, occupy
the same area and mate mostly or solely among
themselves, usually as a result of physical isolation
from other groups, although biologically they could
breed with any members of the same species

» gene pool: all the genes in a population at a particular
time

« metapopulation is a group of sub-populations in a
given area, where the individuals of the various sub-
populations are able to migrate and exchange genes
across the area

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1 |

* U3 npeapiayie 4acTH JEeKIHHI:

— BO3HUKHOBEHUE MOJICKYJISIPHOM SKOJIOTHH,
napajurMel, cepa NPUIOKEHUS U MOAXObI

MOJ]CKVJ]HDHO-FCHCTI/I‘IECKI/IC MAapPKEPbI:

* BzaumopercTBHE TEHOTHUIIA C OKPYKAIOIIEH CpeIoin

* 3aKOHOMEPHOCTHU UM THUIIbl TE€HETUYECKOU
M3MEHYMBOCTH U TEHETUYECKUX MAPKEPOB

* YacToTa reHOTUIIOB U ajuiesiei (B MOMYJIALINN)

* Busyanuzanus nonumopduszmoB (Habo1eHne 3a
MYyTaHTaMH, dJIEKTPOoPope3, CECKBEHUPOBAHUE U T.]I.)

MOJIEKY.IAPHAS JKOIOTHA, 28 vapia 2017, Bropuus, 41 |




I'eneTnyeckast H3MEHYUBOCTH - YHHBEPCAJIbHOE NPUPOIHOE ABJICHHUE
BoJbIIMHCTBO NPUPOAHBIX NOMYJIALUNA ABJIAITCH MOJIUMOP(PHBIMH

Darwin finches on Galapagos EEAECEEESEEI RN | azuli bunting
= = : 5 -« B e T NN | 3

W ® < W 9D

<) <) <\ : P N

Las MOJIEKYIAPHAS JKONOTUA, 28 vapra 2017, Bropuuic, #1 |

OcHoBHasi mpodJieMa MOJIEKYJISIPHOM IKOJIOTUH -
CBSI3aTh (DEHOTHUIIBI M CPey C TeHOTUIIAMH

At

EAT, AKD YOUR. EYES SHALL
BE OPENED AND YE SHALL BE
AS GENETICISTS!

18



Pa3jin4yHble TUIIBI H3MEHYHBOCTH

* Buoumas (penomunuueckasn, mopghonocuueckasn) inv cKkpoimas
(¢puzuonozuueckasn, ouoxumuueckas)

» I'enemuueckasn (nacnedyemasn) i comamuueckasn
(nenacnedyemas) unv snuzenemuueckan (Moxicem obimo u
Hacneoyemoil u HeHac1e0yemoit)

» I'enemuueckan (HeoOpamumasn) Vvl InU2eHeMUYeCKa
(oopamumasn)

* [omunanmnan v peyeccusnan N KOOOMUHAHMHAA
* Konuuecmeennas ninv kauecmeennan

* Heumpanvhaa uiu cenekmueénasn

* Adoanmuenasa ViV HeadanmueHas Vv 6peonas

* Pecynamopuaa unvu cmpykmypHas

* JKcnpeccupyemasn WA HeIKCHpeccupyeman

* I'ennas uu Xxpomocomuasn

* Ha ypoene denkoe (3amenvt amunokuciom) v na yposne /[HK
(3amenvt HYK1€0mMu006 u uHoebl)

* CuHoOHeMUYHAA VTN HECUHOHEMUUHAA !

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1

Nature (Genotype) vs. Nurture (Environment)

P=G+E+ GXXE

Phenotype = Genotype + Environment + Interaction

Organisms are different because of the:

* genetic differences among individuals
* different environments where individuals are growing

* and interactions between the genotypes and the
environments in which they grow

19



Mendelian (Monogenic) vs. Complex (Polygenic)

* Mendelian (Monogenic) = Qualitative

— Single gene responsible for most of the observed
phenotypic variance

« Complex (Polygenic) = Quantitative

— Multiple genes with gene % gene, gene X environment
interactions contributing to phenotypic variance

MOJIEKYIEPHAS DKQIOTHA, 28 vanra 2017, Bropuui #1 |

Expression of genetic variation

Nucleotide variation in DNA sequence
(mutations & epigenetic modifications)

regulatory | protein coding regions (1%)| protein coding region |non-coding regions, introns,
regions (62%)|| exons: non-synonymous exons: synonymous |5’ & 3’utrs, 1ntergenic space

‘ regulatory factors variation ‘ ‘ protein varlatlon “s1lent” variation ‘

)( neutral
Phenotype:
Morphological variation
Physiological variation
Behavioral variation

1

Environmental V{riation e
y | /

=P inherited

=P non-inherited

Epigenetic variation

> both (rever51ble) t‘
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How to measure genetic diversity in populations?

1) Traditional methods

— field or common garden experiments (provenance, progeny and
clonal tests)

— molecular genetic markers: advantages and disadvantages; summary
statistics

— Quantitative Trait Locus (QTL) Mapping

2) Modern population & ecological genomics approaches
(kypc «I'eHOMUKQ) HA CJe/l. Heaee)

— new type of functional genomic markers

— use of adaptive trait related candidate genes in population studies
— association mapping with phenotypic and environmental variation

— detecting selective signatures and loci under adaptive genetic
divergence in natural populations using neutrality tests and outlier-
detection approaches Kpyrosckuit K. B. O1

I'IOI'IyJ'I;ILI,I/IOHHOVI FeHEeTUKU K
I'IOI'IyJ'IﬂLlVIOHHOVI reHomuke

— differential expression, transcriptome profiling, etc. |necisx apesectsi siaos:

WHTerpmpoBaHHbIi

Integrated approach: 1) & 2)|wze i e 200e.t.

MOJEKYIAPHAS SKOQIOI ML, 28 vapta 2017, Bropuu 42. Ne 10. C. 1304-1318.

Nature (Genotype) vs. Nurture (Environment)

How to separate the two?
Common Garden Exp.

Example: Altitudinal gradient

v

Gene

ﬁ Environment

Mixture of both

21



Nature (Genotype) vs. Nurture (Environment)

Monozygotic (identical) twins: How to separate the two?

no one gefs fo tell my kids

[

They're Not identical

1RO OOOR O RRORR ORRARI AR
Not if that's the identity they choose.

MO,

I'eorpadgmyeckue KyJbTYpbI
(provenance, progeny and clonal tests)

USDA Forest Service Pacific Weyerhaeuser Company runs
Northwest Research Station runs an  clonal evaluation of phenotypes in
ecogeographic study of Douglas-fir ~ loblolly pine and Douglas-fir

USDA Forest Service Dorena Tree Improvement Center runs a
white pine blister rust screening program in sugar pine

MOJIEKY.IAPHAS JKOIOTHA, 28 vapia 2017, Broouus, 41 |
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I'eorpadgpmueckue KyJabTYpbI

* TloMorau MHOTO y3HaTh 00 aJanTUBHON N3MEHYUBOCTH
CJIOHBIX TIPU3HAKOB KaK HA MaKpo-, TaK U HA MUKPO-
HKOJIOTUYECKOM YPOBHE

e JloMoraroT BBISIBUTH reorpadmt{ecm/le pasimuus B
nNoMmyJIAnuAX JICCHBIX ACPEBLEB, TAKUC KAK IMUPOTHLIC UIIN
BBICOTHBIC KJIIWMHBI

° BpeMH " TpyAO03aTpaTHbIC, OTHOCUTCIIbBHO AOPOTHU U
OCHOBAHBI UCKJIFOYUTECIIBHO Ha (I)CHOTI/IHaX

¢ MoryT oueHUBaTh TEHETUYECKHUE TTaPAMETPBI, HO TOJIBKO 10
M3MEPSAEMBIM MPU3HAKAM, a HE IO OTAEIbHBIM I'€HaM

* He nmarot nadopmaIuio o ToM, KaKue UMEHHO TeHBI U
CKOJIBKO M3 HUX Y4YaCTBYIOT B aIaliTAllMM, a TAKXKE O TOM,
HACKOJbKO (DeHOTHUIHUYECKass U3BMEHYHNBOCTh MOXKET ObITh

00BsICHEHA TEHETHYECKOM M3MEHUYMBOCTEHIO THX T'€HOB H

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1

THunbl reHeTHYeCKO U3MEHUYHNBOCTH U TeHEeTHYECKUX MapKepPoOB;

e ['eHeTHUECKaAsI N3MEHUNBOCTD SBIISICTCS BaXKHEHIIINM H HGO6XOI[I/IMI>IM
KOMIIOHEHTOM 3BOIIONNH. | eHeTHIecKkas ajganrangus U 3BOJIFOIIMS
HEBO3MOYKHBI 0€3 "€ HETHYECKOM U3MEHUYHNBOCTH. HOHy.]'ISII_[I/II/I
OpraHru3MOB HE MOT'YT MCHATBHCS C TCUCHUEM BPEMCHU, €CJIN YJICHBI
O9TUX HOHy.]'IfII_II/Iﬁ HE MCHSAIOTCH.

* Myramuu - 3T0 OCHOBHOW UCTOYHUK T'€HETUYECKOU N3MEHYUBOCTH,
KOTOPBIE MOTYT BO3HHUKATh Pa3HbIM 00pa3oM, HO OTHOCHUTEIIHBHO
CIIy4JaiiHoO, 0€3 yueTa «HYXI» OpraHu3Ma.

* Ha renernueckyro U3MEHUYUBOCTh U CTPYKTYPY MOMYJISIIUH BIUSIOT
TaKKe 1Bl psa Apyrux (pakTopos:

» reHeTHYeCKast PEKOMONHAIHS
» crcTeMa CKPCIHBaHMS
» 9BOMIOLIMOHHBIE (HaKTOPBI (0TOOD, TeHETHYECKHI Apeiid u ap.)

» akonorndeckue GakTopsl (aeMorpadusi, HapUMep, MOMYJISIIUN, KOTOPbIE
MOCTPAJIANIU OT CIIy4aiHON 3KOJIOTHYECKO# KaTacTpodbl, MOI'YyT UMETh COBEPILICHHO
pa3HbIe TEHETHYECKHE CTPYKTYPHI, YeM Te, KOTOpBIe He ocTpanany. [lomymsim,
KOTOPBIE PaCIIUPSAIOTCS WITH CKUMAIOTCS, TAK)KE MOTYT OBITh OYE€HB Pa3HBIMU
TeHETHYECKH, YeM IOIYJISALNH IIOCTOSHHOTO pa3Mepa)

MOJIEKY.IAPHAA JKOIOTHA, 28 vapa 2017, Bropuus, 41 |
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I'eHernyeckue Mmapkepbl

['eneTnyeckuii Mapkep - J€rko UACHTUPUIMpPYEMas YaCTh
reHeTHYEeCKOro Marepuaiia, oosraHo JIHK mnm ero mpoykra,
KOTOPBINA MOKET MCIOJIb30BaThCS ISl TEHETUYECKON
UACHTU(PUKAIMH (TEHOTUITMPOBAHUS) KIETOK, MHAUBUIYYMOB,
MONYJIALMI WA BUJIOB

I'enHoTHIIMpOBAaHNE MOXKET MPOBOAUTHCS Iy TEM:

— W3MEpEeHUs WK OICHKH (HEHOTUIHYECKUX MPU3HAKOB (MOP(HOIOTHIECKUE HITH
(hmznomornIecKue MapKephl);

— 9KCTpPaKIHH C IOCIeAYyIINM PPaKIMOHUPOBAHUEM B TeIIb-3JIEKTpodopese 1
BU3yanu3anuei hepMeHTOB, OCIKOB WIH META0OIUTOB (T OMOXUMHYECKUX
Mmapkepos) i GparmenToB JJHK (mms JJHK mapkepoB) u3 pa3nnvHBIX TKaHEH
PACTEHHH MM XXMBOTHBIX (HalIpHMep, JIUCTHEB, MOYEK, CEMSH, KICTOK KPOBH

T.J.)

— CEeKBEHHpOBaHHUE (MIPOYTEHHUE) HYKICOTHIHBIX mocienoBaTenbHocTel JJTHK nmm
PHK;

— mnpeoOpa3oBaHUE MOTYYECHHBIX HAOIIOICHUH B TCHOTUIINIECKUE JaHHBIC
(Hanpumep, OTAENbHBIC TEHOTHUIIBI, AJIVIEIBHBIC YaCTOTHI U T.JI.) H

MOJIEKYIEPHAS DKQIOTHA, 28 vanra 2017, Bropuui 21

I'eHeTHYecKHe MapKepbl

* Morphological (seed color polymorphisms,
mammal coat color polymorphisms, etc.)

» Physiological (resistance/susceptibility to insects
or disease)

* Molecular genetic markers used in Molecular
Ecology or Ecological Genetics

— protein polymorphisms (€.g., allozymes)

— DNA polymorphisms (RFLPs and PCR-based, such
as RAPDs, AFLPs, SSRs, SNPs, etc.)

— epigenetic markers (MS-AFLP, bisulfite sequencing) {q
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IIpeumyiecTBa MOJIeKY/JISIPHO-TEHETHYECKIUX MAPKePOB

¢ HCIIOCPCACTBCHHO OTPaAXKaAIOT OCHOBHOU Imponecc
9BOJIIOIUHU - USMCHCHHUA B HACJIICACTBCHHOM MATCPHUAJTIC

* MOTYT OOHAPYXUTh PA3IUUUE TAKE MEKITY
OJIM3KOPOJICTBEHHBIMHU OpPTaHU3MaMH (JJa)kKe TEMHU,
MEXIY KOTOPBIMHU HET (PEHOTUITUYECKON pa3HULIbI)

* HE 3aBUCST OT OKPYXaroIen cpebl (B OTIINYUE OT
HEKOTOPBIX MOP(POJOTUUECKUX MPU3HAKOB)

* TaK KaK MyTalMi OOBIYHO MPOUCXOAST KaK CIIy4YaiHbIe
COOBITHS C ONPENEIEHHON YacTOTON (BEPOSITHOCTBIO),
TO KOJIMYECTBO MYTalUN MOKET ObITh UCIOIB30BAHO
JUTSL KATMOPOBKH 3BOJIFOIIMOHHOTO BPEMEHH

(MOJIEKYISIPHBIX YaCOB)

Henocrarku? fq
MOUIEKYIAPHAA JKOIOIHE, 28 vapta 2017, Bropuus, #1

MoJiekyJISIpHO-T€eHETHYEeCKHEe MAPKePbI

* BHECJH OOJBIION BKJIaJd B IOHUMAaHHUC:

IIOTOKAa I'€HOB

— THOpUIU3AIIT

CTPYKTYPHI IOITYJISILUI

reHeTUYeCKui apeid
— CHCTEMBI CKPEUIHBAHUS
* B YaCTHOCTH, B MOJICKYJIAPHON SKOJIOTHUU:
— M3MEpEHHEe TeHETHUECKOro pazHooOpasus u auddepeHunanim

— IPOBEPKY Pa3HbIX THIIOTE3 MUTPALIUU

pacupoCTpaHCHUC ONPCACICHHBIX 'TCHOTUIIOB OIIOCPCA0OBACHHOC
YCIOBECKOM

OIMMUCAHUC CUCTEMBI CKPCIIMBAHUA 1 ITIOTOKA T'CHOB

MOJIEKY.IAPHAA JKOIOTHA, 28 vapa 2017, Bropuus, 41 |
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TpaI[I/IIII/IOHHbIe MOJICKYJ/ISAPHO-TCHETUICCKHUE MAPKEPDI
» Annosumsl unu U3odepmentst (Allozymes)

* [TomumophusMm 1JIMH pecTpUKIMOHHBIX (pparmMenToB (Restriction
Fragment Length Polymorphism - RFLP)

* [Tomumophu3M AJTUH PECTPUKIIMOHHBIX aMIUTA(DUITUPOBAHHBIX
¢parmentoB (Amplified Fragment Length Polymorphism - AFLP)

* Cnyuaiino ammmgunmpyemas noaumopduas JJHK (Random
Amplified Polymorphic DNA - RAPD)

* Pectpuximonsslii ammmnduuupoBanuslii monmumopousm (Cleaved
Amplified Polymorphism - CAP)

* Muxkpocarenutsl win [Ipocteie moBTops! (Microsatellites or Simple
Sequence Repeats - SSRs)

These traditional markers have different advantages and efficiency in
addressing conservation genetics problems (reviewed in Krutovsky, K. V.
and D B. Neale, 2005 Forest genomics and new molecular genetic
approaches to measuring and conserving adaptive genetic diversity in
forest trees. In: Th. Geburek & J. Turok (eds.) Conservation and
Management of Forest Genetic Resources in Europe, Arbora Publishers,
Zvolen http://www.fao.org/DOCREP/003/X6884E/X6884E00.HTM). !

Anno3umbl Wi U3odpepmentsl (Allozymes)
Advantage: . ................ Disadvantage:

. i L - . .
* Genic | eetseeseert| | 1 imited number

eeeeeeeeeeeeee

. b .
* Inexpensive ~; ;.. :..:... * Biased

e Codominant 3| .":: _ - 77|+ Only nonsynonymous
variation

* Hidden alleles
* Untested orthology

* Reproducible
* Easy to develop & assay

* Amino acid substitutions ) ]
(nonsynonymous * Tissue demanding

variation) * Observed polymorphic
* Relatively polymorphic

alleles are under strong
balancing selection

= Automation is
impossible
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Allozyme markers applications

Measuring genetic variation limited

Measuring population genetic structure

and differentiation limited

Estimating introgressive hybridization,

migration or gene flow limited

good, but limited

Studying phylogeny or taxonomy to closely related
taxa

Characterizing mating system and limited

paternity analysis

Genecology poor

Individual identification or DNA oor

fingerprinting p

MOJIEKY.]

Kak qimarHocTupoBarthb
U3MEHYUBOCTH 0€JIKOB

* HempsiMOe cpaBHEHUE (DOPMBI U 3apsiia
OCPENICTBOM 3JIeKTpodopesa u
BU3yaJIM3allMU B arapo3e Wiu
NOJIMAaKPUIIAMUHOM Telie

* MPSIMOE CPABHEHUE aMUHOKHUCIOTHBIX
MIOCIIEIOBATENBLHOCTEN, TPAHCIUPOBAHHBIX
13 HYKJICOTHUIHBIX MOCJIEI0BATEIIBHOCTEN




Hoammop¢pu3M IJIMH PeCTPUKIHOHHBIX (pparMeHToB
Restriction Fragment Length Polymorphism (RFLP)

Advantage:

« Numerous Disadvantage:

« Codominant * Laborious

« Inexpensive « Complex patterns

* Reproducible * Large amount DNA
required

* Representative

* Anonymous

* Relatively polymorphic

* Untested orthology

§e-c-=_-czeslss=Talile | o Aytomation is

difficult

RFLP applications

Measuring genetic variation limited
Measuring population genetic structure .

and differentiation limited
Estimating introgressive hybridization, limited

migration or gene flow

Studying phylogeny or taxonomy

good, but limited to
closely related taxa

and questionable for
organelle markers

Characterizing mating system and

paternity analysis limited
Genecology poor
Individual identification or DNA good

fingerprinting
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Amplified Fragment Length Polymorphism (AFLP)

Advantage: Disadvantage:
* Numerous * Anonymous

* Moderately expensive ¢ Dominant

- Very polymorphic « Untested orthology
S * Difficult to score

* Technically demanding

» Requires high quality

[T and quantity of DNA

* Questionable
reproducibility

* Low transferability
across species

Z Bropuui, #1

AFLP applications

Measuring genetic variation

good

Measuring population genetic structure

and differentiation

good

Estimating introgressive hybridization,

migration or gene flow

poor

Studying phylogeny or taxonomy

limited

Characterizing mating system and
paternity analysis

poor

Genecology

poor

Individual identification or DNA
fingerprinting

poor

nnnnnnnn
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Random Amplified Polymorphic DNA (RAPD)

Advantage: Disadvantage:
* Numerous * Anonymous
* Inexpensive * Dominant

* Easy to develop & assay  * Untested orthology
* Very polymorphic

* Low transferability
across species

‘....-....-..... ------ Based on single short

. (usually 10 bp long)
random PCR primers

* Low reproducibility

&

RAPD applications

Measuring genetic variation good
Measuring population genetic structure and ood
differentiation g
Estimating introgressive hybridization, oor
migration or gene flow p
Studying phylogeny or taxonomy limited
Characterizing mating system and paternity oor
analysis p
Genecology poor
Individual identification or DNA oor
fingerprinting p
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Cleaved Amplified Polymorphism (CAP)

Advantage: Disadvantage:
* Numerous * Laborious and expensive to
develop

* Codominant
* Requires upfront discovery of

restriction site polymorphisms
» Reproducible or sequencing

* Easy to assay

* Polymorphic * Selective genotyping

Derived Cleaved Amplified Polymorphism (dCAP)

= Restriction sites can be introduced in the PCR
amplified sequence using modified PCR primers

= Requires upfront sequencing

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1 |

Cleaved Amplified Polymorphism (CAP)

aka PCR-RFLP: C/T SNP
Barley EST marker GBS0734
a) EcoR Y Y
140 — lal 170 180
samaleaaalaaaal vl"'I'"'l""l""l""l""l
1 CACTGTGTTGCARGEE T A TEETCARCT TAAT TGCETGCGAGEET GCGGA
F CACTGTGTTGCAAGGG . TATRGTEARCTTAATCGCGTGTGAGEEGTGUGGE A
s CACTGTGTTGCAAGGEEATATIH GT&-‘-.'-CTT.'-:‘ TCGCGTGTGAGGGTGCGEA
M CACTETETTECANGEES T TEAACTTAATTGCETGCGAGEETEOGEN
D CACTGETETTGCANGEZ T AT EGTAACTTAATCGCETGTGAGEET GCGEA
R CACTGTGTTGCARGEHSNTATEETAAACTTAATCGCGTCTGAGGETGCGEA
B CACTGTGTTGCANGG: " TAITGTOAACTTAATCGCGTGTGAGEGTGCGEA
Sp CACTETETTGCARGEE T ETCRACTTAATCEGCETEGTGAGEETECGER
b) EcoRV
L L
344
1946
148
MONEKYIAPHAA DKOJNOTHAL 28 Mapra 2017, k3l |
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Derived Cleaved Amplified Polymorphism (dCAP)

* dCAP assay is a modification of CAP
technique for detection of SNPs.

* A mismatch or micmatches in PCR primer

are used to complement a target SNP and
to create a restriction endonuclease (RE)
site that includes this SNP.

» The modified PCR product is then
subjected to restriction enzyme digestion
and gel electrophoresis, and the presence

or absence of the SNP is determined by the

resulting restriction pattern.

* This technique is useful for genotyping
known SNPs or mutations and for genetic
mapping of PCR amplified DNAs.

* Similar to the CAPS technique, this
method is simple, relatively inexpensive,
and uses the robust technologies of PCR,

The Bsll dCAPS assay: creating the RE recognition
site to discern wild and mutant sequences
BsiT recc@lit:im\site:

C NGG
wild GT GERARG ARGC TCG: Al TTIGGGE
mut —p GTGGAAGARGCT CGRA TTTGGRG

PCRACAP primer -
GCTEGRAAGIAGC TCCRACCAGGC TT TRG

wild —» GTGEARGRAGC TCGAC CREGCTTTEGE6 183 bp

— GTGGRAGRAGC TCGAC CABGCTTTEGAG ........ 183 bp
Bs1T Bs1T recognition site:
digestion CCNNNNNNNGG
22 bp l
wild —p» GTGGRAGAAGCTCGACCAGGCT / TIGGEG ... 161 bp
it —» GTGEARGRAGCTCEACCAGGCTTTGEAG  covveeee 183 bp
Products:
Wild - 161 and 22
Gel et - 183
Neff MM, Neff JD, Chory J

Pepper AE (1998) dCAPS, a
simple technique for the
genetic analysis of single
Mut nucleotide polymorphisms:

.. . . WT — experimental applications in
restriction digestion and standard agarose _ }ﬁi :p Arabidopsis thaliana genctics.
1el horesi P Plant J. 14(3):387-92.
gel electrophoresis. _ 2bp tq
MOUEKY VSPHAS KOIQUUSL 28 vapta 2017, Bropuus, 41

Derived Cleaved Amplified Polymorphism (dCAP)

Fme mapping of the gravitropic tomato mutant /azy-2 in
. . Lycopersicon esculentum

Chromosome 5

cM
4 ross

— rosos
F— 122 (Tos1s, cT185TG1008)

— CT201A, (ACC4)

— cT202

IS

—f— Te318

MOJIEKY.IAPHAA JKOIOTHA, 28 vapa 2017, Bropuus, 41 |
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CAP or dCAP applications

Measuring genetic variation good
Measuring population genetic structure and 0od
differentiation g
Estimating introgressive hybridization, 0od
migration or gene flow &
Studying phylogeny or taxonomy good
Characterizing mating system and paternity ood
analysis g
Genecology good
Individual identification or DNA ood
fingerprinting &

Microsatellites or Simple Sequence Repeats (SSRs)

Advantage:
* Numerous

* Codominant (mostly)

* Reproducible (within
species)

* Relatively easy to
assay

* Very polymorphic

» Automation 1s
possible

MOJIEL

Disadvantage:

* Nongenic
* Expensive to develop

* Frequent return
mutations

* Frequent null alleles

s [ ow transferability
across species
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SSRs applications

Measuring genetic variation good
Measuring population genetic structure and 0od
differentiation g
Estimating introgressive hybridization, limited to within
migration or gene flow species analysis
Studying phylogeny or taxonomy poor
Characterizing mating system and paternity verv 200d
analysis Y e
Genecology poor
Individual identification or DNA verv 200d
fingerprinting v e
MOUIEKYISPHAS SKONOTUS, 28 vapta 2017, Bropuui, &1 tq

Microsatellite (SSR) markers in Douglas-fir

ABI377 multiplexed gel image of nuclear microsatellite DNA
fragments amplified by PCR with fluorescent labeled FAM (blue),
TET (green) and dye primers

Slavov, G.T., G.T. Howe, 1. Yakovlev, K.J. Edwards, K.V. Krutovsky, G.A. Tuskan, J.E.
Carlson, S.H. Strauss and W.T. Adams, 2004 Highly variable SSR markers in Douglas-fif

Mendelian inheritance and map locations. Theor. Appl. Genet. 108: 873-880. Eq

MOUEKYIAPHAA JKOJIQIUA, 28 wapta 2017, Bropuus, #1
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Chloroplast minisatellite marker in Douglas-fir

ABI377 gel image of chloroplast minisatellite “hot-spot” DNA fragments

amplified by PCR with fluorescent labeled FAM (blue) dye primers

1145
1115

1058
1050
1035

968
922

862

846 827

690

574
536
ab ab ab ab ab ab ab ab ab ab ab abab ab
62 70 495 496 500 519 538 547 548 549
Bud DNA samples from paired ramets (a, b) of 14 RCTL clones
MOIEKYIAPHAA DKOIOUMS, 28 Mapia 2 Bropuue, #1

Microsatellite markers in paternity analysis:
Douglas-fir clonal orchards

Genome  Marker Number of Hetero-  Exclusion probability

RCTL clones alleles  zygosity Single Cumulative

nSSR ACS 18 12 0.8897  0.5581  0.5581

AG20 18 10 0.8746  0.5348  0.7944

AC8 15 9 0.8828  0.5369  0.9048

AG38 13 9 0.8492  0.5096 0.9533

AG10 19 6 0.7624  0.4510  0.9744

AG2 17 5 0.7469  0.4363  0.9856

cpSSR #17 19 10 0.7624  0.4597  0.9922
Mean 17 8.7 0.8240  0.4981

11 allozyme loci 70 2.7 0.2160 0.7560

The Timber Company, Cottage Grove, Oregon

MOJIEKY.IAPHAS JKOIOTHA, 28 vapia 2017, Bropuus, 41
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Paternity analysis in the Douglas-fir seed orchard
using microsatellite markers

Expected power of microsatellite markers in
the paternity analysis in the RCTL block of the
Douglas-fir seed orchard

1.00

o

©

o
L

0.80
0.70 -
0.60
0.50
0.40

Single marker ExcP
—&— Cummulative ExcP

Exclusion probability

) NI o Q AN L
) v ($) %) N O )

Microsatellite marker

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1 |

Kak nmarnoctupoBartb u3MeHUYHBOCTH JIHK

* Henpsimbie MeToAbI

— AJUIO3UMBI M 0€JIKM: SKCTPAKIU U3 TKaHH, JIEKTPo(opes, OKpalInBaHue U
BU3yan3alys OEIKOBBIX MPOJIYKTOB B IIOJIMMEPHOM (arapo3HOM HIIH
TIOJIMAaKPHUIAMHUTHOM) TelIe

- RFLP: skcrpakiusa JJHK, paciienienne pecTpuKIMOHHBIMA ()epMEHTaMHU,
anekTpodope3 B HOIMMEPHOM (arapo3HOM WIIHA MOJTHAKPHUIIAMHIHOM) TeJIe,
OJOTTHHT, TUOpUAN3AIHS, SKCIIOHUPOBAHIE U BU3yaJH3aLUsl PEHTT€HOBCKON
TUICHKH

- RAPD: skcrpaknus JJHK, ML P-ammnudukaims ¢ ucnoyib30BaHueM
HecTenn(UIecKruX MpaiMepoB, 3JIeKTpodopes B MOTMMEPHOM (arapo3HOM WITH
NOJIMAKPUIIaMHTHOM) Telte, okpainBanue EtBr wim cepeOpom u Bu3yanusanus

- VNTR /STR, SSR: skcrpakmus JHK, ITIP-ammmudukanys ¢ MCroib30BaHIEM
crienuduIecKux npaiMepos, 3JeKTpodopes B OJINMEPHOM (arapo3HOM HIIH
TIOJIMAaKPHUIAMHUTHOM ) TeJIe, HCIIOIb30BaHue (DITyOPECIICHTHOH METKU HIIH
okpamnBanue EtBr unu cepeOpom n Bu3yanuzanus

- EcoTILLING: skctpakius JJHK, TTIP-ammmudukanys, reHaTypanus,
peHaTypans, epMEHTATUBHOE PACILEIICHNE HYKIIea3aMu, PexXyILUMHU
onnouenounyio JJHK B mecte reTepomyiexcos, 3eKTpodope3 B MOTUMEPHOM
(arapo3HOro WK MOJNUAKPHIAMHIHOTO) relie, okpamuBanue EtBr nin cepedpom u
BU3YyaTH3aIHA
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Kak nuarnocrupoBars udMeHUYnBOCTH JIHK

* IIpsimbie MeTOABI

- [N P-ammumndukanus, CeKBEHUPOBAHNUE aMIUIMKOHOB

— [IP-ammmudukarusi, SNP-renoTunupytomue
m1atopmbl (CKaHEePHI)

— reHOTUINIMPOBAHUE Yepe3 CeKBEeHUPOBAHUE
(genotyping by sequencing)

OcHoOBHBIE HCAOCTATKHA TPAANIHNOHHBIX
MOJICKYJJISAPHO-TCHETUICCKUX MAaPKEPOB

HensBeCTHBI:

* XapakTep IeHEeTUYSCKOW N3MEHUHNBOCTH
(KOIMPYIOIIHE WA HEKOIUPYIOIIHE JIOKYCHI,
CHHOHUMHYHBIC UM HECHHOHUMHUYHBIC
HYKJICOTHUIHBIC 3aMCHBI - 32 HCKIIOUYESHUEM
amo3umoB U dCAP)

* OTHONICHHUE K PEHOTUITNYECKON U3MEHUYNBOCTH
* CEJICKTUBHOE 3HAUCHUE ajliesied U TEeHOTUIIOB

* TarIoCTPYKTypa

* YPOBEHb DKCTIDECCHHU

bl IPAKTUYE€CKHU HUYCI0 HE 3HAEM 00
AJAIITUBHOM 3HAYCHUU HaﬁJ’l]O[[aeMOﬁ reHeTHYeCKOH N3MEeHIHBOCTH!

MOJIEKY.IAPHAS JKOIOTHA, 28 vapia 2017, Bropuus, 41 |
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HNpeanbHbIN MapKep AJisd OMCHKHA aJalTUBHOM M3MEHYHUBOCTH
AOJIZKEH COOTBETCTBOBATH CJICAYHOIIMM KPUTECPUAM:

* OBITH HCIIOCPCACTBCHHO BOBJICYCHHBIM B FeHETUYCCKUU
KOHTPOJIb aJalITUBHBIX IIPU3HAKOB

* UMETh U3BECTHYIO nocienosarenbHocTh JJHK, nmonoxenune
B TCHOME U U3BECTHYIO (DYHKIIHIO

* OBITH JICTKOAOCTYIIHBIM AJIAA I'CHCTHUYCCKOI'O aHaJIn3a

* UIMETh JIETKO UACHTUDUIIUPYEMYIO AJIJICIbHYIO
U3MEHUYHUBOCTD

* OBITH JIETKO MCITOJIb30BAHHBIM AJIA pa3HbIX HOHYJ'ISII_II/Iﬁ 1 BUOOB
Hu onuH TpaguIMOHHBII MapKep MOJIHOCTHIO He YI0BJIeTBOPsieT BCeM 3THM KpUTepHusimM!

HoBbIl KJacC NePCHeKTUBHLIX MAPKEPOB,
KOTOPBI, VIOBJCTBOPAET 00JLINHHCTBY, €CJIH HE
BCEM ITHM KPUTEPHUAM, MOABUJICH HEIABHO B

pe3yJbTrare FreHOMHBIX HCCJIeOBAHUM. !

MOJIEKYIAIPHAS DKOIOTHEA, 28 Mapta 2017, Bropunis, #1

HoBbIi KJ1acC PYHKIMOHAJIBHBIX
reHOMHBIX MapKepoB Ha ocHoBe IILIP:

s AMIIIMGUIIMPOBAHHBIE PAIOHBI C OXAPAKTEPU3OBAHHOMN
HYKJICOTUJIHOW MOCIIEI0BATEIbHOCTRIO (Sequence
Characterized Amplified Regions (SCAR) or
Sequence Tagged Sites (STS)

* MapkepHasi SKCIpeCcCUPYIOLIAsiCs MOCIe0BATEIHLHOCTD
(Expressed Sequence Tags -ESTs)

I'eHeTHYecKasi N3MEHYUBOCTH I TUX MAPKEPOB B OCHOBHOM
NpeacTaB/ieHa OTHOHYKJIeOTHIHbBIMH MOJUMOpdUu3MaMu
(single nucleotide polymorphisms - SNP), koropbie B
OCHOBHOM SIBJISIIOTCS IBYaJLJIeJIbHBIMH M XOPOIIO MOAIAK0TCS
BBICOKONPOU3BOANTETHLHOMY FreHOTUITHPOBAHUIO B 00JIbIIIOM
NONyJISINUHHOM MacuTabe. {q
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Developing new genomic markers using
high-throughput massively parallel next
generation sequencing (NGS)

« EST or transcriptome (total mRNA) sequencing
(RNA-seq) (mostly SNPs in coding regions of
expressed genes)

* whole genome sequencing (all SNPs)

 partial genome sequencing (subsets of SNPs):

— target sequencing using target enrichment methods

— restriction site associated DNA (RAD) sequencing

MOJIEKYISP] N Z Bropuus, #1

Gene and SNP discovery via expressed sequence tag (EST) or transcriptom
sequencing (RNA-seq) and genomic markers 5

development

tissue-specific
mRNAs isolated
from xylem

genome.

G |METHIONINE

—
Cc
A | G\_UTN\A\NE

HEE

QF 0>O-|0>-—%2

Massively parallele high-throughput

mess?n\g;r RNA (mRNA) .

gene protein equcnfmg using next generation sequencers

{TTATTH il -::‘.. frul:. 1:'(-.\.1‘ il
DNA chromatogram

""" DNA homology
search, contig
and unigene set

genotyping and
phenotyping in quantitative trait loci  expressed se

segregating or natural (QTL), candidate gene single nu
population or association mapping

assembling q
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Genomic markers development and genotyping using next generation sequencing

bar-coded DNA

/' or mRNA .
. - next generation
library pools \ g

individual genomic or high-throughput

massively parallel

mRNA (tissue-specific 1) RAD i DNA sequencing
. or total) complexity (NGS)

reduced, or 2)
/ target-enriched
individual genomic DNA

genomic DNA| |bar-coded pools| pE& g image 5

2 |l analysis ©
_—
{THT "' - [
! »'[
genotyping and quantitative trait loci L ol b
phenotyping in (QTL), candidate gene [P
mapping or natural or association mapping DNA chromatograms
population
8ep .
Cing
b (GBS) [ sequence
T g;\gl;-denilty SUPER COMPUTER proces;:‘ng,
high-throughput oarer r-— assemoing
SNP genotyping development and analysis t‘
MOIEKYIAPHAA DKOIOUMS 28 Mapia 2017, Bropuui, #1

SNPs discovery and analysis

Traditional (old) approach for SNPs discovery via
amplicon sequencing:

® selection of genes using available RNA or DNA sequences

® design of single gene member specific PCR primers PCR
amplification and sequencing gene fragments from a population
sample

® estimation of nucleotide diversity

® selection of SNPs for genotyping of population samples

Modern approach for SNPs discovery using next-
generation sequencing (NGS) and high throughput SNP-
genotyping platforms:

® NGS allows to sequence simultaneously population pools
consisting of multiple individually barcoded samples
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SNP detection in silico

Alignment for the contig of the light harvesting chlorophyll a/b-binding protein gene
assembled from sequenced mRNA isolated from 24 Douglas-fir trees

TEBEIZ LT, 1 1 e
A8 A0 ¢ 1, 434 1o S

T3 123AD011. 64 bs 1428
TIBATONLY, £ e 1 08

TROATE AN 1, 040 0 1,303

T 53E00.1.1, 540 45 1,05
TAAAISA 11 Sa 10 1,200

T304 FOZAL, 500 0 1424

T TEGELY, S e 1,05

T ASA0D ¢ 1500 10 1,308
738 1EAEQ3 A1, TO5 b 1.5

penemnn | — ESTs or
TR T — RNA-seq

THE 13080840, 103 |°|_\:n3
THETISDO LY, 1008 3 1
I 081 1 %801
TaeTIAcoRr Y. 1T BN 03
TIAALE0R {1, 1301 ta 2000
| 738 12000 01,1448 1 2187
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Genotyping of PCR-based genomic markers:
doesn’t require a priori SNP discovery:

(1) Restriction enzyme cutting (CAP)

(2) Single Strand Conformation Polymorphism (SSCP)

(3) Denaturing Gradient Gel Electrophoresis (DGGE)

(4) Denaturing High Performance Liquid Chromatography (DHPLC)

(5) Direct genotyping by sequencing (GBS) either using single amplicons (Sanger o
NGS) or total DNA (NGS)

requires a priori SNP discovery:
(1) Restriction enzyme cutting (dCAP)

(2) Single nucleotide extension (e.g., fluorescence polarization detection; Amplifluor
universal energy-transfer (ET) labeled primers; microarrays; mass spectrometry, such
as, MALDI-TOF or Matrix-Assisted Laser Desorption lonization - Time Of Flight)

(3) Oligonucleotide ligation assay (OLA)

(4) Exonuclease detection (TagMan)

(5) Invasive cleavage of oligonucleotide probes (invader assay)
(6) SNP genotyping assays (Life Technologies TagMan® SNP Genotyping Assays; tq

Illumina GoldenGate, Infinjym, etc.) N
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Genetic Markers: Desirable properties

Depending on our purpose, we may desire genetic
markers to be:

— biparental inheritance (nuclear), maternal (mitochondrial), or
paternal (chloroplast)

— dependent or independent from environment (controlled by
environment or by genotype; respectively)

— co-dominant inheritance (to be able to discriminate homo- and
heterozygotes)

— polymorphic or monomorphic

— subject or not subject to selection (selectively neutral)

— phenotypically important or unimportant (e.g. DNA forensic loci)
— easily detectable and highly reproducible

— inexpensive for development and assay iq
MOUIEKY IAPHAS SKONOTIS, 28 vapra 2017, Bropuu, &1

I'eneTnueckue Mmapkepsbl B
MOJICKYJISIPHOU IKOJIOTUU

° Onpene.nem/le OTACJIBbHBIX TCHOTHUIIOB
® OHeHKa TF¢eHOTHIINYCCKHUX U AJIVICJIbHBIX 4aCTOT

* CpaBHeHHe HA0/II01aeMbIX TEHOTUITHYECKUX YACTOT C
03KH/Ia€MbIMH COIJIACHO PaBHOBecHI0 Xapau-BaiinOepra

® CpaBHeHl/Ie qacToT
v MeKIy NonyIsuusiMu
v MeKIY JOKATBLHOCTAMH

v BO BpeMeHH (T.€., B TOKOJEHHUSX)
» lemorpaduueckuii aHaaus

° I/I3yqe1me BSaHMOI[eﬁCTBHH ajienen PAa3HbIX JJOKYCOB

* OnucaHue YPOBHS M pacnpeieeHNsl FTeHETHYeCKOH
U3MEHYHMBOCTH Eﬂ

MOJIEKY.IAPHAS JKOIOTHA, 28 vapia 2017, Bropuus, 41
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