Exprimované geny a
prirodni selekce
Produkty funkcnich gent a

jejich vyznam v ekologickych
studiich



Geny a adaptace

- studium selekcnich tlakd danych prostredim a evolu¢hni odpovédi
na hé — vznik adaptaci, tj. geneticky podminéné prizplsobeni
se prostredi (vs. fenotypova plasticita)

* napr. interakce s abiotickym prostredim




Pro¢ geny v molekularni ekologii?

Geny maji funkcni vyznam - geneticky determinovany
polymortismus

-> studium proximdatnich mechanismd

Pr.: Pro¢ je samec hyla rudého ¢ervené zbarven?

ultimatni vysvétleni - aby se libil samicim a zplodil s nimi vice
potomku

proximatni vysvétleni - protoZe karotenoidy ziskané z_
potravy ukladd vice do pefi a méne je pouZiva v imunitni
odpovédi (protoze ma dobré geny)



Funkéni vs. neutralni geneticka variabilita

kddujici DNA = funkéni geny

fenotyp
JpFirodni vybér

nekddujici DNA
(repetice, pseudogeny,

introny atd.) adaptace ke

specifickému
prostredi

97% lidské DNA nic nekodujelll



Jak relevantni je informace ziskana z
genetickych dat

Priklad: 10 microsateliti
= neutradlni znaky"

|

v populac ne-

geneticka str a priori

v inbreeding n;g;rgglenrlﬁk

v bottleneck prirodniho
vybéru

X adaptace

X proximatni evoluéni
mechanismy



Struktura gent

*Exons - protein coding, under selection
*Introns - honh-coding, neutral
*Intergenic regions > non-coding, neutral

| ) Exon Exon Exon Exon Exon
Intron Intron Intron Intron
] - - { A B, A L Pyt | N A Tt S A A { L D

Inton  EX°N |ntron Intron Intron

mRNA



Degenerovany geneticky kod

GCT
GCA
GCC
GCG
LC T
GGA

2 2 2 4 4 <

Alanine
Alanine
Alanine

Alanine

- 3rd position evolves neutrally
- 1st and 2nd position under selection



Jak poznat, Ze na dany gen pusobi selekce?

* Gene-free versus species tree

Gene tree

Species tree

.......................................... population Spht

speciation complete

A B

Studium selekce - fylogeneticka analyza



Studium selekce - fylogenetickd analyza

* Gene-free versus species tree

A/<B\C /Q \/B/\c
/AN



Studium selekce - fylogenetickd analyza

* Gene-trees & Selection: The case of C4 photosynthesis

* Christin et al. 2007, Curr Biol
- PEPC gene
—>C4 photosynthesis

Mesophyll
cell

Bundie-
sheath
cell

Pineapple

© CO, incorporated [ == '-:1\ :
into four-carbon Dw acidy
arganic acids /
(carbon fixation) \

Day
) Organic acids

release CDE to
Calvin cycle



| |
N ?%Mn#l}ig“ﬁza tena
ot Wt

anmcum laxum
Panicym pilosum

" EIHASC
enu u
fac Vs

8% ma ena

aleropsrs

Cyrtacoccu

anicum millegrana
Paracumcivu feritm

Acroceras,
Saccmiepls

— Thysanolae

[ = | Y l}f:: spogon
leusine

100
erxmue ferad

100 Msﬁtmueﬂemm

elica
Brachypodium
Nardus z

species-tfree
«infronic sequences

gehe-tfree
coding sequences b

grasses, ppc-C, and ppc-B

grasses, ppc-B1

Christin et al. 2007, Curr Biol



GCT
GCA
GCC
GCG
CCT
GGA

Selekce nha Urovni sekvenci

A 2 4 4 <

Alanine
Alanine
Alanine

Alanine

C—

—

T

Synonymous
substitutions dS

Non-synonymous d
substitutions



Selekce na Urovni sekvenci

- Testing for selection: dN/dS

dS Rate of synonsymous substitutions, ‘neutral’ evolutionary rate

dN Rate of non-synonsymous substitutions

dy/ds =1 as many syn as non-syn substitutions - neutral evolution
dy/ds <1 less non-syn than syn substitutions - purifying selection

‘dy/ds >1  more non-syn than syn substitutions - positive selection
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- convergent evolution!

Christin et al. 2007, Curr Biol



Metody studia funkéni variability

1. Sledovani kandidatnich gend

2. Genomické pristupy (mnoho gent
najednou)



pytlous
Chaetodipus intermedius

Hoekstra, Nachman et al.

A
., |
Arizona New Mexico |
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|
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rock color I |
N=18 N= T'I N 15 N 12 =

Pinacate Avra Valley Portal Armendans

+  Tmavé a svétlé zbarveni
»  Odpovida barveé prostredi (tmavé zbarveni na lavé)




Arizona
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Arizona

-

Korelace zbarveni
s prostredim i na malé Skdle

. Arizona, USA —

Percent reflectance (%)

mtDNA nekoreluje se zbarvenim

(M=24) (N=18) [N=d6) s

Sekvenovani kandiddtnich gent DD Dd dd
(znamych z inbrednich mysi) Mc1r genotype

O'Neill
i

Sonora, Mexico

melanocortin-1 receptor MC1R B

‘Substrate color:

Zameéna 4 aminokyselin e () (D @ 9 Q ¢
5 45

Xmas Tule West O'Neill
T 77 = 2256

Sample size: 6 85

Jednodqchd dédiénost alel a 2
zbarveni o

. Dk mouse
-
) Light mouse —

B2 iE
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53 D
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MCIR u ¢lovéka, mamuta a dalSich

« U Clovéka zrzaveé vlasy a neschopnost se opalit
e Zbarveni krav, konu a psu

* Vyskyt dvou odliSnych variant u mamutu

A extracellular
mammioth
allele 1
J NS
A ] — axtracallular
Thr' Ala J.'I ,n:}.h ™
mammoth
allele 2
1



Sledovani mnoha genu najednou



GUANINE

THYMINE —

t N ST~ GYTOSINE

h ij\

e ADENINE
¢DNA > /MRNA\ Esssi=- Proteins
Transcriptio anslaticn
Exome capture
and NGS
Genome Transcriptome Proteome
3 billion bases ~100,000
proteiis
Functional Genomics

Genomics

Proteomics




Transkriptomika

1. microarrays
2. RNA seq (NGS)



1. Analysis of gene expression
by microarrays

Ranz JM, Machado CA: Uncovering evoutionary patterns of gene
expression using microarrays. TREE, 21(1): 29-37



Microarray analysis of transcriptome
(~ specific DNA hybridization)

*

*

* ¥

Probe (i.e. synthesized oligonucleotides
Target (i.e. mix of transcriptsina complementary to particular genes)
form of cDNA = mRNA prepsand do

DNA reverzni transkriptdzou, tj.

neobsahuje introny)



Sledovani exprese gent
microarrays

Sledovdni exprese mnoha (tisice) genl hajednou

ZaloZeno na hybridizaci

Sleduje se rozdil vici kontrole ("heterologous _ Affymetrix
hybridization") = dvoukandlovy experiment Agilent Technologies

Co-hybridization
RNA preparation Labeling and signal
quantification

Experiment
NN NN\
Ve VA Vg AN\

N

Reference

NN\ NN\
—> AN > A\
NN\ NN\




Vyhodnoceni chipu — analyza obrazu
(srovnani urovn¢ exprese mezi kontrolou a experimentem)

- komeréné dostupné pro kompletni transkriptom cca 25 druhl (Affymetrix)
(dal$i jsou rychle vyvijeny, i na zakdzku)
- celkové ale microarrays ustupuji pred RNAseq



Populus
trichocarpa X deltoides

a Malacosoma disstria vourovec
Ralph et al. 2006

cDNA microarray
* 15496 genli > % genomu

* Po 24 hodinach
1191 genli up-regulated
537 down-regulated

* Obrana: endochitinazy, inhibitory
proteaz

« Signalni funkce

* Transport, metabolismus, regulace
transkripce



2. RNAseq
(.next-generation sequencing")



Cost per Human Genome

M
100,000.00

13 years
" ~$3,000,000,000

+I

10,000.00

1,000.00

100, 00

10.00

1.00

Q.10

.01 s, s ©2 Weeks

A 51,000

0.001
1350 L0071 U007 0% 202



RNA-Seq workflow for gene expression analysis

Fragmented mRNA
|

l_ Construct library

cDNA

e ————— e —————————

!

Sequence
Quantitation New transcript
- discovery
- -
— -—
]
Map reads onto
I
the genome l
.
_:_ . e [em———— —
—- . —
Calculate RPKM l l
— I —
[ I
——

2 RPKM 1 RPKM 1 RPKM

List of differentially expressed genes

Adapted from Zeng and Mortazavi, Nature Immunology 13 (2012)



RNA-Seq quantification
(RPKM = reads per kilobase per million reads)

Gene 1 Gene 2

E—— ———i

Actual Read Alignment to Alternative Splice Variants

Transcript 1 Transcript 2 Transcript 3 Transcript 4

The reference transcriptome is required



Gene O nTO l Ogy (http://geneontology.org/)

= functional annotation analysis

zaloZena na databdzich dostupnych anotovanych gent u
modelovych organismu

Cellular Component - the parts of a cell or its extracellular
environment

Molecular Function - the elemental activities of a gene
product at the molecular level, such as binding or catalysis

Biological Process - operations or sets of molecular events
with a defined beginning and end, pertinent to the
functioning of integrated living units: cells, tissues, organs,
and organisms.



Gene ontology as a graph

[ cellular_component | [ biological_process | | molecular_function |

positive regulation of biological

pigment metabolic process pigmentation during
process

during pigmentation development

—

pigment metabolic process
during developmental
pigmentation

negative regulation of
biological process

eye pigment precursor
transport

regulation of pigmentation
during development

n #
-

l“ -
EEEEREBEEES

- -
p—— -
- mmm=

-
-

negative regulation of positive regulation of
pigmentation during pigmentation during
development development

_o—a. o

negative regulation of cuticle negative regulation of eye positive regulation of cuticle positive regulation of eye
pigmentation pigmentation pigmentation pigmentation

Example: A set of terms under the biological process node pigmentation.



Priklady



Jaka je uroven exprese v ruznych tkanich?

(a) % (a) -
9%
O Regulation of transcription

' - srdecni, Cervend a bild svalovina
™\ - rozdily v expresi 113, 81 a 196 gent
- rozdily jsou zplsobeny tkdriové specifickym stupném endotermie

O Transport

OMetabolism

E Protein binding

OProfein bicsynthesis
OLipid metabolism

B Carbohydrate metabolism
O MA

ORegulation of cell cycle

B Ubiguitin

BMuscle development
ORegulation af transcriplion
OProfein folding
OMelabolism

OTranspart

OPFrofein bicsynthesis
oA

Fig. 1 Percentage of total up-regulated genes identified in the
Gene Ontologies (Biological Process) of ventricle (a), red muscle
(b} and white muscle (c).

{b)

A% ge

20%

B Glycalyss

ELipid metabolism

B Muscle development

A Profein binding

OCeall adhesion

O Metabalism

B DA Binding

O Aming achd phosghargation
O Transpaorl

ON/A

o Ehl".JE}'I'It""_*’EIS

B Nucleotide metabalic process
B Call cycle

O Protaclysis and paplidolysis
H Muscle |h:-t|.-|:>|>|'|-::r|'.

O Transpart

B Carbohideale metabalism

O WA

Fig. 2 Percentage of total down-regulated genes identified in the
Gene Ontologies (Biological Process) of ventricle (a), red muscle
b} and white muscle (c).

quantitative real-time PCR

]

Vantricle Red muscle White muscla

Fig. 3 Relative gene expression level of candidate gene Hsp?0 in
cold-stressed Thunnus orentalis (1 = 7) determined by quantitative
real-time PCR. Expression levels were normalized to the howse-
keeping gene f-actin. (*) Significant values between means,

vliv aklimatizace k
chladu (20° vs 15°C)



Ng'oma et al. BMC Genomics 2014, 15:754
http://www.biomedcentral.com/1471-2164/15/754
RESEARCH ARTICLE Open Access

Transcriptome profiling of natural dichromatism
in the annual fishes Nothobranchius furzeri and
Nothobranchius kadleci

Enoch \Ig’o"na“ Marco Grohw‘ Roberto '4';1512‘ Matthias Platzer' and Alessandro Cellering’?"

- cca 334 miliént
sekvenci (.reads"); 42
mil./sample

- 210 DEGs
(.differentially
expressed genes") -
119 up-regulated, 91
down-regulated u
Zlutych jedinct

xanthophory = melanophory
erythrophory
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Konzistence vysledku

Colour key
and histogram
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Value
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hierarchical clustering of
expression level

Lzluti" a .Cerveni" jsou si navzdjem
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Functional annotation clustering

gene ontology)
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Zaver
* Molekuldrni ekologie se rychle vyviji

* Metody se zdsadné vylepsuji a méni

+ Co platilo dnes, nemusi platit zitra - tésme
se tedy na zitrek
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V moci proteiny vazici volatilni molekuly

Urine streak presented as stimulus



Chromosomal location

Mouse Rat
c Site A Site B
= :=_——=
. ‘I!"!"
t Bl LAl By
-----i--

Y

Major Urinary Proteins - komplex velmi podobnych gent

+ Obtizné se studuji
(isoelektricka fokusace)

+ RUzné alely
- Navic riznd mira exprese
»  — individudlni profil

+ Cdrovy kéd jedince

Urine samples from individual
wild-caught male mice
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Major histocompatibility complex (MHC)

= adaptivni imunitni odpovéd’ u Celistnatych
obratlovcl



Antigen-specificka imunitni odpoved

INFIKOVANY MAKROFAG

Intrac,alularni
paraziti ve
vakuolach

Eathogen

APC (DENDRITICKA BUNKA)
Antigen (bakterie)

Pohlceni
a zpracovani
antigenu



Antigen-specificka imunitni odpoved

INFIKOVANY MAKROFAG |

Intracelularni
paraziti ve
vakuolach

Prekurzor TH

**. **.Pathogen

APC (DENDRITICKA BUNKA)
Antigen (bakterie)

Pohlceni
a zpracovani
antigena

Prekursor TH




Antigen-specificka imunitni odpoved

INFIKOVANY MAKROFAG

Intracelularni
paraziti ve
vakuolach

IL-12
v, Sekrece
e IFN-y
APC (DENDRITICKA BUNKA)

Antigen (bakterie)

Pohlceni
a zpracovani
antigena

Prekursor T,_|




Antigen-specificka imunitni odpoved

AKTIVOVANY MAKROFAG co4

Sekrece cytokind P s
a antibakterialnich latek Z

Prekurzor T T[:
<
(555 fr

“\\_ oi —) T bunécna cytotoxicita

Likvidace
parazitt

IL-12
.. \ Sekrece Q
* PR . IFN-y
APC (DENDRITICKA BUNKA)
Antigen (bakterie)

Pohlceni
a zpracovani
antigena

Prekursor T,_|




Antigen-specificka imunitni odpoved

AKTIVOVANY MAKROFAG co4
Likvidace Sekrece cytokind s
parazitt a antibakterialnich latek &

Prekurzor TH

IL-12
e \ Sekrece 0'-
e e, FN-y ~——
. **.Pathogen
APC (DENDRITICKA BUNKA) KLON ZRALYCH T, 2

Antigen (bakterie)

Pohlceni
a zpracovani
antigend

Prekursor T




Antigen-specificka imunitni odpoved

parazitt

AKTIVOVANY MAKROFAG co4
(R TeR
Likvidace Sekrece cytokind P s
a antibakterialnich latek Z

Prekurzor TH

_‘“\\ 0}' —) T bunécna cytotoxicita
Ay

IL-12 =
v, Sekrece l-t
=

% s IFN-y
KLON ZRALYCH T,1

**. **.Pathogen

KLON ZRALYCH THE
APC (DENDRITICKA BUNKA) Antigen
Antigen (bakterie) (bakterie)
Pohlceni .
a zpracovani Proliferace,
diferenciace

antigenu
signalizace  Na plazmocyty

Prekursor T,
——~ apamétové B

B LYMFOCYT

- P [ O ti| 2 tK Y




Molekularni ekologie: Kdo a jak rozpozna parazita ?

AKTIVOVANY MAKROFAG

Sekrece cytokind
a antibakterialnich latek

Likvidace

parazitt
Prekurzor T, T[:
_f"" AVAR V4 r " "
\\\ 0" —) T bunécna cytotoxicita
(3
IL-12
. Sekrece

IFN-y

KLON ZRALYCH T 1

**. **.Pathogen

CD4 | KLON ZRALYCH T, 2

APC (DENDRITICKA BUNKA) A TCR Antigen

( < LFA-1 ;
Antigen (bakterie) — (bakterie)
CD40L

Pohlceni .

a zpracovani Proliferace,

antigenu diferenciace
Signallzace  Na plazmocyty

——~ apamétové B

B LYMFOCYT

- P [ O ti| 2 tK Y




Major histocompatibility complex (MHC)

MHC TFidy I MHC tridy IT

Hypervariable
J omaing
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Major histocompatibility complex (MHC)

Oblast rozeznavajici antigen

N\
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\
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Funkce MHC: rozezndni a prezentace cizorodého antigenu

MHC Class | + Peptide

TAP1 TAP2

MHC Class |



Funkce MHC: rozezndni a prezentace cizorodého antigenu

MHC Class Il
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Bunka nabizejici antigen spusti imunitni odpoved
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Jak zjistit, ze je MHC pod selekci?



Major histocompatibility complex (MHC)

ABS)

Oblast rozezndvajici antigen (antigen-binding sites

Class 11

Class 1



Je variabilita MHC dusledkem
prirodniho vybéru?

Pozitivni selekce - vytvoreni a udrZeni velkého mnozstvi funkcnich variant

Trans-species polymorfismus Specles 2

- vyhodné alelické linie

pretrvdvaji i po oddéleni druht =
detekce selekce fylogenetickou Limitation of

anal)'lzou gene flow
- .gene tree" vs. ,species tree" Speciation
T L 3 . Cessation of

Species X Species Y




Fylogeneticka analyza MHC sekvenci
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Bryja et al. 2006, Immunogenetics



Pozitivni historicka selekce na MHC Class I

1) Pomér nesynonymnich a
synonymnich mutaci (dN/dS) na
rdznych pozicich MHC molekuly
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2) Detekce aminokyselin pod pozitivni
selekci - Bayesian modelling

Spatné urcend pozice ABS (?)

dN/dS ABS Non
AB

DRB 5.25 3.00

DQA 3.16 0.33
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Amino-acid position

Sipky ukazuji ABS mista identifikovand na zdkladé krystalografického modelu DQA proteinu u mysi



Dikaz a mechanismus recentni selekce

» Srovndni populacné-genetické struktury na
MHC genech a neutrdlnich znacich
(mikrosatelity)

» Asociace MHC genl a vyskytu parazitt



1) Analyza populacné-genetické struktury

» Srovnani populacné-genetické struktury na MHC genech a
neutrdlnich znacich (mikrosatelity)

&

migrace migrace
nahodny drift nahodny drift

‘ neutralni znaky ‘MHC — pokud nepusobi selekce
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Dikaz prirodniho vybéru v sou¢asnosti:
analyza popula¢né-genetické struktury

- Srovnani neutralnich znakti a MHC
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Studované lokality - 7 populaci ve

stejné fazi populacniho cyklu ,
Bryja et al. 2007, Molecular Ecology
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Diferenciace populaci v pribéhu ristu

denzity
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Signifikantni rozdil DQA1 vs. mikrosatelity

Pokles diferenciace s ndrlstem denzity (ndrust disperze, tj. toku geni)

MHC (zejména DQA1) - signifikantné odliné od mikrosatelitl

Bryja et al. 2007, Molecular Ecology



Zavér: Typ selekce na MHC zdvisi na poCetnosti populace

Nizka denzita Vysoka denzita
Ndrust diverzity
parazitl v dusledku
disperze

Lokdlni rozdily ve
spolecenstvech patogent

Lokdlni diverzifikujici sl = e
selekce Balancujici selekce

Bryja et al. 2007, Molecular Ecology



Jaké jsou mechanismy prirodniho vybéru pro
udrzeni vysoké variability MHC?

+ Hypotéza vyhody heterozygot
(= .overdominance hypothesis")

» Vyhoda vzdcné alely (= selekce negativné
zavisla na frekvenci)



Vyhoda heterozygotu - maji 2x vice alel

nez homozygoti, tj. mohou rozeznavat 2x vice patogent

Clovék - rychlost vyvoje +  Dva druhy ryb -

onemochéni HIV nebo heterozygoti maji
hepatitidy B je vyssi prezivani pri
asociovdana s MHC umelém vystaveni
heterozygotnosti virlim a helmintdm
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Pravdépodobnost detekce ptaci
maldrie roste s po¢tem MHC alel - ¢
vysokd variabilita MHC = vysoka
pravdépodobnost preziti akutni
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*  Nejednoznaéné vysledky v mnoha dalsich prikladech
+  Teoretické modely tuto hypotézu nepodporuji ...



Vyhoda vzacné (vyhodné) alely

Dynamicka koevoluce mezi hostitelem a parazitem (= hypotéza
.Cervené krdlovny") = selekce negativné zavisla na frekvenci



Frekvence alely

Frekvence parazita

Vyhoda vzacné (vyhodné) alely

,vzacna alela“

Cas



Vyhoda vzacné (vyhodné) alely
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¢ | heterozygotu”

* Nutno prokazat, Ze skutecne dochazi k
. Casovym zméndm ve frekvenci alel a paraziti -
§ | dlouhodobé studie neexistuji !l
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Asociace MHC genu a parazitu

vaji¢ka Nematoda v trusu
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Microcebus murinus Apodemus flavicollis

(Schad et al., Evolution 2005) (Meyer-Lucht & Sommer, Mol. Ecol. 2005 )

- Velké mnozstvi testd, riziko "false positives" — vyuZziti vicerozmérnych metod
P Y Y



Pr. Arvicola terrestris — hryzec vodni

anton Nozeroy (pohori
Jura, région Franche-Comté)
* 6 populaci, 3 roky

* témér kompletni parazitologicka
analyza (véetné nékterych viri)

* vicerozmérné analyzy
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Tollenaere, Bryja, et al., Journal of Evolutionary Biology (2008)



Analyza koinercie (co-inertia analysis)
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Alely DRB-11 a DRB-15 maji antagonisticky efekt
vzhledem k Trichuris arvicolae a k celkové diverzité
parazitl

Tollenaere, Bryja, et al., Journal of Evolutionary Biology (2008)
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Is MHC enough for understanding wildlife
iImmunogenetics?

Karina Acevedo-Whitehouse and Andrew A. Cunningham

Institute of Zoology, Regent's Park, London, NW1 4RY, UK

.Mapping and association studies have revealed that
approximately half of the genetic variability for
resistance to infection is attributable to non-
MHC genes, suggesting that MHC-independent
immune responses also undergo host-pathogen

coevolution.” Acevedo-Whitehouse & Cunningham 2006



