Molecular approaches in behavioural ecology

m Foraging
m |dentifying prey, individual food preferences

Mating systems

Extra-pair fertilizations

Conspecific brood parasitism

Mate choice (pre- and postcopulatory)
Social breeding (relatedness)

m Sex ratio manipulation

m  Adaptive sex ratio
m Sex ratio conflicts



,<Foraging” — study of diet preferences

 |dentification of individuals (genetically) + their diet (other
methods)

 |dentification of individuals (other methods) + their diet
(genetically - metabarcoding)

 l|dentification of individuals (genetically) + their diet
(genetically - metabarcoding)



,Foraging” - non-invasive CMR studies

Population size — identification of
individuals

,<Capture-Mark-Recapture® (CMR)

repeated sampling of the same individual (=
multilocus genotype)

survival, population dynamics, etc.

various models for analysis of CMR data

corrections for genotyping errors

faeces — analysis of individual variability in
diet (e.g. coyotes - Fedriani & Kohn 2001)



Sequencing of mixed samples of diet
(= PCR amplicons) = metabarcoding

Sampling
in the field
(soil, water, etc.)
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TRENDS in Ecology & Evalution
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Example: Diet analysis of herbivores in
Himalayas

Molecular Ecology Resources (2009) 9, 51-60 doi: 10.1111/j.1755-0998 2008.02352.x

TECHNICAL ADVANCES
New perspectives in diet analysis based on DNA barcoding : Lo
and parallel pyrosequencing: the trnL approach ' A
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Key:

@ Apiaceae

@ Asteraceae

® Caryophyllaceae

® Cyperaceae =4
Fabaceae \

© Poaceae

® Polygonaceae

@ Others

TRENDS in Ecology & Evolufion

- 12 feces of each species were collected

- amplification with universal primers targeting a short fragment of the chloroplast
trnL (UAA) intron

- the amplicons were analyzed on the 454 GS FLX sequencer
- more than 2000 DNA sequences were obtained per feces

- the plant taxa eaten were identified by comparison with available reference
sequences



Dietary niche of extinct taxa

Ancient DNA from coprolites of moa (New Zealand)

Environmental requirements of individual species + separation of ecological

niches

: Pachyornis
/ elephantopus
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didiformis
/ ﬂfm
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Neomyrlus, Nothofagus
menziest, Paraxily

Anthocaros, Brassicaceae,
| Gentiana, Gonecarpus, Gunnera,
Lactuceas, Mantha, Pimeles,

Fianlaga

Resolving lost herbivore community structure using
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A

Polygamy

Mating systems

Mating system No. of males No. of females
Monogamy 1 1

Polygyny 1 Multiple
Polyandry Multiple 1

Polygynandry Multiple Multiple

Promiscuity Multiple Multiple




Parentage analysis




Why parentage analyses?

m extra-pair fertilization — social vs. genetic father

m number of reproductively active individuals in a
population

m study of factors affecting fitness (reproductive
success)

m multiple paternity — analyses of mating systems
(detection of promiscuity, etc.)




Paternity x maternity x parentage

One parent known

No parent known



History

already first studies of genetic polymorphism — genetic
techniques can solve parentage questions — one of the
major topics in molecular ecology

chromosomal polymorphism
allozyme electrophoresis

minisatellite DNA fingerprinting — overturn of existing
paradigms in behavioural ecology (birds)

statistical techniques for single-locus polymorphism
(allozymes) — departure from practice (i.e. minisatellite
DNA fingerprinting)



History

12 345 67 8910

allozymes

i

low variation

multi-locus genotype | >

DNA fingerprinting, RAPD
absence of theoretical models



Protein fingerprinting

Hohol severni
Andersson & Ahlund 2000

Proteins from egg white

isoelectric focusing
in immobilized pH gradients

Intraspecific brood parasitism (more
than half of nests)

More frequent between related
females

¢ — Relative frequency

| Host-parasite pairs
B8 mandom pairs

Bandsharing values

Fig.2. Distribution of bandsharing values in the 29 pairs of host and primary
parasite in 1986 and in the 861 different random pairs that can be drawn
among the 42 other females not involved in host—parasite relationship with
each other. Bandsharing values are significantly higher for the host-parasite
pairs than for the randomly formed pairs (see Host-Parasite Relatedness).

i
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1t H1 8HH22 1HHH

Fig. 1. Electrophoretic gel with albumen band patterns for the 12 eggs of a
goldeneye clutch parasitized by three females. There are five host eqgs (lanes
marked H) and four, two, and one parasite eggs (lanes marked 1, 2, and 3,
respectively). Bands that were scored for bandsharing analysis are marked with a
short dash in the margin. Several different bands occur in all 902 eggs and can
therefore be used as location references; they are marked with a longer dash.




Microsatellites

(most frequent markers today in parentage analyses)

Combination of theory (statistical models) and
practice (highly polymorphic single-locus
markers)

Tandem repetitions of short motifs
Ex.: (CTTT)_ or(CA)_

Simple Mendelian inheritance — co-dominant



Alelles differ by size (= length
of PCR products)
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Example of one locus — fragment analysis of PCR products
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Genotype (bp)

Mother: /

Father: 131/134

Offspring 1: /134

Offspring 2: /137

Analysed male could sire offspring 1, but surely not offspring 2
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INVITED REVIEWS AND SYNTHESES AN IR IR MOLECULAR ECOLOGY

The future of parentage analysis: From microsatellites to SNPs
and beyond

Sarah P. Flanagan® | Adam G. Jones?

US$35240

192 parent-offspring pairs collected for parentage analysis et Osate\\~\tes

| Are genetic markers available? YES: SNP-chip

NO
1 Are genomic/transcriptomic resources available? ]
NO YES
| Develop markers | | Choose markers ‘
Microsatellites RAD-seq all Targeted ‘ sequencing + \ Targeted PCR-
individuals capture PCR-SNP* capture SNP*

US$4039 US$19143 US$1302 US$3133 | US$9907 US$876

FIGURE 1 A decision tree with cost estimates for various SNP genotyping methods based on availability of existing resources. The
prices assume a study with 192 offspring and a parental pool of 192 adults (i.e., 384 total individuals genotyped). Prices do not include DNA




Spectrum of approaches

Jones & Ardren 2003, Jones et al. 2010

> Few candidate parents, all sampled, enough of variable markers
— Exclusion
- incompatibility between parrent and offspring — parentage rejected

- subsequent exclusion leads to identification of ,true“ parents (— biological father/mother)

» More non-excluded candidate parents
— Methods based on maximum likelihood
Categorical and fractional allocation

(based on homozygosity — homozygotes have higher probability to transfer the allele to the next
generation)

— Full probability parentage analysis (Bayesian statistics)

(includes other parameters, e.g. distance between nests, behavioural data, etc.)

> Parents unknown and unsampled

— Parental reconstruction
Multiple genotypes from a single family — reconstruction of parental genotypes

E.g. identification of multiple paternity in fish



Exclusion principle

A A

+

Genotype (bp)

Mother: /

Father: 131/134

Offspring 1: /134

Offspring 2: /137

Analysed male could sire offspring 1, but surely not offspring 2



How many loci are necessary?

No absolute value

Depending on:
v number of alleles

v’ heterozygosity
v allele frequencies

v sample size

ideal — hypervariable loci
sometimes 3 are enough

pilot study of adult part of population

— Exclusion probability

0.95

o
©

0.85

0.75

o
-‘\l

0.65

Pr(correct decision)

o
o

0.55

0.5 -

O
)

Nielsen et al. 2001
different number of alleles
different number of candidate parents

10 15 20
number of loci




Exclusion probability

Probability that randomly selected genotype in a population will not match the
offspring,

i.e. probability, that randomly selected individual will be excluded as a parent

often as NonExclusion probability (NEP)
(= 1 — Exclusion probability)

it depends on number of loci and alleles

Candidate parents

good values of NEP are 0.01 and lower

170/174 170/172
calculated e.g. in Cervus 164/170 170/170
164/172
different values for the first and second parent
mother
170/172

offspring




« Exclusion probability — rough estimate

* more suitable are usually simulations
including also numbers and proportions of sampled individuals, genotyping
errors and other problems (mutations, null alleles) — included in ,likelihood

approaches” e.g. in Cervus



Exclusion - complications

« Mendelian inheritance of microsatellites: genotyping
errors, null alleles, mutations — false exclusions in strict
conditions



Null alleles and genotyping errors
complicates analyses of relatedness
(e.g. parentage)

lokus 1 lokus 2

null alleles genotyping error
Mother 100 150 300 350
Father X 100 100 300 367
Offspring 150 150 350 365

Father X is always the ,true” father of the analysed offspring,
but a simple exclusion analysis leads to erroneous results



Mutations
Ibarguchi et al. 2004

usually not considered

however they can be relatively frequent
(4.5x 102 -5.1 x 10 per locus)

more frequent in males (2 az 6x)

— exclusion based on a single locus can be erroneous



Solution

 use of more loci

« Mutace — nejCastgji posun o jednu jednotku opakovani
napriklad rodiC¢ (CTTT), potomek (CTTT)g, délka fragmentu tedy napfiklad
120 u rodiCe a 124 u potomka

* Probability of resemblance (Pg)
Podivam se na ostatni lokusy a vypocCitam s jakou pravdépodobnosti
mohou alely sdilet dva nepribuzni jedinci

Pro = (20, — p.°)

Pro jeden lokus

PRaC}fﬁz — H(PR(J’*)

7

Soucin pravdépodobnosti pres lokusy Ibarguchi et al. 2004
arquchi .



Uria lomvia h d‘

e 22% mimoparova paternita bez korekce na mutace

e 7% mimoparova paternita s korekci
soulad s jinou pouzitou technikou

Ibarguchi et al. 2004



Exclusion - komplikace

Extended family structure (pribuznost potencialnich
rodi¢u) — nejhorsi jsou sourozenci

Linked loci — pokles variability
Znaky na pohlavnich chromozomech

Problémy narustaji s rostoucim mnozstvim jedincu a
lokusu

,Exclusion” je velmi uziteCna metoda napf¥. v
experimentech, kde jsou vSichni rodiCe predem znami a
zgenotypovani



Pr.: Faktory ovliviujici celozivotni
fitness u horavky duhove
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10 x §’Eejt1é’ @ 10 x stejné
usporadani @ usporadani
- 3 pary horavek v kazde nadrzi
- pres 4000 embryi (odebirany v - velikost t&éla
pravidelnych intervalech, 5 mikrosatelitu - kondice

- zbarveni duhovky
- velikost gonad
. - parazitofauna

Reichard et al., Mol Ecol 2008, Reichard et al., Evolution 2009



Pr.: Faktory ovliviujici celozivotni
fitness u horavky duhove

25 (a) Males T (a) Males [ Early season
T os0f 1 [ Late season . , ) )
20r .Clumpeddimribuliun [ g“ Nahloucena dIStrIbuce =
T g 60 . e
|| [ Regular disrbution ; selekce na velikost gonad
B 1.0 g v ’ . .
. = . o 'B Rovnomeérna distribuce =
05 f I Lose Medum Sl selekce na velikost téla
o1 (b) Females .Ea:ly SEAS0N
Early season Late season g a0 | [ ] Late scason
,oportunity for sexual selection”
(nezavisi na distribuci Skebli, ale < .| ,
na sezéné — na podzim je P H IH : ﬂ
variabilita v reprodukcnim l

Large Medium Small

r ' d v &l
u S peCh u Vets I ) Fig.3 Mean (+ 1 SE) proportion (in percent) of offspring sired by
individual {a) male and (b) female bitterling in relation to the body
size categories at the start {dark columns) and end (open columns)
of the reproductive season.

,velikost téla u samcu rozhoduje”

T R R W PN
Reichard et al., Mol Ecol 2008, Reichard et al., Evolution 2009




Metody

Jones & Ardren 2003, Jones et al. 2010

> Nelze vyloucit vice jedinci (zbyde vice moznych otci nez 1)
— Metody zalozené na maximalni vérohodnosti
Categorical and fractional allocation
(zaloZeno na homozygotnosti — homozygot ma vétsi pravdépodobnost predat alelu)
— Full probability parentage analysis (Bayesian statistics)

(zahrnuti i dalSich dat jako vzdalenost hnizd, behavioralni data...)



Categorical x fractional likelihood

Mozni rodicové

AAbb AaBb Aabb
AaBB

aaBb
N

matka

AaBb

offspring

-vypocet vérohodnosti (,likelihood®) paternity pro jednotlivé kandidaty (na
zakladeé frekvenci alel)



Categorical x fractional likelihood

Jikelihood“ skére je vypocditano na zakladé genotypu potomka a
vSech nevyloucenych rodiCovskych genotypu (na zakladé frekvenci
alel v populaci)

moznost zahrnout i dalSi parametry (napf. ucinnost vzorkovani Ci
genotypizaci)

Categorical I.: potomek jako jednotka pfifazen otci, biologicky
validni

Fractional I.: potomek pfifazen v§em kompatibilnim otcum.
Statisticky presnéjsi a proto nékdy vyhodnéjSi (napf. lepSi pro
srovnani reprodukéniho uspéchu rtiznych kategorii samcu)




Categorical allocation

a) hledame otce
b) hledame matku
c) hledame oba rodice

d) hledame oba rodiCe, ale nezname pohlavi
jednotlivych kandidatu

... program CERVUS



Fractional allocation

« priradi urCitou frakci (mezi 0 a 1) kazdého potomka vSem
nevylouc¢enym kandidatnim rodicdm

« proporce kazdého potomka pfirazena danému rodici
odpovida vérohodnosti (,likelihood®) rodicovstvi — tj. je
zavisla na ostatnich nevyloucenych rodicich

« statisticky presnejsi a proto nekdy vyhodngjsi (napr.
lepSi pro srovnani reprodukéniho uspéchu riznych
kategorii samcu)



Megaptera

novaeangliae
Nielsen et al. 2001
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« Az 25 samcu se pokouSi pafrit se samici

* RuUzné role samcu - dominantni spoleCnik a vyzyvatel,
sekundarni spolecnici

« 6 mikrosatelitovych lokusu
* Fractional likelihood paternity method

* Dominantni samci maji asi 3x vice mladat
(ale rozdily jsou pouze marginalne signifikantni)



Full probability model
Bayesianska statistika

Molecular Ecology (2006) 15, 3715-3730

Towards unbiased parentage assignment: combining
genetic, behavioural and spatial data in a Bayesian
framework

J. D.HADFIELD* D. S. RICHARDSONtand T. BURKE*
*Department of Animal and Plant Sciences, University of Sheffield, Western Bank, Sheffield S10 2TN, UK, tCentre for Ecology,
Evolution and Conservation, School of Biological Sciences, University of East Anglia, Norwich NR4 7T], UK
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Metody

Jones & Ardren 2003, Jones et al. 2010

» Rodic¢e neznami a neovzorkovani

— Parental reconstruction

Z genotypu potomku z jedné rodiny — rekonstrukce genotypu rodicu

Napfriklad k uréeni ,multiple paternity“



Pocitacové programy

Cervus

Newpat
Probmax
Kinship
Famoz
Pasos
Papa
Parente

Patri
a dalsi viz Jones et al. 2010, Flanagan and Jones 2019

(Nékteré programy podcitaji i s moznymi chybami pfi urovani genotypu
Cervus3, Kalinowski et al 2007, Newpat)



W =n A'ALE " A 4

« Kvalitni data z terénu Ci experimentu!

* Nejlépe vsichni dospélci z populace,
behavioralni a jina fenotypicka data, mladata
pfifazena do rodin (matka + socialni partner)

. Spatna data = $patné vysledky



Stane se, ze nemohu ziskat vzorky vsech
dospélych jedincu z populace (potencialnich
rodicu) nebo nelze fici, ktera mladata jsou z

jedné rodiny

 Nemusi se zdafit najit rodice vSem potomkum

| tak ale mohu zjistit ledacos zajimavého (multiple
paternity) ...



Matka

1. embryo
2. embryo
3. embryo

Priklad
genotypy matky a embryi

lokus 1

100

100
150
120

150

115
120
100

lokus 2

300

300
350
350

350

320
310
365



Alely od matky

lokus 1 lokus 2
Matka 100 150 300 350
1. embryo 100 115 300 320
2. embryo 150 120 350 310
3. embryo 120 100 350 365

Na druhém lokusu vice nez dve alely,
které nejsou od matky — vice otcu

... nebo mutace — data nutno korigovat — viz Uria lomvia (,probability of resemblance”)



Apodemus agrarius a sylvaticus
mladata az od tfi samcu (Bryja et al. 2008)

Species N litters Minimum number of sires

1 2 3
A. uralensis 46 (40) 26 (22) 20 (18) 0 (0)
A. flavicollis 25 (16) 10 (7) 15 (9) 0 (0)
A. sylvaticus 22 (16) 7 (5) 13 (9)

A. agrarius 34 (26) 14 (8) 13 (11)




Dalsi priklady analyz
paternity



Orangutan

na Sumatre
(paternity)

* Napadny dimorfismus
(vystouplé tvare a hrdelni vaky u samcu)

» Predpoklad:

Samci bez napadnych znakt hormonalné suprimovani a
nemnozi se

* Mikrosatelity — 50 % mladat je od samcu bez
napadnych znaku — alternativni strategie



L. macrochirus

Lepomis (maternity)

« Samec (bourgeois male) hlida hnizdo s jikrami

L. marginatus, L. punctaus, L. auritus
samec ma v hnizde jikry od nekolika samic

* L. macrochirus
tfi typy samcu (alternativni reprodukéni strategie):

bourgeois (> 7 let, stavi hnizda)

mladi samci (vjizdeji do hnizd a vypousteji spermie)
— ,Sheakers”

nesparovani stari samci (napodobuji samice)

20% potomku neni od bourgeois



Skladovani
spermii

Chrysemys picta

* Dny u savcu
tydny u ptakd nebo hmyzu
mésice u mloku
roky u hadu a zelv

« Chrysemys picta
mikrosatelity — po 3 roky mladata od stejneho otce, opakovane
pareni se stejnym otcem je nepravdepodobné

Varan — Zoo Liberec — mladata po dvou letech od umrti samce



Photo Tavi Grepp

« Samci z centra kolonie
uspésnéjsi (az 30x)

« Samci reprodukéné
aktivni 10 let i déle

* Pro vice nez polovinu
mladat nenalezeni oftci
— role pareni ve vodée

Halichoerus grypus

tulen kuzelozuby
Wilmer et al. 1999

« Kolonie, dimorfismus—
polygynie

« Dvé skotské kolonie North Rona
a Isle of May

* Vzorky ze zhruba deseti let
« 9 mikrosatelitovych lokusu
« IDENTITY, NEWPAT, CERVUS




Ptaci

Rada druhli povazovana
za monogamni (pevci)

Ale u 75 % druhi ptaku Sialia sialis b
mimoparova mladata 8-35 % mimoparovych mladat

Skutecné monogamni pevci — jen Emberiza schoeniclus
14% az 55% mimoparovych mladat
(Phylloscopus)

_ Malurus cyaneus
' az 72% mimoparovych mladat




Vzdalengjsi pribuznost jedincu
Sestry, bratri, sestrenice, bratranci

ARK|Vve

www.arkive.org

»
7 i

e\ Ra\jﬁmnd A. Mendez /. Animals Animals

Studium socialnich systém



,oo0cial breeding"

* eusocialita = delba prace—,,hodne
délniku, malo plemenlku

termiti a jiny hmyz

Synalpheus regalis

» helpers” — Casto se rozmnozi v
nasledujicich sezénach (cca 3% ptaku,
hodné druhu savcu a ryb)




Pribuzenska selekce

» koncept inkluzivni fitness (Hamilton 1964)
e r*b>c (r = relatedness, b = benefits, ¢ = costs)

 za techto podminek je lepsi pomahat
pribuznym nez se sam mnozit

cena za pomocC

poOmoc se sourozenci (=sa&m se nemnozi)

T osr@=1T (0.5)"(3) > 1

poCet odchovanych
sourozencu

Je vyhodné se starat o sourozence (na ukor vlastniho rozmnozovani),
jen pokud jsou 3 a vice



Pribuzensky koeficient r

Celkova ,identity by descent”

Diploidni organismy

— Jednovajec¢na dvojcata 1

— Rodi¢ — potomek 0,5
— Sourozenci 0,5 ‘ ‘ i i
— Nevlastni sourozenci 0,25

— Prarodice a vhoucata 0,25
— Bratranci a sestrenice 0,125
— Nepribuzni 0

RELATEDNESS, KINSHIP (Mac), ML-
RELATE (WinXP) odhad pomoci ML napf. z
mikrosatelitu

BAYES



Vypocet pribuznosti

I = Z(py_p)/ Z(px_p) Queller and Goodnight 1989

Jedinec Lokus 1 Lokus 2

Helper — x 120/120 116/118

Matka rodu —y 120/122 118/118

Alela P, Py P = background allgle frequency
120 1.0 0.5 0.65

116 0.5 0 0.20

118 0.5 1.0 0.35

r = [(0.5-0.65)+(0-0.20)+(1-0.35)]/[(1-0.65)+(0.5-0.20)+(0.5-0.35)] = 0.30/0.80 = 0.375

- idealni je cca 30-40 mikrosatelitl nebo > 100 SNPs



Cynopterus
sphinx

kalon kratkonosy
Storz et al. 2001

L]

* Kolonie slozené z harému, v harému samec a 1 az 37 samic
» Pfibuzenska struktura kolonie a harému (kin structure)?

« 10 mikrosatelitovych lokusu, r, KINSHIP

* r blizké nule — jedinci v kolonii jsou nepribuzni

« Zasadni role disperze (mladata z kolonie se v dospélosti nedrzi pospolu)

Mo.

pair-

Average wise
palrwise 95% confdence combin-

¥ interval ations
Mother—offspring pairs 0.494 0.473 to 0.511 183
Father—offspring pairs 0.508 0.4383 to 0.330 118
Half-siblings 0.298 0.285 to 0.310 737
Pups (1997 cohort) 0.036 0027 to 0.044 2211
Pups (1998 cohort) —0.002 —0.006 to 0.003 GO03
Adult females —0.008 —0.010 to —0.006 21,736

Adult males —0.001 —0.014 to 0.013 666



Kolonie, max. cca 15 jedinct Fukomys anselli

v, . _ , Patzenhauerova et al. 2013
Mnozi se jen 1 samice (kralovna) a 1

sSamecC

16 kolonii, 8 mikrosatelitu, CERVUS,
ML-RELATE

Kralovha ma mladata i se samci, ktefi
nejsou v kolonii - 11.8% mladych zvirat
nejsou potomky rezidentniho samce

Pribuznost dominantniho paru = 0.04 +
0.06

V kolonii i nepfibuzni jedinci (imigranti) ﬁ
? B
C
E I AD?2
AK2
ﬁ 100 m
——> disperze -
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» Cestuji v malych skupinach o /?
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« Tvofi skupiny pfibuzni?
Kin selection?

« Mikrosatelity (8 lokusu), KINSHIP,
NEWPAT

« Jedini pfibuzni ve skupinach byly
matky a jejich potomci.

« Krome nich hodnoty r stejné jako
pri slouceni skupin dohromady

» Kin selection skupiny nevysvétluje




Haplodiploidie

Hamilton (1972) - inkluzivni fitness

. haploidni, diploidni

Jeden otec
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— Matka — dcera

Vice otcll
— Sestry: 0,25 -0,75
— Matka — dcera 0,5

Vice matek i otcl r riizné
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Polistes dominulus
(drive P. gallicus)

vosik francouzsky Queller et al. 2000

* Hnizdo bez ochranného obalu

« Zaklada casto vice
prezimovavsich samic

« Dominantni samice klade
vajiCka (>90%), subordinatni
se staraji o potravu

 Kin selection?

(Jsou si samice pfibuzné?)

« Ve tretiné pfipadud jsou samice
nepribuzneé
(ML 35% nepfibuzné
7% sestrenice
56% sestry)

« Jedina vyhoda — nahrazeni
dominantni samice, pokud
zahyne

* Vyjimka u socialniho hmyzu!
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Figure 3 Observed relatedness distribution of P. dominufus foundresses (filled squares)
and expected distributions for several relationships, grouped into intervals of width 0.1.
The filled squares show the observed distribution for all relatedness estimates of
foundress nestmate pairs, from the four foundress collections of Fig. 2. The other
distributions, used in the likelihood analysis, show the distributions of relatedness
estimates for simulated non-relatives (open squares, true r= 0), cousins (open circles,
true r = 3/16) and full sisters (open triangles; true r = 3/4).



