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Mixed model QTL mapping

» Phenotype =

Replicate +

Incomplete block within replicate +
Genotype +

error

» QTL mapping:
| Genotype =

e QTLs +
* residual genotype

= QTLs are found by ‘regression’ on marker information (conditional
QTL genotype probabilities given marker genotypes and map/ IBD)
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QTL mixed model for multiple environments (QTLXE)

» Phenotype = Eij =M+ Ej +G, +gij t&j
| Environment mean +
| Environment specific QTLs + Eij = 1+ E,— +ina+§i +ZXiaJ— +Eij + &jj

| Environment specific residual
genetic effect +

| Environment specific error Py =y, +inaj +G; +¢&;
» Mean Hy = H; +D %,
_0_2 -
» VCOV (genetic part) i
2
| Residual genetic variation should Oxn Oy
allow environment specific VCOV (Qij) =
variances and correlations
2
| 031 O3, - -« Oy
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QTL mixed model for multiple traits (genetic correlations)

» Phenotype =

| Trait mean +
| Trait specific QTLs + P, =u+ Z X.a, + Qit + &5

| Trait specific residual genetic
effect +

| Trait specific error

» VCOV for residual genetic variation
between traits should allow for trait
specific variances and correlations

VCOV(G, )=




Multiple traits (genetic correlations) in multiple environments (QTLXE)

» Phenotype
Trait-envi +
| Trait-environment mean P, = +inajt +Gy +&5
| Trait-environment specific QTLs +

| Trait-environment specific residual
genetic effect +

| Trait-environment specific error

» VCOV

| Genetic variances differ across VCOV(G

. . 7 )=VCOV(G
trait-environment combinations

J®VCOV (G, )

ijt Traits

| Genetic correlations between traits
can be environment specific

| Genetic correlations between
environments can be trait specific



Nurudeen Alim

Chromosomes

Multi-trait multi-environment QTL analysis
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Number of QTLs and explained variance when increasing model
complexity, without going to genomic prediction

Figure 7: Histogram of Explained Variance by individual QTLs as detected by ME, MT and

MTME analyses. MTME produced far more QTLs than ME and MT but many of the extra QTLs
from MTME are of small effects.
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QTL mapping in multi-parent populations

» Phenotype = Pic =
Population intercept + He +
. - genotype
POpUIatlon SpeCIfIC QTLs + Z Xi ac T c = cross / population
Pop. spec. res. genetic effect + G._. +
Pop. spec. error <

Zicc

» Calculate identity by descent between offspring and parents/
ancestors/ founders for use as genetic predictors/ regressors, X; .

» Statistical analysis by mixed models or Bayesian techniques

maae sem CBSG12012 NN NN N -

Centre for BioSystems Genomics A



Literature and software

Dvardew o |naar mized moda for 0T mMageing. AbEreviaticrm am ghan in Sa Skle wphate < ordart. Alandem Samaam &, @ andal

frma in which O agemm, @ frem nvrﬂ'-hﬂ farma i@, ﬂ.i.f‘u_ﬁ Lfdlﬂ.ﬁh-u
[t for Highly polyaimis STLIn muSsie & it OF, 58, T, mnd
TE]am fypc sy madom S5, I.:_d,ml-l.'l'-“ﬂ:ﬂ-* n -

m i icrm b bt gancSEea on the s o a o Some ta 1]

Caxi Bt i et

iz

14

az

a3

a4

as

ar

iz

e pemE CBSG 12072 1 i S D S S e 00—

Centre for BioSystems Genomics

s Bk, wingle s Er,
shgls mpdetin mods
Feidea

Pedeleien

Pafleftslien

Pl +a

P eSS kg = O T +m

1 o i el = Blarma_diam) =
i _ep] = F ==

ok - P L e
PelsJslsdsn

ek B smT T
Pefelelfen

PefeliEen

PefelslsOfsGE sn
PefsE Q0 +a

P = = B O0E) - E" - 8
Pl O - OF - O0FE" - a
P - OOE + Bum{O0E) - G0E" -8

M-t
PaT-0bl+a

BT s B0 - 0T - &

el - i oty sy s e
P = [TE - G-

P = FE - S TEY - G TET <2

o ez s iy e i oo Carmiyre b nerdam mm G O

o g By affet e o B bl by

o x for sooec ol lon partabs

FPrartiloring of gan oy c e In scolive, o i s gas

[ T Py

Mccaal 77 wilh B s uring for e e dmen | cesdgn, e soamghs,
rapleste A Imerpets bk wWihin repl o O g b s
matly Beken Ao

L mertal in ok negecd on s S for Eipsanan b o e
popusiona Carmotype in 1L i par o in ST and o el
geatype. For soeckiion snelyala, YO0 of 05 nesta snaduing

w in L

ool o G, with feeef P 7L s et cubr plticn being oo cies

For bk grourel T L. sbes wher

& in 1.0 o e partitic e in muips GTL showing s,

e T A o v s o ety
T T

Far muitipis with ek o

porw e with [= L

e or E o b
in g fam ﬂl'.'l'Lh-rt-:Iwnullt--:bn

[ oL o

s ke GE arw a el

Fer cafiimg o el wilh b e e o e e vl v e A
bt A2 Emoe Hmnidl

For spzae o o paraka, redflon 3 bebwsan g ciype e mes b ba

s o ] o sl

i Bt g g et by of O i b done by portitiaring GE in ST

Fart amd nedcial GE.

Mol b gercms aon e mus fril

g Eoms o Man-sflct OFL and OF e jdntly mode=c.

Exaumly mc, tw recd il e yEis moen sflect ams CGEL ae mocdes

Eagthar.

Bultishs OTL e of model 14

8 nadl by en (.1

st e g sl bt of 2.7, Igredng G by back grourd
L i

subnalins groupes Goccck en pnet) nfe et wWih anvinment.
WY fer the GOE ma e sruchuring o s oot for genc e
rel i o, i A2

47 b et Bo A2, Falts oo bk e ok of asvinomats e

i v Howsver, bl syl b mors s v o scaln g bous,

e o afhct rn-m:nmu-l-pulnrmcu sl WOOW for GT Barm
¥ st for amd

ket 3 b B

Etarsden of 47 and squbobn® b 18, with same e mark on $OO8 2 GGT

s for AL

A A2 mnd 41, b ming sach Tl by st carbimikn sther
8 i aniron e in A2 o @ bl in A7 St | Bing 8 ot e e
for mach Bl by srvirenmen comisinaion. Agsin, WOON for GO{TE tem
should ke fadba

QL aderslonod A1

ELSEVIER

Available online at www.sciencedirect.com

Current Opinion in

Plant Biology

ScienceDirect

Detection and use of QTL for complex traits in multiple

environments
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Multi-population QTL analysis: Case 1
Arabidopsis Multi-Parent RIL population

» Statistics » Biology

» Fred van Eeuwijk » Xueqing Huang

» Joao Paulo » Sigi Effgen

» Martin Boer » Maarten Koornneef

» Paul Keizer
» Marco Bink

Analysis of natural allelic variation in Arabidopsis using
a multiparent recombinant inbred line population

Xueging Huang®', Maria-Jodo Paulo®, Martin Boer®, Sigi Effgen®, Paul Keizer®, Maarten Koornneef®®’,
and Fred A. van EeuwijkP©

4488-4493 | PNAS | March 15,2011 | vol. 108 | no. 11
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Arabidopsis Multi Parent RIL population (AMPRIL)

Col  x Kyo-1 ” . " X "

A = P1lxP2 =
B = P3xP4 = Cvi X Sha P1 | P2 P3 lF’4
C = P5xP6 = Eri-1 x An-1 X
D = P7xP8 = Ler x C24 " X I F1
A | B
I N R B
aslcio (LI e
A X X X
B X X X
C X X
D

X X X ! 1 |
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AMPRIL
Multi-parent, multi-population

» Inclusion of a certain amount of natural genetic variation
» Possibility to study new combinations of alleles

» Higher power due to higher probability of segregation (diallel of
F1*'s)

| Segregation in at least one, but hopefully more sub populations
» Higher precision
| 4-way cross followed by 4 generations of inbreeding

» Residual heterozygosity in F4 allows fine mapping by producing
NILs (HIFs)

» Epistasis: QTL x population & QTL x QTL
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QTL mapping procedure

» Simple Interval mapping: testing single QTL
| v =Pop + {X + X.Pop} + residual

| X535, 5 IBD information; row = F4 line; column = parent/founder

| For convenience the QTL effects are not written explicitly alongside the
genetic design matrix

| Residual is cross dependent
» Deviance test for QTLs and QTL by cross interactions
» Composite Interval Mapping

| Model:y =Pop + {3 QTL + > QTL.Pop}+ {X + X.Pop} + residual
» Final model by back selection
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Flowering time, SIM profile

Flowering time
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QTL profiles obtained from Simple Interval Mapping (SIM) and from Composite

Interval Mapping (CIM), for three traits.
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Effects and standard errors of four QTL retained in the final model for flowering

time expressed in days, % genotypic variation explained

Chr Pos h’qr. Cross Cvi Sha Ler C24 Col Kyo Eri An SE (min,max)
1 39 1.6% 043 -0.24 0.30 -1.73 -0.65 0.34 -0.50 1.99 (0.56,0.65)
1 112 3.5% -1.31 1.78 0.11 -1.38 -0.59 2.73 0.09 -0.88 (0.62,0.79)
4 2 28.4% -3.35 340 -258 430 -2.63 726  -1.60 -3.25 (1.38,1.49)
AB -0.98 -0.55 - - -063 -1.93 - -
AC - - - - -0.69 3.47 0.25 -0.94
4@ 2 2.8% AD - - 149 084 070 0.18 - - (1.45.2.01)
BC 0.27 1.53 - - - - 0.86 1.75
BD -0.09 -0.17 1.80 -1.54 - - - -
CD - - -0.92 1.71 - - 149 -1.58
5 12 17.5% 6.79 -3.98 -3.66 -1.30 547 -0.42 275 -1.23 (0.79,1.05)

(a) interaction effects of cross by QTL
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M2

Bayesian Analysis
Posterior inference on model parameters

AN

Simplified Hierarchical Modem
for QTL mapping in pedigreed
populations.

Explanation abbreviations:

gtp = genotypes for the k-th
QTL

loc = location of the k-th QTL
N_QTL = number of QTL in
model (= random variable)
gtp may be separated into
founder genotypes and non-
founder segregation indicators
(cf. Thompson 2000)

Data |

effect may comprise additive,
non-additive, epistatic, etc.

Priors

Accumulation of certainty

PEDIGREE

MARKER

Model
~ N(ZVq %, 5,07

Nor

.~ Poi[4]

A ~ U4, 4y ]

Marco Bink



Slide 18

M2 Simplified Hierarchical Model for QTL mapping in pedigreed populations.
Explanation abbreviations:
gtp = genotypes for the k-th QTL
loc = location of the k-th QTL
N_QTL = number of QTL in model (= random variable)
gtp may be separated into founder genotypes and non-founder segregation indicators (cf. Thompson 2000)

effect may comprise additive, non-additive, epistatic, etc.
Bink, 8-11-2009



trait FT

Bayesian QTL mapping
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Comparing mixed model and Bayesian analysis

Composite interval mapping
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Epistasis

» Start off with the final QTL subset, i.e.
M = Pop + X4O + X113 + X396 + {X396POD} + X507 + reS|dua|

» Test epistasis between identified QTLs i and j

Y = Cross + X, + Xq43 + (X396 + X396-POD)+ X507
+ Xi + XJ + XIXJ + reS|dua|

» Test the epistatic effect corresponding to the product matrix X;-X; via
deviance test for variance component
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Centre for BioSystems Genomics



Significant epistatic interactions in the AMPRIL population

Trait  QTL(chr,pos)  QTL;(chr,pos) log10(P) h’qricar

FT (1,112) 4,2) 1.98 1.7%

FT 4,2) (5,12) 3.12 2.6%
TLN (1,121) (4,2) 1.45 1.4%
TLN 4,2) (5,13) 1.97 2.5%
RLN (1,19) (1,121) 1.44 1.2%
RLN (1,121) 4,2) 1.60 1.4%
RLN 4,2) (5,13) 1.52 2.2%
CLN 4,2) (5,14) 2.23 2.6%
LA (1,17) (3,56) 1.60 2.4%
LW (1,123) (2,83) 1.37 0.7%
PW (1,18) (1,144) 2.03 2.3%
PW (3,56) (5,115) 1.37 1.7%
RPA (1,37) (2,55) 2.25 3.2%
SM (2,56) (3,92) 1.51 2.0%
SM (2,56) (4,2) 1.46 1.6%
TBN (1,121) (4,2) 2.39 2.3%
RBN (1,123) 4,2) 1.60 2.2%
RBN 4,2) (5,13) 2.70 4.8%
SBN 4,2) (5,13) 2.10 2.5%
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Conclusions use AMPRIL

» Power: QTLs with explained variance below 2%
detected

» Epistasis: effects with explained variance between 1
and 2% were detected

» Precision: expected nr of cross-overs 3.625
| (larger than for 2-way RIL, 2.5; 4-way RIL, 3.0)

» Confirmation of detected: by HIFs
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Multi-population QTL analysis: Case 2
NAM population in maize (Buckler)

» Marcos Malosetti
» Amy Jacobson
» Joao Paulo

» Martin Boer

» Fred van Eeuwijk
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NAM populations

Nested Association Mapping 541
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QTL mixed model for multiple environments (QTLXE)

» Phenotype =
| Environment mean +

| Environment specific QTLs + Eij = luj T Z Xiaj T gij T éij

| Environment specific residual
genetic effect +

| Environment specific error
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Ear height: population 19 (B73xMS71)
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Population 24 (B73xP39)

Single Trait Single Environment QTL+QTLXE analysis for EH
QTL analysis (CIM; VCOV = FA model)
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Multiple populations in single environment

» Linkage Analysis
» Phenotype = Pio = + Z X8y + (G + €ick)
Population Mean +

Population specific QTLs +

Population specific residual genetic effect +

Population specific error
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Linkage Analysis for Environment O6PR

IE e Eem (

-log10(P)

Populations

CIM scan2

16

12 4
10 o

Nl

(=1 VB =N ] ]
1111

SHAY
1

i 1' i ’.

1

2 3 4 5 g 7 8 9 10

Chromosomes

P01
P02

e —

P04
P05 S
P06
PO7

P08 o e |

P09 4
P10
P11 o
P12 4
P14 <
P15 4
P16 -
P18 -
P19 4
P20 -
P21 4
P22 -
P23 -
P24 -
P25 -
P26 -

additive (blue=Parent 1 ; yellow-red=Parent 2)




Multiple populations in multiple environments

» Linkage Analysis
» Phenotype = P =t + 2, %@y +{Gi + Eijod

Pop.Env Mean +
Pop.Env specific QTLs +

Pop.Env specific residual genetic effect +

Pop.Env specific error

| Residual genetic effect and error: unstructured VCOV
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Multi-Population Multi-Environment
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Conclusions

» Mixed model QTL mapping is a flexible tool to analyse
multi-population data

| Set-up design vectors/matrices to represent genetic data
(IBD/IBS)

| Test for environment and/or population specific QTLs (fixed/
random)

| Structure residual genetic effects (environment, population) in
appropriate ways for valid testing

| Take care to model within environment/ trial error structure
(randomization based + spatial)

| Use of multiple populations offers straightforward way of testing
QTL x background interactions
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