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Mapping QTL with Epistatic Effects
and QTL-by-Environment Interaction Effects

lun Zhu

Purpose

To map quantitative trait loci (QTL) with additive, epistatic, and QTL-
by-environment interaction effects for doubled haploid (DH) or recombi-
nant inbred line (RIL) populations.

Definitions

Genetic Model

If multiple-environment data of DH or RIL populations are used for
mapping QTL, the phenotypic value of thejth genetic entry in environ-
ment h can be expressed as shown in the genetic model

Yhj =j.l+alxA I +a2xA , +aaxM} } }
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where j.l is the population mean; a 1 and a2 are the additive effects of loci Ql
and Q2, respectively; aa is the additive x additive epistatic effect of loci Ql
and Q2; x AI ' X A2 ' and x AA are coefficients of these genetic main effects;

J J ,
e E is the random effect of environment h with coefficient UE ; eA E (orh Iii I h

e A E ) is the additive x environment interaction effect with coefficient UAE2 h 1 Iii
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! (oru A2Ehj ) for Ql (or Q2); e AAEh is the epistasis x environment interaction ef-

fect with coefficient UAAEhj; eMf is the marker main effect with coefficient

UM ; eMM is the marker x marker interaction effect with coefficient UMM "f I I

e MEhp is the marker x environment interaction effect with coefficient UMEhpj ;

e M,\1EhII is the marker x marker x environment interaction effect with coeffi-

cient U MMEqhj " and E hj is the residua] effect.

r Mixed Linear Model

r The epistatic QTL model can be expressed in matrix form as
,

Iii y=Xb+U EeE +U A,EeA,E +U AzEeAzE +U AAEeAAE

+U MeM +U MMeMM +U MEeME +U MMEeMME +eE
9

=Xb+L Uueu
u=l

9

-N(Xb'V=L (J~UuRuU:)
u=l

Ii, where y is the phenotype vector; b is the fixed parameter vector for popula-

tion mean and QTL effects; X is the known incidence matrix of the fixed

parameters; el =eE - N(O,cri/) is the vector of environment effects;

ez =eA,E -N(O,(J~,EI)isthevectorofA1 x E interaction effects; e3 =eA2E

- N(O,(J~2EI) is the vector of A2 x E interaction effects;e4 =eAAE-

N(O,cr~RAAE) is the vector of AA x E interaction effects;es =eM -

N(O,cr~RM )is the vector of marker main effects; e6 =eMM - N(O,cr~MRMM)

is the vector of interaction marker main effects; e7 =eME - N(O,(J~ERME )is

the vector of M x E interaction effects; eg =eMME - N(O,cr~MERMME) is the

vector ofMM x E interaction effects; eg =eE - N(O,cr;/) is the vectorofre-

sidual effects; U u(u =1, 2,...,8) is the known incidence matrix of the ran-

dom effects, and U 9 = I.



-
Mapping QTL with Epistatic Effects and Interaction Effects 221

Analysis Methodology

An approach of mixed-madel-based composite interval mapping (MCIM)
can be constructed for handling epistatic effects and QTL x environment
interaction effects. The likelihood function (L) for the parameters of fi'xed
effects b and variance components [(J~] is

L(b,V) =(21t)-fiVl-} exp[ -t(y -Xb)TV-1 (y -Xb)]

with the log of the likelihood function (1)

l(b,V) =-lln(21t) -tlniVl-t(y -Xb) TV-I (y -Xb).

For searching QTL, the null hypothesis for genetic parameters (QTL main
effects and Q x E interaction effects) can be tested by the likelihood ratio

statistic (LR):

LR=211 (hi ,VI )-2/o(ho'vo).

The maximum likelihood estimates of QTL effects in b can be obtained by

h=(XTV-IX)-1 XTV-I y

with variance-covariance matrix

var(h)=(XTV-IX)-I.

Q x E interaction effects (additive x environment interaction e AE and e AE'
I 1

epistasis x environment interaction e ME) can be obtained by the best lin-
I}

ear unbiased prediction (BLUP) method:

e. =O'~u: Qy

with variance-covariance matrix

var(eu) =(J~U~ QU u
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whe~eQ=y-l _y-1X(XTy-1X)-IXTy-l.
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EXAMPLE j
Data of DH population with ninety-six lines and fifty-four markers on j:

three chromosomes (provided by Drs. N. Huang and P. Wu). Data analysis
method is described in detail in the user manual for QTLMapper Version",
1.0 (Wang et al., 1999). 1

Data file (ckge.map) for map information:
..,I

Chromosomes 3
.I:MarkerNumbers 18 15 21 .!

_DistanceUnit cM !

*MapBegin*
Marker* ch1 ch2 ch3
1 0 0 0
2 19.236 12.9949 7.7618
3 16.2488 5.3402 13.2518
4 4.8552 22.2875 6.9239
5 4.8047 27.7327 9.8037
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6 15.3881 6.3438 2.7929
7 --- 15.5969 29.4517 17.5239
8 15.0048 10.2825 41.7545
9 3.8375 8.9339 37.3036
10 3.2747 12.824 15.8394
11 34.4392 8.4598 18.7639
12 2.5322 5.1683 2.5121
13 23.7979 10.1262 5.0168
14 8.2644 5.2896 28.9405
15 13.3483 13.2089 1.9109
16 33.5319 22.7256
17 2.5622 15.2455
18 9.2129 32.48
19 7.1483
20 9.4924
21 18.718

*MapEnd*

Data file for marker and trait information:

Population DR
-Genotypes 96
-Observations 192
-Envix:onments yes
-Replications no
-TraitNumber 5
-TotalMarker 54
=MarkerCode Pl=1 P2=2 Fl=3 F1Pl=4 Flp2=5

*MarkerBegin*
Ind M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M11 M12M13M14M15M16M17M18M19M20M21 M22 M23M24 M25M26M27
1211111122222222111222211222
2111111122222111111222222111
3112222222211111111222111111
422222222221.111222222211222
5221.1112222. .2.1112222.2222
6112222222211.11222221111122
7112.22222222211111222222122
8122222222211111111222222222
9222.22222211111111222221111
10 1 2 2 . 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1 2 2 2
11 2 2 2 . 2 2 2 2 2 2 1 1 . 1 2 2 2 2 2 2 2 2 1 1 1 1 1
12 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 2 2 2 2 2 2 1
13 2 2 . 2 2 2 2 2 2 2 2 2 . 1 1 1 1 2 2 2 2 2 2 2 2 2 2
14 2 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 1 1 1 2 2 2
15 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2
16 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 2 2 2 2 2
17 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 2
18 1 1 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1
19 1 1 . 1 1 1 1 2 2 2 1 . . 2 2 1 1 1 1 1 . 2 . 2 1 1 1
20 1 1 2 2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 1 1 1 2 2 2
21 2 2 2 2 2 1 2 2 2 2 2 2 2 2 2 1 1 1 2 2 2 2 1 1 1 2 2
22 1 2 2 2 2 2 1 1 1 1 1 1 . 1 1 1 1 1 1 2 2 2 2 2 2 1 1
23 1 1 1 . 1 2 2 2 2 2 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2
24 2 2 2 . . 2 2 2 1 2 1 1 1 1 2 2 1 2 1 1 1 . 2 2 2 2 .
25 2 2 2 2 2 2 2 2 2 2 1 1 . 1 1 1 1 1 1 1 1 1 1 1 2 2 2

-





!

Mapping QTL with Epistatic Effects and Interaction Effects 225

83 1 1 2 2 2 2 2 2 2 2 1 . . 1 1 2 2 2 1 2 2 1 1 1 2 2 2
84 1 1-- 1 1 1 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2
85 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 2 2 2 2 2 2 1 1
86 2 2 1 1 1 1 2 2 2 2 2 2 2 2 2 1 1 1 2 2 . 2 2 2 2 2 2
87 2 2 2 2 2 2 2 2 2 2 2 2 1 1 . . 2 2 2 2 2 1 1 1 1 1 1
88 1 1 1 1 1 2 2 2 2 2 2 2 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2
89 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 2 2 2 1 1 1 2 2 2
90 1 1 2 . 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 . 2 2 2 2
91 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 . 1 2 2 2
92 2 2 2 . 2 2 2 2 . 2 1 1 . 2 . 2 2 2 1 1 1 1 . 2 2 2 2
93 1 1 1 1 1 1 2 2 2 2 2 2 2 2 . . 2 2 1 1 1 1 1 1 1 1 1
94 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 2 2 2
95 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2
96 1 1 1 1 1 1 1 2 2 . 2 2 1 1 1 1 1 2 2 . 2 2 2 2 1 1 1

M28 M29 M30 M31 M32 M33 M34 M35 M36 M37 M38 M39M40 M41 M42 M43 M44 M45 M46 M47 M48 M49M50 M51 M52 M53 M54

2222222222222212111111122.2;
111111211111222111111111111;
11111.111111222.2222222222;
122221222222222222222222..2;
2..2..1.22.22.212..2222..1;
11111.222222212222211111.1;
2222221112222112111111.11.1;
222121112222222.22211112222;
111111112222222122222111111;
222222222222221111111112221;
111111111111121.111111111.1;
111111222222221111111111112;
222111112222222111211111111;
111111222222211211122221111;
222222222222211.1112222222;
22222211111111111111111.1.2;
222222111111122122211111111;
111111222222211111111112222;
2.2...2.22.22.21.1111111.1;
222222111111121 1111111.111;
222222222222111 11111111111;

111111222211111.111111111.1;
222222222222222211111111112;
22.222.22222121121111.1112.;
22222111121122222222222221;
222222222222221 11111211112;
222222222222211 22222222111;
111111111111221 11111221222;

22211111222222222222222222;
122222222211122.22211111112;
22222.1111.1.12222211111..2;
1.11112222221.111112222.2.2;
111222111222211111122221111;
222.2.1111.1.2111112222222;
121122222222211.1122222222;
1.1111111.222.11111222.221;
12222222222222222222212222;
1222221111111222222221111 1;
22222.2222222122222221222 2;
1111112222111111111.111222;
11111122221111111111111222;
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III 2222221222222222222.11122.2;
111111111222222222222222222;
1111111.1122211111111111111; ;

222222222222222222211111111; J
222222111111111111111111222; 1
22.111222222111111111.111.2; 1

111111222222211111111112222; j
111111222222111111111111121; 1

222222222222222222222222222; j
111111222222222222222222222; 1222222222222221111111111111; j

222222222222222222222222222; J

11111122222222222222222.211;
1.111.22222212222..222211.1;
111111222222122222222221111;
1111112222222 11111111111.2;
2221212222222.1122222221111;
1112222221112222222222211.1;
111111122222221111122221111'
222222222222221111111112222;
21111111122222211112222221;
11111122221111111112222222;
11.2.1222222222.2122111111;
2222222222222222222111111 1;
111111122222222222222.. .1..;
2222221111111111111111.12.2;
222222112222221111111112222;
2.22..2222.221112..22222..1;
222222112221111222222222222;
222222111111111111111111111;
222221111111122111.222111;
11111.12222222111112222222;
2222222211111211111111111.1;
111111111111111122222222222;
111111.222222111111111111.1;
111111222222222222222121111'
1111112222222.11111111111.2;
111111222222221111111111111;
1112122222222211222222222.1;
11111122222222222222221111"
11111111.2212111111.1.2.2:
22222.22222222111.111211122;
222222222222211111111112222'
111111222222211111111211112;
222222222222222222222122222;
1111112222221221111.1211111;
111111221111122222222221111;
22222222222222222222222.221;
222222222222222222221221 1;
22222.22222222222.2111111;
2222221111122211111 111222;
11111.1.222222222.2.12111.1;2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 2 2' 2 2 1 1 2 1 . 2 2 2 .

22222211111111222222212211;
111111112222222222211 111 2;

'MarkerEnd'
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'TraitBegin'
Env# Ind# SH5; Env# Ind# SH5; Env# Ind# SH5; Env# Ind# SH5;
1 1 52.5; 1 49 77.6; 2 1 43.8; 2 49 66.7 ;
1 2 62.5; 1 50 50.4; 2 2 39.5; 2 50 50.1;
1 3 77.9; 1 51 60.0; 2 3 57.8; 2 51 56.7 ;
1 4 57.2; 1 52 68.6; 2 4 44.9; 2 52 56.4 ;
1 5 51.7; 1 53 58.0; 2 5 41.9; 2 53 53.3 ;
1 6 62.5; 1 54 67.2; 2 6 44.2; 2 54 58.4 ;
1 7 56.0; 1 55 65.2; 2 7 46.8; 2 55 60.1;
1 8 62.7; 1 56 66.7; 2 8 51.4; 2 56 57.2 ;
1 9 62.1; 1 57 67.1; 2 9 46.4; 2 57 53.1;
1 10 76.2; 1 58 59.6; 2 10 65.6; 2 58 54.9 ;
1 11 69.1; 1 59 67.5; 2 11 53.0; 2 59 56.0 ;
1 12 68.4; 1 60 67.7; 2 12 58.4; 2 60 52.6 ;
1 13 45.4; 1 61 60.3; 2 13 40.2; 2 61 52.0 ;
1 14 68.4; 1 62 70.9; 2 14 59.1; 2 62 57.0 ;
1 15 83.9; 1 63 78.8; 2 15 67.7; 2 63 65.0 ;
1 16 81.5; 1 64 70.9; 2 16 67.7; 2 64 59.0 ;
1 17 74.4; 1 65 52.2; 2 17 63.7; 2 65 46.3 ;
1 18 73.9; 1 66 70.7; 2 18 68.0; 2 66 55.3 ;
1 19 58.7; 1 67 66.3; 2 19 48.7; 2 67 58.4 ;
1 20 64.5; 1 68 55.0; 2 20 51.8; 2 68 48.9 ;
1 21 61.2; 1 69 75.3; 2 21 49.9; 2 69 59.6 ;
1 22 48.5; 1 70 75.5; 2 22 41.1; 2 70 56.8 ;
1 23 48.2; 1 71 57.5; 2 23 34.1; 2 71 43.4 ;
1 24 83.5; 1 72 49.7; 2 24 71.4; 2 72 42.5 ;
1 25 55.2; 1 73 75.5; 2 25 44.6; 2 73 66.5 ;
1 26 49.6; 1 74 52.5; 2 26 47.0; 2 74 40.1 ;
1 27 77.3; 1 75 64.6; 2 27 62.3; 2 75 57.3 ;
1 28 78.5; 1 76 57.2; 2 28 60.8; 2 76 52.8 ;
1 29 71.0; 1 77 52.1; 2 29 64.1; 2 77 43.4 ;
1 30 67.2; 1 78 53.9; 2 30 62.3; 2 78 46.8 ;
1 31 80.9; 1 79 72.0; 2 31 67.6; 2 79 63.1;
1 32 88.4; 1 80 70.0; 2 32 77.3; 2 80 57.8 ;
1 33 79.2; 1 81 52.3; 2 33 66.1; 2 81 43.2 ;
1 34 77.1; 1 82 55.5; 2 34 58.6; 2 82 43.3 ;
1 35 72.7; 1 83 63.7; 2 35 57.9; 2 83 48.3 ;
1 36 78.6; 1 84 62.1; 2 36 60.3; 2 84 57.5 ;
1 37 65.1; 1 85 61.0; 2 37 55.1; 2 85 50.2 ;
1 38 48.8; 1 86 71.8; 2 38 44.3; 2 86 59.9 ;
1 39 65.5; 1 87 76.6; 2 39 47.1; 2 87 58.6 ;
1 40 79.3; 1 88 55.4; 2 40 71.4; 2 88 44.1;
1 41 81.8; 1 89 60.9; 2 41 70.1; 2 89 43.6 ;
1 42 63.8; 1 90 58.9; 2 42 57.4; 2 90 44.7 ;
1 43 96.6; 1 91 44.4; 2 43 76.0; 2 91 37.0 ;
1 44 67.2; 1 92 73.6; 2 44 56.7; 2 92 56.3 ;
1 45 55.5; 1 93 73.8; 2 45 46.1; 2 93 63.6 ;
1 46 44.2; 1 94 82.4; 2 46 28.3; 2 94 69.8 ;
1 47 80.1; 1 95 53.7; 2 47 67.7; 2 95 41.8 ;
1 48 75.9; 1 96 64.2; 2 48 66.7; 2 96 55.4 ;

'TraitEnd'

-
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How to use the software:

1. Run QTLMAPPER.EXE to analyze QTL positions and effects. First
create two files: one is a map file (ckge.map) and the other is a marker
and trait file (ckge.txt). Choose run from submenu and map epistatic
QTL.

2. After finishing the general analysis, choose output submenu and
screen putative additive-effect QTL or epistatic QTL. The results are ,

presented in Output 1. i
3. Run jackknife test in output submenu for detecting significant addi-

tive and epistatic effects. The results are presented in Output 2.

Output 1 for Contribution of QTL Effects
II Result file created by QTLMapper V 1.0
II Data file name: D:\QTLSOURCE\ckge.txt

~II Marker map file name: D:\QTLSOURCE\ckge.map :'
II Environments: yes
II Replications: no
II Contents: relative contributions (HA2) for putative main-effect

QTLs/epistatic QTLs
II Calculations based on: D:\QTLSOURCE\ckge.jke
II BGV control method: A (control marker main & interaction ef-

fects)
# Date: 2000-07-04 Time: 14:05:56

Trait 1: SH5
Ch-ini Int.NameiSitei(M)Ch-inj Int.NamejSitej(M)H"2(Ai)H"2(Aj)H"2(Mij) H"2(AEi)H"2(AEj)H"2(MEij)
1-5 M5-M6 0.00 1.17 M17-M180.04 0.00000.0714 0.0000 0.0000 0.0001 0.0000
1-9 M9-M10 0.00 1-15 M15-M160.12 00000 0.2532 00000 0.0000 0.0001 0.0011
2-6 M24-M250.28 3.18 M51-M520.06 0.00000.0727 0.0000 0.0000 0.0001 00000
2-9 M27-M280.02 3-16 M49-MSO0.00 0.06250.0000 0.0000 0.0000 0.0001 0.0000
General contributions:

Additive(A): HA2(A)=0.6131; Epistasis: HA2(AA)=0.0000
QE Interactions: HA2(AE)=0.0003; HA2(AAE)=0.0011

End

OUtput 2for QTL A and AA Effects
"II Result file created by QTLMapper V ~.O

II Data file name: D:\QTLSOURCE\ckge.txtI~ Marker map file name: D:\QTLSOURCE\ckge.map ,

II Environments: yes
II Replications: no
II Contents: Jackknife test results for epistatic QTLs
II Jackknife based on: D:\QTLSOURCE\ckge.fle
II BGV control method: A (control marker main & interaction effects)
II Threshold probability: 0.005000

. Date: 2000-07-04 Time: 13:48:12
1
..

Trait 1: SH5 i
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Ch-ini IntNamei Sitei(M) Ch-inj Int.Namej Sitej(M) Ai Probi Aj Probj Mij Probij
1-5 M5-M6 0.00 1-17 M17-M18 0.04 0.055 0.9410 -4.541 0.0000 1.044 0.1782
1-9 M9-M10 0.00 1-15 M15-M16 0.12 -1.458 0.3977 -8.553 0.0003 -4.077 0.0559 .
2-6 M24-M25 0.28 3-18 M51-M52 0.06 2.115 0.0270 -4.582 0.0000 -1.209 0.1388
2-9 M27-M28 0.02 3-16 M49-M50 0.00 4.250 0.0000 -0.887 0.2098 -0.175 0.8197

AEi1 Prob AEi2 Prob AEj1 Prob AEj2 Prob MEij1 Prob MEij2 Prob
-0.122 0.5595 0.122 0.5590 -0.194 0.0532 0.194 0.0534 0.201 0.0558 -0.201 0.0558
0.081 0.7146 -0.080 0.7188 0.144 0.5623 -0.143 0.5645 0.393 0.0001 -0.394 0.0001
0.025 0.8673 -0.026 0.8604 -0.158 0.1465 0.159 0.1452 0.159 0.1237 -0.159 0.1233
0.137 0.2064 -0.137 0.2064 -0.130 0.2267 0.131 0.2254 -0.144 0.1296 0.144 0.1303
End

j

, .

I
I
I


