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Analysis and Answers to Frequently Asked Questions in Quantitative Trait

Locus Mapping
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Abstract: QTL mapping is an important step in gene fine mapping, map-based cloning, and the efficient use of gene information
in molecular breeding. Questions are frequently met and asked in the application of QTL mapping in practical genetic populations.
Questions related to statistical method of QTL mapping are: what does LOD score mean? What is the relationship between the
reliability of detected QTL and the LOD threshold? How to evaluate different QTL mapping methods? How to improve the QTL
detection power? Questions related to genetic parameter estimation are: how to calculate the phenotypic variance explained by
each detected QTL? How to determine the source of favorable alleles at detected QTL? How efficient is the selective genotyping?
Can composite traits be used in QTL mapping? Questions related to linkage map and mapping populations are: does the pheno-
type of a trait in interest have to follow a normal distribution? Does the increase in marker density greatly improve QTL mapping
power? What effects will missing markers have in QTL mapping? What effects will segregation distortion have in QTL mapping?
Our objective in this paper was to give an analysis and answer to each of the 12 frequently asked questions, based on our studies

in past several years.
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Table 1 Corresponding probabilities of type | error to LOD and the corresponding LOD threshold to the significance
probabilities under three degrees of freedom

LOD LRT ¢ a Lob
df=1 df=2 df=3 df=1 df=2 df=3
1.00 4.61 0.031786 0.099759 0.202686 0.1 0.59 1.00 1.36
2.00 9.21 0.002407 0.010002 0.026625 0.05 0.83 1.30 1.70
3.00 13.82 0.000201 0.000998 0.003161 0.01 1.44 2.00 2.46
4.00 18.42 0.000018 0.000100 0.000360 0.001 2.35 3.00 3.53
5.00 23.03 0.000002 0.000010 0.000040 0.0001 3.29 4.00 4.58
: 1.3 QTL ?
a , 2 (DH) IM
LOD=3, 2 CIM ICIM LOD
a 0.001, QTL 7 QTL, 1 1
a QTL .2 4 2 QTL,
, : 3 2 QTL, QTL
, , 1, 2
QTL
, LOD QTL , IM QTL,
a, CIM QTL
a LOD (11-12] 1-5, QTL ,
2~3  LOD a 0.05 , QTL
QTL QTL , , QTL
3~4 , QTL QTL :
( 2),
QTL 10 , 160 cM
, LOD 17 ,8  QTL(1Q1~1Q8) 8
QTL , , 2 ,
QTL IQ2 1Q5 1Q6 1Q7 4 QTL
, , 2% 5% 10% 20% ( PVE)
QTL 1.0, PVE
, ( 2 4 DH ,
QTL : 200, ICIM  IM
: QTL LOD 25  QTL 3,
QTL LOD , QTL ,
QTL , ICIM 5 QTL, 3 5 6
QTL : 7 51.10 60.00 70.00 cM
QTL, IQ5 IQ6 1Q7 10cM ( 3),
, 10 cM IQ5 1Q6  1Q7
QTL LOD , 1, 2 QTL,
QTL 1Q2 6.90 cM, IQ2 10cM

QTL , L7 40 cM QTL,
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Fig. 2 Comparison of interval mapping, composite interval mapping, and inclusive composite interval mapping in a simulated popu-
lation with 200 doubled haploid lines
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QTL

6 .
68 cM 2

’

QTL,

13
QTL

120 cM,

1

A genome with 6 chromosomes was assumed, each of 120 cM and evenly distributed with 13 markers. One QTL was located at 35 cM on
chromosome 1, and two QTLs were located at 35 cM and 68 cM on chromosomes 2, 3, and 4. Arrows point to the approximate QTL positions.
Upward arrows indicate the QTLs have positive effects, while downward arrows indicate the QTLs have negative effects. The absolute ge-

netic effect is 1 for all QTLs.

F2 8AMIEE QTL EERARMME. MEEEHE. BRRETEMESHUK 10cM 120 cM EEXE
Table 2 Eight independent QTLs and their chromosomal positions, additive effects and explained phenotypic variation (%), along
with the 10 cM and 20 cM confidence intervals (CI)

Confidence interval (Cl)

QTL Chromosome Position (cM) Additive PVE (%) Cl=10 cM Cl=20 cM
1Q1 1 25 0.1000 1 (20 cM, 30 cM) (15 cM, 35 cM)
1Q2 2 32 0.1414 2 (27 ¢M, 37 cM) (22 cM, 42 cM)
1Q3 3 39 0.1732 3 (34 cM, 44 cM) (29 cM, 49 cM)
1Q4 4 46 0.2000 4 (41 cM, 51 cM) (36 cM, 56 cM)
1Q5 5 53 0.2236 5 (48 cM, 58 cM) (43 cM, 63 cM)
1Q6 6 60 0.3162 10 (55 cM, 65 cM) (50 cM, 70 cM)
1Q7 7 67 0.4472 20 (62 ¢M, 72 cM) (57 cM, 77 cM)
108 8 74 0.5477 30 (69 cM, 79 cM) (64 cM, 84 cM)
IQ7 10cM 20 cM 2.5 10cM  ( 3),ICIM
, L IM 4 QTL, 1Q2 1Q5 1Q6 1Q7 213 2
6 7 60.00 cM 1Q2 4 2,105 1,
70.00cM IQ6  1Q7 10cM 1Q6 3 ,1Q7 2 ;IM 4
, 2 QTL 1, 2 4 QTL 1 03 2 ICIM
QTL 10cM , 16 QTL 8 ,IM 13 QTL
, 4 , LOD 7 20cM  ( 3),ICIM
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Table 3 Calculation of power and false QTL in four simulated DH populations for ICIM and IM (the confidence interval of each

predefined QTL is 10 or 20 cM)

Inclusive composite interval mapping

Pop. . " LOD Cl=10cM Cl=20 cM
Chromosome Position Additive PVE (%)
1 2 25.10 0.19 2.56 3.48 False QTL 1Q2
5 51.10 0.29 6.05 8.14 1Q5 1Q5
6 60.00 0.30 6.72 8.86 1Q6 1Q6
7 40.00 0.20 2.94 3.71 False QTL False QTL
7 70.00 0.42 11.87 16.64 1Q7 1Q7
2 2 30.50 0.27 5.35 7.78 1Q2 1Q2
5 45.00 0.27 5.25 7.94 False QTL 1Q5
6 59.10 0.26 4.94 7.50 1Q6 1Q6
7 59.40 0.38 9.84 15.61 False QTL 1Q7
3 2 30.00 0.21 2.50 3.96 1Q2 1Q2
6 55.40 0.29 4.47 7.81 1Q6 1Q6
7 70.00 0.28 4.42 7.14 1Q7 1Q7
7 90.00 0.25 3.39 5.41 False QTL False QTL
4 6 69.30 0.22 2.65 4.99 False QTL 1Q6
7 60.00 0.33 5.87 11.34 False QTL 1Q7
10 38.90 -0.23 2.92 5.70 False QTL False QTL
Interval mapping
Pop. . » LOD Cl=10 cM Cl=20 cM
Chromosome Position Additive PVE (%)
1 5 47.10 0.26 2.71 6.74 False QTL 1Q5
6 6.70 0.25 2.51 6.15 False QTL False QTL
6 60.00 0.30 3.99 8.77 1Q6 1Q6
7 70.00 0.52 13.39 26.53 1Q7 1Q7
2 2 30.00 0.30 4.38 9.59 1Q2 1Q2
6 60.00 0.28 3.81 8.39 1Q6 1Q6
63.90 0.43 8.90 19.44 1Q7 1Q7
3 6 56.20 0.31 3.66 8.81 106 1Q6
7 72.60 0.48 9.55 21.01 False QTL 1Q7
7 86.30 0.47 8.94 19.93 False QTL False QTL
7 108.00 0.38 5.77 13.04 False QTL False QTL
4 7 60.00 0.31 4.57 9.99 False QTL 1Q7
10 38.70 -0.26 3.04 7.18 False QTL False QTL
Q2 I1Q5 1Q6 1Q7 3 2 4 (
4, IM 1 1 3 4ICIM ) ICIM , QTL
16 QTL 3 , IM 13 ( 3 100 200 400
QTL 4 100 1 000 , PVE = 4% QTL 10 cM
: ) 29% 67% 91%; PVE
QTL =10% QTL 10 cM
14 QTL 79% 97% 100%
QTL [13]'
. QTL QTL
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Fig. 3 Relationship between QTL detection power and mapping population size
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Table 4 Frequencies and genotypic values of four genotypes at
two linked QTLs in a DH mapping population, where a, is the
additive effect of Q,—q, and a;, is the additive effect of Q,—q,

Genotype Frequency Genotypic value
Q:Q:1Q:2Q2 3(-r) ay + a
Q1Q10202 3" a - a
019:Q2Q: 3 —ai+a
01010202 3(1-r) —a1—az
, a,=1.0, a,= -1.0, r =
0.1, V=04 VG1 = VG2 =1, V=04,
V»=0.8, QTL PVE 125%
, ICIM
QTL, (
4) QTL , 2 QTL
, PVE
2.2 QTL 2
QTL
(=l QTL

60
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oo oo o
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Fig.4 QTL mapping in a simulated population of 200 doubled
haploid lines
120 cM 0.1

QTL, 1.0 -1.0, 0.4,
2cM
Two QTLs are linked in the repulsion phase on one chromosome of 120

cM. Genetic effects of the two QTLs are 1.0 and —1.0, respectively.
Variance of random error is 0.2, and distance between markers is 2 cM.
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Fig. 5 One-locus additive and dominance genetic model of
quantitative traits
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#5 K% DHEEHRENBIMRE QTL
Table5 QTL of kernel weight identified in the barley DH population

ICIM (PIN=0.01, POUT=0.02) Selective genotyping

QTL
Position Left flanking  Right flanking Additive LOD PVE LOD
(cM) marker (cM) marker (cM) (%)
qgKWT2-1 83 74.30 83.40 0.39 4.16 3.04 0.53
qgKWT2-2 139 130.90 142.10 —-0.46 5.28 4.23 2.44
qKWT2-3 201 195.40 201.70 0.45 5.60 4.20 4.36
qgKWT3-1 0 0.00 0.00 -0.35 3.35 241 0.02
qKWT3-2 22 17.20 25.20 0.57 8.00 6.50 2.97
qKWT4 125 124.80 140.10 -0.31 2.73 1.95 3.55
qgKWT5 5 3.80 7.00 -1.38 32.19 38.27 19.82
qgKWT7-1 4 3.40 7.60 -0.56 7.81 6.38 3.55
qKWT7-2 95 92.60 97.70 -0.94 18.86 17.51 941
LOD , ICIM QTL ,
25% , LOD 2.5 LOD 2.5,
ICIM

LOD score of selective genotyping given in the last column is at the nearest marker of the corresponding QTL identified by ICIM. In
selective genotyping, the selected proportion was 25% for each tail. LOD score from selective genotyping is in bold when it is higher than
LOD threshold 2.5.

QTL TR306 , QTL[17-201
2.3 ?
QTL )
: QTL 20, (5 6)
) , IM
(selective genotyping) \ ICIM
: QTL ,
, , 0.15~0.35
L 1 Q T L H
407 4 gKWT2H-2 —  gKWT3H-1 gKWTSH gKWT7H-1 qKWT7H-2
30 d-‘iH’T.?.’_{:f ‘-..__\.\.G-‘Uf .r;:H-:F GKWT3H-2 KW

/

Z L T T I
_ —_- = =

juniie =i sjic olia i o ie o fie ol
= = v o wn wn o DD

TH
TH
TH
TH

6H
6H

4H
4H

uwiis wie i
Lo I o IO o B ot A o O ot O Tt T o T
Scanning position (¢cM) on seven barley chromosomes

E 6 X% DH#ATEXEEEQ@QFIEEERESMEELR(D)
Fig. 6 Mapping results for a barley DH population under inclusive composite interval mapping (a) and selective genotyping (b)
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Table 6 Theoretical QTL effects of two individual traits and four composite traits (assuming each individual trait is controlled by two QTL)

Additive
QTL Chromosome Position |

(cM) Trait | Trait 1l Addition Subtraction Multiplication Division

Q1 1 18 1.0 1.0 1.0 20 0.0503
Q2 2 28 1.0 1.0 1.0 20 0.0503
Qs 3 53 1.0 1.0 -1.0 25 -0.0631
Qs 4 63 1.0 1.0 -1.0 25 -0.0631
Population mean 25 20 45 5 500 1.2563
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Table 7 QTL detection power of individual and composite traits
QTL | Il
Parameter Trait | Trait 11 Addition Subtraction Multiplication Division
Q1 95.10 69.60 69.30 55.20 50.50
Power (%) Q 94.80 69.80 70.40 54.10 50.90
Qs 92.50 67.20 65.30 76.90 75.20
Qs 94.50 68.40 65.40 77.80 75.20
False discovery rate (%) 21.63 22.98 27.42 28.05 28.07 29.68
Q1 18.54 18.55 18.62 18.36 18.45
Estimated position (cM) Q 28.46 28.49 28.38 28.44 28.52
Qs 52.65 52.68 52.61 52.75 52.65
Qs 62.85 62.83 62.63 62.88 62.58
Q1 1.00 1.10 111 23.32 0.06
Estimated additive effect Q: 1.01 1.09 111 23.42 0.06
Qs 1.00 111 -1.11 26.46 -0.07
Qs 1.00 1.10 -1.12 26.61 -0.07
50 4
’ 40 -
' g 30 4
o
QTL , g 20 4
=10 4
’ N o il o
€ ) P=pu+G+e 85 90 95 100 105 110 115 120
Phenotypic value
g 100
q QTL G=Z[ajwj+djvj], 80
= io g 60
G e ’ = 20
0 .
1.2 4
= 1.0
, G ) P ;-f:”u.x |
QTL QTL 3 06
= 04 4
P £ 02 1
, 160 cM 25 cM RS AR —
Too oo oo oo oo 2o c o o o
QTL 80% , 1.0, ~FNAYREE®ESZISIRE
I D-scanning on one chromosome, step=1 ¢cM
10 7
) 200 DH ) B 7 —ANREIFESHELEEBARE QTLIEELSER
ICIM ( 7) Fig. 7 QTL mapping in a simulated population with 200 dou-
bled haploid lines that do not follow a normal distribution
LOD 27 cM 88.44, 25 cM QTL 80% , 1.0,
0.9989, 81.12% 200
One QTL is simulated at 25 cM on the chromosome, explaining
3.2 QTL ? 80% of the phenotypic variation.
1.2
2 , 20cM( 8 MD 5 10 20cM
, 330 170 90, 10
, cM 170 20 cM 90 ,
QTL 3 PVE 10% QTL, 600, 10
, (MD), 5cM cM : PVE
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Fig. 8 Relationship of QTL detection power with marker density and mapping population size
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Fig. 9 Inclusive composite interval mapping of linked QTL in
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2 QTL, 5~10 cM ,
“ "QTL MD QTL
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Fig. 10 Effect of missing markers on QTL detection in F, population
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Fig. 11 Effect of segregation distortion markers on QTL detection in F, population
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