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Outlines
e Chromosome segment substitution
lines (CSSL)

* Selective genotyping and bulk
segregant analysis (BSA)

e Association mapping

 The CSL functionality in QTL
IciMapping



Chromosome segment substitution
lines (CSSL)
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Ways to develop CSS lines

(e

Standard of People’s Republic of China [(NSPRC)
1999]. A chromosome segment substitution line (CSSL)
population derived from cultivar Asominon (faponica)/
IR24 (indica) backcrossed to Asominor: and composed
of 66 C55Ls was used for QTL identification. The
CSSLs have several advantages over primary mapping
populations such as Fi, Fi, recombinant inbred line
(RIL), and double haploids in conducung QTL studies
for complex traits. First, each CSSL carries a single or
fewer donor segments in the near-isogenic background
of a recurrent genotype. Interactions between donor
alleles are limited to those between genes on homo-
zygous substituted tracts, reducing the effects of inter-
ferences from genetic background (Howell et al. 1996;
Yano 2001). Second, high-resolution mapping of puta-
tive QTLs as Mendelian factors and further map-based
cloning will be feasible in many plants, using secondary
Fs; population derived from a cross between a QTL-
CSSL and the recurrent parent (Eshed and Zamir 1995;
Frary et al. 2000; Takahashi et al. 2001; Yano et al.
2000). In addition, a secondary F, population between
different target CSSLs can be used to precisely detect
and confirm epistasis between QTLs (Lin et al. 2000;
Yamamoto et al. 2000). Finally, the CS5Ls can be used
for simultaneous identification, mapping, and transfer of
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Fig. 1 The strategy for constructing the chromosome segment
substitution lines population with the genetic background of a
Japorica variety, cultivar Asominori (quoted from Kubo et al.
1909)



QTL mapping with CSS lines
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Idealized CSSL: SSSL (single segment
substitution line)
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21 Rice CSSL in chromosomes 1-3
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M26
M27
T1EIR1T  -3.702  -0.72
T1EIR2 ~ -3.805 -0.206
T1E2R1  -2.785 -3.202
T1E2R2 ~ -2.988 -2.687
T1E3R1 -2.6 -2.305
T1E3R2 ~ -4.205 -0.958
T1E4R1 ~ -3.538 —0.936
T1E4R2 ~ -3.008  -0.76
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The linear model
m
y; =by+ ) bx; +e,
i=1

e =1, ..., m for marker or segment
e |=1, ..., n for each CSSL



The equivalence between the traditional t-test
and the regression model for idealized CSS lines

Segment1 | Segment2 | Segment3 | Segment4 | Segment5 1 1 1 1 1 1
Background 0 0 0 0 0 1 21111
CSSL1 1 1 2 1 1 1
CSSL2
—— 1 1 1 2 1 1
CSSL4 1 1 1 1 2 1
CSSL5 111112

_YP1_

1 O 0O 0 O Y1

NP -1 O 1 O O O Y,
b=(X"X)" XY = X

-1 0 O 1 O O Y,

-1 0 0 O 1 0 Y,
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Multicollinearity

e Caused by the correlation between variables

e Results in unreliable estimation of variable
effects

e Measured by

— Variable inflation factor: VIF=1/(1-R?)
— Condition number: k=4__ /A

min

— A - Maximum eigenvalue of the correlation
matrix between markers

— Amin - Minimum eigenvalue



To include the donor can increase
multicollinearity

e Background parent + n SSSL, correlation

between two variablesis r= 1

N

 Background parent + donor + n SSSL,

i . : n—3
correlation between two variablesis r=

2Nn—2

* No need to include the donor parent in QTL
mapping




The sequential process for decreasing the
level of multicollinearity among markers

Step ConditionN FirstMarker SampleSize SecondMarker SampleSize Coefficient Deleted

1 Infinity M14 3 M16 3 1.0000 M16
2 Infinity M26 2 M27 2 1.0000 M27
3 Infinity M66 2 M67 2 1.0000 M67
4  Infinity M75 3 M76 3 1.0000 M76
5 Infinity M60 4 M61 5 0.8872 M61
20 Infinity M23 4 M24 4 0.7339 M24
21 6020. M31 5 M32 6 0.7062 M32
22 1819. M55 6 M56 5 0.7062 M55
23 1766. M19 1 M20 2 0.7016 M20
24 1725. M33 4 M34 2 0.6960 M33
25 1393. M2 6 M3 3 0.6901 M2

26 1340. M35 3 M36 6 0.6901 M36
27 1293. M14 3 M15 3 0.6508 M15

27 758.



A likelihood ratio test combined with
stepwise regression (RSTEP-LRT)

Ay; =Y, _zbkxik

K+ |

>

Huy om0, Li=> Inf(AY; 4,00+ > In f(AY;; 1, 03)

Ho iy =1, L= InT(Ay; 1y, 00)

=0



RSTEP-LRT for QTL mapping

Chromosome segment substitution (CSS) lines have great
potential for use in QTL fine mapping and map-based cloning

The standard t-test used in the idealized case that each CSS
line has a single segment from the donor parent is not suitable
for non-idealized CSS lines carrying several substituted
segments

RSTEP-LRT: a likelihood ratio test based on stepwise
regression for QTL mapping in a population consisting of non-
Idealized CSS lines

— Stepwise regression was used to select the most important
segments for the trait of interest

— Likelihood ratio test was used to calculate the LOD score of
each chromosome segment

— To further improve the power of QTL mapping, we have
also used a method to decrease the effects of multi-
collinearity among chromosome segments.
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A. LOD score of single marker analysis
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Selective genotyping and bulk
segregation analysis (BSA)



Selective genotyping

Genotyping selected individuals in both tails

17



QTL mapping from the difference on
marker frequency

e Significance test of allele frequencies in both tails
t = Pu — P
\/pH (1_ pH) 4 pL(l_ pL)
2N, 2N,
e Useful when phenotyping is cheaper/easier

than genotyping

e Disadvantages

— Cannot be used for other traits

— Difficulty to estimate QTL effects



Comparison of SGM with IM and ICIM
(PVE=5%, MD=5cM and both tails have the selected
proportion of 10%)
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SGM has higher detection power than the
conventional IM but lower detection power than
ICIM



Bulked segregant analysis (BSA)

Genotyping two DNA pools of the two tails.
For polymorphism markers in two pools, conduct
marker screening in original population.



Steps of BSA

To form two DNA pools

To screen for polymorphism in the two pools

For polymorphism markers, screen all
individuals in original population

To use the standard QTL linkage mapping

Disadvantages: Two DNA pools cannot be
used for other traits



Association mapping



Linkage disequilibrium (LD)

e Linkage
— A (A1, A2) — B (B1, B2) with recom. freq. r
— Linkage in coupling
e A1B1, A2B2: (1-r3)/2
— Linkage in repulsion
 A1B2, A2B1, r?/2
e Linkage disequilibrium
—In F1, P(A1)=P(A2)=P(B1)=P(B2)=0.5
— But P(A1B1) # P(A1) x P(B1), unless r=0.5



General definition of LD

D, = p(A;B;)—p(A;)p(B;)



Attention 1: Linkage does not
really see high LD

Random mating breaks LD D, =D, (1-r)’

0.25
Fl —8—1r=0. 01
0. 20
it ——1=0. 05
® .15

—A—1r=0.1

i ——1r=0. 2
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Locus A and B are apart by 17.8 kb

in fruit fly
Haplotype
Ll L OBS. | Frequency Expected EXP.
A B frequency
+ + 4 0.085 0.06 2.8
+ - 4 0.085 0.11 5.2
- + 13 0.277 0.30 14.1
- - 26 0.533 0.53 24.9
e LD=0.023

e Chi-square=0.93, df=1, P>0.5




Attention 2: High LD value does not
really mean linkage

e Population structure can result in high value of LD

Allele frequenc Genotype frequenc
Population 4 Y L 4 4
Al | A2 |B1 | B2 A1A1B1B1
Pop 1 0.7 0.3 |10.7| 0.3 0.2401
Pop 2 0.3 0.7 |0.3] 0.7 0.0081
. OBS: 0.0625
Admixture | 0.5 | 0.5 [0.5| 0.5

EXP: 0.1241




Linkage mapping or association
mapping in plants?
 Both methods utilize LD in QTL mapping

* For association mapping based on natural
populations
— Population structure causes false LD
— Random mating during evolution reduce LD
* For linkage mapping based on biparental
populations
— Maximum LD can be used
— Population structure is clear



Contingency table test

* \When each observation in our sample
IS a bivariate discrete random vector
(a pair of discrete random variables),
then there is a simple way to test the
hypothesis that the two random
variables are independent. The test Is
another form of y? test.



Two-way contingency table

 Atable in which each observation is
classified in two or more ways is called a

contingency table.

* For example, a two-way contingency table.

_______|Condidatepreferred |

Curriculum

Engineering and science
Humanities and social sciences

Fine arts
Industrial and public administration

Totals

A

24
24
17
27
92

B
23
14
38
19
64

Undecided Totals

12 59
10 48
13 38
9 25
44 200



The y? test of independence

e Let Eij denote the MLE of the expected number of
observations that will be classified in the ith row
and the jth column of the table when H; Is true.

Q= ZZ(

=1 j=1 J

Ve

* Q has the property that if H, Is true and the
sample size n — o0, then Q converges in the
distribution to the y? distribution with RC-1-s=(R-
1)(C-1) degrees of freedom.



Simpson’s Paradox

 \When tabulating discrete data, we need to
be careful about aggregating groups.

e Suppose that a survey has two guestions.
If we construct a single table of responses
to the two gquestions that includes both
men and women, we might get a very
different picture than if we construct

separate tables for the responses of men
and women.



An example of the paradox
e Disaggregated by sex

Not Improved Percent improved

New treatment 12
Standard treatment 3 7 30
New treatment 8
Standard treatment 21 9 70

 Aggregated by sex

All patients Not |mproved Percent improved

New treatment 20
Standard treatment 24 16 60



An example of the paradox

e According to the first table, the new
treatment is superior to the standard
treatment both for men and for women,

* According to the second and third tables,
the new treatment is inferior to the
standard treatment when all the subjects
are aggregated.

e This type of result is known as Simpson’s
paradox.



The paradox explained

* In the example, women have a higher rate
of Improvement from the disease than
men have, regardless of which treatment
they receive.

e Furthermore, most of the women in the

sample receive the standard treatment
while most of the men received the new

treatment.



A make-up example not to see LD

e Assume locus A-a is linked with locus B-b,
with a genetic distance 1 cM

 We have the four genotypes AABB, AADbb,
aaBB, and aabb in our hand.

e |f we have a 1:1:1:1 mixture population of
the 4 genotypes, we won'’t be able to see
any LD between locus A-a and locus B-b
— Pa=Pa=Pe=P,=0.5;

— P(AB)=0.25; p,*pg=0.25; P(AB)-p,*pg=0, SO Is
true for Ab, aB, and ab



A make-up example to see fake LD

e Assume locus A-a Is unlinked with locus B-b,
say located on two chromosomes

 We have the four genotypes AABB, AADbb,
aaBB, and aabb in our hand.

 |[f we have a 1:1 mixture population of
genotypes AABB, and aabb, we are able to
see LD=0 between locus A-a and locus B-b

— Pa=P,=Ps=Pp=0.5;
— P(AB)=0.5; p,*pg=0.25; P(AB)-p,*pp=0.25
— P(ADb)=0; py*ps=0.25; P(AB)-p,*pg=-0.25



Two major problems with
associlation mapping

Problem A: Random mating can break
down true LD

Problem B: Population structure can
cause fake LD

The principle behind association mapping Is
simple: similar to single marker analysis. The
more difficult work is to handle the two problems.

To solve problem A, we need highly-dense
markers. To solve problem B, we need to
identify the structure of the mapping population.



The CSL functionality in QTL IciMapping



Three methods available in CSL

« SMA: single marker analysis (Soller et al.,
1976. Theor. Appl. Genet. 47: 35-39)

« RSTEP-LRT-ADD: stepwise regresson
based likelihood ratio tests of additive QTL
(Wang et al., 2006. Gen. Res. 88: 93-104)

« RSTEP-LRT-EPI: stepwise regresson

based likelihood ratio tests of digenic

epistasis QTL (Wang et al., 2007. Theor. Appl.
Genet. 115: 87-100)



Interface of the CSL functionality

CslMapping. csl ] CslSimlation. csl BarlevDH. bip EiceFZ bip - X

! Fote: lines staring with “1" are remarks and will be igneored in the program sbkkbikkiknkikns
! General Information

1 |Furpoze: 1 for trait mapping, 2 for mapping =simulation;

G2 |Fumber of denor chromosome segments (reprezented by marlkersz)

=13 |Fumber of C55 lines plus the recwrent (or background) parent, the inclusion of recwrrent parent improwves mapping powers
1 |Humber of traits, | 1f Purpose=1

4 IHumber of testing enwiromments, 1f Purpose=1

2 IHumber or replications, 1f Purpose=1

! Marker Types

10 for background parent (aa), 2 for donor parent (AA), -1 for missing marker
IMarker name followed by marker type for all lines (the background parent and CS5 linez in the file) skbdokokskkbbiorn
M1 0O zoooooao 1] gzzooo0oO0oOooOOOODOOO 1] QzoOoooOoOOOOOOOOOOOOODOO
Nz
M3
M4
NS
ME
NT
M3
L]
Mi0
Mi1
M1z
M13
M14
M5
M1E
M1T

o e e R Y s Y e e [ e Y Y e e e s e B R I
o e e R e Y s e e [ e Y Y e Y e e [ s [ B R B s i e |
o e e e Y e e e e R o o N )
oo o0 o0 o0 o0 oo ooocorMMMMO
o e e e Y e L R R R )
o e o e Y e R o s N s
Lo I e e I Y 0 I 0 T o o LA o R R o o i
o e e e Y e ) O o R R o N
o e e e Y e o o e R o o )
o e e e Y 0 Y 0 A O o Y

gooooez
gooooan
gooooan
gooooan
gooooan
gooooao
gooooao
gooooao
gooooao
gooooao
gooozao
gooooan
Zzooono
Zzzoono
gzzooo
Zzzoono
gozooao

oo oo oo oo oo oo oo oo
oM MMM oo oD o oo oo o0
oo oo oo Mo oo oo oo oo
oo oo oo oo oo oo oo oo
rRmo Mmoo o oo oo o oo oo oo
Lo I e I Y 0 I [ o o o N s i
o e e e s Y R o N o
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e s Y R o N o
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
oo oo oo oo oo oo oo oo
oo oo oo oo oo o oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo o oo oo oo
oo oo oo oo oo o oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo o oo oo oo
o e e e s Y R o N o
o e e e Y e e e e R o o N )
Lo I e I Y 0 I [ o o o N s i
Lo e e e Y 0 I e
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
oo oo oo oo oo o oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo o oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo o oo oo oo
oo oo oo oo oo oo oo oo
oo oo oo oo oo oo oo oo
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e Y e e e R o o N s i
o e e e s Y R o N o
o e e e s Y R o N o
oo oo oo oo oo o oo oo oo
rmo o oo o oo oo o oo oo oo
oo oo oo oo oo o oMo o oo
oo oo oo oo oo o oo oo oo
o e e R e Y s e e [ e o Y e e [ s [ s R s Y i o
oo oo oo oo oo o oo oo oo
oo oo oo oo oo o oo oo oo

Parameters X

Multicallinearity Carral Mapping Method; | RETEP-LRT-ADC Selected Methods

Mapping Parameters LOD Threshold ShtA
RSTEP-LRT-ADD

RSTEP-LRT-EFI

<

(*) By manual input | 2.5000 Y

Probability in ) By permutation
stepwise regression; |0.0010 Tirres: <<

By condition number; {1,000 3

Type | error:

1l
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