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• Molecular markers allow DNA polymorphisms – DNA 
sequence differences between individuals in a 
population (or species) – to be detected

• Marker-based technologies – allow us to more effectively 
exploit natural variation in crop plants

• Bridge the gap between traditional breeding and the 
“post-genomic world”

• Non-biased gene discovery – “forward genetics”



• SNP markers exploit single nucleotide variations in the DNAs of 
individuals. 

• The example below illustrates the detection of a SNP in a canola gene 
that is associated with herbicide tolerance. 

• In this case, the two alleles are differentiated through the incorporation of 
differently labeled chain terminators (C for wild type or WT, T for herbicide 
tolerant at the 3’ of a specific primer.

sensitive

tolerant

Ile Pro Ser Gly Gly Thr Phe Lys Asp Val    
ATC CCA AGT GGT GGC ACT TTC AAA GAT GTA

3’CA CCA CCG TGA AAG TTT CTA C 5’  PM1 low primer

Ile Pro Asn Gly Gly Thr Phe Lys Asp Val    
ATC CCA AAT GGT GGC ACT TTC AAA GAT GTA

3’ TA CCA CCG TGA AAG TTT CTA C 5’  PM1 low primer

T Reaction product 
from tolerant variety

Reaction product 
from sensitive variety 
(WT)

C

Single Nucleotide Polymorphism 
(SNP)



• SSR or Microsatellite polymorphism represents variation in the number of 
repeat units of di-, tri- and tetranucleotides (blue boxes) 

• The polymorphism is expressed as different-sized PCR products generated 
from primers complementary to sequences flanking the repeat.  

• An example of the genetic segregation of an SSR marker in a cross between 
different wheat varieties is illustrated.  
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Genetic mapping

a a AA Parental lines

a A F1

A A A Aa a a a a

F2 gametes or 
derived fixed 
lines (doubled 

haploid or 
recombinant 

inbreds)

A

Frequency of recombination events between marker and trait  = genetic distance (cM)
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DLM20b 
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MB0934 
E2C205Bb 
E2C205Bx 
E3C242A  MA0410b
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DLM68b  DLM280  DLM405c  
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DLM220a  E3C205Ac

MB0136b 
EST34 
DLM238a 
MC0740a 
DLM405b 
DLM7  
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SD0085A 
DLM3CE1 
E3C023 
DLM174c  DLM121a

DLM318c 
E4C029 
X2NA3d 
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MB0136a 
DLM318b  SD318
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E4C065A  DLM418d 
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E3C260B 

Bras072a 
x4NF4a 
MA1026 
DLM550a  SD247
SD10AB7A  DLM247
MA1271

ACH437b 
E2C089 
EST77 
Bras063b 
DLM256a  DLM233b

DLM88b 
SB5989A 
DLM381a 
ACH460 
MC0637 
MA2233a 
MB0275b 
EST24  EST62c

E4C229 
E4C175 
MB1216a  
MB0721
EST114 
E2C199a  Na12C07b  DLM429

DLM453b 
ACH401b 
E4C048B 
AAH1T4 
E3C211A 
MA0162  MA0576

DLM274 
DLM391  

DLM235  DLM187

MB1047 
DLM120a 
MB0736 
DLM546f 
DLM464a 
SD3DC4A 
MB1364 
DLM441a 
EST244b 
MA1018b 
MA1018a 
MA1673b 
DLM191b 
DLM110b 
DLM130b 
DLM277d 
MC0737 

Dist 
cM

Marker 
Name

17.5 

6.0 
2.7 
2.7 

4.0 
7.4 
1.3 
6.7 
1.3 

9.4 
2.0 
2.0 
2.7 
3.7 
3.0 
4.7 

10.1 

3.0 
3.0 
1.3 

1.3 
0.7 

0.7 
5.7 

10.6 
7.5 
6.5 
1.5 

2.7 
5.4 

5.4 

11.5 
1.4 
8.0 
1.3 
1.3 
4.2 

16.5 
7.3 
1.4 
4.7 

10.8 
6.7 
1.5 
1.8 
5.4 
1.7 

33.7 

11

Dist 
cM

Marker 
Name

9.2 

3.3 

1.0 
1.0 
1.1 
2.1 
1.0 
9.8 

1.4 
27.0 

6.0 
6.4 
1.6 
5.7 
4.9 
5.2 
1.1 
7.2 
6.0 

14.4 

15.9 

17.4 

11.5 

4.0 
2.7 
3.3 
1.4 

10.1 
0.7 
7.6 

10.4 
9.0 

2.7 
2.7 
4.7 

0.7 
15.1 

8.7 

ED2151b 

Bras058a 
DLM390  MB1205

DLM359 
DLM432 
x1NB5 
DLM144b 
E2C085a 
DLM446a  DLM130c

E4c236y 
EST179  DLM98b

DLM82b 
RGA8c 
X3ND4b 
E3C124 
ATM2C-28 
MB0353 
MB1242 
MB0992 
E4C141A 

ACH464 

MB1314dx 

MB1306 

MB0156 
MB0475a 
E3C021B 
MA1968 
MA0413  MA0210  MA0795

MA2032a 
MA1209a 
DLM7E 
AAR3U_7 
DLM275  DLM138

SD4BF12
X2NA3a 
MA0586 x1NF 11

MA1665 
E3C152 
E1c297 

12
Dist 
cM

Marker 
Name

6.2 

6.4 
2.0 
0.7 
1.5 
4.4 
1.6 
9.8 

16.9 

3.5 

2.0 
0.7 
5.2 
1.5 

2.2 
5.2 
1.3 
1.3 

0.3 
0.3 

2.0 
2.0 
4.7 
7.4 
4.0 
5.4 
4.0 
0.7 
2.7 

16.4 

DLM570 

DLM335b 

MB1348a 
MA1823 
MA13892 
MA1265 
DLM579 
E1c254 
E2c004A 

DLM261 
DLM179E  DLM179b

SB1986A 
MB1382 
MC0723 
DLM373c  DLM293c  AAH1A8

ACH470 
MB0244a 
ABR4C8 
DLM374  DLM438

SD2DB3A 
DLM19b  ABR4G12

MB1216 
RGA8d 
E4C099 
DLM246 
HQSGL4 
EST121 
MB0286a 
MB1053 
MB1242a 
ATM2G-7 

13

Dist 
cM 

Marker 
Name

19

28.3 

3.3 
4.5 
2.7 
7.5 
1.4 

2.7 
2.0 
2.0 

15.4 
6.5 

10.8 
2.7 
1.3 
0.7 

0.7 
2.0 
1.5 

16.5 
1.4 
2.1 

12.3 
25.4 
18.9 
10.8 

6.0 
3.3 

4.7 
4.0 
4.0 
0.7 
7.4 

8.3 
15.9 

9.3 
2.2 
1.4 

2.0 
5.4 
2.7 
2.7 
4.0 
2.8 

12.0 
2.8 
1.3 
2.7 

12.0 

RGA8b  Na12F03a 
Bras047b  MB0570 
AAR3U_2  AAR3U_5
DLM347a  E1c192b 

MB0440a 

E3C020 

ATM2U-5 
E2c217b 
EST83 
MB0539  DLM271 
ACH426b  Bras047a

E2C133 
EST177 
Ni3H07b 
E3C025 
E1c080 
MB1157a 
E4C025B 
E4C174C 

Bras019 
DLM545 
E3C043Aa 
X3NH4a 
MB0260 
E1c064a 
AAH1A1 
ED839 
E3C065 
SB2610A 
MB0113 
SB1050A  DLM469a

MB0692 
EST240 
X5NB9 
DLM25 
DLM157  SD157A

SD0157A 

EST50 

E1c089b 
E1c162 
E3C118b 

E4C112 
MA0892 
SB4791A 
DLM455 
ATM2C-7 
DLM260b 
DLM345b 
DLM456b 
X3ND7 
DLM78 
DLM293b 

AAR3U-1

Dist 
cM

Marker 
Name

14.7 

0.7 
1.3 
0.7 
0.7 

2.7 
0.7 
6.0 
8.5 
7.7 
3.3 

4.0 
6.0 
6.7 
4.5 
1.6 

14.4 
11.3 
12.7 

0.8 
3.7 
7.4 
6.4 
4.1 
7.6 

E3C259B 

SD0243A  DLM243a

E4c201A 
MA2168a 
MA0214 
ACH448b  ACH409b

DLM337 
MB0707 
HQCLT28 
ATM2G-8 
DLM87b 
DLM465  DLM134  DLM143

DLM217b 
DLM98a 
MB0163a 
DLM577a 
E1c058a 
AAH1A3 
ACH459b 
DLM224b 
DLM514b 
DLM84 
RGA83 
CB10139 
E4c177Ay 
DLM369c 

14

Dist 
cM

Marker 
Name

8.0 

6.0 
5.5 
2.4 
5.1 

0.7 
2.7 
2.7 
1.0 
1.2 
1.5 
7.7 
2.7 
0.7 

0.7 

10.6 
2.2 

11.6 
4.0 
3.7 

16.0 
6.8 
1.5 

1.8 
8.3 

13.0 

MB1077 

ABR4C3 

EST21 
ABR4G4 
DLM314b 
DLM435a  DLM23b

DLM133 
MB0125x 
MB0338 
MB0960 
EST1 
MB1315 
DLM177E 
SD10AF2A 
MC0319a EST133

RGA9a  T4HQCL4

EST27 
DLM114a 
DLM222 
MB1416c 
E4C065B 
HQCLT63 
E1c173 
MA2183  MA1224

DLM288 
E4C038 
DLM224a 

15

Dist 
cM 

Marker 
Name

9.4 
0.7 

10.7 
6.1 
1.5 
3.3 

4.0 
2.5 
0.9 

14.3 
2.3 
3.1 
1.3 
2.0 
3.5 
8.6 

10.1 

0.7 

2.0 
16.0 

16
DLM144a 

DLM441b 
EST211b  Ol10H07a

SB6281A 
DLM371E 
DLM373b 
E4c192  E3C261

MB0312a 
DLM82a 
MA0280 
DLM474 
X3ND4a 
DLM445 
MB1038a 
E4C013 
x2NE10 
DLM169b 
AAH1T2  MB0131

MB0852  ATM2
ATM2C-1  ATM2A-22

SB4756A 
AAH1T6

Dist 
cM

Marker 
Name

13.2 

1.3 
1.3 
4.0 
6.9 
1.0 
9.1 
5.3 
7.1 
3.9 
3.8 
5.9 
3.3 

19.1 

MB1221 

MB1169a 
E2c199b 
DLM452b 
DLM217a 
SB3348A 
DLM171 
MC0560a 
DLM577b 
DLM514a 
Bras051c 
DLM67 
DLM369b 
Bras023x 

ACH429 

17

Dist 
cM 

Marker 
Name

15.1 

12.1 

2.2 
4.2 
2.7 
3.3 
2.0 
6.5 
1.9 
1.0 
1.3 

0.7 
0.0 
3.3 
1.5 
5.2 

14.4 
1.4 

21.6 

E2C142a 

ATM2G-18 

E3C100 
ACH403a 
E4c216 
DLM345a 
DLM113 
MB0240 
E1c215b 
EST242 
E2c201A 
DLM421 ACH441 DLM23a

MB04342 
E3C054A 
DLM55 
DLM155b 
DLM179a 
MB0144 
Ol10H07b 
E4C048A 

18

4.4 
1.7 

2.0 

MB0790b 
SD9DC11A 
MA1068a  MA1211  MA1821

SB0804A 

Dist 
cM 

Marker 
Name

20



Traditional 
Backcross Breeding

years

F1 BC1 BC2 BC20 BC100

0.5 1.0 1.5 10 50

Recurrent parent -
Agronomically useful variety

Donor Parent –Agronomically 
unfavorable variety with useful 

trait

Marker Assisted 
Backcross Breeding

years

F1 BC1 BC2

0.5 1.0 1.5

Marker assisted backcrossing

Trait of interest



A B
Map resolution increased by more markers and larger populations

Sequenced plant genomes provide a key information source for 
finding markers in specific genomic region

A B

Brassica:

Different plant genomes share extended regions of organizational co-
linearity (synteny)

Arabidopsis

Marker A 
(e.g RFLP)

Marker CMarker DMarker E

ACDE

Markers as tools for plant genome 
analysis and gene discovery



Using Markers to Analyze Complex Traits



Quantitative Trait Loci (QTL)

• A genetic interval containing a gene that 
contributes to a complex, quantitative trait

• Most important agronomic characters are 
quantitative

• Both positive (e.g. nutrient, water use efficiency) 
and negative (e.g.lodging) traits are quantitative

• Number of QTL detected will vary depending on 
trait, species, genetic cross



A simple (binary) trait
N

o.
 o

f i
nd

iv
id

ua
ls

Severity of disease

R x S

F1

Fixed inbred 
lines

DH or RI  
population

R SS SR

50:50 R:S

R1 2

With R 
parent 

alleles at 
loci 1 & 2

With S 
parent 

alleles at 
loci 1 & 2



A complex (quantitative) trait

R x S

F1

Doubled 
Haploid 

population

Microspore
culture

With R 
parent 

alleles at 
loci 1 & 2

With S 
parent 

alleles at 
loci 1 & 2

N
o.

 o
f i

nd
iv

id
ua

ls

Severity of disease

No well defined 
progeny classes

Mapmaker QTL: LOD

1 2



QTL analysis

X33a, X68a

Dist Marker
cM Name

X69a

23.1

0.8
X33c

21.6

X100a

31.7

X90b

17.8
X114

20.2

X1224.3 X188
b

9.6
X193

B. j
LG 4

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

Major QTL

1994
1995 rep. 1
1995 rep. 2
1995 rep. 3



QTL can be used directly to speed–up breeding for complex traits

Mapmaker QTL: LOD

1 2

•Use markers 1 and 2 to select for QTL
•Use markers spaced throughout genome to select for 
individuals with highest RPG



3 NUE QTL introgression

Line A (high NUE, low oil) Line B (high oil)

F1 Line B

BC1 (3000 individuals)
Select individuals with 3 NUE QTL 
(6 markers)

~200 individuals
Identify individuals with >85% 

recurrent parent genome (multiple 
markers) Line B (high oil)Select top 2

BC2 (3000 individuals)

Select individuals with NUE QTL, highest amount RPG, self-fertilize

Time: 1.5 years



QTL analysis

LOD

Oil content

Metabolite level

Transcript level

Polypeptide level

Genetic association of metabolite, transcript and polypeptide level with 
trait in mapping populations demonstrates direct association with trait



eQTL analysis

LOD

Trait

Transcript level

eQTL: transcript level = quantitative trait

If locus controlling transcript 
maps to locus specifying trait, 
transcript level genetically 
associated with trait



A simple gene regulatory system

Gene A

Gene B



A simple gene regulatory system
LO

D

trait Gene B

Defective allele

eQTL

Gene A

Gene B

Chromosomal location

Gene A

Trans-acting eQTL



A simple gene regulatory system
LO

D

trait

transcript

Defective allele

eQTL

Chromosomal location

Cis-acting eQTL

Gene B



A simple gene regulatory system
LO

D

trait

Defective allele

No eQTL



eQTL analysis

LOD

Trait

Transcript level

eQTL: transcript level = quantitative trait

If locus controlling transcript 
maps to locus specifying trait, 
transcript level genetically 
associated with trait

If map location of eQTL different 
than location of transcript’s 
gene, eQTL is trans-acting

If map location of eQTL is 
same as location of 
transcript’s gene, then eQTL 
is cis-acting (trait likely 
specfied by gene encoding 
transcript)



1.5m

1.3m

1.4m

1.8m

2.0m

2.0m

Adapted from Ed Buckler

Association mapping

Principle: • Evaluate whether DNA marker / nucleotide 
polymorphisms associate with phenotype

• Natural populations



F2 individuals

Many rounds of random mating

+ admixture

+ mutation

Tightly linked alleles may show 
consistent association with phenotype

* * * Alleles at unlinked loci do not

The more tightly linked two genes or 
markers are, the more frequently they 
will be found together within individuals



Linkage Disequilibrium

• The non-random association of alleles at different loci
• “The correlation between polymorphisms caused by their 

shared history of mutation and recombination”
• Linkage, selection, mutation, introduction of new 

genotypes all increase levels of LD



Investigator Population Studied Extent of LD

Gaut Landraces <500 bp

Buckler Diverse Inbreds 1500 bp

Rafalski Elite Lines 100 kb?
(6 kb euchromatin?)

Population Effect on Linkage Disequilibrium in Maize



Resolution in bp

1x1071

R
es

ea
rc

h 
Ti

m
e 

in
 Y

ea
rs

5

1

1x104

Dissecting A Quantitative Trait: Time vs 
Resolution

Associations F2 QTL 
Mapping

NILs                             Positional 
Cloning

RI/DH QTL 
Mapping

Adapted from Ed Buckler



Competitive advantages of association mapping:

Fast, economical lead gene identification from list of candidates

Variable range in mapping resolution depending on populations 
employed – allows for range of applications

Genome-wide scans can allow gene identification when only the 
target phenotype is known

Limitations of association mapping:
Results can be confounded by population structure

Association mapping



Thank you
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