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Case study
Measuring traits, heritability and gain under selection
Developing markers for “candidate genes”

Estimating the proportion of phenotypic variance explained by a
marker (related to concept of heritability)

Demonstrate where to apply markers in a breeding program:
relative efficiency of selection

Select for candidate genes

Select for elite background “background selection™.
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Measuring traits: Color

» Color correlates with lycopene and beta carotene content. Beta
carotene 1s a nutrient.

e Color uniformity determines product grade and grower
premium.

e Color disorders (e.g. YSD) reduce color uniformity, price and
nutritional quality.

Fresh-market Processed



Plant Breeding is predominantly “phenotype” based
We select on the basis of traits
Growers buy varieties on the basis of trait performance

Measuring traits 1s therefore really important



Breeding programs have
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Review: inbreeding drives individuals toward homozygosity.

A population of inbred lines can be replicated because seed from

each plant in a line are identical.
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Measuring Traits
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Measuring traits: Objective measures of color

Lightness

Chromaticity
coordinates

Minolta CR-300




Phenotyping from digital images: fast and objective:

Tomato Analyzer (Brewer et al., Plant Physiology, 2006, 141, 15-25;
Daues et al., JASHS, 2008, 133, 579-586)
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Analysis of color from Scanned 1images 1s consistent with
colorimeter measurements and visual observations

Rank 216:




We can measure the genetic
contribution to a trait (heritability) at
different stages using d1fferent
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Estimate heritability from
parent/offspring regression



Estimating heritability
using variance estimates from ANOVA

Source Expected MS

gen Var(Error)+p Var(rep*gen)+qVar(year*gen) +(p-1)(q-1)Var(gen)
rep Var(Error)+nVar(year*rep)+p Var(rep*gen) + (n)(p-1)Var(rep)
year Var(Error)+nVar(year*rep)+qVar(year*gen) +(p-1)(q-1)Var(year)

year*gen Var(Error) + q Var(year*gen)
rep*gen Var(Error) + p Var(rep*gen)
year*rep Var(Error) + n Var(year*rep)
gen*year*rep Var(Error)

To estimate Var(Gen) use MS from ANOVA and solve. e.g. for 2 rep, 2 year trial:

13.601 = Var(Error) + 2 Var(rep*gen) + 2 Var(year*gen) + 4 Var(gen)
2.6926 = Var(Error) + 2 Var(year*gen)

10.9084 = 2 Var(rep*gen) + 4 Var(gen)

3.4639 = 2 Var(rep*gen) + 2.77724

7.447 = 4 Var(gen) - 2.77724

10.22174 = 4 var(gen)

2.55 = var(gen) = c*G)

k2 = [6%(G)]/ [6%(G) + o?ge/e + c?error/r*e]



Objective data from parents, offspring, and/or replicated trials
allows us to estimate the genetic contribution to observed variation
in a trait (heritability h>=V, / Vigtal)

dditive genetic

Expected and realized gain under selection 1s a function of
heritability, the phenotypic variance in a population, and the
selection differential (K) in standard deviation units.

Heritability can be estimated from parent-offspring regression or
from variance partitioning (ANOVA)

Heritability for color increased with objective measurement.

Heritability for color increased when selection is based on a line or
family across locations and years

Trait individual line or family
L 0.11 0.57
Hue 0.07 0.39
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Selection progress: reduction in within fruit

variation (hue difference w/in fruit)
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Take home message:

Score traits objectively on a quantitative scale
whenever possible (1mproved measurement
often means higher heritability).

Selection (K) 1s 1n standard deviation units
relative to the population (c;).

Estimate heritabil

1ty and realized gain at

different stages of a breeding program.

Measure progress.
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How can markers help make
breeding more “efficient”?

-Identifying markers

-Using markers for selection
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How do I identify markers linked to a trait?

Random approach (high density mapping).

“Candidate gene” approach.

DEFINITION of candidate gene:

A gene suspected of being involved in the expression of a trait.
Based on location

Based on presumed function (biochemical pathway,
annotation, etc...)

Based on expression patterns
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Databases that link pathways to genes
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Databases that link pathways to genes

http://metacyc.org/
http://www.plantcyc.org/
http://sgn.cornell.edu/tools/solcyc/
http://www.arabidopsis.org/biocyc/index.jsp

http://www.arabidopsis.org/help/tutorials/aracyc intro.jsp

External Plant Metabolic databases

CapCyc (Pepper) (C. anuum)
CoffeaCyc (Coffee) (C. canephora)
SolCyc (Tomato) (S. lycopersicum)
NicotianaCyc (Tobacco) (N. tabacum)
PetuniaCyc (Petunia) (P. hybrida)
PotatoCyc (Potato) (S. tuberosum)

SolaCyc (Eggplant) (S. melongena)



ﬁPathway Tools Query Page - Windows Internet Explorer

: =10 x|
P p . . + % - ‘
@-:: | v Ié http: /v, plantcyc.org: 1555] j 5 112 Imetacyc pel
File Edit View Favorites Tools Help

Go gle | aracyc v |*§search - 55~ g~ | B~ {9 Bookmarks~ | > €y v (Signln ~
W ke (€ Pathway Tools Query Page | | » [ - f=h v :bPage v (O} Tools ~ >
Plant Metabolic Network 0 [ |

About PMN Databases Downloads

Useful Sites Submit Data

Pathway Tools Query Page

This form provides several different mechanisms for querying Pathway/Genome Databases.
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ﬁPathway Tools Query Page - Windows Internet Explorer - |D|£|
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« To retrieve objects by name, first select the type of object you wish to retrieve, then enter the name of
the object and click Submit. All objects containing that name as a substring will be returned. To search
for multiple objects in one query, enter multiple names or EC numbers, separated by commas.

Browse Ontology: |Pathways | Submit Iﬂ |

« Each database contains classification hierarchies for pathways, for reactions (the enzyme
nomenclature system), for compounds, and for genes. Select a classification system to browse.
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(a PlantCyc superpathway of carotenoid biosynthesis - Windows Internet Explorer
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(a PlantCyc superpathway of carotenoid biosynthesis - Windows Internet Explorer
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Note: In addition to reflecting differences in biology of different organisms, these statistics will reflect differences in the levels of
curation, data availability, and completeness of the PGDBs for these organisms.

You have requested a cross-species comparison of the following object:
superpathway of carotenoid biosynthesis
To compare the requested object across species, please select from among the following organism

databases. The requested object may not be present in all of the organisms listed below. Organisms listed in
bold are those in which the object is inferred to be present.

Select two or more organisms:

Check boxes (Note:
MetaCyc has many more
choices, but no plants)
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f Cross-Species Comparison - Windows Internet Explorer — |EI|5|
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Cross-Species Comparison: superpathway of carotenoid
biosynthesis

Note: In addition to reflecting differences in biology of different organisms, these statistics will reflect differences in the levels of
curation, data availability, and completeness of the PGDBs for these organisms.

This table compares a single pathway across the requested organism databases. The Evidence Glyphis a
cartoon of the pathway diagram showing which steps have identified enzymes, which are pathway holes, and
which steps are unique to this pathway (a color key is included at the bottom of this page). For each reaction
step, we list the identified enzymes and genes. A pathway may not be present in an organism database even
If enzymes have been identified for one or more of its reactions, and we indicate if this is the case. Clicking
on an organism name will take you to the display page for the pathway in that organism database.

Evidence Enzymes and Genes for superpathway of carotenoid biosynthesis
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1.14.13.90

antheraxanthin epoxidase / zeaxanthin epoxidase: ABA1
zeaxanthin epoxidase, chloroplast precursor, putative,
expressed: LOC_0s04g37619.1

zeaxanthin epoxidase: ABA2
zeaxanthin epoxidase: ABA2

EC#
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antheraxanthin epoxidase / zeaxanthin epoxidase: ABA1
zeaxanthin epoxidase, chloroplast precursor, putative,
expressed: LOC_0s04g37619.1

zeaxanthin epoxidase: ABA2
zeaxanthin epoxidase: ABA2
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1.10.99.3

antheraxanthin deepoxidase / violaxanthin deepoxidase: NPQ1
violaxanthin de-epoxidase family protein, expressed:
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LOC_0s04g31040.1

antheraxanthin de-epoxidase / violaxanthin de-epoxidase:
VDE1
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(f PlantCyc zeaxanthin epoxidase - Windows Internet Explorer
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Gene-Reaction Schematic: &l

O Np-SB42 Os-LOC_0s04g37619.1

1141330V EEEEE Gene: ABA2
Nicotiana plumbaginifolia Oryza sativa Product: zeaxanthin epoxidase
Species: Capsicum annuum

Enzymatic reaction of: zeaxanthin epoxidase

zeaxanthin + NAD(P)H + H* -+ 0, <=> antheraxanthin + NAD( P)i+_HQQ

The reaction direction shown, that is, A + B <==> C + D versus C + D <==> A + B, is in accordance with the Enzyme
Commission system.

Reversibility of this reaction is unspecified.
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Using distributed resources (MetaCyc, NCBI, BLAST) we
identified candidate genes, chromosomal locations, and
polymorphisms.

Query CCACCACCATCCTCACTTTAACCCACAAATCCCACTTTCTTTGGCCTAATTAACAATTTT

ceeererrrerrrerrrerrrerrre e e rrr e e e
Sbjct CCACCACCATCCTCACTTTAACCCACAAATCCCATTTTCTTTGGCCTAATTAACAATTTT

Zeaxanthin epoxidase
Probable location on Chromosome 2

Alignment of Z83835 and EF581828 reveals 5 SNPs over
~2000 bp
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Comment on the databases:
Information is not always complete/up to date.

Display is not always optimal, and several steps may be needed to
go from pathway > gene > potential marker.

Sequence data has error associated with 1t. eSNPs are not the same
as validated markers. ST

TS54112 .TA496
ST3I0D7657.RicG
ST2B10682 .RicG
STI0DBE73L.RicG

T252213.TA496 NETARCC Cf
T278626 .TALSE6 NTTARACCCTGC!
T554112 . TALSE NLTAACCCTGC!
ST307657.RicG NITAACCCTIGC!
ST2B1082 .RicG NTY Cx
STIDBE73L.RicG NTTAACT

Germplasm data may also have error (e.g. PI 128216)

There 1s a wealth of information organized and
available.



The previous example detailed how we might identify sequence
based markers for trait selection.

Query CCACCACCATCCTCACTTTAACCCACAAATCCCACTTTCTTTGGCCTAATTAACAATTTT

ceeerrrerrrrrerrrrrerrrrrerrrrr e rrr et e e
Sbjct CCACCACCATCCTCACTTTAACCCACAAATCCCATTTTCTTTGGCCTAATTAACAATTTT

Improving efficiency of selection in terms of 1) relative efficiency
of selection, 2) time, 3) gain under selection and 4) cost will benefit
from markers for both forward and background selection.

Remainder of Presentation will focus on
Where to apply markers in a program
Forward and background selection
Marker resources
Alternative population structures and size



Establishing linkage between a “marker” and “trait”

10

.
*%e ¢

4

*

Trait value
O N A OO ©

Genotypic class

Analysis 1s conceptually simple (t-test;
ANOVA; regression)

In practice, more complex statistical
models are adopted such that missing
data is tolerated, significance level is
accurately estimated, etc...




Chr 1

Dist Marker
cM Name

CT233
171—
21—3 TG67

™\ LEOH36

20.0—
20—3 TG125

CT62
247

CT149
72—

LEOH17
128~

TG273
93—

TG59
99—

CT191
10.7—

TG465
58 TG260
117 7]

N LEOH7

151

TG255
101—

TG580

Chr2

Dist
cM

13.9—

LEOH36
10.7—

IL1-1

38—
109—

184—

IL1-2
3

10.¢
LEOH17*
7.0

317
102—

IL1-3

LEOH17*

Audrey Darrigues, Eileen Kabelka

Marker
Name

TG608

CT205

TG165

Example: QTL for color

uniformitv in elite crosses

Chr3

Dist
cM
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CT244

469
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TG151
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Chr4
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Name cM Name cM
in ~
o
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X 3
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Chr 5

Marker
Name
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TG96 G‘

TG100A

QTL Trait

CT118

2

TG185

< O B

11

L, YSD
YSD+

L, Hue
L, Hue
L, Hue




How much phenotypic variation 1s explained by a QTL?

Analogous to the concept of “heritability” (variation due to
genetics/total variation).

Two approaches 10
. L 2
to estimate;: 2 8
From ANOVA: s 6
\VARAY/ s 4 *o — o
marker’ V total =, 0
From regression: 0 o*
12 0

Genotypic class

r’ for marker is dependent on two things: the strength of the
linked gene and linkage distance. Therefore r? can be increased
by 1dentifying markers closer to the QTL or gene of interest.



Source DF Expected MS
Genotypes N-1 c2 + bo2(G)

Marker 1 62 + b[c2(Gqy) + 4r(1-r)g?] + be(1 =2r)2g?
Gen(marker) N-2 62 + b[c2(Ggy) + 4r(1-r)g?]
Error N(b-1) o2

b 1s the number of replicates

r 1s the recombination separating the marker from the QTL

c 1s a coefficient related to the population size
c=N-(n?+n,%)/N

(n, +n, = 1; representing the number in each marker class)

g 1s the genetic effect (in BC pop’s additive and dominance

effects are confounded).

62(Gqrp ) 1s the part of the error variance that cannot be explained

by the QTL.

V V

marker/ total



F-test for significance 1s Marker/Gen(marker)
=bc(1 —2r)%g?

Significance depends on population size,
recombination, the strength of the genetic effect
relative to the error variance and the part of the
error variance that cannot be explained by the QTL



The proportion of variance explained by polymorphic
marker on chromosome 2

Trait ViV
L 0.25
Hue 0.15
L uniformity 0.28

Hue uniformity 0.32



Marker assisted selection is a form of

indirect selection
Selection for ¥ Selection for dg

o




MAS is a form of indirect selection:
The relative efficiency of selection can be
expressed as = 1(gen) { Hi, gireet/ Hirait f

H. diect marker or indirect phenotype (proportion
of accurate genotypes when scoring a marker)

H Heritability of the trait

trait

T gen) Genetic covariance for traits.

I'gen fOT @ marker and a phenotypic trait =
Var(marker)/Var(Total) or 1, yer-trait)



Comparison of direct selection with indirect

selection (MAS).
Line-mean heritability (H) for color
H H Indirect Selection
Trait plant SE line @ SE PropVp SE
BRIX 014 0.09 0.40 0.26
Color-L 0141 0.04 057 022 L-MAS 025 015
Color-Hue 0.07  0.04 0.39 0.23 Hue-MAS 015  0.06

Color unif. -L
Color unif. -Hue

0.11 0.25 Ldiff-MAS 0.16
0.10 0.23  Hdiff-MAS 0.14

Relative efficiency of selection:
. I'(gen) X {Hl/ Hd} .
Line performance over locations >
MAS > Single plant



I'(gem) X {Hl/ Hd}

For Hue uniformity, when applied to
early generations:

=0.32/0.13 =2.46

later generations:

=0.32/0.64 = 0.5

The best time to use genetic markers : early
generation selection



Accelerating Backcross Selection
F1 50:50
Expected proportion of
Recurrent Parent (RP)
BC1 75:25 genome 1n BC progeny
BC2 87.5:12.5 -

BC3 93.75:6.25 -

BC4 96.875:3.125




Frequency distribution: Proportion of recurrent parent genome
in BC1 population

30

25

20

15

10

082 081 080 0.79 0.78 0.77 0.76 0.75 0.74 0.73




Two-stage selection

Select for RP

genome at
Select for target unlinked
allele markers

Three-stage selection

Select for RP
recombinants at
Select for target flanking
allele markers

Select for RP
genome at
unlinked
markers

Four-stage selection

Select for RP
recombinants at

Select for RP
genome on

Select for RP
genome at

Select for target flanking carrier unlinked
allele markers chromosome markers
References:

Frisch, M., M. Bohn, and A.E. Melchinger. 1999. Comparison of
Selection Strategies for Marker-Assisted Backcrossing of a Gene.

Crop Science 39: 1295-1301.



For effective background selection we need:
Markers for our target locus (C > T SNP for Zep)
Markers on the target chromosome (Chrom. 2)

Markers unlinked to the target chromosome (~2 per
chromosome arm)



Progeny needed for Background Selection During MAS

Q10 of RP genome in percent

Population Size

20 40 60 80 100 125 150 200
Two-Stage
BC1 76.7 78.7 79.7 80.3 80.7 81.3 81.7 82.2
BC2 90.3 91.9 92.8 93.3 93.6 93.9 94.0 94.6
BC3 95.8 96.2 97.1 97.3 97.4 97.5 97.6 97.8
Three-Stage
BC1 71.2 72.7 734 73.6 73.3 73.2 72.8 722
BC2 86.1 87.2 88.5 89.3 90.2 90.7 91.3 91.8
BC3 944 95.7 96.5 96.9 97.2 97.3 97.5 97.6

Q10 indicates a 90% probability of success
From Frisch et al., 1999.

Important point: we can save ~1 generation in a BC program

through background selection



Take home messages:

The best time to use genetic markers : early generation
selection

Selecting for recurrent parent genome can save >1 BC

Restructuring breeding programs to maximize use of MAS may
include:

1) Increasing genotypic replication (population size) at the
expense of plot replication (consider augmented designs).

2) Collecting and archiving objective data.

3) Restructuring selection pipelines to make optimal use of
genotyping reagents.



Sol CAP
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