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F
orw

ard, theory vs. results

A
lthough detection of Q

T
L

 has becom
e a "hot" topic during the 

last decade, the basic
principles and m

ethodology have been around since the 1920's, alm
ost im

m
ediately after the

dem
onstration of the chrom

osom
al theory of inheritance, and Fisher's polygenic theory of

quantitative variance.  T
he first actual experim

ent w
as perform

ed by Sax in 1923, and positive
results w

ere obtained.  T
his then begs the question, "W

hy w
as this m

ethodology m
ore or less

ignored for over 60 years?"  O
f course w

e m
ust first answ

er that a num
ber of very fine papers

on Q
T

L
 detection and 

estim
ation w

ere w
ritten during this period, but no w

here near the
explosion of literature during the past decade.  U

ntil 1980 Q
T

L
 detection w

as definitely a
scientific backw

ater.  M
ost standard genetic texts w

ritten prior to 1980 do not even m
ention

the topic.
 

T
he obvious answ

er is the lack of segregating genetic m
arkers in species of interest.  U

ntil
the 

last 
decade, 

the 
genetic 

m
arkers 

available 
w

ere 
m

orphological, 
blood 

groups, 
and

biochem
ical polym

orphism
s.  T

hese w
ere insufficient to provide com

plete genom
e coverage. 

In addition, m
ost m

arkers w
ere biallelic w

ith one allele predom
inating in the population, and

m
any displayed com

plete dom
inance.  T

hese m
arkers w

ere not optim
al for Q

T
L

 detection. 
W

ith the advent of D
N

A
 level genetic m

arkers, in the early 1980's, and especially D
N

A
m

icrosatellites from
 1990, the problem

 of finding suitable genetic m
arkers can be considered

solved.  It is now
 clear that a genetic m

ap saturated w
ith polym

orphic codom
inant M

endelian
m

arkers can be generated for alm
ost any species.  N

early saturated genetic m
aps have already

been produced for m
ost species of econom

ic or scientific interest.
B

ecause of the 
paucity of actual results until 1980, the theory of Q

T
L

 detection w
as

ahead of experim
ental results.  A

 num
ber of theoretical papers 

w
ere w

ritten 
under 

the
prem

ise: "A
ssum

ing w
e had segregating genetic m

arkers in the species of interest, how
 should

w
e use them

?"  M
ost of these studies, based on the current state of know

ledge assum
ed that

genetic m
arkers w

ould rem
ain rare and far betw

een.  H
ow

ever, the recent explosion in D
N

A
technology has turned the cart around.  E

xperim
ental opportunities are now

 ahead of the
theory and m

ethodology necessary for analysis.  T
he alm

ost unlim
ited availability of genetic

m
arkers has created new

 problem
s not considered by the early theoretical studies.

A
lthough one of the 

m
ain 

objective 
in Q

T
L

 
detection 

in agricultural 
species 

is 
to

incorporate this new
 source of inform

ation in breeding program
s, m

uch less has been w
ritten

on m
arker-assisted selection (M

A
S) than on Q

T
L

 detection.  Furtherm
ore, m

uch of w
hat has

been w
ritten is quite pessim

istic.  C
learly in certain situations and breeding, gains from

 M
A

S
w

ill be m
inim

al.  H
ow

ever, 
m

ost 
studies 

have 
investigated the 

contribution 
of m

arker
inform

ation into existing breeding program
s.  A

s w
ith m

ost new
 technologies, it w

ill probably
be necessary to m

odify breeding program
s to fully exploit M

A
S.  T

his question can no longer
be put off, by saying: "First let's find the genes".  N

ow
 that w

e are finding the genes, w
e m

ust
have m

ethodology that gives reasonable answ
ers for application of  this inform

ation to
im

prove actual breeding program
s for plants and anim

als.
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C
hapter 1.  H

istorical overview

1.1 Introduction

D
etection of Q

T
L

 and 
param

eter estim
ation required developm

ents in statistics, "classical
genetics" or breeding, and biochem

istry.  T
he basic theory and tools for Q

T
L

 detection w
ere

all in place by 1923 w
hen Sax did the first experim

ent w
ith beans.  In section 1.2 w

e w
ill

discuss the basic discoveries prior to 1923 that m
ade Sax's experim

ent feasible.  Section 1.3 is
a cursory review

 of the m
ajor statistical advances that have had direct bearing on genetics and

practical breeding, especially w
ith respect to Q

T
L

 detection.  Section 1.4 considers the m
ajor

theoretical advances w
ith respect to Q

T
L

 detection and param
eter estim

ation prior to 1980. 
Section 1.5 

considers the im
portant advances first in biochem

istry, and 
m

ore recently in
biotechnology that have resulted in the possibility of unlim

ited num
bers of genetic m

arkers
for any species.  Section 1.6 com

pares briefly the scope of the m
ajor techniques currently

available for Q
T

L
 localization, including genetic and physical m

apping.  T
he m

ajor advances
of this century pertaining to Q

T
L

 detection and analysis are sum
m

arized in Figure 1.1.

1.2  F
rom

 M
endel to Sax

M
odern genetics is usually considered to have started w

ith the rediscovery of M
endel's paper

in 1900.  H
ow

ever, there w
ere m

ajor advances in both statistics and cytogenetics, prior to this
w

atershed date, that becam
e apparent only later.  In the realm

 of statistics,  Pearson in 1890
defined 

the 
correlation 

coefficient, 
and 

show
ed that 

it 
could 

be 
used 

to 
describe 

the
relationship betw

een to 
variables. 

 
D

uring the 
last decades 

of 
the 

nineteenth century,
im

portant advances w
ere also m

ade in cytology.  C
hrom

osom
es w

ere discovered, and 
the

stages of both m
iosis and m

itosis w
ere observed and described.

T
he rediscovery of M

endels' law
s lead to a rapid first synthesis of genetics, statistics, and

cytology.  Sutton (1903) and 
B

overi (1904) first proposed 
the "chrom

osom
al theory 

of
inheritance," that the M

endelian factors w
ere associated w

ith the chrom
osom

es.  U
sing

D
rosophila, M

organ (1910) dem
onstrated that M

endelian genes w
ere linked, and could be

m
apped 

into 
linear 

linkage 
groups 

w
ith 

num
bers 

equal 
to 

the 
haploid 

num
ber 

of
chrom

osom
es.  H

ardy and W
einberg in 1908 derived their fam

ous equation to describe the
distribution of genotypes in a population at equilibrium

.  In 1919 H
aldane derived a form

ula
to convert recom

bination frequencies into additive "m
ap 

units" 
denoted 

"centim
organs,"

assum
ing zero interference.

D
espite the early synthesis betw

een M
endelian genetics and cytogenetics, there seem

ed
to be no apparent connection betw

een M
endelian genetics on the one hand, and quantitative

variation and natural selection on the other.  E
xperim

ents by Johansen (1903) w
ith beans

dem
onstrated that environm

ental factors are a m
ajor source of variation in quantitative traits,

leading to the conclusion that the phenotype for these traits is not a reliable indicator for the
genotype.  Y

ule in 1906 first suggested that continuous variation could be explained by the

cum
ulative action of m

any M
endelian genes, each w

ith a sm
all effect on the trait.  Fisher in

1918 dem
onstrated that segregation of quantitative genes in an outcrossing population w

ould
generate 

correlations 
betw

een 
relatives. 

T
hus, 

by 
1920, 

the 
basic 

theory 
necessary 

to
detection of individual genes affecting quantitative traits w

as in place.



In Sax's 1923 experim
ent w

ith beans he dem
onstrated that the effect of an individual locus

affecting 
a quantitative 

trait 
could 

be 
isolated 

though 
a 

series 
of 

crosses 
resulting 

in
random

ization of the genetic background w
ith respect to all genes not linked to the genetic

m
arkers under observation.  E

ven though all of his m
arkers w

ere m
orphological seed m

arkers
w

ith com
plete dom

inance, he w
as able to show

 a significant effect on seed w
eight associated

w
ith som

e of his m
arkers.  T

his rational behind this experim
ent w

ill be discussed in m
ore

detail in the next chapter.

1.3  Q
uantitative genetics 1920-1980, or w

ho needs M
endel?

Since the beginning of history, plant and anim
al breeding w

as based on selecting individuals
w

ith the desired phenotype 
as 

parents 
for 

the next 
generation. 

 C
om

parison 
betw

een
dom

estic populations and their w
ild progenitors dem

onstrate that artificial selection has been
quite successful in altering phenotypes 

w
ithout 

any form
al know

ledge of 
genetics. 

T
he

synthesis betw
een D

arw
inism

 and M
endelism

 w
as com

pleted in a series of papers by W
right,

H
aldane, and Fisher from

 1924 though 1931 that dem
onstrated how

 natural selection could
w

ork on 
M

endelian 
factors 

controlling 
quantitative 

traits 
under 

selection. 
 

Fisher also
dem

onstrated 
that 

M
endelian 

factors 
could 

explain the 
phenotypic sim

ilarity 
betw

een
relatives.  T

hese principles becam
e the basis for scientific breeding of anim

als and plants from
the 1930's onw

ard. 
U

sing the genetic and statistical know
ledge accum

ulated up 
to 1940 L

ush and H
azel

developed the principles of selection index to optim
ize artificial selection based on know

n
relationships am

ong individuals and phenotypic trait inform
ation.  Selection index proved a

rem
arkable efficient and flexible m

ethodology for practical breeding of plants and 
anim

als. 
N

ot only could selection be optim
ized, the expected gains from

 selection could also be
predicted. 

Selection index theory had very little connection to M
endelian genetics.  T

he basic m
odel

assum
ed that each quantitative trait w

as controlled by an infinite num
ber of M

endelian genes
all acting in an additive m

anner.  H
ow

ever, nearly identical results w
ould be obtained if the

trait w
as controlled by only a few

 loci.  O
nly "additive" genetic variation w

as considered in
the basic m

odel.  D
om

inance and epistatic interactions am
ong loci w

ere beyond the scope of
selection index.

T
his biom

etrical m
ethodology w

as advanced during the 50's, 60's, and 70's chiefly by C
.

M
. H

enderson.  U
sing m

atrix notation he developed the "M
ixed M

odel" equations com
bining

least squares estim
ation w

ith selection index in order to derive unbiased estim
ates of genetic

values of individuals sam
pled in different environm

ents, such as herds or blocks.  H
e also

devised m
ethods to derive unbiased estim

ates of the genetic and 
environm

ental variance
com

ponents required for solving these equations.  Finally he developed a sim
ple algorithm

 for
inverting the 

"num
erator relationship" m

atrix.  T
his m

ade possible the 
incorporation 

of
inform

ation from
 all know

n relatives in the derivation of genetic evaluations.  N
one of this

m
ethodology, how

ever, required any specific inform
ation about the genetic architecture of the

traits under selection.

1.4  Q
T

L
 detection 1930-1980, theory and experim

ents

D
uring these 50 years, there w

ere relatively few
 successful detections of m

arker-Q
T

L
 linkage

in plant and anim
al populations, and of these even few

er w
ere repeated.  A

 m
ajor problem

that continues up to today is the relatively sm
all size of m

ost experim
ents.  In m

ost cases in
w

hich Q
T

L
 effects w

ere not found, pow
er w

as too low
 to find segregating Q

T
L

 
of 

a
reasonable m

agnitude (Soller, B
rody and G

enizi, 1976).  D
uring the period 1960-1980 there

w
ere im

portant m
ethodological advances in Q

T
L

 
detection and 

param
eter estim

ation, even
though the lack of segregating m

arkers w
as beyond doubt the m

ain lim
iting factor for this

technology.
In 1961 N

eim
ann-Soressen and R

obertson proposed a half-sib design for Q
T

L
 detection

in com
m

ercial dairy cattle populations.  A
lthough the actual results w

ere disappointing, this
w

as the first attem
pt to detect Q

T
L

 in an existing segregating population. 
 A

ll previous
studies w

ere based on experim
ental populations produced specifically for Q

T
L

 detection. 
T

his study w
as also ground breaking in other aspects.  It w

as the first study to use 
blood

groups rather than m
orphological m

arkers, and the 
proposed 

statistical 
analyses, 

a chi-
squared test, based on a squared sum

 of norm
al distributions, and A

N
O

V
A

 w
ere also unique.

 T
his w

as the first study 
that attem

pted 
to 

estim
ate the pow

er to detect Q
T

L
, and 

to
consider the problem

 of m
ultiple com

parisons.  L
aw

 (1965) com
pleted the first successful

Q
T

L
 m

apping experim
ent in an agricultural species. H

e localized a Q
T

L
 

in w
heat using

substitution lines. 
Jayakar (1970) proposed that m

axim
um

 likelihood could be used to m
ap Q

T
L

.  T
w

o
years later, H

asem
an and E

lston (1972) proposed 
a sib pair analysis m

ethod 
for 

Q
T

L
detection in hum

an populations. 
 T

hey 
also presented a likelihood function to estim

ate
recom

bination frequency and Q
T

L
 param

eters.  Soller, G
enizi, and B

rody (1976) and Soller
and 

G
enizi 

(1978) 
estim

ated pow
er 

for 
crosses 

betw
een 

inbred 
lines 

and 
segregating

populations.  For segregating populations they considered large half-sib and full-sib fam
ilies. 

T
heir studies clearly show

ed that very large sam
ples, generally m

ore than 1000 individuals,
w

ere required to obtain reasonable pow
er to detect a Q

T
L

 explaining one percent of the
phenotypic variance.

1.5  F
rom

 biochem
istry to biotechnology, or m

ore m
arkers than w

e w
ill ever need.

M
arker-Q

T
L

 linkage studies in crosses betw
een inbred lines require m

arkers that distinguish
betw

een the lines.  In D
rosophila, strains carrying m

ultiple m
utants served this purpose very

effectively.  H
ow

ever, this is not the case for agricultural species.  In plants the only m
arkers

initially available w
ere m

orphological differences.  C
learly, these w

ere insufficient to cover the
genom

e.  Furtherm
ore, the direct effect on the phenotype of m

ost of these m
arkers w

as quite
dram

atic.  T
hus, even if an effect w

as 
found on the trait of interest associated w

ith the
m

arker, it w
as very likely that this effect w

as a pleiotropic effect of the m
arker.  In anim

als
m

arker-Q
T

L
 linkage studies are 

generally carried out 
w

ithin populations, and 
require as

m
arkers loci that are polym

orphic w
ithin the population of interest.  Prior to 1980, the only



suitable M
endelian loci w

ere blood groups, w
hich w

ere naturally prevalent in all populations,
often m

ultiallelic, and had no visible affect on the phenotype 
for 

any traits of interest. 
H

ow
ever, it eventually becam

e clear that the total num
ber of polym

orphic blood loci w
as

quite lim
ited.  T

hus, blood groups w
ere clearly not a  solution for Q

T
L

 detection in anim
al

populations. 
T

he first biochem
ical polym

orphism
 w

as detected for sickle cell anem
ia by Pauling in

1949.  L
ew

ontin and H
ubby show

ed in 1966 that electrophoresis could be used to uncover
large quantities of naturally occurring enzym

e polym
orphism

s in D
rosophila.  A

lm
ost all

enzym
es checked show

ed som
e polym

orphism
 that could be detected by m

igration in an
electric field.  T

his large quantity of naturally occurring polym
orphism

 created quite a shock,
and there seem

ed to be no obvious explanation.  H
ow

ever, later studies w
ith dom

estic plant
and anim

al species found that electrophoretic polym
orphism

 w
as m

uch less com
m

on.  D
uring

the 1980's there w
ere a num

ber of Q
T

L
 

detection studies in agricultural plants 
based on

isozym
es using crosses 

betw
een 

different 
strains 

or even 
species 

in 
order 

to 
generate

sufficient electrophoretic polym
orphism

 (E
dw

ards et al., 1987; K
ahler and W

herhahn, 1986;
T

anksley et al., 1982; W
eller et al., 1988).  It w

as becom
ing clear though that large quantities

of naturally occurring polym
orphism

 could only be detected at the D
N

A
 level.

T
he 

first 
detected 

D
N

A
-level 

polym
orphism

s 
w

ere 
restriction 

fragm
ent 

length
polym

orphism
s (R

FL
P).  G

rodzicker et al. (1974) first show
ed that restriction fragm

ent band
patterns could be used to detect genetic differences in virus.  K

an and D
ozy (1978) used

m
ethods developed by Southern (1975) to detect polym

orphism
 near the hum

an hem
oglobin

gene.  T
he next year Solom

on and B
odm

er (1979) and B
otstein et al. (1980) proposed R

FL
P

as a general source of polym
orphism

 that could be used for genetic m
apping.  A

lthough R
F

L
P

are diallelic, initial theoretical studies dem
onstrated that they should be prevalent throughout

the genom
e.  B

eckm
ann and Soller (1982) proposed using R

FL
P for detection and m

apping of
Q

T
L

.  T
he first genom

e w
ide scan for Q

T
L

 using R
FL

P w
as perform

ed on tom
atoes b

y
Paterson et al. (1988).   Since then, m

any additional Q
T

L
 m

apping studies based on R
F

L
P

have been carried out 
successfully in plant species.  In anim

al species, how
ever, R

F
L

P
m

arkers, because of their diallelic nature, have 
a 

rather 
low

 
polym

orphism
 

inform
ation

content, and hence have not been as useful for Q
T

L
 m

apping as w
as initially anticipated.

A
 m

ajor breakthrough cam
e at the 

end of the decade w
ith the 

discovery 
of 

D
N

A
-

m
icrosatellites.  M

ullis et al. (1986) proposed the "Polym
erase C

hain R
eaction" (PC

R
) to

specifically am
plify any particular short D

N
A

 sequence.  U
sing the 

PC
R

, large enough
quantities of D

N
A

 could be generated so that standard analytical m
ethods could be applied to

detect polym
orphism

s consisting of only a single nucleotide.  In 1989 three laboratories
independently found that short sequences of repetitive D

N
A

 w
ere highly polym

orphic w
ith

respect to the num
ber of repeats of the core elem

ent (L
itt and L

uty, 1989; T
autz, 

1989;
W

eber and M
ay, 1989).  T

he m
ost com

m
on of these repeat sequences w

ere poly(T
G

), w
hich

w
as found to be very prevalent in all higher species.  T

hese sequences w
ere denoted "sim

ple
sequence repeats" (SSR

) or "D
N

A
-m

icrosatellites".  Finally the ultim
ate genetic m

arker w
as

at hand.  M
icrosatellites w

ere prevalent throughout all 
genom

es of interest.  N
early all

poly(T
G

) 
sites w

ere polym
orphic 

even 
w

ithin 
com

m
ercial 

anim
al populations. 

 
T

hese
m

arkers w
ere by definition codom

inant, and w
ere nearly alw

ays polyallelic.  T
hus, m

ost

individuals w
ere also heterozygous.  In short, "Just w

hat the doctor ordered"!

1.6  P
hysical and genetic m

apping, questions of scale

T
he genom

e can be considered on various levels, and various techniques have been developed
for gross and fine m

apping of specific sites.   T
he basic units used to m

easure the genom
e are

D
N

A
 

base 
pairs 

(bp), 
genes, 

recom
bination 

frequencies 
or 

centim
organs 

(cM
), 

and
chrom

osom
es.  A

lthough the scales of these units are quite different, the relationship am
ong

them
 are m

ore than a sim
ple question of scale, such as converting m

eters to inches.  T
he

num
ber of chrom

osom
es is know

n w
ithout error, w

hile genom
e lengths in base pairs and

centim
organs can now

 be determ
ined quite accurately.  H

ow
ever, the total num

ber of genes is
still just an educated guess.  For exam

ple, the bovine genom
e consists of 29 autosom

es, about
3000 cM

, and 3.75x10
9 bp.  T

he total num
ber of genes has been estim

ated as 60,000.  T
hus,

the average bovine autosom
e has about 

100 cM
. 

 L
ikew

ise 
on 

the 
average, 

a 
10 

cM
chrom

osom
al segm

ent w
ill have about 200 genes, and 1.25x10

7 bp.   H
ow

ever there is
significant 

variation 
in 

the 
correspondence 

betw
een 

the 
physical and 

genetic 
m

aps. 
Furtherm

ore the genetic m
ap also varies am

ong individuals and betw
een sexes.

F
igure 1.2 C

om
parison of the bovine physical and genetic m

aps



T
he physical genom

e in bp and the genetic m
ap in cM

 are com
pared in Figure 2.1 on a log

scale.  T
he effective ranges for genetic m

apping and the various techniques that can be used
for physical gene m

apping are also indicated.   G
enetic m

apping w
hich is the focus of this

course occupies the m
iddle ground of the log scale, from

 about 0.1 to 20 cM
, or from

 10
5 to

10
7 bp.  G

enetic m
apping cannot be used to identify individual loci, but other techniques are

available to accom
plish this objective.

1.7  Sum
m

ary

In this chapter w
e review

ed the history of Q
T

L
 detection from

 the three aspects of statistics,
form

al genetics and biochem
istry.  B

y 1923 genetic theory had developed to the point that it
w

as understood that traits 
w

ith 
continuous 

distributions 
w

ere 
controlled 

by 
individual

M
endelian genes, and that the effects of these genes could be detected w

ith the aid of genetic
m

arkers and an appropriately designed experim
ent.  Statistical m

ethods to accurately estim
ate

Q
T

L
 param

eters w
ere only developed fifty years later.  E

ven though all the necessary theory
w

as in place by 1980, Q
T

L
 detection only becam

e a m
ajor field of scientific research tow

ards
the end of the 1980's w

ith the discovery of prevalent D
N

A
-level polym

orphism
. 

 T
he

objective of this course is to describe the statistical m
ethods useful for Q

T
L

 detection and
analysis, thus w

e w
ill not consider genotyping techniques, or m

odern m
ethods of physical

m
apping in 

detail. 
 

W
e 

w
ill, 

how
ever, 

consider m
any 

of 
the 

statistical 
m

ethodologies
m

entioned above in m
ore detail.
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